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Epifluorescence imaging is widely used in cell and molecular
biology due to its excellent sensitivity, contrast, and ease of
implementation. Optoacoustic imaging has been shown to
deliver a highly complementary and unique set of capabil-
ities for biological discovery, such as high spatial resolution
in noninvasive deep tissue observations, fast volumetric im-
aging capacity, and spectrally enriched contrast. In this
Letter, we report on a hybrid system combining planar fluo-
rescence and real-time volumetric four-dimensional opto-
acoustic imaging by means of a fiberscope integrated
within a handheld hemispherical ultrasound detection array.
The in vivo imaging performance is demonstrated by non-
invasive visualization of fast contrast agent perfusion
through the mouse brain. The proposed synergistic combi-
nation of fluorescence and optoacoustic imaging can benefit
numerous studies looking at multi-scale iz vivo dynamics,
such as functional neuroimaging, visualization of organ per-
fusion and contrast agent uptake, cell tracking, and pharma-
cokinetic and bio-distribution analysis. © 2017 Optical
Society of America

OCIS codes: (110.0110) Imaging systems; (170.0170) Medical optics
and biotechnology; (110.5120) Photoacoustic imaging; (110.6880)
Three-dimensional image acquisition; (170.5120) Photoacoustic im-
aging; (170.2520) Fluorescence microscopy.
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Fluorescence imaging is a powerful approach for the dynamic

visualization of anatomy and function in biological tissues with
high specificity. A myriad of existing fluorescent compounds
(fluorophores) enable to specifically label molecular targets
in cellular and subcellular structures and, hence, provide exper-
imental observations of gene expression and other molecular
pathways in health and disease [1]. At the cellular level,
state-of-the-art fluorescence microscopes can also overcome
the spatial resolution limit imposed by optical diffraction [2]
or provide sufficient temporal resolution to capture changes
in fluorescent indicators of neural activity [3]. However, fluo-
rescence microscopy is inherently constrained by light scatter-
ing, which limits the reachable depth to ~1 mm in diffuse
tissues. At macroscopic scales, fluorescent probes with excita-
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tion and emission spectra in the near-infrared (NIR) spectral
window may still enable retrieving molecular information from
deep tissues [4,5], albeit with poor spatial resolution governed
by the diffusive propagation regime of light [6]. Macroscopic
epifluorescence imaging in the visible region has found many
useful applications, such as monitoring of neuronal activity
with calcium or voltage indicators [7,8], while the availability
of high-sensitivity cameras in a second NIR window in
combination with newly developed fluorescent probes can
significantly enhance the imaging depth [9].

In contrast to tomographic imaging methods based on
diffuse optics, optoacoustic (OA) imaging is known to deliver
a unique set of capabilities that stem from the higher spatial and
temporal resolution of ultrasound-based image formation
approaches. OA imaging further provides deep penetration,
resolution scalability from microscopic to macroscopic dimen-
sions, and spectrally enriched imaging contrast [10-13].
State-of-the-art OA systems have been shown to provide
five-dimensional imaging capacity by simultaneously delivering
spectrally resolved information three-dimensionally and in real
time [14]. The label-free optical absorption contrast exploited
in biomedical OA imaging readily enables detecting the pres-
ence of intrinsic tissue components, such as oxy- and deoxy-
hemoglobin, melanin, bilirubin, lipids, and water [I5].
Importantly, the inherent spectral sensitivity of multi-spectral
OA imaging has enabled sensitive differentiation of many or-
ganic fluorescent dyes. Dyes with peak absorption at NIR
wavelengths, such as indocyanine green (ICG) [16], are par-
ticularly suitable for deep tissue OA imaging due to their high
extinction coefficient and a relatively low quantum yield [17].

