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Abstract 

We present a novel hybrid system that allows simultaneous high-resolution spectral domain optical coherence 

tomography (OCT) in the near-infrared and single-photon excited fluorescence (SPEF) detection in the green and red 

visible wavelength range for non-invasive multimodal imaging of the retina in small in vivo animal models such as 

zebrafish. 

 

 

1 Introduction 

The retina as a part of the nervous system has the unique 

advantage to be visualized through the transparent ocular 

media, which makes it one of the favoured regions to study 

neurodegenerative and -regenerative processes. Recent 

developments in the field of ophthalmic imaging such as 

optical coherence tomography (OCT) allow now non-

invasive, three-dimensional investigation of retinal events 

over long time periods, even in small laboratory animals 

like mice and rats [1,2]. However, OCT is a rather 

unspecific modality that provides only general 

morphological tissue information that is primarily based on 

light scattering at cells and cellular components. Hence, 

we investigate about the combination of OCT with 

fluorescence imaging to enhance contrast of specific 

retinal tissues and cells in in vivo studies. The aim of this 

hybrid modality approach is to obtain more reliable 

information about disease progression and treatment 

response of the retinal microstructure in conjunction with 

the presence and local distribution of specific substances 

e.g. drugs or therapeutic biomolecules. 

2 Methods 

We use a recently presented single-photon excitation 

fluorescence (SPEF) imaging system [3] synchronized to a 

high-resolution spectral domain OCT for simultaneous 

multimodal imaging. The fluorescence system is able to 

detect green and red fluorescence signals in parallel, which 

are excited by two individual diode pumped solid state 

lasers. Both imaging systems are fibre-coupled to a 

common ophthalmic scanning unit containing the OCT 

interferometer. This probe enables easy and flexible access 

to the posterior and anterior eye segment. The field of view 

and the dispersion compensation of the ocular media can 

be adjusted to different small animal models ranging from 

rats [4,5] to zebrafish. 

Figure 1 shows a schematic drawing of the applied 

experimental setup consisting of the spectral domain OCT 

unit, the fluorescence excitation and detection unit and the 

ophthalmic scanning unit. The OCT system is illuminated 

by a titanium-sapphire femtosecond laser (Femtolasers, 

Austria) with a spectral bandwidth of 106 nm (FWHM) 

centred at 826 nm to allow high resolution imaging. The 

emission spectrum is guided to the scanning unit via a 

broadband 50:50 fibre coupler. The returning interference 

light is subsequently sent to a custom-built spectrometer in 

which the OCT signal is detected by a CCD linear image 

sensor (DALSA IL-C6-2048C) with a high dynamic range 

of approx. 80 dB at a line scan rate of 12 kHz. 

The dual-channel fluorescence system is illuminated by 

narrowband solid state lasers centred at 488 nm and 

561 nm, which are suitable to excite several in vivo dyes 

e.g. fluorescein, GFP (green fluorescent protein), RFP (red 

fluorescent protein) and sulforhodamine B. Both lasers are 

coupled into a common fibre via a set of dichroic mirrors. 

This filter set also serves to separate the two excitation 

wavelengths from the returning fluorescence light. For 

detection the fluorescence light is divided into two sub-

bands centred at 525 nm and 641 nm in the green and red 

spectral range, respectively. The optical power in each 

sub-band is subsequently measured by individual 

avalanche photodiodes (APDs). 

Finally, the scanning unit combines the two imaging 

modalities. A detailed schematic drawing of its optical 

setup is shown in Figure 2. Both systems are connected to 

the scanning unit by their individual fibres. In conjunction 

with that, the core size at the fibre tips serves as a spatial 

filter i.e. a confocal pinhole, which rejects out-of-focus 



light. As the core size of the OCT fibre is restricted due to 

the necessity of single-mode operation, the core size of the 

fluorescence fibre can be varied in order to find a good 

compromise between spatial resolution and signal 

intensity. 

 

 
 
Figure 1 Experimental setup for combined OCT and 

fluorescence imaging. Abbreviations: APD – avalanche 

photodiode, BP – bandpass filter, C – collimator, CCD – 

CCD linear image sensor, DM – dichroic mirror, G – 

grating, GFP – green fluorescent protein, LP – longpass 

filter, PM – polychromatic mirror. For details see text. 

 

 

 
 
Figure 2 Optical setup of the ophthalmic scanning unit for 

combined OCT and fluorescence imaging. Abbreviations: 

BS – beam splitter, C – collimator, DC – dispersion 

compensation, GSx and GSy – galvanometer scanners for 

x- and y-direction, M – mirror, OL – objective lens, RL – 

reference lens, RS – reference mirror, SL – scanning lens, 

SMF – single-mode fibre. For details see text. 

