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Summary

The circulatory system is responsible for the delivery of nutrition and oxygen to

organs and tissues by the supply of blood through the heart and vessels. Due to

various reasons, such as high blood pressure, obesity, poor or unhealthy dietary,

smoking, etc., the functionality of the circulatory system can be disrupted leading

to cardiovascular diseases (CVDs). The prevalence of CVDs is the highest according

to the latest reports from the World Health Organisation (WHO) [1]. Therefore,

CVDs are constantly attracting the scientific community to develop new diagnosis

and treatment methods.

Stroke is one of the severe consequences of CVDs, leading to disability or even mor-

tality. One of the causes of stroke is the rupture of an atherosclerotic plaque in the

carotid artery. Prevention of stroke can be achieved by removing the plaque by end-

arterectomy surgery or carotid stenting. According to medical guidelines [2], the

decision criterion for this surgery is based on the level of stenosis being above 50%

obtained from duplex ultrasound (US) images [3]. However, this criterion does not

indicate the patient-specific risk of rupture of the plaques. Studies showed that only

16% of the patients undergoing endarterectomy surgery actually had a vulnerable

plaque and thus gained from surgery by a reduction in the risk of stroke [4]. Ret-

rospective studies demonstrated the typical characteristics of rupture-prone carotid

plaques such as intraplaque hemorrhages, necrotic lipid pool, thin fibrous cap, mac-

rophages [5]–[9], all of which are related to the composition of the plaque rather

than the level of stenosis.

US images are created based on the echoes from boundaries between tissues with dif-

xi



Summary

ferent stiffness. However, those differences are negligible within a plaque, so there

is no contrast between different tissue types; hence, the specificity of US is not suffi-

cient to obtain tissue morphology of carotid plaques.

Although the acoustic contrast is low, the optical absorption properties differ be-

tween those components. Nevertheless, carotid tissue typically is located at 1-2 cm

depth from the skin surface, and pure optical detection is difficult due to high scat-

tering of light. On the other hand, with photoacoustics, it is possible to overcome

this restriction and measure the ultrasonic response of tissue to light.

In photoacoustics, a short laser pulse is sent into the tissue. When the laser light

hits the tissue, it penetrates into the tissue while subjected to scattering and ab-

sorption. Once the light reaches a site that absorbs light significantly more than its

surroundings, the optical energy is absorbed and converted into heat, which causes

a temperature rise in the order of mK. The temperature rise is so sudden that it cre-

ates a thermoelastic expansion resulting in a pressure wave that propagates through

the tissue as ultrasound. This phenomenon is called photoacoustics (PA) and can

provide the optical contrast of the tissue with acoustic resolution.

Depending on the composition of the irradiated material, the acoustic response

varies with different wavelength of light. To make an analogy, this can be considered

as hearing the ’colors’ of the tissue (see the cover). In a sense, there is a light-driven

orchestra of the biological tissue that we can listen to with an ultrasound transducer.

In this thesis, we investigated the merit of PA imaging for the morphology assess-

ment and, indirectly, vulnerability assessment of carotid plaques. A novel hand-held

system, suitable for clinical use, was used in this thesis. The laser was integrated into

the probe, which limits the energy of the laser pulses used. Since the targeted tissue

is surrounded by soft tissues (skin, subcutaneous fat, muscle and connective tissue)

that absorb and scatter the light, we worked on ex vivo human carotid samples for

preclinical validation of the methods. We demonstrated that using only one opti-

cal excitation wavelength, it is possible to create images of the so-called intraplaque

hemorrhages in the human plaque samples. The detection of intraplaque hemor-

rhages is clinically essential since they have been found to be important markers of

plaque vulnerability [10]–[12]. Next, we developed a novel experimental approach
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Summary

that allows compounding multiple data from different acquisitions from different

rotational positions to elevate the quality of the PA images. We showed that this

method could be beneficial when applied in vivo with the limited available view

angles. Next, we used multi-wavelength PA imaging on ex vivo carotid plaques and

demonstrated that we could discriminate recent hemorrhages from old hemorrhages

using a blind-source spectral unmixing method. Furthermore, we found evidence

that PA unmixing might detect signatures of cholesterol clefts. Lastly, we created

a tool-chain to simulate PA generation starting from optics to acoustic wave gen-

eration and, finally, image reconstruction. Using this tool-chain, PA images were

successfully replicated in simulations of the experimental setup including out-of-

plane clutter sources. This simulation tool can be used as a benchmarking platform

for newly developed experimental approaches in PA imaging and can provide an ad-

ditional dimension of validation for techniques such as clutter removal techniques,

new compounding algorithms, and spectral unmixing techniques.

To sum up, this thesis contributes to the scientific knowledge in photoacoustic imag-

ing, and its application to cardiovascular diseases. It is also a first step in making

PA technology clinically available in the near future, offering medical professionals

a more advanced tool for improved diagnosis of carotid plaques, which may aid in a

reduction in the overall risk of stroke and prevention of overtreatment.
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General Introduction
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Chapter 1- General Introduction

The aim of medical imaging is to make the human body visible at different scales.

Different contrast mechanisms are utilized to obtain partial or full images of the

human body, in either a non-invasive or (minimally) invasive manner. The four ma-

jor imaging modalities are plain X-ray imaging, computed tomography (CT), mag-

netic resonance imaging (MRI) and ultrasound (US), each of which utilizes different

contrast mechanism. Plain X-ray and CT uses radiodensity (i.e., X-ray attenuation),

whereas MRI uses the decay time of the transient magnetic signal (related to pro-

ton density) to create the contrast between different tissue types in the final images.

Ultrasound (US) uses acoustic waves, forming images from the backscattered sound

caused by differences in the mechanical stiffness and density (acoustic impedance)

of biological tissues as well as small inhomogeneities present in the tissue.

All four modalities are widely used in clinical practice and have their advantages

and disadvantages [12], [13]. Among the four, US has the advantage of being non-

invasive, inexpensive, portable and practical. Recent technological advancements

in hardware led to the further miniaturization of US devices that can be used with

a tablet or smartphone [14], [15]. Moreover, due to its high temporal resolution,

US is also widely used for real-time functional imaging, especially in cardiovascular

applications [16], [17]. Ultrafast image acquisition rates, on the order of 10 kHz,

enabled further functional imaging areas in cardiovascular elastography and flow

imaging [18]–[20]. Due to the aforementioned advantages, US is a widely preferred

imaging modality for diagnosis, monitoring, and treatment follow-up for cardiovas-

cular diseases. It is also the most frequently used modality for the assessment of

atherosclerotic disease of the carotid artery (see the Section 1.1). However, there are

still unmet needs in improving US-based diagnosis of so-called vulnerable athero-

sclerotic plaques and assessment of their risk of rupture.

This thesis focuses on atherosclerotic disease in the carotid artery as the core medical

problem and investigates the feasibility of potentially non-invasive photoacoustic

imaging (see the Section 1.2) to complement or replace conventional US imaging in

the diagnosis of carotid plaque disease.
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1.1. ATHEROSCLEROSIS DISEASE OF CAROTID ARTERY

1.1 Atherosclerosis Disease of Carotid Artery

The carotid arteries (CA) are the principal arteries that supply nutrition and oxy-

genated blood to the brain and are located on either side of the neck. The common

carotid artery (CCA), branches into the internal carotid artery (ICA) that is the main

supplier for most of the brain, and the external carotid artery (ECA) that supplies the

more superficial tissues and organs in the head and face (see Figure 1.1). A healthy

carotid artery has three layers: the adventitia, media, and intima (see Figure 1.1).

The outermost layer, the adventitia, comprises mainly collagen type-I fibers, which

provide elasticity and reinforces the artery to adapt to varying blood pressure. The

adventitia also has the role of attaching the artery to the surrounding tissue [21].

