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As a hybrid imaging modality that combines optical excitation with acoustic detection,
photoacoustic tomography (PAT) has become one of the fastest growing biomedical imaging
modalities. Among various types of transducer arrays used in a PAT system con¯guration, the
linear array is the most commonly utilized due to its convenience and low-cost. Although linear
array-based PAT has been quickly developed within the recent decade, there are still two major
challenges that impair the overall performance of the PAT imaging system. The ¯rst challenge is
that the three-dimensional (3D) imaging capability of a linear array is limited due to its poor
elevational resolution. The other challenge is that the geometrical shape of the linear array
constrains light illumination. To date, substantial e®orts have been made to address the afore-
mentioned challenges. This review will present current technologies for improving the elevation
resolution and light delivery of linear array-based PAT systems.

Keywords: Photoacoustic tomography; linear array ultrasound transducer; spatial resolution.

1. Introduction

Photoacoustic tomography (PAT) is a promising
biomedical imaging modality that o®ers high-reso-
lution optical absorption imaging of deep tissue.
The hybrid acoustic detection of optical absorption
overcomes the optical di®usion limitation.1–5 PAT
forms images based on the photoacoustic (PA) ef-
fect, which was ¯rst discovered by Alexander
Bell more than 100 years ago. The research for

photoacoustic imaging (PAI) developed very slowly
until the 1990s. At this time, the development of
high-power pulsed lasers, sensitive ultrasonic
transducers, and data acquisition systems triggered
the rapid development of PAI. Since then, the
technique has evolved rapidly and became one of
the most exciting biomedical imaging techniques in
this decade. In the last few years, PAT has been
demonstrated in various preclinical and clinical
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applications, such as cardiology imaging,6 oncology
imaging,7 vascular biometrics,8 functional imag-
ing,9–12 breast cancer screening,13,14 and guidance of
lymph node biopsy.15

In terms of acoustic signal detection con¯gura-
tion, various ultrasonic transducer arrays, such as
ring array,16,17 linear array,18–22 and hemispheric
array,13,14 have been implemented in the PAT sys-
tem to meet the demand of preclinical and clinical
applications. Among these, linear transducer arrays
are probably the most widely used. As the name
implies, the piezoelectric elements of the linear
transducer array are arranged in a line, thus, pro-
ducing a rectangular ¯eld of view. Compared to
other arrays, linear arrays are handheld operable,
convenient, and very a®ordable. It can be easily
manufactured and integrated with light sources and
conventional ultrasound systems.

Although linear array-based PAT is promising
and has been quickly developed, it still faces chal-
lenges that impair the imaging performance of the
system. The spatial resolution of a linear transducer
array can be represented in three axes. Within the
imaging plane shown in Fig. 1(a), the axial direction
is along the axis that is perpendicular to the
transducer element surface, and the lateral direction
is perpendicular to the axial direction. The eleva-
tional direction is orthogonal to the rectangular
imaging plane.

In a linear array-based PAT, the axial resolution
(Fig. 1(a)) is primarily de¯ned by the center fre-
quency of the transducer, while the lateral resolu-
tion (Fig. 1(a)) is determined by the element pitch
of the array. Typically, the axial resolution equals

half of the central acoustic wavelength, while the
lateral resolution equals one central acoustic
wavelength.5

Along the elevation direction, the elements of the
linear array transducers are usually cylindrically
focused to achieve a cross-sectional imaging plane
(Fig. 1(a)). For 3D PAI, the volumetric image can
be obtained by stacking two-dimensional (2D)
images. In this case, the linear transducer array has
to be scanned along the elevation direction. How-
ever, because of the ¯xed cylindrical focus, the
resulting volumetric images have a poor spatial
resolution along the scanning axis. As shown in
Fig. 1(a), the elevation resolution is the highest at
the acoustic focus, and it degrades as the object
moves away from the focus. Even at the elevational
focus, both the axial and lateral resolutions are
better than the elevational resolution by at least
three times.5,23,24

Besides the nonisotropic spatial resolution, the
arrangement of the linear elements limits the light
delivery to the image plane of the linear array-based
PAT systems. Since the image plane is right under
the elements' surface, the light can only be delivered
from the side of the probe for most linear array-
based PAT systems (Fig. 1(b)). The side illumina-
tion creates additional challenges because it is hard
to control the light incident angle according to the
distance/depth of the object.

