™ |

Check for
updates

Research Article Vol. 11, No. 4/1 April 2020/ Biomedical Optics Express 2137 |

Biomedical Optics EXPRESS P

Functional optical coherence tomography and
photoacoustic microscopy imaging for zebrafish
larvae

RICHARD HAINDL,"” ® ABIGAIL J. DELORIA," CATERINA
STURTZEL,2 HARALD SATTMANN,! WOLFGANG ROHRINGER,?
BALTHASAR FISCHER,® MARCO ANDREANA,' ® ANGELIKA
UNTERHUBER,' ©® THORSTEN SCHWERTE,* MARTIN DISTEL,2
WOLFGANG DREXLER,! RAINER LEITGEB," AND MENGYANG Liu?

! Center for Medical Physics and Biomedical Engineering, Medical University of Vienna, Vienna, Austria
2Innovative Cancer Models, St. Anna Children’s Cancer Research Institute, Vienna, Austria
3XARION Laser Acoustics GmbH, Vienna, Austria

4 Institute of Zoology, University of Innsbruck, Innsbruck, Austria
*richard.haindl@meduniwien.ac.at

Abstract: We present a dual modality functional optical coherence tomography and photoa-
coustic microscopy (OCT-PAM) system. The photoacoustic modality employs an akinetic optical
sensor with a large imaging window. This imaging window enables direct reflection mode
operation, and a seamless integration of optical coherence tomography (OCT) as a second imaging
modality. Functional extensions to the OCT-PAM system include Doppler OCT (DOCT) and
spectroscopic PAM (sPAM). This functional and non-invasive imaging system is applied to image
zebrafish larvae, demonstrating its capability to extract both morphological and hemodynamic
parameters in vivo in small animals, which are essential and critical in preclinical imaging for
physiological, pathophysiological and drug response studies.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The zebrafish, Danio rerio, is a freshwater fish originally used as a vertebrate animal model
to study molecular genetics and developmental biology [1,2]. The zebrafish and in particular
zebrafish larvae provide several advantages and complementing features to other common model
organisms like C. elegans, Drosophila or mice. The small body size, optical transparency,
fecundity, ex utero development and the independence of convective oxygen transport in stages
before 8 days post fertilization (dpf) make zebrafish larvae a well-suited model for experimental
and genetic studies of organogenesis [3—5]. Despite some differences like the lack of lungs, many
other organ systems including the cardiovascular, the nervous and the hematopoietic systems are
conserved in function and development between zebrafish and humans [6].

In vivo analysis of vascular development in zebrafish larvae is primarily based on confocal
microscopy and the use of transgenic zebrafish strains. Highlighting vascular endothelial cells
by fluorescent protein expression, like tg(flila:EGFP)*! or microangiography based on the
injection of labeled particles including quantum dots into circulation [7—10] is common. However,
the introduction of an exogenous label always bears the risk of perturbing the process under
investigation. Furthermore, studying the interplay of several cell types or structures, simultaneous
investigation is limited by the number of fluorophores with non-overlapping spectra. In addition,
the shallow imaging depth of confocal microscopy and the lack of functional parameters that
can be retrieved by current methods require a better tool for zebrafish larval imaging. The ideal
imaging method of choice would be non-invasive, relies on the intrinsic contrast of the sample and
be able to provide functional parameters like blood flow and oxygenation level. Considering the
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optical transparency of zebrafish larvae and the availability of various endogenous chromophores
such as melanin and hemoglobin, modern non-invasive 3-D optical imaging modalities such as
photoacoustic microscopy (PAM) [11,12] and optical coherence tomography (OCT) [13,14] are
potential successors to traditional methods imaging the zebrafish larva.

PAM’s contrast originates from light absorbing chromophores [11,12]. For pigment suppressed
zebrafish larvae, PAM visualizes the cardiovascular system of the fish, since hemoglobin is the
major absorber [15,16]. Light absorption in most of the larva’s tissue is weak for typical PAM
excitation wavelengths. Therefore, no information or contrast on the zebrafish morphology can
be extracted by relying on PAM as the only imaging modality.