The media is the thickest layer which mostly consists of smooth muscle cells and

circumferentially oriented elastin fibers [22]. The innermost layer, the intima, is

composed of endothelial cells that form the lumen border [23]. Each carotid artery

Common Carotid

Artery (CCA)

Internal Carotid

Artery (CCA)

External Carotid

Artery (CCA)

Adventitia

Smooth Muscle Elastic Membranes

Endothelium

(a) (b)

Media

Intima

Figure 1.1: Illustration of (a) the carotid artery bifurcation and (b) the structure
of a healthy artery cross-section [24]. [Retrieved from Wikimedia Commons, CC3
License]

is subjected to structural and morphological transformations with aging. Although

the age-related morphological changes (such as intima-media thickening, diameter

increase and stiffening of the arterial wall) are usual, occasionally, pathological mor-

phological changes occur that can lead to atherosclerotic plaque formation (See Fig-

ure 1.2). The complete mechanism of plaque formation is not known yet. However,

the lesions are inflammatory and believed to be related to the immune response of
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Chapter 1- General Introduction

the body (see Figure 1.2).

Plaque growth inside the artery wall ultimately leads to stenosis and disturbs the

blood flow to the brain. In case of a stenosed carotid artery, blood supply to the

brain can be compensated through a complete system of cerebral flow autoregula-

tion and contralateral carotid artery, or the vertebral arteries [25]. However, plaques

can also be unstable and therefore prone to rupture. Once ruptured, the content of

the plaque can leak into the bloodstream, forming blood clots, which can migrate

downstream into smaller branches of the artery in the brain. Eventually, this can

lead to an embolism in the brain and cause an ischemic stroke. Stroke-induced mor-

Atherosclerosis Timeline

E N D O T H E L I A L  D Y S F U N C T I O N

Foam

Cells

Fatty

Streak

Intermediate

Lesion Atheroma

Fibrious

Plaque

Complicated

Lesion/Rupture

From first decade From third decade From fourth decade

Growth mainly by lipid accumulation
Smooth muscle

and collagen

Thrombosis,

 hematoma

Figure 1.2: Illustration of atherosclerosis in different stages of its progression.
Reprinted with permission [26]

tality rate is high and account for over 11% of total deaths worldwide [27]. One of

the primary causes of stroke is the sudden rupture of an atherosclerotic plaque in the

carotid artery (20-25% of all stroke cases) as described in the previous paragraph.

Depending on the sites of the embolism in the brain, stroke can lead to speech im-

pairments, paralysis, unconsciousness, and even death. Hence, stroke is associated

with high rates of mortality, co-morbidities, life-long disability, and a reduction in

the quality-of-life in general [28], [29].
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1.2. PHOTOACOUSTIC IMAGING OF CAROTID ATHEROSCLEROSIS

Symptomatic patients undergo duplex ultrasound (B-mode and Doppler ultrasound)

for diagnosis of atherosclerotic carotid disease. The severity of the stenosis is deter-

mined, based on the structural and functional measurements obtained from duplex

US. The ratio of the ICA peak systolic velocity (PSV) to the CCA PSV or end-diastolic

velocity is used as the decision criterion for intervention [30]–[32]. Current clin-

ical practice regarding treatment is to remove the plaque with an endarterectomy

surgery or carotid artery stenting. The criterion of stenosis grade is based on ex-

tensive population studies but does not assess patient-specific plaque vulnerability.

Moreover, retrospective studies showed that vulnerability of a plaque is more re-

lated to the composition of plaques rather than the level of stenosis [4]. As a result,

it requires an endarterectomy intervention in nine symptomatic patients to prevent

a stroke happening in one of them. For asymptomatic patients this is even one out

of nineteen [33].

The characteristic features of vulnerable plaques are the presence of intra-plaque

hemorrhages, a necrotic lipid core, and a thin fibrous cap [8], [34], [35]. Since the

acoustic properties of those composition materials are quite similar, there is not

enough acoustic contrast in the US images to identify those components using B-

mode imaging alone. However, there is a clear distinction in the optical absorption

spectra of different tissue components (See Figure 1.3) [36]. At this point, photo-

acoustic imaging (PAI) can be a promising technique to fill the gap by providing

a high tissue specificity with the resolution of ultrasound (US) imaging. Hybrid

modalities, for instance, US combined with multi-wavelength PAI, have the poten-

tial to reveal the morphology of carotid plaques within a geometrical image, whereas

the gray values of US images alone do not. However, the scattering of light in tur-

bid tissue is significantly high, so pure optical detection of the optical absorption is

cumbersome especially for source localization [37].

1.2 Photoacoustic imaging of carotid atherosclerosis

The discovery of the phenomenon of photoacoustics (also known as optoacoustics)

dates back to 1880 when Alexander Graham Bell describes his findings as hearing

the voice of the sunlight. In his letter, he stated this as: "I have heard a ray of sun

laugh and cough and sing!" [39]. However, the technology that utilizes photoacous-
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Chapter 1- General Introduction
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Figure 1.3: Optical absorption spectra of the main components of the biological tis-
sue. Reprinted with permission [38]

tics to create images of optic absorption of the biological tissue only became possi-

ble in the 1970s with the developments in lasers and ultrasonic transducer technol-

ogy [40]–[42].

The mechanism of photoacoustic wave generation is based on the thermoelastic ex-

pansion of the tissue due to light absorption. When tissue is illuminated with short-

pulsed laser light (on the order of nanoseconds), the photons propagate into the

tissue subjected to scattering and absorption. Once the light is absorbed by a chro-

mophore, the optical energy is converted into heat which creates a thermoelastic

expansion of the local tissue and sudden pressure rise in the absorber site. The over-

all efficiency of this momentum transfer from optics to pressure wave is related to

the Grüneisen coefficient Γ (dimensionless) and the conversion ratio constant ηth
(dimensionless) of the material, which can be formulated as [43]

p0 = Γ ηthµa(r0)Φ(r0) (1.1)

where µa (cm−1) is the absorption, and Φ(r0) (J/cm2) is the optical fluence at the

location of the absorber, r0. The pressure wave generated, p(~r, t) (MPa), is in the

ultrasonic range of frequencies. Since the amplitude of pressures are generally low
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1.2. PHOTOACOUSTIC IMAGING OF CAROTID ATHEROSCLEROSIS

( < 1 kPa), wave propagation can be modeled by the linear, inhomogeneous, 3-D

wave equation: (
∇2 − 1

v2
s

∂2

∂t2

)
p(~r, t) =

−β
Cp

∂H(~r, t)
∂t

. (1.2)

Here vs (m/s) denotes the speed of pressure wave, β (K−1) denotes the thermal co-

efficient of volume expansion, and Cp (J/kg.K) denotes the specific heat capacities

at constant pressure. The input, or source function of Eq. 1.2 is represented by the

heating function H(~r, t), which depends on the spatio-temporal profile of the laser

source [44], [45].

Next, the US waves propagate through the tissue and can be detected at the skin sur-

face by a conventional (or custom) ultrasonic transducer. Finally, the initial pressure

distribution can be reconstructed using back-projection [43], linear inversion [46],

or k-space reconstruction [47] depending on the sensor positions and geometry. The

differences in the Grüneisen coefficient Γ and the conversion ratio ηth are neglected

for biological soft tissues [48]. Therefore, the reconstructed pressure map can be

assumed to represent the absorption coefficient map of the tissue.

The use of PA from microscopic scale to mesoscopic scale was reported by different

research groups [43], [48]–[54]. The molecular imaging of PA enables functional

imaging using various endogenous [55], [56] and exagenous [57], [58] chromophores.

