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Abstract

Corneal confocal laser scanning microscopy is an imaging technique offering

early detection, assessment, and monitoring of various pathologies. These

pathologies are not restricted to ocular diseases but also extend, for example,

to various neuropathies. The Rostock Cornea Module, which transforms a

laser scanning ophthalmoscope into a corneal laser scanning microscope, has

played an important role in both clinical and scientific imaging of corneal cell

layers for many years. In this cumulative dissertation, an improved version,

the Rostock Cornea Module 2.0, was developed and tested in collaboration

with the Department of Ophthalmology of the Rostock University Medical

Center. Furthermore, this thesis covers several publications on the introduction

of the module, its handling and imaging properties, novel methods for image

acquisition and reconstruction, and results in different application areas. These

include a concave contact cap design to attenuate eye movements, which

improves volumetric image acquisition, three-dimensional volume reconstruction,

and sectional imaging of corneal cell layers, an oscillating focal plane to improve

large-area imaging of the subbasal nerve plexus, the integration of simultaneous

optical coherence tomography, the wavelength dependence on corneal confocal

microscopy, the clinical usage on healthy eyes and various pathologies, and the

automated morphological characterization of corneal cell layers.
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Zusammenfassung

Die korneale konfokale Laser-Scanning-Mikroskopie ist ein Bildgebungsverfah-

ren, welches eine Früherkennung, Beurteilung und Verlaufskontrolle verschie-

dener Krankheitsbilder bietet. Diese Krankheitsbilder sind nicht auf Auge-

nerkrankungen beschränkt, sondern erstrecken sich beispielsweise auch über

diverse Neuropathien. Das Rostock Cornea Module, welches ein Laser-Scanning-

Ophthalmoskop zu einem kornealen Laser-Scanning-Mikroskop transformiert,

spielt diesbezüglich seit Jahren sowohl in der klinischen Anwendung als auch der

Wissenschaft eine wichtige Rolle bei der Bildgebung der kornealen Zellschichten.

Im Rahmen dieser kumulativen Dissertation wurde in Zusammenarbeit mit

der Arbeitsgruppe Experimentelle Ophthalmologie der Universitätsmedizin

Rostock eine verbesserte Version, das Rostock Cornea Module 2.0, entwickelt

und erprobt. Darüber hinaus werden in mehreren Publikationen die Einführung

des Moduls, seine Handhabungs- und Abbildungseigenschaften, neue Methoden

zur Bildaufnahme und Bildrekonstruktion sowie Ergebnisse in verschiedenen

Anwendungsgebieten behandelt. Darunter fallen ein konkaves Kontaktkappen-

design zur Abschwächung der Augenbewegungen, welche die volumetrische

Bildaufnahme, die dreidimensionale Volumenrekonstruktion und die Schnitt-

bilderzeugung kornealer Zellschichten verbessert, eine oszillierende Fokusebene

zur Verbesserung der großflächigen Abbildung des subbasalen Nervenplexus, die

Möglichkeit zur Kombination mit anderen Bildgebungsverfahren wie der opti-

schen Kohärenztomografie, Wellenlängenabhängigkeiten in der kornealen konfo-

kalen Mikroskopie, der klinische Einsatz am gesunden Auge und verschiedenen

Krankheitsbilder sowie die automatisierte morphologische Charakterisierung

von kornealen Zellschichten.
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1. Introduction

At 43 dpt, the cornea is the most refractive optical element of the eye, which

has a total refractive power of 58.8 dpt under minimal accommodation [1].

Therefore, to receive a sharp optical image on the retina, the regular surface and

transparency of the cornea play a major role. From the central to the peripheral

area the average corneal thickness is about 550 µm to 700 µm, respectively [2].

As shown in Fig. 1.1, the cornea consists of several layers that are structured

and arranged from anterior to posterior as follows [2, 3]:

• The corneal epithelium has a thickness of approximately 50 µm to 60 µm,

is a nonkeratinized, stratified squamous epithelium, and consists of five to

eight cell layers. Superficial cells are quite flattened and have microridges

or micropliapses at their free surface. The deepest cells, the epithelial

basal cells are anchored to the basement membrane. Furthermore, the

epithelium is enriched in sensitive nerve endings.

• Beneath the basement membrane lies the stroma. Its most anterior

substructure is the condensed, more or less amorphous, and 10 µm to

20 µm [4] thick Bowman’s layer. Adjacent to this, the stroma continues

as a sort of specialized transparent aponeurosis. The stromal cells are called

keratocytes and are arranged with collagen fibers in many lamellae. In

adjacent lamellae, the fibers cross at different angles, becoming orthogonal

in the center of the cornea. The keratocytes are specialized fibroblasts

that lie as flattened cells irregularly stellate between the lamellae. Their

processes spread perpendicularly and parallel to the collagen fibers. The

stroma does not contain any blood vessels or lymphatics, but numerous

sensitive nerve endings.

• Following the stroma, there is a specialized basement membrane, the

Descemet’s membrane. It is 5 µm to 10 µm thick, a component of the
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1. Introduction

corneal endothelium, and homogeneous in younger individuals, whereas in

older individuals cross bands appear in the anterior layer corresponding

to a hexagonally arranged tropocollagen molecule. The endothelium is a

simple squamous epithelium composed of metabolically active and highly

interdigitated cells. Its cytoplasm contains moderately well-developed

organelles and the nuclei are flattened.

All these corneal layers ensure with their various functions the preservation

of the optical quality. The corneal epithelium serves as a barrier against the

penetration of bacteria and foreign substances [2]. In the stroma, the keratocytes

synthesize, besides the elastic and collagen fibers, the corneal ground substance.

This substance contains high amounts of chondroitin and keratan sulfate,

whereby the latter is responsible for the transparency [3]. Water from the

stroma is removed by actively transporting sodium, potassium, and hydrogen

carbonate ions from the endothelium into the anterior chamber. In addition,

tight junctions protect the corneal stroma from water infiltration. Thus, the

endothelium provides a pumping and sealing function [2].

Between the basal cells of the epithelium and their basal lamina lies the

subbasal nerve plexus (SNP) [5]. This plexus comprises the densest part of

the corneal innervation and forms a spiral or whorl-shaped pattern of nerve

fibers oriented parallel to the surface. In the human cornea, the center of this

spiral is located approximately 2 mm to 3 mm inferior and nasal to the corneal

apex. The nerves in the SNP originate largely in widely distributed stromal

nerves that penetrate Bowman’s layer in the peripheral and intermediate areas

of the cornea. After penetration, the stromal nerves immediately bend at a

right angle and branch into 2 to 20 thinner nerve fascicles that correspond to

the subbasal nerves. From the limbal plexus, additional subbasal nerves enter

directly into the peripheral areas of the cornea. Finally, from the horizontally

extending SNP, intraepithelial terminals ascend vertically or obliquely.

The ophthalmologist’s routine instrument when examining a patient’s cornea

is the slit lamp, developed by Allvar Gullstrand in 1911 [7, 8]. In that year, he

also received the Nobel Prize in medicine and physiology for his work in the

field of dioptrics [9, 10]. Through further developments by Goldmann, Henker,

Koeppe, Vogt, and others [11], the slit lamp advanced to become a universal
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Figure 1.1.: Self-drawn sketches of corneal anatomy based on [3] and [6]. BL – Bowman’s layer, BM

– basement membrane, IET – intraepithelial terminals, DM – Descemet’s membrane.

examination instrument in ophthalmology, which is still used versatilely for

almost all segments of the eye [12, 13].

The slit lamp provides optical sectional images of the cornea with a magnifi-

cation of up to 40x [13]. Using specular reflection, it is possible to resolve cell

structures in the endothelium and quantify their density [14]. However, for sub-

cellular resolution in all corneal layers, another imaging technique is generally

used, namely, confocal laser scanning microscopy (CLSM). The combination of

Heidelberg Retina Tomograph and Rostock Cornea Module (HRT-RCM; both

Heidelberg Engineering GmbH, Heidelberg, Germany), which together provide

a contact method for corneal CLSM, is often used for clinical and scientific

investigations [15, 16]. The HRT-RCM was first introduced in 2002 [17]. Since

then the use in the clinical field has focused on the diagnosis of acanthamoeba

keratitis, the detection of keratomycosis, and the differential diagnosis and

treatment planning of corneal dystrophies [15, 18–23].

In addition to these general clinical uses, research showed that CLSM reveals

morphological changes in the corneal SNP due to various diseases as for ex-
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1. Introduction

ample, chronic migraine [24–26], trigeminal neuralgia [27], multiple sclerosis

[28–31], familial amyloid neuropathy [32, 33], Parkinson’s disease [34–37], and

diabetic peripheral neuropathy [38–44]. Recently, the possibility of differen-

tiating inflammatory from diabetic neuropathy was also demonstrated [45].

These studies show that corneal CLSM not only has its justified usage in

ophthalmology but also offers a non-invasive diagnostic option for diseases

affecting the nervous system. However, it is crucial to mention that the field of

view (FOV) of a single CLSM image acquired with the HRT-RCM is relatively

small (400 µm × 400 µm) and the nerve fibers are inhomogeneously distributed

throughout the SNP [46]. Thus, multiple CLSM images from different locations

within the SNP are necessary for sufficient morphological quantification [47,

48]. The group around Köhler et al. went one step further with their approach.

They developed the EyeGuidance system, which is placed directly next to the

HRT-RCM [49, 50]. During a corneal examination, the nonexamined eye looks

at a fixation target moving along an expanding spiral path. As a result, the

examined eye also follows this spiral path while single SNP images are continu-

ously recorded. The spiral path is defined in such a way that the SNP images

have sufficient overlap enabling a specialized image registration algorithm [51,

52] to create a large-scale mosaic. There is a long-standing collaboration with

the group around Köhler et al. that also includes the project of my doctoral

thesis of which the EyeGuidance system is an important element.

The goal of this work was to improve the general handling of the HRT-RCM,

to upgrade the capabilities of volumetric imaging with precise closed-loop

focal plane positioning, and to improve large-scale mosaicking of the SNP by

adding an automated, continuous focus oscillation. Instead of building a new

imaging platform, the focus was on the development of a new RCM version,

the Rostock Cornea Module 2.0 (RCM 2.0), with the advantage that this new

RCM 2.0 can be attached to existing HRT systems. Additionally, with simple

modifications, the RCM 2.0 can be used with other CLSM platforms, too. This

cumulative thesis presents the development of the RCM 2.0, the combination

of EyeGuidance and RCM 2.0, the attachment of the RCM 2.0 onto another

imaging platform that combines multiwavelength CLSM and optical coherence

tomography, the clinical usage of the RCM 2.0 with examples of various ocular
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diseases, and the improvement of morphological characterization of the human

corneal epithelium using the RCM 2.0. The presented results are published in

peer-reviewed journals and attached at the end of this thesis.
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2. Subcellular in vivo imaging

techniques of the cornea

This chapter provides an overview of the two most relevant corneal in vivo

imaging techniques achieving subcellular resolution, namely the CLSM and

optical coherence tomography (OCT). Since this thesis is about corneal confocal

microscopy, the CLSM is described in more detail.

2.1. Confocal laser scanning microscopy

The term confocal arises from the geometry of conic sections, in which two

conic sections are confocal if their foci coincide [53]. Accordingly, two optical

systems are confocal if they have a common focus. In a confocal microscope, the

reflected signal from the illumination focal plane is focused onto the detection

aperture, usually a pinhole in front of the detector, in an optically conjugate

plane [54]. Due to the detection aperture, reflected light outside the illumination

focus is strongly suppressed. A general setup of a confocal scanning microscope

is shown in Fig. 2.1. The illumination signal from a point light source, e.g. a

light source (LS) with an illumination pinhole, is collimated by a lens (CL) and

imaged as a point in the specimen. In the detection path, the reflected signal

is coupled out using a beam splitter (BS), focused onto the detection pinhole

via a lens (FL), and detected by a detector (D). A scanning unit (XY-scanner)

deflects the illumination signal into a raster of illumination spots, and the same

scanning unit descans the reflected signal. The plane of the scan pupil (SP)

is relayed onto the entrance pupil (EP) of the objective lens (OL) via a lens

system (L1, L2). It is important to note that the relay optics influence the

scan angle and the beam diameter inversely, i.e., as the scan angle increases,
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Figure 2.1.: General setup of a confocal scanning microscope. OL – objective lense, L1 and L2 –

relay lenses, BS – beam splitter, CL – collimating lens, LS – light source, EP – entrance

pupil, IP – intermediate image plane, SP – scan pupil, FL – focusing lens, D – detector.

the beam diameter decreases, and vice versa. The electrical signal from the

detector is sequentially converted into a digital signal by an analog-to-digital

converter, and the respective intensity corresponds to the gray values of the

single pixels in the emerging image.

Compared to widefield microscopy, the resolution is increased by the confocal

principle. Using the definition of the full width at half maximum (FWHM),

lateral and axial resolution are described as follows [55]:

FWHMlateral =
0.37λ

NA
, (2.1)

FWHMaxial =
0.64λ

n−
√
n2 − NA2

, (2.2)

where λ denotes the wavelength, NA the numerical aperture of the objective

lens, and n the refractive index of the specimen. This describes the case of a

perfect confocal microscope, i.e., with an infinitely small pinhole. For a finite

pinhole, the equation of the axial resolution becomes

FWHMaxial =
0.64λ

n−
√
n2 − NA2

√
1 + AU2 , (2.3)

where AU refers to the pinhole size in dimensionless Airy units. One Airy unit

corresponds to the diameter of the first minimum of the Airy disk.
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2.1. Confocal laser scanning microscopy

The first confocal scanning microscope was developed and patented by Marvin

Minsky [56] in 1957. A drawback of the confocal principle is the loss of signal

strength, which is present in classical microscopy. After the maintenance of the

brightest available light source at that time, the carbon arc proved to be too

tedious, Minsky decided to use the second-brightest source, a zirconium arc. A

photomultiplier was used as the detector. Instead of deflecting the light beam

for scanning, Minsky chose to move the specimen’s stage. To do this, a simple

solenoid oscillated the stage vertically with a 60 Hz sinusoidal waveform and

similarly, but much more slowly, with a sawtooth waveform in the horizontal

direction.

The first laser scanning ophthalmoscope to image the retina was demonstrated

by Webb et al. in 1980 [57]. An argon-krypton laser and a helium-neon laser

were used as interchangeable light sources. The scanning unit consisted of a

galvo mirror system, one resonantly sinusoidally oscillating at a fixed frequency

of 7860 Hz horizontally and the other performing a 60 Hz vertical scan interlaced

4:1. This results in a frame rate of 15 Hz. However, since no pinhole was used

for the detection, this is not a confocal laser scanning ophthalmoscope.

By adding a detection pinhole, the first confocal laser scanning ophthalmo-

scope was introduced by Webb et al. in 1987 [58]. In addition, a polygon scanner

was used for fast vertical scanning.

In 1989, a tandem confocal scanning microscope was introduced by Cavanagh

et al. that acquired in vivo images of the human cornea [59]. This microscope

used a so-called Nipkow-disk [60] that has several pinholes arranged in a

spiral pattern. Scanning is performed by rotating the Nipkow-disk. It is called

tandem scanning because opposite pinholes of the Nipkow-disk are used for the

scanning of the illumination path and the descanning of the detection path.

A disadvantage of the Nipkow-disk is that the pinholes are only illuminated

with a small portion of the illumination signal. Furthermore, if the pinholes

are arranged too closely, the confocality decreases especially in the case of

scattering thicker samples.

In addition to confocal point-to-point imaging, scanning slit confocal mi-

croscopy is also possible [61]. Using parallel illumination and detection along

a line, i.e., using a line detector, this technique offers higher frame rates but
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the confocality is given only in one spatial direction and hence the resolution

anisotropic.

Another example of scanning elements are acousto-optic beam deflectors

resulting in no-moving-parts confocal laser scanning microscopes [62].

As the first commercial confocal laser scanning ophthalmoscope, the HRT

was available in 1990, whose successors, the HRTII and HRT3 were released in

1998 and 2005, respectively [16]. The addition of the RCM shifts the focal plane

from the retina to the cornea, resulting in a corneal confocal laser scanning

microscope [17]. The HRT uses a linearly polarized laser diode at 670 nm as

a light source. With respect to Fig. 2.1, a polarizing beam splitter (PBS) is

used that the linearly polarized laser light passes in the illumination path.

An additional quarter-wave plate (QWP) as the last optical element in the

illumination path of the HRT rotates the polarization of the reflected signal in

total by 90°, causing this signal to be coupled out by the PBS for detection. Due

to this combination of PBS and QWP, more signal is available for detection.

An avalanche photodiode is used for detection. The scanning unit consists of a

resonant mirror scanner for the fast horizontal direction and a galvanometric

mirror scanner for the slow vertical direction. The RCM uses a water immersion

objective (Achroplan 63x/0.95 W optimized for 670 nm; Zeiss, Jena, Germany),

and the cornea is optically coupled using a sterile PMMA cap (TomoCap) and

aqueous tear substitute gel. In addition, the HRT has an internal focus scan

that captures image stacks of 80 µm in approximately 2 µm increments with the

RCM [16]. In total, the HRT-RCM produces 8 bit grayscale images consisting

of 384 × 384 pixels. The FOV is 400 µm × 400 µm, the lateral resolution is 1 µm

and the axial resolution is 4 µm [63] [16].

2.2. Current trends in confocal laser scanning

microscopy

As in previously mentioned studies, CLSM is generally used to obtain two-

dimensional (2D) en face images. The slit lamp, however, offers the possibility

to directly visualize optical sections of the cornea orthogonal to the surface.

To create such cross-sections with the HRT-RCM, single en face images from
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2.2. Current trends in confocal laser scanning microscopy

different depths with sufficiently small axial distance have to be acquired

first. Then, this obtained image stack must be aligned by image registration

procedures to remove motion artifacts. This results in volumes from which

cross-sections can finally be generated. However, the HRT-RCM is limited in

its ability to generate such image stacks and thus in its three-dimensional (3D)

imaging, since the internal focus drive only provides a 80 µm shift [64].

In corneal in vivo CLSM, the scanning speed plays a major role, since the

negative influence of eye movements decreases with an increased frame rate.

As mentioned above, motion artifacts can be eliminated by image registration,

but the registration also benefits from a higher frame rate. This is because the

lateral distance between two successive images is smaller and thus their overlap

is larger. Therefore, more information is available for image registration. At

the same time, a larger overlap of all images to each other in the stack also

leads to a laterally larger cohesive volume. Thus, research regarding CLSM for

3D imaging often goes in the direction of accelerating the scan speed in the

axial direction or avoiding a scan entirely by other techniques. For instance, it

is shown in [65] how to accelerate the axial scan speed with an acoustic liquid

lens. Furthermore, a technique called volumetric Lissajous confocal microscopy

is presented. Here, the frequency of the acoustic liquid lens is adapted to the

lateral scan mirrors in such a way that the laser focus of the confocal microscope

follows a dynamic Lissajous trajectory. In conventional CLSM, the axial scan

is the slowest one and volumes are created with axially consecutive en face

images. In the volumetric Lissajous confocal microscopy, the axial scan is the

fastest one and at the same time it takes the conventional CLSM to acquire one

en face image, 3D structural information is obtained immediately. The spatial

resolution of the resulting volume enhances with the accumulation of multiple

scans. With the immediate availability of 3D information, scan parameters

do not need to be determined before the acquisition, and the spatiotemporal

resolution can be selected during or after the measurement. In addition, it

was shown in [65] how to increase the temporal resolution with a few scans

and an inpainting algorithm. This is a promising technology, but one that

places high demands on hardware and software. Especially for samples with

strong spontaneous motion, like the in vivo examination of the cornea, the
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requirements increase. Due to the movement, 3D information from the same

region of the sample is not always available. This means that additional scans

may be necessary to obtain sufficient resolution and the speed advantage is

lost.

As an example, how to completely avoid axial scanning and acquire informa-

tion from all depths simultaneously to increase volumetric scanning speed, is

shown in [66], where a microscope technique is described that provides confocal,

multiplane imaging. To achieve this, the so-called Multi-Z confocal microscopy

utilizes a high and low NA for the detection and illumination path, respectively.

The high-NA detection leads to high signal collection efficiency and the low-NA

illumination to an axially extended focus. To take advantage of this extended

focus, multiple, axially distributed detectors with reflective pinholes acquire

signals simultaneously from different depths. The reflective pinholes ensure

that light that is rejected by one pinhole is sent on to the next pinhole. This

process is repeated until the last detector, resulting in high signal efficiency.

With the setup in [66], which consists of four detectors, volumetric imaging

produces extended depth-of-field images. This Multi-Z confocal microscopy

scales well, but in order to use it to generate corneal volumes where all cellular

layers are resolved in the cross-sectional image, the number of detectors would

have to be increased considerably. Consequently, the setup would become more

complicated and expensive.

Another way to increase the speed of volumetric imaging in CLSM is to

combine intentional longitudinal chromatic aberration with a broadband light

source. The chromatic aberration is intentionally induced to focus the light

of the broadband spectrum to different depths depending on the wavelength,

thus creating spectrally encoded depth information. To induce the desired

chromatic aberration, dedicated lenses or lens arrays are utilized whose design

and materials result in sufficient dispersion for the relevant wavelength range.

Finally, the technique used to decode the spectrally encoded depth information

depends on the selected light source.

For example, in [67], a photonic crystal fiber is illuminated with a Ti:Sapphire

femtosecond laser to generate a supercontinuum that provides a broadband

light source of 590 nm to 775 nm. A series of plastic aspherical lenses are used
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2.2. Current trends in confocal laser scanning microscopy

to induce chromatic aberration, and the reflected signal is captured with a

spectrometer. As a result, this setup demonstrates volumetric imaging of a

non-transparent biological tissue by chromatic CLSM for the first time [67].

Another example is the setup in [68, 69], where a single plano-convex lens

made of N-SF11 induced the desired chromatic, and a mode-locked femtosecond

laser with a spectral range of 1.48 µm to 1.56 µm is directly used as the light

source. Although it offers great stability and high spatial coherence, it also has

a considerable non-smoothness of the spectrum. To eliminate the spectral non-

smoothness, a novel differential confocal setup is shown in [68]. This setup splits

the reflected signal into two optical paths with different confocal settings, where

two identical detectors are located at a focus and defocus position, respectively.

These detectors consist of two single-mode optical fibers of the same type that

direct the two signals to a spectrum analyzer. From the intensity ratio of the

two confocal signals, an axial response is obtained. Now, the depth information

is derived from the peak wavelength of this axial response. In [69], an additional

axial response is obtained from the inverse of the intensity ratio. Thus, both

the main-lobe and side-lobes of the axial responses can be used to obtain a

seamless relationship between peak wavelength and depth information. In doing

so, the depth range is increased by a factor of four without changing the optical

setup. At this point, it should be mentioned that this method is intended

for 3D surface profiling. In this form, the volumetric imaging of transparent

biological tissues, such as the cornea, is not possible. Whether it is possible

with modifications requires further investigation.

An additional example of a chromatic confocal microscope is shown in [70],

where it does not require a spectrometer, since it uses a swept-source laser as the

light source, which emits narrow linewidth laser light in a wide wavelength range

of 770 nm to 820 nm at a maximum sweep frequency of 200 Hz. This provides

a method to temporally decode the spectrally encoded depth information by a

single photodetector. For this microscope, a set of acrylic lenses was used to

ensure that its so-called chromatic probe achieves a large chromatic aberration.

For comparison with a conventional chromatic confocal microscope, this setup

was also operated using a broadband source and a spectrometer. Here, the two

systems were examined in terms of acquisition times, i.e., different integration
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2. Subcellular in vivo imaging techniques of the cornea

times of the spectrometer versus corresponding sweep frequencies of the swept-

source laser. Since the swept-source laser has a narrow linewidth for higher

intensities compared to the broadband source, the swept-source-based setup

provided considerably more accurate results and highly stable behavior for the

lowest acquisition times than the conventional setup.

2.3. Optical coherence tomography

Another rapidly spreading technology, which was originally first applied in vivo

to the posterior [71] and anterior [72] segment of the eye, is OCT. In the years

that followed, it was applied in other fields besides ophthalmology, such as

dermatology [73].

In principle, OCT is a low-coherence interferometry technique [74]. The signal

from a broadband light source, e.g. a superluminescent diode, or a spectrally

scanning source, e.g. a frequency swept laser source, is split between a reference

and sample arm using a beam splitter. The back reflected light from the sample

and the reference mirror in the sample arm are combined by a beam splitter.