To provide morphological contrast, other imaging modalities can be combined with PAM
as has been demonstrated for mouse ear and retinal imaging before [17-22]. Zebrafish larval
imaging, however, is delicate and necessitates a careful selection of transducer technologies
and sophisticated system alignment. Previously, a photoacoustic, confocal, and two-photon
microscopy system demonstrated to have the capability of imaging the spinal cord, posterior
lateral line and vasculature of zebrafish [23]. Multi-photon, as well as brightfield, second and
third harmonic generation microscopy has been combined with PAM to image melanin and
muscle fibrils in the zebrafish larva [23,24]. Recently, efforts have been made to combine PAM
and photoacoustic radiometry with fluorescence imaging to image transgenic zebrafish larvae in
vivo [25,26], where photoacoustic radiometry measures the light extinction coefficient and gives
morphological contrast of the gross anatomy based on tissue light extinction.

While promising, the PAM modality in current multimodal systems for zebrafish larval imaging
suffers from slow imaging speed and low signal intensities. These drawbacks necessitate very
long imaging sessions and heavy signal averaging, i.e. complicating the capture of moving cells
in living animals [16,25]. The use of a focused piezoelectric transducer in transmission mode
operation with a water tank as acoustic couplant further complicates the integration of other
imaging modalities [15,16,24,25]. Finally, the multimodal systems reviewed above combine an
intrinsic 3-D imaging modality (PAM) with a quasi 2-D imaging modality (confocal, two-photon,
fluorescence imaging and photoacoustic radiometry) [23-27], which debilitates the value of
multimodality.

Recently a multimodal optical coherence tomography and photoacoustic microscopy system
(OCT-PAM) was introduced [28]. The system uses an optical akinetic sensor [29], which can be
positioned on top of the sample for reflection mode imaging. Zebrafish larva’s tissue and vascular
morphologies are resolved by OCT and PAM, respectively by this system in 3-D. However, this
reflection mode OCT-PAM system is still limited in speed due to the use of stepper motors for
scanning and the need of signal averaging. The superluminescent diode (SLED) light source
used for OCT in that system combines three SLEDs, which are not polarization aligned, causing
various artifacts and reduced axial resolution in a fiber based system [30].

Hereby we demonstrate the capabilities of an ultra-high resolution OCT-PAM system which
not only overcomes the limitations of previous and classical imaging systems, but also brings
functional measuring capabilities. Fast laser scanning reduces the imaging time to a few minutes
for a full body OCT-PAM scan of the whole zebrafish larva. A Ti:Sapphire based broad bandwidth
laser enhances the axial resolution of the OCT subsystem to 2.4 um, enabling unprecedented
visualization of organs and retinal layers with OCT in vivo. The implementation of Doppler
OCT (DOCT) and spectroscopic PAM (sPAM) allows us to monitor arterial pulsation, calculate
absolute blood flow, oxygen saturation and oxygen distribution on a microscopic level in the
body and eye of the zebrafish larva. Our work demonstrates, for the first time, the superior
capabilities of OCT-PAM for future morphological, pathophysiological and drug response studies
in a vertebrate model organism [5,6,31-35].
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2. Methods

The schematic of the functional OCT-PAM system can be found in Fig. 1. For PAM an akinetic
optical sensor with a large imaging window (2 mm - 12 mm) is used to detect refractive index
modulations caused by acoustic waves [28,29]. The implementation of the detector allows direct
reflection mode imaging, making it suitable for easy integration of OCT.
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Fig. 1. (a) Functional OCT-PAM system. (b) Absolute velocity extraction principle for
zebrafish body and eye. (c) 3-D printed zebrafish larva mount. (d) Zebrafish larva in recovery
position mounted in the indentation of the zebrafish mount.

The bulk optics (90:10 beamsplitter) Michelson interferometer based spectral domain OCT
sub-system features a Ti:Sapphire laser (150 nm) centered at 780 nm for ultra-high resolution OCT
imaging. The homemade spectrometer consists of a transmission grating with 1200 lines/mm
(3253-W-01, Wasatch Photonics), a focusing lens (85 mm f/2.0 Makro-Planar T, Zeiss), and a
line scan camera (Sprint spl4096, Basler), where 2500 pixel are used for read-out.