Over the past few years, numerous researchers
have made substantial e®orts to address these lim-
itations. In this review, current technologies to
improve elevation resolution and light delivery of
the linear array-based PAT will be presented.

(a) (b)

Fig. 1. Schematic drawing of a linear array transducer. (a) Top: Imaging plane of the linear array transducer. Bottom: Side view of
the focal zone of the linear array transducer. (b) Light delivery scheme for side-illumination PAI.
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2. The Principle of PAT

Before talking about the details of each system, we
¯rst introduce the principle of PAT (Fig. 2).

PA signals are typically generated by shorted-
pulsed lasers. Upon laser irradiation, the object will
absorb the photon energy and experience transient
thermos-elastic expansion, resulting in the genera-
tion of wideband ultrasound signals. For an e®ec-
tive ultrasound signal generation, the pulse
duration is typically within a few nanoseconds,
which is lower than both the thermal and stress
con¯nements.25 After the wideband emission, the
induced acoustic waves are then detected by ul-
trasound transducers. Finally, the distribution of
optical absorption can be obtained by performing
an image reconstruction of the detected signals.
The PA pressure (p0Þ can be written as the fol-
lowing equation:

p0ð~rÞ ¼ ��aF ð~rÞ;
where � is the Grueneisen parameter which
increases linearly with temperature, �a is the
absorption coe±cient, and F ð~rÞ is the local optical
°uence.

The sound pressure propagates to the tissue
surface at di®erent time delays due to the various
location of the sound source and properties of the
tissue. Linear array-based PAT uses an array of
ultrasound transducers to record the sound waves.
The distribution of the initial sound pressure or
electromagnetic absorption can be obtained by in-
versely projecting back the detected sound waves.
There are many approaches for PAT imaging re-
construction. Among them, the time-domain back-
projection reconstruction algorithms are probably
the more widely used.26 These methods assume a
homogeneous acoustic property in tissue, and the
speed of sound in the soft tissue is relatively con-
stant at around 1.5mm/�s.27

3. Technologies for Improving the
Elevation Resolution

To improve the elevational resolution of linear
array-based PAT, researchers have proposed nu-
merous solutions. They include new scanning ge-
ometries, new detection hardware designs, and
advanced image reconstruction algorithms.

3.1. Modifying the scanning geometries
to improve the elevation resolution

Gateau et al. ¯rst investigated a novel scanning
geometry that combined linear and rotational
scanning to achieve nearly isotropic 3D spatial res-
olution.28 As shown in Fig. 3(a), the proposed ge-
ometry employs two movements of the linear array,
including translation and rotation. The linear array
was perpendicularly mounted on a linear transla-
tion stage, which was further ¯xed on a rotary
stepper motor so that the stage could be rotated.
The entire scanning setup was moved to discrete
positions along the contour of a polygon. Each of
the translation ranges (polygon sides) was 13.5mm
and tangent to a circle centered on the axis of ro-
tation. The entire rotation range was 180�. A 128-
element linear array (5.0/7.0MHz, Acuson L7,
Siemens) was used to test this method. The spatial
resolution of the PAT system was measured
through imaging 50mm diameter microspheres.
The resulting spatial resolutions were 130�m in-
plane and 330�m in elevation.

Upon the initial study of the combined linear and
rotational scanning geometry, Gateau et al. pro-
posed a novel single-sided access rotate-translate
linear array-based PAT scanner.29 In this system, a
128-element linear array (Vermon, Tours, France)
with a 15 MHz center frequency, 101�m element
pitch, and 1.5 mm cylindrical focus was applied. A
motorized translation stage and goniometer stage

Fig. 2. Principle of PAI.
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were used to combine translation and rotation
motions. The maximum travel range was 50mm for
the translation stage and 90� for the rotation stage.
As shown in Fig. 3(b), the linear transducer array
was mounted on the goniometer stage and then
translated by the translation stage. To ensure that
the motion of the elements' centers was within the
XY-plane, the length axis of the linear array was
mechanically aligned to match the rotation axis of
the goniometer. During the scanning, the array was
continuously and simultaneously translated and
rotated from �45� to 45�. Similar to their initial
study, microspheres phantom was used to test the
spatial resolution of the PAT system. The spatial
resolution results show that the proposed system
has a quasi-isotropic 3D resolution of �170�m. The
improvement of spatial resolution in the translation
direction is almost one order of magnitude.