Interference between the two beams only occurs if the optical path lengths of

the reference and sample arms are equal within the short coherence length,

which is in the order of micrometers.

Fig. 2.1 shows the similarities and differences of various OCT implementations.

The first implementation of the OCT is the time-domain OCT (TD-OCT) [75].

Here, the reference arm length is modulated for a depth scan. Therefore, the

reference mirror is scanned axially for each sample point, resulting in intensity

modulations, so-called interference fringe bursts, which are recorded by the

detector. From the envelope of this signal, the amount of backscattered light can

be derived directly. Thus, a reflection depth profile of the sample is obtained

at the beam position, also called amplitude scan (A-scan) in reference to

ultrasound imaging. A 2D depth profile (B-scan) is obtained if the beam or the

sample is additionally scanned along a lateral direction. With the addition of

the second lateral direction, volumes can be generated from multiple B-scans.

The successor over TD-OCT is Fourier domain OCT (FD-OCT), where me-

chanical scanning of the optical path length is not required and an interference
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Figure 2.2.: Schematic of time-domain (TD), spectral domain (SD), and swept-source (SS) OCT.

RM – reference mirror, BS – beam splitter, BB-LS - broadband light source, SS-LS –

frequency swept laser source, D – detector.

spectrum, also called spectral interferogram, is recorded instead. This interfer-

ogram consists of the superposition of the spectrum of the light source and

several interference fringe patterns, which are created by the backscattered

light of corresponding structures in the sample. The modulation frequency is

inversely proportional to the corresponding structure depth and the modulation

amplitude is proportional to the square root of the reflectance [74]. From this

spectral interferogram, the A-scan is calculated by the Fourier transform of

the interferogram. Two techniques have been established for FD-OCT, spectral

domain OCT (SD-OCT) [76] and swept-source OCT (SS-OCT) [77]. As shown

in Fig. 2.2, SD-OCT uses a spectrometer to record the spectral interferogram.

SS-OCT, in contrast, uses a sweeping light source that rapidly sweeps a spectral

filter in the laser resonator to change the lasing wavelength. Synchronously,

the spectral components of the backscattered light are recorded with a fast

detector, resulting in the aforementioned spectral interferogram. The advantage

over TD-OCT is that now all depth information of the sample is available in

this spectral interferogram, simultaneously in the case of SD-OCT or after one

frequency sweep in the case of SS-OCT. This results in a dramatic increase

in imaging speed, as compared to the mechanical movement of a mirror, the

acquisition of a spectrum by a camera or the frequency sweep of a swept-source
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2. Subcellular in vivo imaging techniques of the cornea

laser is drastically faster. Here, SS-OCT is the fastest method. For example,

swept-source lasers in the MHz range have already been used for retinal imaging

[78].

Since OCT is an interferometric technique, its axial resolution does not

depend on the optics used but on the coherence length of the light source [74]:

δz = lc =
2 ln (2)

π
· λ0

2

∆λFWHM

. (2.4)

Here δz describes the axial resolution, lc the coherence length, λ0 the central

wavelength, and ∆λFWHM the wavelength range. The lateral resolution, in

contrast, depends on the optical elements and is again calculated according to

Eq. (2.1).

With OCT, it is important to note that the total depth that can be imaged

is determined by the focal depth. In order to increase the depth of focus, the

utilized NA of the objective lens must be decreased and vice versa. Thus, a

suitable compromise between the imaging depth and lateral resolution must be

selected for the specific application.

Although the main application of OCT is retinal imaging, several OCT

methods for corneal imaging have been researched in recent years. These

include, for instance, SD-OCT [79], ultrahigh resolution SD-OCT [80, 81],

Garbor-domain OCT [82], full-field OCT [83–86], curved-field OCT [87], and

polarization sensitive micrometer OCT [88].

Most of these OCT methods are applied in non-contact mode. On the one

hand, this has advantages in terms of subject compliance, on the other hand, it

increases the influence of eye movements, which results in a higher demand for

fast sampling rate or post-processing. In addition, the refractive index difference

between the cornea and the air makes it difficult or impossible to image the

uppermost layers due to strong back reflections. One advantage of CLSM over

OCT is that the lateral resolution is independent of the imaging depth of a

volume. For the smallest cell structures, such as in the epithelium, the lateral

resolution is important for both en face images and cross-sections. Which

technology should ultimately be preferred is thus dependent on several factors.

For example, if only en face images are needed, CLSM should be used, as this is
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2.3. Optical coherence tomography

possible with a lower budget due to lower laser source requirements. For cross-

sections, where the lateral resolution is not crucial, but the axial resolution,

e.g., for thickness measurements, OCT should be preferred. Ultimately, both

technologies could be combined and support each other.
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3. Materials and methods

This chapter provides an overview of the methods and materials used in the

peer-reviewed publications published as part of this thesis.

3.1. Rostock Cornea Module 2.0

Fig. 3.1 shows the original RCM and two iterations of the self-developed

RCM 2.0. Every in vivo examination of the cornea by each RCM version

requires the use of a topical anesthetic (e.g. Proparakain-POS; Ursapharm,

Saarbrücken, Germany). In addition, a carbomer gel (e.g. Vidisic; Bausch &

Lomb/Dr. Mann Pharma, Berlin, Germany) is applied as a tear substitute and

immersion medium between cornea and TomoCap, which is a sterile single-use

contact cap, as well as between TomoCap and objective lens. The original

RCM uses a diverging lens and a water immersion objective lens (Achroplan

63x/0.95 W; Zeiss, Jena, Germany) to shift the focal plane from the retina

into the cornea. Different diverging lenses can be used to change the FOV.

By default, a FOV of 400 µm × 400 µm is used. To change the focal plane, the

TomoCap and thus the cornea is moved axially by hand via a mechanical drive.

This is disadvantageous because the contact pressure from the TomoCap to

the cornea changes while the focus is shifted. Depending on the direction of

change, this can either lead to loss of contact or increase the pressure so much

that compression artifacts appear in the form of folds at the level of Bowman’s

layer. These folds are called Kobayashi structures (K-structures) [89] and form

a characteristic pattern over the entire cornea, the so-called anterior corneal

mosaic (ACM) [90]. These K-structures are a particular problem for imaging

thin layers such as the SNP because the folds result in interrupted imaging of

the nerve fibers once the deformation height exceeds the depth of field, as is
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HRT + Rostock Cornea Module

HRT + Rostock Cornea Module 2.0

HRT
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HRT
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P1
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Figure 3.1.: Photographs (left) and sketches (right) of the original RCM (top) and the initial version

A and revised version B of RCM 2.0 (bottom). TC – TomoCap, Obj – objective lens,

P1 – first piezo actuator, P2 – second piezo actuator.

exemplarily shown in Fig. 3.2.

This drawback is addressed by the RCM 2.0. Here, the focal plane is changed

mainly by the axial translation of the objective lens instead of the TomoCap. For

this purpose, a piezo actuator (MIPOS 600 SG OEM; piezosystem jena GmbH,

Jena, Germany) is used, which offers a travel range of 500 µm in closed-loop

operation and 600 µm in open-loop operation. This piezo actuator is controlled

and monitored by a self-written LabVIEW program. The focal plane is then

controlled either by program input or by a joystick. In addition, the focus can

be driven in different scan functions, e.g. sine, triangle, or rectangle. Almost all
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3.1. Rostock Cornea Module 2.0

mechanical adapter parts were self-designed during the curse of this dissertation

and manufactured by the mechanical workshop of the Institute of Physics of

the University of Rostock. Exceptions are the mounting rods, which belong

to an optical cage system (Thorlabs GmbH, Bergkirchen, Lübeck, Germany,

Newton, NJ, USA). Furthermore, some adapter parts were designed to be

compatible with this cage system, which enables more simplified modularity to

other instruments.

In the initial version of the RCM 2.0, see Fig. 3.1 version A, the TomoCap is

moved axially to the desired position by hand via a thread and then locked in

place prior to an examination. This determines the initial position of the focal

plane. If a corneal layer of interest is outside the travel range of the objective

lens, the examination must be aborted and the TomoCap position readjusted.

This is especially critical while imaging volumes, as an improperly adjusted

initial focus will reduce the axial extent of the volume. Since the readjustment of

the TomoCap unnecessarily prolongs the overall examination time, an additional

piezo actuator (SLC-1720-020-W-L; SmarAct GmbH, Oldenburg, Germany)

was introduced in the revised version of the RCM 2.0, see Fig. 3.1 version

B, to control the axial position of the TomoCap. This piezo actuator has a

12 mm travel range with a submicron resolution and is used to adjust the initial

focal plane while in contact with the eye. This way, the second piezo actuator

provides a precise, quick, and convenient adjustment of the focal plane that

is possible during an examination, too. Additionally, this actuator allows the

possibility of creating compound depth stacks with extended depth. Overall, the

piezo actuators of the RCM 2.0 result in more precise, faster, more convenient,

and more versatile control over the focal plane.

In the published manuscripts [P1–P4], the initial version of the RCM 2.0

was used. In [P3, P4], the modularity of RCM 2.0 was utilized to allow its

adaptation to the SPECTRALIS platform (Heidelberg Engineering GmbH,

Heidelberg, Germany). In [P5, P6] the revised version of the RCM 2.0 was

applied. In vivo examinations with the RCM 2.0 were performed on human

corneae in all publications. In addition, ex vivo examinations were performed

on enucleated porcine eyes at [P4, P5] and lamb eyes at [P4].

In addition to improving the RCM, an alternative TomoCap was developed to
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Figure 3.2.: The planar and concave TomoCap in comparison. SNP images with the planar TomoCap

show K-structures at high contact pressure. No K-structures are formed with the concave

TomoCap, regardless of the pressure. TC – TomoCap, Obj – objective lens.

attenuate involuntary eye movements and simultaneously avoiding the formation

of K-structures. Attenuated eye movements result in fewer motion artifacts,

and thus, subsequent images of an axial scan have a larger lateral area in

common. With the standard TomoCap, eye movements can be attenuated with

a higher contact pressure on the cornea, but this also creates the K-structures

that impede the imaging of continuous nerve fibers in the SNP. To address

these issues, a concave contact cap with a radius of curvature equal to the

average human cornea (7.8 mm) was developed.

Fig. 3.2 shows a comparison of the planar standard and the concave TomoCap

as well as images of the SNP created with corresponding caps and contact

pressures, showing K-structures where applicable. The concave contact surface

ensures that the cornea does not deform, regardless of the contact pressure, and

thus no K-structures are formed. Additionally, the concave contact surface in

combination with the immersion gel and its viscosity creates a suction effect that

attenuates eye movements. This is explained in more detail and quantified in
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3.2. Image processing

[P1]. Although the concave TomoCap is preferred for the acquisition of volume

stacks or single images, the planar TomoCap is still preferred for laterally

large-area mosaics, since otherwise the required guided eye movements would

be restricted.

3.2. Image processing

Since eye movements introduce non-affine distortions in CLSM images, image

registration with only affine transformation is insufficient to remove motion

artifacts induced by unavoidable eye movements. Therefore, an elastic image

registration by Allgeier et. al that is tailored to the scanning system of the

HRT is used in post-processing [51, 52].

As the cornea translates maximally 1 µm in the acquisition time of a single

image row of 65 µs, influences of eye movement in this time scale are neglected,

and an image row is assumed to be undistorted. The algorithm divides the

single images into subimages or slices consisting of a constant number of pixel

lines. For each subimage, a displacement vector to the preceding image is

calculated using a phase correlation function. These displacement vectors are

then used to estimate the trajectory of the eye movement. Subsequently, from

this trajectory, offset vectors are interpolated for all single image rows. As a

result, the single image rows are then merged to images with strongly reduced

motion artifacts.

To visualize the effect of elastic registration, three consecutive stromal images

of a depth scan before and after registration are shown in Fig. 3.3. Each image

has been respectively colored in a yellow, magenta, and cyan tone. If these

colored images are now superimposed to form a composite image, associated

structures that have the same position in all three images would appear in a

gray tone. If they overlap only in two images, the result is a corresponding

mixed tone. In the example in Fig. 3.3, the composite of the unregistered images

shows the keratocyte nuclei shift due to eye movements within the acquisition

of these three images. In the upper region of the composite, the reddish tone

of the structures shows that the movement does not begin until below this

region in the second current image. This becomes even more apparent with the
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Before image registration

After image registration

100 µm

Figure 3.3.: Visualization of elastic image registration in three successive stromal images of a depth

scan. Composite images were generated from colored images for the unregistered and

registered cases.

registered images. The second image shows a deformation that corresponds to

eye movement. In the registered composite, the success of elastic registration is

evident.

Besides reducing motion artifacts, elastic registration is used to create large-

area mosaics consisting of single images by guided eye movements.

To assemble individual images of a depth scan into a volume, the subsequent

images are assembled after registration using software such as ImageJ [91]. The

axial spacing of the individual images depends on the focus scanning speed

and the frame rate, which is 30 fps in the case of the HRT. For sufficiently

small scan speeds, the axial shift of individual pixels within an image can be

neglected. For most of the depth scans in the work shown here, this is the

case since the axial distances for volume generation are usually 1 µm or less.

Finally, sectional images in arbitrary spatial directions can be created from the

generated volumes.
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4. Results

In this chapter, the results of the publications are briefly summarized. It follows

the chronological order of the publications, starting with the introduction and

presentation of the initial version of the RCM 2.0 and a prototype of the concave

TomoCap. Afterwards, it continues with the application of the RCM 2.0 in

large-area imaging of the SNP. Then, the adaptation of the RCM 2.0 with a

different imaging platform, where the combination with OCT occurred and

corneal CLSM was performed with different wavelengths, is presented. Finally,

the introduction of the revised version of the RCM 2.0 is done, testing the

clinical relevance of CLSM imaging in different pathologies and its applicability

for morphological characterization of the epithelium.

4.1. Cellular in vivo 3D imaging of the cornea by

confocal laser scanning microscopy

Sebastian Bohn, Karsten Sperlich, Stephan Allgeier, Andreas Bartschat,

Rubi Prakasam, Klaus-Martin Reichert, Heinrich Stolz, Rudolf F. Guthoff,

Ralf Mikut, Bernd Köhler, and Oliver Stachs

[P1] - Biomed. Opt. Express 9(6), 2511–2525 (2018)

The goal of this publication was to provide a solution to the problems of the

original RCM in corneal in vivo CLSM as described in Sec. 3.1. This work

introduces the initial version of the RCM 2.0 and a prototype of the concave

TomoCap, demonstrating the solution approach already described in Sec. 3.1.

To assemble the concave TomoCap, the anterior concave part of a three-mirror

gonioscopy lens was cut off, the resulting cut surface polished, and glued to a

standard TomoCap after its contact surface was removed.
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4. Results

In vivo corneal image stacks were acquired on which the elastic image

registration algorithm, described in Sec. 3.2, was first compared with a rigid

one. Here it was clearly shown that the elastic registration was superior to the

rigid one since also non-affine motion artifacts could be addressed, see Fig. 5 of

[P1].

To quantify the constraint of each cap design, the two parameters mean

lateral image-to-image shift value and mean approximate overlapping area were

introduced and calculated based on the centers of gravity of the elastically

registered images. Therefore, several image stacks were recorded from three

healthy subjects with the planar and concave contact caps. Details can be

found in Sec. 2.3 of [P1].

Overall, a 70 % to 80 % eye movement reduction was found within the images

of the subjects using the concave instead of the planar contact cap. Concerning

the approximate overlapping area, the loss to the perfect image stack without

eye movement was considered. Here it could be shown that depending on the

stack depth and the test person, the loss of the overlapping area was reduced

by 74 % to 80 % using the concave contact cap in comparison to the planar one.

In addition, cross-sections in several directions (Figs. 6 and 9 in [P1]) and vari-

ous 3D representations (Figs. 8 and 10 in [P1]) were generated from the acquired

corneal image stacks, including a 396 µm deep cuboid with a 266 µm × 268 µm

lateral extent. The corneal cross-sections produced were of such high quality

that the different cellular layers and structures were well observable.
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4.2. 3D confocal laser-scanning microscopy for

large-area imaging of the corneal subbasal nerve

plexus

Stephan Allgeier, Andreas Bartschat, Sebastian Bohn, Klaus-Martin

Reichert, Karsten Sperlich, Marcus Walckling, Ralf Mikut, Veit Hagenmeyer,

Oliver Stachs, and Bernd Köhler

[P2] - Scientific reports 8(1), 7468 (2018)

For large-scale imaging of the SNP using CLSM, several images from different

regions are stitched together to create a mosaic. An established system for

this is the EyeGuidance system that guides the nonexamined eye along an

expanding spiral path resulting in the examined eye also following this path.

In this way, images of a larger area are continuously obtained for a mosaic

generation. With the limited depth of field, this system is highly sensitive to

small deviations of the focal plane from the SNP layer. These deviations are

already caused by slight eye movements perpendicular to the focal plane, by the

curvature of the cornea especially at the outer area, and by deformation of the

cornea due to excessive contact pressure, see K-structures and ACM in Sec. 3.1.

Therefore, this work evaluates the combination of the EyeGuidance system and

the RCM 2.0 utilizing an oscillating focal plane in a feasibility study.

Three dedicated computers that respectively control the image acquisition

via the HRT, the guided eye movement via the EyeGuidance system, and the

oscillating focal plane via the RCM 2.0 communicate over a TCP/IP network

to allow a synchronized start of all systems. A triangular function with a

peak-to-peak amplitude of 40 µm was chosen for the oscillating focal plane, see

Fig. 3 in [P2]. While the initial focus lies in the SNP, the oscillation provides

images of the surrounding epithelium and stroma. If the SNP moves out of the

initial focus during the examination, the oscillation ensures that the data set

still contains SNP images.

For evaluation, different parameters specifying the oscillating focal plane and

the spiral motion of the guided eye movement were tested. These parameters

included the velocity, amplitude, and period of the focus oscillation, and the
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fixation target velocity. Here, the emphasis was on the focus oscillation velocity.

The lateral spiral motion of the fixation target was adjusted to the focus

oscillation velocity in each case so that after one period the CLSM images

were approximately 200 µm laterally separated from each other. Mosaics were

acquired from nine subjects at four different focus oscillation velocities of

60.6 µm/s, 121.2 µm/s, 181.8 µm/s, and 242.4 µm/s, with an acquisition time

of 40 s.

Three different approaches were used and compared to montage the mosaics

from the elastically registered 3D image sets, see Fig. 5 in [P2]. The first

approach used all images, resulting in mosaics that show superimpositions of all

tissue layers. Nerve fibers are visible only with low contrast compared to single

SNP images. The second approach uses only images acquired at the initial

axial position of the focus oscillation to generate the mosaic. This corresponds

to the 2D EyeGuidance process with a constant focal plane [49]. The results

in [P2] show that using this method, the proportion with optimally focused

SNP was shown to vary widely among the mosaics. Some contained even more

epithelium or stroma than SNP structures while others contained almost only

SNP. The third approach uses a dedicated tissue classification algorithm [92]

to exclude images without SNP structures. This results in mosaics that consist

almost entirely of SNP tissue.

Regarding the oscillation parameters, it was found that with increased focus

oscillation velocity and correspondingly increased speed of the spiral motion,

the expansion rate of the mosaics also increases. With the tissue classifica-

tion, the average expansion rates were found to be 0.031 mm2/s, 0.059 mm2/s,

0.081 mm2/s, and 0.111 mm2/s, respectively. In terms of reliability to acquire

images promising a successful SNP mosaic, differences only became apparent

using the highest velocity. Here, the examinations had to be repeated for two of

the nine test subjects, as the live stream of the single images did not indicate

good data sets. In the case of the first subject, a second examination was suffi-

cient. For the second one, the examination was stopped after three unsuccessful

attempts. An additional data set could not be used due to insufficient image

quality. Here, however, the reason was an inhomogeneity of the contact gel,

which was not noticed during the examination. Furthermore, it is not possible
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to establish a correlation between oscillation velocity and reliability due to the

low number of test subjects. Systematic differences in mosaic image quality

were not found between the oscillation speeds.

4.3. In vivo corneal confocal microscopy aided by

optical coherence tomography

Sebastian Bohn, Karsten Sperlich, Heinrich Stolz, Rudolf F. Guthoff, and

Oliver Stachs

[P3] - Biomed. Opt. Express 10(5), 2580–2587 (2019)

In vivo corneal CLSM is often compromised by the lack of information regarding

the position and orientation of the imaging plane during the examination. To

solve this issue, the modularity of the RCM 2.0 was exploited in this publication

to attach it to the SPECTRALIS OCT2 platform (Heidelberg Engineering

GmbH, Heidelberg, Germany). This a retinal imaging system that combines

OCT with a confocal laser scanning ophthalmoscope for en face imaging

and eye-tracking purposes. With the attachment of the RCM 2.0, a CLSM

system has was created that provides simultaneous information on position and

orientation during the examination by OCT. This section briefly explains the

necessary modification, results, and additional information gained from this

multimodality.

The optical elements of the RMC 2.0 change the optical path of the measuring

arm. Therefore, the length of the reference arm must be adjusted accordingly.

En face images using CLSM are generated at 815 nm and OCT B-scans at

880 nm with a FWHM bandwidth of 80 nm. It should be noted that all en

face CLSM images show a central back reflection, as the objective lens of the

RCM 2.0 does not have an optimal anti-reflective coating.

Several examples of simultaneously acquired in vivo corneal en face and

B-scan images were successfully obtained. The B-Scans reveal a number of

distinct interfaces or planes can be seen in the B-scans, see Fig. 3 and 4 of [P3].

Due to the strong focusing by the RCM 2.0 objective lens, the focal plane of the
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CLSM modality shows up as the line with the strongest intensity in the B-scan

if it is inside the cornea. Because of the weak reflectivity of the immersion gel,

it can even be seen outside the cornea. Furthermore, the anterior and posterior

corneal surface, as well as the contact surface of the TomoCap, can be seen, even

if they are not in close vicinity of the CLSM focal plane. With all these lines,

information about the position and orientation of the CLSM focal plane was

deduced. This multimodality may also be used during the alignment process to

ensure that the en face CLSM image is parallel to the corneal surface, even

before the contact cap touches the cornea. This shortens the examination time

and makes the entire procedure more comfortable for the subjects or patients

and thus increasing compliance. In the B-scan, the full corneal thickness can be

measured directly. For the thickness of corneal substructures, an oblique section

and information from both modalities are used, being the angle between the

corneal surface and the CLSM focal plane from the B-scan and the projected

length of the corresponding structure in the CLSM image. In Fig. 5 of [P3],

the layer thicknesses of the epithelium and Bowman’s layer were calculated

exemplarily. The example thicknesses measured in the manuscript agree well

with values from the literature and other methods.

4.4. Multiwavelength confocal laser scanning

microscopy of the cornea

Sebastian Bohn, Karsten Sperlich, Thomas Stahnke, Melanie Schünemann,

Heinrich Stolz, Rudolf F. Guthoff, and Oliver Stachs

[P4] - Biomed. Opt. Express 11(10), 5689–5700 (2020)

Besides OCT, the SPECTRALIS is equipped with three different wavelengths

for the scanning laser ophthalmoscope. This allows imaging of retinal layers in

different depths at 488 nm, 518 nm, and 815 nm. In addition, this allows various

fluorescence imaging modes, e.g., autofluorescence and fluorescein angiography.

Here, these wavelengths were used to investigate whether, in addition to

depth-dependent scattering losses, other wavelength-dependent differences occur

in confocal reflectance microscopy of corneal layers.
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For this purpose, the combination of RCM 2.0 and SPECTRALIS was used

to perform CLSM imaging in vivo on a human cornea and ex vivo on lamb and

porcine corneae. Images were compared between wavelengths with regard to

image quality and differences in the depicted structures. For human corneas,

images of the epithelium, SNP, stroma, and endothelium were acquired, see

Figs. 3–7 of [P4]. Images of the lamb and porcine corneae were acquired at the

blue and near-infrared wavelengths of the epithelium, stroma, and endothelium,

see Figs. 9–10 of [P4]. As in the previous manuscript, all en face CLSM images

show a central back reflection since the anti-reflective coating the RCM 2.0

objective lens is not optimized for the three wavelengths.