The photoacoustic excitation source (SPOT-10-100-532, Elforlight) generates either 532 nm
pulses at 50 kHz pulse repetition rate or tunable wavelengths between 560 nm to 590 nm through
a dye laser (DL-10-5, Elforlight) at 10 kHz using laser grade highly purified dye (Pyrromethene
P597, Exciton) dissolved in Ethanol (Ethanol absolute, VWR Chemicals). The excitation laser
light is coupled into a 1 m single mode fiber (P1-460P-FC-1, Thorlabs), which guides the coupled
light to the scanner, where OCT and PAM sub-systems are combined by a dichroic shortpass
mirror (69-205, Edmund Optics).

The sample arm of the imaging system comprises a pair of galvanometer scanning mirrors
(CTI6220H, Cambridge Technology), a 4f lens system (AC254-050-B-ML and AC254-075-B,
Thorlabs) and a microscope objective (UPlanSApo 4, Olympus) to perform raster scanning across
the sample. The collimated beam has a beam width of 8 mm after the collimator (RCOSAPC-PO1,
Thorlabs). This width is expanded to 12 mm to fill the aperture of the objective (NA = 0.16). The
same optical elements are used in the reference arm to minimize dispersion in OCT. A summary
of the system specifications is given in Tab. 1.
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Table 1. System specifications

OCT PAM
Parameters Specifications ~ Parameters Specifications
Light source broadband Ti:Sapphire laser ~ Light source Elforlight pump, dye laser
Center wavelength 4 780nm  Wavelength 532 nm, 560 nm to 590 nm
Bandwidth A4 150nm  Line and pulse width 3nm, 2 ns (pulsed)
Power on the sample 2mW  Pulse energy on the sample 80nJ
typical A-scan rate 10kHz (up to 140kHz)  Repetition rate 50kHz, 10kHz
Signal to noise ratio 98 dB (measured at 60 kHz)  Noise-equivalent pressure 530 uPa/ VHz
Axial resolution (tissue) 24um  Axial resolution 286 um
Transverse resolution 24um  Transverse resolution 2.4 um

2.1. Data acquisition and processing

OCT-PAM data acquisition, galvanometer mirrors and the PAM excitation laser are controlled
and synchronized with a field-programmable gate array (PCI-7830R, National Instruments).
OCT data is captured via a frame grabber (PCle-1433, National Instruments). Every A-scan is
triggered via the frame grabber’s real-time system integration bus. Standard OCT data processing
(re-scaling, zero padding, dispersion compensation, fast Fourier transform) is performed on the
acquired interferograms [36]. Amplitude and phase of each A-scan are extracted.

For DOCT processing, the phase difference between corresponding depth pixels of consecutive
A-scans is calculated [37,38]. Quantitative DOCT is verified using constant flow (MGVG
Combimat 2000) of a 1:2 mixture of milk diluted with water in a glass capillary [39]. All
DOCT images are acquired with 8 kHz line rate and 800 A-scans per B-scan, corresponding to
a 10 Hz B-scan frequency. For longitudinal arterial pulse velocity measurements, consecutive
single DOCT B-scans are evaluated. To measure the mean absolute velocity, the flow and the
vessel diameter, ten consecutive DOCT B-scans are averaged in complex space to cover two full
heartbeats of the zebrafish embryo [40]. This measurement is repeated five times to evaluate
the repeatability of the DOCT evaluation. The vessel geometry is extracted from the 3-D image.
The vessel diameter d is calculated by averaging the values retrieved from vessel geometry and
axial dgyiq as well as transverse vessel diameter d,q,s (Fig. 1(b)). The axial velocity v,yas is then
extracted from the phase difference image [37,38] and the absolute velocity v and mean blood
flow F are calculated with Doppler angle (o) compensation (Eq. (1)).

