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Abstract Photoacoustic Computed Tomography (PACT) has been widely explored
for inexpensive non-ionizing functional and molecular imaging of small animals
and humans. In order for light to penetrate into deep tissue, a bulky and high-cost
tunable laser is typically employed. Light Emitting Diodes (LEDs) have recently
emerged as smaller and cost-effective alternative illumination sources for photoa-
coustic (PA) imaging.We recently developed a portable, low-costmultispectral three-
dimensional PACT system using multi-wavelength LED arrays, referred to as LED-
PACT, enabling similar functional and molecular imaging capabilities as standard
tunable lasers. In this chapter, first the capabilities of commercial LED array-based
B-mode PA and Ultrasound (US) imaging system, referred to as LED-PAUS, to per-
form functional and molecular imaging with both in vivo and phantoms studies are
presented.We also present the details of the development of LED-PACT systemwith
essential hardware components, acquisition and reconstruction software needed for
the implementation. This chapter also covers simulations and experimental results
comparing the capabilities of LED-PACT system with commercial LED-PAUS sys-
tem. LED-PACT and LED-PAUS system together demonstrate the potential of LED
based photoacoustic imaging for pre-clinical and clinical applications.

1 Introduction

Photoacoustic tomography (PAT) is an emerging biomedical imaging technology that
combines rich optical contrast with the high spatial resolution of ultrasound [1, 2]. In
PAT, a biological specimen is illuminated with a sufficiently short laser pulse, which
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causes an increase in temperature due to energy absorption. This temperature increase
leads to thermoelastic expansion of the specimen, which induces ultrasonic pressure
generation. The generated pressure then propagates to transducers surrounding the
specimen. The received ultrasound signal is converted into an optical-absorptionmap
of the specimenwith different image formationmethods. PAT has shown great poten-
tial in biomedicine for several applications ranging from clinical breast angiography
[3, 4] to pre-clinical whole body imaging of small animals [5–7].

Based on the image formationmethods, PAT setups can be grouped into twomajor
categories. In the first method, a single element transducer mechanically scans the
imaging object in two dimensions. Photoacoustic received signal at each acquisition
provides a one-dimensional image along the acoustic focus of the transducer element.
Elementary stitching of these one-dimensional images along the two dimensions of
themechanically scanned region of interest gives a three-dimensional optical absorp-
tionmap of the specimen. PAT setups using this direct method of image formation are
called as photoacoustic microscopy (PAM) setups [8–10]. In the second method, dif-
ferent geometries of multi-element transducer arrays are used to electronically scan
the imaging object. Each element of the transducer has a larger acceptance angle
compared to the previous case. Photoacoustic image formation involves complex
computational reconstruction algorithms that can effectively merge the data from
all transducer elements. PAT setups using these complex reconstruction methods are
called as photoacoustic computed tomography (PACT) setups [11–15].

Common PACT setups comprise of a cumbersome Q-switched Nd:YAG laser
[11–15]. These lasers typically have a nanosecond pulse width with hundreds of mJ
pulse energy. Such high pulse energies can easily provide sufficient signal to noise
ratios for applications ranging from organelles to small animals to human imaging.
However, these laser sources, widely explored in a typical research setup, are not
suitable for clinical applications due to their massive cost and substantial footprints.

Recently, many researchers have employed both laser diodes [16–22] as well as
LEDs [22, 23] in the development of PA imaging systems. However, the emission
from laser diodes still remain coherent and are still under the category of class-IV
lasers. LEDs, unlike the class-IV lasers, offer a unique opportunity to operate with
more flexibility and ease of use. The challenging aspect of using LEDs compared
to laser sources for PA imaging is their low power pulses (about two orders of
magnitude smaller than the typical class-IV lasers) struggling to provide sufficient
signal from deeper tissue regions. To overcome this, sizable signal averaging is
performed utilizing the orders of magnitude higher repetition rates of the LEDs.

Several groups have explored the LED based PA imaging applications utilizing
the higher repetition rates to achieve acceptable signal to noise ratios. Further, to
improve the pulse energies researchers have also explored the arrayed arrangement
of LEDs [24–29]. In the arrayed format, the typical pulse energies increases from
few μJ to hundreds of μJ and thus improves the penetration depth of LED-based PA
imaging.

The previous studies [24–29] utilized the arrayed format of LED arrays only in a
typical B-mode fashion, where they place two LED arrays adjacent to a linear ultra-
sound probe and acquire B-mode photoacoustic images along the depth dimension
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Fig. 1 LED arrays attached
to conventional ultrasound
probe [Reprinted with
permission from 24]

of the specimen. There are two disadvantages of using the LED arrays in the above
format. First, in order for light and ultrasound to fall in the common imaging plane,
the angled arrangement of LED arrays (as shown in Fig. 1) leads to a standoff region
of about 8–10 mm.

Second, for deep tissue imaging applications, the signal to noise ratio reduces
drastically with the lower light energy reaching to the deeper regions. We have
addressed the above-mentioned problems with a novel approach of placing multiple
LED arrays around the imaging specimen. Our setup not only provides a close-to-
zero standoff region but also helps to increase the penetration depths in deep tissue
imaging applications to about 35 mm, similar to the big lasers.

With this approach, ours is the first LED based three-dimensional PACT system
that uses multiple LED arrays and a linear ultrasound probe to generate volumetric
3-D PACT images of the imaging object. Similar to the high-cost tunable lasers,
our LED-PACT system allows for the multi-wavelength LED arrays housed in a
cylindrical geometry to enable the functional and molecular imaging capabilities.

The rest of the chapter is organized as follows. Section 2 presents several phan-
tom as well as in vivo studies demonstrating the capabilities of the commercial
LED-PAUS system. Section 3 first describes our proposed LED-PACT system with
the details of the development of the hardware as well as the reconstruction of PACT
images. It also presents simulations and validation studies over different tissue mim-
icking phantoms comparing the capabilities of our proposed system with the LED-
PAUS system and proposing solutions to overcome its limitations towards the goal
of developing a clinically applicable, low-cost LED-PACT system.

2 LED-Based PAUS Imaging

The commercially available LED-based combined ultrasound (US)/photoacoustic
(PA) B-mode imaging system, referred to as LED-PAUS system, explained below
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in Sect. 2.1 is capable of acquiring 2-D/3-D B-mode US/PA images in real time. In
this section, we first introduce the commercially available LED based PAUS system
and then present different studies involving LED based PAUS system.

2.1 Commercial LED-PAUS Imaging System

A commercially available LED-PAUS system (AcousticX, Cyberdyne Inc., Ibaraki,
Japan) capable of acquiring interleaved PA and US B-mode images in real time was
presented previously [26, 27]. This system uses LED arrays for PA excitation and
a linear US transducer for ultrasonic excitation and detection. For B-mode 2-D/3-D
US/PA acquisition, two LED arrays are positioned on either side of the US probe
as shown in Fig. 1. Each of these LED arrays consists of four rows of 36 1 mm ×
1 mm LEDs. These LED arrays are capable of delivering a maximum optical energy
of 200 μJ per pulse and can be driven with a repetition rate of 1–4 kHz with pulse
duration of 30–150 ns. The ultrasound probe is a lead zirconate titanate (PZT) 128-
element linear array transducer having a pitch of 0.3 mm and total length of 38.4 mm.
The central frequency of the transducer is 7MHz and themeasured−6 dB bandwidth
is 75%. The ultrasound and photoacoustic modalities have sampling rates of 20MHz
and 40 MHz respectively. The US probe has an elevation focus of 15 mm, achieved
with the help of an acoustic lens incorporated on top of the transducer array. In the
following subsections, we have covered several phantom as well as in vivo studies
published using this LED-PAUS system.

2.2 Capability of LED-PAUS System to Image Exogenous
Contrast Agents

Exogenous contrast agents can be targeted for specificmolecules or cells for preclini-
cal and clinical applications. Photoacoustic contrast agents have significant feasibility
to assist in monitoring and diagnosis of diseases [30–36]. This work fromHariri et al.
[24] characterized the detection limit of some common small molecules used in pho-
toacoustic imaging: ICG [31], MB [32, 33], and DiR [36]. These are NIR-sensitive,
Food and Drug Administration (FDA)-approved contrast agents for both Fluorescent
and photoacoustic imaging. Various concentrations were scanned, and the detection
limits were calculated at three standard deviations above baseline. Figure 2a, e, i
show MIP images of high concentrations of ICG (640, 320, and 160 μM), MB (6,
3, and 1.5 mM), and DiR (592, 296, and 148 μM). Figure 2b, f, j shows the average
photoacoustic intensity along all ten ROIs for each tube associated with Fig. 2a, e, i.