 

The near-infrared OCT beam and the fluorescence beam in 

the visible spectral range are subsequently combined by a 

cold mirror, which is reflective for short wavelengths and 

transparent for long wavelengths. From there on, the light 

passes the Michelson interferometer for OCT imaging with 

an optical power ratio of 80:20 between the sample arm 

and the reference arm. In the sample arm the beam is 

steered transversally by two orthogonally placed 

galvanometer mirrors, which allows two-dimensional 

scanning of the sample surface. In order to cover a 

sufficient measurement area on the retina, a fan-shaped 

scanning pattern with the pivot point close to the eye’s 

pupil is required. Therefore, the collimated sample beam is 

relay-imaged from the galvanometer scanners onto the eye 

by a telescope configuration consisting of a scanning lens 

and an objective lens. By introducing a focal mismatch 

into the telescope and changing the working distance 

between scanning unit and sample, the light can be 

focussed to variable depths inside the eye. As a 

consequence, this setup is capable for imaging of the 

posterior as well as the anterior eye segment. In the 

reference arm the light is focussed on a static mirror, 

which serves as the zero delay line for OCT imaging. 

Dispersion imbalance between interferometer arms due to 

different optical elements and ocular media in front of the 

retina is compensated by a 3 mm thick N-BK7 glass plate 

and a pair of N-BK7 glass prisms with adjustable 

thickness. 

Due to the common optical path, also the fluorescence 

light is split into a sample beam and a reference beam. 

However, due to the splitting ratio of 80:20, power losses 

should be sufficiently small. 

3 Results 

The following section shows preliminary imaging results 

that were obtained with the presented experimental setup. 

3.1 Imaging performance 

In a first step, we investigate about the imaging 

performance of the presented system in terms of lateral 

resolution. As mentioned before, the spot size and 

detection volume of the fluorescence modality can be 

varied by using different optical fibres. We found that the 

use of a 1300 nm single-mode fibre delivers a good 

compromise between lateral resolution, signal intensity 

and depth of field.  

 

 
 
Figure 3 Determination of the lateral imaging resolution 

provided by the dual-modality ophthalmic scanning unit in 

air using an USAF-1951 target. Both fluorescence 

channels and OCT show a comparable lateral resolution in 

the range of 10 µm. For details see text. 



Figure 3 shows images taken from an USAF-1951 target 

with dual-channel fluorescence and OCT. A fluorescent 

slide and a sheet of paper was placed underneath the target 

in order to get a good signal in the fluorescence and OCT 

channels, respectively. It can be seen that all three imaging 

channels deliver a comparable lateral resolution in the 

range of 10 µm in air. Hence, we suppose that fluorescent 

and scattering structures have a similar appearance in 

fluorescence imaging and OCT. In conclusion, an identical 

sampling density can be applied for both OCT and 

fluorescence without effects of image over- or under-

sampling. Since the numerical aperture will be further 

increased by the refractive power of the eye, the lateral 

resolution is assumed to be higher for fundus 

measurements. 

3.2 In vivo ophthalmic imaging 

First in vivo results in adult zebrafish with green 

fluorescent protein (GFP) expressing photoreceptor cones 

are shown in Figure 4. In general a good correlation 

between OCT and fluorescence imaging outcome can be 

observed. While OCT allows identifying individual retinal 

layers, SPEF shows detailed view of the photoreceptor 

cone mosaic in the green fluorescence channel. The red 

fluorescence channel shows only minor response to GFP, 

which is negligible.  

 

 
 
Figure 4 In vivo retinal imaging in an adult zebrafish with 

GFP-expressing photoreceptor cones using simultaneous 

OCT and dual-channel single-photon excited fluorescence 

(SPEF). Upper row: OCT fundus projection (left) and OCT 

cross-section (right) showing the layered retinal 

microstructure (abbreviations: RNFL – retinal nerve fibre 

layer, IPL – inner plexiform layer, INL – inner nuclear 

layer, OPL – outer plexiform layer, ONL – outer nuclear 

layer, POS – photoreceptor outer segments, RPE – retinal 

pigment epithelium). Bottom row: fundus images in the 

green (left) and red fluorescence channel (middle) as well 

as from the OCT data at POS level (right). The GFP-

expressing photoreceptor cones show an intense signal in 

the green fluorescence channel with little crosstalk to the 

red channel. Also in the OCT channel a distribution of 

scattering structures similar to the cone mosaic can be 

found. 

Hence, this channel is available for other fluorescent dyes 

to be used in parallel with GFP. Finally, Figure 5 shows 

the co-registered multimodal data of the zebrafish retina in 

order to illustrate the three-dimensional imaging capability 

of OCT combined with the specific two-dimensional 

mapping of fluorescence signals that can be achieved in 

vivo by the presented hybrid imaging system. 

 

 
 
Figure 5 Co-registered three-dimensional OCT data and 

two-dimensional green fluorescence data of an adult 

zebrafish retina with GFP-expressing photoreceptor cones 

imaged in vivo. The retina is partially removed in the OCT 

channel to allow a better view on the fluorescent 

photoreceptor cone mosaic. 

4 Conclusion 

Although the results presented in this work have 

preliminary character, it is reasonable to conclude that 

parallel OCT and fluorescence imaging can deliver more 

reliable information about the retinal microstructure in 

conjunction with the presence and local distribution of 

specific substances. Hence, it will be a very useful tool for 

in vivo investigation of retinal treatment response to novel 

gene- and cell-based therapeutic strategies in the future. 

However, further investigations are necessary to 

characterize and optimize the presented hybrid imaging 

system in terms of sensitivity, chromatic aberrations, 

imaging capability in respected to alternative fluorescent 

dyes and dye combinations as well as application in 

different small animal models. 
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