Besides the translate-rotate scanning geometry,
Schwarz et al. proposed a bi-directional scan
method with two array positions perpendicular to
each other to improve the elevation resolution.30 As
shown in Fig. 3(c), two linear scans were conducted
in perpendicular directions (x- and z-direction) for
bi-directional scanning. A 24MHz 128 element lin-
ear transducer array (LA28.0/128, Vermon, Tours,
France) with a 1.5mm focus and 70�m pitch was

¯rst scanned along the elevation direction and was
then rotated by 90� and scanned across the same
region again. Numerical simulation and experi-
mental phantom resolution studies both demon-
strated that the method yields an improved
elevation resolution with only minor losses in lateral
resolution.

Li et al. also proposed a combined linear and
rotational scanning method to achieve isotropic
resolutions for linear array-based PAT.31 Instead of
rotating or translating the array over the sample, a
rotating sample and translational scanned linear
array were adopted, as shown in Fig. 3(d). In each
scan step, a commercial linear array with 256 ele-
ments (LZ250, 21MHz center frequency, Visual-
sonics Inc., Canada) was ¯rst elevationally scanned.
Then the sample was rotated around its center in a
2o angular step size and scanned again until 180o

have been covered. Carbon ¯ber was chosen to
quantify the elevation resolution of the proposed
system, and the resolution result shows that this
method improves the elevational resolution by 10
times in comparison with the conventional single
elevational scan.

In principle, the various scanning geometries
discussed above improve elevation resolution by
converting the elevation direction into axial or

(a) (b)

(c) (d)

Fig. 3. Di®erent scanning geometries for improving elevation resolution. (a) The rotational scanning geometry proposed in Ref. 28.
(b) The translate-tilting scanning geometry proposed in Ref. 29. (c) The bi-directional scanning geometry proposed in Ref. 30. (d)
The sample-rotational scanning geometry proposed in Ref. 31.

Y. Wang et al.
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lateral directions. This conversion overcomes the
intrinsic limitation of the linear array transducer.
However, such complicated scanning geometry
often means a prolonged scanning time. The large
data size also takes more time to process for image
reconstruction.

3.2. Modifying the detection scheme to
improve the elevation resolution

Without modifying the scanning geometry, Wang
et al. proposed a fundamentally di®erent approach
to improve elevation resolution. The technique is
based on acoustic di®raction through a thin slit,
which essentially improves the receiving angle of the
array along the elevation direction (Fig. 4).32 The
imaging system exploited an ATL/Philips L7-4 128-
element linear transducer array (5MHz center fre-
quency, 25mm elevation focus) and a thin slit
formed by two metal blades with 500�m thickness.
The bottom blade was ¯xed in position while the
top blade was mounted on a translation stage,
allowing for easy and precise control of the slit
opening (from 300�m to 1000�m). The thin slit
di®racts the incoming PA waves along the elevation
direction and enables 3D image reconstruction.
Through phantom and in vivo experiments, the
authors demonstrated that the slit improves the
elevation resolution by up to 10 times without
compromising scanning time.31 Besides improve-
ment in elevation resolution, the slit also improves
the signal-to-noise ratio (SNR) due to a larger re-
ceiving aperture. Figure 4 displays the vascular
image results of a human palm acquired by slit-
based linear PAT.

3.3. Imaging algorithms for improving
the elevation resolution

Other than modifying the system hardware,
advanced imaging algorithms can also improve the
elevation resolution of the linear array-based PAT
system. Wang et al. proposed the integration of two
advanced image reconstruction techniques: coher-
ent weighting (CW) and focal-line (FL) 3D image
reconstruction.34,35

The CW algorithm calculates the coherence of
received PA signals and assigns a weighting factor
to the delay-and-summed signals. The value of the
coherent weighting factor (CWF) ranges from 0 to 1
and can be applied to the reconstructed image. This
factor enhances the coherently summated signals
while suppressing the out-of-phase signals and ran-
domized noise. The CW factor is applied in 3D
through the FL reconstruction algorithm, which
precisely calculates the time of arrival in 3D space.
Previous studies have indicated that the FL algo-
rithm can improve the elevation spatial resolution
up to the size of the acoustic focus (Fig. 1(b)) re-
gardless of the axial distance of the object.34 The
combined CW–FL algorithm was validated through
numerical simulation and was experimentally tested
in both phantom and human subjects. Both of the
experiments' results proved that the method can
signi¯cantly improve the elevation resolution by 4
times; moreover, the method also suppresses noise
and o®ers higher SNR.

