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Background: Photoacoustic computed tomography (PACT) is a fast-developing biomedical imaging 
modality and has immense potential for clinical translation. It utilizes laser excitation and acoustic detection 
to achieve high spatial resolution and considerable imaging depth in biological tissues. Current PACT 
primarily treats the absorption coefficient of tissues as a scalar variable while reconstructing the image, which 
limits its use for anisotropic evaluation of the tissues. Thus, by incorporating polarized imaging methods 
to evaluate anisotropy, applications of PACT can be further enhanced. So far, dichroism-sensitive PACT 
has been suggested for polarization detection of biological tissues. However, this approach is unsuitable 
for intraoperative imaging, since high-power spatial light is needed for excitation, which is dangerous and 
inconvenient to operate. Thus, there is a need to develop a polarized PACT system suitable for clinical use.
Methods: Herein, we have proposed a specially designed handheld polarized PACT (HP-PACT) system, 
which was designed to promote intraoperative anisotropy detection of biological tissues. Excitation light 
was delivered by an optical fiber and reshaped by a compact set of lenses at the output end of the optical 
fiber. A polarizer was applied to generate linearly polarized light, and the polarization direction was adjusted 
by simply rotating the half-wave plate. Photoacoustic imaging (PAI) using excitation with several different 
polarization directions was carried out. Optical axes and the structure of the anisotropic objects were 
obtained using the principle of polarization detection with the PAI.
Results: We experimentally demonstrated the performance of HP-PACT by imaging both the polarized 
and unpolarized plastic films. The results showed that HP-PACT can successfully detect the direction of the 
optical axes of polarized plastic films and has the ability to image at different depths. When linearly polarized 
light with different polarization directions was used as excitation, PAI studies on a highly anisotropic bovine 
tendon and relatively low anisotropic mouse leg showed the structural differences between the 2 tissues. The 
quantified degrees of anisotropy of the bovine tendon and mouse legs were 0.6 and 0.3, respectively.
Conclusions: The proposed HP-PACT is able to determine the anisotropic substances’ optical axes and 
distinguish anisotropic substances from isotropic ones. Thus, HP-PACT has the potential for intraoperative 
diagnosis and treatment of anisotropic tissues, including nerves and tendons.
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Introduction 

Photoacoustic computed tomography (PACT) utilizes laser 
excitation and acoustic detection to achieve high spatial 
resolution and considerable imaging depth in biological 
tissues (1,2). Handheld PACT has shown to be a promising 
technique for clinical applications, especially intraoperative 
diagnosis or treatment (3-10). Usually, PACT assumes 
that the absorption coefficient of tissues is independent of 
polarization and thus uses unpolarized light for excitation. 
However, the absorption coefficients of most biological 
tissues are anisotropic (11), and the polarization information 
has not been fully exploited using traditional PACT. When 
polarization information is needed for clinical diagnosis 
or treatment, the conventional system cannot support it. 
For example, nerve and tendon surgeries usually result in 
severe damage, as it is often challenging to separate them 
from surrounding tissues. Consequently, the recipients of 
such surgeries consequently experience chronic pain or 
permanent paralysis. Tendons and nerves usually express 
anisotropy due to the highly orientated collagen fibers 
or microtubule arrangement of nerve axons and their 
alignment. Polarized PACT with linearly polarized light 
could identify nerves and tendons intraoperatively, which 
would be greatly beneficial to the surgery. Polarized PACT 
could also add new dimensional information to the imaging, 
with high potential for clinical application. 

Polarized photoacoustic microscopy (12,13) and 
dichroism-sensitive PACT (14) have been suggested for 
polarization detection of biological tissues. However, 
photoacoustic microscopy is unsuitable for the large 
field and deep tissue imaging needed during surgeries. 
Also, dichroism-sensitive PACT uses free-space light 
as an excitation, which is inconvenient to use during 
intraoperative imaging. Optical fiber-based PACT would 
be most suitable to achieve polarization imaging for 
intraoperative diagnosis or treatment. However, ordinary 
optical fibers cannot maintain the polarization state of light, 
and polarization-maintaining optical fibers cannot deliver 
high-power laser light due to the low-damage threshold 
for intraoperative photoacoustic imaging. In addition, 

the imaging probe should be handheld, lightweight, and 
easy to operate during intraoperative application. Thus, 
although it would help overcome challenges encountered 
in intraoperative diagnosis or treatment, it is challenging to 
adapt polarized PACT to the clinical setting. 

