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This Letter presents a novel dual modality reflection
mode optical coherence and photoacoustic microscopy
(OC-PAM) system. The optical coherence microscopy
modality features a broadband source to accomplish 5 μm
axial resolution. The photoacoustic microscopy modality
uses a rigid akinetic Fabry–Perot etalon encapsulated in
an optically transparent medium, which forms a 2 mm ×
11 mm translucent imaging window, permitting reflection
mode dual modality imaging. After characterization, the
OC-PAM system was applied to image zebrafish larvae
in vivo, demonstrating its capability in biomedical imaging
with complementary optical scattering and absorption con-
trasts by revealing morphology in the fish larvae. © 2017
Optical Society of America

OCIS codes: (120.2230) Fabry-Perot; (170.4500) Optical coherence

tomography; (170.5120) Photoacoustic imaging.
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Dual modality optical imaging combining optical coherence
microscopy (OCM) and photoacoustic microscopy (PAM)
has been proven to provide complementary contrasts in biologi-
cal tissues in a non-invasive manner, thus permitting promising
applications in preclinical studies [1]. Among all the configu-
rations to realize optical coherence and photoacoustic micros-
copy (OC-PAM), most of them use piezoelectric ultrasound
transducers for acoustic wave detection [2–18]. While commer-
cially available and relatively easily customizable, the opaque
transducers pose challenges when incorporating OCM into
PAM [19]. In transmission mode OC-PAM configurations
using piezoelectric transducers, a water tank may be required
[3,9,12,13], limiting its application to thin specimens. In
reflection mode, in most cases, an unfocused transducer needs
to be positioned obliquely with respect to the optical axis,

causing sensitivity loss [2,4,5,7,11,14–16,18]. Thus, it is ben-
eficial to investigate alternative configurations permitting
reflection mode OC-PAM.

With the various applications in which OC-PAM has been
demonstrated valuable, such as in ophthalmology [4,7,11,14]
and in metabolic rate measurement [5,11], most efforts in tech-
nical innovations for OC-PAM were made in utilizing a single
light source for both OCM and PAM [8,9,16,17]. As for
OC-PAM using optical detection of acoustic waves, a low co-
herence interferometry method was employed to detect the
phase change on a sample surface, which is induced by photo-
acoustic waves [20–22]. While this method brings non-contact
OC-PAM into the field, surface vibration detection using an
interferometer requires stringent phase stability from the exci-
tation laser source. Furthermore, the success of the technique
depends on the surface topography and requires control of
reflections in order to guarantee effective interference in the
fiber coupler.

Besides optical detection PAM methods employing a
Michelson [20,21] or Mach–Zehnder [22] interferometer for
dual modality OC-PAM systems, there are several types of
PAM realizations using alternatives to piezoelectric transducers
for detection. Such methods include optical detection using a
Fabry–Perot interferometer (FPI) in the form of a polymer
film sensor [23–25], micro-ring resonator detection [26], and
low-power non-contact air-coupled microphone detection
[27]. However, these methods still require or involve mechani-
cal deformation for acoustic pulse detection. The most recent
optical detection solutions such as polarization-dependent
optical reflection sensing [28] and photoacoustic remote
sensing [29] hold promising prospects for OC-PAM, but
they either require intricate optical alignment or lack depth
information.

One way to use an FPI in photoacoustic imaging is the
detection of the refractive index modulation caused by
the photoacoustic wave. A prototype sensor working under this
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principle has been demonstrated to have flat frequency
response, a large field of view and a noise equivalent (NEP)
pressure of 450 μPA∕

ffiffiffiffiffiffi

Hz
p

, corresponding to 2 Pa when nor-
malized to 20 MHz bandwidth [30]. In this Letter, a modified
design of the akinetic sensor featuring a large translucent
imaging window and a thickness of only 1 mm was used for
dual modality OC-PAM. After characterization, the novel dual
modality system was applied to image zebrafish larvae in vivo,
demonstrating its potential in biomedical settings.

Figure 1(a) shows the schematic of the reflection mode
OC-PAM system. A broadband superluminescent diode
(Broadlighter T840, Superlum) with a central wavelength of
840 nm and a bandwidth of 107 nm were used as the OCM
source. The fiber optic system featured a 90/10 beam splitter
from which 10% of the light was guided to the sample arm.
After being emitted from the collimator, the beam was reflected
on a dichroic mirror (DMLP650, Thorlabs) before incidence
upon a microscope objective (UPlanSApo 4×, Olympus). The
light power at the position of the sample was measured to be
230 μW. In the reference arm, a dispersion compensating prism
pair and the same objective as in the sample arm were used
for dispersion compensation. The homemade spectrometer
consisted of a transmission grating with 1200 lines∕mm
(3253-W-01,Wasatch Photonics), a focusing lens (85mm f/2.0
Makro-Planar T, Zeiss), and a line scan camera (Sprint spl4096,
Basler) operating at 10 kHz.

