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Abstract: We propose an all-fiber-based dual-modal imaging system that combines noncontact
photoacoustic tomography (PAT) and optical coherence tomography (OCT). The PAT remotely
measures photoacoustic (PA) signals with a 1550-nm laser on the surface of a sample by utilizing
a fiber interferometer as an ultrasound detector. The fiber-based OCT, employing a swept-source
laser centered at 1310 nm, shares the sample arm of the PAT system. The fiber-optic probe for the
combined system was homemade with a lensed single-mode fiber (SMF) and a large-core multimode
fiber (MMF). The compact and robust common probe is capable of obtaining both the PA and the
OCT signals at the same position without any physical contact. Additionally, the MMF of the probe
delivers the short pulses of a Nd:YAG laser to efficiently excite the PA signals. We experimentally
demonstrate the feasibility of the proposed dual-modal system with a phantom made of a fishing
line and a black polyethylene terephthalate fiber in a tissue mimicking solution. The all-fiber-optic
system, capable of providing complementary information about absorption and scattering, has a
promising potential in minimally invasive and endoscopic imaging.

Keywords: fiber-optic imaging; interferometry; multimodal imaging; noncontact measurement;
optical coherence tomography; photoacoustic imaging

1. Introduction

Photoacoustic tomography (PAT) is a powerful noninvasive and nonionizing biomedical imaging
modality that has attracted great attention in the last decade [1–4]. PAT is based on the optical
absorption and detects laser-induced ultrasound waves via the photoacoustic (PA) effect [5]. When a
short pulse from a laser illuminates a biological sample, a portion of the laser energy is absorbed in
chromophores such as hemoglobin, melanin, etc. within the sample. The absorbed optical energy is
converted into a thermal energy, leading to thermal expansion and generation of broadband ultrasonic
waves (referred to PA waves), sequentially. The generated PA waves are detected by a conventional
ultrasound transducer or an ultrasound transducer array. The PA images are then reconstructed by
using acoustic back propagation algorithms [1–4]. Since the PA signal is strongly associated with the
optical absorption properties of the sample, PAT can provide optically absorbed structural (i.e., vascular
structure and internal organs), functional (blood oxygen concentration, blood flow, and hemodynamic
change), and molecular (tumor and cancer cell) images of various biological tissues [1–4]. Especially,
PAT is capable of enhanced depth imaging compared with the traditional optical imaging modalities
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using only the ballistic scattering regime. However, PAT is less sensitive to the low-absorptive
constituents in tissue, hence having difficulty in visualizing the tissue morphology.

Optical coherence tomography (OCT) is a high-resolution and noncontact imaging system that
uses low-coherence interferometry. OCT is capable of having 2D and 3D tomograms of the internal
microstructures of various biological samples, based on scattering and reflecting [6,7]. The OCT signal
is obtained from the interference between the beam back-reflected from the reference arm and the
light back-scattered from the internal layers of the sample, which depends on intrinsic refractive
index gradients. However, the OCT image is restricted in presenting the optical absorption property
of the sample and in-depth imaging up to 2~5 mm due to the short mean free path of biological
tissues. Therefore, the combination of PAT and OCT can potentially provide valuable complementary
information of structural and functional features of biological tissues.

Recently, the dual modality of PAT and OCT has been reported [8–11]. In practice, however, the
conventional PAT system that uses an ultrasound transducer for detecting PA signals in water has a
number of challenges on system configurations to be combined with an OCT system, because it employs
a different method for signal acquisition. In previously reported PA-OCT systems, PA excitation and
OCT beams were incident on one side of a sample and the detection was made with an ultrasound
transducer at the other side [8,9], or both beams and the ultrasonic transducer were placed side by
side—not in-line [10]. This detection arrangement is only suitable for thin samples, which are usually
used in PA microscopy imaging. Moreover, this different detection method presents an obstacle to
combining PAT and OCT signals with one detecting probe or to making in-line common detection to
provide a co-registered PAT and OCT image of the same location. In addition, using two different
detectors inevitably leads to complex alignments and huge system configurations including the usage
of water containers and bulky optic probes [8–11]. Consequently, the existing combined PAT-OCT
system has big challenges for application in minimally invasive imaging and endoscopy.

To overcome these limitations of the PAT-OCT systems, several studies have been demonstrated
using optical interferometric methods [12–16]. A thin-film Fabry-Perot interferometer [12,13],
a low-coherence Michelson interferometer [14,15], and a fiber-type Mach-Zender interferometer [16]
have been utilized for PA signal detection instead of the conventional ultrasound transducer and
for sharing the sample arm with OCT. However, these techniques are still impertinent for minimally
invasive or endoscopic imaging due to bulky optics configuration [12–14] and a contact-based detection
scheme [12,13]. Fiber-based systems [15,16] have also been proposed for the noncontact PAT and
OCT. However, they are still composed of bulky optics in the probe part, and a bulk-type pulsed laser
delivered through free space is used for PA excitation. Thus, these systems are also unsuitable for
minimally invasive and endoscopic imaging.