Blood is a strong endogenous chromophore that is highly absorbing in the near-

infrared region of the optical spectrum. Therefore, PA was widely used for detection

of vasculatures in small animals [59], [60], in cancerous lesions [61], [62], in finger

joints for early detection of rheumatoid arthritis disease [63]–[65], and in skin [66]–

[68].

The use of PA is also appealing for plaque characterization due to the high tis-

sue specificity of PA. Intravascular photoacoustic (IVPA) imaging has demonstrated

promising results for coronary artery plaques. IVPA has the advantage of encoun-

tering a short optical path to the target tissue, and therefore one can deliver the

optical energy with less depletion. Previously, imaging of lipids [69]–[71] and mac-

rophages [72], [73] was demonstrated using IVPA in phantoms and animal models.
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Chapter 1- General Introduction

Clinically, invasive detection with IVPA will not be preferred over non-invasive US

for diagnosis of atherosclerotic disease of the carotid artery, which is a relatively su-

perficial organ (1.5 – 3.0 cm below the skin surface) [23]. Hence, a non-invasive PA

measurement of carotid artery plaque is desired. Previously, non-invasive PA imag-

ing attempts for imaging carotid artery were made using concave custom-designed

ultrasound transducer on healthy volunteers [74], [75], and minimally invasive method

using optical illumination via the pharynx on a human neck phantom [76]. So far,

the technique has not found its way to the clinic due to technical and practical lim-

itations, such as the limited penetration depth, and the lack of handheld systems

suitable for clinical use.

1.3 Rationale and outline of the thesis

The current clinical approach to reduce the risk of stroke is the removal of the ath-

erosclerotic plaque from the artery using endarterectomy. The threshold to decide

in favor of an operation is the 50% stenosis level, which is based on extensive pop-

ulation studies and does not assess patient-specific plaque vulnerability. A patient

can have up to 99% stenosis but a structurally stable carotid plaque [4]. There-

fore there is an unmet need to characterize the vulnerability of carotid plaques by

assessing the composition of the plaque. Although the contrast between the compo-

nents of plaques is low in conventional ultrasound imaging, photoacoustic imaging

has the potential to reveal the morphology utilizing the optical absorption differ-

ences between the typical morphological signatures of vulnerable plaques such as

the presence of intra-plaque hemorrhages, a necrotic lipid core, and a thin fibrous

cap.

The aforementioned studies found in the literature were not able to draw any con-

clusion regarding in vivo carotid plaque characterization with PA. This is mostly due

to the complex nature of the plaque morphology in the later phases of plaque pro-

gression. Moreover, the skin and connective soft tissue around the carotid artery

results in a severe reduction of the optical energy delivered to the chromophores,

producing low amplitude photoacoustic waves, which leads to low signal-to-noise

(SNR) ratio of the PA signals.
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1.3. RATIONALE AND OUTLINE OF THE THESIS

In this thesis, we describe preclinical studies performed to investigate the applica-

bility and the potential of PAI in plaque characterization using a multi-wavelength,

hand-held PA device. To show the feasibility of PA in plaque imaging, we designed

and performed a series of ex vivo experiments using a novel hand-held PA probe

that was designed for clinical use. In other words, reduce complexity from in vivo to

experiment, before taking the techniques into the reverse direction.

In Chapter 2, the merit of the novel PA probe regarding plaque imaging and hem-

orrhage detection was investigated using a single wavelength. Additional to the use

of a novel PA system, an experimental setup for ex vivo imaging of human carotid

plaque samples was introduced.

In Chapter 3, the performance of the novel experimental setup was characterized

with a series of phantom experiments. Spatial compounding and its merits regard-

ing penetration depth, SNR and contrast-to-noise ratio (CNR) were investigated con-

sidering future in vivo application.

In Chapter 4, the latest prototype of the PA probe with four available wavelengths

(λ = 808, 915, 940, 980 nm) was used to obtain information on the composition

of human carotid plaque samples. Since the PA response at any wavelength is the

collective contribution of different chromophores, a blind-source spectral unmixing

technique was adopted to separate the individual chromophores. Additionally, a

verification experiment was performed using PVA vessel phantoms with three in-

clusions: fresh porcine blood to mimic recent hemorrhages, thrombus to mimic old

hemorrhages, and pure cholesterol to mimic fatty streaks.

Finally, in Chapter 5, a PA simulation tool-chain was established by coupling the

output of mesh-based Monte Carlo photon distribution simulations to acoustic sim-

ulations in k-Wave. Hence, a validation scheme was created for the previously de-

veloped methods such as spatial compounding and blind-source unmixing. Fur-

thermore, it is now possible to perform prospective tests of novel techniques that

are developed prior to in vivo application, such as photoacoustic clutter reduction.
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Chapter 2

Towards the detection of intraplaque

hemorrhage in carotid artery lesions

using photoacoustic imaging

The content of this chapter is based on M. U. Arabul, M. Heres, M. C. M. Rutten,

M. R. van Sambeek, F. N. van de Vosse, and R. G. P. Lopata, “Toward the detection

of intraplaque hemorrhage in carotid artery lesions using photoacoustic imaging,” J.

Biomed. Opt., vol. 22, no. 4, p. 041010, Dec. 2016.
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Chapter 2- Ex vivo photoacoustic imaging of carotid plaques

2.1 Abstract

Photoacoustic imaging (PAI) may have the ability to reveal the composition and the

anatomical structure of carotid plaques, which determines its mechanical proper-

ties and vulnerability. In this study, we used PAI and plane-wave ultrasound (PUS)

imaging to obtain 3D images of endarterectomy samples ex-vivo, and compared

the results with histology to investigate the potential of PAI-based identification

of intraplaque hemorrhage. Seven carotid plaque samples were obtained from pa-

tients undergoing carotid endarterectomy, and imaged with a fully integrated hand-

held photoacoustic (PA) probe, consisting of a pulsed diode laser (tpulse = 130 ns,

Epulse = 1 mJ, λ = 808 nm) and a linear array transducer (fc = 7.5 MHz). The sam-

ples were rotated 360° with 10° steps and data were spatially compounded to obtain

complete 3D images of the plaques. Areas of high absorption in the 3D datasets

were identified and compared to histological data of the plaques. Data in six out of

seven endarterectomy samples revealed the presence of intraplaque hemorrhages,

which were not visible in the PUS images. Due to the noninvasive nature of PAI,

this ex vivo study may elucidate preclinical studies towards the in vivo, noninvasive,

vulnerability assessment of the atherosclerotic carotid plaque.

2.2 Introduction

The abrupt rupture of an atherosclerotic carotid plaque is one of the main causes

of stroke and stroke-induced death [27], [77]. Current practice to prevent stroke

in patients with a significant carotid stenosis is the removal of the plaque during

an endarterectomy procedure. The current decision-making procedure for patients

with atherosclerotic plaques to undergo an endarterectomy is based on the severity

of stenosis. However, a study by Rothwell and Warlow [4] has shown that only 16%

of the patients that underwent endarterectomy, based on the degree of the stenosis

of their carotid plaque (70 – 99%), were really at risk to suffer from stroke in a 5-

year period. Although the complete rupture mechanism is not resolved yet, there

is a strong evidence supporting the hypothesis of plaque composition playing a key

role in plaque rupture rather than the degree of stenosis [31], [34].

Retrospective studies have demonstrated that the common features of the risk of
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plaque rupture are the existence of a large lipid necrotic core, a thin fibrous cap

over the core, and intraplaque hemorrhages [5], [7], [9]. However, common clinical

practice is still based on the estimation of the degree of stenosis based on duplex

ultrasound. In case ultrasonography was insufficient due to excessive calcifications

in the plaque, additional magnetic resonance imaging (MRI) or computed tomogra-

phy angiography (CTA) scans may be required. Nevertheless, the studies performed

with MRI[78]–[80] or CTA[81], [82] showed moderate sensitivity (60% - 92%) and

specificity (74%) in detecting the plaque morphology.

