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All-optically integrated photoacoustic (PA) and optical coherence tomography (OCT) dual-
mode imaging technology that could o®er comprehensive pathological information for accurate
diagnosis in clinic has gradually become a promising imaging technology in the aspect of bio-
medical imaging during the recent years. This review refers to the technology aspects of all-
optical PA detection and system evolution of optically integrated PA and OCT, including
Michelson interferometer dual-mode imaging system, Fabry–Perot (FP) interferometer dual-
mode imaging system and Mach–Zehnder interferometer dual-mode imaging system. It is be-
lieved that the optically integrated PA and OCT has great potential applications in biomedical
imaging.
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1. Introduction

As a newly noninvasive biomedical imaging tech-
nology, photoacoustic imaging (PAI) can speci¯-
cally detect the optical absorption information of
biological tissue, which has rapidly developed in
recent years.1,2 When the pulsed laser irradiates
biological tissue, the absorber within tissue absorbs
the light energy to cause local rapid temperature

rise, and then temperature rising causes the thermal
expansion to produce the pressure wave, called the
PA e®ect.3,4 PA signal carrying tissue absorption
information is detected by ultrasonic transducer
and the image of the absorption structure of
the tissue is reconstructed by imaging algorithm.5,6

The PAI combines the advantages of high resolu-
tion, high contrast of optical imaging and high
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penetration depth of ultrasound imaging, and
avoids the e®ect of optical scattering on image res-
olution in principle, enabling deep-range (cm-level)
tissue imaging.3,4 At the same time, the di®erent
components of the tissues have their own special
absorption spectrum, which is used for obtaining
their distribution. And the number of di®erent
components within the tissues and distribution of
the tissue are closely related to the pathological
characteristics. Therefore, the PAI can not only
image the tissue absorption structure information
but also re°ect the tissue physiological and patho-
logical information.7–13 However, there are a large
number of weakly absorbed and nonabsorbed tis-
sues in the body. And it is di®cult for PAI to obtain
their image information.

Any single imaging technology has its short-
coming, and cannot fully re°ect the physiological
and pathological information. It is di±cult to
achieve the exact diagnosis of major diseases, such
as cancer, and the e±cacy of medication accuracy.14

In order to avoid the disadvantage of single imaging
technology, it is especially necessary to integrate a
variety of imaging techniques to exploit the
advantages of various imaging methods. Multi-
mode imaging technology is not a simple combina-
tion of various imaging methods, but a variety of
imaging equipments and imaging technology inte-
gration to complement each other. Therefore, multi-
mode imaging would comprehensively and
completely obtain biological cell molecular level,
function metabolic levels and anatomical levels of
physiological and pathological information.15–18

Multiple complementary imaging could o®er
comprehensive pathological information for accu-
rately diagnosing various diseases in clinic. Thus,
there is great interest among researchers in bio-
medical study to integrate di®erent imaging meth-
ods with the PAI system.19–24 PA multi-modal
imaging technology integrated with OCT, ultra-
sound imaging and °uorescence have been reported
in the literature.25–27 PA multi-modal imaging can
simultaneously obtain parameters, such as absorp-
tion and scattering of biological tissue, which can
provide powerful technical means for modern pre-
cision medical diagnosis.

In this review paper, we describe the mechanisms
and characteristics of all-optical PA detection
technology including Michelson interferometer28–31

and FP etalon.32–35 Next, we present the current
development of multimodality imaging combined

with all-optical PAI. At the end, an outlook about
all-optical dual-mode imaging system is present.

2. All-Optical PA Detection

The PA signal excited by the pulsed laser is a
broadband signal that could be fully received by
broadband ultrasonic transducer. In addition, the
axial resolution of the PAI system is inversely
proportional to the bandwidth of ultrasonic trans-
ducer.36 Therefore, improving the bandwidth of
ultrasonic transducer is a key factor for improving
the quality of PAI. However, owing to the limita-
tions of piezoelectric materials and fabrication
techniques, ultrasonic transducers usually have
limited bandwidth. Although the maximum band-
width of a piezoelectric ultrasonic transducer can
reach 120% of the center frequency,37 it is still im-
possible to achieve a wide range of broadband
transducers that can cover from low to high fre-
quencies. Due to the wide band characteristics of
optical detectors, it is assumed that optical detec-
tion method is used to detect the broadband PA
signals achieving high quality PAI.