In this paper, we present an all-optical-fiber-based dual-modal PAT-OCT imaging system
employing a compact common probe, which shares the sample arm of both a noncontact PAT
sub-system and a swept-source OCT sub-system. The fiber-based noncontact PAT and the miniaturized
probe can readily overcome the aforementioned limitations of the combined system configuration.
As both PAT and OCT probe beams are guided into the same fiber-optics probe, it is possible to
acquire the PAT and OCT signals at the same detection position. In addition, the fiber-optic design
of the probe is compact, simple, flexible, cost-effective, robust, and stable. Further, it is free from
electromagnetic interference. Thus, it can be beneficial for commercialization and clinical applications
in fields requiring minimally invasive or endoscopic imaging. To the best of our knowledge, this
fiber-based probe is the mostly miniaturized among the existing combined systems. To evaluate the
performance of the proposed dual-modal PAT-OCT imaging system, we conducted a tissue-mimicking
phantom experiment, which was designed to provide both the absorption and the scattering contrast
tomographic images.
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2. Materials and Methods

The proposed all-fiber-based combined PAT-OCT system is depicted in Figure 1. The system
configuration is based on two fiber-based Mach-Zender interferometers; one for the noncontact PAT
system (blue lines) and the other for the OCT system (red lines). The common fiber-optic probe,
made up of a lensed single-mode fiber (SMF) and a large-core multimode fiber (MMF), is used for the
common sample arm of two systems.
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Figure 1. Schematic of the all-fiber-based dual modality of photoacoustic and optical coherence
tomography with a miniature common probe. AOM: acousto-optic modulator; PC: polarization
controller; BPD: balanced photodetector; C1–C4: fiber coupler; Cir1–Cir3: fiber circulator;
Col: collimator; ND: neutral density filter; L1, 2: lens; M: mirror; WDM: wavelength division multiplexer;
MMF: multimode fiber.

2.1. All-Fiber Nonconact PAT System

The noncontact PAT system using the fiber-interferometric detection scheme has been previously
reported [17,18]. The surface displacement of a sample, induced by propagating PA waves, was
measured by a heterodyne interferometer. However, the PA excitation laser beam was delivered,
separately from the detection beam, through free space by using bulk optics. For getting all-fiber
configuration, in this study, we have modified the previous scheme as depicted with blue and green
lines in Figure 1. In brief, a Q-switched Nd:YAG laser (Brilliant ultra 50, Quantel, Paris, France) with a
pulse width of 8 ns, center wavelength of 532 nm, maximum output energy of 50 mJ per pulse, and
repetition rate of 20 Hz is used for PA excitation. It is coupled into a MMF (wf600/660, CeramOptec,
Bonn, Germany) and guided to illuminate a sample in a narrow imaging area. The generated PA
waves are detected by the fiber-based heterodyne Mach-Zender interferometer [17,18] at the sample
surface, which allows for the noncontact PA measurement. For the heterodyne interferometer, a single
frequency laser (SFL-1550, Thorlabs, Newton, NY, USA), with a wavelength of 1550 nm and maximum
output power of 30 mW, is used. The output light from the source is coupled into a SMF and splits into
reference and sample arms by a 1 ˆ 2 fiber coupler (C1). In the reference arm, the beam is frequency
modulated with an acousto-optic modulator (AOM; Fiber-Q FCAOM, Gooch & Housego, Ilminster,
UK) and directed into the second coupler (C2) after passing through a polarization controller (FPC031,
Thorlabs). The sample beam goes through a circulator and a wavelength division multiplexer (WDM;
WDM-1310/1550, Fiberpia. Co. Ltd., Daejeon, Korea) and is then focused onto the sample via the
self-built lensed fiber.
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The WDM allows for the integration and separation of two light sources; the OCT light and
the PA signal interrogating light. The beam reflected from the sample surface is recoupled into
the same microsized fiber probe. Thereafter, the reference and the sample beams interfere with
each other at the fiber coupler (C2), and are then detected by a balanced photodetector (PDB430C,
Thorlabs). Before digitizing, an in-phase and quadrature (IQ) demodulator is used for demodulation
of the detected interference signal, which carries the phase information of surface displacement.
A high-speed digitizer (NI-5142, National Instruments, Austin, TX, USA, 100 MS/s) samples the
demodulated signals, and the surface displacement induced by the PA wave is calculated from the
recorded signals. Finally, the PA signals are estimated by taking a time derivative of the surface
displacement [19]. By scanning the fiber-optic probe with a motorized linear translation stage (PM-500,
Newport Co., Irvine, CA, USA), the PA signals are acquired at different locations. The PA image is
obtained by the Fourier transform-based reconstruction algorithm with the measured PA signals [20].
The spatial resolution of the noncontact PAT has been previously reported [18]; briefly, the lateral
and axial resolutions of PAT system at a depth of 2.5 mm were 100 µm and 30 µm, respectively.
With an increase in the imaging depth, the lateral resolution became poor, whereas the axial resolution
remained almost constant.

