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Abstract. We demonstrate the application of an extended
field of view hybrid microscope, integrating distinct optical
and photoacoustic (PA) contrast modes, for the precise
three-dimensional anatomy delineation of the ciliary
body/iris structures in healthy rabbit eyes ex vivo. The glu-
taraldehyde-induced autofluorescence and the intrinsic PA
signals provided by each of the employed imaging modal-
ities were characterized by a high spatial complementarity,
offering thus rich morphological information regarding the
pars plana and pars plicata ciliary body portions, the iris, as
well as, the attached zonule fiber strands. The bimodal
microscopy approach presented could find application
on studies involving the ocular accommodation mecha-
nism or pathological ciliary body conditions, as a powerful
diagnostic technique contributing to the understanding of
ocular physiology and function. © 2017 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.22.6.060501]
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The ciliary body is an ocular structure being responsible for two
important functions: the secretion of aqueous humor in the ante-
rior chamber by the epithelium cells and the accommodation of
the eye through the control of the lens shape.1 Due to its high
significance in ophthalmology and vision science, several stud-
ies have attempted in the past to describe its anatomy and
physiological function using mainly scanning electron micros-
copy (SEM),2,3 which has been considered advantageous over
traditional light imaging methods for such a case. Recently,
however, the imaging community’s interest has been directed
to the development and application of hybrid microscopy instru-
ments incorporating photoacoustic (PA) contrast modalities
together with well-established optical techniques, to collect
complementary information regarding the sample under
observation.4–6 As far as ocular imaging is concerned, a limited
number of such high-resolution multimodal systems have been

employed for the in vivo imaging of the retinal region, by com-
bining the PA modality with state-of-the-art medical diagnostic
tools, such as optical coherence tomography7,8 and fluorescein
angiography.9 Furthermore, PA contrast has been effectively
combined with ultrasound imaging to reveal anatomical infor-
mation of several ocular components, such as ciliary body and
choroid in pig eyes ex vivo.10 In addition, another ex vivo study
has imaged successfully retinal and ciliary body specimens, by
exploiting both of the simultaneously generated PA and
autofluorescence (AF) signals, following the excitation by a sin-
gle-laser source.11 Nevertheless, this approach was limited to an
extremely small field of view, in the order of ð1.5 × 1.5Þ mm2,
not allowing for the extraction of useful three-dimensional (3-D)
anatomical information as to the whole ciliary body/iris/zonular
fibrils system. Moreover, despite its admittedly high comple-
mentarity degree, the acquired AF contrast was highly question-
able regarding its exact origin, and in any case, was restricted
exclusively to the surface of the pigmented epithelium of the
excised specimen.

Herewith, we present the application of an extended field of
view hybrid microscope, integrating distinct optical and PA con-
trast modes, for the precise anatomical delineation of the ciliary
body and iris structures. To demonstrate the capabilities of this
imaging system, we used tissue specimens enucleated from
healthy rabbit eyes (European rabbit—Oryctolagus cuniculus).
Following the enucleation, two small holes were opened in each
side of the eye bulb to facilitate the distribution of the fixation
medium into the eye. The samples were submerged in 2.5% glu-
taraldehyde solution, serving as an AF inducing agent, as well
as, sterilization and preservation medium and stayed overnight.
Prior to the measurements, the eye bulb was sectioned in two
parts, and the anterior segment was immobilized on a standard
170-μm-thick coverslip glass (with the rear side of the specimen
facing its surface) using 2% concentration agar solution to avoid
any drifting effects during the imaging procedure.