The PAM part of the system used a 532 nm pulsed laser
(SPOT 10-200-532, Elforlight) operating at 50 kHz repetition
rate with 1 ns pulse duration. The pulse energy was attenuated to
50 nJ at the position of the sample to stay way below the damage
threshold for biological samples [31]. During the measurement,
the control unit (Eta L Hydrophone, XARION) used an inter-
rogation laser in the telecom range to continuously probe the
akinetic sensor. Different from the previous version [30],
where the stability at optimum bias can be lost due to minor
perturbations, the newly built control unit incorporates an
automatic optimum bias tracking function, which monitors
optimum bias drift in real time and tunes the interrogation
laser wavelength accordingly. This feature significantly loosened
the requirement for ambient environment such as temperature
change and vibration. The photoacoustically modulated

intensity change of the probe light reflected from the etalon
was monitored, amplified, and conditioned before the signal
was sent to the data acquisition card (ATS9350, Alazar
Technologies), whichwas synchronizedwith the excitation laser.

The scanning unit depicted in Fig. 1(b) is composed two
parts. The first part employed two 1D stages to hold the sample
and the akinetic sensor, respectively. Figure 1(c) gives a top view
sketch of the sensor. It shows the exact dimension of the sensor
along with the probing beam. The sensor is glued to a hollow
tube through whose lumen the fiber delivering the probing
light is inserted. The tip of the fiber has a collimator, through
which the probing beam propagates into the FPI cavity. The
second part was the raster scanning unit, which was mounted
on top of two orthogonally positioned linear actuators
(T-LSM05A, Zaber Technologies). Limited by the stepping
speed of the linear actuators, an A-line rate of 1000 A-lines/min
can be achieved without averaging.

Characterization results of the akinetic sensor are given in
Fig. 2. The effective imaging area for PAM was measured
by placing a cover glass with uniform black paint directly below
the akinetic sensor and then raster scanning the excitation beam
over an area of 2 mm × 12 mm, which is larger than the effec-
tive imaging area of the sensor. The boundary of the effective
imaging area was set at pixels with a signal-to-noise ratio (SNR)
of 4, which can be calculated using Fig. 2(c). The PAM sensi-
tivity roll-off was calculated by gradually changing the distance
between the akinetic sensor and the sample, while keeping the
sample at the focal point of the excitation beam. The lateral
resolutions of the OC-PAM system were measured by placing
a United States Air Force resolution target under the akinetic
sensor and scanning through a sharp edge of one element. Then
the edge and line spread functions were calculated, and the
latter one was fitted to a Gaussian curve. The full width at
half-maximum of the fitted curve was taken as the resolution
value. A summary of the specifications of the OC-PAM system
is given in Table 1. The slightly better lateral resolution in
OCM compared to PAM is because of the objective which
is configured for near infrared. The deviation from the theo-
retical OCM axial resolution is due to a combination of several
factors such as the non-uniform quantum efficiency of the
CMOS line detector, the spectrometer objective (designed

Fig. 1. (a) Schematic of the reflection mode OC-PAM system. (b) Photo of the scanning unit (inset, photo of the akinetic sensor). S, sensor
holder; H, holder for sample; M, motorized stage; D, dichroic mirror; P, collimator for PAM; O, collimator for OCM; F, framework for the scanning
unit. (c) Drawing of the sensor (unit, mm).
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for visible wavelengths), and bandwidth losses in the beam
splitter and optical fiber.

To demonstrate the complementary capability of the OC-
PAM system in biomedical applications, 1-phenyl 2-thiourea
(PTU) treated wild type zebrafish larvae, anesthetized in
tricaine and embedded in agar, were imaged. We applied some
ultrasound gel on top of the agar for acoustic coupling. Limited
by the stepping speed of the actuators, the total imaging time
might take several hours considering the number of points to be
scanned in one session.

The OC-PAM system worked in sequential mode for the
two modalities. Such a configuration was preferable, since a
wavelength (and objective)-dependent focal shift occurred be-
tween the two modalities. We plan to incorporate a Keplerian
telescope in the PAM excitation path to co-register the foci of
the two modalities [16].

As was presented in [32], which used a piezoelectric ultra-
sound transducer to image zebrafish larvae in transmission
mode, the akinetic sensor in our OC-PAM system was able
to resolve absorbing structures in the samples such as pigment
cells, and structures in the yolk sac, the heart, and the retinal
pigment epithelium (RPE), which can be seen in Fig. 3(b). The
axial vein and dorsal aorta of the PTU treated wild type zebra-
fish larvae are partly occluded with pigment cells and, therefore,
were not clearly identifiable. In the future, mitfab692∕b692,

ednrbab140∕b140 (AB) zebrafish, which lack pigmentation, will
help overcome this difficulty and enhance the visibility of the
vascular system.

From Figs. 3(a) and 3(c), we can see that the OCM modal-
ity provides details of the zebrafish larval morphology such as
the eye, the swim bladder, and the otic vesicle with otoliths.
From Figs. 3(d)–3(f ), the advantage of our high axial resolution
in OCM and intrinsic depth gating is well exhibited in resolv-
ing the structural changes of the eye over several hundred
micrometers. The lens, the RPE, and some other surrounding
structures in the larvae are well discernible over the depth range.