Figure 2c, g, k showMIP images for the detection limit of ICG (36, 18, 9μM, and
DI water), MB (1.5, 0.75, 0.37 mM, and DI water), and DiR (136, 68, 34 μM, and
DMSO). Figure 2d, h, l show the average photoacoustic intensity along the ROIs.
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Fig. 2 Evaluation of LED-based photoacoustic imaging system for exogenous contrast agents. a
MIP image of ICG solutions (640, 320, 160 μM, and DI water) with high concentration as positive
control inside Teflon light wall tubes. b Statistical analysis of data in A. c MIP image detection
limit experiment for ICG (36, 18, 9 μM, and DI water). d Statistical analysis of data in (c). e
MIP images of MB solutions (6, 3, 1.5 mM, and DI water) with high concentration as positive
control inside Teflon light wall tubes. f Statistical analysis of data in (e). g MIP image detection
limit experiment for MB (1.5, 0.75, 0.37 mM, and DI water). h Statistical analysis of data in (g). i
MIP images of DiR solutions (592, 320, 148 μM, and DMSO) with high concentration as positive
control inside Teflon light wall tubes. j Statistical analysis of data in (i). k MIP image detection
limit experiment for DiR (136, 68, 34 μM, and DMSO). l Statistical analysis of data in (k). All the
error bars demonstrate standard deviation between different ROIs in each tube. Scan size is 10 mm
[Reprinted with permission from 24]

The error bars show the standard deviation between ROIs in each tube. The limit
of detection for ICG, MB, and DiR is 9 μM, 0.75 μM, and 68 μM, respectively
when 850 nm is used for ICG and DiR and 690 nm is utilized for MB. The power
for the LED-based system at 690 nm is almost three-fold lower than that at 850 nm.
This might explain the lower detection limit for MB rather than ICG and DiR. This
experiment also highlights how LED based systems are limited by the choice of
wavelengths. While OPO based systems are capable of scanning wide-wavelength
range, this system can only use twowavelengths at a time. Thus, it can be challenging
to carefullymatch the absorption peak of the contrast agentwith the excitation source.
Nevertheless, many species absorb strongly at 690 or 850 nm and customized LED
sets are available for ratiometric imaging.

2.3 Capability of LED PAUS System to Image Labeled Cells
in Vivo

This work from Hariri et al. [24]. presents in vivo experiments to demonstrate the
feasibility of LED-PAUS system for clinical applications. Several groups [37, 38]
have previously used photoacoustic imaging for stem cell imaging. Here, labeled
cells are used to understand the in vivo performance of this LED-PAUS system. This
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study used DiR which has been demonstrated as an effective contrast agent for cells
checking [39, 40]. Figure 3a, e, i show photoacoustic images before injection of DiR,
DiR @ HMSC, and HMSC, respectively.

The needle generates strong photoacoustic signal and overlaying the photoacous-
tic data with the ultrasound images offers more comprehensive structural informa-
tion in addition to functional details from DiR-labeled cells. Figure 3b, f, J demon-
strate B-mode photoacoustic/ultrasound images before injection. Figure 3c, d shows
photoacoustic and photoacoustic/ultrasound images of injected DiR in the mice,
respectively. These figures show strong photoacoustic signal in the presence of DiR.
Figure 3g shows capability of LED-PAUS system to detect cells labeled with contrast
agent. DiR was used as contrast agent for labeling the HMSCs. Unlabeled HMSCs

Fig. 3 In vivo evaluation of LED-PAUS system. a Photoacoustic image when needle is subcu-
taneously injected on spinal cord area before DiR injection. The needle has strong photoacoustic
signal. b Photoacoustic/ultrasound image of (a). c Photoacoustic image after subcutaneously injec-
tion of DiR. d B-mode photoacoustic/ultrasound image of (c). e Photoacoustic image when needle
is subcutaneously placed on the spinal cord area before HMSC labeled with DiR (DiR @ HMSC)
injection. f B-mode photoacoustic/ultrasound image of (e). g Photoacoustic image after injection of
HMSC labeledwithDiR (DiR@HMSC) on spinal cord. hB-mode photoacoustic/ultrasound image
of (g).i Photoacoustic image in presence of needle before injection of unlabeled HMSC as control
experiment. j B-mode photoacoustic/ultrasound image of (i). k Photoacoustic image of HMSC as
control. This image shows no photoacoustic signal for HMSC. l B-mode photoacoustic/ultrasound
image of (k). [Reprinted with permission from 24]
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were also injected as control (Fig. 3k, l), but there was no increase in photoacous-
tic signal. Hence this study demonstrated the feasibility of LED-PAUS system for
in vivo studies including photoacoustic cell imaging.

2.4 LED-PAUS System for Monitoring Angiogenesis
in Fibrin Scaffolds

Laser speckle contrast analysis (LASCA), a widely used imaging technique within
regenerative medicine, has high spatial resolution but offers limited imaging depth
and is only sensitive to perfused blood vessels. As an emerging technology, PA imag-
ing can provide centimeters of imaging depth and excellent sensitivity in vascular
mapping. PA imaging in combination with conventional US imaging offers a poten-
tial solution to this challenge in regenerative medicine. This study from Zhu et al.
[41] presented here used LED-PAUS dual system to image and monitor angiogene-
sis for 7 days in fibrin-based scaffolds subcutaneously implanted in mice. Scaffolds,
with or without basic fibroblast growth factor (bFGF), were imaged on day 0 (i.e.,
post implantation), 1, 3, and 7 with both LASCA and LED-PAUS imaging systems.
Quantified perfusion measured by LASCA and PA imaging were compared with
histologically determined blood vessel density on day 7. Vessel density corroborated
with changes in perfusion measured by both LASCA and PA. Unlike LASCA, PA
imaging enabled delineation of differences in neovascularization in the upper and the
lower regions of the scaffold. Overall, this study has demonstrated that PA imaging
could be a noninvasive and highly sensitive method for monitoring vascularization
at depth in regenerative applications.

2.4.1 In Situ Polymerization of Fibrin Scaffolds

This in vivo research [41]was conductedwith the approval of the InstitutionalAnimal
Care and Use Committee at the University of Michigan. Female BALB/c mice (n
= 5, 19.2 ± 1.0 g, 4–6 weeks old; Charles River Laboratories, Wilmington, MA)
were anesthetized with isoflurane (5% for induction and 1.5% for maintenance).
The lower dorsal hair was removed by shaving and applying depilatory cream (Nair,
Church & Dwight Co, Ewing, NJ). The skin was disinfected with povidone-iodine
(Betadine, Purdue Products L.P., Stamford, CT). The scaffold mixture (0.3 mL per
implant) was injected subcutaneously using a 20-gauge needle (Becton Dickinson,
Franklin Lakes, NJ) at two locations within the lower dorsal region and allowed to
polymerize for 2 min before removal of the needle. The scaffold mixture consisted
of the following: 10 mg/mL bovine fibrinogen (Sigma-Aldrich, St. Louis, MO) in
Dulbecco’s modified Eagle’s medium (Life Technologies, Grand Island, NY), 0.05
U/mLbovine aprotinin (Sigma-Aldrich), 125μg/mLAlexa Fluor 647-labeled human
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fibrinogen (Molecular Probes, Eugene, OR), 2 U/mL bovine thrombin (Thrombin-
JMI, King Pharmaceuticals, Bristol, TN), 34 μg/mL bovine serum albumin (Sigma-
Aldrich), and 6.6 mU/mL porcine heparin (EMD Millipore, Burlington, MA). Each
mouse received one implant with 1 μg of bFGF (EMD Millipore) per scaffold,
whereas the contralateral implant served as a negative control (i.e., 0 mg bFGF). The
placement of the negative control (i.e., left or right side) was randomized in all mice.