In the human cornea, the effect of wavelength- and depth-dependent scattering

losses in the form of a diffuse background are most apparent in the SNP and

Stroma. Nevertheless, nerve fibers and keratocyte nuclei are visible without

limitations for all wavelengths. Since the epithelium is the topmost corneal layer,

no scattering losses are apparent there. Structural differences depending on the

wavelength are shown in the superficial epithelial cells and the endothelium.

In the first, cell borders, nuclei, and cytoplasm are more prominent at 488 nm

and 518 nm than at 815 nm. In contrast, in the near-infrared, cell borders and

cytoplasm have a more uniform, homogeneous reflectance. The cellular structure

of the endothelium in the human cornea is clear at short wavelengths and is

difficult or impossible to detect in the near-infrared. Additionally, some nuclei

are visible as bright spots at 488 nm.

Compared to the human cornea, the animal corneae show differences in

wavelength-dependent appearances of the cellular structures. The cell nuclei

and cytoplasm of the superficial epithelial cells in the lamb cornea reflect more

strongly and the latter with a somewhat different structure at 815 nm than at

488 nm. In the porcine cornea, the cell nuclei and cytoplasm reflect similarly

at both wavelengths, but the cytoplasm also reflects in the near-infrared with

a somewhat different structure. The stromal keratocyte nuclei are difficult

to depict at the short wavelength in the animal corneae, but this may be

also related to the advanced time after the enucleation of the eyes. In the

endothelium of the animal corneae, the cellular structures are visible at both

short and long wavelengths. While no nuclei are visible in the lamb cornea at
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488 nm, some are visible as bright spots in the porcine cornea. At 815 nm, they

appear darkened in the lamb and porcine corneae.

4.5. In vivo Histology of the Cornea – from the

“Rostock Cornea Module” to the “Rostock

Electronic Slit Lamp” – a Clinical “Proof of

Concept” Study

Sebastian Bohn, Thomas Stahnke, Karsten Sperlich, Stephan J. Linke,

Sanaz Farrokhi, Maren Klemm, Stephan Allgeier, Bernd Köhler, Klaus-Martin

Reichert, Martin Witt, Oliver Stachs, and Rudolf F. Guthoff

[P5] - Klin. Monbl. Augenheilkd. 237(12), 1442–1454 (2020)

With the initial version of the RCM 2.0, there was still the problem of the

cumbersome initial focal plane adjustment via the TomoCap by hand. This

often led to an unclear starting position of the focal plane and the entire travel

range of the RCM 2.0 objective lens could not be fully utilized. To approach this

problem, the revised version of the RCM 2.0 with the piezo actuator moving

the TomoCap was introduced and used in this and the following work. This

should improve clinical usage by giving more control over the initial focus

position before and during the measurement, as well as the ability to generate

image stacks larger than 500 µm axially. In addition, an improved version of

the concave TomoCap is presented, which has a smaller diameter of 10 mm,

simplifying the coupling procedure.

The revised version of the RCM 2.0 was first successfully tested on an

enucleated porcine bulb. The entire corneal thickness of more than 900 µm

could be assembled from multiple image stacks, see Fig. 2 of [P5]. A sagittal

cross-section is generated from the reconstructed 3D volume and shown with

specific en face images of different layers. Subsequently, the imaging was tested

on healthy volunteers and selected patients with corneal diseases. In each case,

cross-sectional images were again generated from volume data and corresponding
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en face images were shown. Due to the concave cap, it was possible to generate

corneal cross-sectional images in their full thickness and high quality.

In Fig. 5 of [P5] the case of a keratoconus patient eight months after cross-

linking treatment is shown. While a normal epithelium and endothelium is

observed, the rest of the cornea differs from a healthy one. The SNP is highly

rarefied, a highly reflective network is adjacent to Bowman’s layer, and various

changes are seen throughout the stroma. Opacified zones of hyperreflective

cytoplasm of keratocytes are found in the anterior stroma. Slightly deeper,

keratocytes with low contrast and no distinguishable nuclei are visible. In the

middle stroma, highly reflective keratocyte nuclei with needle-shaped structures

are visible. Following in the posterior stroma the keratocytes are low reflecting

without visible nuclear structure.

Fig. 7 of [P5] shows a case of recurrent keratitis in which opacities in the

anterior cornea are already visible in the slit lamp and OCT images. In the

CLSM images in Fig. 8 of [P5], these opacities show up as a dense network of

keratocyte structures with extremely highly reflective cytoplasm. Furthermore,

massive infiltrates with dendritic cells, which are antigen-presenting cells, are

found in the epithelial basal cells and also appear in Bowman’s layer. In the

deeper stroma, cell nuclei can no longer be demarcated. In addition, a 3D

reconstruction from Bowman’s layer to the highly reflective stroma is also

shown for this case.

As a final case, the cornea of a patient one month after photorefractive

keratectomy is shown in Fig. 9 of [P5]. As expected, no subbasal nerve structures

and no equivalent to Bowman’s layer are shown. Strongly reflective round

structures are visible at the transition to the stroma. The anterior stroma is

characterized by highly branched and highly reflective keratocytes, decreasing

with increasing depth until the stroma appears normal in the deepest layers.

This work demonstrated that the revised version of RCM 2.0 produced not

only 2D images but 3D volumes of various pathologies of such high quality that

sectional images with cellular resolution were generated in slit lamp geometry.
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4.6. Morphological characterization of the human

corneal epithelium by in vivo confocal laser

scanning microscopy

Katharina A. Sterenczak, Karsten Winter, Karsten Sperlich, Thomas Stahnke,

Stephan J. Linke, Sanaz Farrokhi, Maren Klemm, Stephan Allgeier, Bernd

Köhler, Klaus-Martin Reichert, Rudolf F. Guthoff, Sebastian Bohn, and

Oliver Stachs

[P6] - Quant. Imaging. Med. Surg. 11(5), 1737–1750 (2021)

With increasing interest in the cellular alteration of the cornea in ocular

surface diseases, quantitative cellular characterization of the epithelium is

becoming more important. This study presents a CLSM-based 3D in vivo

image processing pipeline for morphological characterization and quantification

of human epithelial cell layers.

For this purpose, 3D CLSM using the RCM 2.0 and the concave TomoCap

was performed on 25 volunteers at both eyes in an age range of 25 to 62 years

(mean age 44 years) to obtain full-thickness volume datasets of the epithelium.

After successful image registration and automated cell segmentation, the data

sets were quantified by certain morphological parameters in dependence on a

normalized depth scale that was defined from 0 to 1 according to superficial

cells and SNP, respectively. The parameters included cell density, cell area,

cell diameter, polygonality, neighborhood count, and Clark-Evans aggregation

index (CE-Index) to analyze the cell pattern.

After manually checking all scans for contrast, signal-to-noise ratio, and the

presence of superficial cells and SNP, a total of 43 scans of the 25 volunteers

were used for segmentation and quantification. The concave TomoCap led

to attenuated eye movements and thus to the median lateral projected area,

in which all registered images of a stack contain information, of 45 723 µm2.

Additionally, the piezo actuator controlling the TomoCap position proved to

simplify and accelerate the acquisition process. Segmentation was most efficient

for intermediate cells.
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Morphological parameters varied from anterior to posterior as follows: Mean

cell density increased with approx. 5200 cells/mm2 to 8200 cells/mm2 and cor-

respondingly mean cell area and mean cell diameter decreased from 161.5 µm2

to 90.3 µm2 and 15.9 µm to 12.3 µm, respectively. Aggregation described by

CE-Index increased gradually from 1.45 to 1.53. The mean neighborhood count

first increased from 5.50 to a maximum of 5.66 and then decreased to 5.45. The

mean polygonality gradually decreased from 4.93 to 4.64 sides of the cells.

In addition, the 25 volunteers were divided into three age groups. However,

there was no age dependence of the morphological parameters found. This work

demonstrated that the usability of a CLSM-based in vivo imaging pipeline for

cellular characterization of the human corneal epithelium could be remarkably

improved by the revised version of the RCM 2.0 and the concave TomoCap.
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With the introduction of the RCM 2.0 in [P1], the focus control via the piezo

actuator proved to be advantageous because the TomoCap no longer moves

during the through-focusing, thus preventing compression artifacts or contact

losses. Both effects are further enhanced by the concave cap. The adapted

contact surface prevents compression of the cornea and additionally attenuates

eye movements. Especially when considering 3D imaging, [P1] demonstrated

that the combination of RCM 2.0, concave TomoCap, and elastic registration

provides the best corneal CLSM 2D images and 3D reconstructions to date. The

piezo actuator providing axial objective lens positioning ensures high precision,

resulting in better depth assignment of each image and improving the quality

of sagittal slices. The attenuation of eye movements using concave TomoCap

demonstrably enables the acquisition of volumes with laterally more overlapping

information. In contrast to the conventional RCM, the here developed RCM 2.0

now offers a range of scanning parameters and various scanning functions.

This is exploited in [P2], where an oscillating focal plane was successfully

employed for a concept of reliable automated generation of large-scale SNP

mosaics. Compared to the previous 2D methods, axial deviations of the SNP

do no longer pose a problem.

At this point, it should be mentioned that in the use case of large-area mosaic

imaging, the planar cap should be preferred over the concave cap, since large

eye movements are desired in this case. Another disadvantage of the concave

TomoCap is that the coupling process is more difficult due to the size of the cap

and the resulting visual blockage. However, while in [P1] the lateral diameter

of the concave contact area was 12 mm, other caps with smaller diameters

of 10 mm and 9 mm were manufactured during this dissertation project and

proved to be easier in handling. Another way to simplify and speed up the
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coupling process would be to use an OCT approach as a supporting modality,

as shown in [P3]. Although OCT image quality here cannot compete with

other techniques using OCT as the main modality, it was shown to be a very

useful tool for CLSM. In addition to the simplified coupling, it also provides

supplementary information such as the position and orientation of the focal

plane during imaging. At this point, it should also be mentioned again that

OCT should not necessarily be seen as a competitor to CLSM, but that both

imaging techniques are alternatives for different application purposes. As work

[P3] also shows, these two techniques can support each other.

Furthermore, it was shown in [P3] that the RCM 2.0 can be used with other

devices after minor modifications. The possible applications with other devices

are further emphasized in [P4]. To make optimal use of multiple wavelengths,

as in this case, a suitable lens with appropriate anti-reflective coatings should

be used. However, changing the objective lens is an uncomplicated task with

the RCM 2.0.

The results from [P5] demonstrate the clinical advantages of the RCM 2.0.

Cross-sectional images obtained from the 3D datasets are similar to slit-lamp

images that ophthalmologists are accustomed to but offer tremendously higher

resolution. Additionally, the 3D information provides an en face image at every

depth, which expands diagnostic capabilities. Furthermore, the advantage of

the second piezo actuator to control the TomoCap became apparent in [P5].

Volumes axially larger than 500 µm could be assembled, and the initial position

of a volume acquisition can be adjusted faster and more precisely, even while

already in contact with the cornea.

Finally, [P6] presents the results of the first automated quantification of

corneal epithelial cells. Again, the RCM 2.0 with two piezo actuators and

the concave TomoCap proved to be helpful. Depth-dependent characteristic

quantities of the epithelium were obtained from the recorded 3D data sets.

However, the quantification was performed only on the en face images. Future

attempts will extend this to 3D morphology. A weakness that became evident

is the unreliable imaging of the superficial cells with sufficient quality for

automated evaluation. This occurs when the distance between the cap surface

and the cornea is too small, resulting in interfering surface reflections from
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the TomoCap. To address this, another TomoCap design has already been

developed, which has a small indentation in the center of the concave contact

surface to ensure a certain minimum distance between the cap surface and the

cornea. The modularity of the RCM 2.0 has proven to be advantageous since it

is now easy to transform existing laser scanning ophthalmoscopes into versatile

corneal confocal microscopes. In clinical usage, the same device may be used

for both retinal and corneal imaging. This saves costs and space that would

come with a completely new device.

In conclusion, the RCM 2.0 in combination with the HRT, but potentially

also with other laser scanning ophthalmoscopes, proves to be an extremely

useful multi-functional tool to perform in vivo 2D and 3D CLSM both for

scientific and clinical use. At this point, however, the development of RCM 2.0

is still not finished. For example, research is being conducted on further scanning

strategies with regard to large-scale SNP mosaicking, including automated focus

adjustment in combination with real-time tissue classification. Furthermore,

work is ongoing to extend large-area mosaicking to other tissue layers and

into the third dimension. Regarding the folds caused by the K-structures, an

attempt is being made to control and monitor their formation by incorporating

a force sensor into the RCM 2.0. In this context, it is also assumed that the

folds can be used for orientation in order to better compare mosaics over longer

periods of time.

41





Personal contribution statement

[P1] - S. Bohn et. al, Biomed. Opt. Express 9(6), 2511–2525 (2018)

Design and assembly of the initial version of the RCM 2.0; programming of

the RCM 2.0 control and monitoring system; design and development of the

concave TomoCap; data acquisition, analysis, and processing; creation of all

figures; drafting of the entire manuscript; critical revision.

[P2] - S. Allgeier et. al, Scientific reports 8(1), 7468 (2018)

Partial programming of the communication interface (EyeGuidance, HRT,

RCM 2.0); data acquisition, partial creation of figures; partial drafting of the

manuscript, mainly regarding RCM 2.0, critical revision.

[P3] - S. Bohn et. al, Biomed. Opt. Express 10(5), 2580–2587 (2019)

Design and assembly of the modular RCM 2.0 adapter; data acquisition, anal-

ysis, and processing; creation of all figures; drafting of the entire manuscript;

critical revision.

[P4] - S. Bohn et. al, Biomed. Opt. Express 11(10), 5689–5700 (2020)

Design and assembly of the modular RCM 2.0 adapter; data acquisition, anal-

ysis, and processing; creation of all figures; drafting of the entire manuscript;

critical revision.

[P5] - S. Bohn et. al, Klin. Monbl. Augenheilkd. 237(12), 1442–1454

(2020)

Design and assembly of the revised version of the RCM 2.0 including the piezo

actuator controlling the TomoCap position; partial data acquisition, analysis,

and processing; creation of all CLSM figures and RCM 2.0 figures; partial

drafting of the manuscript; critical revision.

[P6] - Sterenczak et. al, Quant. Imaging. Med. Surg. 11(5), 1737–

1750 (2021)

Design and assembly of the revised version of the RCM 2.0 including the

piezo actuator controlling the TomoCap position; data acquisition; partial data

analysis and processing; creation of RCM 2.0 figures; partial drafting of the

manuscript; critical revision.

43





List of publications

[P1] S. Bohn, K. Sperlich, S. Allgeier, A. Bartschat, R. Prakasam, K.-M. Reichert,

H. Stolz, R. F. Guthoff, R. Mikut, B. Köhler, and O. Stachs. “Cellular in vivo
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Cellular in vivo 3D imaging of the cornea by 
confocal laser scanning microscopy 
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Abstract: We present an in vivo confocal laser scanning microscopy based method for large 
3D reconstruction of the cornea on a cellular level with cropped volume sizes up to 266 x 286 
x 396 µm3. The microscope objective used is equipped with a piezo actuator for automated, 
fast and precise closed-loop focal plane control. Furthermore, we present a novel concave 
surface contact cap, which significantly reduces eye movements by up to 87%, hence 
increasing the overlapping image area of the whole stack. This increases the cuboid volume 
of the generated 3D reconstruction significantly. The possibility to generate oblique sections 
using isotropic volume stacks opens the window to slit lamp microscopy on a cellular level. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

OCIS codes: (170.4470) Ophthalmology; (170.3880) Medical and biological imaging; (170.1790) Confocal 
microscopy. 
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1. Introduction 

Presently, a well-established method for acquiring corneal images at cellular level is the 
combination of the Heidelberg Retina Tomograph (HRT) and the Rostock Cornea Module 
(RCM; both Heidelberg Engineering GmbH, Heidelberg, Germany), which is a confocal laser 
scanning microscope. Since its first presentation in 2002 [1], the HRT + RCM serves as a 
reliable instrument [2] and plays an important role in ex vivo and in vivo studies of human or 
animal corneas for a qualitative and quantitative analysis based on 2D imaging and/or 3D 
image reconstruction, e.g. the anatomical comparison of laboratory animal corneas [3], the 
assessment of stromal modifications of patients with progressive keratoconus after treatment 
by riboflavin-UVA-induced cross-linking of corneal collagen [4], quantitative full-thickness 
corneal 3D imaging [5], automated quantification of morphologic features of different 
epithelial cell layers [6], 2D reconstruction of the subbasal nerve plexus (SNP) from volume 

                                                                           Vol. 9, No. 6 | 1 Jun 2018 | BIOMEDICAL OPTICS EXPRESS 2512 



scans in the presence of ridge-like tissue deformations [7] and large-scale image 
reconstruction of the SNP [8–13]. 

Besides confocal laser scanning microscopy based methods, the full-field optical 
coherence tomography (FF-OCT) [14] is a promising attempt to obtain en face corneal 
images. Recently, FF-OCT was demonstrated to offer in vivo human corneal images with 1.7 
µm lateral resolution and 1.26 mm x 1.26 mm field of view in a non-contact measurement 
[15]. Nevertheless, confocal laser scanning microscopy still offers higher lateral resolution 
and better image quality. 

Several corneal 3D reconstructions from confocal light and confocal laser scanning 
microscopy image stacks are published already. Image stacks through the entire cornea are 
presented in [16] and were acquired with a tandem scanning confocal light microscope and 
without image alignment, leading to lower image quality and lower resolution compared to 
confocal laser scanning based methods. In [7,17,18], volume imaging with a confocal laser 
scanning microscope (HRT + RCM) was described. The internal focus drive of the HRT was 
used, which allows the recording of corneal stacks with a maximum depth of only 60 µm. The 
full thickness corneal stacks presented in [5] were performed on a sedated rabbit to avoid eye 
movements. The RCM’s manual drive for focal plane control was replaced with a computer-
controlled motor drive. One of the biggest flaws of this method and the RCM in general is the 
axial movement of the contact cap (TomoCap) for focal plane control, which inevitably 
changes the contact pressure on the cornea. From our experience, two major issues arise 
therefrom. First, the movement of the TomoCap away from the cornea during through-
focusing can ultimately lead to a loss of contact. Second, when the TomoCap moves towards 
the cornea, the increasing applanation pressure on the cornea induces compression artifacts 
that manifest as ridge-like deformations in the SNP and the adjacent tissue [19–22]. These 
deformations are particularly detrimental for imaging thin layers such as the SNP, which 
cannot be kept in focus over the entire field of view once the deformation height exceeds the 
depth of field of the RCM. 

In this study, we demonstrate our in-house developed piezo-driven cornea module (RCM 
2.0), which is an improved version of the original RCM. (Please note: This RCM version is 
not commercially available and Heidelberg Engineering was not involved in its development. 
The authors do not hold any intellectual property on the device or design and are currently not 
planning to make it commercially available.) The integrated piezo actuator is used to move 
the objective lens for an axial focal plane shift of up to 500 µm without moving the 
TomoCap. This enables precise closed-loop focal plane control. We applied our new method 
to demonstrate in vivo through-focusing measurements and 3D reconstruction of a human 
cornea. 

Furthermore, we present a new TomoCap with a concave surface to reduce involuntary 
eye movements (so-called saccades). The functional principle is based on the fact that the 
eyeball’s center of rotation differs from the cornea’s center of curvature and on the usage of a 
viscous contact gel. Reduced lateral eye movements result in larger fields of view of the 
aligned image stack. The achieved improvements, arising from the new cap design, were 
assessed by analyzing comparative measurements using the standard planar and the new 
concave TomoCap design. Additionally, we compared three image registration methods 
(none, rigid, non-rigid) for the alignment of the image stacks. Orthogonal as well as oblique 
slices through a volume data set recorded with the concave TomoCap are presented to 
exemplify the capabilities of the modified RCM. 

2. Materials and methods 

2.1 Heidelberg Retina Tomograph and Rostock Cornea Module 2.0 

The HRT is a confocal laser scanning microscope primarily designed to acquire in vivo retinal 
images. It offers an image resolution of 384 pixels x 384 pixels with 8 bit grayscale. The 
RCM is a detachable extension for the HRT incorporating an immersion objective to shift the 
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To verify the different performance of the planar and the concave TomoCap, the error 
probability p for each parameter and subject was estimated using Welch’s t-test. We also 
investigate the capability of the concave TomoCap regarding MA for stacks with large nim. 

3. Results 

As mentioned in the method section, the magnification changes with objective lens position. 
Therefore, an object micrometer was imaged for various objective lens positions. The total 
field of view was ranging linearly from about 349 µm to 351 µm in the total closed-loop 
travel range of 500 µm. Hence this effect can usually be neglected. 

Using the standard TomoCap, involuntary eye movements can cause the cornea to move 
more than the width of the field of view within the exposure time of a single frame [10]. In 
this case consecutive images do not overlap and therefore cannot be aligned. In general, larger 
eye movements lead to smaller overlapping areas, thus impeding image alignment. 
Qualitative visual inspection of the image streams reveals a significant reduction of lateral 
eye movements in the data sets recorded with the concave TomoCap. To demonstrate this 
issue, we included six supplementary videos showing aligned (KIT-alignment) image stacks 
in posterior scan direction of the three subjects with both TomoCaps (Visualization 1, 
Visualization 2, Visualization 3, Visualization 4, Visualization 5 and Visualization 6). Table 1 
shows the determined parameters MSp and MSc including the standard error for the three 
subjects. The mean approximated overlapping area MAp and MAc are listed in Table 2 for nst = 
40 and the specified nim. Furthermore, Table 3 gives MAc for increasing nim. For comparison, 
the area of a single image is 0.1219 mm2. 

Table 1. Comparison between TomoCaps regarding lateral image-to-image shifts. 

Subject MSp / µm MSc / µm p 

1 18.8 ± 0.4 2.40 ± 0.14 < 0.0001 

2 6.74 ± 0.19 1.34 ± 0.09 < 0.0001 

3 15.0 ± 0.9 4.48 ± 0.14 < 0.0001 

Table 2. Comparison between TomoCaps regarding overlapping area for nst = 40. 

Subject MAp / mm² MAc / mm² p nim 

1 0.0487 ± 0.0004 0.10723 ± 0.00020 < 0.0001 32 

2 0.0700 ± 0.0007 0.11010 ± 0.00020 < 0.0001 45 

3 0.0583 ± 0.0007 0.10553 ± 0.00015 < 0.0001 21 

Table 3. Overlapping areas using the concave TomoCap with increasing stack sizes. 

Subject nst nim MAc / mm² 

1 40 51 0.10087 ± 0.00025 

 20 98 0.10723 ± 0.00020 

 10 175 0.0852 ± 0.0010 

 5 294 0.0731 ± 0.0010 

2 40 87 0.10569 ± 0.00024 

 20 158 0.0995 ± 0.0007 

 10 264 0.0943 ± 0.0014 

 5 409 0.073 ± 0.004 

3 40 71 0.09412 ± 0.00017 

 20 139 0.0965 ± 0.0004 

 10 248 0.0742 ± 0.0007 

 5 497 0.0558 ± 0.0014 
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alignment, analyzable volume reconstructions can be achieved using the concave TomoCap 
and the new RCM 2.0. Despite that, Fig. 5 and Fig. 7 prove that the best image quality is 
realized with the KIT-alignment, which is tailored to the HRT. 

Compared to the planar TomoCap, the image data acquired with the concave TomoCap 
have the same high image quality throughout all our measurements while simultaneously 
reducing eye movements significantly. Although expanded in vivo human corneal image 
stacks and arbitrary slices were presented before [16–18], the image quality of the slices is 
now increased by the interplay of the piezo drive, the concave TomoCap and the KIT-
algorithm. 

With the wide range of scanning parameters like velocity and travel distance as well as 
various scanning functions, the RCM 2.0 is suitable for numerous tasks. Furthermore, the 
maximum focus shift is increased to 500 µm and the position control is more precise while at 
the same time offering higher resolution and acceleration compared to the motorized RCM 
described in [5]. This enables a fast focal plane change with more than 800 µm/s while 
offering a position feedback with 12 nm accuracy. Additionally, the piezo system in 
combination with the fixed TomoCap provides new opportunities, for example a fast 
oscillating focal plane for large-scale image reconstruction of the SNP [29]. This is an elegant 
way to get rid of gaps and foreign tissue in large area imaging of the SNP [29,30], caused by 
unwanted axial shifts of this layer during examination. Without the fast oscillating focal plane 
shift, the focus has to be adjusted manually during image recording. 