Despite all the advantages of the current imaging modalities, the unmet need is a

noninvasive approach, suitable for patient follow-up, that can distinguish between

different plaque components [8], [34]. The wavelength specific optical absorption

differences of distinct constituents of plaque might be advantageous to create con-

trast for imaging [83], [84]. In photoacoustics, the tissue is illuminated with short-

pulsed laser light, and ultrasound is generated locally inside the tissue wherever the

optical energy is absorbed. Since the scattering of acoustic waves is negligible for

the soft tissue, imaging depth can reach up to 3 cm with large area illumination

[85]. Combining the optical contrast with ultrasonic resolution and imaging depth,

photoacoustic imaging (PAI) may outperform MRI and CTA for plaque assessment,

with a comparably low cost and practical applicability similar to ultrasound.

In early studies, the applicability of intravascular photoacoustic (IVPA) imaging was

investigated on phantoms and also on ex vivo rabbit arteries [86]. Results showed

that the use of IVPA accompanied by intravascular ultrasound (IVUS) may provide

morphological information in the assessment of atherosclerotic plaques. Moreover,

spectroscopic IVPA provides an additional dimension of assessment depending on

different constituents [87]. The capability of IVPA on detecting labeled macrophages

as well as lipids embedded in polyvinyl alcohol (PVA) vessel phantoms was shown

[72], [88], [89]. Successful differentiation of distinct lipid types have been reported

on a PVA phantom [70] and on human coronary samples [69] using multi-spectral

IVPA. The feasibility of intravascular photoacoustic tomography (IVPAT) for imag-

ing lipid accumulation over time (25 weeks follow-up study) were shown in the aor-

tas of rabbits which were on a high cholesterol diet [90]. Recently, an ex vivo study

were reported to high speed imaging of lipid pools in carotid plaques using IVPA

[91].
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IVPA carries huge potential, especially for coronary plaques, where catheterization

is inevitable. However, a catheter-based solution is less suitable for carotid plaque

assessment before deciding on treatment. Furthermore, the superficial nature of

the carotid artery (1 to 3 cm) makes it an attractive application for non-invasive

PA studies. Therefore, an in vivo approach of noninvasive photoacoustics combined

with ultrasound is regarded as a more accessible method. There are in vivo studies

using a multi-spectral tomographic approach using a concave curved array around

the neck [74] and using internal illumination via the pharynx [76] and external ac-

quisition from the surface of the skin. Both studies presented promising phantom

experiments; however, the specificity of the in vivo measurements was insufficient

for drawing any conclusions.

Aforementioned PAI studies mostly focused on lipid detection and yet, the in vivo
results are still sparse and often lack proper validation. In addition to the lipid in the

plaque, intraplaque hemorrhages are fundamental indicators of plaque rupture [10].

Findings of medical studies in last decade led the interest towards intraplaque hem-

orrhage and vasa vasorum density as better risk predictors of plaque vulnerability

[92]. Although there are few studies that aimed to detect intraplaque hemorrhages

using MRI [79], [93] or CTA [94], it was disregarded by the previous photoacoustic

studies.

The aim of this study is to demonstrate and validate the ability of PAI of carotid

plaques, specifically targeting intraplaque hemorrhage, and neo-vascularization. To

our knowledge, intraplaque hemorrhage was imaged for the first time in human tis-

sue samples using PAI. The uncertainty of the optical energy reaching the plaque

and the morphological complexity of the plaque were the two major challenges of

the in vivo experiments. To identify the challenges of in vivo PAI of the carotid artery,

the photoacoustic (PA) response of the human carotid plaque should be understood

thoroughly. Therefore, an experimental setup, which allows complete rotation of

the sample and creates a better quality 3D imaging using multi-angle spatial com-

pounding, was designed to investigate the PA signals of the human carotid samples

ex vivo. In this study, we used an integrated PA probe [95], and combined PA and

plane-wave ultrasound (PUS) images to obtain 3D morphology of the samples. The

wavelength of the probe was chosen to be 808 nm to obtain optimal absorption by

the blood at the focal depth (∼ 20 mm) of the ultrasound transducer. For valida-
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2.3. METHODS

tion, we compared the overlaid 3D PA and PUS images to the ground truth, i.e., the

histology.

2.3 Methods

2.3.1 Sample Preparation and Experimental Setup

The endarterectomy samples were obtained from the Department of Vascular Surgery

of the Catharina Hospital Eindhoven. All patients (n = 7) had ipsilateral neurologi-

cal symptoms within the two weeks prior to the surgery; therefore, the samples are

assumed to be vulnerable/ruptured plaques. The study was approved by the local

ethics committee and all patients gave their informed consent. The carotid endarter-

ectomy was performed using a method similar to the one described by Wijeyaratne

et al. [96] to extract the plaques as intact as possible. If the plaque was fully intact,

it was transferred to the laboratory in a phosphate buffered saline (PBS) solution.

The plaque samples were flushed with PBS to remove blood clots from the outer sur-

face of the media layer and inner surface of the intima. Washing out excess blood

reduced possible clutter artifacts during photoacoustic imaging. After cleaning the
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Figure 2.1: Illustration of the experimental setup from the top view (a) and from
the side view (b). The sample was immersed into phosphate-buffered-saline (PBS)
solution. The imaging probe was positioned in the cross-section of the sample for
photoacoustic (PA) imaging.

plaque sample, plastic cannulas were attached to both ends of the carotid artery to

enable rigid mounting of the sample in the PA/PUS imaging setup (Fig. 2.1). The
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Chapter 2- Ex vivo photoacoustic imaging of carotid plaques

setup was designed to perform imaging during rigid rotation of vessel samples with

10° steps [97]. A motorized 3D stage (M-403.2DG, Physik Instrumente, Germany)

was mounted to the setup to precisely adjust the position of the PAI probe.

2.3.2 Hand-held Photoacoustic Probe

For both PA and PUS imaging, a hand-held PA probe was used. This probe has an

integrated diode laser system (tpulse = 130 ns, Epulse = 1 mJ, λ = 808 nm, QUANTEL,

France, OSRAM, Germany, SILIOS, France) and a linear array ultrasound transducer

(SL3323, fc = 7.5 MHz, ESAOTE Europe, Maastricht, The Netherlands) for the ac-

quisition. The pulse repetition rate (PRF) of the laser and the acquisition system is

software limited to 2 kHz due to the laser safety regulations. The point-spread func-

tion (PSF) measurements of the system revealed that the system has 0.5 mm mean

resolution in lateral direction and 0.28 mm in axial direction [95]. The detailed op-

eration and specifications of the system and the hand-held probe (developed by the

FULLPHASE Consortium) was described by Daoudi et al. [95].

2.3.3 Scanning Protocol

The probe was positioned in the transverse plane of the sample and the plaque was

mechanically scanned along its longitudinal axis. PUS data were recorded at 10

Hz PRF during forward scanning and PA data were recorded at 100 Hz PRF dur-

ing backward scanning. The mechanical scanning speed of the 3D stage was 1.0

mm/s; hence, the distances between two consecutive frames were 100 µm for PUS

and 10 µm for PA acquisitions. A higher PRF was preferred in PA acquisition to

allow more averaging in post-processing to increase the signal-to-noise ratio (SNR).

After obtaining the data for both modalities, the sample was rotated by 10° and the

measurements were repeated for all 36 angles.

2.3.4 Post Processing

During acquisition, the raw radio frequency (RF) data were acquired with a sampling

rate of 50 MHz and stored. Data were processed offline using MATLAB 2014b (The

MathWorks, Natick, MA, USA). The data were denoised with a series of digital filters,

a DC blocking, a moving average (N = 20) for reducing the random electrical noise,
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and a bandpass filter (flow = 0.8 MHz fhigh−PA = 5.5 MHz, fhigh−PUS = 15 MHz) for

suppressing the frequency content out of the acoustic bandwidth of the probe.