2.4.2 LASCA and LED-PAUS Imaging of Scaffolds

The detailed experimental schedule, including scaffold implantation and imaging, is
shown in Fig. 4. On days 2, 4, and 6, 50 μL of 20 μg/mL bFGF was subcutaneously
injected into scaffolds initially containing bFGF on day 0 (i.e., +bFGF). Phosphate
buffered saline (Life Technologies) was injected into the negative control scaffolds
(i.e., −bFGF). LASCA and PA imaging procedures were done in no particular order
on days 0, 1, 3, and 7.Abrief schematic diagramofLASCA/PA imaging is also shown
in Fig. 4. After the completion of imaging on day 7, the mice were euthanized, and
the implants were retrieved for histology.

Fig. 4 The 7-day longitudinal experimental schedule. Scaffold implantation was done on day 0.
LASCA/PA imaging was on day 0 (i.e., after implantation), 1, 3, and 7. bFGF or PBS was injected
subcutaneously adjacent to each scaffold every 2 days. Scaffolds were retrieved on day 7 for H&E
and CD31 staining. Each mouse received two scaffolds represented by the blue areas. bFGF, basic
fibroblast growth factor; H&E, hematoxylin and eosin; LASCA, laser speckle contrast analysis;
PA, photoacoustic; PBS, phosphate buffered saline [Reprinted with permission from 41]
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LASCA imagingwas employed tomonitor the perfusion noninvasively and longi-
tudinally in and around the subcutaneous implants placed in the lower dorsal region.
To perform LASCA imaging, the mice were anesthetized with isoflurane and imaged
with a PeriCam PSI HR (Perimed, Ardmore, PA) LASCA system. Figure 5a displays
a macroscopic image of a mouse with implants along with longitudinal perfusion
images from days 0 to 7. The ROIs are marked by black and red ellipses, indicating
the −bFGF and +bFGF implants, respectively. The LASCA images qualitatively
show more perfusion in the +bFGF scaf- folds than the −bFGF scaffolds in the
days after implantation. Figure 5b shows a quantitative analysis of the ROIs, which
was based on computing a relative change in average perfusion units for a given
implant relative to day 0. Overall perfusion tended to increase over time, with the
greatest increase observed for the+bFGF group relative to the−bFGF group, which
approached statistical significance on day 7 (p = 0.055).

To perform LED-PAUS imaging, mice were anesthetized with isoflurane and
secured to a platform in a prone position. The platform was partially submerged in a
37 °C water tank such that the implanted scaffolds were completely submerged for
imaging. Two 850 nm LED arrays were used for imaging. A series of 2-D US and
PA images of each scaffold were acquired at 10 Hz in the sagittal orientation while
the probe was translated at 0.5 mm/s across the volume of the implant. Figure 6a

Fig. 5 a Photo of dorsal view (leftmost) and longitudinal LASCA images of a mouse with two
subcutaneous implants. The ROIs were chosen based on the physical location of the implants, and
are denoted by colored ellipses (red for +bFGF and black for −bFGF). For all LASCA images,
the caudal direction is toward the left. ROI dimensions: 1.1 cm (major axis), 1.0 cm (minor axis). b
Quantification of the change in perfusion relative to day 0, based on an ROI analysis of the LASCA
images, shows an overall increase in perfusion over time. The greatest change in perfusion was
observed on day 7, with+bFGF scaffolds trending toward greater perfusion than−bFGF scaffolds.
α:−bFGF versus+bFGF on day 7 (p= 0.055). ROIs, regions of interest [Reprintedwith permission
from 41]
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Fig. 6 Longitudinal LED-PAUS imaging of two subcutaneous implants. Green and red arrows
indicate the upper and lower edges of the scaffold, as determined through the B-mode US. a
A series of two-dimensional PAUS images from a +bFGF scaffold on day 7 at different scan
positions. Note that only images within the range of −2.5 to 2.5 mm are used for MIP image. b A
series of longitudinal MIP PAUS images of+bFGF and−bFGF scaffolds from the samemouse. PA
intensity represented in red has the greatest difference on day 7. MIP, maximum intensity projected;
US, ultrasound [Reprinted with permission from 41]

shows a series of 2-D PAUS images from a +bFGF scaffold on day 7 at different
scan positions (i.e., sagittal planes). The PA signal, in red, is overlaid on the B-mode
US image, in grayscale. Figure 6b shows a series of longitudinal MIP PAUS images
of both scaffolds from the same mouse. Qualitatively, the +bFGF implant has a
PA intensity that increased over time, especially adjacent to the skin. Some signal
appears within the scaffold, likely due to the projection of multiple images into a
single plane. With the −bFGF implant, only point-like contrast was detected in the
scaffold, with no obvious trend during the 7-day experiment. The PA signal from the
+bFGF and −bFGF scaffolds appeared similar on day 0. The results on different
days of each mouse are normalized with day 0 and then compared the percentage
change. The greatest difference was observed on day 7, which was also consistent
with the LASCA results. On day 7, the +bFGF scaffold displayed a strong PA
signal, especially between the skin and upper layer of the implant. Some PA signal
was observed in the −bFGF scaffold, although at a lower level compared with the
+bFGF scaffold.

Further, the perfusion in implants measured by both LASCA and LED-PAUS
imaging techniques were validated by quantitative histology. Imaging was able to
cover the entire scaffold volume, and enabled delineation of neo-vascularization in
the upper and the lower regions of the scaffolds, respectively. The LED-PA imaging
results well matched with the findings from histology, suggesting that PA imaging
could be a non-invasive and highly sensitive method for monitoring angiogenesis at
depth in regenerative applications.
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2.5 High Speed Photoacoustic Imaging Using LED-PAUS
System

Conventional laser-based PA imaging systems are not suitable for dynamic studies
because of their low repetition rates and consequent low frame rates. LED’s used
in LED-PAUS system can be driven at high repetition rates of upto 4 kHz, offering
the possibility of real-time PAUS imaging at frame rates close to 30 Hz. However,
this frame rate is still not enough for applications involving dynamic tissue move-
ments. This study from Sato et al. [42], presents a new high-speed (HSS) imaging
mode in the LED-PAUS system. In thismode, instead of toggling between ultrasound
and photoacoustic measurements, it is possible to continuously acquire only photoa-
coustic data for about 1.5 s with a time interval of 1 ms. With this improvement,
photoacoustic signals can be recorded from the whole aperture (38 mm) at fast rate
and can be reviewed later at different speeds for analyzing dynamic changes in the
photoacoustic signals. This new high-speed feature opens up a feasible technical path
for multiple dynamic studies that require high frame rates such as monitoring cir-
culating tumor cells, voltage sensitive dye imaging, myocardial functional imaging
etc.

This study validated the HSSmode by dynamically imaging the blood reperfusion
in the finger of a human volunteer, thereby enabling the real-time measurement of
the blood flow velocity. A rubber band was wrapped around the index finger, and
the blood was pushed out as far as possible from the fingertip, causing temporary
ischemia (Fig. 7a). Figure 7b shows the position of LED arrays on both sides of
the US linear array probe and the finger placed between them. The finger and the
LED-PAUS probewere positioned in a water bath as shown in Fig. 7c. After blocking
the blood flow to the finger (by using rubber bands as shown in Fig. 7a), HSS mode
was initiated and data acquisition was started. At the same instant, the rubber band
wrapped around the finger was released in such a way that high-speed PA imaging
can visualize the reperfusion of blood in the finger. To improve SNR, they pulsed
the LED light source at 4 kHz and received the PA signal once every 0.25 ms. Four
frames were averaged on board for improving SNR. To maintain high framerate,
plane wave US imaging was used along with PA imaging. In addition, number of
pulse-echo ultrasonic acquisitions was reduced to six frames to enable continuous

Fig. 7 a Rubber band used to block the blood flow to the finger, b positioning of finger and the
LED-PAUS probe, c photograph of the probe and finger positioned inside the water bath [Reprinted
with permission from 42]
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high-speed PA signal acquisition for 1.5 s. Several measurements were done on the
same finger of the volunteer to validate and evaluate the new high-speed imaging
capability.

Figure 8 shows the results (first experiment) of imaging blood reperfusion in a
human finger. Figure 8a shows the PA/US image at the start of acquisition, when
there is almost no blood flow to the finger. Figure 2b–n shows the PA/US images at
different time points (interval of 10 ms) during the high-speed acquisition. After the
rubber band was released from the finger, PA signal intensity is clearly increasing in
a blood vessel inside the imaging plane. It is visible that the blood vessel of interest
is completely reperfused in about 130 ms.