Despite the advantages of the concave TomoCap presented in this work, the usage of this 
cap is only recommended for investigations where the eye is supposed to remain fixed. For 
other tasks, e.g. mapping structures by the use of guided eye movements [13], the planar 
TomoCap is still the best choice. It is also not recommended to investigate the limbal region 
with such a concave TomoCap. Another drawback of the new TomoCap is its size. Often a 
camera is used to observe the reflection of the laser spot on the cornea for prealignment 
before contacting the cornea. This is only possible for large distances between cornea and the 
concave TomoCap, because otherwise the line of sight is blocked. However, a part of the 
scanning laser light is visible on the iris. This light can be exploited for a rough alignment. A 
multimodal imaging method combining confocal laser scanning microscopy and optical 
coherence tomography can also help in the alignment process. Sometimes the size of the 
TomoCap increases the setup effort. While examining subjects with a drooping eyelid, care 
has to be taken, that the eyelid is not between cornea and TomoCap. 

Generally, the presented concave TomoCap and the RCM 2.0 enable fast and reliable 
recordings of expanded in vivo human corneal image stacks. Because of the reduced eye 
movements the cuboid volume of the 3D reconstruction is increased. Furthermore, whether a 
planar or concave TomoCap is used, the RCM 2.0 is preferable to the original RCM because 
of the computer controlled focus drive with a piezo actuator and the fixed TomoCap 
explained and demonstrated throughout this paper. The capability of the proposed method to 
create high-quality orthogonal or oblique slices through the corneal tissue presents the 
opportunity for in vivo slit lamp microscopy on a cellular level. 
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3D confocal laser-scanning 
microscopy for large-area imaging 
of the corneal subbasal nerve 
plexus
Stephan Allgeier1, Andreas Bartschat1, Sebastian Bohn2, Sabine Peschel3, Klaus-Martin Reichert1, 
Karsten Sperlich2, Marcus Walckling2, Veit Hagenmeyer1, Ralf Mikut   1, Oliver Stachs2 &  
Bernd Köhler1

The capability of corneal confocal microscopy (CCM) to acquire high-resolution in vivo images of the 
densely innervated human cornea has gained considerable interest in using this non-invasive technique 
as an objective diagnostic tool for staging peripheral neuropathies. Morphological alterations of the 
corneal subbasal nerve plexus (SNP) assessed by CCM have been shown to correlate well with the 
progression of neuropathic diseases and even predict future-incident neuropathy. Since the field of 
view of single CCM images is insufficient for reliable characterisation of nerve morphology, several 
image mosaicking techniques have been developed to facilitate the assessment of the SNP in large-
area visualisations. Due to the limited depth of field of confocal microscopy, these approaches are 
highly sensitive to small deviations of the focus plane from the SNP layer. Our contribution proposes a 
new automated solution, combining guided eye movements for rapid expansion of the acquired SNP 
area and axial focus plane oscillations to guarantee complete imaging of the SNP. We present results 
of a feasibility study using the proposed setup to evaluate different oscillation settings. By comparing 
different image selection approaches, we show that automatic tissue classification algorithms are 
essential to create high-quality mosaic images from the acquired 3D datasets.

Diagnosis of peripheral neuropathies currently relies on assessments of nerve function that commonly detect 
pathologic alterations only after the manifestation of clinical symptoms. In this context, novel objective diag-
nostic methods with increased sensitivity are urgently needed to facilitate early diagnosis and to evaluate novel 
therapeutic approaches. Confocal laser scanning microscopy of the cornea is a promising novel approach which 
allows non-invasive in vivo imaging of the corneal subbasal nerve plexus (SNP) and therefore enables direct 
assessment of its morphology1–3. In recent years, corneal confocal microscopy (CCM) has been used to reveal 
significant morphological changes of the SNP in diverse diseases such as diabetic peripheral neuropathy (DPN), 
chronic migraine4, multiple sclerosis5,6 and familial amyloid neuropathy7. DPN in particular has been the main 
focus of various studies8. Since characteristic morphological alterations of the SNP already occur at an early 
stage of DPN9,10, CCM has the potential to provide reliable biomarkers for the early assessment of DPN. A major 
limitation of this imaging technology arises from the inhomogeneous distribution of nerve fibres across the area 
of the cornea11. The field of view of a single CCM image (typically 0.16 mm²) is therefore insufficient for the 
reliable morphometric characterisation of the SNP. Recommendations in the literature to analyse samples of 
multiple non-overlapping CCM images to effectively expand the examined corneal area range from three12 to 
eight13 images, which have to be manually selected from a larger set of acquired images according to predefined 
quality criteria.

An alternative approach to increase the examined area is to compose a mosaic image from several overlapping 
CCM images. Various algorithms for the creation of mosaic images have been proposed14–20: Some rely on the 
operator to acquire appropriate image sequences manually, while others incorporate more automated methods for 
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capturing an extended area in the recorded image sequence. The so-called EyeGuidance system that we described 
in preceding articles21,22 implements a fully automated image acquisition process. A computer-controlled fixation 
target, presented to the contralateral eye and moving in an outward-spiralling pattern, guides the eye movements 
of the patient during the entire image acquisition process. Using this approach, an average expansion rate of 
the acquired mosaic image area of 0.16 mm²/s can be achieved. Based on the examination of the progression of 
morphological SNP parameters in continuously expanding mosaic images, we recommended a minimum size of 
the mosaic images of 1.5 mm² for a reliable morphological characterisation of the SNP23, which requires a mean 
examination time of less than 10 seconds21 with the EyeGuidance system.

Due to the limited depth of field, which is characteristic to confocal microscopy, it cannot be guaranteed that 
all the recorded CCM images are well focused on the SNP layer. Even slight displacements perpendicular to the 
focus plane during the image acquisition process or small deviations from the surface-parallel arrangement of the 
SNP lead to images that partially or entirely contain extraneous tissue (epithelium or stroma)21. Consequently, 
the mosaic image generated from such an image sequence does not show SNP in the complete field of view 
(see Fig. 1), which ultimately leads to incorrect morphological SNP parameter measurements. This issue is also 
common to almost all of the previously proposed mosaicking methods14–18,21 as they are inherently 2D processes 
without the ability of (controlled) focus adjustments. Only Lagali et al.19,20 describe a mosaicking process with 
manual focus variation during the image acquisition process; images that do not show SNP are sorted out man-
ually afterwards.

In order to overcome the issue described above and to realise a reliable, highly automated SNP mosaicking 
process, we propose a novel approach for automatic online SNP focus tracking in the present article. To this end, 
the confocal microscope is equipped with a computer-controlled piezo drive unit that performs an oscillating 
movement of the focus plane during the image acquisition process. We present results from a feasibility test of 
the proposed setup in conjunction with the EyeGuidance system22. The aim of the present study is to examine 
the potential benefit in mosaic image quality and to evaluate the main process parameter of the focus oscillation, 
i.e. the oscillation velocity, and to compare three different approaches to create mosaic images from the recorded 
image sequences.

Methods
CCM imaging was performed using a Heidelberg Retina Tomograph II (HRT II, Heidelberg Engineering GmbH, 
Heidelberg, Germany) in conjunction with a modified Rostock Cornea Module (RCM) and the EyeGuidance 
system21,22 to guide the eye movements of the examined person. The study received appropriate ethics committee 
approval from the institutional review board (Rostock University Medical Centre Ethics committee) in accord-
ance with the Declaration of Helsinki. All examined volunteers gave their informed consent and – in accordance 
with the ethics committee approval – did not have any known neuropathic or ocular diseases.

Modified rostock cornea module.  Compared to the original RCM1 (Heidelberg Engineering GmbH, 
Heidelberg, Germany), the modified RCM is additionally equipped with a piezo driven actuator (MIPOS 600 
SG DIG, Piezosystem Jena GmbH, Jena, Germany) to move the internal objective lens. Due to the changed local 
arrangement of the lenses of the RCM objective, the square field of view decreases from 0.160 mm² to 0.123 mm².

The piezo drive has a setting range of 500 µm in closed loop control and can be controlled by a computer via 
an RS232 interface. An in-house developed adapter device integrates the piezo actuator into the RCM (see Fig. 2); 
due to the compact design, the piezo drive unit does not interfere with the CCM examinations.

Figure 1.  SNP mosaic image created using the EyeGuidance system without focus adjustments, as described by 
Allgeier et al.21. Several image areas show epithelium (black arrows) or stroma tissue (white arrows). The bottom 
left inset represents the size of a single CCM image (0.4 × 0.4 mm²) from the recorded dataset.
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EyeGuidance.  To control the movements of the examined eye during the CCM image acquisition process, 
the EyeGuidance system presents a computer controlled fixation target to the contralateral eye. A smartphone 
(Motorola Moto G, Motorola Mobility Germany GmbH, Idstein, Germany) with an Android operating system 
is used to display the fixation target. The 4.5″ display has a pixel resolution of 1280 × 720. A special optical setup 
composed of four convex lenses and a tilted mirror realises a compact design suitable for CCM. Three linear axes 
allow the precise alignment of the eyepiece of the EyeGuidance system. A more detailed technical description of 
the EyeGuidance hardware setup has been published22.

The EyeGuidance smartphone is connected to the controlling PC via USB. The parameters for the fixation tar-
get (e.g. path layout, size, colour, speed, acceleration) are defined in an XML file. During the CCM image acquisi-
tion process, the EyeGuidance software continuously calculates the position of the fixation target and sends it to 
the EyeGuidance App running on the smartphone. The update frequency depends on the PC performance; for the 
setup used in the present study, we measured an update frequency of the fixation target position of approximately 
923 Hz, which reliably guarantees a smooth motion of the fixation target even at high velocities.

CCM setup with modified RCM and EyeGuidance.  The schematic illustration of the CCM setup is 
shown in Fig. 3. Three dedicated PCs, connected via a TCP/IP network, are used to control the HRT II, the 
EyeGuidance system, and the modified RCM. The complete CCM image acquisition process is controlled via the 
HRT computer (HRT-PC, see Fig. 3) as described below.

CCM image acquisition process.  As a preparation step the cornea of the examined eye was locally anaes-
thetised by instilling Proparakain 0.5% eye drops (Ursapharm, Saarbrücken, Germany) and the Vidisic gel 
(Bausch & Lomb/Dr. Mann Pharma, Berlin, Germany) is used as a coupling medium between objective and 
TomoCap as well as between TomoCap and cornea. After positioning the head of the patient in the forehead sup-
port, the operator aligns the EyeGuidance system in front of the not examined eye. The operator adjusts the HRT 
in the conventional way to achieve frontal SNP images of the central cornea. A joystick connected to the piezo 
drive offers a fine tuning of the focus.

Figure 2.  The modified Rostock Cornea Module (RCM). (a) Photograph of the modified RCM attached to the 
HRT II and next to the eyepiece of the EyeGuidance system. (b) Schematic drawing of the modified RCM; the 
piezo drive translates the objective (highlighted by red border) to effect focus changes; the contact TomoCap 
remains fixed in the process.

Figure 3.  Schematic illustration of the CCM setup with focus plane control and guided eye movements.
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Following these manual initialisation steps, the operator starts the fully automated image acquisition process 
with the start button, which triggers a signal to EG-PC and RCM-PC. The movement of the EyeGuidance fixation 
target and the piezo oscillation start simultaneously. The fixation target moves with the predefined speed along an 
outward spiralling pattern with constantly spaced spiral windings. The piezo drive constantly oscillates with an 
amplitude aosc = 20 µm and a constant speed vosc along the slopes, describing a periodic triangular function (see 
Fig. 4). The period length is then given as tperiod = 4aosc/vosc. The operator terminates the image acquisition process 
using the stop button after texam = 40 seconds, or earlier, if visual assessment of the live image quality is deemed 
unsatisfying. In that case, the examination is repeated.

In order to assess the influence of the focus oscillation parameters on the acquired image data and the result-
ing mosaic images, we performed repeated examinations with different settings for vosc and the velocity of the fix-
ation target vtarg. Table 1 lists the absolute values used for the examinations E1 (slow focus oscillation and fixation 
target movement) through E4 (fast focus oscillation and fixation target movement).

Mosaicking process.  In a post-processing step, mosaic images are calculated from the acquired image 
sequences. We use in-house developed algorithms to align the single images and to correct motion artefacts24–26. 
In order to create mosaic images from datasets with guided eye movements we developed a special image align-
ment process suitable for datasets recorded with a fixation target movement on an outward spiralling pattern21.

As a first step, all images of a sequence were used for image alignment and correction of motion artefacts. 
Then, three different approaches for the montage of the mosaic image were implemented and applied to each 
dataset. The first approach (M1) considers all images of a dataset for the mosaic montage. A second mosaic image 
(M2) was created using only images from the oscillating focus sequence that had been recorded at a reference 
focus level. By definition of the process protocol, the imaging process starts in the SNP layer, thus this level was 
used as reference. Only one image was included from each slope of the oscillation process. In effect, this approach 
selects a 2D plane from the 3D image data, emulating the EyeGuidance process without focus oscillation21 and 
therefore facilitating a direct comparison of both approaches in terms of mosaic image quality. The third image 
selection approach (M3) used an automated tissue classification algorithm that had been trained to classify CCM 
images as SNP or other corneal tissue27. Only images classified as SNP were incorporated into the M3 mosaic 
images.

Data Availability.  The datasets generated during the current study are available from the corresponding 
author on reasonable request.

Results
Data Acquisition.  The present study included nine volunteers that were recruited from the clinic staff. 
All volunteers underwent the four examinations described in the Methods section. The imaging duration was 

Figure 4.  Oscillation of the focus plane during image acquisition. The focus starts in the SNP layer, and then 
describes a periodic triangular function.

E1 E2 E3 E4

Focus oscillation velocity vosc [µm/s] 60.6 121.2 181.8 242.4

Focus oscillation amplitude aosc [µm] 20 20 20 20

Focus oscillation period tperiod [s] 1.32 0.66 0.44 0.33

Fixation target velocity vtarg [pixel/s] 25.5 51 76.5 102

Table 1.  Process parameters for examinations E1 through E4.
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40 seconds for all examinations. Because of a very limited time slot of one volunteer, we decided to reduce the 
imaging duration to 30 seconds for all examinations for that person. According to our examination protocol, an 
examination was immediately repeated if the quality of the acquired image dataset was deemed insufficient based 
on the visual assessment of the live image during image acquisition. This was not the case for E1, E2 or E3, but 
for two volunteers in E4. In one of these two cases, we used the second of the two acquired datasets. In the other 
case, we stopped examination E4 after three unsuccessful attempts. Of the remaining eight successfully acquired 
datasets from E4 examinations, we had to exclude an additional one since it proved to be unsuitable for automated 
mosaic image generation due to insufficient image quality that originated from inhomogeneity in the contact gel, 
which was not recognised during image acquisition. The following results are therefore based on nine datasets 
for examinations E1 through E3 and the seven datasets from examination E4 that are suitable for mosaic image 
generation.

Mosaic Images.  Three mosaic images M1, M2 and M3 were created from each of the datasets. Including all 
images, process M1 of course generates the maximum mosaic image size for all examinations (see Table 2). The 
number of images used for M2 is defined by the number of oscillation periods, texam/tperiod, and therefore increases 
from 72.0 (5.7% of the recorded images) for E1 nearly proportionally to 240.1 (20.3% of the recorded images) for 
E4. Compared to M1, the average size of the M2 mosaic images is reduced about 16.6%, 11.0%, 8.1% and 6.4% 
for examinations E1, E2, E3 and E4, respectively. For M3, the percentage of images used is similar for all exami-
nations (between 36.3% and 39.7%) and the ratio of the average image size between M3 and M1 lies in the range 
of 91% to 95%.

Figure 5 depicts representative examples for the mosaic images created from a single dataset with the pro-
cesses M1, M2 and M3 (high-resolution versions of these images as well three additional examples from other 
datasets are available as Supplementary Figures S1 through S4). The mosaic images were evaluated qualitatively 
with regard to the visibility of the nerve structures of the SNP. Due to the oscillating movement of the focus plane, 
mosaic images created from all images in a dataset (M1, see Fig. 5a) always show a superimposition of epithelial 
tissue, nerve structures in the SNP layer, structures from Bowman’s layer (so-called K-structures) and the kerat-
ocyte nuclei of the stroma. Most nerve structures are visible but provide only low contrast because of the super-
imposition of several tissues at most image locations. Where SNP nerves are visible in mosaic images created 
from the subset of images acquired on the reference focus level defined by the start of the imaging process (M2, 
see Fig. 5b and red circles in Fig. 6), they commonly possess very good contrast. However, the proportion of the 
mosaic image area that is optimally focused on the SNP layer varies widely. Some M2 mosaic images are focused 
well over almost the entire image field; others contain large regions of non-basal epithelial or stroma tissue that 
encompass more image area than SNP regions. The mosaic images created from the subset of images classified 
as SNP (M3, see Fig. 5c and solid circles in Fig. 6) show at least the nerves structures that are discernible in the 
M1 mosaic image. In contrast to the M1 montaging process, the majority of images containing non-SNP tissue is 
excluded prior to montaging the M3 mosaic images; according to the numbers of images used for the respective 
mosaicking processes (see Table 2), the proportion of excluded images ranges between 60.3% and 63.7% of all 
images. Consequently, the nerve structures manifest in M3 with good contrast against the surrounding tissue. 
The exclusion of images leads to the above-mentioned reduction of the field of view of the M2 and M3 mosaics.

Discussion
Although the majority of CCM studies of the SNP published in literature are based on the examination of sets of 
single CCM image frames, the number of publications on wide-field CCM image creation by different research 
groups has increased in recent years. Both the CCM-frame approach and the wide-field approach have their 
unique properties12,19. The most important advantages of the CCM-frame approach are the relatively straight-
forward and well-established image acquisition process and the good support for morphometric analysis of 
the standard-sized and -shaped CCM frames12 by established software. Its major disadvantage is the necessity 
for manual selection of non-overlapping CCM frames from a larger pool of up to several hundreds of CCM 
images12,28 that are recorded during the image acquisition phase; see Fig. 7 for a sample of eight SNP images man-
ually selected from the same dataset used for Fig. 5. This step is time-consuming, requires expert knowledge and 
is prone to subjective bias effects12,19. By contrast, the wide-field approach is commonly more complex in terms 
of the software12,14–21 and hardware17,21 setup. Semi-automatic morphometric analysis of large mosaic images has 
been described as more laborious compared to standard CCM frames12, although further developments towards 

E1 E2 E3 E4

M1

Average mosaic image size [mm²] 1.34 2.44 3.39 4.62

Average expansion rate [mm²/s] 0.033 0.062 0.089 0.117

Average number of images used 1245.8 1187.3 1119.9 1178.7

M2

Average mosaic image size [mm²] 1.12 2.18 3.12 4.31

Average expansion rate [mm²/s] 0.028 0.055 0.082 0.109

Average number of images used 72.0 127.1 175.2 240.1

M3

Average mosaic image size [mm²] 1.25 2.30 3.09 4.38

Average expansion rate [mm²/s] 0.031 0.059 0.081 0.111

Average number of images used 482.4 469.2 406.3 468.7

Table 2.  Mosaic image sizes and area expansion rates for examinations E1 through E4.
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fully-automatic software tools can provide a solution19,20. A major advantage of the wide-field approach, on the 
other hand, is its capability to provide image data within a larger field of view, potentially allowing the clinician to 
repeatedly assess identical tissue regions19. Regarding the diagnostic value of both general approaches, Kheirkhah 
et al. find no significant differences12, whereas Lagali et al. point out potential benefits in morphometric analysis 
of wide-field mosaic images19.

Our aim is to develop a reliable, easy-to-use and fast tool for imaging and visualising an expanded area of 
the SNP. The 2D-only EyeGuidance process (2D-EG) without focus adjustment, originally published in 201421, 
achieved an average area expansion rate of approximately 0.16 mm²/s. Those examinations also established that 
a high velocity of the fixation target movement does not negatively influence the resulting mosaic image qual-
ity but has positive effects regarding the patient compliance, by decreasing the required examination time and 
because fast target movement is perceived as more comfortable than slow movement. Although already yielding 
promising results, the primary limitation of the 2D-EG process is its inability to compensate deviations of the 

Figure 5.  Mosaic images generated from a dataset (subject 8, examination E2); (a) mosaic image M1 using all 
1245 images; (b) mosaic image M2 using the subset of 130 images acquired on the initial focus level; (c) mosaic 
image M3 using the subset of 610 images classified as SNP tissue. The arrows denote nerves that are visible in 
mosaic image M3 but not in M2.

Figure 6.  Plot of the focus levels of the CCM images (circles) of the dataset shown in Fig. 5. Red circles mark 
images acquired on the initial focus level. Solid circles mark CCM images classified as containing SNP tissue. 
These tend to lie below the initial focus level, and consequentially the M2 mosaic image in Fig. 5b tends towards 
showing epithelium tissue.
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focus plane from the SNP layer, which are encountered in practice for multiple reasons and are difficult or even 
impossible to avoid21.

The focus of the present study lies on the evaluation of an automated oscillation of the focus plane during 
image acquisition, effectively extending the process into the third dimension (3D-EG). The main process param-
eter that changes between the examinations E1 through E4 is the focus oscillation velocity vosc. The fixation target 
velocity was adjusted such that the fixation target translation throughout an oscillation period always remained 
constant, i.e. the ratio between vosc and fixation target velocity was identical for all examinations (see Table 1). The 
relation between the two velocities was chosen such that after one focus oscillation period (corresponding to two 
passes through the SNP layer) the resulting lateral displacement between the CCM images was approximately 
200 µm.

The first objective was to analyse the examination duration, as this is essential for patient comfort and compli-
ance. As expected, the measured average area expansion rates (see Table 2) are directly proportional to the speed 
of the fixation target respectively the oscillation velocity vosc (see Table 1). An average area expansion rate of 0.11 
to 0.12 mm²/s (depending on the mosaicking approach used) was measured for the fastest oscillation velocity, 
which is a decrease of only 26–31% compared to the 0.16 mm²/s of the 2D-EG process21. This is an interesting 
and unexpected finding, considering that the field of view of the modified RCM is reduced about 23% and the 
new 3D-EG process essentially covers a volume of tissue extending 40 µm in depth, instead of just a single plane. 
Regarding the question, whether vosc can be increased further in order to accelerate the imaging process, it is 
important to look at the translation of the focus plane between two adjacent images. In examination E4, the focus 
plane moves about 8 µm during the recording of a single image. This distance is already in the order of the depth 
of field of the microscope29. Increasing the vosc beyond the value used for E4, although technically possible, is 
not practicable because it would no longer be guaranteed that at least a single image of the SNP layer is acquired 
along each slope of the focus oscillation process. Further acceleration of the imaging process can therefore only 
be achieved by decreasing the oscillation amplitude.

Regarding the reliability of the imaging process, we did not find any qualitative difference between examina-
tions E1 through E3. All of those examinations were successfully completed at the first attempt. In contrast, exam-
ination E4 had to be repeated for two volunteers due to unsatisfactory quality of the dataset, and we finally only 
obtained seven mosaic images from the nine volunteers, as described in the Results section. For one of the two 
missing datasets, the exclusion could be attributed to inhomogeneity in the contact gel, which happens during 
preparation of the device. This exclusion is therefore unrelated to the process parameters of the oscillation pro-
cess. The noticeable increase in the number of repetitions in E4 might be related to the process parameters, i.e. the 
higher oscillation and fixation target velocities. However, as the order of the examinations was not randomised 
and the other three examinations always preceded E4, it may also be an effect of diminishing participant compli-
ance over time. Finally, considering the relatively low number of participants, no correlation can be established 
between vosc and the reliability of the imaging process based on the analysed data.

Based on the proportional relationship between oscillation velocity and average area expansion rate stated 
above, we conclude that faster oscillation velocities possess the advantage of reducing the required examination 

Figure 7.  Exemplary sample of eight CCM images of the SNP manually selected from the dataset used for Fig. 5 
(subject 8, examination E2, 1246 images total). Repeated presence of the same SNP region in multiple images 
(as for example in subfigures (b,c,e) see black arrows) can potentially introduce bias effects to morphometric 
parameter measurements and should therefore be avoided; identification of such repeatedly represented SNP 
regions in a manual image selection procedure is not trivial.
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time and allow faster fixation target movement, which is perceived as more comfortable by the examined vol-
unteers. Further investigation is required to find whether a very high vosc in the order of the velocity used for E4 
reduces the reliability of the imaging process. However and in any case, even the process parameters of examina-
tion E3 allow an average expansion rate of covered SNP area of more than 0.08 mm²/s and facilitate an examina-
tion duration of less than 20 seconds for a target area of 1.5 mm².