In this study, we developed a handheld polarized 
PACT (HP-PACT) system to image the anisotropy of 
tissues. A multimode optical fiber was used to guide the 
excitation light to the probe, and a self-designed lens 
system integrated within the probe was used to reshape the 
output light to match the detection area of the ultrasound 
transducer. Although the multimode optical fiber may 
depolarize the excitation light, a polarizer inserted into the 
lens system was used to regenerate linearly polarized light, 
and the polarization direction was adjusted by rotating the 
half-wave plate mounted on the wave plate rotating frame. 
A theoretical analysis was conducted to extract the optical 
axis direction and structural information of the substance 
undergoing the test. We analyzed the imaging performance 
of HP-PACT with both polarized and unpolarized plastic 
films. We also analyzed the results of experimental studies 
conducted on highly anisotropic bovine tendons and 
relatively low anisotropic mouse legs using HP-PACT. The 
results showed that when mutually perpendicular polarized 
lights were used for excitation, structural differences 
between the 2 substances can be clearly distinguished. We 
present the following article in accordance with the MDAR 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-658/rc).

Methods

Principle of polarization detection

Generally, the photoacoustic signal is expressed as  
follows (15):

 = ΓP ημF 	 [1]

where Γ is the Grϋneisen parameter, F is the local optical 
fluence (J/cm2), μ is the optical absorption coefficient 
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of the biological tissue, and η is the thermal conversion 
efficiency. For isotropic samples, μ is a constant. However, 
for anisotropic samples, the optical absorption coefficient μ 
of the biological tissue will be a variable changing with the 
angle between the optical axis and the polarization of the 
linearly polarized light (Δθ), and is expressed as follows (10): 

 
( ) ( )

+
Δ = + cos 2Δ

2 2
p v p vμ μ μ μ

μ θ θ
−

	 [2]

where μp and μv are the optical absorption coefficient when 
the polarization of the linearly polarized light is parallel 
or perpendicular to the optical axis of the biological tissue. 
Thus, the PA signal after combining [1] and [2] can be 
expressed as:
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From Eq. [3], it is obvious that the PA intensity changes 
with the angle between the optical axis and the polarization 
of the linearly polarized light. In particular, when ∆θ=0 and 
∆θ=π/2 , we will have the maximum (PAmax) and minimum 
photoacoustic intensities (PAmin), respectively:
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In addition, the direction of the optical axis can 
be calculated using the recorded PA intensity and the 
polarization direction of the incident light (10). Similarly, 
the structure of the specimen under the test can be extracted 
using by PA imaging using two different linearly polarized 
lights. The degree of linear polarization (DLP) can be 
defined as:

 max min

max min
=

+
PA PA

DLP
PA PA

−
	 [5]

Polarized photoacoustic probe

During the intraoperative procedure, a linear-array 
ultrasound transducer is typically used. Thus, while 
imaging, it is necessary to reshape the light spot at the 
output end of the fiber into a shape that matches the 
detection area of the ultrasound traducer. Also, a uniform 
light spot is preferred for high-quality imaging. We first 
performed optical simulation using ZEMAX software 
(Radiant Vision Systems Corporation, Redmond, WA, USA) 
to achieve a 3 mm × 10 mm slender beam at the surface of 
the imaging sample to match the detection region of the 

linear-array ultrasound transducer. The parameters of the 
multimode optical fiber [core diameter 1,500 um, numerical 
arperture (NA) 0.22], the spot size, and the parameters of 
the plano-convex cylindrical lenses were set as per their 
real values. The distances between each optical element 
were set to vary in the ZEMAX simulation. The global 
optimization was performed by adjusting these variables to 
achieve the required beam size and uniform illumination 
at the surface of the imaging plane (approximately 8 mm 
below the ultrasound transducer). The sketch of the 
ZEMAX simulation model is shown in Figure 1, in which 
the illumination light is reshaped into a slender beam using 
4 plano-convex cylindrical lenses (the lenses from top to 
bottom are LJ1942L2-B, LJ638L1-B, LJ1105L1, and 
LJ1125L1, Thorlabs, Newton, NJ, USA). 