In recent years, a number of research groups have
achieved good results in all-optical PAI. As early as
1990s of the last century, Beard and Mills had
begun to use the ¯lm FP etalon for the detection of
ultrasonic signals. The FP etalon detector has im-
aging depth of centimeters and a broad bandwidth
(2.3KPa over 25MHz).11 This group has achieved
intravascular PA signal detection through the
coating method in the ¯ber end integrated FP in-
terferometer.38 Chen et al. used polymer micro-ring
resonator as a PA signal detection system, the de-
tection bandwidth up to 90MHz, to achieve high-
resolution imaging of biological tissue.39–41 In order
to achieve the noncontact detection of ultrasonic
signals, Wang Yi et al. employed the low coherence
Michelson interferometer (the detection bandwidth
up to 17MHz) achieving noncontact PA signal de-
tection.28 In 2012, Cedric Blatter adopted phase-
sensitive optical coherence tomography system to
realize the noncontact measurements of PA signals
(the bandwidth of 13MHz), and acquired PA and
OCT images of simulated samples.42 In the same
year, Monchalin et al. utilized the confocal FP in-
terferometer (the axial resolution 20�m, the lateral
resolution 50–100�m) for the detection of PA signal
and have successfully realized the PA and ultrasonic
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imaging of biological tissue.43 In 2014, Seong Jun
Park et al. applied an all-¯ber heterodyne interfer-
ometer (the lateral resolution 1.7�m) to detect the
PA signal and miniaturize the probe.44 Here, two
representative all-optical PA detection technologies
that have been adapted to PAI are Michelson in-
terferometer and FP etalons.

A Michelson interferometer consists of a refer-
ence arm and sample arm.28–31 The probe is divided
into two beams through a beam splitter, one beam
is focused through a lens onto a mirror, the other
beam is focused on the surface of the sample by a
dichroic mirror and an objective lens, and the light
is emitted from the sample arm and re°ected by the
reference arm. Beam is coherent light through the
photodetector to receive coherent signal, which
formed the Michelson interferometer. The light of
the excitation through the dichroic mirror and ob-
jective lens was focused on biological tissue. Then,
the biological tissue absorbed the light energy to
produce the PA signal. The transmission of the PA
signal to the surface causes the vibration of the
tissue surface, which re°ects the PA signal. The
intensity I(t) of the low coherence interferometer
from the re°ective sample surface in the sample arm
is given by

IðtÞ / cosð’0ðtÞÞ ¼ csc ð’0ðtÞ þ ’PAðtÞÞ

¼ cos
2�

�0

ð�z0ðtÞ þ�zPAðtÞÞ
� �

;

where �z0ðtÞ is the optical path di®erence between
reference and sample arm when the PA excitation
laser is o®, �zPAðtÞ is the PA pressure-induced sur-
face displacement that allows us to reconstruct the
distribution of absorbing sample constituents, and
�0 is the center wavelength of the detection laser. In
order to accurately extract the PA signal from the
coherence signal, the system has to be working
in homodyne mode, i.e., when ’0ðtÞ ¼ k�� �=2,
the system has the greatest detection sensitivity
for acoustic wave. A detailed description of all-opti-
cal PA detection mechanism based on Michelson
interferometer can be found in Refs. 28–31. One
of the great advantages in PA detection based
on Michelson interferometer is a broad bandwidth
(e.g., 67MHz, as reported by the literature).28–31

Another advantage of this method is the noncontact
detection. Moreover, the receiving sensitivity of
the technology is higher than the conventional
transducers.

An FP etalon is another approach for all-optical
PA detection. The FP etalon employs an optical
interferometer formed by a transparent ¯lm sand-
wiched between a pair of mirrors.32–35 The re°ected
power of the incident laser beam can be modulated
by the FP etalon ¯lm thickness change. The FP
etalon have tens of MHz detection broadband and
size-independent detection sensitivity. A detail de-
scription of ultrasound detection mechanism can be
found in Ref. 32. The unique merit of the FP etalon,
compared with Michelson interferometer, is that the
ultrasound detection of the FP interferometer is
achieved using a free-space interrogation laser beam.
For example, the PA signals can be detected for a
two-dimensional (2D) imaging by raster scanning of
an interrogation laser beam. The Michelson inter-
ferometer and FP etalon PA detection technology
integrated with OCT has been applied for multi-
modality and multi-parameter imaging.

3. All-Optical PA and OCT Dual-Mode
Imaging

Traditional ultrasonic transducers have to be in
contact with the detection object and are not con-
ductive to some cases, such as burning, skin diseases
and the a®ected or ulceration areas. The all-optical
PA detection technique can realize noncontact de-
tection of PA, the development of multi-modal im-
aging system based on all-optical PAI has been
favored by more and more researchers. PAI mainly

Fig. 1. Schematic representation of the dual-mode simulta-
neous PA microscopy and optical coherence tomography ex-
perimental system.32

All-optically integrated photoacoustic and optical coherence tomography

1730006-3

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
7.