To this end, a number of approaches have been suggested
for combining fluorescence and OA measurements. For exam-
ple, OA tomography (OAT) and fluorescence molecular
tomography have been combined and compared [18]. Two
separate OA and planar fluorescence systems have also been
hybridized [19,20]. Dual-modality microscopes for superficial
imaging applications have further been constructed [21,22].
However, all these approaches were not suitable for simultane-
ous deep-tissue imaging in both fluorescence and OA modes,
while the relatively slow acquisition further hindered the effi-
cient acquisition of dynamic in wvivo phenomena. Efficient
hybridization is also hampered by the limited accessibility of
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the imaged area when attempting to collect high-quality data in
both fluorescence and OA modes, the latter also necessitating
liquid acoustic coupling and large tomographic coverage for op-
timal three-dimensional (3D) image quality [23]. In this Letter,
we present a hybrid system based on the integration of a spe-
cifically designed (EMCED) fluorescence fiberscope into a
spherical ultrasound array optimized for four-dimensional
(4D or real-time 3D) OA imaging performance. In this way,
both fluorescence and OA responses are excited with the same
nanosecond-duration laser pulse guided via optical fibers inte-
grated into the fiberscope, which allows effectively exploiting
the contrast mechanisms of both imaging modalities.
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density to effectively excite both fluorescence and OA
responses. Specifically, a short-pulsed (~6 ns duration) wave-
length-tunable optical parametric oscillator (OPO) laser
(InnoLas Laser GmbH, Germany) was used for the excitation.
The ultrasound waves generated by the absorption of each laser
pulse in the tissue were collected by the 512 individual detec-
tion elements of the spherical array, simultaneously sampled at
40 megasamples per second with a custom-made data acquis-
ition system (Falkenstein Mikrosysteme GmbH, Germany)
and transmitted in real time to a PC workstation for volumetric
image reconstruction. At the same time, the fluorescence re-
sponses acquired by the fiberscope were also transmitted in real

A layout of the suggested hybrid imaging system,is C}Cgiaeﬂiplyin Jig 5o 588&@ Forkstarige )display and data analysis.

N . > . e
in Fig. 1. Basically, it consists of a custom-made

based fiberscope for epifluorescence imaging and a hemispheri-
cal transducer array for volumetric OA imaging. The transducer
array consists of 512 piezocomposite elements disposed on a
spherical surface with 40 mm radius covering an angle of
140°. The ultrasound sensing elements have 2.5 mm diameter,
5 MHz central frequency, and ~100% bandwidth (at -6 dB).
The distribution of elements guarantees good sensitivity in a
region of interest (ROI) around the center of the sphere.
The fiberscope is composed of a fiber optic image guide and
optical relay system, an illumination fiber bundle, and a
high-performance air-cooled EMCCD camera. The scope shaft
(custom-made by Zibra Corporation, U.S.) integrates a
1.4 mm fiber optic image guide composed of 100,000 fibers
(inset A in Fig. 1), along with an illumination bundle com-
posed of seven silica fibers with 600 pm diameter and 0.4
numerical aperture (insets B and C in Fig. 1). The ultrasound
array features a central 8 mm cylindrical opening that matches
the outer diameter of the scope’s shaft (inset D in Fig. 1). The
small diameter of the opening does not significantly affect the
effective angular coverage of the spherical array, so that limited
view effects in the reconstructed OA images are minimized.
The EMCCD camera (Andor Luca R, Oxford Instruments)
has an active image area of ~9 x 9 mm, corresponding to
1004 x 1002 pixels with size 8 pm x8 pm. It has a high spectral
sensitivity at visible and NIR wavelengths with extremely low
noise. An emission filter is placed in front of the camera to se-
lectively filter the fluorescence signals. The illumination bundle
was specifically arranged to provide approximately uniform
illumination at the center of the array with sufficient energy

EMCCD
camera

\

[lumination
fiber bundle

Transducer
array

Fig. 1. Layout of the hybrid planar fluorescence system.
Photographs of the imaging bundle, input, and output ends of the
illumination bundle and schematic drawing of the transducer array
are shown in insets A, B, C, and D.

First, we tested the spatial resolution of the hybrid system.
For this, a USAF 1951 test target (Thorlabs R3L3S1N) was
placed ~37 mm away from the tip of the scope shaft, corre-
sponding to its standard working distance. White light was
coupled into the illumination bundle of the fiberscope.
Bandpass optical filters with 525 nm (£19.5 nm, Thorlabs
MF525-39) and 800 nm (420 nm, Andover 800FS40-25)
were successively placed in front of the camera, and the corre-
sponding images were acquired. A third acquisition was further
performed after removing the filters. The same USAF target
was used to evaluate the OA resolution in the lateral x—y plane.
It was placed at approximately the center of the spherical array
geometry and excited with the OPO laser tuned to 700 nm.
The excitation laser beam was coupled into the illumination
fiber bundle. No signal averaging was performed for the OA
data acquisition. The USAF target was also used to calibrate
the azimuthal orientation of the epifluorescence and optoacous-
tic imaging systems by registering fiducial markers in the
images.