Figure 1(a) shows a schematic representation of the anterior
segment of the eye from a posterior perspective (as looking from
the retina) displaying several anatomical features of the ciliary
body and the crystalline lens. Figure 1(b) shows a bright-field
view of a bisected anterior segment specimen with the crystal-
line lens removed prior to the imaging session. The inner surface
of the eye appears to be completely dark due to the highly
absorptive retinal pigmented epithelium layer, hindering a
detailed anatomical inspection through direct optical observa-
tion. The custom-developed hybrid microscopy setup shown
in Fig. 1(c) integrates two distinct excitation paths, each of
them dedicated for the AF and PA imaging mode, respectively.
The AF imaging path employs a compact CW diode-pumped
laser module (CPS450, Thorlabs, Newton, New Jersey; output
power 4.5 mW) emitting at 450 nm, as an excitation source. Due
to its highly elliptical shape, the beam is spatially filtered using
an optical system consisting of two positive lenses (L1 and L2)
and a 50-μm-diameter pinhole to improve its quality. The fil-
tered radiation is further attenuated after passing through a
set of neutral density filters, to avoid any photodamage effects
on the examined specimen. The beam is subsequently reflected
by a long-pass dichroic mirror (DMLP505, Thorlabs, Newton,
New Jersey; cutoff wavelength: 505 nm) and guided into a prop-
erly modified inverted optical microscope (Labovert, Leitz,
Wetzlar, Germany), following a 6× expansion by a telescope
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(L3 and L4). An objective lens (Achromat 8×, LOMO, St.
Petersburg, Russia; air immersion; NA: 0.2) focuses the light
directly on the rear side of the anterior segment specimen,
which is placed at the bottom of an optically transparent
water tank. The tank is attached on a high precision 3-D trans-
lational motion system consisting of a fast motorized XY scan-
ning stage (8MTF-75LS05, Standa, Vilinius, Lithuania) and the
built-in manual Z-control of the microscope, through which the
imaging focal plane is selected. A part of the back-scattered
fluorescence radiation is collected by the objective, transmitted
through the dichroic mirror, and focused (lens L5) on a
25-μm-diameter pinhole, to reject the out-of-focus incoming
light. A long-pass filter (LP03-532RU-25, Semrock Inc.,
Rochester, New York; edge wavelength: 532 nm) is placed
behind the pinhole to cut off the reflected excitation radiation
and isolate exclusively the in-focus emitted AF, which is finally
detected by a photomultiplier tube (H6780-20, Hamamatsu,
Hamamatsu City, Japan). The generated signals are recorded
by a high-speed data acquisition (DAQ) card (PCIe-9852,
ADLINK, Taipei, Taiwan; sampling rate: 200 MS∕s; band-
width: 90 MHz) and subsequently stored in a computer, follow-
ing the averaging of 40 measurements for SNR improvement. A
typical 400 × 400 pixels optical imaging session requires
around 15 min to complete by the XY stages, which raster scan
the specimen over the beam focus.

Regarding the PA imaging path, a variable repetition rate
pulsed Nd:YAG laser emitting at 1064 nm (QIR-1064-200-S,
CrystaLaser LC, Reno, Nevada; pulse energy: 29.4 μJ, pulse
duration: 10 ns, selected repetition rate: 6.78 kHz) is employed
as an excitation source. The beam is focused on a Lithium tri-
borate (LBO) second harmonic generation (SHG) crystal
(Castech Inc., Fuzhou, China) to be partially transformed into
a 532-nm wavelength and subsequently collimated by a second
lens (L6 and L7, respectively). A bandpass filter (FF01-531/40-
25, Semrock, Rochester, New York) is used to reject the remaining

fundamental infrared radiation, whereas the transmitted visible
wavelength is adequately attenuated through a second set of
neutral density filters. With the AF reflecting mirror flipped
out of the optical path, the PA excitation beam passes through
the dichroic mirror and the telescope of the system, to be
focused by the same objective lens on the specimen under obser-
vation. The induced PAwaves are detected by a 20-MHz central
frequency spherically focused ultrasonic transducer (V373-SU,
Olympus, Tokyo, Japan; effective bandwidth: 13 to 33 MHz,
focal distance: 32 mm), which is immersed into the tank in a
confocal and coaxial configuration with respect to the optical
focus. The distilled water in the tank serves as a coupling
medium between the source and the detector, ensuring the effec-
tive PAwaves propagation. The generated signals are enhanced
by a low noise RF amplifier (AU-1291, Miteq, New York; gain:
63 dB) and recorded by the DAQ card of the system, which is
synchronized with the laser trigger signal. The raster scanning of
the specimen is similarly achieved using the motorized XY
stages of the microscope and requires around 20 min to com-
plete (400 × 400 pixels, 16 averaged waveforms). To generate
a 3-D PA imaging reconstruction, the recorded time-domain sig-
nal for each lateral scanning position was Hilbert-transformed,
and its modulus was assigned directly to the respective voxel
intensity. The data processing, as well as, the coregistration
of the recorded images was performed with MATLAB™ and
ImageJ Java-based software.