Figure 9 shows the results of another example in which blood flow velocity is
calculated from the reperfusion of blood in finger. The distance indicated by the
dashed line was 6.4 mm, and the time taken for the blood to flow from the start point
on the left side to the end on the right side was 35 ms. From this, blood flow was
calculated to be about 18 cm/s.

Fig. 8 LED-PAUS overlay images acquired and displayed at different time points during the reper-
fusion of blood vessel in a human finger. PA images are displayed in hot colormap and conventional
US images are displayed in gray scale. It is clear from the images that blood is reperfused into one
of the blood vessels as the time is increasing from 0–130 ms. By 130 ms, the blood vessel was
completely reperfused [Reprinted with permission from 42]



Functional and Molecular Photoacoustic Computed Tomography … 279

Fig. 9 LED-PAUS overlay image showing the reperfused blood vessel. Yellow line (indicated
between ‘+’ markers) shows the blood vessel from which the blood flow velocity was calculated
[Reprinted with permission from 42]

2.6 Human Placental Vasculature Imaging Using
LED-PAUS System

Minimally invasive fetal interventions, such as those used for therapy of twin-to-twin
transfusion syndrome (TTTS), require accurate image guidance to optimize patient
outcomes. Currently, TTTS can be treated fetoscopically by identifying anastomos-
ing vessels on the chorionic (fetal) placental surface, and then performing photo-
coagulation. Incomplete photocoagulation increases the risk of procedure failure.
Photoacoustic imaging can provide contrast for both haemoglobin concentration and
oxygenation, and in this study, it was hypothesised that it can resolve chorionic
placental vessels.

In this study, fromManeas et al. [43], to investigate the feasibility of the system to
visualize superficial and subsurface placental vessels on the fetal chorionic placenta, a
normal term placenta was collected with written informed consent after a caesarean
section delivery at University College London Hospital. The umbilical cord was
clamped immediately after the delivery to preserve the blood inside the vessels. The
placentawas initially placed in a plastic container and subsequently itwas coatedwith
ultrasound gel for acoustic coupling and covered with cling film. The container was
filled with water at room temperature for acoustic coupling and for free translation
of the imaging probe. The experimental setup can be seen in Fig. 10.

LED-PAUS system with two 850 nm LED arrays was used to image several
highly vascularized locations on the surface of the chronic fetal side. The linear
stage was used to translate the imaging probe for 3-D image volume acquisition
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Fig. 10 Experimental setup to image a human placenta. A clamp was used to mount the ultrasound
probe with the light emitting diode (LED) arrays to the linear motorized stage. The placenta was
coated with ultrasound gel, covered with cling film, and placed inside a water-filled container
[Reprinted with permission from 43]

along 40 mm scan region. Sample PA and US frames of a term human chorionic
placental vasculature that were acquired in real-time are presented in Fig. 11. With
PA imaging, superficial blood vessels and a subsurface structure were visible to a
depth of approximately 5 mm from the placental chorionic fetal surface.

Some of these vascular structures were not apparent in US images. With US
imaging, a large blood vessel located at a depth of approximately 7 mm could be
identified, but this vessel was not apparent with PA imaging.

Fig. 11 Single frames of ultrasound (US), photoacoustic (PA), and merged US and PA images
acquired from a human placenta, at one location (a–c). A large blood vessel (yellow arrow) that
is visible in the US image was not visible in the PA image. A subsurface structure was visible
with PA imaging (white arrow). All the images are displayed on logarithmic scales [Reprinted with
permission from 43]
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Fig. 12 Photograph (a) and photoacoustic (PA) images (b, c) of a portion of the human placenta.
Superficial branching blood vessels are apparent in both the photograph and the PA images. High
intensity PA signals (dashed squared box) that are not visible in the photographmight be attributable
to subsurface vascular structures. The PA images are displayed on a logarithmic scale as maximum
intensity projections (MIPs) of the reconstructed 3D photoacoustic image volume [Reprinted with
permission from 43]

Figure 12 shows a photograph of the area that was imaged and the corresponding
top and side maximum intensity projections (MIPs) of the reconstructed 3-D pho-
toacoustic signals. Several superficial branching vessels were clearly resolved. In
the top view MIP PA image, high intensity PA signals appeared to originate from
vascular structures that were not visible in the photograph.

This feasibility study demonstrated that photoacoustic imaging can be used to
visualize chorionic placental vasculature, and that it has strong potential to guide
minimally invasive fetal interventions.

2.7 In Vivo Real-Time Oxygen Saturation Imaging Using
LED-PAUS System

In this study, from Singh [44], potential of LED-based PAUS system in real-time
oxygen saturation imaging is demonstrated using an in vivomeasurement on a human
volunteer. 2-D PA, US, and oxygen saturation imaging were performed on the index
finger of a human volunteer. Results demonstrate that LED-based PAUS imaging
system used in this study is promising for generating 2-D/3-D oxygen saturation
maps along with PA and US images in real-time. Light illumination was provided
by two combination LED arrays fixed on both sides of the US probe as shown in
Fig. 13. Each LED arrays consists of 144 elements arranged in four rows. In this
study, combination LED array were used in which first and third rows are embedded
with 850 nm LED elements and second and fourth with 750 nm elements. For each
LED array, energy per pulse is 50μJ, and 100μJ for 750 nm and 850 nm respectively.
Light pulse duration can be varied from 30 to 100 ns and 70 ns pulse-width was used
for the reported measurement.
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Fig. 13 Photograph of LED-based PAUS probe in which two LED arrays (750/850 nm) are placed
on both sides of a linear array US probe (7 MHz) (left). Photograph of the LED array (right) with
four rows of LED elements in which row 1 and 3 are 850 nm elements, row 2 and 4 are 750 nm
elements. In this picture, 850 nm elements are activated and captured using an IR camera [Reprinted
with permission from 44]

The system can pulse the LED arrays as well as transmit/acquire data parallel
from all 128 elements of the US probe to generate interleaved PA/US (planewave or
line-by-line) images at a frame rate of 30 Hz. System can drive the LED’s at a rate
of 4 kHz, providing the opportunity to average multiple frames without losing the
frame rate. In the multispectral mode for oxygenation imaging, it can toggle between
two wavelengths (750 and 850 nm in this case) at a rate of 4 kHz and provide oxygen
saturation image overlaid with US or PA images at frame rates as high as 30 Hz.

Index finger of a human volunteer was immersed in water (imaging plane/location
is marked in Fig. 14) and LED-PAUS probe was used to perform real-time (Frame
rate: 10 Hz) interleaved oxygen saturation and US imaging. Real-time feedback
allowed to align the probe with a pulsating radial artery (depth: 7 mm).

Figure 14 (right) shows the results of oxygenation imaging experiment usingLED-
PAUSsystem, inwhich tissueoxygenationmap is overlaid on conventionalUS image.
Alignment of probewas done in such away that a pulsating radial arterywas inside the
imaging plane (this was verified using the pulsating nature of it while looking at one
wavelength PA image). In the oxygenation image, arterial blood is visualized in red

Fig. 14 Location on human finger where imaging was performed (left) and oxygen saturation
image overlaid on conventional pulse echo image (right) [Reprinted with permission from 44]
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color (oxygenation level close to 100%) and superficial venous blood in yellow shade
(oxygenation level close to 70–75%) as expected. Also, it is interesting to see that
skin melanin is visualized in blue color (above venous structure). It is commendable
to mention that the system is capable to separate and visualize three different optical
absorbers in tissue (arterial blood, venous blood, and melanin) using a simple 2
wavelength approach. It is important to note that, obtained oxygenation values are
relative because of wavelength-dependent light fluence variations. However, form
these results, it is clear that LED-PAUS system can differentiate arteries and veins in
healthy human volunteers, where blood oxygenation changes in arterial and venous
blood is expected to be less than around 20%.

2.8 In Vivo Imaging of Human Lymphatic System Using
LED-PAUS System

Non-invasive in vivo imaging of lymphatic system is of paramount importance for
analyzing the functions of lymphatic vessels, and for investigating their contribution
to metastasis. This study from Singh [45] demonstrates the capabilities of LED-
PAUS system to image human lymphatic system in real-time. Results demonstrate
that the system is able to image vascular and lymphatic vessels simultaneously. This
could potentially provide detailed information regarding the interconnected roles of
lymphatic and vascular systems in various diseases, therefore fostering the growth
of therapeutic interventions.