For realizing polarization detection, a polarizer 
(extinction ratio >1,000:1, LPNIRB050, Thorlabs) was used 
to generate linearly polarized light at the output end of the 
optical fiber. A half-wave plate (HWP; WPA2420-650-
1100, Union Optic, Sindos, Greece) mounted on an angle-
adjustable frame was used to easily adjust the excitation 
light’s polarization orientation. Both optical components 
were inserted between the LJ1105L1 and LJ1125L1 lenses 
(Figure 1) to achieve a compact and lightweight polarized 
photoacoustic probe for intraoperative imaging. The 
weight of the probe is only about 375 g, which facilitates 
intraoperative use.

HP-PACT experimental setup

The HP-PACT system (Figure 2) presented in this study 
is the enhanced version of the system presented in our 
previous work (16) with multiple differences compared with 
other fiber-based PACT systems. Firstly, a polarizer was 
added in the lens group to generate linearly polarized light 
and achieve anisotropic imaging. Furthermore, a uniform 
slender beam was designed based on ZEMAX simulation to 
achieve a uniform light spot at the surface of the imaging 
sample as well as to match the detection region of the linear-
array ultrasound transducer. Additionally, a HWP mounted 
on an angle-adjustable frame mounting and a specially 
designed probe housing with a small opening (i.e., hole) 
allowed the visualization of the polarization value to appear 
on the angle-adjustable frame of the HWP. This is also very 
important for ease of intraoperative handling. With this 
system, an optical parametric oscillator (OPO) laser source 
(Innolas GmbH, Bonn, Germany) working at 780 nm with 
a 30 Hz pulse repetition rate was coupled to a multimode 
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optical fiber. The coupling efficiency of the optical fiber was 
almost 91%, on top of which the pano-convex cylindrical 
lenses used for light reshaping led to another 10% optical 
loss. Furthermore, only almost 50% of light could pass 
through the polarizer and become linearly polarized light. 
Thus, the overall light efficiency of the proposed probe was 
approximately 41%. A customized 128-element linear-array 
ultrasound transducer [center frequency : 15 MHz ±10%, 
bandwidth: >60% (at −6 dB), Vermon, Tours, France] 
was used to receive the ultrasound signals. A Vantage 128 

research ultrasound platform (Verasonics Inc., Kirkland, 
WA, USA) synchronized with the excitation laser was used 
for photoacoustic data acquisition.

Polarization calibration of the linearly polarized light

The calibration of the polarized photoacoustic probe was 
conducted before PAI experiments to achieve accurate 
polarization detection. A collimated continuous light 
source (wavelength: 650 nm, spot diameter: 5 mm, and 

Figure 1 Handheld polarized photoacoustic probe. UT, ultrasound transducer; HWP, half-wave plate.

Figure 2 Experimental setup of HP-PACT system. HP-PACT, handheld polarized photoacoustic computed tomography; HWP, half-wave 
plate.
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maximum power: 5 mW, Taizhu Technology Co., Ltd., 
Shenzhen, China) was used for the polarization calibration. 
A polarimeter (PAX1000VIS/M, 400–700 nm, Thorlabs) 
was used to measure the polarization direction of the output 
light. The collimated light source, handheld PAI probe, and 
polarimeter were fixed as shown in Figure 3 to ensure that 
the incident light spot was vertical to the polarimeter. The 
small opening at the right side of the probe housing allowed 
visualization of values appearing on the angle-adjustable 
frame of the HWP. The HWP was rotated to get the 
linearly polarized light at 0°, 30°, 45°, 60°, 90°, 120°, 135°, 
150°, and 180°. The calibration results are shown in Table 1 
(multiple measurement error <±0.5°). 

The PAI of polarized and unpolarized plastic films 
(Jiateng Film and Television Equipment Co. Ltd, Xuzhou, 
China) immersed in scattering medium (1% agar with 
1% intralipid) was carried out using polarized light with 
different polarizations. The main component of polarized 

plastic film is polyvinyl alcohol (PVA), where the iodine 
molecules are arranged along a straight line to form a long 
chain resulting in good dichroism. The main component of 
unpolarized plastic film is polyvinyl chloride (PVC), which 
has no dichroism. In Figure 3B, the purple arrow represents 
the polarizer’s optical axis, and the black arrow represents 
the polarization direction of the incident laser light. The 
photoacoustic signal intensities of PVA showed periodic 
changes in sync with the changing of the polarization 
excitation light. However, no changes were found for the 
PVC material with the change in polarization, see Figure 
3B,3C. When the polarization direction of the incident 
light was parallel to the optical axis of PVA, the strongest 
photoacoustic signal intensity was obtained. Conversely, 
when the polarization direction of the incident light was 
90°, the weakest photoacoustic signal intensity was detected. 
The results demonstrated in Figure 3B,3C are consistent 
with the theoretical analysis (Eqs. [3,4]), thus verifying 