Alshaya et al. reported another algorithm named
the36 Filter Delay Multiply and Sum (FDMAS)
beamforming technique, which is an adaptive
beamforming technique that depends on the

(a) (b)

Fig. 4. Slit-based linear PAT proposed in Ref. 33. (a) Schematic drawing of the slit-based linear-array PAT system. (b) 3D palm
vascular images acquired by the slit technology. This work by Y. Wang et al., Ref. 33 is licensed under a Creative Commons
Attribution 4.0 International License.
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autocorrelation between delayed radio frequency
(RF) data. Due to the autocorrelation operation,
the FDMAS beamforming technique cannot be ap-
plied directly in 3D PAI. Instead, the FDMAS is
used to beamform the RF data in the lateral
direction and elevation direction separately, and
then combine them. This FDMAS beamforming
technique not only improved the elevation resolu-
tion out of the focal length, but also reduced the
clutter signals and background noise of the PA
image. The FDMAS beamforming technique was
compared with the Delay and Sum (DAS) beam-
forming technique in terms of spatial resolution and
SNR. The improvement in the elevation resolution
and SNR are about 30% and 13 dB compared to
DAS, respectively.

Table 1 summarizes di®erent techniques used to
improve the elevation resolution.37 It can be seen
that the last three methods possess the fastest speed
because they require only a single translational
scan, while the ¯rst two methods provide the best
improvement in elevation resolution because they
translate the elevation direction into axial direction
during the scan. The middle two methods convert
elevation direction into lateral direction during the
scan. Depending on the scanning method, the speed
ranges from medium to slow.

4. Technologies for Improving Light

Delivery E±ciency

Due to the linear arrangement and cylindrical focus
of the array elements, the imaging plane of linear

array transducers is a cross-sectional plane that
extended along the axial direction. As we intro-
duced in Sec. 2, the intensity of the PA signal pri-
marily depends on the local light °uence and
absorption coe±cient. To achieve optimal PAI
depth, we need to ensure that the majority of light
goes to the imaging plane. In this case, coplanar
light delivery and acoustic detection would be the
optimal geometry. In reality, due to the geometric
shape of linear array transducers, the light is typi-
cally delivered from the side of the linear array.
Because of the noncoaxial light delivery and
acoustic detection, a good amount of the light en-
ergy will be wasted outside of the imaging plane.
The large incident angle also increases the light
travel distance. Both e®orts lead to a shallower
imaging depth in side-illumination PAT systems.
This conclusion is supported by Monte Carlo
simulations,39,40 which found that smaller incident
angles could signi¯cantly improve the light °uence
in deep imaging regions.

In this section, we will ¯rst discuss technologies
for improving the e±ciency of side illumination,
and then introduce methods to achieve coplanar
(coaxial) light delivery and acoustic detection.

4.1. Adjustable side light delivery

Liu et al. designed and built a handheld, real-time
PAI system with manually adjustable side light
delivery.41 To optimize the laser light delivery, a
¯nite element simulation was employed to evaluate
the in°uence of the incident angle and interval

Table 1. Comparison of di®erent methods for improving the elevation resolution in a linear array.35 The table was reproduced with
permission from Ref. 35.

Name Scanning method Speed
Modi¯cation of
transducer array

Improvement in
elevation resolution

Rotational scanning geometry38 180� rotational scan
+translational scan at each
1:5� interval

Slow No High

Translate-tilting scanning geometry29 Continuous and simultaneous
rotation and translation scan

Slow No High

Bi-direction scanning geometry30 Two translational scans
perpendicular to each other

Medium No Medium

Sample-rotational scanning geometry31 The sample is rotated in
increments and linearly
scanned

Slow No Medium

Slit PAT geometry32 One translational scan Fast Yes (slit) High
CW–FL35 One translational scan Fast No Medium
FDMAS36 One translational scan Fast No Medium

Y. Wang et al.
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between the two arms of the ¯ber bundle regarding
light °uence. Phantom experimental validations
were performed and the results were consistent with
the simulations results. These results indicated that
the distance between the two arms of the ¯ber
bundle played a major role in light °uence
propagation.