ICG has a peak spectral absorption at approximately 810 nm and has almost no
optical absorption above the wavelength of 900 nm. Exploiting this, a combination
LED array with 820 and 940 nm that can toggle between these wavelengths at a rate
of 4 kHz was developed. This study hypothesized that ICG administered into the
lymphatic vessels will generate PA signal only when the LED array emits light of
820 nmwavelength.On the other hand, other tissue optical absorbers likemelanin and
blood vessels possess absorption characteristic in both 820 and 940 nmwavelengths,
which in turn generates PA signals in bothwavelengths. For differentiating veins from
lymphatic vessels with ICG, the PA images generated at 940 nm can be divided by
images at 820 nm. After acquiring and reconstructing PA data for both wavelengths,
images are normalized for variations in optical energy. Then the 940 nm PA image
is divided by the 820 nm image and displayed real-time (10 Hz) along with the pulse
echo US image. Following the division of images, the jet colormap is used in such
a way that image intensity values close to or above 1 (veins) are color coded in red
and those pixels with values below 0.5 (ICG) are coded in blue. Apart from this, the
systems’ user interface also enables visualization of the images acquired with the
two wavelengths separately along with the US image for real-time validation of the
experimental procedures.

To perform real-time imaging of human lymphatic vessels and blood vessels
in vivo, measurements on the limb of a healthy volunteer were made. Under the
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guidance of a clinician, 0.1 ml of ICG (Diagnogreen 0.25%; Daiichi Sankyo Phar-
maceutical, Tokyo, Japan) was injected subcutaneously into the first web space of
the lower limb of a healthy person. ICG entering and flowing inside the lymph vessel
was observed with a conventional fluorescent camera. After identifying the approx-
imate position of a lymphatic vessel, real-time dual wavelength PAUS imaging was
performed and the processed images were displayed (image generated by dividing
940 nm image with 820 nm image) along with conventional pulse echo US image.

Figure 15a and b shows PA images of 820 and 940 nm acquired at position 1 in
which the probe was well aligned with a superficial vein. Beneath the melanin layer
(marked with red arrow in 820 nm image), a superficial vein is clearly visualized
in both PA images (double layered feature at a depth of ~2.3 cm, marked with pink
arrow in 820 nm image). It is important to note that features visible in both the
820 and 940 nm images are identical at this position. Figure 15c and d show PA
images of 820 and 940 nm acquired at position 2 in which the probe was aligned
with a probable lymphatic vessel. At this position, common features evident in both
wavelength images are likely to be veins (markedwith pink arrows in 820 nm image).
At a depth of ~2.6 cm, some bright features are visible only in the 820 nm image

Fig. 15 a PA image—820 nm acquired when the probe was aligned to a superficial vein (position
1), b PA image—940 nm acquired when the probe was aligned to a superficial vein (position 1), c
PA image—820 nm acquired when the probe was aligned to a lymphatic vessel (position 2), and
d PA image—940 nm acquired when the probe was aligned to a lymphatic vessel (position 2).
Red arrows—Melanin, Pink arrows—Veins, and Green arrows—Lymphatic vessel [Reprinted with
permission from 45]
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Fig. 16 a PA image—940/820 nm acquired when the probe was aligned to a superficial vein
(position 1), b PA image—940/820 nm acquired when the probe was aligned to a lymphatic vessel
(position 2), c 940/820 nm PA image overlaid on US image when the probe was aligned to a
superficial vein (position 1), and d 940/820 nm PA image overlaid on US image when the probe
was aligned to a lymphatic vessel (position 2). Red arrows—Melanin, Pink arrows—Veins, and
Green arrows—Lymphatic vessel [Reprinted with permission from 45]

(Fig. 15c, marked with green arrows). These may be lymphatic vessels with ICG
contrast.

Figure 16a shows the PA image obtained by dividing 940 and 820 nm images at
position 1. As expected, the vein inside the imaging plane is visualized in red color
since there is not much difference in absorption coefficient of venous blood in these
two wavelengths. Figure 16b shows the PA image (940/820 nm) at position 2 where
the probable lymphatic vessel is inside the imaging plane. In this case, we can see
several features in blue color which confirms that these are lymphatic vessels. The
ratio of 940 and 820 nm images resulted in low values in these areas since ICG inside
lymphatic vessel is expected to absorb only 820 nm light. Figure 16c and d shows
the same 940/820 nm PA images at two positions, but overlaid on conventional US
images in gray scale.

From these results, it is evident that, by using a two-wavelength approach, we can
simultaneously visualize and separate vein, lymphatic vessel, and melanin in vivo
with high spatial and temporal resolution. It is worth mentioning that, these results
were obtained at a frame rate of 10 Hz for two-wavelength PA imaging (along with
processing for color-coded visualization) interleaved with pulse echo US imaging.
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This is the first report on visualization of human lymphatic vessels using an LED-
based PAUS system.

2.9 Multispectral Photoacoustic Characterization Using
LED-PAUS System

The commercial LED-PAUS system has been so far used to perform either single or
dual wavelength PA imaging. However, true advantages of photoacoustic imaging
lies in being able to spatially un-mix multiple (more than two) tissue chromophores.
This necessitates the use of more than two wavelengths. Towards this goal, this study
from Shigeta [46] demonstrates the use of multiple wavelength LED arrays with the
commercial LED-PAUS system. Here, the absorption spectra of ICG and porcine
blood is photoacoustically measured using LED arrays with multiple wavelengths
(405, 420, 470, 520, 620, 660, 690, 750, 810, 850, 925, 980 nm).Measurements were
performed in a simple reflectionmode configuration inwhichLEDarrayswhere fixed
on both sides of the linear array ultrasound probe. Phantom used consisted of micro-
test tubes filled with ICG and porcine blood, which were placed in a tank filled with
water, as shown in Fig. 17.

Figure 18a shows the PA signal intensities from ICG and hemoglobin with respect
to different excitation wavelengths. Figure 18b shows PA intensities with respect
to wavelengths normalized to optical output power of 660 nm LED arrays. It is
evident that hemoglobin absorption is higher in lower wavelengths and ICG is highly
absorbing in the range of 800–925 nm. For ICG, an absorption peak at thewavelength
of 850 nm is visible. It is worth mentioning that the measured spectral behavior of

Fig. 17 a Experimental set up and, b photograph of micro-test tubes filled with ICG and porcine
hemoglobin [Reprinted with permission from 46]
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Fig. 18 aMeasured PA signal intensities at different wavelengths, and b PA intensities with respect
towavelengths normalized tooptical output power of 660nmLEDarrays [Reprintedwith permission
from 46]

ICG and hemoglobin (blood) is matching reasonably well with the reference values.
These results demonstrate the potential capability of LED based PAUS system in
performing clinical/pre-clinical multispectral photoacoustic imaging.

3 LED-Based PACT System

We recently developed a low-cost and portable PACT system [47, 48] using multi-
wavelength LED arrays as optical sources and a linear ultrasound transducer array
for the photoacoustic detection exploiting the commercial LED based B-mode PAUS
system. In this section, we cover both the hardware implementation and the recon-
struction of the LED-PACT system. We also present different validation studies
comparing the capabilities of conventional LED-PAUS system with the LED based
PACT system.