Beamformed RF data were reconstructed using the conventional delay-and-sum re-

construction method. After obtaining reconstructed ultrasound and photoacoustic

acquisitions, data were rotated in reference to the position of the sample obtained at

0°. Next, data from all angles were spatially compounded into one 3D volume im-

age to obtain a higher signal-to-noise ratio (SNR) and contrast-to-noise ratio. Spatial

compounding provided geometry and morphology (mostly calcification) indepen-

dent imaging performance, and lead a high resolution and contrast for the complete

plaque. Finally, PA and PUS images were overlaid by assigning a transparency to PA

image depending on its intensity value.

2.3.5 Histology Comparison

After PA/PUS imaging, five of seven samples (one sample was fractured during

snap-freeze process and one sample was used for other purposes) were fixated in gly-

col (Tissue-Tek O.C.T., Sakura Finetek Europe, The Netherlands) solution and snap-

frozen in liquid nitrogen. Each frozen sample was mounted to a cryotome (HM550,

Thermo Scientific, USA) to obtain histology cross-sections. The samples were sliced

with 10 µm thickness. Since intraplaque hemorrhages were clearly identifiable in

the white background of the frozen glycol solution, no additional staining needed

to be performed. Instead, for each cross-sectional slice, an image was recorded by

a digital camera. A total of approximately 2000 images were obtained from each

plaque sample. This enabled a complete geometrical inspection, by comparing the

slices to the PUS data.

Next, four samples that had a positive indication of hemorrhage in the PA images

were selected for comparison with histology. The intraplaque hemorrhages were

identified in the histology pictures, and five distinct regions in each plaque were se-

lected for comparison. The corresponding cross-sectional PUS data were identified,

based on the similarity in geometry. Next, the same regions with hemorrhage in

histology were selected in the PA/PUS images and the corresponding PA intensities

were compared to the PA data of the remaining vessel area.
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2.4 Results

The 3D rendered volume images of PUS reveal the anatomy and shape of the plaque,

clearly resembling the shape in the pictures of the plaques (Fig. 2.2), which were

available for five cases. The pictures of the two sample were absent due to the fact

that the intact geometry comparison was initially unintended and pictures were not

taken. As expected, there is no contrast between the soft plaque content and the

vessel wall. Conversely, the PA images solely provide the absorbing regions inside

the plaque, i.e., the regions filled with blood (Fig. 2.2). The overlaid 3D volumes

provide an overview of the samples, however, for a more elaborate comparison the

transverse views need to be compared to the histology (see Fig. 2.3). In the histologic

Figure 2.2: Imaging results for all plaque samples (I - VII). Pictures of the plaques are
shown in the first row when available. The 3D plane wave ultrasound (PUS, second
row), photoacoustic (PA, third row) and the overlaid PA/PUS images (bottom row) of
the human carotid plaques are shown. Darker regions in the grayscale represent the
higher echogenicity in pulse-echo ultrasound. The red regions show the PA signals,
which correspond to a higher absorption of optical energy, i.e., higher concentration
of blood content. Overlaid PA/PUS images with transparency indicates the possible
intraplaque hemorrhage location in these atherosclerotic plaque samples.

cross-sections, the yellow regions are the vessel wall, whereas the dark red areas are

hemorrhages. The darker (brownish-yellow) color represents the calcified area in

the plaque and the light yellow area is in this case the lipid pool, which is not really

distinguishable from the wall in these images (see Fig. 2.3). However, since targeting
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Figure 2.3: Pictures of histology sections and the corresponding cross-sections in
overlaid photoacoustic (PA) - plane wave ultrasound (PUS) images of five plaques.
Gray color represents the ultrasound signals and overlaid red colors represent the PA
signals. The red arrows indicate the blood content inside the plaques in the histology
pictures and the corresponding PA signals in overlaid PA/PUS images. Blue arrows
indicate the clutter artifacts and regions with overestimation of the PA signals.

lipid was not an aim of this study, no additional histological analysis on lipid content

was performed.

Qualitative comparison of overlaid PA/PUS images to histology reveals one to one

correspondence between the two (see the red arrows in Fig. 2.3). These images con-

firm that the high signal intensity in PA images indicates regions with high blood

content, most likely intraplaque hemorrhage. There are additional regions located

outside of the vessel with high intensity signals (see the blue arrows in Fig. 2.3) for

some of the cross-sections. Those signals were identified as clutter artifacts and were

recognized based on the geometry provided by PUS images. The quantification of

the severity of the clutter was not performed, and in the scope of this study, the

19



Chapter 2- Ex vivo photoacoustic imaging of carotid plaques

clutter artifacts were assumed not to deteriorate the actual PA signals significantly.

The quantitative comparison of the segmented regions with hemorrhage vs. the re-

mainder of the vessel area supports the objective of this study. The PA signal inten-

sities in the segmented area were significantly higher (one way ANOVA, p < 0.001),

whereas the PUS gray values were not (Fig. 2.4). An additional correlation analy-

sis between US and PA images was performed to show the independence of the two

modalities. There was no correlation in the hemorrhage segments (R2 = 7.01±8.05%)

and the rest of the vessel segments (R2 = 2.10± 4.22%) for all the selected frames in

the histology comparison.
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Figure 2.4: Statistical comparison of the intensities in the segmented regions of hem-
orrhages: (a) boxplots of the gray values of ultrasound images in regions with hemor-
rhage (red) and those found in the surrounding tissue region (yellow), for samples II,
V, VI and VII; (b) boxplots of the photoacoustic signal measured in hemorrhage seg-
ments (red) vs. those detected in the surrounding tissue (yellow). The black circles
are data points that are considered outliers of the statistical distribution

2.5 Discussion

In this study, we have demonstrated the feasibility of PAI to locate intraplaque hem-

orrhages (any intraplaque blood pools) in atherosclerotic carotid plaques as a first

step towards noninvasive plaque characterization. We used a hand-held photoa-
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coustic probe with integrated diode laser and a portable medical ultrasound system.

Signals corresponding to blood-filled regions, which can be extensions of the vas-

culature in the plaque, intraplaque hemorrhage, or the result of trauma inflicted on

the medial vascularization, were found in the PA images with high contrast with re-

spect to the wall, whereas these regions were not distinguishable in the PUS images.

The detection of intraplaque hemorrhage in carotid plaques is the novelty of this

study and promising towards in vivo preclinical studies regarding carotid plaque

vulnerability assessment.

The histologic cross-sections show one to one correspondence with the overlaid pho-

toacoustic and ultrasound images. While ultrasound images reveal the shape of

the vessel, photoacoustic images show where the intraplaque hemorrhage is located

(Fig. 2.2). The lack of PA signals in the rest of the plaque components such as lipid,

calcification, and vessel wall proves that the optical absorption of those constituents

at 808 nm illumination is not sufficient to create detectable photoacoustic signals.

Moreover, the histology based manual segmentation validated that the PA intensi-

ties were significantly higher in the segmented regions.

The overlaid PA images contain some clutter artifacts (Fig. 2.2) due to optical en-

ergy deposition outside the imaging plane or multiple reflections from calcifications

(highly echogenic) in the vicinity of the blood content. By adopting recently devel-

oped clutter reduction methods, we may benefit from the pulsation of the carotid

artery in vivo to reduce the clutter [98]. Furthermore, a priori ultrasound data can

be used to reduce the reflection clutter [99].

The PA/PUS images were obtained in a controlled setting using a tomographic ap-

proach by rotating the samples, which provides a complete cross-sectional view.

