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ABSTRACT
The refractive index (RI) of the retina and its dispersion are essential parameters in ophthalmologic imaging. However,
the spatial RI distribution in retinal tissue is difficult to access. We explored the capabilities of multispectral quantitative
phase imaging (QPI) with digital holographic microscopy (DHM) for label-free refractive index characterization of
dissected murine retina. The retrieved tissue refractive indices are in agreement with previously reported values for
living cells and dissected tissues. Moreover, the detected spatial refractive index distributions correlate with results from
complementary conducted OCT investigations. In summary, multispectral DHM is a promising tool for label-free
characterization of optical retina properties.
Keywords: digital holographic microscopy, quantitative phase imaging, multi-wavelength, hyperspectral imaging,
retina, refractive index

1. INTRODUCTION
The refractive index (RI) of the retina and its dispersion are essential parameters in ophthalmologic imaging. On one
hand, the RI determines the light propagation inside the tissue towards the photoreceptors. On the other hand, its spatial
distribution reflects tissue structures by biophysical properties such as density of birefringence. Moreover, knowledge
about wavelength dependency is crucial in high-resolution imaging, e.g. for dispersion compensation in optical
coherence tomography (OCT). However, the spatial RI distribution in retinal tissue is difficult to access. Thus, in this
work we explore the capabilities of quantitative phase imaging (QPI) for RI determination of murine retina utilizing
digital holographic microscopy (DHM)1. DHM is an established tool that can be integrated as a module into common
research microscopes2. In this way, DHM can be used for industrial non-destructive testing and label-free analysis of
biological specimens like living cells or dissected tissues for multimodal label-free imaging3. For example, DHM has
been utilized for quantification of migration4 and motility5 as well as for analysis of living cell cultures in threedimensional environments6,7, to mention few applications. Main restrictions of using laser light in DHM are coherence
induced scattering, speckle, and parasitic reflections in the experimental setup. These disturbances affect the
reconstructed amplitude and phase images and thus limit the measurement accuracy. Application of low coherent light,
like for example light emitting diodes (LEDs), reduces such effects, but it requires special experimental arrangements or
highly precise alignment of the optical equipment8,9. Following previous work10–12, we have recently presented an
approach that significantly decreases coherent noise in DHM by numerically superimposing monochromatic wave fields
that were reconstructed from holograms acquired at different wavelengths of a tunable laser13. In this way, the robust
alignment of a laser-based experimental setup can be combined with the noise reduction advantages of partial coherent
light. In this study, we apply this approach for the analysis of the refractive index distribution of mouse retina sections.
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2. MULTI-WAVELENGTH DIGITAL HOLOGRAPHIC MICROSCOPY
2.1 Sample preparation and experimental setup
The experiments were performed with a multi-wavelength modular DHM system implemented in a common inverted
microscope (AE30, Motic, Hong Kong, China). Figure 1 shows a schematic of the employed experimental setup. The
light source for QPI was a tunable supercontinuum laser (SuperK EXTREME EXR-9 combined with a Super Select
nIR1/-acousto-optic tunable filter (AOTF) and a single mode fiber SuperK FD7 PM, NKT Photonics A/S, Birkerød,
Denmark). The output light of the single mode fiber was converged into the optical path of the optical microscope using
a beam splitter placed above the condenser lens (CL), which was adjusted to provide suitable Koehler illumination. A
microscope objective lens (MO), a tube lens (TL), and a relay lens (RL) were used for magnification of the sample and
for imaging it at the camera. A Michelson interferometer-based DHM configuration in which one of the mirrors was
slightly tilted was used to generate digital off-axis holograms14 that were recorded utilizing a standard industrial camera
(DKM 23UP1300, The Imaging Source, Bremen, Germany). The Michelson interferometer configuration allows a robust
and simplified alignment that is insensitive to changes of the object illumination and vibrations. Moreover, it can be
operated with light with low coherences properties (lc ≈ 50 µm). For imaging of the sample, a 20x microscope lens (Zeiss
LD Achroplan 20x/0.4 Korr) was used. Digital holograms were recorded at different wavelengths λ from 640 nm to 1100
nm.

Figure 1. Concept for multi-spectral digital holographic microscopy. α: off-axis angle between object and reference wave,
AOTF: Fiber coupled acousto-optic tunable filter, SC laser: fiber-coupled super continuum laser source; WL: white
light illumination; BS: beam splitter; CL: condenser lens; S: sample; MO: microscope objective lens; M: mirror; TL:
tube lens; RL: relay lens; CMOS: Complementary metal-oxide-semiconductor.