Results of the resolution characterization experiments are
presented in Fig. 2. Images of the entire USAF target acquired
through the 525 nm bandpass filter and its zoom-in are shown
in Figs. 2(a) and 2(b), respectively. The corresponding images
for the 800 nm wavelength and white light illumination are
further displayed in Figs. 2(c) and 2(d). The indicated line pro-
files allow identifying the thinner lines that can be resolved.
The resolution achieved when no filter was used (white light)
was approximately 20.16 lp/mm (group 4, element 3), while
resolutions of 22.62 Ip/mm (group 4, element 4) and
12.7 Ip/mm (group 3 element 5) were rendered for the 525
and 800 nm excitation wavelengths, respectively. The inferior
resolution at 800 nm is attributed to crosstalk between the indi-
vidual fibers of the optic image guide at this wavelength range.
Figure 2(e) shows the cross section of the OA image of the
USAF target. A line profile is also displayed, indicating an
approximate resolution of 5.66 Ip/mm (group 2, element 4)
in the x and y directions. This corresponds to the spatial res-
olution of 177 pm, in good agreement with the ~5 MHz de-
tection bandwidth of the transducer elements. The table in
Fig. 2(f) summarizes the spatial resolution characterization
results of the hybrid system.

The synergetic advantages of the real-time hybrid imaging
system were subsequently showcased by imaging two 64-day-
old athymic nude-Fox1™ mice iz vivo (Harlan Laboratories
LTD, Switzerland). In particular, the brain was imaged follow-
ing a tail vein injection of 100 pl of ICG at a concentration of
750 pg/ml (~1 mM). The mice were anesthetized with 1-2%
isoflurane in oxygen at 0.7—0.8 1/ min. Imaging was performed
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Fig. 2. Spatial resolution characterization of the hybrid system.
(@) Image of the entire USAF 1951 target acquired with the
525 nm bandpass filter. The white circle shows the effective FOV
of the fiberscope. (b)-(d) show the zoomed-in images acquired for
525 nm, 800 nm, white light illumination, and the corresponding
1D profiles along the red lines. The imaged area is indicated by
the red box in (a). (¢) Optoacoustic image acquired from the
USAF 1951 target. A single cross section corresponding to the area
indicated by a blue box in (a) is shown. (f) Summary table of the mea-
sured spatial resolution of the hybrid system.

transcranially, but the scalp was partially removed to evaluate
how it affects the imaging performance in both modalities.
Animal handling and surgical procedures were performed ac-
cording to the directives on animal experimentation of the
Helmholtz Zentrum Miinchen and with approval from the
Government District of Upper Bavaria. The laser was running
at a pulse repetition rate of 25 Hz at 700 nm wavelength. The
camera integration time was set to 0.1 s. A long pass filter
(Edmund Optics, Stock # 66-227) with an 800 nm cut-on
wavelength was placed in front of the camera. Time-lapse fluo-
rescence and 3D OA data were acquired for a total duration of
300 s, starting ~10 s prior to the ICG injection. Following data
acquisition, volumetric OAT image reconstruction was done
with the 3D filtered back-projection formula [24]. To show
the signal variation over time, both fluorescence and OA images
were normalized to their corresponding global maxima within
the entire recording period.

Figure 3 shows the hybrid fluorescence and OA images
acquired from the first mouse after the ICG injection. It
can readily be seen that the presence of the scalp causes signifi-
cant blurring of the underlying vasculature in the fluorescence
images, whereas some superficial cortical microvasculature can
be more clearly observed when the scalp is removed. In con-
trast, no deterioration of image quality is observed in the
OA images shown in Fig. 3(b), and all the major vessels are
clearly observed under both areas with an intact scalp (indicated
by the white arrows) and with the scalp removed (indicated by
the blue arrows). Thus, cleatly resolvable 3D information can
be obtained from deep seated vascular structures way beyond
the limits of ballistic light penetration.