The second objective of the present study was to assess the mosaic image quality. No systematic differences 
were found between examinations E1 through E4. The differences in mosaic image quality between the mosaick-
ing approaches M1 through M3, however, are obvious (see Fig. 5 and Supplementary Figures S1 through S4). The 
comparative qualitative evaluation of the three presented mosaic montaging processes has to be guided by the 
question of how the characteristics of the resulting mosaic images affect the reliable quantitative morphometric 
characterisation of the SNP. Two potential detrimental factors play a major role in this regard:

•	 incorrect nerve fibre segmentation, encompassing both unsegmented nerve structures (false negatives) and 
segmented structures that are not nerve fibres (false positives) and

•	 incorrect tissue regions, i.e. mosaic image regions showing tissue from above or below the SNP layer.

The second point is of particular interest as, even assuming a perfect segmentation procedure, such incor-
rect tissue regions lead to an underestimation bias of the morphometric parameter measurements, which are 
commonly normalised to the assessed area (cf. corneal nerve fibre length, corneal nerve fibre density, corneal 
nerve branch density13,24,30,31). Incorrect tissue regions represent image area without adding any nerve fibres or 
branches.

These two points clearly reveal the deficits of the mosaicking approaches M1 and M2. The M1 mosaics contain 
practically no regions with no SNP tissue visible, which of course is the intent of the focus oscillation during the 
imaging process. However, the low contrast of the nerve structures in the mosaics is counterproductive for correct 
nerve fibre segmentation and therefore carries the risk for increased deviations of the measured SNP parameters 
compared to the M2 and M3 mosaics. In some cases, the contrast can even be reduced to a level where the nerve 
fibres almost disappear, although nerves have been imaged at the respective location, as evidenced by the corre-
sponding M3 mosaic (see Fig. 5).

As the M2 mosaics are composed from images from a specific, constant focus depth, they manifest a very 
similar characteristic as the ones that result from the originally proposed 2D-EG process21. Their good contrast 
supports the correct segmentation of nerve structures. Contrary to the other two mosaicking approaches, how-
ever, they can potentially contain ill-focused image regions and consequentially carry the risk of reducing the 
accuracy of the measured SNP parameters.

The M3 mosaics combine the advantages of both of the other approaches while at the same time avoiding 
the disadvantages: They provide satisfactory contrast of the nerve fibres in order to support reliable nerve seg-
mentation and they do not contain ill-focused tissue regions. Such regions can only be avoided by continually 
controlling the focus, which cannot be adjusted manually while at the same time minimising the duration of 
examination21. The advantageous effects of small focus variations on the wide-field visualisation of the SNP are in 
general accordance with the conclusions drawn by Lagali et al.19.

The primary purpose of the present article is to provide a detailed description of the highly automated 3D-EG 
process and to evaluate its technical parameters. The results demonstrate the feasibility of the process and the 
qualitative advantages with regard to SNP visualisation, as compared to 2D-only mosaicking approaches. Further 
evaluation of the diagnostic utility of the 3D-EG process was not within the scope of the presented feasibility 
study, therefore no morphometric parameters were calculated in the mosaic images. However, two previously 
published results from larger studies have to be taken into account: the reported absence of significant quan-
titative differences between SNP morphometry measurements in sets of single CCM frames and in wide-field 
images12, and the reported benefits of systematic focus variations on the resulting wide-field images of the SNP19. 
Given these previous results, the diagnostic utility of the presented 3D-EG process can be assumed to be at least 
equal to other published CCM techniques.

A further limitation of the presented system is the complex setup with three connected PCs (see Fig. 3), which 
is not suitable in clinical practice. This setup originates from the distributed development of the software mod-
ules. For a potential future system intended to be used for wide-field CCM in a clinical environment, it is neces-
sary to integrate all software modules into a single, dedicated PC system.

In the current implementation of the described process, the mosaicking step can only start after the entire 
image dataset has been recorded. The quality of the imaging process has to be estimated based on the rapidly 
changing live image (see Supplementary Videos S5 through S8), which requires a lot of expert knowledge and is 
prone to misjudgement. With a potential real-time mosaic image visualisation, the operator could directly assess 
the quality of the growing mosaic image. This could allow earlier termination and repetition of the examina-
tion and reduce overall examination time for the patient. Future development work will therefore be dedicated 
towards realising an online mosaicking process with tissue classification27,32 and a real-time control of the focus 
oscillation parameters. The purpose of this control scheme is to reduce the oscillation amplitude and continuously 
adjust the zero-position of the oscillation in order to reduce the examination duration further while at the same 
time reliably keeping the SNP layer inside the oscillation range (see Supplementary Video S9 for a simulated ani-
mation of online mosaicking with tissue classification).

As the presented process captures image data extending into the third dimension, reconstructing a volume 
representation of the acquired tissue region could provide valuable additional information, not only for imaging 
the SNP but also potentially for other tissues. This will also be an interesting topic for future research work.
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In conclusion: We proposed a novel concept for automated wide-field CCM imaging of the SNP and provided 
results of the first feasibility study. Using an externally mounted, piezo-driven focus control unit, we realised a 
fast 3D imaging process that facilitates the reliable acquisition of the SNP and adjacent tissue layers. A tissue 
classification algorithm filters the CCM datasets, keeping only images of the SNP layer. The direct comparison 
of mosaic images composed of these SNP-filtered 3D datasets against mosaic images montaged from a 2D plane 
clearly reveals the advantages of the proposed concept over 2D-only mosaicking approaches.
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Abstract: In vivo corneal confocal microscopy and its operability in scientific as well as in 
clinical applications is often impaired by the lack of information on imaging plane position 
and orientation inside the cornea during patient’s examination. To overcome this hurdle, we 
have developed a novel corneal imaging system based on a commercial scanning device and a 
modified Rostock Cornea Module. The presented preliminary system produces en face 
images by confocal laser scanning microscopy and sagittal cross-section images by optical 
coherence tomography simultaneously. This enables imaging guidance during examinations, 
improved features for diagnostics along with thickness measurements of the cornea as well as 
corneal substructures from oblique sections. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

Laser-based imaging modalities like scanning laser ophthalmoscopy (SLO) and optical 
coherence tomography (OCT) became indispensable for noninvasive in vivo diagnostics of 
the eye, especially the retina. The multimodal combination of these techniques offers several 
possibilities, which have been thoroughly published over the past decades [1,2]. 

Simultaneously, corneal confocal microscopy (CCM) and OCT became valuable tools for 
imaging the anterior segment of the living eye. Different modalities of CCM enabled cellular 
examination and characterization of the central and peripheral cornea, tarsal and palpebral 
conjunctiva or lid tissues [3]. Despite its advantageous value, CCM suffers from a small field 
of view, limited depth resolution and the lack of precise knowledge of image position and 
orientation inside the cornea. To overcome some of these limitations, especially the latter one, 
we applied the multimodal retinal imaging approach to corneal imaging. In order to achieve 
this, we adapted a dedicated lens module to a commercially available multimodal imaging 
platform for the posterior segment of the eye combining SLO and OCT. The lens module 
shifts the en face imaging plane from the retina to the cornea in the same way as it was 
previously described for single modal imaging systems [4,5]. 

OCT-guided CCM can potentially improve the diagnostic value and simplify the 
alignment procedure during contact measurements of the cornea due to the real-time 
information about CCM image position and orientation gained by OCT. As a matter of 
course, the axial resolution of OCT has been dramatically increased in the past years and 
thickness measurements of single corneal layers are available by ultrahigh-resolution OCT 
[6,7], but it does not provide cellular en face information of the cornea. While the OCT 
provides corneal thickness and depth data directly, its combination with CCM provides 
cellular en face information of distinct corneal layers, which are not available using the OCT 
technology. Addressing this lack of information, the OCT-guided corneal imaging concept, 
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acquisition mode (HS or HR) used, but currently at the cost of a decreased framerate 
compared to the HRT/RCM 2.0 system. 

The presented imaging method using CCM and OCT simultaneously is just an initial step, 
but it may be helpful in experimental as well as clinical usage upon further improvement and 
optimization. This includes e.g. (1) OCT reference arm adjustment, (2) elimination of 
parasitic lens reflections, (3) utilization of the full 2D scanning range in order to get rid of the 
obscured corners in the CCM images, (4) the calibration of optical path length to get flat 
imaging planes and (5) locally dependent intensity scaling. Furthermore, a verification of the 
thickness measurements by comparing to other techniques is necessary and phantom studies 
are recommended for that purpose. Additionally, the inhomogeneity of the cornea and its 
refractive index [21] must be taken into consideration in order to further increase the 
precision of corneal measurements. Finally, thorough evaluations in human studies will 
answer the question for usability and advantage compared to established systems. In 
conclusion, even though there are many challenges that have to be addressed in the future, our 
initial results can be pathbreaking for the development of an improved novel corneal 
diagnostic. 

Funding 

German Research Foundation (grant number STA 543/6-1, STA 543/9-1); German Federal 
Ministry of Education and Research (RESPONSE – partnership for innovation in implant 
technology). 

Acknowledgments 

The authors would like to acknowledge the hard- and software support provided by 
Heidelberg Engineering (Heidelberg Engineering GmbH). 

Disclosures 

The authors declare that there are no conflicts of interest related to this article. 

References 

1. A. G. Podoleanu and D. A. Jackson, “Combined optical coherence tomograph and scanning laser 
ophthalmoscope,” Electron. Lett. 34(11), 1088–1090 (1998).

2. A. G. Podoleanu, G. M. Dobre, R. G. Cucu, R. Rosen, P. Garcia, J. Nieto, D. Will, R. Gentile, T. Muldoon, J. 
Walsh, L. A. Yannuzzi, Y. Fisher, D. Orlock, R. Weitz, J. A. Rogers, S. Dunne, and A. Boxer, “Combined
multiplanar optical coherence tomography and confocal scanning ophthalmoscopy,” J. Biomed. Opt. 9(1), 86–93 
(2004).

3. R. F. Guthoff, A. Zhivov, and O. Stachs, “In vivo confocal microscopy, an inner vision of the cornea - a major 
review,” Clin. Exp. Ophthalmol. 37(1), 100–117 (2009).

4. J. Stave, G. Zinser, G. Grümmer, and R. Guthoff, “Modified Heidelberg Retinal Tomograph HRT. Initial results 
of in vivo presentation of corneal structures,” Ophthalmologe 99(4), 276–280 (2002).

5. S. Bohn, K. Sperlich, S. Allgeier, A. Bartschat, R. Prakasam, K.-M. Reichert, H. Stolz, R. Guthoff, R. Mikut, B. 
Köhler, and O. Stachs, “Cellular in vivo 3D imaging of the cornea by confocal laser scanning microscopy,” 
Biomed. Opt. Express 9(6), 2511–2525 (2018).

6. R. M. Werkmeister, S. Sapeta, D. Schmidl, G. Garhöfer, G. Schmidinger, V. Aranha Dos Santos, G. C. 
Aschinger, I. Baumgartner, N. Pircher, F. Schwarzhans, A. Pantalon, H. Dua, and L. Schmetterer, “Ultrahigh-
resolution OCT imaging of the human cornea,” Biomed. Opt. Express 8(2), 1221–1239 (2017).

7. K. Bizheva, B. Tan, B. MacLelan, O. Kralj, M. Hajialamdari, D. Hileeto, and L. Sorbara, “Sub-micrometer axial 
resolution OCT for in-vivo imaging of the cellular structure of healthy and keratoconic human corneas,” 
Biomed. Opt. Express 8(2), 800–812 (2017).

8. O. Stachs, K. Sperlich, S. Bohn, H. Stolz, and R. Guthoff, “Rostock Cornea Module 2.0 – a versatile extension 
for anterior segment imaging,” Acta Ophthalmol. 95, 2381 (2017).

9. A. Gullstrand, “Die Dioptrik des Auges,” in Handbuch der Physiologischen Optik, 3rd ed., H. von Helmholtz,
ed. (Verlag von Leopold Voss, 1909). 

10. D. Z. Reinstein, T. J. Archer, M. Gobbe, R. H. Silverman, and D. J. Coleman, “Epithelial Thickness in the
Normal Cornea: Three-dimensional Display With Artemis Very High-frequency Digital Ultrasound,” J. Refract. 
Surg. 24(6), 571–581 (2008).

11. J. Wang, J. Thomas, I. Cox, and A. Rollins, “Noncontact measurements of central corneal epithelial and flap 
thickness after laser in situ keratomileusis,” Invest. Ophthalmol. Vis. Sci. 45(6), 1812–1816 (2004).

Vol. 10, No. 5 | 1 May 2019 | BIOMEDICAL OPTICS EXPRESS 2586 



12. C. Wirbelauer and D. T. Pham, “Monitoring corneal structures with slitlamp-adapted optical coherence 
tomography in laser in situ keratomileusis,” J. Cataract Refract. Surg. 30(9), 1851–1860 (2004).

13. S. Haque, D. Fonn, T. Simpson, and L. Jones, “Corneal and epithelial thickness changes after 4 weeks of 
overnight corneal refractive therapy lens wear, measured with optical coherence tomography,” Eye Contact Lens 
30(4), 189–206 (2004).

14. H. F. Li, W. M. Petroll, T. Møller-Pedersen, J. K. Maurer, H. D. Cavanagh, and J. V. Jester, “Epithelial and
corneal thickness measurements by in vivo confocal microscopy through focusing (CMTF),” Curr. Eye Res.
16(3), 214–221 (1997).

15. W. M. Petroll, M. Weaver, S. Vaidya, J. P. McCulley, and H. D. Cavanagh, “Quantitative 3-Dimensional 
Corneal Imaging in Vivo Using a Modified HRT-RCM Confocal Microscope,” Cornea 32(4), e36–e43 (2013). 

16. M. J. Doughty and M. L. Zaman, “Human Corneal Thickness and Its Impact on Intraocular Pressure Measures: 
A Review and Meta-analysis Approach,” Surv. Ophthalmol. 44(5), 367–408 (2000).

17. J. Ho, D. P. E. Castro, L. C. Castro, Y. Chen, J. Liu, C. Mattox, C. Krishnan, J. G. Fujimoto, J. S. Schuman, and
J. S. Duker, “Clinical Assessment of Mirror Artifacts in Spectral-Domain Optical Coherence Tomography,” 
Invest. Ophthalmol. Vis. Sci. 51(7), 3714–3720 (2010).

18. K. M. Rocha, C. E. Perez-Straziota, R. D. Stulting, and J. B. Randleman, “SD-OCT Analysis of Regional
Epithelial Thickness Profiles in Keratoconus, Postoperative Corneal Ectasia, and Normal Eyes,” J. Refract. Surg. 
29(3), 173–179 (2013).

19. S. Sin and T. L. Simpson, “The repeatability of corneal and corneal epithelial thickness measurements using 
optical coherence tomography,” Optom. Vis. Sci. 83(6), 360–365 (2006).

20. J. G. Pérez, J. M. G. Méijome, I. Jalbert, D. F. Sweeney, and P. Erickson, “Corneal Epithelial Thinning Profile 
Induced by Long-Term Wear of Hydrogel Lenses,” Cornea 22(4), 304–307 (2003).

21. S. Patel, J. Marshall, and F. W. Fitzke 3rd, “Refractive index of the human corneal epithelium and stroma,” J. 
Refract. Surg. 11(2), 100–105 (1995).

Vol. 10, No. 5 | 1 May 2019 | BIOMEDICAL OPTICS EXPRESS 2587 





Multiwavelength confocal laser

scanning microscopy of the cornea

Sebastian Bohn, Karsten Sperlich, Thomas Stahnke, Melanie Schünemann,

Heinrich Stolz, Rudolf F. Guthoff, and Oliver Stachs

Biomed. Opt. Express 11(10), 5689–5700 (2020)

DOI: https://doi.org/10.1364/BOE.397615

Copyright notice

© 2020 Optica Publishing Group under the terms of the Open Access Publishing

Agreement. Users may use, reuse, and build upon the article, or use the article

for text or data mining, so long as such uses are for non-commercial purposes

and appropriate attribution is maintained. All other rights are reserved.

99

https://doi.org/10.1364/BOE.397615


Research Article Vol. 11, No. 10 / 1 October 2020 /Biomedical Optics Express 5689

Multiwavelength confocal laser scanning
microscopy of the cornea
SEBASTIAN BOHN,1,2,3,4,5 KARSTEN SPERLICH,1,3,4,6 THOMAS
STAHNKE,1,3 MELANIE SCHÜNEMANN,1,3 HEINRICH STOLZ,2
RUDOLF F. GUTHOFF,1,3 AND OLIVER STACHS1,3

1Department of Ophthalmology, Rostock University Medical Center, 18057 Rostock, Germany
2Institute of Physics, University Rostock, 18059 Rostock, Germany
3Department of Life, Light & Matter, University Rostock, 18051 Rostock, Germany
4Co-first authors with equal contribution
5sebastian.bohn@uni-rostock.de
6karsten.sperlich@uni-rostock.de

Abstract: Confocal reflectance microscopy has demonstrated the ability to produce in vivo
images of corneal tissue with sufficient cellular resolution to diagnose a broad range of corneal
conditions. To investigate the spectral behavior of corneal reflectance imaging, a modified laser
ophthalmoscope was used. Imaging was performed in vivo on a human cornea as well as ex vivo
on porcine and lamb corneae. Various corneal layers were imaged at the wavelengths 488 nm,
518 nm, and 815 nm and compared regarding image quality and differences in the depicted
structures. Besides the wavelength- and depth-dependent scattering background, which impairs
the image quality, a varying spectral reflectance of certain structures could be observed. Based
on the obtained results, this paper emphasizes the importance of choosing the appropriate light
source for corneal imaging. For the examination of the epithelial layers and the endothelium,
shorter wavelengths should be preferred. In the remaining layers, longer wavelength light has the
advantage of less scattering loss and a potentially higher subject compliance.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

To date, clinical and scientific investigations regarding corneal confocal laser scanning microscopy
are performed mainly with the combination of the Heidelberg Retina Tomograph (HRT), which
is a confocal scanning laser ophthalmoscope (SLO), and the Rostock Cornea Module (RCM;
both Heidelberg Engineering GmbH, Heidelberg, Germany) [1,2]. Hence, most images were
captured using a red laser with a wavelength of 670 nm. Besides the HRT/RCM system, there is
also the Confoscan (NIDEK, Gamagori, Japan), which is a slit-scanning confocal microscope
using a white halogen lamp. Although the HRT/RCM system generally generates better corneal
images due to the two-dimensional confocality, the Confoscan provides better endothelial images
[3,4] even though it is only confocal in one direction. This fact already indicates the influence of
different light sources on imaging and underlines the need for a wavelength-dependent study.

Currently, research is conducted on new corneal imaging devices that achieve cellular resolution.
These devices may use other modalities, light sources, and thus different wavelengths than
670 nm. For example, asymmetric fundus retroillumination [5] and various optical coherence
tomography (OCT) methods including spectral domain OCT [6], ultrahigh resolution OCT [7],
Gabor-domain OCT [8], full-field OCT [9–12] and curved-field OCT [13] were investigated.
These methods usually operate in the near-infrared spectrum [6–11,13], but also the visible
spectrum [12]. In order to ensure comparability between the existing and new technologies, the
spectral reflection dependence on different cellular corneal structures must be determined.
Although the absorption characteristic through the full cornea is well investigated [14],

the spectrally dependent reflectance of different cellular structures is yet unknown. Due to

#397615 https://doi.org/10.1364/BOE.397615
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wavelength-dependent scattering, more light is scattered in all directions at shorter wavelengths
[15], thus reducing the amount of detected light from the focused structure. This effect integrates
with the depth. Consequently, the detector gain must be increased to obtain a sufficiently strong
signal from structures at deeper layers. This, in turn, leads to a decreased signal-to-noise ratio
and an amplification of unwanted, disruptive backscattering of optical surfaces and corneal layers
outside the focus. Although the latter effect is quite small due to confocality, all of these effects
could add up to a diffuse background that scales with the imaging depth. However, the optical
resolution is inversely proportional to the wavelength, too [16]. As a result, longer wavelengths,
which provide deeper penetration and less scattering, come at the expense of optical resolution.
Besides these effects, reflectance images captured at different wavelengths may potentially reveal
different cellular structures.
It is known, e.g. from dermatology, that the backscatter from the inter- and intracellular

structures can vary with wavelength, size, geometry, and refractive index of the scattering
structure [17,18]. Thus, by acquiring reflectance images from multiple wavelengths, it could
be possible to extract wavelength-dependent information. Therefore, the aim of this work is to
investigate the influence of different wavelengths on corneal imaging.

2. Materials and methods

To acquire images of the cornea at different wavelengths, the SPECTRALIS platform (Heidelberg
Engineering GmbH, Heidelberg, Germany), a confocal scanning laser ophthalmoscope with
three distinct laser wavelengths (blue – 488 nm, green – 518 nm, near-infrared – 815 nm), was
used in conjunction with a custom-built objective module. The objective module is a redesigned
version of the RCM and was previously presented as RCM 2.0 in combination with the HRT [19]
as well as with the SPECTRALIS [20]. The RCM 2.0 was adapted to the SLO to shift the focal
plane from the retina to the cornea and to increase the in-plane resolution. Furthermore, a piezo
actuator was implemented to control the focal plane within the cornea. For measurements, a
sterile cap was used to contact the cornea. To reduce surface reflections, a carbomer gel (Vidisic;
Bausch & Lomb / Dr. Mann Pharma, Berlin, Germany) was applied as an immersion medium
between the objective lens and contact cap as well as between the cap and the cornea. Since
this gel is a tear substitute, it provides the same refractive index change between ex vivo and in
vivo measurements. The new design of the RCM 2.0 enabled a fixed position of the contact cap
during focal plane changes. Nevertheless, it was still possible to adjust the position of the contact
cap before tissue imaging. This is important in order to capture the largest possible cornea stack.

The combination of SPECTRALIS and RCM 2.0 is shown in Fig. 1(A). Additionally, Fig. 1(B)
shows a simplified schematic of a confocal SLO with three laser diodes of different wavelengths.
These are directed on the same optical path with dichroic mirrors and their back reflected signals
can be detected sequentially with a detector.

The obtained magnification and thus the field of view (FOV) depends on the scan angle of the
SLO, the distance between the optics of RCM 2.0 and SLO, as well as slightly on the selected
wavelength. Exemplifying this, Fig. 2 compares images taken with the HRT and SPECTRALIS,
each in conjunction with the RCM 2.0. While the HRT captured images demonstrate a FOV
of 350× 350 µm2, the images taken with the SPECTRALIS have a FOV of 710× 710 µm2 at
the near-infrared wavelength of 850 nm. This difference in FOV is mainly caused by the larger
scan angle of the SPECTRALIS with 30° compared to the HRT with 15°. The magnification of
every optical setup and wavelength used was measured. Consequently, all images were scaled
accordingly. Since the objective lens (Achroplan 63x/0.95 W; Zeiss, Jena, Germany) is not
optimized for the wavelengths of the SPECTRALIS platform, its images show a central back
reflection. While the size of the back reflection depends on the distance between RCM 2.0 and
SPECTRALIS as well as the selected wavelength, the intensity of the back reflection furthermore
depends on the illuminance and detector gain. In the example of Fig. 3, the intensity of the back
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Fig. 1. A: The RCM 2.0 in conjunction with the SPECTRALIS platform (dashed line
separates both components). B: Simplified schematic of a confocal SLO with three laser
diodes operating at different wavelengths (LD – laser diode, D – detector).

reflection is clearly visible for 488 nm as well as 518 nm and is vanishingly low at 815 nm. With
the RCM 2.0, a radiant power of 62.8 µw, 43.3 µW, and 15.2 µW at 488 nm, 518 nm, and 815 nm
respectively was measured at maximum laser power. This results in a corneal irradiance of less
than 0.014 W/cm2 and a retinal irradiance of less than 0.003 W/cm2 . These values are below
the limits of Group 1 ophthalmic instruments of the safety standard DIN EN ISO 15004-2. The
actual radiant power used in the in vivo measurements was 26.6 µW, 22.2 µW, and 15.2 µW at
488 nm, 518 nm, and 815 nm, respectively.