10
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/2
2/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



relies on the absorption of tissue, but loss of e®ective
information in the low-absorption tissue generally
requires external image interpretation. OCT is a
relatively mature noninvasive imaging method.45

The imaging principle is to detect the coherent light
re°ected from the sample arm and the reference arm
to achieve imaging. The advantage of OCT is sen-
sitivity to the scattering light of tissue, but lacks the
absorption information. PAM and OCT dual-mode
imaging system can image biological structure and
obtain physical parameters simultaneously.46–50

3.1. Michelson interferometer
dual-mode imaging system

The schematic diagram of the dual-mode PAM–

OCT imaging system based on the Michelson de-
tector is shown in Fig. 1.30 The key elements of the
co-imaging system are 532 nm PA excitation source,
a Michelson ultrasound sensor for detecting the

(a) (c)

(b) (d)

Fig. 2. Lateral resolution and axial resolution of the dual-mode PAM–OCT imaging system. (a) PAM subsystem. (b) OCT
subsystem. (c) OCT B-scan imaging of the air gap between the microscope cover glass and microscope slide. Inset: zoomed image of
the white rectangle in (c). (d) The pro¯le along the red dotted line in (c).32

Fig. 3. In vivo simultaneous imaging of a mouse ear by using
the dual-mode imaging system. (a) PAMMAP image. (b) OCT
MAP image. (c) PAM B-scan image. (d) OCT B-scan image.
(e) Fused OCT and PAM images. ED — epidermis; CT —

cartilage; D — dermis; BV — blood vessel.32
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PA signals, a 1310 nm time domain OCT and a
photodetector that is used to simultaneously detect
the PA and OCT signals. The PAM subsystem
contains a PA excitation source and the PA detec-
tor based on the Michelson detector. The excitation
light (HLX-I-F005, Horus Laser, 532 nm) exporting
of the ¯ber tip was the ¯rst collimation by a colli-
mator and then focused into the sample by a mi-
croscope objective. The Michelson detector consists
of a low-coherence light source (central wavelength
of 1310 nm and spectral bandwidth of 45 nm) and
an all-¯ber Michelson interferometer (an optical
circulator, a 2� 2 ¯ber coupler, and a

photodetector). The PA signal could be detected by
the Michelson detector which resolves the phase
di®erence between reference and sample arm along
time, giving access to rapid small path length
changes, such as interface displacement due to a
transient PA wave. The OCT subsystem at refer-
ence arm is achieved by a rapid scanning optical
delay line (RSOD), which comprised an optical
grating, a Fourier lens, a scanning galvanometer,
and a gold-coated re°ection mirror. At ¯rst, the
optical path length of reference arm is equal to the
optical path length of the sample arm, the PAM and
OCT subsystem starts alternate working, and the

Fig. 4. Multimodal PA–OCT scanner.24

Fig. 5. Estimation of instrument LSF.37

All-optically integrated photoacoustic and optical coherence tomography
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PA and OCT signals are alternately collected by the
data acquisition card. The PA and OCT dual-mode
imaging based on Michelson interferometer have
noncontact detection of higher sensitivity, but the
usage of an oil ¯lm may limit its applicability. The

performance of the dual-mode imaging system is
shown in Fig. 2.30 The lateral resolution and axial
resolution of PAM subsystem were 13�m and
20�m, respectively. The lateral resolution and axial
resolution of OCT subsystem were 12.5�m and

Fig. 6. In vivo OCT and PAT images of the mouse skin. (a) Fused OCT–PAT cross-sectional vertical (x–z) slice. The OCT image
shows the layered skin morphology while the PAT image shows several super¯cial blood vessels within the dermis, Panniculus
Carnosus, hypodermis and the skeletal muscle. (b) OCT (x–y) MIP image. (c) PAT x–yMIP image. (d) Fused OCT–PAT x–yMIP
image. (e–i) Volume rendered representations of fused OCT–PAM image data at di®erent viewing angles with the OCT image
successively resected.24
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18.4�m, respectively. To demonstrate the in vivo
microscopic imaging ability of this dual-mode
PAM–OCT system, the ear of the mouse was cho-
sen to image in Fig. 3.30