Figure 4 shows the time lapse imaging results acquired from
the second mouse after the ICG injection. Figure 4(a) shows
the fluorescence images captured at different time instances,

Vol. 42, No. 22 / / Optics Letters 3

© Optoacoustic signal (a.u.) =

~(b)

Fig. 3. Contrast-enhanced imaging of the mouse brain iz vivo.
(a) Fluorescence image of the mouse brain after tail-vein injection
of ICG. The red curve shows the boundary of the removed scalp.
(b) Corresponding volumetric OA images (maximal intensity projec-
tions along z and x axes are shown). The blue arrows show vessels that
can be observed in both modalities, while the white arrows show the
vessels that can only be clearly observed in the OA images.
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o

Fluorescence signal (a.u.)
o I |
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Imm

(a (b) ©
Fig. 4. Non-invasive time lapse imaging of the mouse brain in vivo
following ICG injection at # = 0. (a) Series of the epifluorescence im-
ages. (tk]) and (c) Corresponding volumetric optoacoustic images; the
1 X11 m . . .
intensity projections along the depth (z) and lateral (x) axes
are shown respectively.
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and Fig. 4(b) shows the corresponding optoacoustic images in
the x—y and y—z planes. Within a short time following the ICG
injection, both fluorescent and OA signals raise sharply.
However, the average fluorescent signal level remains at its
highest level at 10 s post-injection, while the OA signal starts
decreasing after reaching its peak around the 7.5 s time point.
This can be attributed to the lack of depth resolving capability
of fluorescence with its surface-weighted signal averaged across
different depths (see also Visualization 1).

To this end, various implementations of OA imaging and
OAT have demonstrated powerful performance in visualizing
and quantifying intrinsic tissue components and exogenous
compounds, including fluorescent probes [17,25]. The herein
developed combination of real-time epifluorescence and opto-
acoustic imaging offers important synergistic advantages. First,
concurrent real-time validation with a well-established method
is crucial for establishing accuracy and reproducibility of the
OA imaging results. This is of particular importance for the
visualization of rapid 77 vivo dynamics that cannot be reliably
validated on an ex vivo specimen, e.g., in functional neuroimag-
ing applications [26]. On the other hand, the higher resolution
of optoacoustics in deep regions enables better localization of
fluorescence agents in microvascular structures.

To the best of our knowledge, our proposed solution is the
first to offer hybrid fluorescence-optoacoustic imaging of living
tissues across large fields of view (FOVs) and real-time perfor-
mance both in 2D and 3D. The implemented epifluorescence
configuration is essential if the sample has limited accessibility,
further facilitating image registration and enabling hand-held
operation of the hybrid device to optimally support both
pre-clinical and clinical studies. The specifically designed fiber-
scope used for fluorescence imaging enables covering a large
ROI with high spatial and temporal resolution. The compact
design of the fiberscope does not compromise the large angular
detection coverage necessary for the accurate 3D OA image
reconstruction. Light excitation for both modes is done with
the same short-pulsed laser source, thus facilitating an effective
registration and cross-validation of the images.

It was shown that the fiberscope provides optical imaging of
superficial targets over a large spectral range with 44 pm spatial
resolution and effective FOV of ~80 mm?. The resolution
slightly deteriorates for NIR wavelengths due to crosstalk be-
tween the individual fibers; yet, it matches well the ~175 pm
spatial resolution of the optoacoustic system. As a practical exam-
ple, it was shown that the cortical microvasculature of the mouse
brain could be resolved with epifluorescence after scalp removal
and contrast enhancement by a fluorescent agent. On the other
hand, OA allowed volumetric imaging of the deep brain without
deterioration of the spatial resolution with depth. It should be
noted that higher spatial resolution can be achieved with nearly
the same OA system by using a spherical array with a larger de-
tection bandwidth which, however, comes at the expense of a
smaller effective FOV. The real-time 3D imaging capacity of
OA also makes it more suitable for monitoring the dynamics
of injected contrast agents, even for superficial regions.

In conclusion, the newly developed hybrid system enabled,
for the first time, to the best of our knowledge, registered real-
time epifluorescence and 4D OA imaging, making it especially
useful for accurate monitoring of fluorescence-based signal dy-
namics in highly scattering samples. The proposed synergistic
combination and cross-validation between fluorescence and
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optoacoustic imaging can benefit numerous studies looking
at multi-scale 77 vivo dynamics, such as functional neuroimag-
ing, visualization of organ perfusion and contrast agent uptake,
cell tracking, and pharmacokinetic and bio-distribution analysis.
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