3.1 Design of LED-Based PACT System

A schematic of our experimental setup for the LED based photoacoustic computed
tomography system is shown in Fig. 19d. A 3-D printed cylindrical tank, with an
inner diameter of 38 mm, is used as the imaging cylinder. This imaging cylinder
consists of five slots for housing the four LED arrays and one linear US probe.
The cylinder with US probe and LEDs is attached to a rotational stage (PRMTZ8,
ThorLabs Inc., Newton, NJ, USA). We have mounted this rotational stage in the
inverted configuration as shown in Fig. 19d, f. The rotational axis of the stage is
aligned with the vertical axes of the cylindrical imaging tank. The object to be
imaged is embedded into a scattering phantom and this phantom is then attached to a
phantom holder, as shown in Fig. 19d. The phantom is inserted into the imaging tank
from the bottom (as shown in Fig. 19f) and is kept stationary during the rotational
acquisition.
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Fig. 19 Schematic representation of our LED based photoacoustic computed tomography (PAT)
system. a Commercial LED-based combined photoacoustic/ultrasound (PA/US) system. b Typical
arrangement of the two LED arrays and the US probe for B-mode PA/US imaging. c Optical image
of an LED array consisting of four rows of 36 LEDs of dimension 1 mm × 1 mm. d Schematic
showing the hardware implementation of our system consisting of a linear ultrasound probe and
four LED arrays attached to an imaging cylinder mounted on rotation stage. Schematic also shows
the placement of an imaging object. e Optical images showing the placement of four LED arrays
(690/850 nm) and the US probe around a cylindrical tank of inner diameter 38 mm. f Photograph
of our complete tomography setup with the LEDs, probe and the rotation stage controlled by the
motor controller shown in (g). h Computer giving control signals to the controller for rotation of
stage [Reprinted with permission from 47, 48]

Four LED holders (3-D printed, shown in Fig. 19d) housed in the cylindrical tank,
hold the multi-wavelength LED arrays such that the stationary phantom is uniformly
illuminated at all rotational positions. Figure 19e shows an example arrangement of
four LED arrays (with each having 850/690 nm pair) and a linear US probe. The
two sub-images in Fig. 19e shows the illumination at 690 and 850 nm wavelength
achieved by selectively switching ON or OFF the respective wavelengths’ LEDs
from the LED array pairs, achieving uniform illumination at both the wavelengths.
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The servo motor controller (KDC101 DC, ThorLabs Inc., Newton, NJ, USA, shown
in Fig. 19g) controls the rotation stage with the help of a separate computer, shown in
Fig. 19h. 2-DRF-Scanmode of commercial LED-PAUS system is used to acquire the
B-mode PA images at all rotational positions and the acquired raw data is processed
offline to reconstruct the volumetric 3-D photoacoustic computed tomography image
at each wavelength.

While commercial B-mode LED-PAUS systems can only use two LED arrays at a
time, the proposed LED-PACT system geometry is capable of employing more than
four LED arrays used in this study. This not only increases the optical energy density
inside the tissue medium, but also allows custom integration of multi-wavelength
LEDs suitable for spectroscopic photoacoustic imaging.

3.2 LED-PACT Data Acquisition and Image Formation

The system acquires the PA data at a sampling rate of 40 MHz and the data is
transferred to the graphical processing unit using USB 3.0 connection from the DAQ.
One PA frame is acquired for each pulse of LED excitation. After the required PA
frame averaging, the raw data is saved into the PC. During the 360° rotation, with a
frame averaging of 2560 and pulse repetition frequency of 4 kHz, we have acquired
a total of 90 frames, with 4° rotational steps. Total PA raw data corresponds to the
1024 time samples captured for each of the 128-transducer elements for each of these
90 frames, i.e. the size of the data matrix is 90 × 1024 × 128.

A model-based time-reversal reconstruction algorithm [49] is applied, which
numerically propagates the received photoacoustic pressure data back into the tissue
medium from all the transducer elements. An Intel Xeon (2.1 GHz 32-core) based
computer with 128 GB RAM and Nvidia Titan Xp GPUwas used for the reconstruc-
tion. Since the computation time of model-based reconstruction methods increases
exponentially with the size of the computational grid, two-dimensional computations
can be orders of magnitude faster than three-dimensional computations. To be com-
putationally efficient, we have applied the time-reversal algorithm in the 2-D plane
formed by the rotation of a single transducer element. This is repeated for all 128-
transducer elements individually, forming two-dimensional slices of the 3-D volume
in 300 μm steps. The final 3-D image is formed by concatenating the 128 2-D slices
into a single three-dimensional volume.With the above computational configuration,
the total scan time for full tomography took around 102 s for each wavelength and
about five minutes for the image reconstruction using the time-reversal algorithm.

3.3 Simulation and Experimental Studies

In this section, we first present a comparison study for the light fluence distribution
along the imaging region in Sect. 3.3.1. Here, we have compared our proposed
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strategy for LED arrays’ placement along the cylindrical tank for performing the
LED based PACT, with the conventional approach of using two LED arrays in LED-
PAUS.This section also presents several validation studies to compare the capabilities
of our LED based PACT system with the conventional LED based PAUS system.

3.3.1 Comparison Study for Fluence Distribution

There are two distinct ways of numerically calculating the optical fluence distribution
in a system. The first and most accurate method is to use a Monte Carlo simulation
for light transport [50, 51].WhileMonte Carlo simulations are able to more precisely
model the light transport, there can be an exceptional computational burden for large
spatial grids, especially in three dimensions. An alternative to Monte Carlo methods,
when working in the photoacoustic regime, is to model the diffusion approximation
to the radiative transport equation [52]. The diffusion approximation uses a partial
differential equation that is computationally much faster than similar Monte Carlo
methods, with acceptable accuracy when used in the photoacoustic regime [52]. In
order to measure the difference in fluence distribution between LEDs and laser, as
well as different geometries of light source, we have applied the finite difference
method in MATLAB to solve the optical diffusion equation [52–54]:

∇ · D(x)∇�(x) + μa(x)�(x) = 0, x ∈ X; �(y) = q(y), y ∈ ∂X (1)

In this equation, D = [3(μa + μs
′)]−1 is the diffusion coefficient, where μa =

0.1 cm−1 and μs
′ = 10.0 cm−1 are the absorption and reduced scattering coefficients

of the simulated tissue medium. q(y) represents the optical source located at the
boundary, either the LEDs or laser surrounding the region of interest.

As described in Sect. 2, the LED arrays used in this study consists of 1 mm x
1 mm LEDs arranged in a 2-D matrix form (4 rows and 36 columns). For a dual
wavelength LED array (e.g. 850/690 nm), alternate two of the four rows are of
same wavelength. Each of the element present in the array is separated by a 1 mm
distance in all directions from the neighbor elements. We have defined these LED
arrays in a three dimensional grid and have calculated the fluence distribution for a
typical homogeneous tissue medium to study the effect of placing these arrays in the
proposed approach.

Figure 20 presents a detailed study of the fluence distribution comparing our pro-
posed approach (LED-PACT) with the conventional approach of placing the LED
arrays for performing LED based PAUS imaging. Figure 20a shows an X–Y plane
map with two LED arrays (shown in white, each array’s two elements are shown cor-
responding to the 850 nmwavelength) placed at the left and right side of an ultrasound
transducer (shown in blue) along the imaging circle (X–Y plane of the cylindrical
imaging tank) shown in orange. Figure 20b shows a similar X–Y planemapwith four
LED arrays as proposed, placed along the orange circle and separated by 72° from
each LED array and the ultrasound transducer (shown in blue). Figure 20c, d show
the three-dimensional arrangement of the LED arrays along the cylindrical imaging
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Fig. 20 Comparison of optical fluence distribution inside the tissue medium of 5 cm diameter for
the proposed LED-based PACT and the conventional B-mode PAUS systems. a Schematic of LED-
PAUS geometry consisting of two 850/690 nm LED arrays (white dots) and a linear ultrasound
transducer array (blue rectangle) placed on the boundary (orange circle) of the tissue medium.
b Similar schematic for the PACT geometry shows the arrangement four LED arrays with 72°
separation and the ultrasound transducer. c, d show the corresponding 3-D schematic positions of
the LED arrays in the PAUS and our PACT systems. Individual dots represent the positions of LED
elements for a given wavelength in the dual-wavelength LED array. e, f show the 2-D optical fluence
map inside the tissue medium for the two schematics shown in (a) and (b) respectively. g, h show
the 3-D fluence distribution for the two schematics shown in (c) and (d) respectively. i Shows the
fluence profile comparison along a diagonal in the imaging circles of the PAUS geometry shown in
(a) and the PACT illumination shown in (b) [Reprinted with permission from 47]

tank for the conventional and the proposed approach, respectively. The X–Y cross-
sections of the simulated fluence maps with the conventional and proposed approach
are shown in Fig. 20e, f and the corresponding three dimension fluence are shown in
Fig. 20g, h.

To study the changes in the fluence across the width of the imaging tank, we have
plotted the magnitude (in dB) of the fluence in an X–Y plane (at the middle of the
cylindrical tank) along the diagonal. Figure 20i shows the fluence profile plot for the
conventional and the proposed approach clearly presenting the advantages of using
the four LED arrays along the imaging tank.
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3.3.2 Structural Imaging Studies

To compare the structural imaging capabilities of our developed PACT system with
the commercial LED-PAUS system, we have imaged four pencil lead targets struc-
turally placed in the imaging region. The four targets are embedded in to 1.5%agarose
phantom cylinder with diameter of 35 mm, height of 80 mm.