Figure 2(a) shows a PA imaging reconstruction of a whole
ciliary body/iris specimen excised from a rabbit eye, in posterior
perspective view. In this case, the recorded volume was
ð16 × 16 × 3Þ mm3, whereas the respective voxel size was
equal to ð40 × 40 × 15Þ μm3. Such an extended field of view
image provides high-resolution anatomical information through
the PA signals generation, as a result of the strong absorption of
the incident visible radiation by the pigmented epithelium layer
covering the whole specimen. More specifically, the outer
region (1) in red color corresponds to the pars plana (flat por-
tion) of the ciliary body, having a typical smooth surface mor-
phology. The inner region (2) in green represents the pars plicata
(folded portion), located anterior to the pars plana and posterior
to the iris of the eye. As it is clear from the PA reconstruction,
the pars plicata is characterized by several radially oriented
ridges pointing toward the pupil, named ciliary processes,
which are known to secrete aqueous humor into the anterior
eye chamber. Furthermore, it is apparent that the PA signal
amplitude presents a consistent periodic modulation along the
circumference of the pars plicata, revealing thus the tips of
the processes as high signal regions, and the valleys lying
between them as locations of low or negligible signal.
Finally, the area (3) marked with yellow color represents the
iris of the eye, which appears as a round region of ∼10 mm

in diameter. It is noteworthy that the iris generates lower signals
compared to the surrounding ciliary body; however, this effect
can be attributed to the decreased local energy fluence in this
region, as a result of the excitation beam’s divergence, rather
than the significantly different absorption properties of the tis-
sue. A side view of the PA reconstruction for a central
∼1-mm-width slice (indicated with a dashed box) is presented
in Fig. 2(b), to provide an additional anatomical aspect of the
specimen under investigation. This image reveals clearly the cil-
iary body’s axial position in respect to the iris, appearing to pro-
trude by a vertical distance in the order of 2 mm. The zero signal
area located in the center of the iris region corresponds to the

Fig. 1 Specimen’s anatomy and hybrid imaging apparatus.
(a) Schematic representation of the anterior eye segment from a pos-
terior perspective. (b) Bright-field view of a healthy rabbit eye that has
been bisected in the coronal plane (crystalline lens removed).
(c) Hybrid microscopy setup integrating optical and PA modes.
Abbreviations: L(1-7), lenses; PH, pinhole; ND, neutral density filters;
DM, dichroic mirror; FMM, flip mount mirror; F1, long-pass filter; PMT,
photomultiplier tube; SHG, second harmonic generation crystal; F2,
bandpass filter; M, mirror; OL, objective lens; XYZ , 3-D translation
stages; WT, water tank; UT, ultrasonic transducer; A, amplifier;
DAQ, data acquisition card; and PC, recording computer.
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pupil, which allows the incoming light to pass into the eye.
Having delineated the coarse anatomy of a whole ciliary
body/iris specimen using exclusively the PA contrast mode,
we proceeded to the hybrid PA and optical imaging of an ante-
rior segment slice which was bisected from an additional eye
bulb. Figure 3(a) shows a maximum amplitude projection
PA image of the scanned area, having lateral dimensions ð3.86 ×
5.93Þ mm2, with a respective pixel size of ð20 × 20Þ μm2. The
top part of the image depicts the ciliary processes and the valleys
between them, as well as, the surrounding smooth pars plana
region in high spatial resolution and contrast. Moreover, the
lower half of the image reveals clearly the iridial processes,
which extend radially along the posterior surface of the iris,
forming continuations of the ciliary processes. The sequential