To achieve the noncontact measurement of PA waves, the heterodyne optical interferometer was
utilized. It is generally known that the heterodyne optical interferometer is strong to interference
artifacts coming from environmental variations, spurious noise, layers in the sample etc., because
the detection is made at the high frequency region, where the noise is low, with the help of a high
frequency modulation [21].

2.2. The OCT System

Swept-source OCT is consisted of fiber optics as well, which is described with the red lines in
Figure 1. A wavelength sweeping laser (HSL-2000, Santec, Komaki, Japan) with a center wavelength of
1310 nm, a wavelength bandwidth of 110 nm, a scan speed of 20 kHz, and an average power of 10 mW
was used as the light source. The beam from the swept-source was coupled into a SMF and divided
into the reference and sample arms of the Mach-Zender interferometer using a 1 ˆ 2 coupler (C3).
The sample arm of OCT shared the lensed SMF with the sample arm of the PAT system through the
WDM. In the reference arm, a collimator, a ND filter, a lens, and a mirror were used to match the optical
path lengths of two arms. The light back-scattered from a sample was collected by the lensed fiber and
recombined with the light reflected from the reference arm at a 1 ˆ 2 coupler (C4). Then, the spectral
interferogram formed with the two beams was detected by a dual balanced photodetector (Model 1817,
New Focus Inc., Irvine, CA, USA) and sampled by a digitizer (PX144000A, Signatec Inc., Newport
Beach, CA, USA) with a sampling rate of 400 mega samples/s and 4096 points in each A-scan. The data
interpolation for resampling to k-space was performed to each A-line datum prior to processing of
FFT. OCT signal processing was conducted by an on-board field programmable gate array (FPGA) of
the digitizer [22] to reduce the processing load of the host computer. The measured axial resolution
was 8.8 µm in air.

2.3. Fiber-Optic-Based Sample Probe

Figure 2 shows the schematic of the proposed all-fiber-optic sample probe and the photograph
of an implemented one, which is consisted of the self-built lensed fiber and the large-core MMF.
The lensed fiber was fabricated by splicing a SMF with a short piece of a coreless silica fiber (CSF) and
then by forming a lens on the other end of the CSF with a fusion splicer (S183PM, Furukawa FITEL
Co., Phra Nakhon Si Ayutthaya, Thailand) [23]. The SMF had core/cladding diameters of 9/125 µm,
and the CSF had a diameter of 180 µm. The length of the CSF piece was 600 µm. Probing beams of
PAT and OCT, integrated by the WDM, were expanded in the CSF and then focused onto a sample by
the micro-size lens at the fiber tip. The PAT probing beam reflected at the sample surface and the OCT
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probing beam back-scattered or back-reflected at inside the sample were collected by the same fiber
lens and guided through the core of the SMF probe.
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Figure 2. (a) Schematic and (b) photograph of the all-fiber microsized probe. It is composed of a lensed
single-mode fiber (SMF) for optical coherence tomography (OCT) and photoacoustic tomography (PAT)
interrogation, and a multimode fiber (MMF) for PA excitation.

The Q-switched Nd:YAG laser beam was coupled into the large-core MMF by the focusing lens,
which excites the PA waves within localized areas of the sample. To achieve compact configuration of
the probe, the MMF was attached to the lensed SMF side by side using an epoxy glue. The diameter of
the MMF was 660 µm, and the overall size of the probe was less than 900 µm.

2.4. Phantom Preparation

To evaluate the performance of the proposed system, we used a mixed solution of milk and water,
containing a transparent fishing line (diameter of 300 µm) and a black polyethylene terephthalate (PET)
fiber (BSHLR180, HellermannTyton, Incheon, Korea, diameter of 250 µm). The milk and water solution
is generally used to model a scattering medium such as a tissue, because the main components of milk
are fat and protein. For a 5% solution of milk and water, 5 mL of milk was diluted with 95 mL of water.
After placing the fishing line and the black PET fiber at a petri dish in a cross configuration, the mixed
solution was carefully poured onto them.

3. Experiment and Results

The commercial WDM, used for integration and separation of interrogating lights of PAT and
OCT, was designed for 1550 nm and 1310 nm with a bandwidth of ˘50 nm. In the experiment, the
center wavelength of the PAT source was 1550 nm, and the one of the OCT source was centered at
1310 nm with a ´20 dBm bandwidth of 110 nm. Figure 3a shows the transmission spectrum of the
combined beam after passing through the WDM. We can see that, although the wavelength bandwidth
of the OCT light source slightly exceeds the pass bandwidth of the WDM, the WDM still works reliably.

