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Abstract: Photoacoustic microscopy (PAM) is a multiscale imaging technique. In optical-
resolution photoacoustic microscopy (OR-PAM), a single mode (SM) fiber is normally used 
as the source of optical excitation to be focused into a diffraction-limited spot. Recent 
advances in OR-PAM have improved its imaging speed using microelectromechanical 
systems (MEMS). Here we report for the first time the use of a multimode (MM) fiber as the 
optical excitation source for high resolution OR-PAM in vivo imaging. A high-speed MEMS 
scanner based OR-PAM system combined with the mechanical movement to provide wide 
area imaging was used. The use of multimode fiber for achieving tight optical focus would 
make the optical alignment easier and high repetition rate light delivery possible for high-
speed OR-PAM imaging. A lateral resolution of 3.5 µm and axial resolution of 27 µm with 
~1.5 mm imaging depth was successfully demonstrated using the system. The efficacy of 
multimode fibers for achieving tight focus is beneficial for developing high-resolution 
photoacoustic endoscopy systems and can be combined with other optical endoscopic 
imaging modalities as well. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 

Photoacoustic microscopy (PAM) is an emerging innovative hybrid in vivo imaging modality, 
which combines optical absorption contrast and ultrasonic resolution [1–9]. In PAM, a short 
pulsed laser will irradiate the sample to generate acoustic waves due to the temperature rise 
induced by the sample. The acoustic waves can be detected by an ultrasonic transducer 
outside the sample. Depending on the resolution and imaging depth, PAM can be classified as 
acoustic resolution photoacoustic microscopy (AR-PAM) and optical resolution 
photoacoustic microscopy (OR-PAM). In AR-PAM, taking advantage of weak optical and 
tight acoustic focusing deep tissue imaging was achieved [10–12]. A lateral resolution of 45 
µm and imaging depth up to 3 mm was reported using a 50 MHz focused ultrasound 
transducer having a numerical aperture (NA) of 0.44. Acoustically resolving single capillaries 
needs ultrasonic transducers having a center frequency greater than 400 MHz. The 
penetration depth at these higher frequencies will be less than 100 µm. Tight optical focusing 
will further improve the lateral resolution for PAM and resolution up to 0.32 µm has been 
reported using OR-PAM [13]. The imaging depth in OR-PAM is limited by optical transport 
mean free path (~1 mm inside the biological tissue) [14–16]. In OR-PAM, the optical delivery 
is mainly through a SM fiber. Single mode fiber coupling is complicated and often damage 
the fiber due to poor coupling and lower fiber damage threshold. MEMS based scanning has 
been proposed previously in order to improve the scanning speed for OR-PAM [17–19], 
however delivering nanosecond pulses at high repetition rates using SM fibers is rather 
difficult to achieve because of its lower damage threshold. 

In order to overcome the imaging depth limitations of OR-PAM, progress has already 
been made in miniaturizing the imaging modality as endoscopic devices [20, 21]. In 
photoacoustic endoscopy (PAE) a single mode fiber beam delivery system integrated with a 

                                                                          Vol. 9, No. 3 | 1 Mar 2018 | BIOMEDICAL OPTICS EXPRESS 1191 



transducer will be scanned around the axis of the endoscope. The proposed PAE device have 
a poor lateral resolution of 58 µm. Focusing light beam through a multimode fiber for high 
resolution photoacoustic endoscopic applications was previously reported using optical phase 
conjugation technique [22] which however have a limited microscopic field of view. In pure 
optical endoscopic imaging modalities like confocal and fluorescence endoscopy, single 
mode fiber bundles were used [23, 24]. The imaging resolution of the system will depend on 
the spacing between each individual fiber core. Recently the use of multimode fibers for pure 
optical endoscopic imaging modalities was demonstrated which further reduced the footprint 
of the endoscopic devices as well as improved the imaging resolution and collection 
efficiency of the detected signals [25, 26]. Same multimode fiber can be used for optical 
excitation and signal collection in pure fiber-based fluorescence imaging [27]. An integrated 
micro-endoscopy system based on an image-guided fiber bundle for simultaneous optical 
resolution photoacoustic and fluorescence imaging was reported previously [28]. The use of a 
single multimode fiber for both photoacoustic and fluorescence endoscopic imaging would be 
highly beneficial to take the multimodal endoscopic technology forward. 