In vivo measurements were performed on four subjects. Since one subject already underwent
numerous eye examinations of different kinds in the past, confirming a healthy eye, the images
presented in this paper are from this 51-year-old male subject. However, the other three subjects
claimed to have no eye problems and are assumed to have healthy eyes as well. The study was
conducted in accordance with the Declaration of Helsinki and it was explained in detail to the
subjects. Informed consent was obtained before any investigative procedures were conducted.
In addition, the endothelium of the human subject was imaged with a specular microscope
(EM-4000; Tomey GmbH, Nürnberg, Germany) and compared to the confocal images. Finally,
ex vivo measurements were performed on several porcine and lamb eyes. In the case of the
human cornea, images of the epithelium, subbasal nerve plexus (SNP), stroma, and endothelium
were recorded and compared at all three wavelengths. Due to eye movements, the images at
the three different wavelengths could not be captured at the same lateral position in the cornea.
Images of the porcine and lamb eyes were taken from the epithelium, stroma, and endothelium at
the blue and near-infrared wavelengths less than 12 h after enucleation and compared to the in
vivo images of the human cornea.
For a direct comparison between images captured at different wavelengths, it is important to

adjust the histogram to the full intensity scale. Otherwise misleading conclusions may be drawn.
In the case of the in vivo measurements, subimages showing the relevant structures were selected,
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Fig. 2. Comparison of the HRT+RCM 2.0 and SPECTRALIS+RCM 2.0 combinations
showing superficial cells of a human cornea.

Fig. 3. Comparison of in vivo human cornea images of superficial epithelial cells acquired
at three distinct wavelengths as indicated. The histograms of the subimages in the yellow
dashed squares were adjusted to the full intensity range for a consistent comparison of the
image quality.

the histograms were stretched so that the entire intensity range was used for the cell structures
and finally presented as an inset in the original image. In the case of the ex vivo figures, only the
histogram stretched subimages are presented.
No auto-brightness functionality was used for all image acquisition and the detector gain

was changed manually if necessary. Since the incorporated scanning laser ophthalmoscope is a
commercial device, some wavelength-dependent parameters such as the spectral transmittance
of the optics or the quantum efficiency of the detector are unknown and hence, comparisons of
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signal strengths between wavelengths are difficult to obtain. Therefore, the focus of the study was
a dedicated view on the visibility of different corneal structures at the respective wavelengths.
Then it was compared whether these corneal structures look similar or different at the specific
wavelengths.

3. Results

3.1. In vivo measurements of a human cornea

In general, imaging could be performed at all investigated wavelengths and species. Depending
on the wavelength, there are not only differences in the image quality but also in the reflectance
of certain structures.

Figure 3 shows the cell borders, cytoplasm, and nuclei of the human superficial epithelial cells,
which appear more prominent using the blue or green compared to the near-infrared wavelength.
Particularly the blue and green wavelengths reveal certain superficial cells in which the cytoplasm
reflects much more than others. Most cell nuclei are visible at the blue wavelength. Especially
in the area around the central back reflection, many nuclei are revealed that are invisible at the
other two wavelengths. At 815 nm, the cytoplasm and cell borders of the superficial cells have a
rather uniform, homogeneous reflectance. This makes it more difficult to distinguish adjacent
cells. However, slightly deeper in the epithelium, the wing cells in Fig. 4 show no discernible
differences between the three wavelengths. Cell borders are brighter than the cytoplasm. None
of the wavelengths reveals cell nuclei.

Fig. 4. Comparison of in vivo human cornea images of epithelium acquired at three distinct
wavelengths as indicated. The histograms of the subimages in the yellow dashed squares
were adjusted to the full intensity range for a consistent comparison of the image quality.

As Fig. 5 and Fig. 6 demonstrate, the influence of scattering at lower wavelengths increases at
deeper layers, such as the SNP and the anterior stroma. In both cases, the images at 488 nm and
518 nm have a stronger diffuse background than at 815 nm. Nevertheless, at all wavelengths,
nerve fibers and keratocyte nuclei are imaged clearly and sharply.
No diffuse background is visible in the endothelium in Fig. 7, because the relatively highly

reflective cell structures are more widespread. Still, an intensity loss due to the scattering was
present, so that the detector gain had to be increased. Also, the wavelength-dependent endothelial
reflectance is very different compared to the previous corneal layers. The hexagonal cell structure
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Fig. 5. Comparison of in vivo human cornea images of the subbasal nerve plexus acquired
with three distinct wavelengths as indicated. The histograms of the subimages in the yellow
dashed squares were adjusted to the full intensity range for a consistent comparison of the
image quality.

Fig. 6. Comparison of in vivo human cornea images of anterior stroma acquired at three
distinct wavelengths as indicated. The histograms of the subimages in the yellow dashed
squares were adjusted to the full intensity range for a consistent comparison of the image
quality.

can be resolved at the blue and green wavelengths, but not using the near-infrared light. Contrary
to the epithelial cells, the cell borders of the endothelium appear to be darker than the cytoplasm.
While at 488 nm and 518 nm the endothelial structure is equally well visible, at 815 nm cells can
only be seen sporadically. In addition, some endothelial cell nuclei appear as bright spots at the
blue and green wavelengths.
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Fig. 7. Comparison of in vivo human cornea images of endothelium acquired at three
distinct wavelengths as indicated. The histograms of the subimages in the yellow dashed
squares were adjusted to the full intensity range for a consistent comparison of the image
quality.

Figure 8 compares specular and confocal microscopy of the endothelium. The latter shows
sharper cell structures at the blue and green wavelengths.

Fig. 8. Comparison of in vivo human cornea images of endothelium captured with specular
and confocal microscopy at three different wavelengths. The histogram of each image is
stretched for better comparison.

3.2. Ex vivo measurements of porcine and lamb corneae

Since the previous results at the blue and green wavelengths revealed no substantial difference, in
vivo images of the human cornea are compared in the following with ex vivo images of porcine



Research Article Vol. 11, No. 10 / 1 October 2020 /Biomedical Optics Express 5696

and lamb corneae only at 488 nm and 815 nm. Interestingly, the superficial cells of animal
corneae in Fig. 9 show different behavior than in the human images. In the case of the porcine
cornea, cell nuclei reflect similarly at both wavelengths. In the case of the lamb cornea, the
nuclei reflect somewhat more strongly at 815 nm and thus show the opposite behavior compared
to the human cornea. Furthermore, the cytoplasm of the porcine and lamb cornea reflects at
the near-infrared wavelength with a different structure, in the latter also considerably stronger.
However, the cell borders of all three species are best visible at 488 nm. Please note, differences
in backscattering characteristics may also be induced by the post mortem time in case of the
animal corneae.

Fig. 9. In vivo (human) and ex vivo (porcine, lamb) images of superficial epithelial cells
acquired at blue and near-infrared wavelengths.

Fig. 10. In vivo (human) and ex vivo (porcine, lamb) images of t stroma acquired at blue
and near-infrared wavelengths.
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Figure 10 illustrates that the scattering in the stroma is noticeable for all species at the blue
wavelength. In the animal corneae, especially in the porcine, the cell density of keratocytes
seems to be lower than in the human cornea. This might be related to the advanced age of the
animals [21,22]. While at 815 nm keratocyte nuclei and stromal nerve of the porcine cornea are
more visible, keratocyte nuclei of the lamb cornea are only weakly visible at both wavelengths
and the visibility of the stromal nerve is rather similar.

The endothelium in Fig. 11 also shows substantial differences between 488 nm and 815 nm in
the porcine and lamb cornea. In the human and porcine cornea, some endothelial cell nuclei
appear as bright spots at 488 nm. In the lamb cornea these nuclei are not visible. While at 815
nm the entire endothelial structure including nuclei is almost invisible in the human cornea, it is
visible in case of the porcine and lamb cornea and the nuclei appear darkened.

Fig. 11. In vivo (human) and ex vivo (porcine, lamb) images of endothelium acquired at
blue and near-infrared wavelengths.

4. Discussion and conclusions

This work presents for the first time an investigation of the wavelength-dependent reflectance
of corneal tissues. The presented images show that most differences in image quality can
be attributed to a depth- and wavelength-dependent scattering background. Tissue and cell
characteristic backscattering patterns (intra- and extracellular) are little to not wavelength specific.
From the subbasal nerve plexus onwards, the negative effects in the form of a diffuse background
become apparent at shorter wavelengths. This effect increases for shorter wavelengths the deeper
the imaging is performed in the cornea. However, this diffuse background is most pronounced in
the stroma among all species. In the endothelium, this effect is only noticeable in images of the
porcine cornea. It is assumed that this is due to the advanced time after the eye was enucleated
and therefore it is generally more opaque. Furthermore, in the case of the human and lamb
cornea, the visible structures in the endothelium are more prominent at the shorter wavelengths
than at the near-infrared.
No effect of scattering is observed in the epithelium. This is due to the fact that scattering

background is depth-dependent and the epithelium is the top layer of the cornea. The images
of the wing cells presented in this manuscript do not reveal differences in imaging quality or
structure at the three selected wavelengths. Superficial cells, however, show structural differences
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depending on the wavelength and on the investigated species. In the human cornea, the nuclei
and cytoplasm are most reflective at the short wavelengths. The mature superficial cells, which
are about to desquamate into the tear film, exhibit a stronger reflection because they have more
microvilli than the younger cells [23]. In the lamb cornea, on the other hand, the opposite behavior
was observed. This leads to the assumption that not every mammal eye is suitable for comparison
to the human one. It is supposed that the desquamating cells change their protein pattern variously
depending on the species, which leads to differences in reflectance [24,25]. Nevertheless, further
investigations are needed to confirm this statement. Despite the aforementioned differences, in
all three species, it is shown that the superficial epithelial cell borders are best defined at shorter
wavelengths and thus individual cells are best distinguished.

In comparison to other imaging techniques, it is apparent that, for example, OCT methods
using a NIR light source [6–11,13] are capable to capture images of the SNP and stroma with
almost similar quality as the results presented here. However, the epithelial images do not show
cell structures as clearly as the results obtained by corneal confocal microscopy in this paper.
Since the previously referenced methods are non-contact methods, images of superficial epithelial
cells are currently impossible due to the strong surface reflection. Interestingly, although the
endothelial cells are clearly visible in the NIR with OCT methods we were barely able to image
the human endothelium using 815 nm light. When using OCT in the visible spectrum [12], clear
cell structures are visible in all corneal layers of the rat eye. Since a water immersion objective
was used, superficial cells were imaged, too [12]. The presented corneal confocal microscopy at
shorter wavelengths, provides endothelial images with clear cell structures, offering an alternative
to the specular microscopy, which is still the current gold standard for endothelial imaging. In
addition to the wavelength, the scattering geometry also has an influence on imaging, as shown by
the asymmetric fundus retroillumination [5]. While backward scattering occurs in the confocal
microscopy applied in this paper, retroillumination utilizes the spatially dependent transmittance
revealing the cell structures. Nerve fibers in the SNP and stroma as well as the endothelium are
visible at a large FOV. Additionally, the surface layers of the epithelium can be imaged despite
the non-contact method. Nevertheless, the epithelial and endothelial images of retroillumination
do not show the same level of detail as the images obtained with corneal confocal microscopy.
This paper demonstrates the importance of choosing the right wavelength or wavelength

spectrum for confocal laser scanning microscopy of certain corneal structures. In doing so, not
only the depth-dependent and wavelength-dependent scattering background should be considered,
but also the behavior in the respective layer. Especially when developing new devices that use
either a broadband light source or several wavelengths simultaneously, this should be decided
depending on the area of application. If the main focus is on e.g. ocular surface diseases, shorter
wavelengths in the visible spectrum should be preferred. For imaging the entire cornea, the
wavelength should be shifted so far into the red that the scattering no longer has a negative
influence on image quality. In case only the endothelium is going to be considered, also shorter
wavelengths are more suitable. The optimal solution would be a multimodal instrument, which
provides several wavelengths to choose from, depending on the examined corneal layer.
A second rationale for wavelength-dependent imaging is as follows. Backscattering from

inter- and intracellular structures can vary with wavelength. In the translation, by acquiring
reflectance images frommultiple wavelengths it could be possible to extract wavelength-dependent
information that could correlate to tissue and cell properties. For example, Wang et al. were
able to characterize lymphocytes in skin [26] at 785, 810, and 850 nm. Surprisingly, our corneal
imaging over the large wavelength range of nearly 350 nm shows only minor variations in the
tissue-dependent backscattering patterns. Primarily, this implies that the choice of wavelength
is of secondary importance, with the exception of the endothelium and epithelium. Whether
multiwavelength imaging offers further diagnostic values, especially on the diseased corneae, is
subject to future research.
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One effect that has not yet been discussed is the effect of wavelength on the subject’s compliance.
Taken into consideration that light from the visible spectrum could distract or glare the subject,
an impairment of the in vivo examination is conceivable. Following this aspect, near-infrared
light has the advantage that it is invisible to the human eye and should avoid glare induced eye
movements.

The presented results were generated with only three distinct wavelengths. Thus, no continuous
wavelength dependence of the image quality or depicted corneal structures is provided. Despite
this, they do demonstrate the importance of choosing the right light source to obtain the best
image quality in the different layers of the cornea. In order to further expand this research,
additional wavelengths, broadband light sources, or tunable lasers could be included in such a
study. In addition, more subjects with a known eye health status should be examined in order
to confirm the reproducibility of the results shown here and to exclude any subject dependent
differences. However, it should be noted that the ex vivo measurements were performed on
several porcine and lamb eyes, and no differences were found within one species.
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ABSTRACT

Introduction Confocal in vivo microscopy is an established

method in ophthalmology research. As it requires contact

coupling and calibration of the instruments is suboptimal, this

method has been only rarely used in clinical routine work. As a

result of close collaboration between physicists, information

scientists and ophthalmologists, confocal laser scanning

microscopy (CLSM) of the eye has been developed in recent

years and a prototype can now be used in patients. The

present study evaluates possible clinical uses of this method.

Material and Methods The essential innovations in CLSM

are (1) a newly designed coupling element with superficial

adaptation to corneal curvature and (2) the use of a dual com-

puterised piezo drive for rapid and precise focusing. In post-

processing and after elastic imaging registration of the indi-

vidual images parallel to the surface, it is also possible to pro-

duce sagittal sections resembling a split lamp and with resolu-

tion in the micrometer range. The concept was tested on

enucleated pig bulbi and tested on normal volunteers and

selected patients with diseases of the cornea.

Results Simultaneous imaging in planes parallel to the sur-

face and in sagittal planes provided additional information

that can help us to understand the processes of wound heal-

ing in all substructures of the cornea and the role of immune

competent cells. Possible clinical uses were demonstrated in a

volunteer with healthy eyes and several groups of patients

(keratoconus after CXL, recurrent keratitis, status after PRK).

These show that this new approach can be used in morpho-

logical studies at cellular level in any desired and appropriate

test plane.

Conclusions It could be shown that this new concept of

CLSM can be used clinically. It can provide valuable and novel

information to both preclinical researchers and to ophthal-

mologists interested in corneal disease, e.g. density of Langer-

hans cells and epithelial stratification in ocular surface dis-

eases.

In vivo Histology of the Cornea – from the “Rostock Cornea Module”
to the “Rostock Electronic Slit Lamp” – a Clinical “Proof of Concept”
Study

In-vivo-Histologie der Hornhaut – vom „Rostocker Cornea Modul“
zur „Rostocker Elektronischen Spaltlampe“ – eine klinische
„Proof-of-Concept“-Studie
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Introduction
The Zehender-Westien “binocular corneal loupe” can be regarded
as the precursor of the slit lamp [1]. This enabled completely new
insights into diseases of the cornea in living patients. The current
possibilities are presented comprehensively in the article by
Gellrich [2]. Allvar Gullstrand developed the slit lamp [3] into a
universal ophthalmological tool and was awarded the Nobel Prize
in medicine and physiology in 1911 for his fundamental work in
the area of ophthalmological optics, hitherto the only ophthal-
mologist. Gullstrandʼs concept allows up to roughly 40-fold mag-
nification but is unable to show individual cells. Alfred Vogt wrote
the 3-volume “Lehrbuch und Atlas der Spaltlampenmikroskopie
des lebenden Auges” [Textbook and atlas of slit lamp microscopy
of the living eye] [4], which is still the standard work on slit lamp
microscopy.

The principle of confocal microscopy was patented by Minsky
in 1957 [5,6] but was forgotten until, after the patents expired,
initial laboratory microscopes and a preliminary concept of confo-
cal in vivomicroscopy of the eye were presented in 1968 [6]. User-
friendly devices were developed through optical improvements,
miniaturisation and the development of rapid electronics. Slit
scanning systems [7–10] initially enabled microscopy of the cor-
nea. Laser scanning systems finally led to the concept of the con-
focal scanning laser ophthalmoscope, including in the form of the
Heidelberg Retina Tomograph, which forms the basis for the
Rostock Cornea Module and thus for confocal laser scanning mi-
croscopy (CLSM) of the cornea.

The slit lamp and CLSM differ in the direction of the examina-
tion plane as well as in the use of different optical principles. With
the slit lamp the examiner obtains information along a sagittal ori-
entation, whereas with CLSM the information is obtained from

planes parallel to the surface. Moreover, for confocal microscopy
direct contact of the system with the cornea via an immersion
gel or differently shaped coupling element is necessary to achieve
up to 800-fold magnification because of the different refractive
indices of air and cornea and the resulting strong reflection at
the superficial cells.

The clinical use of CLSM concentrates on the diagnosis of
acanthamoeba keratitis, detection of keratomycosis and differen-
tial diagnosis and treatment planning of corneal dystrophies [11–
13]. A new application has developed in the early identification of
neurodegenerative diseases and their secondary complications by
quantitative assessment of the sub-basal nerve plexus (SNP) [14].

Because coupling to the cornea is relatively unstable and focus-
sing on the target site is laborious, it was difficult to obtain repro-
ducible results in routine clinical practice so the diffusion of CLSM
remained essentially limited to scientific research facilities. A DFG-
sponsored collaboration between physicians, engineers, physi-
cists and information scientists to address these deficiencies has
eliminated many of these disadvantages and a prototype suitable
for clinical use was developed [15]. In this study, the everyday us-
ability of the system was demonstrated using a range of clinical
examples.

Material and Methods
The new Rostock Corneal Module RCM 2.0 developed by us is
based on the RCM, which is coupled with a HRT for corneal confo-
cal microscopy. Since neither the internal focus drive of the HRT
nor the additional focusing unit of the RCM provide suitable pos-
sibilities for rapid and controlled focus adjustment, a new mount-
ing device for the objective was developed to obtain dedicated fo-
cusing (▶ Fig. 1), which completely replaces the previous RCM

ZUSAMMENFASSUNG

Hintergrund Die konfokale In-vivo-Mikroskopie hat sich in

der Augenheilkunde als Forschungsmethode etabliert. Wegen

der Notwendigkeit einer Kontaktankopplung bei suboptima-

len Justierungshilfen der Geräte wird die Methode bisher we-

nig im klinischen Routinebetrieb eingesetzt. Die konfokale

Laserscanning-Mikroskopie (CLSM) des Auges konnte in den

letzten Jahren durch die enge Zusammenarbeit von Physi-

kern, Informatikern und Augenärzten weiterentwickelt wer-

den und steht nun als ein am Patienten einsetzbarer Prototyp

zur Verfügung. Im Rahmen dieser Studie wurden die Möglich-

keiten der Methode im klinischen Einsatz evaluiert.

Material und Methoden Wesentliche Neuerungen der

CLSM stellen (1) ein neugestaltetes Koppelelement mit einer

der Hornhautkrümmung angepassten Oberfläche und (2) der

Einsatz eines dualen computergestützen Piezoantriebs für

eine schnelle präzise Fokusführung dar. Im Postprocessing

und nach einer elastischen Bildregistrierung der oberflächen-

parallelen Einzelbilder gelingt es auch, sagittale, spaltlampen-

ähnliche Schnitte mit einer Auflösung im Mikrometerbereich

zu erzeugen. Die an enukleierten Schweinebulbi erprobte

Konzeption wird bei Normalprobanden und ausgewählten Pa-

tienten mit Hornhauterkrankungen eingesetzt.

Ergebnisse Durch die simultane Darstellung von oberflä-

chenparallelen und sagittalen Untersuchungsebenen können

Zusatzinformationen zum Verständnis von Wundheilungsvor-

gängen aller Hornhautsubstrukturen und die Rolle von im-

munkompetenten Zellen zur Verfügung gestellt werden. Die

klinischen Einsatzmöglichkeiten werden an einem Augen-

gesunden und mehreren Beispielen (Keratokonus nach CXL,

rezidivierende Keratitis, Zustand nach PRK) demonstriert. Die-

se zeigen, dass die morphologische Untersuchung der Horn-

haut mit dem neuen Ansatz in jeder gewünschten und der

Fragestellung angepassten Untersuchungsebene bei zellulärer

Auflösung möglich ist.

Schlussfolgerungen Es konnte gezeigt werden, dass die

neue Konzeption der CLSM klinisch einsetzbar ist und sowohl

den tierexperimentell arbeitenden Forschenden als auch dem

an Hornhauterkrankungen interessierten Augenarzt bisher

nicht verfügbare Informationen, wie z.B. die Langerhans-Zell-

dichte und die Epithelschichtung bei Oberflächenerkrankun-

gen des Auges, zur Verfügung stellen kann.
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[15]. With an integrated computer-controlled piezo actuator
(Δzmax = 500 μm, vmax = 800 μm/s) the focusing plane can be ad-
justed precisely during imaging with the RCM 2.0. Unlike the con-
ventional RCM, the position of the objectiveʼs contact cap remains
unchanged in the RCM 2.0 when the focus is changed. The gel
bridge between contact cap and cornea and consequently the
force applied to the eye are thus no longer influenced by a change
in focus setting.

A contact gel bridge between the cornea and the contact cap is
necessary in confocal microscopic scanning of the cornea with
both the RCM and with the RCM 2.0. Direct contact between the
cap and the eye surface cannot be avoided and is usually even
desirable when acquiring a scan series in order to stabilise the
eye and in particular prevent eye movements in an axial direction
(e.g., due to respiration and pulse). This always applies a certain
force to the corneal tissue, which can lead to the development of
tissue deformation. To avoid these fold-like bulges and further re-
duce eye movements a new contact cap design was developed. By
using special contact caps with the radius of curvature of an aver-
age cornea, the originally flat contact surface was replaced by a
concave curve [15]. In this way, deformation of the cornea in the
frame area is reduced to a minimum, and lateral as well as axial
eye movements are significantly reduced. This allows depth scans
to be obtained over a large area, from which a nearly cuboid vol-
ume can be reconstructed with a high degree of reliability. From
this, connected sectional images can be produced in any spatial
direction. Volumetric scan analysis is possible only after complex
elastic image registration [15].

In this study, we generated corneal stacks, as described in
more detail in the publication by Bohn et al. (2018) [13].

The entire examination takes roughly 16 seconds to acquire
about 500 single images at a feed of about 30 μm per second.
The geometry of the coupling element, which is similar to that of
a 3-mirror contact lens, stabilises the patientʼs eye through a
roughly 50 μm film of a viscous tear substitute (Vidisic). As shown
by Bohn et al. (2018), maximum displacements of 80 μm in the
frontal imaging plane occur during the entire scan time under
these conditions [13]. The possibilities are illustrated with the fol-
lowing examples:
1. an enucleated porcine eye, where the data set comprises three

stacks of different thickness because of the partial overriding
of surface structures,

2. a healthy human volunteer and
3. patients with corneal pathology.

To optimise the examination parameters, pig eyeballs were first
examined 4 to 6 hours post mortem. In a clinical “proof of con-
cept” study, selected patients from the corneal outpatient clinic
were recruited after given written informed consent (positive vote
of the ethics committee of University Medicine Rostock no.:
A 2016–0197). This study presents and discusses one normal eye
and three pathological conditions that can be delivered by the
Rostock electronic slit lamp, which appear interesting in this con-
nection.

None of the patients found the examination very uncomfort-
able. They were given viscous tear substitute for corneal care. Ero-
sions or superficial punctate keratitis requiring treatment did not
occur.