3.2. FP interferometer dual-mode

imaging system

The schematic diagram of the dual-mode PAM–

OCT imaging system based on the FP detector is
shown in Fig. 4.22 The key elements of the system
are a PA excitation laser system, an FP ultrasound
sensor for detecting the PA signals, a 1050 nm
spectral domain OCT (SD–OCT) system and a
galvanometer-based optical scan engine that is
used to spatially map the PA and OCT signals. The
PAT subsystem contains a PA excitation source
and the PA detector based on the FP sensor. The
PA excitation laser is a ¯ber-coupled type I optical
parametric oscillator pumped by the 355 nm fre-
quency tripled output of a Q-switched Nd:YAG
laser. The divergent beam emerging from the opti-
cal ¯ber is directed on to the FP sensor head, which
is acoustically coupled to the skin surface via a drop
of water or gel. The incident PA wave is then
mapped by raster scanning a focused interrogation
laser beam at 1550 nm over the surface of the sensor
using a galvanometer-based x–y scanner. Since the
tomographic mode of PA imaging was used in this
study, an acoustic back propagation algorithm is
required to reconstruct the image from the detected
PA signals. A 1050 nm SD–OCT system was used
for OCT image acquisition. 1050 nm has the ad-
vantage of greater penetration depth compared to
the spectral range 829–870 nm used in the previous

PA–OCT dual-mode imaging system. This method
has several advantages for combining FP interfer-
ometer and OCT. First, the FP sensor will avoid the
FOV and SNR limitations of ultrasound receiver.
Then the usage of 2D optical scanning results in a
high-speed for PA and OCT imaging. The perfor-
mance of the dual-mode imaging system is shown in
Fig. 5.35 The lateral resolution and axial resolution
of PAI subsystem were 22�m and 20�m, respec-
tively. The axial resolution of the OCT subsystem
was 6�m. To demonstrate the in vivo imaging
ability of this dual-mode PAM–OCT system, the
skin of the mouse was chosen to image in Fig. 6.22

3.3. Mach–Zehnder interferometer
dual-mode imaging system

The schematic diagram of the dual-mode PAM–

OCT imaging system based on the Mach–Zehnder
detector is shown in Fig. 7.19 A ¯ber-optic Mach–
Zehnder interferometer is applied for PAI. Laser
with a wavelength of 1550 nm from the PAI sample
arm is combined with broadband light from the
OCT sample arm, separated by a coarse wave-
length-division multiplexer (CWDM). The output
of CWDM coupled with a collimator was focused to
a sample surface by a lens. The re°ected light from
the sample is collected and sent to CWDM. The two
1310 nm and 1550 nm spectral bands are separated
and directed back to the respective imaging systems
by the CWDM. The PA signal is sampled by an
eight-bit digital scope (Le Croy Wave Runner 44Xi-
A); the OCT signal collected by the spectrometer is
sent by a computer. A 2D translation stage (Physik
Instrumente M-413.22S) is mounted to allow 2D

Fig. 7. Multimodal PA–OCT setup.19

All-optically integrated photoacoustic and optical coherence tomography
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or 3D imaging. The Mach–Zehnder interferometer
dual-mode imaging system has its unique advantage
(avoiding the usage of oil ¯lm) compared to Michel-
son interferometer dual-mode imaging system. An
optical parametric oscillator (OPO, Continuum
Surelite OPO Plus) was used to excite ultrasonic
waves within the sample. This provides 3–5 ns pulses
over the wavelength region between 689 nm and
900 nm. To demonstrate the in vivo microscopic im-
aging ability of this dual-mode PAM–OCT system,
the skin of the mouse was chosen to image in Fig. 8.19

4. Outlook and Conclusions

We have reviewed recent advances in PA and OCT
dual-mode imaging system by using all-optical PA
detection method. The PAM and OCT dual-mode
imaging system simultaneously acquires optical
absorption and optical scattering information at
high resolution. In general, the absorption and
scattering coe±cient is an important parameter of
the organization because the biological lesions will
lead to changes in absorption and scattering coe±-
cient. We can extract the tissue absorption and
scattering information to determine the pathologi-
cal changes. In addition, because of the noncontact
detection method, PA–OCT dual-mode imaging
system can be easily used for ophthalmology, der-
matology and other diseases. The above research

results show that the PA–OCT dual-mode imaging
system can noncontact image the sample and bio-
logical tissue with high-resolution imaging, which
will have a great potential to the application of
dual-mode imaging system in clinical diagnosis.

Single-mode imaging technology cannot com-
prehensively provide functional and structural in-
formation. It is di±cult to meet the needs that
obtain more abundant information of organisms.
All-optical PAI technology has some merits such as
high resolution, noncontact, high sensitivity and
high imaging depth, which can combine with OCT,
ultrasound imaging, °uorescence imaging, second
harmonic imaging and so on to provide more in-
formation for the future of biomedical diagnosis.
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(a) (b)

(c) (d)

Fig. 8. Noncontact PAI and OCT measurement of a skeleton leaf/agarose phantom. (a) Maximum intensity plot (MIP) of the PA
reconstruction; (b) MIP of the OCT measurement; (c) the overlay of OCT and PAI measurement shows perfect matching; and (d)
volume rendering of OCT data and PAI data.19
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