Here we propose the use of multimode fibers for achieving diffraction limited optical 
focusing for OR-PAM high speed imaging applications. The use of MM fiber will make the 
optical alignment easier and light delivery more effectively for OR-PAM imaging, compared 
to SM fiber. Multimode fibers have higher damage threshold, hence would also be ideal for 
high repetition rate light delivery for high-speed OR-PAM imaging. The use of MM fibers 
can make the way for developing high-resolution PAE system and is advantageous for 
combining PAE with other optical endoscopic imaging modalities as well. 

2. System description 

Figure 1 shows the schematic of the OR-PAM system. The system employs a nanosecond 
pulsed laser (AWAVE-VIS-532, Advanced Optowave, USA) which can operate at a 
repetition rate of 5 kHz to 100 kHz. The laser beam passed through a combination of lenses, 
L1 and L2 (LD2297 and LA1509, Thorlabs). The collimated laser beam was attenuated by a 
neutral density filter, NDF (NDC-50C-4M, Thorlabs) and reshaped by an iris (ID12/M, 
Thorlabs). The beam was coupled to a multimode fiber, MMF (M64L01, Thorlabs) using a 
fiber coupler, FC (F240FC-532) placed in a kinematic mount (KC1-S/M, Thorlabs). A pair of 
achromatic lens, L3, L4 (32-317, Edmund Optics) was used to collimate and focus the output 
beam from the MMF. The optical and acoustic focus is aligned confocally through the 
optoacoustic beam combiner consisting of a combination of an aluminum-coated prism 
(NT32-331, Edmund Optics) and uncoated prism (NT32- 330, Edmund Optics). The 
aluminum coating provides acoustic transmission and optical reflection. The laser beam is 
focused onto the sample after being deflected by the aluminum coating of the combiner and 
then by the MEMS scanner. A correction lens (NT67-147, Edmund Optics) was attached to 
the top of the combiner for optical aberration corrections. An acoustic lens with an NA of 
0.25 (NT45-010, Edmund Optics) was attached to the right side of the combiner which can 
provide an acoustic focal spot size of ~80 μm. The photoacoustic waves generated from the 
sample are initially reflected by the MEMS scanner then detected by an ultrasonic transducer 
(V214-BC-RM, Olympus-NDT) attached to the left side of the combiner. The detected 
signals were amplified by two serially connected amplifiers (ZX60-3018G + , Mini-Circuits) 
each having a 23 dB gain. A high-speed digitizer finally acquires these signals. The 
confocally and coaxially aligned light focus and acoustic focus scan the sample surface along 
the X-Y plane. The X-axis scanning was done using MEMS scanner (PAMsTECH, Republic 
of Korea). The MEMS scanner has a scanning limitation of 2 mm in both X and Y direction. 
For imaging area larger than 2 mm, we use MEMS scanner for capturing signals along the X-
direction whereas the Y movement was done using mechanical stage. We have used a 
commercial PAM system (Microphotoacoustics, USA) for raster scanning and data 
acquisition. 
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Fig. 1. (a) Schematic of the OR-PAM imaging system. L1- Bi-Concave lens, L2- Plano convex 
lens, NDF- Neutral density filter, FC - Fiber coupler, UST - Ultrasound transducer, MMF - 
Multimode fiber, DAQ - Data acquisition card, L3 & L4 - Achromatic lens, CL- Correction 
lens, AL - Acoustic lens. 

3. Results and discussion 

The performance of the high-speed OR-PAM system was quantified in terms of spatial 
resolution, maximum imaging depth and in vivo imaging. The lateral resolution of the OR-
PAM system was determined using an Air Force resolution test target. Figure 2(a) shows the 
maximum amplitude projection (MAP) OR-PAM imaging carried on a 1.2 mm × 1.2 mm area 
of a USAF 1951 test target (R1DS1P, Thorlabs). The scan step size was 1.5 µm in the X and 
Y directions. Figure 2(b) shows a 230 µm × 230 µm area MAP OR-PAM image of the white 
dotted region in Fig. 3(a) with a step size of 1 µm. As from Fig. 3(b), we can see OR-PAM 
system can resolve 3.48 µm line pairs (group 7, element 2). 

 

Fig. 2. Lateral resolution test of the OR-PAM system: (a) OR-PAM image of an Air force 
resolution test target, (b) OR-PAM image of the region of interest (white dotted area in (a)). 
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Further validation on lateral resolution of the system was done from the full width at half 
maximum (FWHM) of the line spread function (LSF). The same B-line of a sharp edge of the 
resolution test target was scanned 50 times with a step size of 0.5 µm. The edge was selected 
in such a way that during the B-scan half of the image will be contributed by signals from the 
test target and half will be no signal area from the glass plate. The maximum amplitude 
projection (MAP) data across the edge (Inlet in Fig. 2(a)) was fitted using the edge-spread 
function (ESF). By taking the first derivative of ESF the LSF was obtained. The calculated 
lateral resolution was 3.5 µm as shown in Fig. 3(a) well matching with the previously 
determined value. 