▶ Fig. 1 In vivo examination with the RCM 2.0 (a), its CAD model (b) and a diagram of the coupling to the eye (c). The RCM 2.0 has two piezo
actuators. The first one (PAObj) moves the objective and thus the focusing plane along the optical axis so it travels 500 μm in controlled operation.
With the second piezo actuator (PATC) the contact cap can be moved over a total distance of 12mm along the optical axis. Coupling of the concave
contact cap to the eye and of the objective to the contact cap is achieved by a viscous tear substitute (gel), which is shown in blue (c).
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Results

Cornea of the porcine eyeball

Imaging of the pig eyeball delivered the best results after the
pressure in it was increased by transscleral injection of a small
quantity of buffered salt solution. For microscopy, the eyeballs
were positioned on the vertically aligned microscope system with-
out further fixing. An example of the imaging results is shown in
▶ Fig. 2.

The volume data set in this cases consists of c. 900 single scans
in total, from which a sagittal optical section (▶ Fig. 2a) was
calculated. Superficial cells (▶ Fig. 2b) and intermediate cells
(▶ Fig. 2c,d) can be distinguished. Bowmanʼs layer, which is
c. 10 μm thick in humans, is not visualised.

The junction between epithelium and stroma is characterised
by a layer of low reflectivity, which cannot be resolved further,
and by isolated sub-basal nerves (▶ Fig. 2e). Keratocyte nuclei
are visible in the stroma, and nerve structures anteriorly
(▶ Fig. 2 f–j). Unlike in humans, the cell nuclei can be identified in
the regular endothelium, with c. 4000 cells per mm² (▶ Fig. 2k).

Normal human findings

The study subsequently included in vivo examinations of persons
with healthy eyes (▶ Fig. 3). ▶ Fig. 3a shows the calculated sagit-
tal section through the volume dataset of a volunteer and in this
case the topmost 10 μm of the entire epithelium are highly out-
shone and do not allow any interpretation. Details of fine struc-
tures in the epithelium and anterior stroma are therefore shown
in the next figure (▶ Fig. 4). Unremarkable wing cells (z = 23 μm)
are found in ▶ Fig. 3b, a regular SNP (z = 45 μm) in ▶ Fig. 3c and
the structureless Bowman layer (z = 57 μm) in ▶ Fig. 3d. The
highly reflective keratocyte nuclei with a diameter of c. 20 μm
are packed more densely in the anterior layers of the stroma than
in the intermediate and deep stroma (▶ Fig. 3e–h). There the nu-
clear forms are usually elongated with a length/width ratio of
c. 1 : 4 to 1 :6 (▶ Fig. 3b–e). The nuclei can be seen up to about
10 μm before Descemetʼs membrane, which itself has no sources
of scattered light (▶ Fig. 3 i). The endothelial cells appear similarly
to in specular microscopy and in this example they have a cell den-
sity of c. 2200 cells per mm² (▶ Fig. 3 j). In the present example,
the central corneal thickness is 466 μm, corresponding to the po-
sition of the superficial cells as far as the endothelial cells.

The details of the cornea as far as a depth of c. 150 μm are
shown in ▶ Fig. 4. The epithelial layers are readily distinguishable
and are bordered by the superficial cells and the surface of the
Bowman layer.

▶ Fig. 4b shows the roof tile-like overlapping of the superficial
cells with a maximum diameter of c. 50 μm and sometimes clearly
demarcated cell nuclei. The most superficial of the cells about to
desquamate exhibit signal-intensive cytoplasm. The mean cell
density is c. 1000 cells per mm². In the wing cell layer shown in
▶ Fig. 4c the cell boundaries can be identified particularly well as
highly reflective structures, the cytoplasm has a uniform medium
to low intensity and cell nuclei are not identifiable. The cell density
is c. 3000 cells per mm². The basal cell layer (▶ Fig. 4d) is charac-
terised by cells of varying reflectivity with well demarcated cell

boundaries and a suggestion of visible cell nuclei. The cell density
is c. 8000 cells per mm².

▶ Fig. 4e shows an unremarkable SNP with isolated dendritic
cells, ▶ Fig. 4 f shows the largely low-contrast Bowman layer,
which has a thickness of c. 10 μm, as can be seen in ▶ Fig. 4a.
The distance from the superficial cells to the SNP is c. 50 μm and
can be used as a measurement of epithelial thickness.

▶ Figs. 4g–i show sections through the anterior stromal re-
gions characterised in ▶ Fig. 4a. In a few stromal layers in this ex-
ample, especially at a depth of 131 μm (▶ Fig. 4 i), indicative cyto-
plasmic elements of the complex keratocyte meshwork can be
identified as fine granular structures under 2 μm.

Corneal pathology

Building on the information obtained from the healthy human
cornea, pathological changes are analysed below. ▶ Fig. 5 shows
the findings in a 35-year-old patient 8 months after CXL (Dresden
protocol). The slit lamp appearance showed a typical minimal
haze in the anterior corneal stroma. Corrected vision was 0.6 and
regression can be identified in the differential representation of
the corneal tomography with a reduction in the maximum K val-
ues. Pachymetry shows that the corneal thickness is reduced by
17 μm 8 months after cross-linking.

Corresponding to the slight haze found clinically and on slit
lamp microscopy, fine details at cellular level are identified in the
further confocal microscopy analysis. Confocal microscopy shows
normal epithelial layers (▶ Fig. 5b,c), the SNP (▶ Fig. 5d,
z = 42 μm deep) is highly rarefied and partly connected with poly-
morphic and highly reflective structure. At the level directly next
to the Bowman layer (▶ Fig. 5e, z = 54 μm deep) a network of
highly reflective irregular stellate structures is apparent (maxi-
mum diameter c. 20 μm). In the anterior stroma (▶ Fig. 5 f;
z = 140 μm), structures are found, some delicate, apparently con-
nected with each other, which correspond to keratocytes in shape
and size. 90 μm deeper (▶ Fig. 5g, z = 227 μm) there are low-con-
trast keratocytes without a distinguishable nucleus. These im-
ages, which differ from the appearance of a healthy cornea, often
contain cells that recall immunocompetent phagocytic cells in
their size and morphology, which are probably macrophages.
Hypothetically, these remodelling processes still present even
after 8 months could be responsible on cellular level for the more
prolonged stabilisation/regression of the keratoconus observed
after CXL. One of these individual highly reflective cells is shown
in the nearly acellular appearing stromal region (▶ Fig. 6,
z = 205 μm). A further 70 μm deeper (▶ Fig. 5h, z = 275 μm),
highly reflective cell nuclei and spindle- to needle-shaped struc-
tures over 100 μm in length can be seen. At a depth of 371 μm
(▶ Fig. 5 i) poorly reflecting posterior keratocytes without visible
nuclear structures can be identified. The endothelium (▶ Fig. 5 j,
z = 407 μm) shows a normal structure with c. 2100 cells per mm².

Compared with the previously described cornea, which ap-
pears almost normal under the slit lamp, diffuse clouding can be
identified in the anterior stroma in a patient with recurrent kerati-
tis. The example shows the eye of a 49-year-old patient with
recurrent keratitis for 2 years, at times with intraocular inflamma-
tion, suspected herpes simplex infection, corrected vision 0.1.
A zone in the anterior corneal stroma with particles of greater re-
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▶ Fig. 2 CLSM of a pig cornea ex vivo 5 hours post mortem. The slit lamp sagittal section (a) contains c. 900 optical sections scanned parallel to the
surface within the underlying dataset, which are shown in the individual figures b–k as an example.
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▶ Fig. 3 CLSM-based imaging of a 54-year-old volunteer with healthy eyes. The top epithelial layers are overmodulated. Figures b–j show sections
parallel to the surface at the depths given in a.
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flectivity but not further resolvable can be seen on slit lamp mi-
croscopy (▶ Fig. 7a) and OCT (▶ Fig. 7b).

Confocal microscopy in axial section (▶ Fig. 8) shows normally
layered epithelium, well demarcated Bowman layer and highly re-
flective structures located deeper in the anterior and intermediate
stroma (▶ Fig. 8a).

Sections parallel to the surface show normal wing cells at a
depth of 30 μm (▶ Fig. 8b), and massive infiltrates are found be-
tween 40 μm and 50 μm (▶ Fig. 8c) with dendritic cells, which can
also be identified on the Bowman layer with markedly reduced
SNP at a depth of 52 μm (▶ Fig. 8d). In the anterior and intermedi-
ate stroma there is a dense network of keratocyte structures,
some with extremely highly reflective cytoplasm, and cell nuclei
can no longer be demarcated in the deeper stroma (▶ Fig. 8e–
h). The endothelial cell density is reduced to c. 1000 cells per
mm². Isolated precipitates are found with a maximum extent of
50 μm (▶ Fig. 8 i). ▶ Fig. 8 j is a 3D reconstruction from the
Bowman layer as far as the highly reflective anterior stroma
(▶ Fig. 8e).

▶ Fig. 9 shows the appearance in a 26-year-old patient a
month after PRK with unremarkable healing and uncorrected vi-
sion of 0.8.

Confocal microscopy (sagittal section) shows normal epithelial
layers in ▶ Fig. 9a. As expected, no signal-free zone correspond-
ing to the Bowman layer is found beneath it. The anterior stroma
appears unremarkable.

The sections parallel to the surface in ▶ Fig. 9b show a normal
superficial layer, the cell boundaries are less clear in the deep epi-
thelial layers and cell nuclei are visible (▶ Fig. 9c). No sub-basal
nerve structures can be seen (▶ Fig. 9d,e). Round, highly reflec-
tive structures with a diameter of c. 5 μm can be identified at the
junction with the stroma (▶ Fig. 9d–f), the top parts of the stro-
ma are characterised by highly branched and highly reflective
keratocytes (▶ Fig. 9g), the highly reflective elements decrease
10 μm deeper (▶ Fig. 9h) and very fine needle-shaped structures
are detectable. In deeper layers (▶ Fig. 9 i, j) normal keratocyte
nuclei predominate with shadowy cytoplasmic offshoots, and
even deeper stromal layers appear normal.

▶ Fig. 4 CLSM-based detailed view of the epithelium and anterior stroma of a volunteer with healthy eyes. a Calculated sagittal section.
b–i Images from the stack parallel to the surface as the depths given in a.
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▶ Fig. 5 CLSM-based imaging of a 35-year-old patient 8 months after CXL (Dresden protocol). Corrected vision 0.6. The computed section (a)
shows normal epithelial layers (b,c), highly rarefied SNP (d), and zones of clouding in the anterior stroma, which can be assigned to the hyper-
reflecting cytoplasm of keratocytes in sections parallel to the surface (e, f). In the intermediate and deep stroma, mesh-like keratocyte structures
(g) are found, with keratocyte nuclei surrounded by needle-like elements in deeper regions (h, i). The endothelium appears normal (j).
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Discussion
The initial results of examination with the Rostock electronic slit
lamp show findings that can only be suspected with a convention-
al slit lamp. Slit lamp photography and anterior segment OCT de-
livered clearly pathological findings only in keratitis (▶ Fig. 7). The
changes after CXL and PRK were too slight to allow photographic
documentation.

Detection and classification of all the information from a vol-
ume region of the cornea available through CLSM enable the clini-
cian to select corneal section planes adjusted to his query and at
approximately 800-fold magnification. Similar findings were pub-
lished in 1990 by Cavanagh et al. from Houston [9]. The same re-
search group impressively demonstrated the additional informa-
tion that can be obtained by sequential recording of 2D confocal
datasets in animal studies of radial keratotomy [16–18]. How-
ever, these developments were not suitable for routine clinical
use.

The system presented in this study now permits this additional
information to be used in clinical practice also by precise volume
scans with the aid of piezo actuators in association with a reduc-
tion in movement artefacts through the use of a contact cap
adapted to the curvature of the corneal surface. Measurement of
the thickness of epithelial and stromal layers enables the cornea to
be assessed in detail, which could play a part in diagnosis and
treatment monitoring of patients with ocular surface disease
[19]. It can be assumed that the physiological layering and dimen-
sions of the individual epithelial cells are altered at the respective
anatomical depth depending on the cause of the ocular surface
disease. The other examples presented in this study show that in-
formation otherwise obtained only by histological examination
can now to a large extent be obtained also by the use of CLSM on
patients in vivo. In order to better understand the “in vivo histol-
ogy” that is now possible, it will have to be accompanied by exper-
imental studies.

Ex vivo examination of cornea excised from patients having
perforating or lamellar keratoplasty would be a potential ap-
proach. Directly following these examinations of “living” tissue,
the specimens could be passed on to classic histology where all
the possibilities of modern staining techniques as well as immu-
nohistochemical techniques are available.

▶ Fig. 8 CLSM-based imaging of a 49-year-old patient after recurrent keratitis and moderate clouding in the anterior stroma on slit lamp micros-
copy. The computed section (a) shows normal epithelial structure, readily visible Bowman layer and marked elements of clouding in the anterior
stroma. Sections of epithelium parallel to the surface show normal wing cells (b). In addition, dense infiltration of Langerhans cells can be identified
in sections of the deep epithelium parallel to the surface (c), which can also be shown at the level of the sub-basal nerve plexus (d). The clouding
elements in the stroma can be assigned with a large degree of probability to the cytoplasmic structures of the keratocyte (e). In deeper sections of
the stroma parallel to the surface, keratocyte structures can be seen in which the cell nuclei can no longer be demarcated (f–h). In the depth of the
endothelium isolated precipitates are visible (i). 3D reconstruction of a tissue block c. 300 μm wide (j). The structureless surface corresponds to a
section through the Bowman layer. The top view of the lower block in this pathology shows highly reflecting keratocytes with cytoplasmic off-
shoots, which appear to be in contact with their neighbouring cells (syncytium).

◀

▶ Fig. 6 CLSM-based appearance of an immunocompetent cell in
the stroma of the CXL patient from ▶ Fig. 5. In a nearly acellular
appearing zone, isolated highly reflective and very large cells could
be identified. The morphology of this cell type suggests that they
are monocytes or macrophages.

▶ Fig. 7 A zone in the anterior corneal stroma with particles of
greater reflectivity but not further resolvable can be seen on slit
lamp microscopy (a) and anterior segment OCT (3D CAS-OCT,
SS-1000; Tomey GmbH, Nuremberg, Germany) (b).
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▶ Abb. 8
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Electron microscopy analysis is useful to obtain an understand-
ing of the causes of the highly scattering elements when there are
pathological or postoperative findings in the nanometre range. In
transmission electron microscopic images of keratocytes from a
healthy cornea and from a cornea after CXL the treatment-in-
duced cellular changes and also the modulation of the organisa-
tion of the collagen fibre network of the cornea are visible
(▶ Fig. 10). These supplementary methods should allow Langer-
hans cells to be assessed at their different maturation stages and
also other immunocompetent cells to be specified, thus indirectly
including immunological conditions in treatment monitoring via
confocal in vivo microscopy. Moreover, new knowledge can be
gained regarding rejection reactions after transplant surgery or
after CXL in keratoconus patients. The studies by Hamrah and
Chinnery have already demonstrated different local and immuno-
competent cell population (dendritic cells at various maturation
stages as well as monocytes and macrophages) in mouse corneal
stroma [20–22], which can now be extended to include human
findings in vivo. As demonstrated in ▶ Fig. 8 i, it is also possible to

assess the endothelium when corneal transparency is impaired (in
this patient, vision was 0.1 due to the cornea), which would hardly
be possible by specular microscopy. In addition, it was only par-
tially possible hitherto
1. to document the exact location of keratocytes and
2. to link keratocyte damage with noxious agents.

The system presented here now makes it possible to record the
complex 3D morphology of keratocytes as a syncytium in vivo
and characterise them according to their number, morphology
and functional state [23]. This new information may be of interest
for a better understanding of the migration behaviour of kerato-
cytes in the repopulation of the keratocyte-free anterior stroma
following CXL and in the possibility of pharmacological cell pro-
tection. In this connection, heparan sulphate (Cacicol) has already
been shown in animal studies to have a keratocyte-protective ef-
fect with defined noxious agents [24].

As the results of confocal microscopy in chronic intrastromal
inflammatory processes show (▶ Fig. 8), zones of clouding also

▶ Fig. 9 CLSM-based imaging of a 26-year-old patient after PRK. The computed section (a) shows unremarkable epithelium, no equivalent of the
Bowman layer, as well as highly reflective structures in the anterior stroma. b Intact superficial cells. c–f Basal cells at the junction with the anterior
stroma. g,h Keratocytes, some with visible cytoplasmic offshoots, some with regular nuclear structure (i, j).
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arise because of intracellular sources of scattered light, but there
has been no information in the literature to date regarding the his-
tological correlation. Obviously, they arise independent of cloud-
ing that can be explained by destruction of the complex extracel-
lular 3D collagen fibre network.

Apart from the described potential uses of the new system in
assessing pathological changes of the cornea, fundamental and
controversial anatomical questions can also be re-evaluated. It is
known from ex vivo confocal microscopy findings, for example,
that the morphology and cell density of the keratocytes within
the corneal stroma vary by a factor of more than two between an-
terior and posterior [25,26]. Because this information was hither-
to difficult to quantify in vivo these associations depending on dif-
ferent disease conditions have not been investigated so far. More-
over, the method can also be used for more detailed characterisa-
tion of the still controversial corneal layer directly in front of
Descemetʼs membrane [27], as described by Dua.

Conclusions
CLSM is a non-invasive imaging technique that can generate en-
face images of the cornea with high resolution and high depth dis-
crimination. The sequential acquisition of tomographs along the
depth direction enables 3D reconstruction of the volumetric data
stack. The imaging method covers a wide range of experimental
and clinical uses. In our view, therefore, the Rostock electronic slit
lamp can be useful for basic research into corneal micromorphol-
ogy and can also assist routine clinical decision-making. The range
extends from anatomical studies to a discriminating consideration
of corneal pathologies in vivo. Intensive research currently is con-
centrated on extensive image reconstruction of the SNP as this
has the potential to act as a biomarker for early neurodegenera-
tive changes. In this connection, Langerhans cells at different
maturation stages and of other immunocompetent cells are as-
sessed successfully.

This technology thus enables corneal imaging to be generated
and assessed at cellular level with subsequent 2D mosaic or 3D
reconstruction. This development was possible through trust-
based interdisciplinary collaboration for many years. It is hoped
that the new diagnostic possibilities can be made available to a
wide circle of user through series production.
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Background: Regarding the growing interest and importance of understanding the cellular changes of 
the cornea in diseases, a quantitative cellular characterization of the epithelium is becoming increasingly 
important. Towards this, the latest research offers considerable improvements in imaging of the cornea 
by confocal laser scanning microscopy (CLSM). This study presents a pipeline to generate normative 
morphological data of epithelial cell layers of healthy human corneas.
Methods: 3D in vivo CLSM was performed on the eyes of volunteers (n=25) with a Heidelberg Retina 
Tomograph II equipped with an in-house modified version of the Rostock Cornea Module implementing two 
dedicated piezo actuators and a concave contact cap. Image data were acquired with nearly isotropic voxel 
resolution. After image registration, stacks of en-face sections were used to generate full-thickness volume 
data sets of the epithelium. Beyond that, an image analysis algorithm quantified en-face sections of epithelial 
cells regarding the depth-dependent mean of cell density, area, diameter, aggregation (Clark and Evans index 
of aggregation), neighbor count and polygonality. 
Results: Imaging and cell segmentation were successfully performed in all subjects. Thereby intermediated 
cells were efficiently recognized by the segmentation algorithm while efficiency for superficial and basal cells 
was reduced. Morphological parameters showed an increased mean cell density, decreased mean cell area and 
mean diameter from anterior to posterior (5,197.02 to 8,190.39 cells/mm2; 160.51 to 90.29 µm2; 15.9 to 12.3 µm  
respectively). Aggregation gradually increased from anterior to posterior ranging from 1.45 to 1.53. Average 
neighbor count increased from 5.50 to a maximum of 5.66 followed by a gradual decrease to 5.45 within the 
normalized depth from anterior to posterior. Polygonality gradually decreased ranging from 4.93 to 4.64 sides 
of cells. The neighbor count and polygonality parameters exhibited profound depth-dependent changes. 
Conclusions: This in vivo study demonstrates the successful implementation of a CLSM-based imaging 
pipeline for cellular characterization of the human corneal epithelium. The dedicated hardware in 
combination with an adapted image registration method to correct the remaining motion-induced image 
distortions followed by a dedicated algorithm to calculate characteristic quantities of different epithelial 
cell layers enabled the generation of normative data. Further significant effort is necessary to improve the 
algorithm for superficial and basal cell segmentation.
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Introduction

Modern ophthalmology evolved during the last decades from 
descriptive slit lamp-based findings to in vivo monitoring 
on the cellular level. During the past decades imaging 
technologies such as optical coherence tomography (OCT) 
became essential for the noninvasive in vivo diagnostics 
of the living eye—especially for the retinal diagnostics. 
Addressing the anterior segment (AS) of the eye, the AS-
OCT technology enables quantitative as well as qualitative 
imaging including the cornea, limbus, anterior chamber 
and angle without the use of topical anesthesia (1).  
Based on advanced laser and spectrometer technologies 
during the past years, the axial resolution of OCT has been 
dramatically increased and thickness measurements of single 
corneal layers are available by ultrahigh-resolution OCT (2,3) 
as well as visualization of cellular and sub-cellular structures 
by spectral domain OCT (4). While OCT is very promising 
for corneal cross-sectional imaging, confocal laser scanning 
microscopy (CLSM) offers en-face imaging with high optical 
resolution and depth discrimination at the cellular level (1).  
Due to its axial resolution, selective intracorneal as well as 
intraepithelial sectioning can be achieved, and the different 
corneal epithelial cell-types can be distinguished (5). 
CLSM is suited for monitoring of the living cornea in its 
physiological state (6) permitting longitudinal examinations 
of the same cornea in normal and pathological conditions 
covering the entire ocular surface including the cornea, 
bulbar and palpebral conjunctiva and lids (1,7,8).

In general there is a number of CLSM based applications 
for the corneal diagnostic covering a broad range of 
applications including corneal nerve degeneration and 
regeneration, chirurgical interventions, contact lenses, diabetes 
mellitus (DM), keratoconus, keratomycosis, and ocular surface 
diseases (OSD) (1,8). The evaluation of the subbasal nerve 
plexus (SNP) of the cornea might add value to the diagnosis 
of a variety of diseases including limbal stem cell deficiency 
(LSCD), DM and infection (1). Until today, many studies have 
aimed in establishing of morphometric features of the SNP as 
a sensitive marker for ocular and systemic disorders (9,10). 

Regarding OSDs, the cellular characterization of the 
corneal epithelial cell morphology is becoming increasingly 
important and recent studies have focused on understanding 
the microstructure of the epithelial cell layers in the cornea 
(11-13). Besides OSDs, in LSCD for example, a positive 
correlation between the reduction of basal cell density and 
the severity of LSCD was reported and basal cell density 
could be used as a parameter to measure limbal stem cell 
function at the early stages of the disease process (14,15). In 
DM, alterations in corneal innervation and basal cell density 
were reported and it could be demonstrated that reduced 
basal cell density correlated with changes in innervation (16).

Given the importance of understanding cellular changes 
in ophthalmological disorders such as OSDs or cellular 
changes that occur as secondary effects of diseases or 
treatment regimens, a CLSM-based 3D imaging and 
automated quantification pipeline could represent a 
powerful non-invasive tool providing valuable diagnostic 
information. CLSM has the ability to resolve structural and 
functional interrelationships, both temporally and spatially 
in the cornea. Cellular details of biological processes such 
as inflammation, wound healing, toxicity, and disease could 
be evaluated over time and help in the design of therapeutic 
strategies and the assessment of treatment effectivity.

The present study addresses the growing interest in 
quantitative data of the corneal epithelium and follows up 
on our initial study (13) that used 3D scanning techniques 
with fewer capabilities and required OCT data for epithelial 
thickness determination. The aim was to demonstrate a 
CLSM-based 3D in vivo image processing pipeline and an 
automated software for the morphological characterization 
and quantification of the different epithelial cell layers of 
the human corneal epithelium. 

Methods

Confocal microscopy and volume data acquisition

To perform 3D in vivo CLSM, the Heidelberg Retina 
Tomograph II (HRTII, Heidelberg Engineering GmbH, 
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Figure 1 CAD model (A) and patient investigation (B) using the HRTII with an in-house-developed version of the RCM equipped with 
two piezo actuators: PAObjective with a closed-loop travel range of 500 µm and PATomoCap with a rough travel range up to 12 mm to control the 
position of a TomoCap. Please note, PAObjective moves the objective lens and PATomoCap the TomoCap.