The sample preparation was carried out as follows. First, unstained cryostat mouse eye sections (5 µm thickness) were
prepared on glass carriers and embedded in phosphate buffered saline (PBS). Other undesired parts of the eye, as the
cornea, the sclera and choroid, were mechanically removed utilizing a scalpel. Next, the sample was washed several
times in PBS to ensure that no dissected sample parts remained in the surrounding medium. Finally, for DHM
measurements, the sample was covered with a cover slip.
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2.2 Reconstruction of digital holograms for quantitative phase imaging of murine retina sections
The reconstruction of quantitative phase images from the acquired off-axis holograms was carried out by spatial phase
shifting15,16. If the sample was not imaged sharply during hologram recording at different wavelength, numerical
refocusing was applied17. Specially, numerical refocusing was necessary for near-infrared wavelengths, since the
employed achromatic objective was designed to correct for chromatic aberration in wavelengths of the visible range.
Figure 2 illustrates the performance of multi-wavelength DHM for quantitative phase imaging of dissected mouse retina.
In particular, to minimize possible unwrapping errors resulting from the thickness of the sample tissue, several digital
holograms were acquired at different wavelengths in the interval 800-850 nm in steps of Δλ=10 nm. This wavelength
range is especially important in high resolution ophthalmological imaging with optical coherence tomography (OCT).

Figure 2. Example for evaluation of reconstruction of multi-wavelength digital holograms and corresponding quantitative
phase images (QPI): (a): digital off-axis hologram of a region of a mouse retina section. (b): Enlarged spatial carrier fringe
pattern of (a). (c) Two dimensional frequency spectrum of (a). (d): Quantitative phase contrast image (mod 2π). (e):
Unwrapped phase distribution. (f): Stack of QPI of the same region that were obtained from digital holograms at different
wavelengths. (g) Averaged QPI obtained by numerically superimposing the stack of QPIs in (f). The dashed line indicates
the cross section evaluated in Figure 3 for refractive index determination.
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3. REFRACTIVE INDEX DETERMINATION OF MURINE RETINA SECTIONS
As it can be observed in Fig.2, the different cell layers that form the retina modulate the phase distribution of the retina.
In order from the eye lens to the choroid, these layers are: the ganglion cell layer (GCL), the inner plexiform layer (IPL),
the inner nuclear layer (INL), the outer plexiform layer (OPL), the outer nuclear layer (ONL), the inner and outer
segments (IS and OS, respectively), and the retinal pigment epithelium (RPE)18. In order to investigate the refractive
index of each layer, one can recall the relation between the measured quantitative phase delay Δϕs of the object, the
thickness and the refractive index of the sample:
Δϕ S =

2π

λ

( nS − nmedium ) dS ,

(1)

where λ is the applied laser wavelength, dS represents the thickness of the sample, ns the integral refractive index of the
sample, and nmedium the refractive index of the surrounding medium.
With information about the thickness of the sample tissue, and regarding the optical dispersion of the surrounding
medium, the information of the reconstructed object wave phase can be applied for determination of the integral
refractive index of the specimen:

nS = nmedium +

λ
ΔϕS .
2π dS

(2)

Figure 3 shows the measured refractive index of the retina ns = nretina along the cross section indicated with the
dashed line in Fig. 2(g). The detected spatial refractive index distributions correlate with reported OCT and
histology images of mouse retina.19 Due to the high refractive index different between consecutive cell layers, the
refractive index of the GCL, the INL, the ONL and the RPE can be clearly detected. The refractive indices that are
obtained for these cell layers are in well agreement with previously reported values for living cells and dissected
tissues20,21.

Figure 3. (a) Calculated integral refractive index nretina of the retina through the cross section indicated with a dashed line in
Fig. 2(g) for the specific wavelengths λ = 810 nm and λ = 850 nm, and (b) the averaged value of the refractive index using
QPIs from λ = 810 nm to λ = 850 nm in steps of Δλ = 10 nm.

4. CONCLUSIONS
In summary, we have reported a novel method for label-free refractive index characterization of dissected murine retina
based on multispectral quantitative phase imaging (QPI) using digital holographic microscopy (DHM). By acquiring
digital off-axis holograms with a tunable laser, our approach enables to investigate the refractive index distribution of
retina at different wavelengths. Results from an unstained cryostat mouse retina section demonstrate that the method
allows detection and quantitative analysis of the refractive index of the different tissue layers that form the retina. In
conclusion, quantitative phase imaging using multi-spectral DHM is a promising tool for label-free characterization of
optical retina properties.
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