 

Fig. 3. Spatial resolution and imaging depth test of the OR-PAM system: Measurement of the 
line spread function (LSF) using the edge of a USAF resolution target. Black () dots: 
photoacoustic signal; red line: edge spread function (ESF); blue line: line spread function 
(LSF): Inlet shows MAP image of a resolution target (b) photoacoustic axial line of a 6 μm 
carbon fiber, Inlet shows the B-scan axial image of the carbon fiber (c) Single B-scan PA 
image of a black needle inserted in a chicken tissue. 

Experimentally determined lateral resolution was slightly worse compared to the 
theoretical resolution of 2.7 µm, which might be due to wavefront aberration due to multiple 
reflections at the prism interface and MEMS surface. The experimentally determined 
resolution was good enough to resolve a single capillary. The photoacoustic axial profile from 
a 6 µm carbon fiber was used to determine the axial resolution of the system. A single carbon 
fiber was fixed on to a microscopic glass slide with the help of magnifying glass and strapped 
at the edges. The axial resolution determined from Gaussian fitted LSF of the carbon fiber 
was 27 µm that closely matches with the theoretical axial resolution of 26 µm. To determine 
the maximum imaging depth using the proposed system a black needle obliquely inserted on 
into a chicken tissue was imaged using pulse energy of 400 nJ. Figure 3(c) shows a single B-
scan PA image of the needle. The black needle was clearly visible down to ~1.5 mm beneath 
the tissue surface with a signal-to-noise ratio (SNR) of 8 dB. 
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Experiments were done using a single mode (SM) fiber (P1-460B-FC-1, Thorlabs) to have 
a comparison between the SM and MM fiber for OR-PAM applications. A SM fiber (P1-
460B-FC1) with a core size of 3.2 μm was used. MM fibers with different core sizes (10 μm 
and 25 μm) were used for this comparison. Experiments were done to compare the lateral 
resolution, signal-to-noise ratio (SNR) and in vivo imaging depth between SM and MM 
fibers. The lateral resolution was determined by scanning the edge of the sharp edge of the 
resolution test target as described before. The measurements were done from the same 
acoustic focal plane as that of the MM after confirming the optical and acoustic confocal 
arrangement. The determined lateral resolution using SM fiber was 3.2 µm. For the 10 µm 
and 25 µm core fibers, the lateral resolution determined was 3.5 µm and 4.9 µm respectively. 
The lateral resolution of both MM fibers was good enough to resolve single capillaries. In 
order to determine the SNR, the averaged signal from a 6 µm carbon fiber was taken at a 
pulse energy of 170 nJ using both SM and MM fiber. The SNR was calculated from 20 log10 
ratio of PA signal amplitude to the standard deviation of the noise. The SNR determined from 
the SM fiber was 47dB whereas from the 10 µm and 25 µm core MM fibers were 44 dB and 
39 dB respectively. To determine in vivo imaging depth, a golden coloured needle was 
inserted into the upper leg portion of a normal Balb/c mouse weighing 25 g, procured from 
InVivos Pte. Ltd. Singapore. All the regulatory guidelines by the institutional Animal Care 
and Use committee of Singapore Bioimaging Consortium, A*STAR, Singapore (IACUC 
#151085) were followed for animal experiments. A mixture of Ketamine (120 mg/kg) and 
Xylazine (16 mg/kg) was used to anesthetize the animal. 0.1 ml/10 gm of the cocktail was 
injected intraperitoneally. A pulse energy of 400 nJ was delivered using both SM and MM 
fibers. A narrow blue colour line was drawn at regular intervals on the skin surface of the 
animal in order to determine the surface position. The imaging depth observed using SM fiber 
was 0.835 mm whereas using the 10 µm and 25 µm MM fibers were 0.825 and 0.822 mm 
respectively. It was observed that the use of MM fibers for OR-PAM applications was 
comparable with SM fiber usage in terms of resolution. The slight difference in SNR might be 
due to the variations in the optical focus spot sizes and experimental imperfections. In order 
to determine the power handling capability of the proposed fibers, best coupling efficiency of 
70% was achieved at low power using both SM and MM fibers at 10 kHz. With increasing 
power at the SM fiber input we observed that SM fiber output power also increases 
maintaining the coupling efficiency and reduced drastically by delivering average power > 25 
mW at the input which was due to fiber damage. Whereas the 25 µm MM fiber can withstand 
a damage threshold > 60 mW. The tabulated comparison between SM and MM fibers is 
shown in Table 1. 