Figure 3 Polarization calibration of linearly polarized light. (A) Photograph of the calibration setup. (B) PAI of the PVA and PVC with 
different polarizations. (C) The photoacoustic intensity of PVA and PVC is shown in (B). HP-PACT, handheld polarized photoacoustic 
computed tomography; PAI, photoacoustic imaging; PVA, polyvinyl alcohol; PVC, polyvinyl chloride.

Table 1 Polarization calibration results of linearly polarized light (values shown on the adjustable frame of the HWP at different polarization  
directions)

Polarization 0° 30° 45° 60° 90° 120° 135° 150° 180°

HWP 341.5 326.5 319 311.5 296.5 281.5 274.0 266.5 251.5

HWP, half-wave plate.
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the calibration. The calibrated HP-PACT could be used 
successfully to detect the polarized substance by simply 
rotating the HWP. 

Results

Phantom experimental results 

To verify that the optical axis of the polarized substances can 
be determined, and polarized and unpolarized substances 
can be differentiated using the proposed HP-PACT system, 
we further imaged 4 PVAs with different polarization 
directions (0°, 45°, 90°, and 135°) and PVC, as shown in 
Figure 4A. When the polarization direction of the incident 
light was changed manually, the photoacoustic intensities 
also changed, corresponding to the change in angle between 
the optical axis of PVA and the polarization directions of 
the incident light. The green and purple dotted rectangles 
cover the maximum and minimum photoacoustic signal 
regions, respectively, indicating the optical axis of PVAs. 
For PVC, similar to the calibration results shown in 
Figure 3, the photoacoustic intensity remained constant. 
Thus, it is easy to distinguish between polarized PVAs and 
unpolarized PVC. In addition, results in Figure 4A show 
that the proposed HP-PACT has high fidelity and stability 
for optical axis determination. 

We also imaged PVAs in scattering media at different 
depths (5 mm, 10 mm, and 15 mm) using linearly polarized 
light with different polarization directions to show that our 

method can also resolve deep polarized substances, and the 
results are shown in Figure 4B. In addition, the DLP of the 
incident light beam at different depths was also evaluated 
using the photoacoustic intensity (Eq. [5]), and they 
were 0.92, 0.79, and 0.67, at 5 mm, 10 mm, and 15 mm, 
respectively.

Tissue experimental results 

To show the feasibility of HP-PACT for biological tissue 
imaging, we obtained PAI of an ex vivo bovine tendon 
(Figure 5 lower), a typical anisotropic tissue having a 
high concentration of collagen, and PAI of a mouse leg, 
see Figure 5 (upper), which is a relatively low anisotropic 
tissue. The 780 nm laser fluence at the surface of the 
biological tissues is approximately 20 mJ/cm2, well below 
the American National Standards Institute safety standard 
limit (17). Regions marked by a dotted rectangular box in 
Figure 5A were measured 10 times to exclude influence 
from external factors (18) such as random white noise, 
intrinsic noise from devices (e.g., ultrasound transducer 
and ultrasonic data acquisition platform), background 
noise, and so on. All measurements were averaged, and the 
resultant photoacoustic images from these measurements 
are shown in Figure 5B. The yellow arrows indicate the 
polarization direction of the excitation light used in PAI. 
Subtractions were conducted in Figure 5B using the 2 
images obtained with different polarization lights. In 