2

v:%('z)anszv% (1
For PAM, the pump laser is set to always lase in order to avoid uncontrolled and too high
pulse energies for the first few pulses after cavity unload. The dye laser’s laser line filter is
controlled via software (Thorlabs Kinesis) with a homemade calibrated motorized rotational
stage and an actuator (Z218B, Thorlabs) dc servo controller combination (TDCO001, Thorlabs)
to select the wavelength of interest. Excitation pulse energies are recorded using an energy
meter (EnergyMax-USB J-10SI-HE, Coherent) and the output wavelength is monitored by a
spectrometer (AVS-USB2000, Avantes). During measurements, a control unit (Eta L Hydrophone,
XARION) continuously probes the akinetic sensor to measure the photoacoustic pressure wave
[28,29]. Automatic bias tracking adjusts the interrogation wavelength in real time to counteract
changes in the ambient environment. The data is acquired with a high-speed data acquisition
card (ATS 660, Alazartech). Averaging is performed in a volumetrically normalized way, taking
pulse energy variations recorded by the energy meter into consideration.
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The least square method (LLS) is used for oxygen saturation (sO») calculation [41]. Considering
deoxy- and oxyhemoglobin as the only absorbers, the reconstructed PAM image P(1;,X,y) at a
specific wavelength A; is given by

P(A;,x,y) = O()(egpr(Ai) Crpr(x,y)
+ €10, (A1) Crpo, (%, ),

2

where ®(2), egpr and eppp, denote the local optical fluence and the molar extinction coefficients
(cm™'M™") of HbR and HbO,. Cprpr(x,y) and Cppo,(X,y) are the molar concentrations of
HbR and HbO,. After fluence normalization with the calibrated energy meter, Cypr(X,y) and
Chpo,(x,y) can be estimated by illuminating the sample with at least two excitation wavelengths
and by solving a set of linear equations [41]. The oxygen saturation for each pixel can then be
calculated following Eq. (3).

CHhOz ()C, y)
Chpo,(x,y) + Crpr(x, y)

sOs(x,y) = - 100% 3)

LLS requires the same local optical fluence at different wavelengths after excitation laser energy
normalization [42]. This requirement is satisfied for superficial penetration depths as is the case
in zebrafish larvae [43].

2.2. Optical blood absorption in zebrafish

Like avian and reptilian erythrocytes, zebrafish erythrocytes are elliptical (typically 7 pm -
10 um) and nucleated [32,44] in contrast to the disc-shaped (discocyte) red blood cells in healthy
mammals. Mammalian erythroid cells undergo enucleation, an asymmetric cell division involving
extrusion of a pyknotic nucleus enveloped by the plasma membrane. Mammalian red blood cells
do not normally contain a nucleus and are unable to proliferate [45]. In addition, human and
zebrafish red blood cells contain different combinations of globin molecules [46,47].

Therefore, it is important to know whether major differences exist for blood absorption in order
to accurately quantify the oxygenation levels in the zebrafish vasculature, especially because PAM
commonly uses human absorption coefficients for oxygen level extraction in animal models. Since
there is no reference on zebrafish blood absorption in the literature, we quantified the zebrafish’s
optical blood absorption by measuring 5 uL fresh adult zebrafish blood of five specimen using
a spectrophotometer (U-2000, Hitachi) at various wavelengths. We mixed the zebrafish blood
with 4 mL, 100 % oxygen saturated phosphate buffer at a pH of 7.3 to prepare for the HbO,
measurement and with 4 mL, 0 % oxygen saturated phosphate buffer at a pH of 7.3 for the Hb
measurement. Oxygen-free conditions were achieved by adding sodium dithionite to the solution
[48]. Measurements were performed immediately after mixing.

Normalized hemoglobin optical absorption coefficients for human and adult zebrafish blood
in the wavelength range of 562 nm to 578 nm can be found in Fig. 2. The red (HbO;) and
blue (Hb) dotted curves visualize zebrafish blood absorption, whereas the solid colored lines
indicate human blood absorption. Both human and zebrafish blood absorption curves were used
for photoacoustic sO; extraction to compare the results with each other. Human hemoglobin
absorption coefficients were taken from Scott Prahl’s web database, who has reviewed and
collected spectra to produce an ideal hemoglobin curve [49]. All zebrafish experiments were
carried out under anesthesia (150 mg/L tricaine for 5 minutes) followed by euthanasia and were
approved by the local ethics committee of the University of Innsbruck.

2.3. Animal preparation

In this study we use larvae of the poorly pigmented zebrafish double mutant ednrbla™'~, mitfa™/~.
After spawning, eggs are maintained in E3 medium at 28 oC under standard conditions. To
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Fig. 2. Normalized hemoglobin absorption coefficients for human and adult zebrafish blood.

further suppress pigmentation, 1-phenyl 2-thiourea (PTU) is added to the medium at 22 - 24
hours post fertilization (hpf). Zebrafish larvae aging 96 - 120 hpf are used for imaging.