Table 1. Comparison between single mode and multimode fibers 

Fiber Type 
(Core Size) 

Lateral Resolution 
(μm) 

SNR (dB) 
Imaging depth 

(μm) 

SM Fiber (3.2 μm) 3.2 47 835 
MM fiber (10 μm) 3.5 44 825 

MM fiber (25 μm) 4.9 39 822 

 
A mouse ear was imaged in order to show the in vivo imaging capability at high resolution 

and high speed using the system. The mouse ear was positioned in a glass slide and was made 
in close contact with the polyethylene membrane at the bottom of the water tank by means of 
ultrasound gel. Using the combination of MEMS scanner and mechanical stages a large area 
(4.8 mm × 5mm) of the ear was first imaged, using a 10 µm MM fiber at a step size of 5 µm 
in the X and Y direction. The laser repetition rate (LRR) was set at 10 kHz. Four data sets 
(each of 1.2 × 5mm) were captured and stitched together. The total acquisition time was 4 
minutes (Fig. 4(a)). A small area (1.5 mm × 3mm) was scanned using a 25 µm MM fiber at 
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an LRR of 30kHz using a step size of 5 µm in both X and Y direction. The acquisition time 
was 15 Seconds. We can clearly see single capillaries from the OR-PAM images. Even 
though MM fiber can be used at higher repetition rates than 30kHz, the speed of the 
mechanical stage is the current limiting factor for further improving the imaging speed of the 
system. The laser pulse energy for all in vivo experiments was maintained below American 
National Standard Institute (ANSI) safety limit of 20 mJ/cm2. 

 

Fig. 4. In vivo photoacoustic image of mouse ear: (a) OR-PAM image, using a 10 µm MM 
fiber at 10 kHz LRR (b) OR-PAM image, using a 25µm MM fiber at 30 kHz LRR. 

In order to have a comparison between SM and MM fiber use for in vivo imaging, same 
area of the mouse ear was imaged using both SM and MM fibers. Figure 5(a) shows the area 
imaged using SM fiber and Fig. 5(b) and 5(c) shows the area images using 10 µm and 25 µm 
MM fibers. From the images, we can see that the MM fiber image quality is as good as SM 
fiber image quality, hence MM fibers could be used as a replacement for SM fiber light 
delivery for OR-PAM imaging applications. 

 

Fig. 5. In vivo photoacoustic image of mouse ear using: (a) SM fiber, (b) 10 μm MM fiber (c) 
25 μm MM fiber. 

In summary, we have demonstrated for the first time the use of MM fibers for high 
resolution OR-PAM imaging. The proposed system can achieve tight optical focusing using 
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MM fiber beam excitation and high-speed wide area imaging by utilizing a MEMS scanner 
and raster mechanical stage movement. The use of a multimode fiber for optical beam 
delivery allows the system to be user-friendly in terms of fiber coupling and alignment. The 
high power handling capability of MM fibers makes it ideal for high speed OR-PAM imaging 
applications as well as for broadband wavelength range imaging applications. The 
comparative studies on the lateral resolution, SNR and imaging depth between SM and MM 
fibers show that MM fibers have characteristics closely matching to SM fibers for OR-PAM 
imaging applications. The use of multimode fibers for high-resolution imaging will be useful 
in developing high-resolution PAE system which can easily be combined with other optical 
endoscopic imaging modalities. 

4. Conclusions 

Here we report for the first time the use of multimode fibers as the optical excitation source 
for OR-PAM in vivo imaging applications. A high-speed OR-PAM system based on a MEMS 
scanner and MM fiber beam delivery, which can achieve high resolution and wide area 
scanning, is demonstrated. The system can achieve 3.5 µm lateral resolution and 27 µm axial 
resolution with 1.5 mm imaging depth. The developed system can be used for high-speed pre-
clinical imaging applications. Performance comparison between SM and MM fibers in 
imaging mode shows that all the parameters for MM fibers including lateral resolution, SNR, 
and imaging depth are closely matching to that of SM fiber and hence the proposed MM 
fibers would be ideal for high-speed OR-PAM imaging applications. Furthermore, the use of 
multimode fibers will be useful in developing high-resolution PAE system and can easily be 
combined with other optical endoscopic imaging modalities. Studies on the effect of higher 
mode field diameter MM fibers for OR-PAM will be implemented in our ongoing study. 
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