This approach also overcomes the limited field of view in the presence of exces-

sive calcifications. Obviously, this is not a method designed for, or feasible in, in vivo
applications, but purely for preclinical validation of the PA/PUS techniques. The

tomographic approach in this study could be partially translated to in vivo scanning

via the development of novel, optimal multi-angle, in vivo imaging methods.

The use of integrated diode laser lowers the available energy of the imaging system;

however the limiting factor for the maximum permeable energy (MPE) of the laser
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is the medical laser device standards (IEC/EN 60601-2-22 and IEC 60825-1) con-

sidering its future clinical use. The illumination scheme was optimized for highest

optical flux at the focal depth of the ultrasound transducer (∼ 20 mm). In the next

prototypes, energy could be increased within the clinical safety limits. Nevertheless,

in the scope of this study, the 1 mJ pulse energy was sufficient to provide the images

of plaque samples in the ex vivo conditions.

The ex vivo imaging protocol developed in this study will contribute much needed,

ground truth knowledge to overcome in vivo problems in PA imaging of the carotid

plaques. The imaging depth of the PA system used is in the range of the anatomical

depth of carotid arteries. However, the imaging system is likely not to achieve simi-

lar performances for patients with a high body-mass index. For instance, the periph-

eral vessels that are located between the skin and carotid artery, and the presence of

luminal blood, will reduce the optical power that reaches the plaque. However, the

multi-angle spatial compounding compensates the signal loss due to luminal blood

absorption. Despite the in vivo challenges, the experimental method used in this

study can provide complementary information to compare the pre-operative in vivo
images to the post-operative, ex vivo images of both PA and PUS. Handling those

challenges within laser safety limits will require to develop novel techniques based

on the ground truth knowledge. Therefore, the ability to detect intraplaque hem-

orrhages while keeping the plaque intact will enable further research on increasing

the signal-noise-ratio of the system in the presence of surrounding tissue and afore-

mentioned in vivo conditions. Similarly, the presence of luminal blood besides the

intraplaque blood will require a technique to distinguish between the two. Using

the high temporal resolution of PA/PUS, and the fact that luminal blood will move

with a high speed whereas thrombus will not, may provide a solution to encounter

this problem. Moreover, the absorption spectrum of thrombus slightly deviates from

hemoglobin, which may be beneficial for PA spectroscopic techniques using multi-

ple wavelengths to distinguish between fresh blood and thrombus. Such a multi-

spectral approach can also be used to reveal additional morphological features of

the plaques.
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2.6 Conclusion

In summary, PA and PUS imaging of intraplaque hemorrhages in human carotid

plaques were performed as a first step towards in vivo imaging. A fully integrated

PA probe was used externally, and spatial compounding of acquisitions from dif-

ferent angular positions were performed to obtain full 3D images of the samples

with better image quality. Since intraplaque hemorrhage is considered to be one of

the indicators of plaque vulnerability, this study showed that PAI can be used in

vulnerability assessment of atherosclerotic carotid plaques. Future work, at higher

penetration depths, will demonstrate its clinical merit.

To obtain the complete morphology (lipid pool, fibrous cap, and intraplaque hemor-

rhage) of a plaque, multi-spectral PA is necessary. We performed the measurements

with single wavelength illumination and in isolated conditions to investigate the

possibility of PAI for intraplaque hemorrhage detection. In future studies, the PA

imaging performance will be further investigated in the presence of luminal blood,

the pulsation of the vessel [100] and surrounding tissue. Incrementally approach-

ing to more realistic conditions will ease the development of novel solutions to the

challenges in PA imaging in vivo. Eventually, the ability to differentiate between

rupture-prone and stable plaques will contribute to clinical decision making in vas-

cular surgery. A reduction in over-treatment of the stable plaques will lower the

burden on the patient, and additionally will reduce the risks and costs involved.

Furthermore, prevention of stroke or other complications, by early detection of un-

stable plaques, will reduce the mortality and morbidity rates most importantly, in-

crease the quality of life in aging societies.
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Chapter 3- Spatial compounding of photoacoustic images

3.1 Abstract

Photoacoustic imaging (PA) is a promising imaging modality due to its high optical

specificity. However, the low signal-to-noise ratio (SNR) and contrast-to-noise ra-

tio (CNR) of in vivo PA images are major challenges that prevent PA imaging from

finding its place in clinics. This study investigates the merit of spatial compounding

of PA images in arterial phantoms and the achievable improvements of SNR when

in vivo conditions are mimicked. The analysis of the compounding technique was

performed on a polyvinyl alcohol vessel phantom with black threads embedded in

its wall. The in vivo conditions were mimicked by limiting the rotation range in ±
30°, adding turbid surrounding medium, and filling the lumen with porcine blood.

Finally, the performance of the technique was evaluated in ex vivo human carotid

plaque samples. Results showed that spatial compounding elevates the SNR by 5 to

10 dB and CNR by 1 to 5, depending on the location of the absorbers. This study

elucidates prospective in vivo PA characterization of carotid plaques by proposing a

method to enhance PA image quality.

3.2 Introduction

Recent developments in photo-acoustic imaging (PAI) have demonstrated promis-

ing results in various studies targeting cardiovascular diseases [69], [76], [87], [101].

Combining the anatomical information obtained from ultrasound with the tissue

composition obtained from PAI, the complete morphology of atherosclerotic plaques

can be revealed. This morphological information might be used to assess the con-

tent of the plaque, which is one of the markers for rupture risk of a plaque and a

subsequent stroke [7], [34].

In previous studies, PAI was used for ex vivo imaging of atherosclerotic plaques in

coronaries [69] and carotid arteries [101], while steps toward non-invasive imaging

of carotid arteries were being taken [74], [76]. For plaques in coronary arteries,

intra-vascular imaging using PA can be beneficial. Previously, a few studies have

shown the feasibility of PA in the detection of lipid pools in coronary arteries [70],

[91], [102]. However, due to the superficial anatomy of carotid arteries, non-invasive

PAI is more suitable for carotid plaque assessment. Nevertheless, the attempts at in
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vivo PA imaging of carotid arteries are sparse [74], [76]. The typical challenge of

in vivo PAI is the low signal-to-noise ratio (SNR) due to optical and acoustic energy

losses in the tissue. Moreover, the complexity of the plaque composition and the

inter-subject variability in tissue properties, such as different calcification densities,

impose fundamental limitations on in vivo PAI of atherosclerosis, due to the acoustic

scattering of PA waves. Therefore, the complexity of the problem increases without a
priori knowledge of the exact content of the plaque. Additional complexity is found

in vivo due to the absorption by luminal blood and the pulsation of the arterial wall

caused by the varying blood pressure.

To eliminate the causes of artifacts in vivo such as pulsation, luminal blood, and sur-

rounding scattering medium, we previously performed an ex vivo feasibility study

[101]. Isolating the plaques from its surroundings simplified the identification of the

tissue-of-interest and showed the feasibility of PAI in the detection of intraplaque

hemorrhages. For proof of concept, we investigated human plaque samples ex vivo
and imaged each sample from multiple angles for a full 360o rotation. This range

of rotation is not available in vivo and was intended for research and validation pur-

poses only. However, the increase in both SNR and CNR after compounding was

significant and would certainly be desirable in vivo. Compounding of multi-angle

PA data for a limited range of angles could partially recreate this effect.

Spatial compounding of multiple images has been extensively used in plane-wave

ultrasound imaging [103]–[105] to elevate image resolution or to estimate the speed

of sound differences in tissue [106]. However, until recently, the effect of spatial

compounding in PA has not been characterized for different acquisition geometries.

Recently, the necessity of a multi-angle photoacoustic acquisition has been studied

for the accurate reconstruction of absorber distribution [107]. Additionally, spatial

compounding of PA images, which are acquired in different imaging planes by tilt-

ing the probe around its elevational axis, was investigated to obtain better contrast

and resolution in PA images [108]. In their study, Kang et al. used a fixed laser illu-

mination and a variable acquisition geometry to reconstruct the spatial distribution

of the absorbers.