2.4. Sample preparation

Zebrafish larvae are anesthetized in 100 mg/L tricaine for 5 minutes. After resting time, the
larvae are transferred into a pipette together with 50 uL of tricaine and 100 uL of liquid (at 32 oC)
1.5 % ultra-low gelling temperature agarose (CAS Number 9012-36-6, Sigma Aldrich). The
volume containing the zebrafish is then released into the indentation of a 3-D printed zebrafish
mount shown in Fig. 1(c). Under a microscope, a larva can be gently positioned in a recovery
position (Fig. 1(d)).

After solidification of the agarose, the fish holder is slid into an adapter plate which is mounted
on a three axis manual stage at the position of the “Sample” in Fig. 1 to ensure correct sample
placement during imaging. Ultrasound gel (Litho Clear, NEXT Medical Products) is then placed
on top of the gelified agarose as acoustic couplant. The akinetic sensor is finally placed and fixed
on top and in close proximity to the zebrafish larva (roughly 1 mm) to enable reflection mode
OCT-PAM imaging.

3. Results

Figure 3 depicts typical depth sectioned average intensity en face projection OCT images of a 5
dpf zebrafish larva acquired with our OCT-PAM system. En face projections are averaged every
120 um. Several different brain regions can be identified in Fig. 3(a). Going deeper, the ear with
two otoliths and melanin structures can be identified (3(b)). The most important landmark in
Fig. 3(c) is the zebrafish heart, whose ventricle and atrium are easily identifiable. Figure 3(d)
cuts the fish half way through its body, where most morphological features can be found. Apart
from pigment cells (ochre), yolk sac (blue square) and swim bladder, the spinal cord (green) and
fine structures as well as the zebrafish larva’s internal organs (brown), somites (blue arrow) and
the pineal gland are visualized [50]. The notochord (magenta) is visible in Fig. 3(a), (b) and (e).

Figure 4(a) shows an en face projection of the larva averaging all sagittal slices. In addition
to the morphological contrast based on light scattering provided by OCT, PAM adds a contrast
channel based on absorption. Correspondingly, Fig. 4(b) illustrates the averaged (25x) maximum
amplitude projection PAM image of the zebrafish larva. While OCT reveals tissue structures,
blood vessels such as the dorsal aorta (DA), the caudal vein (CV), the dorsal longitudinal
anastomotic vessel (DLAV) and the intersegmental vessels (ISV) are visualized in the PAM
image. Due to melanin absorption in the pigmented retina, the eyes of the larva show the strongest
signals. It is worth noting that the swim bladder (SB) is visible due to negative contrast, since no
absorbers are present within the swim bladder. The image channels of OCT and PAM can be
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Fig. 3. Depth sectioned OCT average intensity en face projections (slab size 120 pm).
The uppermost slice starts with the focus at the position of the eye (a) continuing depth
increments through the body (b)-(d) to the tail in (e), spanning a total depth of 600 um. Blue
triangle: eye; blue square: yolk sac; blue arrow: myotomes; ochre: pigment cells; yellow:
ear with two otoliths; magenta: notochord; green: spinal cord; brown: internal organs; ME:
Myelencephalon; HB: hindbrain; MB: midbrain; PG: pineal gland; SB: swim bladder.

overlaid without further processing (Fig. 4(c)) thanks to the inherently co-registered imaging
scheme.

Figure 5(a) depicts a cross-sectional OCT B-scan at the position of the dotted vertical line in
Fig. 4(a). Several morphological features such as the notochord (magenta), spinal cord (green),
lateral line (yellow) and the myotomes (blue arrows) are readily identifiable on the cross-section
level. These morphological features can be confirmed in the histology section shown in Fig. 5(b),
which is acquired from a similar fish at 5 dpf.