To mimic the tissue scattering, intralipid (INTRALIPID 20% IV Fat Emulsion,
VWR international, Radnor, PA, USA) was added to the agarose phantom to achieve
reduced scattering coefficient of 10 cm−1. Figure 21a–c shows the schematic side
view, side view photograph and top view photograph of the phantom respectively.
In this phantom, we have three 0.3 mm diameter pencil leads (marked as 2, 3 and
4 in Fig. 21a), and one bundle (group of 5 0.3 mm diameter pencil leads with total
diameter of ~0.9 mm) marked as 1 in Fig. 21a.

To compare these results with the conventional B-mode LED-PAUS system 3-D
scan, we have scanned the phantom in Fig. 21a using two LED arrays (850 nm)
and the same ultrasound probe, with the arrangement shown in Fig. 19b. The 3-D

Fig. 21 Comparing the structural imaging capabilities of the LED-based PACT and PAUS systems
using a pencil lead phantom. a Schematic showing side view of a tissue-mimicking intralipid
phantom with four targets embedded. The depth of targets from the top surface of the phantom are
as follows: 1 (bundle of five 0.3 mm pencil leads: at 10 mm), 2 (0.3 mm pencil lead: at 14 mm),
3 (0.3 mm pencil lead: at 23 mm), 4 (0.3 mm pencil lead: at 31 mm). b, c Photographs of the side
and top views of the phantom. Reconstructed 3-D volume rendered photoacoustic image (d) using
PACT, and e linear scanning of the conventional PAUS systems. Photoacoustic amplitude plots of
the pencil lead target #3, located at 23 mm depth inside the medium, along the lateral, axial and
elevational directions of the volume rendered (f–h) PACT image shown in (d) and i–k the linear
scan image shown in (e) [Reprinted with permission from 47]
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reconstructed volume rendered PA image for conventional b-mode 3-D scan is shown
in Fig. 21e. Only the pencil lead “3”, and the bundle “1”was seen in the reconstructed
image. This is due to the following two limitations of using conventional B-mode
LED-PAUS system. (1) With a lower LED light source, a small photoacoustic target
located behind/below a thick/big photoacoustic target, is likely to be shadowed in
conventional B-mode imaging. The same targetwhen imagedwith our proposedLED
basedPACTsystem, is detectedwith a decent SNR. (pencil lead “2” shown inFig. 21).
(2) While using conventional LED-PAUS system [24–29], the angular arrangement
of LED arrays around the ultrasound probe as shown in Fig. 1, leaves about 8–
10 mm of standoff region. The pencil lead “4” is about 31 mm from the top surface
of the phantom. Hence, with the 8–10 mm of standoff, the conventional B-mode
LED-PAUS system having a maximum data acquisition capability of 38 mm, fails to
detect this target. However, due to negligible standoff with our PACT configuration,
the same pencil lead target “4” is detected with a decent SNR.

We further studied the spatial resolution of our proposed LED based PACT sys-
tem using the broken pencil lead “3” shown in Fig. 21a. A comparison study for
LED-PACT versus LED-PAUS system is performed by calculating the lateral, axial
and elevational resolutions with the plots shown in Fig. 21f–k. Peak photoacoustic
amplitude for the pencil lead target “3” was plotted with respect to the lateral, axial
and elevational distance as shown in Fig. 21f–h and i–k respectively for PACT and
PAUS scans. The profiles shown in the plots were used to estimate the resolution
of the system. Half of the distance between 90 and 10% of the peak photoacoustic
amplitude was calculated as 300 μm in the lateral direction for PACT system as
shown in Fig. 21f. Lateral resolution for PAUS system was calculated as 600 μm as
shown in Fig. 21i. Similarly, the axial, elevational resolutions of PACT system and
PAUS system were calculated as 120 μm, 2.1 mm and 130 μm, 3 mm respectively.

These experiments demonstrated that the PACT system can see through the
shadow (blind spot) imaging regions of the conventional PAUS systems and visualize
smaller targets hiding behind larger targets. These experiments also demonstrated
that the spatial resolutions of the PACT system are better than the PAUS. These
advantages can be attributed to the fact that the PACT system enables more uniform
illumination of the imaging region during the 360° rotation. The conventional LED-
PAUS systems require the imaging head to be 10 mm above the tissue surface to
achieve uniform illumination of the phantom. This 10 mm standoff is usually filled
with ultrasound coupling medium and leads to several complications such as (1)
creation of bubbles and associated artifacts during the linear scan, (2) ultrasound and
optical attenuation inside the thick coupling medium, (3) uncomfortable imaging
of living subjects, and (4) extended imaging depth and computer memory which
reduces imaging speed. The LED-PACT system demonstrated here required no such
stand-off and therefore could image all 4 pencil lead targets inside the phantom,
whereas the LED-PAUS system misses the target-4 at 31 mm depth.
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3.3.3 Dual-Wavelength Imaging with Our PACT System

In this section,we have presented the capabilities of our system to performdualwave-
length photoacoustic computed tomography. To perform dual-wavelength imaging,
we have employed the 850/690 nm LED array pairs. Each of the four LED arrays
placed around the cylinder tank can be toggled to provide either 850 or 690 nm light,
as shown in Fig. 19e. At each rotation step of 4°, two different frames are acquired
corresponding to the twowavelengths of LEDs used.We have validated our approach
by imaging two phantoms, with one having only endogenous photoacoustic targets
(blood and melanin) and the other having a combination of blood with an exogenous
contrast, i.e. Indocyanine-green (ICG).

Figure 22a shows the geometry of our first phantom. Here, highly oxygenated
blood (Bovine Blood CITR, Carolina Biological Supply, Charlotte, NC, USA) and
0.1 mMMelanin solution (M8631, Sigma-Aldrich, St. Louis, MO, USA) were filled
separately in 0.5 mm outer diameter tubes. These tubes were embedded in to 1.5%
agarose phantom cylinder with diameter of 35 mm, height of 80 mm. To mimic the
tissue scattering, intralipid (INTRALIPID20% IVFat Emulsion,VWR international,
Radnor, PA, USA) was added to the agarose phantom to achieve reduced scattering

Fig. 22 Dual-wavelength imaging with LED based photoacoustic computed tomography system:
validation over two phantoms. a First phantom: showing geometrical placement of the Oxygen rich
blood (OXY) tube and a Melanin (M) tube inside scattering phantom. b, c 3-D PACT images of the
phantom with 850 and 690 nm LED light illumination respectively. d, e Spectrally unmixed 3-D
volumetric images of the phantom using the results in (b, c) highlighting the spatial distribution of
(OXY) and (M) tubes respectively. f Second phantom: showing geometrical placement of the ICG
tube and a Melanin (M) tube inside scattering phantom. g, h 3-D PACT images of the phantom at
850 nm and 690 nm illumination respectively. i, j Spectrally unmixed 3-D volumetric images of the
phantom highlighting the spatial distribution of (ICG) and (M) tubes respectively [Reprinted with
permission from 48]
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coefficient of 10 cm−1. Figure 22b, c shows the reconstructed volumetric 3-D PACT
images for the above phantomwith the 850 nm and 690 nmwavelengths respectively.
With the dual wavelength tomography data acquired with our setup, we also applied
a linear unmixing technique to separate the two types of chromophores imaged,
viz. oxy rich blood and melanin. As the absorption of these chromophores differs
significantly at the above two wavelengths, we could separate them spatially, as
shown in Fig. 22d, e.

In our second study, we arranged ICG (with 1250μMconcentration) andMelanin
(1 mM concentration) tubes inside similar scattering medium. Figure 22f shows the
geometry of our second phantom. Figure 22g, h shows the reconstructed volumetric
3-D PACT images for our second phantomwith the 850 nm and 690 nmwavelengths
respectively. We further applied linear unmixing technique to separate these two
chromophores, viz. ICG and melanin, and were able to separate them spatially, as
shown in Fig. 22i, j.