Heidelberg, Germany) in combination with a modified 
version of the Rostock Cornea Module (RCM)—RCM 
2.0—was used (RCM, Heidelberg Engineering GmbH, 
Heidelberg, Germany), see Figure 1. The in-house developed 
modified version of the RCM was previously presented 
as RCM 2.0 (12). There, the RCM was equipped with a 
piezo actuator with a closed-loop travel range of 500 µm 
(MIPOS 600 SG OEM, piezosystem jena GmbH, Jena, 
Germany). This actuator PAObjective moves a water immersion 
objective lens (Zeiss, Jena, Germany; 63 x/0.95 w, 670 nm,  
∞/0) and enables a precise focus control. Additionally, the 
present study introduces a second piezo actuator PATomoCap 
(SLC-1720-020-W-L; SmarAct GmbH, Oldenburg, 
Germany) to control the position of a contact element 
(TomoCap; Heidelberg Engineering, Heidelberg, Germany) 
during measurement. This allows the TomoCap to be 
moved in a controlled manner while in contact with the 
cornea in order to set the optimal starting focus position for 
achieving the largest possible height of the cornea stack and 
to minimize patient’s examination time. As suggested in (12), 
a modified TomoCap is used to reduce lateral eye movements 
and applanation artifacts. The modified TomoCap has a 
concave surface with a diameter of 10 mm and a curvature 
radius of 7.8 mm, corresponding to the curvature of an 
average human cornea, thus creating a form closure with the 
cornea surface during in vivo CLSM (12).

The study included 25 volunteers (average age 44 years, 
ranging from 25 to 62 years) with normal corneas for 
investigation by in vivo CLSM. Exclusion criteria were: 
contact lens wear, keratoconus, and any corneal surgeries in 

the past. Refraction error was not considered. In accordance 
with the Declaration of Helsinki, this study was conducted 
and explained in detail to all volunteers. Informed consent 
was obtained prior to conducting any investigative 
procedures.

A carbomer gel (Vidisic; Bausch & Lomb/Dr. Mann 
Pharma, Berlin, Germany) was used as the immersion 
medium. It was inserted between the objective lens and the 
TomoCap as well as between the TomoCap and the cornea. 
Before the immersion gel was applied to the cornea, a 
drop of topical anesthetic (Proparakain-POS; Ursapharm, 
Saarbrücken, Germany) was instilled. The immersion gel 
minimizes back reflections from interfaces, enables the high 
numerical aperture of the objective lens and thus improves 
the image quality. 

The scans were performed in the central cornea and 
in both eyes of the respective test person. To acquire full-
thickness volume data sets of the epithelium, we utilized 
the PATomoCap to position the TomoCap so that the initial 
focus was slightly outside the cornea. Then, with the 
PAObjective, the image focus was moved at a constant speed 
of 30 µm/s through the entire epithelium. During this 
through-focusing, the HRT acquired the images with 30 
frames per second. The field of view of the images was  
350 µm × 350 µm at 384 × 384 pixels. This resulted in a 
voxel resolution of 0.91 µm × 0.91 µm × 1 µm per voxel.

Image registration

It is well-known that during the fixation of a stationary 

PATomoCap

PATomoCap

PAObjective

PAObjective

A B
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Figure 2 Schematic overview of all image processing (left side) and quantification (right side) steps: Image processing includes all methods 
needed for the detection of single cells from the original gray-scale images. Single cells were subsequently counted, quantified based on 
morphological parameters, and analyzed regarding their spatial relations.

target, the human eyes are continuously affected by 
small involuntary movements, commonly categorized 
as microsaccades, ocular drifts and ocular microtremors 
(17,18), ordered by decreasing amplitude. Because of the 
point-wise scanning of CLSM, these movements cause 
characteristic image distortion (13,19). The high-velocity 
microsaccades in particular lead to significant deformation 
of the cell shapes in the affected image data. Even though 
the curved contact cap effectively attenuates the eye 
movements, clearly visible motion artifacts are still present. 
In order to avoid adverse effects on cell characterization, the 
same motion-compensating image registration algorithm 
is used as in the previous study (13). The motion-corrected 
and aligned image frames are finally stacked to create a 
nearly isotropic volume representation.

Reconstruction of epithelium, automatic cell segmentation 
and quantification

Further image processing and analysis were performed 
using Mathematica (Version 12.0, Wolfram Research Inc., 
Champaign, IL, USA). Figure 2 shows a schematic overview 
of the applied methods. Global brightness equalization was 
performed on all stack images to compensate varying image 
illumination (“vignette effect”). Equalized image stacks 
were smoothed with a 3×3×3 pixel wide 3D Gaussian filter 
(σ=1.5) to enhance transitions of cell membranes between 

adjacent volume slices. For each image slice, image noise 
was removed and local structural coherence of membranes 
(and other present structures) was amplified by using a ridge-
detecting image filter (“RidgeFilter”, σ=1). A bandpass 
filter for epithelial membrane detection was empirically 
designed (“BandpassFilter”, cutoff frequencies of 0.28 and 
1, filter kernel with a width of 62 pixels) and applied to 
all preprocessed images. This filter attenuates low (e.g., 
illumination gradients) and high (e.g., image noise) image 
frequencies while leaving the mid-range image frequencies 
(i.e., membranes and structures similar in diameter) 
unchanged. For each image stack, per pixel bandpass filter 
responses were summarized for individual images and 
normalized to respective image sizes. Resulting curves of 
depth-depending detection values were smoothed with a 3 
pixel wide 1D mean filter and an empirically determined 
threshold value of 0.035 (representing images with still 
recognizable membranes) was applied to each curve to 
identify images from the epithelium of the respective image 
stack. Structure segmentation of all identified epithelial 
images was performed by local adaptive binarization  
(5×5 pixel wide window) and small artifacts were removed. 
Resulting binary images were inverted and a watershed 
transformation was performed for cell detection. Due 
to the vignette effect inherent to CLSM images of the 
cornea, contrast and visibility of the imaged cells decrease 
significantly towards the image borders. This property results 

Image processing steps Quantification

lmage acquisition and registration 

Global brightness equalization and smoothing 

Local structural contrast enhancement 

Epithelial membrane detection 

Local adaptive segmentation and artifact removal 

Watershed transform 

Final masking and single cell detection

Quantification

Cell density, area and 
diameter calculation 

Polygonality 
calculation

Neighborhood
analysis

Cell distribution 
analysis
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in a loss of cell detection quality with increasing distance 
from image centers. Therefore, a central circular area with a 
diameter of 250 pixels (corresponding to almost 0.041 mm2) 
was defined around image centers and all cells outside this 
area were excluded from further processing and analysis. 

Cross-sections of all detected epithelial cells were 
quantified and measurements were averaged for each image 
slice. Quantities included cell density (cells/mm2), cell area 
(µm2) and cell diameter (µm). Polygonality (sides) of cells was 
calculated by approximating polygons to cell shapes using a 
modified Ramer-Douglas-Peucker algorithm (20,21). The 
neighborhood count (n) was calculated based on the number 
of adjacent neighbors of each cell. Finally, cell patterns were 
analyzed based on the Clark-Evans aggregation index (CE-
Index) (22).

For each parameter analyzed, data were separated by age 
group and functions were fitted within the defined intervals. 
Detailed ratios of neighborhood count and polygonality of 
cells across the defined interval were visualized in the form 
of stacked bar charts.

Results

Volume data acquisition, image registration

CLSM imaging with RCM 2.0 using two dedicated piezo 
stages enabled successful full-thickness volume data 
collection of the epithelium. Furthermore, the attenuation 
of the eye movements by the concave TomoCap led to 
registered image stacks with an increased lateral coverage. 
The median of the area projected into the x-y-plane, in 
which all registered images of a stack contain information 
was 45,723 µm2 (min: 27,253 µm2, max: 47,794 µm2). 
Additionally, the integrated PATomoCap accelerated the entire 
acquisition procedure by simplifying the adjustment of this 
cap prior to the start of the acquisition process. 

All scans were manually checked for the presence of 
superficial cells (SCs) and the SNP, for contrast and the 
signal-to-noise ratio. In total 43 scans of 25 volunteers were 
used for the following segmentation and quantification 
procedures. The presence of SCs and the SNP allowed a 
definition of a normalized depth scale ranging from 0 to 1 
(first SC =0, SNP =1) from anterior to posterior. Thereby 
the comparison of corresponding epithelial cell layers 
between the data sets independent of the actual epithelial 
thickness was possible. For the evaluation of a possible age 
dependency, the 25 volunteers were divided into three age 
groups: Group 1: 20–35 years (n=10); group 2: 36–55 years 

(n=9) and group 3: 56–70 (n=6). 

Reconstruction of the corneal epithelium

The 3D reconstruction and segmentation of the corneal 
epithelial cell layers was performed for all scans (Figure 3). 
Visual inspection of the image registration results revealed 
good alignment performance with no visible errors in the 
regions from the SNP through the basal and intermediate 
epithelium. Several visible distortion artifacts, mainly caused 
by overexposed regions, were found in a few superficial 
images. Individual characteristic cell layers including 
superficial, upper wing, lower wing-, and basal cells 
could be reconstructed in 3D (Figure 3B). The developed 
automatic segmentation algorithm did not work efficiently 
for superficial and deeper regions of basal cells. Therefore, 
manual segmentation for one scan was performed to 
visualize the extreme changes in morphology from anterior 
(SCs) to posterior (basal cells). Thereby, the mean cell areas 
ranged from 1,121.8 to 57.2 µm2 and mean cell diameters 
ranged from 39.5 to 8.9 µm (Figure 3C).

Automated segmentation and quantification

Figure 4 shows an overview of the data collected for the 
study and used for quantification. Because of individual 
differences of the epithelial thickness, the interslice distance 
varied between the datasets when expressed in normalized 
depth coordinates. Depth dependent cell characteristics 
could be exemplified for all analyzed scans (Figure 5). The 
segmentation algorithm worked reliably within the upper 
and lower wing cell area covering 70–95% of the available 
image sections, while the percentage of available image data 
went down within superficial and basal cell area (Figure 5A). 

Segmented cells were color-coded depending on the 
number of surrounding neighbors (Figure 5D) and the 
polygonality (Figure 5E). Depending on the depth from 
anterior to posterior, changes of the color-patterns could 
be observed (Figure 5D,E). The corresponding values 
are summarized in Figure 5F. Depth depending changes 
were present in the number of surrounding neighbors 
and the polygonality showing different morphological 
characteristics. 

Repeatability of measurements

In advance of the study, we have performed repeated 
scans of volunteers and analyzed the data respectively. An 
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Figure 3 Reconstruction and segmentation of the corneal epithelial cell layers. Corneal epithelium sketch (A) (23) and corneal image stack 
with cut-outs according to figure (A) recorded with the concave TomoCap in isometric view using KIT- alignment (B) (19). Each of the cells 
were colored individually after segmentation and 3D reconstruction. (C) Selected images of a stack are shown, exemplifying the typical depth 
depending cell morphology ranging from the outer superficial cells (depth 7 µm) to basal cells (depth 47 µm). Using manual segmentation, 
mean cell areas (CA) ranged from 1,121.8 to 57.2 µm2 and mean cell diameters (CD) ranged from 39.85 to 8.9 µm. Furthermore a graph of 
the determined values for area and diameter by manual segmentation is shown.

averaged coefficient of variation was determined. In order 
to exemplify the error range, four independent depth scans 
of one volunteer were performed and used for automated 
segmentation, quantification and analysis of variation. The 
mean coefficient of variation was found for each parameter 
using the data of successful segmented areas: cell density 
0.040; cell area 0.045; cell diameter 0.022; CE-Index 0.005; 
neighbor count 0.005; polygonality count 0.004.

Generation of normative data

Figure 6 shows the analyzed quantities for the respective 
parameters (column A: total mean values; column B: age-
dependent mean values). In Table 1 the analyzed parameters 
and in Table 2 total mean values are listed. 

The neighborhood and polygonality parameters were 
additionally evaluated according to their percentage of 

distribution from anterior to posterior for all analyzed 
scans (Figure 7). Depth-dependent changes in the number 
of neighbors and the polygonality of cells were detected 
confirming the morphological characteristics within the 
different layers of the corneal epithelium.

Conclusions
 

The morphological characterization and quantification 
as well as the understanding of the proliferative and 
differentiation behavior of the different corneal epithelial 
cell layers is of clinical relevance as changes affecting 
corneal cells and nerves are not only characteristic for 
unified corneal pathologies but also reflect non-specific 
pathological processes present in many diseases. 

Anatomically, the healthy human corneal epithelium 
consists of five to six layers of nucleated cells which 
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Figure 4 Overview of the data collected for the study and used for quantification: The epithelial thickness was normalized to 1 starting from 
the first superficial cell (FSC) [0] to the center of the SNP [1]. The definition of start [0] and end [1] point was done by the investigator. 
Differences in epithelial thickness are causing non-equidistant interslice distance. Blue points represent image slices which have been 
assigned to the layers of the epithelium with certainty by the algorithm software and which were available for automated quantification. 
Orange points represent the three image safety margin slices applied by the software and grey points represent image slices which could not 
be detected by the software with certainty and which were not available for quantification.

were categorized into SCs, intermediate cells and basal 
cells according to their functionality and morphology. 
During both, homeostasis and wound healing, the corneal 
epithelium is in a constant state of self-renewing and a 
complete turnover occurs in approx. 5 to 7 days. The 
epithelium is thereby maintained by basal cells which 
are the source of wing and SCs and a delicate balance of 
shedding followed by proliferation is critical in maintaining 
a smooth and uniform epithelial surface (24). 

SCs are characterized by a polygonal cell pattern, bright 
illuminated cytoplasm, reflecting nuclei and perinuclear 
dark halo (25) and appear brighter in CLSM images than 
cells towards the posterior of the cornea (26). About 1/7 of 
these cells are lost by desquamation within 24 hrs with a 

precedent change in their optical characteristics (25) with 
the darker ones being those about to desquamate from the 
surface (27). The intermediate layer is composed of wing 
cells. These cells form a regular mosaic of cells with sharp 
and reflecting cell borders showing the same reflectivity as 
SCs (8,28). However, their cell nuclei are not well defined 
and the cytoplasm appears dark (24). They are smaller in 
size when compared to SCs but more regular in form, and 
they can be further subdivided according to their position 
into upper and lower wing cells, with the latter being 
smaller. The innermost part of the epithelium is formed by 
a monolayer of basal cells. These cells show the smallest 
diameter when compared to the layers above and have a 
cylindrical, columnar form (25,28). They display a uniformly 
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Figure 6 Characteristic quantities of corneal epithelial structures. Left column from top to bottom: mean of cell density, cell area, cell 
diameter, CE-Index, neighbor count and polygonality plotted against normalized scale. Right column from top to bottom: same parameters 
as left, but for different age groups. Age group definition was as follows: 20–25 years (orange); 36–55 years (olive); 56–70 years (blue). 

Table 1 Summary of quantified epithelial cell parameters

Parameters Definition

Cell density Number of cells per mm2 (cells/mm2)

Cell area Number pixels x area of a pixel (µm2)

Cell diameter Length of a straight line passing through the center of a cell (µm)

CE-Index Pattern of cell centroids

Neighbor count Number of adjacent neighbors of each cell

Polygonality Number of sides of a cell

Cross-sections of epithelial cells were quantified using appropriate image analysis algorithms.
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Table 2 Interpolated values of epithelial cell parameters

Interval position  
normalized depth

Mean cell density 
(cells/mm2)

Mean cell area 
(µm2)

Mean cell  
diameter (µm)

Mean CE-Index
Mean neighbor 

count (n)
Mean polygonality 

(sides)

0 5,197.02 160.51 15.90 1.45 5.50 4.93

0.1 5,200.01 160.44 15.90 1.47 5.56 4.93

0.2 5,220.97 159.95 15.87 1.49 5.61 4.93

0.3 5,277.84 158.62 15.81 1.51 5.64 4.93

0.4 5,388.60 156.02 15.67 1.52 5.65 4.92

0.5 5,571.19 151.74 15.45 1.53 5.66 4.90

0.6 5,843.59 145.35 15.12 1.53 5.64 4.87

0.7 6,223.75 136.43 14.67 1.53 5.62 4.83

0.8 6,729.63 124.56 14.06 1.53 5.58 4.78

0.9 7,379.19 109.32 13.28 1.53 5.52 4.72

1 8,190.39 90.29 12.30 1.52 5.45 4.64

Cross-sections of epithelial cells were quantified using appropriate image analysis algorithms. The scale between first superficial cell (FSC) 
to subbasal nerve plexus (SNP) was normalized from 0 to 1 (FSC =0, SNP =1; increment: 0.1).

Figure 7 Distribution of neighbor count (A) and polygonality (B): stacked bar-charts show the variability in percentage of distribution from 
anterior to posterior for all analyzed scans.

bright cell border with dark cytoplasmic mass (27).  
Besides stem cells and transient amplifying cells, they are 
the only corneal epithelial cells capable of mitosis (29). 
During the renewing process of the corneal epithelium, the 
basal cells differentiate and migrate vertically towards the 
anterior surface to repopulate the cornea (30). 

The present study represents a further development 
of a fully automated software tool for epithelial cell 
quantification. Compared to our former publication (13),  
the detection of epithelial cells was improved due to 
global brightness equalization and local structural 
contrast amplification in combination with bandpass-
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based membrane detection. The segmentation results 
reveal that efforts for further improvements on cell 
segmentation should be focused at the challenging regions 
of the superficial and deep sections of basal cells in order 
to provide automated cell characterization for the entire 
extent of the corneal epithelium. In addition to the cell 
features examined in the previous study (13), we have also 
introduced new parameters including density, aggregation 
(CE-Index), the count of surrounding cells and the 
polygonality of cells. 

The mean cell densities gradually increased from 
anterior to posterior corresponding to the above-mentioned 
characteristics of the three different cell zones of the 
epithelium. Starting from the surface with the SCs and 
moving towards to the SNP, the cell morphology changes 
in size and shape from large but flat polygonal cells (SCs) to 
thin but long cylindrical cells (basal cells) and consequently 
their density in cross-sections increases. Comparison of our 
results with Eckard et al. (26) showed a general agreement 
regarding intermediate and basal cell layers. It must be 
mentioned that in our study the algorithm did not work 
sufficiently for SCs and the lowest parts of the basal cells 
located directly above the Bowman’s membrane where 
the highest density is expected (8,25). Regarding cell area, 
Prakasam et al. (13) reported a linear decrease from anterior 
to posterior which could be confirmed in this study while 
similarities and differences with other studies have already 
been discussed there. The minimal differences within the 
basal cell area were probably caused by the fact, that in 
the former evaluation the membranes were segmented 
comparatively thicker due to lower image quality and thus 
the minimum size was slightly lower. 

The comparison of the herein performed manual count 
vs. the segmentation algorithm showed similar values in the 
depth range between 27 and 47 µm of the analyzed scan 
representing the wing cell area and the upper part of the 
basal cells. Furthermore, the manually determined values 
were in accordance with other published works like by 
Gaujoux et al. (11). 

The analyzed mean cell diameters showed a gradual 
decrease from anterior to posterior thereby showing 
comparable results to our previous study (13). When the 
herein performed manual count is compared with the 
segmentation algorithm, the values are comparable within 
the wing cells and could show comparable trends to former 
studies as well (13,25,31).

The analyzed CE-Index showed a gradual increase from 
anterior to posterior displaying a regular distribution of the 

cells. In future studies, it would be important to evaluate 
whether this parameter also changes in pathologies of the 
corneal epithelium. 

Regarding the number of neighbors surrounding a 
cell, the analysis demonstrated depth-dependent changes. 
In the majority, cells were surrounded by either 5 or 6 
neighbors and fluctuations were detected in the front part 
and further downstream from point 0.75 towards 1 within 
the normalized depth. The variations in the anterior section 
may have been caused by the limited data available while 
the percentage of available image data within middle and 
posterior section accounted for between 40% to 90%. It 
appears that there was a structural change in the section 0.75 
of the normalized depth, i.e., the transition from lower wing 
cells to basal cells. 

The polygonality of cells decreased from anterior to 
posterior confirming the previously described characteristic 
of the epithelial cell shapes changing from polygonal to 
cylindrical cells. The predominant shape of the cells was 
pentagonal with the relative amount decreasing towards the 
SNP. The second-most dominant shape was represented 
by quadrangular cells. Here the percentage remained stable 
at 30% while after section 0.75 of the normalized depth 
the relative amount rose to a maximum of 45% indicating 
the transition zone between lower wing cells and basal 
cells. However, it must be considered that SCs are the only 
cells that can be displayed in their entirety. In contrast, 
wing cells are arranged like roof tiles and with only part of 
their cell surface accessible in one section, thus influencing 
the analysis of all the above-mentioned parameters. 
Nevertheless, within this study we were able to present 
normative data for future comparison with data analyzed in 
pathologies of the corneal epithelium. 

We have divided our subjects into three age groups 
whereas no age dependency was found. However, there 
are studies reporting age dependency in the human 
cornea. Zheng et al. examined 80 subjects and found age-
related changes in peripheral basal epithelial cell density 
and in peripheral basal endothelial cell density. It must be 
mentioned that a significance was only found within the 
youngest age group (32). Gambato et al. (33) reported an 
increase in cell diameter of superficial epithelial cells with 
subject age while basal epithelium and the SNP did not 
change depending on age in the 108 subjects studied (33). On 
the other hand, based on a study with 45 subjects, Mustonen 
et al. (34) reported no statistically significant correlation 
between superficial and basal epithelial cell density or 
age. Furthermore, no statistically significant differences 
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in cell densities or cell areas of any corneal layer between 
gender nor between left or right eyes were reported (34).  
Eckard et al. (26) reported no statistically significant 
relationship between cell densities and age, sex or refraction 
as well in 68 subjects examined. In summary, all these 
studies mentioned above show controversial results. 

It should be considered that our number of analyzed 
subjects was smaller when compared with all of the above-
mentioned studies. The question of whether a larger 
number of test persons examined further increases the 
significance of the normative data cannot be answered 
unequivocally. On the one hand, it can be assumed that an 
increased number of subjects improves the significance, but 
on the other, we postulate that newly determined quantities 
would be within the already determined quantity ranges. 
From our point of view, it is imperative to first improve 
the imaging strategy and the cell segmentation tools for 
superficial and deeper basal cell sections and then, in a 
second step, to increase the size of the normative cohort 
with these improved tools. However, the segmentation of 
SCs requires completely different tools that have yet to be 
developed.

As  an  out look  to  poss ib le  fu ture  a lgor i thmic 
developments, the 3D reconstructions could be potentially 
used for 3D characterization by volumetric cell features. 
However, even though the 3D reconstruction process 
achieves good structural coherence between adjacent 
images, the anisotropic optical resolution of the CLSM 
volumes presents a challenge for the segmentation and 
quantification algorithms. We have an almost isotropic 
voxel resolution of 0.91 µm × 0.91 µm × 1 µm per voxel, 
but the optical resolution differs significantly between the 
z-direction (about 4 µm) and the en-face directions (about 
1 µm) (35). Due to this, a reliable 3D segmentation and 
quantification of epithelial cells based on current data was 
not feasible.

This in vivo study demonstrates a CLSM-based imaging 
pipeline for cellular characterization of the human corneal 
epithelium. The concave contact cap and the integration 
of a second, large travel-range piezo actuator significantly 
improved the usability of this method. Furthermore, 
characteristic quantities of different epithelial cell layers 
were presented, whereas no age dependency was found. 
Given the growing interest and the importance of 
understanding the cellular changes in ophthalmological 
disorders or disorders which were described to affect 
cornea’s morphology as well, a non-invasive in vivo CLSM-
based imaging and quantification pipeline could serve as a 

powerful diagnostic tool and thereby improve the evaluation 
of therapeutic regimens. Changes in the herein analyzed 
parameters could be evaluated over longer periods of time 
and help in the understanding of underlying biological 
processes such as inflammation and wound healing. 
Moreover, longitudinal analyses of these parameters 
could help in the assessment of treatment efficacy and 
regeneration of the cornea. The data gained herein could 
serve as a first step to generate more normative epithelial 
data towards further investigations. Further significant 
effort is necessary to improve the algorithm for superficial 
and basal cell segmentation.
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Arbeit ermöglichte und als Betreuer für Fragen immer zur Verfügung stand.
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und meiner Familie danken, die immer an mich geglaubt haben und hinter mir
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