Fig. 4. OCT-PAM image of a zebrafish larva. (a) OCT average intensity projection, (b)
PAM maximum amplitude projection, (c) multimodal OCT-PAM. The 50 kHz 532 nm pump
laser was used to acquire the PAM image. DA: dorsal aorta; CV: caudal vein; DLAV: dorsal
longitudinal anastomotic vessel; SB: swim bladder; YS: yolk sac; ISV: intersegmental vessel.
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Fig. 5. Comparison between OCT, DOCT and histology. (a) OCT B-scan at the position of
the brown vertical line in Fig. 4(a). (b) Histology, transverse image from a 5 dpf zebrafish
larva at a similar anterior-posterior position [51]. (c) Phase difference image from a. Color
bar indicates phase in rad. (d) Velocity profile of the DA, (e) CV, and (f) velocity profiles of
the DA at different timepoints after Doppler angle correction. Color bar indicates velocity in
mm/s. Magenta ellipse: notochord; green ellipse: spinal cord; yellow ellipse: lateral line;
red ellipse: dorsal aorta; purple ellipse: caudal vein; blue arrows: myotomes (segmental
muscles).

Because moving red blood cells create a different speckle pattern compared to static tissue in
an averaged B-scan, the DA (red ellipse) and CV (purple ellipse), marked in Fig. 5(a), can be
identified by searching for this pattern.

The corresponding DOCT image (Fig. 5(c)) immediately reveals the location of those vessels
since the DA appears in yellow color (positive phase difference and blood movement direction)
and the CV in blue color (negative phase difference and blood movement direction), while static
tissue appears in green color. Figure 5(d) and (e) show the respective absolute velocity profiles
at the zoomed in position of the two vessels. Figure 5(f) depicts absolute velocity profiles in
the DA for different time points within one cardiac cycle between second 2.2 and 2.9 of the 3 s
imaging interval. Five cardiac cycles are recorded within the 3 s imaging window, corresponding
to a heart rate of 120 beats per minute. The DOCT evaluation for all time points is depicted in
Fig. 6. All velocity profiles are calculated with Doppler angle compensation (Eq. (1)). Table 2
presents quantitative DOCT results for the DA and CV. Five independent DOCT evaluations are
performed at the same position of the zebrafish larva to calculate mean and standard deviation.
Table 2 also summarizes longitudinal DA quantitative DOCT results for five cardiac cycles.

The fine structures of the zebrafish larva’s retina are revealed by ultra-high resolution OCT in
the right image of Fig. 7. Different intensity contrast can be found for different retinal layers
in the cross-sectional OCT image indicating the position and thickness of these layers. The
ganglion cell layer (1), inner plexiform layer (2), inner nuclear layer (3), outer nuclear layer (4)
and retinal pigmented epithelium (green ellipse) can be visualized and identified. The outer
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Fig. 6. Longitudinal DOCT blood velocity evaluation in the DA. 10 Hz sample frequency,
30 samples. red values: local peak velocities, green values: local minimum velocities,
magenta curve section: velocity evaluation for the data illustrated in Fig. 5(f).

Table 2. Quantitative DOCT evaluation.

Vessel diameter Mean velocity Mean flow
DA 12.8 £ 0.5um 544 + 40 um/s 4.21 + 0.63 nL/min
CvV 233 + 1.4um 165 + 12 um/s 4.23 + 0.81 nL/min
HYA 18.1 £ 1.9um 210 + 60 um/s 3.2 + 1.6nL/min
Peak velocity Minimum velocity Overall velocity
DA 846 + 108 um/s 230 + 41 um/s 460 + 220 pm/s

plexiform layer cannot be visualized throughout the whole B-scan but is resolvable in some parts
of the image (green arrow). The OCT B-scan is compared with histology results (Fig. 7, left),
which depict a transverse section cut through the center of a similar 5 dpf zebrafish larval eye.
The hyaloid artery (HYA, blue triangle), which supplies blood to the retina of the zebrafish at
this age, is clearly visualized in the DOCT overlay in Fig. 7. We measured the mean diameter of
the HYA and the absolute velocity and flow rate of blood within the artery of five 5 dpf zebrafish

Fig. 7. Histology [52] and DOCT side by side comparison (transverse cut). Blue bars:
region of interest for OCT imaging; green arrows: retinal layers; 1: ganglion cell layer; 2:
inner plexiform layer; 3: inner nuclear layer; 4: outer nuclear layer; green ellipse: retinal
pigmented epithelium; blue triangle: HYA. Color bar for phase difterence overlay: + 2 rad.
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larvae using the absolute velocity extraction principle (Fig. 1(b) and Eq. (1)). The results are
summarized in Table 2.