To show the potential of fast scanning over a large area in
reflection mode using PAM, we have set up a separate PAM
system using galvanometer scanning mirrors. The principle of
the separate system stays the same as that of the PAM part
in the OC-PAM system. The only difference is the use of
scanning mirrors. During imaging, the sample, the sensor,
and the optical components stay static, except for the scanning
mirrors. Some preliminary results are given in Fig. 4, showing
the chromophore distribution in three different types of
zebrafish larvae.

Unlike the results given in [32], intersegmental vessels are not
visible in PAM maximum amplitude projection (MAP)
images in Fig. 3. However, with a faster imaging speed using
scanning mirrors to replace the motorized stages, we have prop-
erly resolved the intersegmental vessels as are given in Fig. 4.We
believe that this is because of the shorter amount of time needed
using the scanning mirrors (from hours to 13 min), which re-
duced motion artifacts significantly. Another reason could be
that some of the fish larvae did not survive the hour-long imaging
session in the stage-based system while, in the scanning-mirror-
based system, their survival rate is guaranteed which, in turn,
gives a better signal in blood vessels. Currently, we have a
stage-based OC-PAM system and a fast scanning PAM system.
We are now upgrading the latter system further to incorporate
the OCM modality into the fast scanning system.

The 6 dB bandwidth of 3.5 MHz is insufficient to achieve
depth sectioning due to the limited axial resolution in the PAM
mode. However, a 22 MHz akinetic prototype sensor has

Fig. 2. (a) Typical photoacoustic signal captured by the PAM sub-
system. (b) Simulated frequency response and the Fourier transform of
the signal given in (a). (c) Effective imaging area expressed in sensi-
tivity variation. (d) Sensitivity roll-off of the akinetic sensor over depth.

Table 1. Specifications of the OC-PAM System

OCM PAM

Sensitivity 98 dB 530 μPA∕
ffiffiffiffiffiffi

Hz
p

(10 kHz) (NEP)
Axial roll-off 10 dB∕mm 0.67 dB∕mm
Axial resolution 5 μm 286 μm
Lateral resolution 3 μm 4 μm
Frequency response — 3.5 MHz (−6 dB)
Effective imaging area 22 mm2 21 mm2

Fig. 3. Images of a 120 h post-fertilization (hpf) zebrafish larva.
(a) Maximum intensity projection (MIP) image of OCM. (b) MAP
image of PAM. (c) Color blended OC-PAM image using (a) and
(b). (d)–(f ) MIP images of OCM integrating 60 μm depth range.
Blue arrow, pigments; blue square, swim bladder; blue diamond, eye;
green circle, vesicle with otoliths; green square, yolk sac.
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already been demonstrated with a smaller imaging window 
[30]. For a sensor with a large imaging window, the probing 
beam needs to maintain a narrow waist to achieve a broader 
acoustic detection bandwidth, which is challenging in cavity 
design. We are now investigating the possibility of using minia-
turized concave mirrors for the cavity to replace the flat mirrors. 
In theory, this can increase the bandwidth by an order of 
magnitude.

With a higher bandwidth, we conceive that the akinetic sen-
sor can operate in a reflection mode OC-PAM system without 
the necessity to use averaging to resolve finer complementary 
details in biological samples. The ensuing speed increase will 
enable dual modality fast scanning with functional extensions. 
Among them, spectroscopic extensions using a dye laser will 
enable the measurement of blood oxygenation. With the addi-
tion of Doppler OCM, the dual modality system can determine 
the metabolic rate of oxygen in blood vessels. These functional 
extensions will be particularly useful and beneficial in biological 
studies relating to tumor growth and drug dynamics.

To the best of our knowledge, we present the first reflection 
mode OC-PAM system featuring a novel akinetic sensor for 
photoacoustic detection with a large effective imaging area. 
The detection principle relies on the acoustically modulated 
refractive index change inside the FPI cavity. With the sample 
and the sensor both being static, we achieved in vivo scanning 
over a large imaging area with good sensitivity and lateral res-
olution. The complementary contrasts provided by OCM and 
PAM were illustrated by imaging zebrafish larvae. We aim for 
the implementation of spectroscopic reflection mode fast scan-
ning functional OC-PAM. This approach will significantly 
enhance the scope of both modalities to provide relevant 
physiological information for a variety of biomedical studies.
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Fig. 4. PAM comparison between 120 hpf larvae from differently
pigmented zebrafish strains using fast scanning PAM. The color
bar shows the SNR in decibels. Upper image, mitfab692∕b692,
ednrbab140∕b140 (AB) zebrafish, PTU treated; middle image, wild type
AB* zebrafish, PTU treated; lower image, Tg(Fli:GFP) zebrafish. Blue
arrows, pigment; blue square, swim bladder; blue diamond, eye; blue
star, heart; magenta star, dorsal aorta; tip of magenta triangle, axial
vein; magenta arrows, intersegmental vessels; green square, yolk sac.
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