Figure 4 PVA with different polarizing directions and PVC were imaged using HP-PACT with 5 polarization directions. PVAs, polyvinyl 
alcohols; PVC, polyvinyl chloride; HP-PACT, handheld polarized photoacoustic computed tomography.
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particular, the photoacoustic image of 0° polarized light 
was subtracted from the image of 90° polarized light. The 
resulting image, shown in Figure 5C, was color-coded based 
on the subtracted values. All pixels with positive values were 
colored-coded in green, and all pixels with negative values 
were color-coded in red. As can be seen from Figure 5C, the 
bovine tendon image is predominantly green, indicating 
that it had a high anisotropic property. In contrast, the 
mouse leg [a specific-pathogen-free (SPF) BALB/c mouse 
male, 6 weeks old, 18–20 g, from Beijing Vital River 
Laboratory Animal Technology Co., Ltd., Beijing, China] 
image shows randomly distributed green and red color, 
indicating it had low anisotropic properties. Moreover, the 
degrees of anisotropy of both tendon and mouse leg were 
quantified according to equation 5, and were 0.6 and 0.3, 
respectively. This finding further confirmed our hypothesis 
that the HP-PACT has the capability for anisotropic tissue 
identification. Nevertheless, it should be noted that due to 
the different biological molecular arrangements between 
the polarized plastic films and biological tissues (19), the 
changes in the PAI with variable polarization were not as 
significant in biological tissues as compared to the polarized 
plastic film. All animal procedures were performed under 
a project license (No. SIAT-IACUC-210705-YGS-
RYG-A1975) granted by the Animal Ethics Committee 

of Shenzhen Institutes of Advanced Technology, Chinese 
Academy of Sciences, in compliance with the national 
guidelines for the care and use of animals.

Discussion and conclusions

In this study, we established an HP-PACT system to meet 
the challenges of anisotropy detection of tissues. This 
system is compact and utilizes a portable photoacoustic 
probe for imaging. Compared with the previously proposed 
laser diode and light-emitting diode (LED)-based PAI 
system (20,21), the proposed HP-PACT can provide higher 
pulse energy to allow a higher signal-to-noise ratio (SNR) 
and larger penetration depth. Laser diode- or LED-based 
systems, however, have the advantages of lower cost and 
footprint. The phantom results confirmed that the proposed 
HP-PACT could determine the optical axis and extract the 
structure of anisotropic substances during the test. The 
photoacoustic intensity changes in the phantom were clearly 
observable when linearly polarized lights with different 
polarized directions were applied. Moreover, compared 
to those of the mouse leg, photoacoustic images of the 
bovine tendon showed more significant signal variations, 
which confirmed that HP-PACT can be used to distinguish 
the anisotropic substances from the low anisotropic or 

Figure 5 HP-PACT images of a mouse leg and ex vivo bovine tendon. (A) Photograph of the mouse leg (upper) and bovine tendon (lower). 
(B) HP-PACT images of mouse leg (upper) and bovine tendon (lower) with the polarization of the excitation light being 0° (horizontal) and 
90° (vertical). (C) Extracted structure of the mouse leg (upper) and bovine tendon (lower) to be obtained by subtracting the 2 photoacoustic 
images with different polarizations in (B). HP-PACT, handheld polarized photoacoustic computed tomography.
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isotropic ones in biological tissues. Since the polarization 
detection has advantages in suppressing background noise, 
it can acquire detailed features and identify weak targets 
that cannot be seen by the conventional PAI method. In in 
vivo applications, respiratory motion is known to result in 
image blurring and loss of resolution. However, respiratory 
gating is a mature technology used for respiratory motion 
removal. So far, this technology has been well developed 
in photoacoustic tomography (22). Other efforts to correct 
breathing motion include postprocessing algorithms 
(23,24). In addition, the imaging speed can be further 
improved with a fast laser source to reduce the breathing 
artifact. Moreover, HP-PACT can be combined with 
another polarized sensitive imaging system, for example, 
polarized sensitive optical coherence tomography (PS-
OCT) to further improve sensing capability (25). For 
HP-PACT, polarization information of biological tissues 
is detected based on the absorption difference between 
different polarization excitations. For PS-OCT, it is based 
on the principle of low-coherence interferometry, where 
a low-coherence polarized light beam is directed onto the 
targeted tissue. The backscattered light contains tissue 
polarization information and interferes with a reference 
beam splitting off from the original light beam. Therefore, 
HP-PACT provides rich and unique molecular information 
based on optical absorption contrast, whereas PS-OCT 
offers structural information based on optical scattering 
contrast. The 2 methods naturally complement each 
other in terms of contrast mechanism. In conclusion, the 
proposed portable probe and easy-to-use system presented 
in this study have the potential to be used in diagnosis and 
treatment of many clinical diseases, including tendon repair, 
removal of neuroangioma, malignant tumor identification, 
and eye diseases.
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