To provide in vivo oxygenation measurements, three PAM maximum amplitude projection
images are acquired with the dye laser at a repetition rate of 10 kHz. The wavelengths 578 nm,
570 nm and 562 nm are selected for this measurement. 578 nm and 562 nm are used for the
high absorption coefficients of oxygenated blood and deoxygenated blood, respectively. The
corresponding isosbestic point in the selectable wavelength region of the dye laser corresponds
to 570 nm.

Figure 8(a) illustrates the oxygen saturation map using the human absorption coefficients, while
the lower map presents the respective oxygen saturation map using the absorption coefficients for
adult zebrafish blood from Fig. 2. The average sO, in the DA is calculated to be 75 + 16 % and
58 + 25 % in the CV. The values for the zebrafish absorption coefficients are found to be 76 +
16 % and 57 + 22 %.

Fig. 8. Oxygenation map of a zebrafish larval tail. The image is acquired after spectral
unmixing using the absorption coefficients of human (a) and zebrafish blood (b), respectively.

4. Discussion

Most PAM systems used for zebrafish larval imaging employ a focused ultrasound transducer as
photoacoustic detector [15,16,24,25]. In this case the acoustic focus needs to be carefully aligned
to overlap with the optical focus of the excitation laser. This requirement necessitates the use of a
transmission mode system with a water tank. To generate a volumetric image, the laser beam and
the transducer need to be mechanically scanned at the same time, leading to imaging sessions
of several dozen minutes to hours [15,16,24-26]. The transmission working mode also limits
the integration of other imaging modalities. These limitations are circumvented in our system
using the akinetic sensor featuring a large optically transparent window. The excitation laser
can now pass through the optical window and PAM can easily be operated in reflection mode.
The use of scanning mirrors instead of mechanical stages nor voice coils makes the imaging
time of our system only limited to the repetition rate of the excitation laser. The total image
acquisition time for a whole zebrafish larva with approximate dimensions of 4 mm - 0.5 mm
and a step size of 1.25 um is 25.6 s without averaging. The PAM image of the zebrafish larva
in Fig. 4(b) is acquired in approximately ten minutes, since 25 averages are necessary to image
the intersegmental vessels. When only the DA and CV are of interest, five times averaging or
two minutes suffice to image the whole zebrafish larva. It takes approximately 4 minutes and 30
seconds acquiring 1400 - 400 pixels with a step size of 1.25 um using the 10 kHz dye laser to
record a single wavelength image, resulting in a total imaging time of 13 minutes and 30 seconds
to reconstruct the oxygen maps in Fig. 8. With emerging supercontinuum lasers running at MHz
range for PAM [53], even shorter imaging time can be achieved.
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Detailed oxygen maps for zebrafish larvae as well as zebrafish blood absorption coefficients
have not been reported before, therefore it is hard to compare the measured oxygen saturation
in the DA and CV to previous results. [54] investigated oxygen saturation of the blood in
the ventricle of normoxic zebrafish larvae in vivo by incubating the larva in a tiny chamber
between polytetrafluoroethylene membranes with the possibility to change the oxygenation
saturation rapidly. Oxygen saturation levels were measured in the ventricle of the zebrafish heart
by combining video imaging techniques with a spectrophotometrical analysis of hemoglobin
light absorption at specific wavelengths namely 413 nm and 431 nm. An oxygen saturation of
approximately 78 + 2 % in the larva’s ventricle at the age of 5 dpf was reported [54]. This value
corresponds well to the average value of 76 % oxygen saturation in the DA of 5 dpf zebrafish
larvae measured with our sSPAM setup. The standard deviation is not comparable, since [54]
describe average oxygenation measured for several zebrafish larvae, while OCT-PAM allows to
study variations on a microscopic level, which is not achievable with other imaging technologies.