To evaluate the performance of the homemade-lensed fiber, we measured the working distance
and the beam width at the focal plane of the fiber lens. The working distance, defined as the distance
from the tip of the fiber to the focal point, was estimated from the plot of the optical coupling power.
The optical power of the light back reflected from a mirror moving away from the lens tip was
measured and plotted in terms of the mirror distance from the tip. As shown in Figure 3b, the working
distance of the lensed fiber was measured as 885 µm. The beam width of the lensed fiber was estimated
from the lateral line spread function (LSF) obtained by taking the spatial-derivative of the edge spread
function (ESF) [24]. The ESF was measured at the working distance of the lensed fiber by moving a
knife-edge mirror in a lateral direction, shown in Figure 3c with a square-symbol black line. By taking
the derivative of ESF, the lateral LSF was obtained as shown with the round-symbol blue line in the
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figure. The full width at half maximum of the lateral LSF says that the beam width of the lensed fiber
was approximately 4.8 µm. In an OCT system, in general, the lateral resolution of OCT is determined
by the beam width of the sample beam at the focal point.

To investigate the feasibility of the proposed dual-modal PAT-OCT system having the common
fiber probe, we have imaged the phantom made of a fishing line and a black PET fiber placed in
the mixed solution of milk and water. Figure 4a shows a photograph of the fiber probe and the
phantom used in the experiment. The inset of the figure shows that the fishing line and the black PET
fiber are crossed in configuration. The radiant exposure of the pulsed Nd:YAG laser on the sample
surface, for the PA excitation, was approximately 15.9 mJ/cm2; this is permitted by the American
National Standards Institute regulations for laser safety of skin [25]. The fiber probe was positioned
perpendicular to the phantom surface and scanned over an area of 3 mm ˆ 3 mm in steps of 30 µm.
The PA signals and the OCT signals were detected at the same position and at the same time. The PA
signals were averaged 5 times per each detection point; however, the OCT signals were not averaged.
Then, the PAT and OCT images were reconstructed by using the Fourier transform method, and some
image processing was made [18,20].
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the black PET fiber, depicted with grayscale. For the detailed observation of OCT image, the 
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Figure 4c taken at the top boundary of the fishing line and the xz image Figure 4e taken at the cross 
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the black PET fiber. 

Figure 3. (a) The wavelength spectrum of the combined beam of OCT and PAT after passing wavelength
division multiplexer (WDM); (b) The recoupling optical power of the light beam back reflected from a
mirror moving away from the lens tip, plotted in terms of the mirror distance from the tip; (c) Edge
spread function (ESF) obtained from a knife-edge mirror (square-symbol black line) and line spread
function (LSF) obtained by taking the derivative of ESF (round-symbol blue line).

At first, the reconstructed OCT images are shown with Figure 4. Figure 4b shows a
three-dimensional (3D) OCT image volume-rendered by using a commercial software (Amira, FEI Co.,
Hillsboro, OR, USA), which matches well with the phantom structure in the inset of Figure 4a. The 3D
OCT image clearly shows the water surface and the structure of both the fishing line and the black PET
fiber, depicted with grayscale. For the detailed observation of OCT image, the cross-sectioned images
in the xy, xz, and yz planes were reconstructed. The xy cross-sectional image Figure 4c taken at the top
boundary of the fishing line and the xz image Figure 4e taken at the cross point show that the top and
the bottom boundaries of the fishing line and the top boundary of the PET fiber are distinguishably
visualized. However, the boundaries of the fishing line just beneath the PET fiber cannot be seen. It is
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due to the opaqueness of the black PET material. In Figure 4d, the cross-sectional xy image taken at
the top of the PET fiber, and in 4f taken along the PET fiber, we can see only the upper part of the black
PET fiber, which confirms the strong optical absorption at the black PET fiber.Sensors 2016, 16, 734 7 of 11 
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Figure 4. OCT measurements of the phantom. (a) Photograph of the sample arm and the phantom.
The excitation area of the pulsed laser (wavelength of 532 nm) is seen with green color and the inset
is a photograph of the phantom; (b) The obtained 3D OCT image of the phantom; (c) Cross-sectional
image in the xy plane taken at the top boundary of the fishing line; (d) The same as (c) but taken at the
black polyethylene terephthalate (PET) fiber; (e) Cross-sectional image in the xz plane taken at the cross
point of the fishing line and PET fiber; (f) The same as (e) but taken along the orthogonal direction.

Secondly, the reconstructed PA images acquired simultaneously with the OCT images are shown
with Figure 5. Figure 5a shows the acquired 3D PA image of the phantom. In contrast with OCT, only
the black PET fiber appears clearly. The transparent fishing line, which has low absorption at the
wavelength of the pulsed laser, is invisible in the PA image. The cross-sectioned PA images in the xy,
yz, and xz planes are reconstructed in Figure 5b–d, respectively. The PET fiber is clearly recognized in
all directions and well matched with the actual location of the PET fiber in the phantom.