In this study, we investigated the effects of multi-angle spatial compounding on PA

images that are acquired from different rotational positions with respect to the axis
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of the vessel sample. We aimed to investigate the merit of PA compounding for

non-invasive in vivo plaque imaging. We used an integrated PA probe [95]; there-

fore, both the illumination geometry and the ultrasonic acquisition geometry were

altered together during rotation. Since a full rotation of the sample as performed

in ex vivo experiments [109] is not possible in vivo, the effect of compounding was

analyzed. The effects of angular spatial compounding were investigated and quanti-

fied in polyvinyl alcohol (PVA) phantoms for in vivo mimicking conditions, such as a

limited range of rotation, turbid surrounding medium and the presence of blood in

the lumen of the samples. Finally, the proof of principle was shown in available ex
vivo data of human carotid plaques (n = 4). A quantitative analysis was performed

by comparing SNR and CNR of PA images for various cases.

3.3 Materials and Methods

3.3.1 Phantoms and Plaque Samples

A black thread-embedded polyvinyl alcohol (PVA) phantom was designed to char-

acterize the performance of the spatial compounding technique to detect plaque

hemorrhages in the vessel wall. The PVA gel was prepared by dissolving 15 wt%

crystal PVA (Mowiol 28-99, Sigma-Aldrich, Zwijndrecht, The Netherlands) in dem-

ineralized water at 90°. Thereafter, 1 wt% Orgasol (ELF Atochem, Paris, France) was

added to the gel for acoustic scattering. Next, the PVA gel was molded in a cylin-

drical mold, where black threads were attached along the height of the cylinder (see

Figure 3.1c). Finally, molded PVA was frozen and thawed for four consecutive cycles

(16 hours freeze and 8 hours thaw duration for 1 cycle) to approach stiffness of a

generic vessel [100].

Next, the performance of spatial compounding were investigated on existing ex vivo
atherosclerotic plaque data [101]. The samples were obtained from the Department

of Vascular Surgery of the Catharina Hospital Eindhoven. Informed consent was ob-

tained from the patients in a study approved by the local ethics committee. Analysis

was performed on 4 plaque samples having intraplaque hemorrhages, which pro-

vided detectable PA signals. A total of 20 distinct cross-sections were included for

the compounding analysis.
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3.3.2 Experiment Setup and Imaging Device

For each specimen, imaging was performed in a custom-designed immersion cham-

ber (see Figure 3.1). The setup consisted of a water tank with two steel pipes at-

tached to its sides. The steel pipes were coupled via a gear system and a secondary

steel rod, which allowed a synchronized rotation of both ends of the sample. A

motorized rotation stage was concentrically mounted to the secondary rod. Addi-

tionally, a three-dimensional (3-D) linear stage (M-403.2DG, Physik Instrumente,

Germany) was attached to the setup to control the position of the imaging probe

with respect to the sample. Both the Cartesian position of the probe and the angular

position of the specimen were controlled by a PC using LabVIEW software (National

Instruments, Austin, Texas, USA). The PA imaging probe consisted of a diode laser
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Figure 3.1: Illustration of the experimental setup from (a) the top view and (b) the
side view; (c) the mold and the polyvinyl alcohol (PVA) phantom. The sample was
immersed in a phosphate-buffered-saline (PBS) solution. The imaging probe was
positioned in the cross-section of the sample for photoacoustic (PA) imaging and
translated along the longitudinal axis of the vessel.

(QUANTEL, Paris, France) with a wavelength of 808 nm, a pulse duration of 130

ns, and a pulse energy of 1 mJ. The acoustic signals were acquired by the linear ar-

ray transducer (SL3323, ESAOTE, Maastricht, The Netherlands) that was integrated

into the PA probe. For data acquisition, the PA probe was attached to an ultrasound
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scanner (MyLabOne, ESAOTE, The Netherlands), and the raw data were digitized at

a sample frequency of 50 MHz and transferred to the PC via a USB connection.

3.3.3 Experimental Procedure

Phantom Experiments

Three different sets of phantom experiments (PE1-PE3) were performed as seen Ta-

ble 3.1. During all the experiments, the PA probe was positioned in the transverse

cross-section of the vessel. A total of 500 PA frames were acquired with a pulse

repetition frequency (PRF) of 100 Hz. Next, the sample was rotated by 10° and

acquisition was repeated for 36 different angular positions. The same acquisition

protocol was repeated for plane-wave ultrasound. For each cross-section, 10 frames

were acquired with a PRF of 50 Hz. In the first set of experiments (PE1), the volt-

Table 3.1: The experiments and corresponding parameters

Experiment
Name

Surrounding
Medium

Lumen
Depth of
Sample

Center (mm)

Laser Pulse
Energy (µJ)

PE1 Demi-water Demi-water 8.85 84 - 1045

PE2
Intralipid +

India Ink
Solution

Intralipid +
India Ink
Solution

8.45 - 18.85 1045

PE3
Intralipid +

India Ink
Solution

Porcine
Blood

8.25 and 15.50 1045

ExPLQ PBS PBS ∼8.5 1045

age of the high voltage capacitors of the laser driver circuit was varied from 30V

to 100V to tune the optical output energy of the laser diode between 84 µJ to 1045

µJ. Thereby, a lower optical absorption was mimicked, which was validated by the

linear change in the intensity of PA signals (data are not shown). During PE1, the

sample was immersed in water at 8.85 mm depth.
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In the second set of experiments (PE2), the immersion medium was changed to a

tissue mimicking liquid obtained by mixing 1 V/V % Intralipid (20%, Fresenius

Kabi BV, Zeist, The Netherlands, Batch No: 10II5853) [110] and 0.001% of Indian

Ink (Talens, Apeldoorn, The Netherlands) [36], [111] in demineralized water. The

resulting optical properties represent a generic soft tissue (µs = 10 cm-1 and µa = 0.5

cm-1). Additionally, the depth of the sample was increased from 8.45 mm to 18.85

mm in four steps, to investigate performance of compounding with increasing tissue

depth.

In the final set of experiments (PE3), the effect of luminal blood was investigated by

replacing the medium in the lumen by porcine blood obtained from local slaugh-

terhouse. The measurements were performed at two different depths (z = 8.25 mm,

15.20 mm). Due to the manual adjustments during experiments, the initial position

of the samples deviated slightly between the experiments. However, the effects of

the deviation in depth were eliminated by considering only the relative changes in

each experiment.

Ex vivo Human Plaques Experiments

The ex vivo measurements of human plaque samples (ExPLQ) were explained pre-

viously, in detail [101]. The samples were immersed in phosphate-buffered-saline

(PBS) solution at approximately 8.5 mm depth, and at a laser pulse energy of 1045

µJ. Differently, the probe position was mechanically scanned along the z axis (see

Figure 3.1a) during acquisition of PA data. Therefore, temporal averaging was kept

at 20 frames to prevent artifacts due to motion. Finally, the measurements were

repeated for 36 angles.

3.3.4 Compounding Method

Data were filtered with a DC-blocking filter by subtracting the mean value of each

channel. Afterwards, time frames were averaged into a single frame depending on

the averaging window size (see Figure 3.3. Next, different band-pass filters were

applied to each modality (PA vs. US) due to the spectral differences between the

modalities [101]. While the pulse-echo signals were in the bandwidth of the trans-

ducer (fc = 7.5 MHz), the main frequency content of the PA signals was in the range
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of 0.8 - 5 MHz.