Besides the manual adjustment, Sangha et al.
reported a motorized adjustable PAT probe.42 The
adjustable PAT holder (Fig. 5) consists of an ex-
ternal linear stepper motor and two bipolar stepper
motors. This holder can vertically translate the ul-
trasound transducer and adjust the ¯ber bundle's
rotation and angle. These adjustments could
improve the optical °uence of di®erent tissue layers,
thereby increasing the penetration depth and SNR.
By tuning the ¯ber orientation, probe-skin re°ec-
tion artifacts were reduced and light distribution in
the image acquisition plane was improved. They
validated the motorized PAT probe through Monte
Carlo simulations, ex vivo imaging, and in vivo
imaging. The ex vivo results showed several milli-
meter improvements in penetration depth, while the
in vivo results showed a 62% increase in lipid SNR.

4.2. Coaxial light delivery and acoustic

detection

Although side light delivery is widely used in linear
array-based PAT systems, coaxial light delivery
and acoustic detection is still the optimal light de-
livery method. The ¯rst coaxial system was

proposed by Montilla et al., who utilized an op-
tically transparent acoustic re°ector to separate
light illumination and acoustic detection into two
directions.43 As shown in Fig. 6, the glass plate is
transparent to light while the acoustic waves were
re°ected by 90�, achieving coaxial illumination and
detection. The performance of the system was
demonstrated by imaging a mouse with a pancreatic
tumor.

Lee et al. proposed a handheld probe in which the
illuminated light beam axis coincides with the axis
of the ultrasound through a beam combiner.44 The
beam combiner doubly re°ects the acoustic waves
to the linear array transducer and the transmission
losses of the light and acoustic beams are low.
Moreover, the laser output was shaped to a line
beam by three cylindrical lenses (Fig. 7). In their
small animal experiments, the lymph nodes near the
skin could be detected without the need for any
supplementary material.44

Li et al. proposed a similar handheld probe de-
sign, utilizing polymethyl methacrylate (PMMA) as
an optical/acoustic coupler.27 The optical/acoustic
coupler re°ects the light beam two times and is
permeable to acoustic waves, achieving coaxial light
delivery and acoustic detection with the optical
¯ber bundle and transducer probe parallel to each
other. Using the handheld probe, the authors suc-
cessfully imaged the sentinel lymph node (SLN) in a
live rat. Li's group has also designed various types
of compact PA probes to improve the SNR of the
system45 and to detect the SLN.46

(a) (b) (c)

Fig. 5. The adjustable probe proposed in Ref. 42. Exploded (a), presentation (b), and constructed (c) images of the probe.
Reprinted from Photoacoustics, 12, G. S. Sangha, N. J. Hale, C. J. Goergen, Adjustable photoacoustic tomography probe improves
light delivery and image quality, 6–13., Copyright (2018), with permission from Elsevier.
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Recently, Wang et al.47 reported another double-
re°ector design-based linear optical ¯ber bundle.
Instead of the optics shown in Fig. 7, their system
utilized a line output ¯ber bundle to illuminate the
object, so that the whole system is much easier to
align. In this design, a compact housing was created
to combine both the transducer and ¯ber bundle
output for convenient handheld imaging (Fig. 8).
Various phantom and human in vivo experiments
were performed to evaluate the e±ciency of the

system. 3D vascular images of the human forearm
were acquired as shown in Figs. 8(b) and 8(c). The
images demonstrated that the double-re°ector de-
sign provides a deeper imaging depth than that of
side illumination.

Table 2 compares di®erent light illumination
schemes. It can be seen that while the side illumi-
nation is easy to implement, it has limited light
penetration depth. The single-re°ector design
achieves coplanar light illumination and acoustic

Fig. 6. Cross-sectional view of the photoacoustic enabling device (PED) design.43 In this design, a glass plate was used as a light
and sound combiner.