Finally, the volume-rendered PAT and OCT images are merged and presented together in Figure 5e.
The PET fiber imaged by PAT shows its overall structure (top and bottom) but only the upper part
of the PET fiber is shown in the OCT image. However, the fishing line could be identified only with
OCT. PAT could not see the fishing line, mainly due to the low light absorption at the excitation
wavelength (532 nm in our case). The configuration of the black PET fiber and the transparent fishing
line in the merged PAT and OCT image are well matched with the actual structure of the phantom.
The merged image confirms that the proposed system can provide the complementary information of
the phantom—morphological (by OCT) and absorption (by PAT) information. The 3D merged image
of PAT and OCT shown in Figure 5e is also available online (Video 1). The movie provides a further
demonstration of the merged image.
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Figure 5. PAT measurement of the crossed fishing line and black PET fiber embedded in 5% solution
of milk and water: (a) 3D PAT image of the phantom; (b–d) Cross-sectional images in the xy plane,
xz plane, and yz plane at the center of the PET fiber; (e) Merged 3D PAT and OCT image. The 3D
rendered images can be viewed online at Video 1.

4. Discussion

The proposed all-fiber-based PAT and OCT system can be used for the dual-modal endoscopy
imaging owing to its compactness. However, for the realistic endoscopy, we still overcome several
challenging problems.

Firstly, the imaging speed needs to be high enough to mitigate image artifacts caused by the
sample movement and to image dynamic information. In PA imaging, the imaging speed depends on
the repetition rate of the pulsed laser. To improve the PAT imaging speed, several studies have been
reported with the usages of pulsed laser diodes (PLDs) [26–28]. The PLD has a high repetition rate
(~kHz); however, the pulse energy is ~100 times lower than the pulse energy of Nd:YAG laser [28].
To solve this drawback of the PLD, arrays of PLDs have also been tried [26–28]. By using a fiber
combiner, we are going to combine the beams from several PLDs into a single multimode fiber.

For an effective endoscopic application, an effective scanning method is required. In general,
there are two types of scanning methods: forward-viewing and side-viewing [29,30]. Our proposed
system has adopted the forward-viewing scanning method. The fiber probe was laterally scanned
with a linear stage, which is relatively inappropriate for the realistic endoscopy imaging applications.
For the realistic imaging, we consider the usage of a PZT scanner [31] or a magnetic force scanner [32]
as the effective forward-viewing scanner.

The more compact and stable configuration of the common probe would be an in-line fiber probe
instead of using two fibers; SMF for detection and MMF for PA excitation. For implementing the in-line
fiber probe, we decided to replace the two fibers with a double cladding fiber (DCF) [33]. We can
send the high-power PA excitation beam via the inner cladding of the DCF and the rather low-power
detection beams of PAT and OCT via the core of the DCF. For the photoacoustic microscopy (PAM)
case, the double cladding lensed fiber would be appropriate because the lateral resolution of PAM
depends on the spot size of the excitation beam. However, for the PAT case, the PA excitation beam is
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generally illuminated without tight focusing. Therefore, we need to optimize the focal length of the
common fiber lens if we try to use the in-line fiber probe.

The spot size of the beam for the PA detection was focused down to a few micrometers, much
smaller than the measured lateral resolution. It means that the spot size of the PA detection beam is
not the main factor in determining the lateral resolution of the current PAT system. Of course, at the
surface of the sample, the lateral resolution is directly proportional to the spot size of the PA detection
beam. Meanwhile, for the case of the optical resolution PAM, as was mentioned, the spot size and the
depth of focus of the PA excitation beam would be important.

The feasibility of the proposed system was tested with a simple sample consisting of a few wires
in a milk-water solution. For real cases, such as those of human tissue with a tumor, there are many
light absorbers or PA emitters within a small volume. Therefore, we should consider the problem
of crosstalk among so many signals from different sources for such real applications. However, it is
not the problem of the optical scheme detection of the PA signal. If it exists, it is the problem of PAT
itself. After first implementing a high-speed and high-resolution PAT system, we will then analyze the
crosstalk issue of the PAT modality in the future.

Lastly, in the proposed dual-mode system, the lateral scanning interval of 30 µm was used due to
the low imaging speed and the poor lateral resolution of PAT. Generally, the lateral resolution of OCT
is high and determined mainly by a numerical aperture of the optics in the sample arm. However,
the resolution of PAT is determined by various factors: element size of the ultrasonic transducer (in our
case, spot size of the detection beam), bandwidth of the ultrasonic transducer, scanning length (field of
view), scanning interval, and acoustic attenuation within the sample [12,28]. Therefore, increasing the
imaging speed of the PAT can reduce the scanning interval so that the maximum resolution of OCT
can be used.