AF imaging session of the same region is presented explicitly
in Fig. 3(b), to reveal several fibrous structures following
straight or multifolded paths as they extend along the ciliary
body. It is noteworthy to mention that these signals appeared
to be highly specific in space, since no remarkable AF contri-
bution was observed by other regions of the specimen. Basic
anatomical knowledge of the eye indicates that this character-
istic arrangement of fibers corresponds to a segment of the cil-
iary zonule (or zonule of Zinn), a ring of fibrous strands that
connects the ciliary body to the crystalline lens, playing an
important role during accommodation. The main component
of these fibrous strands is fibrillin,12,13 a glycoprotein present
virtually in all dynamic connective tissues.14 On the other
hand, the glutaraldehyde fixation medium that was used as pre-
servative following the eye enucleation, is known to react with
several biomolecules, such as proteins and peptides to generate
high quantum yield fluorophores.15 Therefore, a possible
explanation of the fluorogenic mechanism regarding the inves-
tigated specimens could be the fibrillin cross-linking with glu-
taraldehyde resulting in the emission of strong AF signals. This
hypothesis is further supported by the absolute absence of any
fluorescence from samples that had not been embedded in glu-
taraldehyde prior the optical imaging session. Figure 3(c) is the
merged bimodal reconstruction of the specimen through the
employed PA (red) and optical (green) contrast modes. The cor-
egistered image shows clearly the fiber strands entering the cil-
iary valleys closely attached to the lateral walls of the protruding
ciliary processes, to end up within the depths of the pigmented
epithelium covering the pars plana region. It is worth mention-
ing that such a detailed description of the ciliary body’s anatomy
is found in excellent agreement with the relevant SEM1–3 stud-
ies, providing in this manner, additional evidence regarding the
claimed imaging contrast sources. As a last step, we have
imaged a ciliary body section using both modalities, this time
by zooming in a region at the border between pars plana and
pars plicata portions as explicitly shown in Fig. 3(d). For this
image, the scanned area was ð2.85 × 2.35Þ mm2, whereas the
respective pixel size was as small as ð7.5 × 7.5Þ μm2. To provide
an approximate lateral size estimation of the imaged compo-
nents, we have plotted the signal intensity values along the dot-
ted line of the figure. The PA curve (red dashed line) of the graph
presented in Fig. 3(e) corresponds to a full width at half maxi-
mum value in the order of 300 μm for the central ciliary process.
On the other hand, the respective width of the AF peaks (green
line) ranges between 35 and 55 μm, which constitutes a good
measure of the zonular fiber strands diameter. Once more, both
of the calculated values are very close to the relative bibliographi-
cal references as to the dimensions of these ocular structures in
similar rabbit eye specimens using SEM,16,17 validating thus the
reliability of the proposed imaging methodology.

In conclusion, we have presented the application of a proto-
type hybrid optical and PA microscopy system for the detailed,
structural imaging of the ciliary body/iris tissue in rabbit eye
specimens. We have demonstrated that the signals provided
by each of the integrated modalities are spatially complementary
and have the potential to offer high contrast anatomical infor-
mation regarding the pars plana and pars plicata ciliary body
portions, the iris, as well as, the attached zonule fiber strands.
Nevertheless, further histopathological studies have to be per-
formed to verify the exact imaging contrast source for each case.

To boost the current microscope’s performance, in terms of
spatial and temporal resolution, SNR, and contrast specificity,

Fig. 2 PA reconstruction of a whole ciliary body/iris tissue specimen
enucleated from a rabbit eye. (a) Posterior perspective view of the
anterior segment reveals the (1) pars plana, (2) pars plicata, and
(3) iris parts. (b) Side view of the region indicated with the dashed
box in (a) provides additional anatomical information of the specimen.
Scale bar is equal to 3 mm.

Fig. 3 Hybrid imaging of rabbit eye’s anterior segment. (a) PA image
of ciliary body and iris. (b) Glutaraldehyde-induced AF image
revealing the zonular fibrils. (c) Merged bimodal reconstruction.
Scale bar is equal to 1 mm. (d) High-resolution bimodal image of
the ciliary processes and zonular fibrils in an additional specimen.
(e) Plot of the signal intensity values along the dotted line shown
in (d). Scale bar is equal to 0.5 mm.
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several technical improvements can be implemented in a future
upgraded version of the imaging setup. First of all, the integra-
tion of a fast galvo mirror scanner could dramatically decrease
the acquisition time down to several seconds, enabling thus
high-resolution 3-D fluorescence imaging capabilities. In addi-
tion to this, a broad detection bandwidth ultrasonic transducer
would significantly improve the axial resolving power of the PA
modality to permit a more detailed investigation of the ocular
features of interest. Furthermore, the current hybrid PA setup
could be further combined with more imaging techniques, such
as optical coherence tomography, harmonics generation imag-
ing, or even coherent anti-Stokes Raman scattering microscopy,
to obtain information regarding the specific molecular compo-
sition of different ocular regions. On top of this, an adaptive
optics subsystem coupled with an epi-illumination PA imaging
apparatus could enhance the imaging quality through highly
scattering media of the eye, such as sclera, allowing for whole
eye imaging without the necessity of a specimen’s bisection.
Finally, multispectral PA excitation using NIR, visible, and
UV wavelengths would offer the imaging capability of several
ocular components with distinct optical absorption properties,
such as the cornea, the crystalline lens, the choroid layer, etc.

We anticipate that the bimodal imaging approach introduced
in this work will be further exploited in studies involving the
accommodation mechanism and pathological ciliary body con-
ditions as a powerful diagnostic tool contributing to the compre-
hensive understanding of ocular physiology and function.
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