The oxygen saturation in the zebrafish larva seems to be non-uniform with higher variation
in the CV (Fig. 8). Since the oxygen maps were generated by imaging the zebrafish larva for
13 minutes, such behavior might be explained by different resting times and flow velocities of
individual erythrocytes within the CV. [55] reported different erythrocyte counts per minute at
different locations within both major blood vessels by investigating the blood distribution using
digital motion analysis [55]. The variation of the red blood cell count was higher for the CV,
especially in the tail region. A mathematical model for the behavior of red blood cells within
the CV of 36 hpf zebrafish larvae also suggests a highly non-uniform flow distribution [56],
which supports our findings. To better understand the presented behavior, decreased oxygen map
acquisition times with new laser technologies and imaging of smaller field of views might give
information on the real time oxygen saturation of individual blood cells, which can be tracked
over time in the future [57].

OCT imaging of zebrafish larvae has been reported before [58—60]. Previously, lower
bandwidth OCT sources were used, limiting the axial resolution of the respective systems. We
present an ultra-high resolution OCT system with an axial resolution of 2.4 um in tissue. The
acquired images compare well to histology and most morphological landmarks can be clearly
identified. In addition, we were able to resolve most retinal layers in the larval eye in vivo in an
OCT B-scan, which has not been reported before. We believe OCT can provide a significant
advantage by mapping the 3-D structure of the zebrafish larva, since basically every organ, the
notochord, spinal cord, the individual heart chambers, the eye and the brain can be visualized
and their volume can be quantified in vivo.

We visualized and quantified blood flow and velocity in the DA and the CV of the body as well
as in the HYA in the zebrafish by DOCT. DOCT was used to measure peak blood velocity in the
ventral aorta by a dual beam OCT system before [61], but there are no comparable results for the
DA, CV and HYA. [62] reported mean flow velocities of 527 + 39 pm/s with average peak and
minimum aortic flow velocities of 846 + 80 pm/s and 209 + 14 um/s averaged over several heart
cycles for 5 dpf zebrafish larvae using a high-speed complementary metal““oxide”semiconductor
camera with a framerate of 486 frames per second [62]. Our reported values for average mean
(544 + 40 pm/s), peak and minimum aortic velocities (846 + 108 um/s and 230 + 41 pm/s)
correspond well to the reported values. Blood flow rate measurements in the CV have not been
reported elsewhere. DOCT with Doppler angle compensation offers a critical advantage over
current technologies, since it does not depend on the geometry of the vasculature and is even
more sensitive to blood flow in the axial direction. Classical approaches as in [62] require a
flat geometry (preferably 2-D) to accurately detect flow velocities and will underestimate flow
velocities, should there be an angle between the vascular layer and the imaging plane.

The HYA is only accessible through the eye’s lens, where the artery is positioned nearly
parallel to the optical axis. Because of the previously mentioned advantages, DOCT is the
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only imaging modality which allows to quantify the flow velocities in those situations, since
traditional methods will not see any flow. The availability of several disease models for zebrafish
larvae including eye and retinal diseases with potential, but yet unknown impact on vascular
aspects, show that DOCT is a very powerful tool to answer critical medical questions concerning
the pathophysiology of highly prevalent and severe eye diseases such as glaucomatous optic
neuropathy and age related macular degeneration [5,33].

5. Conclusion

We present a fast scanning multimodal OCT-PAM system to image both the scattering and
absorption contrast of zebrafish larvae. In addition to the basic contrast mechanisms we
demonstrate that ultra-high resolution OCT is capable to resolve retinal layers in vivo in a zebrafish
larva in B-scan mode and that DOCT allows to study retinal blood supply by investigating the
HYA. DOCT is also applied to other parts of the zebrafish larva, where we are able to measure
time variations in the aortic flow, mean absolute blood velocity and flow rate. SPAM is used to
reconstruct oxygen saturation levels in the DA and CV, showing regional differences of oxygen
distribution and oxygen transfer from the DA to the CV. Our work clearly demonstrates the
significance of OCT and PAM applied in zebrafish, since a multimodal system with functional
extensions can give unprecedented insight into morphology and physiological processes of this
animal model. We envision that our novel non-invasive and label-free imaging modality in
combination with zebrafish will enable an improved understanding of cardiovascular development.
Furthermore, as several models for cardiovascular diseases are available in zebrafish, our imaging
setup will also contribute to a more detailed characterization of the respective pathology and its
underlying molecular mechanisms. In addition, the effect of drug candidates can be studied in
vivo to ultimately provide novel therapeutic strategies.
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