5. Conclusions

We have successfully implemented an all-fiber-based dual-modal imaging system that integrated
noncontact PAT and OCT subsystems. For the combined system, a common sample probe was
made with a lensed single-mode fiber (SMF) and a large-core multimode fiber (MMF). The noncontact
measurement of the PAT subsystem was achieved by utilizing the fiber interferometer, which measured
the PA signal from the surface displacement of a sample. It was done through the lensed SMF along
with the OCT measurement. For the efficient PA excitation, the large-core MMF was used. The PAT
subsystem consisted of a fiber laser of 1550 nm for PA signal detection and a Q-switched Nd:YAG laser
of 532 nm for PA excitation. It had the lateral resolution of 100 µm and axial resolution of 30 µm at an
imaging depth of 2.5 mm. The fiber-based OCT subsystem used a swept-source laser with a center
wavelength of 1310 nm, wavelength bandwidth of 110 nm, and a scan speed of 20 kHz. The fiber
lens formed at the end of the SMF (through a piece of 600 µm long and 180 µm diameter CSF) gave a
working distance of 885 µm and a beam width of 4.8 µm at the focal plane. By attaching the lensed
SMF with the 660-µm-thick MMF side by side, the common fiber probe could be implemented with
a diameter less than 900 µm. The fiber-optics configuration of both systems is absolutely valuable
for integrating both systems. By using the common fiber probe, the combined system could be
highly miniaturized.

To evaluate the proposed system, we obtained and presented PAT and OCT images, and the
merged one, of a phantom at the same position and at the same time. The phantom consisted of a
fishing line and a black PET fiber embedded in a tissue mimicking solution. The merged 3D image of
PAT and OCT showed that the OCT could see both the fishing line and the PET fiber, but the PAT saw
only the PET fiber. Thus, we can conclude that the proposed system can provide the complementary
information of the sample related to optical absorption and scattering. Considering the advantages
of fiber-optic configuration and noncontact PA measurement, we expect that the proposed all-fiber
PAT–OCT system can be utilized as a medical diagnostic tool in fields requiring noncontact, minimally
invasive and endoscopic imaging.
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The following abbreviations are used in this manuscript:

PAT photoacoustic tomography
OCT optical coherence tomography
PET polyethylene terephthalate
SMF single-mode fiber
CSF coreless silica fiber
MMF multimode fiber
AOM acousto-optic modulator
WDM wavelength division multiplexer
LSF line spread function
ESF edge spread function

References

1. Wang, X.; Pang, Y.; Ku, G.; Xie, X.; Stoica, G.; Wang, L.V. Noninvasive laser-induced photoacoustic
tomography for structural and functional in vivo imaging of the brain. Nat. Biotechnol. 2003, 21, 803–806.
[CrossRef] [PubMed]

2. Wang, L.V.; Hu, S. Photoacoustic Tomography: In Vivo Imaging from Organelles to Organs. Science 2012, 335,
1458–1462. [CrossRef] [PubMed]

3. Li, C.; Wang, L.V. Photoacoustic tomography and sensing in biomedicine. Phys. Med. Biol. 2009, 54, R59–R97.
[CrossRef] [PubMed]

4. Beard, P. Biomedical photoacoustic imaging. Interface Focus 2011, 1, 602–631. [CrossRef] [PubMed]
5. Bell, A.G. On the production and reproduction of sound by light. Am. J. Sci. 1880, 20, 305–324. [CrossRef]
6. Huang, D.; Swanson, E.A.; Lin, C.P.; Schuman, J.S.; Stinson, W.G.; Chang, W.; Hee, M.R.; Flotte, T.; Gregory, K.;

Puliafito, C.A.; et al. Optical coherence tomography. Science 1991, 254, 1178–1181. [CrossRef] [PubMed]
7. Zysk, A.M.; Nguyen, F.T.; Oldenburg, A.L.; Marks, D.L.; Boppart, S.A. Optical coherence tomography:

A review of clinical development from bench to bedside. J. Biomed. Opt. 2007, 12, 051403. [CrossRef]
[PubMed]

8. Li, L.; Maslov, K.; Ku, G.; Wang, L.V. Three-dimensional combined photoacoustic and optical coherence
microscopy for in vivo microcirculation studies. Opt. Express 2009, 17, 16450–16455. [CrossRef] [PubMed]

9. Lee, C.; Han, S.; Kim, S.; Jeon, M.; Jeon, M.Y.; Kim, C.; Kim, J. Combined photoacoustic and optical coherence
tomography using a single near-infrared supercontinuum laser source. Appl. Opt. 2013, 52, 1824–1828.
[CrossRef] [PubMed]

10. Jiao, S.; Xie, Z.; Zhang, H.F.; Puliafito, C.A. Simultaneous multimodal imaging with integrated photoacoustic
microscopy and optical coherence tomography. Opt. Lett. 2009, 34, 2961–2963. [CrossRef] [PubMed]