Fig. 7. Schemes of a handheld probe with the illuminated light beam axis coincides with the axis of the ultrasound through a beam
combiner.44

Y. Wang et al.
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detection with the minimal wave aberration, how-
ever, it is inconvenient for handheld operation. The
double-re°ector system represents the most com-
pact design among the three. However, it is also
associated with a longer acoustic travel distance,

which needs to be considered during image
reconstruction.47

5. Summary and Conclusions

Linear array-based PAT is a high resolution, non-
invasive, and convenient imaging modality with
extensive applications from preclinical laboratory
research to clinical patient care. However, due to
the unique geometry design of the linear transducer
array, it still faces engineering challenges in terms of
poor elevation resolution and light delivery that
would impair the imaging performance of the PAT
system. In this review, we discussed the state-of-the-
art of linear array-based PAT systems, introduced
the implementation of the imaging system, and
elaborated on the reasons for those engineering
challenges. We provided a comprehensive review of
existing studies and progresses to solve limitations
on the elevation resolution and light delivery
scheme.

The elevation resolution improvement technolo-
gies can be classi¯ed into three categories based on
their principles. The ¯rst category involves new
scanning geometries to improve the elevation reso-
lution. Through modi¯ed scanning geometries, the
elevation direction was converted into axial or lat-
eral directions. However, in consideration of the
elongated scanning and imaging reconstruction
time, these techniques did not improve the elevation
resolution e®ectively. The second category is based
on a brand new technology that improves the ele-
vation resolution by di®racting the acoustic waves
through a thin slit. This method provides the
highest elevation resolution improvement without
modifying the scanning geometry. Furthermore, the
slit width can be adjusted to achieve optimal reso-
lution based on the imaging feature. The third
category is the simplest method because it improves
the elevation resolution purely through imaging

(a)

(b) (c)

Fig. 8. Schemes of a Double-re°ector PAI system.47 (a) The
cold mirror is transparent to the near-infrared light, while it
re°ects acoustic waves by 90�. The second acoustic re°ectionwas
achieved by a regular glass. (b) Depth-encoded Maximum am-
plitude projection (MAP) image of a human forearm, acquired
by the side-illumination system. (c) Depth-encoded MAP image
of the forearm, acquired by the double-re°ector system. White
arrows show the same features and the yellow arrow indicates the
deepest vessel. This work by Y. Wang et al., Ref. 47 is licensed
under a Creative Commons Attribution 4.0 International
License.

Table 2. Comparison of various light illumination schemes.

Light delivery systems Advantages Disadvantages

Side illumination Easy to implement. Minimal light and
acoustic distortion

Limited imaging depth.

Single-re°ector illumination Coplanar light illumination and sound
detection.

Inconvenient for handheld operation

Double-re°ector illumination Compact design; Coplanar light
illumination and sound detection.

Long acoustic travel distance; potential
aberration from two acoustic re°ectors.

Review of methods to improve the performance of linear array-based PAT
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reconstruction. Although these algorithm-based
methods do not require any hardware modi¯cation,
their elevation resolution improvement is very
limited.

As for the light delivery technologies, there are
two major solutions: improving the side-illumina-
tion design and achieving coaxial light delivery and
acoustic detection. To improve the side-illumina-
tion design, it is critical to increase the light °uence
within the acoustic detection area. For the ¯rst so-
lution, linear array-based PAT systems with
adjustable light delivery angles were developed to
dynamically control the illumination. As for the
second solution, the basic principle is to use acoustic
and light combiners to separate or combine light
and acoustic beams. The coaxial light delivery and
acoustic detection technology has been well dem-
onstrated in imaging animal SLNs and human
vasculature. All the aforementioned technologies
have greatly improved the imaging capability of the
linear array-based PAT system.

To further improve the imaging quality, we en-
vision that future studies will combine the elevation
resolution improvement techniques and light deliv-
ery schemes to achieve both deeper penetration
depth and higher spatial resolution in a linear array.
With increasing demand in preclinical and clinical
applications of PAT, we anticipate that other areas
of linear-array PAT, such as light source and data
acquisition system, will also be improved to further
reduce the system size and detection sensitivity.48,49

In the next few years, we expect to see a broader
application of linear array-based PAT systems.
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