3.3.4 Oxygen Saturation with Our PACT System

We further validated the vascular oxygen saturation imaging capabilities of the
LED-PACT system by imaging a human finger mimicking phantom using four dual-
wavelength 850/690 nm LED arrays. The human finger anatomy can be understood
with the help of the schematic shown in Fig. 23a. For mimicking the finger, we used
a high scattering intralipid phantom (reduced scattering coefficient of 15 cm−1) and
embedded an animal bone inside it.We further embedded the two types of blood tubes
(Bovine Blood CITR, Carolina Biological Supply, Charlotte, NC, USA), namely,
high-oxygenated (oxy-rich) tube and the low-oxygenated (oxy-poor) tube, both with
outer diameter of 0.5 mm. The side view and top view optical images of the phantom
are shown in Fig. 23b, c respectively.

The experimental setup used to image this phantom consisted of four 850/690 nm
LED array pairs. Each of the four LED arrays placed around the cylinder tank can be
toggled to provide either 850 or 690 nm light, as shown in Fig. 19e. At each rotation
step of 4°, two different frames are acquired corresponding to the two wavelengths
of LEDs used. Figure 23d–f represents the ultrasound, photoacoustic (at 850 nm)
and co-registered (US + PA) frames at a single rotation step, captured during the
full tomography acquisition. The structure of the finger is visible in the US frame
whereas the presence of blood tubes can be seen using PA frame. With our pro-
posed approach, the full 3-D volume rendered PACT images generated for the above
phantom are shown in Fig. 23g, h, with 850 nm and 650 nmLED illumination respec-
tively. Figure 23i shows the volumetric oxygen saturation map of the finger phantom
obtained using the PACT images at the mentioned two wavelengths.

The LED-PACT configuration delivered higher (400 μJ) pulse energy for each
850 nm as well as 690 nm wavelengths than possible with the conventional LED-
PAUS systems that can accommodate only two such LED arrays. This enabled
mapping of vascular oxygen saturation from deeper regions.
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Fig. 23 LED-PACT-imaging of vascular oxygen saturation using a human finger-mimicking phan-
tom. a Schematic sketch of a typical human finger with the location of bones and the blood vessels
(oxy rich: HbO2; and oxy poor: Hb). b, c Show the side and the top view photographs of the finger
phantom consisting of bone and blood vessels. d The ultrasound (US), e photoacoustic (PA), and f
co-registered US+ PA frames acquired at one of the rotational steps during the 360° rotation around
the phantom. g, hThe reconstructed 3-D volume rendered PACT images of the finger phantom using
850 nm and 690 nm LED illuminations respectively. i Shows the spectrally unmixed volumetric
oxygen saturation map for the finger phantom [Reprinted with permission from 47]

3.3.5 Multi-spectral Imaging with Our PACT System

One of the main advantages of our LED-PACT system, compared to the existing
LED-based PAUS system, is that it can be easily adapted to allow custom designed
multi-wavelength excitation using multiple LED arrays, to enable similar functional
andmolecular imaging capabilities of tunable lasers. This is demonstrated by imaging
a tissue mimicking phantom embedded with three chromophores having different
optical absorption spectra using two dual-wavelength 850/690 nm LED arrays and
two 470 nm LED arrays. Each of these four LED arrays placed around the cylinder
tank can be selectively switched “ON” or “OFF” to provide either 850, 690 or 470 nm
light. At each rotation step of 4°, three different frames are acquired corresponding to
the three wavelengths of LEDs used. In this study, we have imaged three biologically
relevant chromophores, i.e. Indocyanine-green (ICG), Methylene blue (MB) and
melanin, embedded in a high scattering phantom.
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Figure 24a shows the geometry of our phantom. Here, 1 mM Melanin solution,
1 mM ICG solution and 1 mM MB solution were filled separately in 0.5 mm outer
diameter tubes. These tubes were embedded in to 1.5% agarose phantom cylinder
with diameter of 35 mm, height of 80 mm. To mimic the tissue scattering, intralipid
(INTRALIPID 20% IV Fat Emulsion, VWR international, Radnor, PA, USA) was
added to the agarose phantom to achieve reduced scattering coefficient of 10 cm−1.
Figure 24b shows the optical top view image of the phantom. Figure 24c–e shows
the arrangement of US probe and the four LED arrays used for illuminating the
phantom with 850 nm, 690 nm, and 470 nm light respectively. To maintain uniform
distribution of light for the three wavelengths, out of the two 850/690 nmLED arrays,
one is placed close to the transducer and the other one is placed at diagonally opposite

Fig. 24 LED based multispectral photoacoustic computed tomography. a Schematic view and b
a photograph of the tissue mimicking cylindrical phantom of 35 mm diameter and 80 mm height.
The phantom is embedded with 0.5 mm polyethylene tubes filled with 1 mM concertation solutions
of melanin (M), indocyanine-green (ICG), and methylene blue (MB) c–e Show the arrangement of
ultrasound (US) transducer array, two 850/690 nm LED arrays and two 470 nm LED arrays with
sequentially switched 850 nm, 690 nm and 470 nm wavelength emissions from the arrays. f–h 3-D
PACT images of the phantomacquiredwith 850 nm, 690 nmand 470 nm illumination respectively. i–
k Spectrally unmixed volumetric images of the phantom, obtained from themultispectral PA images
in (f–h), show the spatial distribution of M, ICG, and MB tubes respectively. l Superimposed 3-D
unmixed image of the three chromophores. Scale bar is 10 mm in the images (f–l) [Reprinted with
permission from 47]
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corner. Similarly, one 470 nm LED array is placed closed to the transducer and the
other one is placed at diagonally opposite corner. Figure 24c shows the configuration
where we only switch ON the 850 nm light from the 850/690 nm pairs. The total
output energy in this case is 200μJ. Similarly, in Fig. 24d, we switch ON the 690 nm
light from the 850/690 pairs giving the same output energy of 200 μJ. To maintain
the same energy and distribution for 470 nm light, we switch ON only half of the
LEDs in each of the 470 nm arrays as shown in Fig. 24e.

Figure 24f–h shows the reconstructed volumetric PAT images for the above phan-
tomwith the 850 nm, 690 nm, and 470 nmwavelengths respectively. Since the optical
absorption of melanin decreases with increase in the optical wavelength, the PA con-
trast of the melanin is higher at 470 nm and lower in the 870 nm PACT images.
Similarly, the peak absorption of MB ~680 nm correlates well with the highest PA
intensity of the MB tube at the 690 nm wavelength. With the three wavelengths
tomography data acquired with our setup, we also applied a linear unmixing tech-
nique to separate the three types of chromophores imaged, viz. Melanin, ICG, and
MB. Based on these spectral trends, the linear spectral unmixing technique could
easily separate the three chromophores, as shown in Fig. 24i–k. We further super-
imposed the three unmixed images to visualize and confirm the respective spatial
distribution of the three chromophores in the given 3-D volume, as shown in Fig. 24l.

This current study is designed to demonstrate the above described various advan-
tages of our novel LED-PACT system using proof-of-concept experiments on tissue
mimickingphantoms.The imagingperformance of theLED-PACTsystemcanbe fur-
ther improved frommultiple directions. This includes a better imaging geometry that
employs more than 4 LED arrays, faster data acquisition, model-based image recon-
struction algorithms [55–57] and deep learning approaches [58–60]. Fully developed
LED-PACT will can be validated on living subjects such as imaging small animals
and human body parts such as finger, wrist and breast.

4 Conclusion

In this chapter, we first discussed the commercial LED-based dual mode Photoa-
coustic and Ultrasound imaging system, referred to as LED-PAUS system. We have
presented several phantom as well as in vivo studies demonstrating the capabili-
ties as well as limitations of the commercial LED-PAUS system. This chapter also
presents our recently developed LED based photoacoustic computed tomography
system, referred to as LED-PACT system that integrates four LED arrays and a lin-
ear ultrasound transducer array in a cylindrical housing. The LED-PACT system
has several benefits compared to the existing LED-based PAUS systems, such as
multispectral photoacoustic imaging, better spatial resolution, uniform illumination,
and improved imaging depth. Validation experiments on different tissue mimick-
ing phantoms demonstrated the structural, functional and molecular photoacoustic
imaging capabilities of the system. With further optimization, such as increase in
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the number of LED arrays and model-based image reconstruction, LED based PACT
imaging systems herald a promising biomedical imaging tool of living subjects.
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