11. Jeon, M.; Kim, C. Multimodal photoacoustic tomography. IEEE Trans. Multimed. 2013, 15, 975–982. [CrossRef]
12. Zhang, E.Z.; Povazay, B.; Laufer, J.; Alex, A.; Hofer, B.; Pedley, B.; Glittenberg, C.; Treeby, B.; Cox, B.;

Beard, P.; et al. Multimodal photoacoustic and optical coherence tomography scanner using an all optical
detection scheme for 3D morphological skin imaging. Biomed. Opt. Express 2011, 2, 2202–2215. [CrossRef]
[PubMed]

13. Liu, M.; Maurer, B.; Hermann, B.; Zabihian, B.; Sandrian, M.G.; Unterhuber, A.; Baumann, B.; Zhang, E.Z.;
Beard, P.C.; Weninger, W.J.; et al. Dual modality optical coherence and whole-body photoacoustic tomography
imaging of chick embryos in multiple development stages. Biomed. Opt. Express 2014, 5, 3150–3159.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nbt839
http://www.ncbi.nlm.nih.gov/pubmed/12808463
http://dx.doi.org/10.1126/science.1216210
http://www.ncbi.nlm.nih.gov/pubmed/22442475
http://dx.doi.org/10.1088/0031-9155/54/19/R01
http://www.ncbi.nlm.nih.gov/pubmed/19724102
http://dx.doi.org/10.1098/rsfs.2011.0028
http://www.ncbi.nlm.nih.gov/pubmed/22866233
http://dx.doi.org/10.2475/ajs.s3-20.118.305
http://dx.doi.org/10.1126/science.1957169
http://www.ncbi.nlm.nih.gov/pubmed/1957169
http://dx.doi.org/10.1117/1.2793736
http://www.ncbi.nlm.nih.gov/pubmed/17994864
http://dx.doi.org/10.1364/OE.17.016450
http://www.ncbi.nlm.nih.gov/pubmed/19770860
http://dx.doi.org/10.1364/AO.52.001824
http://www.ncbi.nlm.nih.gov/pubmed/23518723
http://dx.doi.org/10.1364/OL.34.002961
http://www.ncbi.nlm.nih.gov/pubmed/19794782
http://dx.doi.org/10.1109/TMM.2013.2244203
http://dx.doi.org/10.1364/BOE.2.002202
http://www.ncbi.nlm.nih.gov/pubmed/21833358
http://dx.doi.org/10.1364/BOE.5.003150
http://www.ncbi.nlm.nih.gov/pubmed/25401028


Sensors 2016, 16, 734 11 of 11

14. Blatter, C.; Grajciar, B.; Zou, P.; Wieser, W.; Verhoef, A.J.; Huber, R.; Leitgeb, R.A. Intrasweep phase-sensitive
optical coherence tomography for noncontact optical photoacoustic imaging. Opt. Lett. 2012, 37, 4368–4370.
[CrossRef] [PubMed]

15. Wang, Y.; Li, C.; Wang, R.K. Noncontact photoacoustic imaging achieved by using a low-coherence
interferometer as the acoustic detector. Opt. Lett. 2011, 36, 3975–3977. [CrossRef] [PubMed]

16. Berer, T.; Leiss-Holzinger, E.; Hochreiner, A.; Bauer-Marschallinger, J.; Buchsbaum, A. Multimodal noncontact
photoacoustic and optical coherence tomography imaging using wavelength-division multiplexing.
J. Biomed. Opt. 2015, 20, 046013. [CrossRef] [PubMed]

17. Park, S.J.; Eom, J.; Kim, Y.H.; Lee, C.S.; Lee, B.H. Noncontact photoacoustic imaging based on all-fiber
heterodyne interferometer. Opt. Lett. 2014, 39, 4903–4906. [CrossRef] [PubMed]

18. Eom, J.; Park, S.J.; Lee, B.H. Noncontact photoacoustic tomography of in vivo chicken chorioallantoic
membrane based on all-fiber heterodyne interferometry. J. Biomed. Opt. 2015, 20, 106007. [CrossRef]
[PubMed]

19. Royer, D.; Dieulesaint, E. Elastic Waves in Solids I: Free and Guided Propagation; Springer: New York, NY,
USA, 2000.

20. Kostli, K.P.; Frenz, M.; Bebie, H.; Weber, H.P. Temporal backward projection of optoacoustic pressure
transients using Fourier transform methods. Phys. Med. Biol. 2001, 46, 1863–1872. [CrossRef] [PubMed]

21. Topcu, S.; Chassagne, L.; Haddad, D.; Alayli, Y.; Juncar, P. Heterodyne interferometric technique for
displacement control at the nanometric scale. Rev. Sci. Instrum. 2003, 74, 4876–4880. [CrossRef]

22. Hongying, T. Real-Time Processing for Frequency Domain Optical Imaging Based on Field Programmable
Gated Arrays. Appl. Opt. 2014, 53, 5901–5905.

23. Eom, J.; Park, C.J.; Lee, B.H.; Lee, J.H.; Kwon, I.B.; Chung, E. Fiber optic Fabry–Perot pressure sensor based
on lensed fiber and polymeric diaphragm. Sens. Actuators A Phys. 2015, 225, 25–32. [CrossRef]

24. Firester, A.H.; Heller, M.E.; Sheng, P. Knife-edge scanning measurements of subwavelength focused light
beams. Appl. Opt. 1977, 16, 1971–1974. [CrossRef] [PubMed]

25. White, I.J.; Dederich, H.D. American National Standard for Safe Use of Lasers ANSI Z136; American National
Standards Institute Inc.: New York, NY, USA, 2007.

26. Allen, T.J.; Beard, P.C. Pulsed near-infrared laser diode excitation system for biomedical photoacoustic
imaging. Opt. Lett. 2006, 31, 3462–3464. [CrossRef] [PubMed]

27. Kolkman, R.G.M.; Steenbergen, W.; van Leeuwen, T.G. In vivo photoacoustic imaging of blood vessels with a
pulsed laser diode. Lasers Med. Sci. 2006, 21, 134–139. [CrossRef] [PubMed]

28. Wang, L.V. Photoacoustic Imaging and Spectroscopy; CRC Press: Boca Raton, FL, USA, 2009.
29. Yaqoob, Z.; Wu, J.; McDowell, E.J.; Heng, X.; Yang, C. Methods and application areas of endoscopic optical

coherence tomography. J. Biomed. Opt. 2006, 11, 063001. [CrossRef] [PubMed]
30. Yang, J.-M.; Maslov, K.; Yang, H.-C.; Zhou, Q.; Shung, K.K.; Wang, L.V. Photoacoustic endoscopy. Opt. Lett.

2009, 34, 1591–1593. [CrossRef] [PubMed]
31. Zhang, N.; Tsai, T.-H.; Ahsen, O.O.; Liang, K.; Lee, H.-C.; Xue, P.; Li, X.; Fujimoto, J.G. Compact piezoelectric

transducer fiber scanning probe for optical coherence tomography. Opt. Lett. 2014, 39, 186–188. [CrossRef]
[PubMed]

32. Min, E.J.; Na, J.; Ryu, S.Y.; Lee, B.H. Single-body lensed-fiber scanning probe actuated by magnetic force for
optical imaging. Opt. Lett. 2009, 34, 1897–1899. [CrossRef] [PubMed]

33. Ryu, S.Y.; Choi, H.Y.; Na, J.; Choi, E.S.; Lee, B.H. Combined system of optical coherence tomography and
fluorescence spectroscopy based on double-cladding fiber. Opt. Lett. 2008, 33, 2347–2349. [CrossRef]
[PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1364/OL.37.004368
http://www.ncbi.nlm.nih.gov/pubmed/23114298
http://dx.doi.org/10.1364/OL.36.003975
http://www.ncbi.nlm.nih.gov/pubmed/22002357
http://dx.doi.org/10.1117/1.JBO.20.4.046013
http://www.ncbi.nlm.nih.gov/pubmed/25919425
http://dx.doi.org/10.1364/OL.39.004903
http://www.ncbi.nlm.nih.gov/pubmed/25121904
http://dx.doi.org/10.1117/1.JBO.20.10.106007
http://www.ncbi.nlm.nih.gov/pubmed/26473590
http://dx.doi.org/10.1088/0031-9155/46/7/309
http://www.ncbi.nlm.nih.gov/pubmed/11474930
http://dx.doi.org/10.1063/1.1614858
http://dx.doi.org/10.1016/j.sna.2015.01.023
http://dx.doi.org/10.1364/AO.16.001971
http://www.ncbi.nlm.nih.gov/pubmed/20168843
http://dx.doi.org/10.1364/OL.31.003462
http://www.ncbi.nlm.nih.gov/pubmed/17099750
http://dx.doi.org/10.1007/s10103-006-0384-z
http://www.ncbi.nlm.nih.gov/pubmed/16721626
http://dx.doi.org/10.1117/1.2400214
http://www.ncbi.nlm.nih.gov/pubmed/17212523
http://dx.doi.org/10.1364/OL.34.001591
http://www.ncbi.nlm.nih.gov/pubmed/19448831
http://dx.doi.org/10.1364/OL.39.000186
http://www.ncbi.nlm.nih.gov/pubmed/24562102
http://dx.doi.org/10.1364/OL.34.001897
http://www.ncbi.nlm.nih.gov/pubmed/19529740
http://dx.doi.org/10.1364/OL.33.002347
http://www.ncbi.nlm.nih.gov/pubmed/18923618
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and Methods
	All-Fiber Nonconact PAT System
	The OCT System
	Fiber-Optic-Based Sample Probe
	Phantom Preparation

	Experiment and Results
	Discussion
	Conclusions