The images were reconstructed using k-space reconstruction [47] and radio-frequency

(RF) data were obtained prior to envelope detection. The spatial sampling in the ax-

ial direction (c/fs = 30.8 µm) was 8 times higher than the lateral spatial sampling

(dpitch = 245 µm). Therefore, images were mapped to a 50 µm equispaced grid using

bi-cubic interpolation. Next, the images acquired at different angular positions were

rotated back to the reference position of the sample at 0°. Consequently, a multi-

angle acquisition, where the sample is fixed and the probe rotates, was mimicked.

Finally, pixel values in the rotated images were summed and the envelope of the

final image was detected, resulting in the final compounded images.

3.3.5 Image Quantification

The contribution of spatial compounding to the image quality was quantified by

comparing the SNR and CNR of the absorbers in the images. In the data of the

PVA phantom, a circular region of interest (ROI) was manually selected around each

thread to obtain the signal power locally. Next, the region without black threads in

the vessel wall was considered as background (see the dashed lines in Figure 3.2a).

In the data of the ex vivo carotid plaque samples, the segmentation was performed on

the compounded ultrasound images based on the geometric similarity of the cross-

sectional vessel contours in the ultrasound image and the histology pictures [101].

The hemorrhage regions were identified in the histology pictures, and the corre-

sponding areas in the ultrasound image were segmented as the signal ROI. However,

in order to improve the registration of the US and PA data, ROIs were manually ad-

justed by enlarging and translating the ROI.

Lastly, the SNR was calculated as,

SNR = 20log10 (
Srms
Nrms

),

and the CNR was calculated as,

CNR =
Srms −Nrms

Nrms
,
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where Srms represents the root-mean-square (RMS) of the signal ROI and Nrms rep-

resents the RMS value of the background ROI.

Quantitative analysis was performed for the compounded data for two cases: a) com-

plete rotation and b) the in vivo available rotation range (angles between -30 to 30°).

Since spatial compounding could be considered a form of averaging in space do-

main, the total number of frames was kept constant for temporal averaging and

spatial compounding to make a fair comparison between the two. Finally, the SNR

and CNR values of each thread were analyzed separately to assess the effect of the

absorber location.

3.4 Results

3.4.1 PVA Phantom Experiments

A qualitative representation of the effect of spatial compounding is demonstrated

in Figure 3.2. The illustration in Figure 3.2a shows the geometry, orientation of the

threads, and the segmented ROIs for the threads. The single frame plane-wave ul-

trasound image of the phantom (Figure 3.2b) revealed the geometry of the phantom

with blurry edges at the sides. The black threads were not clearly visible in a single

frame ultrasound image. However, spatial compounding increased the resolution

and the contrast of the ultrasound images as expected (Figure 3.2c). Since the fo-

cus of this study is the improvement in PA image quality, no further quantitative

analysis was performed on the US images.

The signal levels in each single-shot PA image (Figure 3.2d) were insufficient to ob-

tain a clear contrast at the absorber locations. Therefore, multiple acquisitions were

temporally averaged to increase the signal quality of PA images (Figure 3.2e). Spa-

tial compounding of averaged frames further increased image quality with higher

resolution, contrast, and signal levels (Figure 3.2e). The separation and the size of

the threads were not perfectly uniform, which affected the PA signals of each thread

as seen in the compounded PA image (Figure 3.2f). Figure 3.3 shows that increas-

ing the number of frames averaged improves the SNR of the PA images of the PVA

phantom; however, the rate of improvement decreases. The SNR of the averaged
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Figure 3.2: (a) Illustration of the phantom and embedded black threads labeled from
T1 to T7, (b) conventional single-frame plane-wave ultrasound image of the phan-
tom, (c) The resultant ultrasound image of PVA phantom after spatial compounding
of all 36 angular positions, (d) Single frame photoacoustic (PA) image, (e) Photoa-
coustic image of the phantom after 500 frames temporal averaging, (f) The resultant
PA image of PVA phantom after spatial compounding over 36 angular positions.

images follows the general shape of 20log10

√
N as the theory of temporal averaging

of random signals states [112].

In Figures 3.3b to 3.3d, the effect of temporal averaging on the SNR of the PA images

is shown (dashed lines) for increasing number of averaged frames (N = 70, 210,

350, 490 frames). Similarly, the effect of spatial compounding on SNR is shown

(solid lines) for increasing range of rotation (0,±10,±20,±30) and equivalent total

number of frames. The SNR improvement of spatial compounding in the limited

range of rotation outperforms temporal averaging by 4 dB in the case of 1 mJ optical

illumination (see Figure 3.3d). The initial SNR values of the compounded images

should be sufficiently high for compounding to be effective. As seen in Figure 3.3,

if the SNR of initially generated PA signals are lower than a certain threshold (∼ 2

dB), temporal averaging performed better than spatial compounding. The results of

PE2 showed that changing the surrounding medium from water to tissue mimicking

fluid decreased the SNR by 3 dB and CNR by 2, see Figure 3.4a. Furthermore, the
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Figure 3.3: (a) The dashed line is the mean of the SNRs of individual threads and
the shaded area shows the limits of the maximum and minimum SNR values of
each thread in PA images after temporal averaging. Plots (b), (c), and (d) show a
comparison of the effect of temporal averaging (Navg = 70, 210, 350, 490) and spatial
compounding (Navg = 70, θRange = 0,±10,±20,±30) for an equal total number of
frames on the SNR of the PA images. The PA images of the PVA phantom were
obtained for optical pulse energies of (b) 208 µJ, (c) 332 µJ, and (d) 1045 µJ.

SNR of a single position PA image dropped by 11 dB at approximately 2 cm imaging

depth. However, compounding the 7 angular positions between -30 and +30 degrees

increased the SNR by 7 dB again.

Focusing on the individual absorbers for the lowest SNR case (I4), Figures 3.4b

and 3.4c show that spatial compounding in the in vivo available range (±30 degrees)

increases the mean SNR by 6.5 dB and the CNR by 3. The results of the final set of

experiments with the PVA phantom (PE3) shows that the presence of blood in the

lumen decreases the SNR by 2.5 dB; however, the contribution of spatial compound-
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Figure 3.4: (a) SNR and CNR of the PA images of the PVA phantom in water (W,
at 8.45 mm), and in Intralipid-Ink mixture (I1 at 8.45 mm, I2 at 11.60 mm, I3 at
15.75 mm, I4 at 18.85 mm). The dotted lines show the values of the single position
acquisition and solid lines show the values of compounded images in the range of
±30 degrees. The SNR and CNR values of individual threads for the case of I4 was
demonstrated in (b) and (c), respectively. The dashed lines show the mean value of
individual threads.

ing is larger (7.5 dB) compared to the loss in signal due to the presence of blood in

the lumen. In Figure 3.6, resultant PA images were presented for a more qualitative

illustration of the effect of spatial compounding for the extreme cases of PE2 (I4) and

PE3 (B2). In the presence of a turbid surrounding medium, spatial compounding in-

creased the quality of the images while the threads initially had a poor contrast (see

Figure 3.6a and 3.6b). In the case of a lumen filled with blood, spatial compounding

elevated the SNR of the distal threads (T6 and T7) by ∼ 8 dB and the CNR by ∼ 1

(see solid arrows in Figure 3.6). Moreover, the lumen border becomes clearer after

spatial compounding in the limited range (see dashed arrows in Figure 3.6).

3.4.2 Ex vivo Plaque Samples

In Figure 3.7, two different cross-sections of a plaque are selected to illustrate the im-

age qualities for single angle acquisition, limited angle compounding, and complete
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Figure 3.5: (a) SNR and CNR of the PA images of the PVA phantom where the sur-
rounding and the lumen are both filled with Intralipid-Ink mixture (I1, at 8.25 mm),
and with the lumen porcine blood (B1 at 8.25 mm, B2 at 15.55 mm). The dotted lines
show the values of the single position acquisition and the solid lines show the values
of the compounded images in the range of ±30 degrees. The SNR and CNR values
of the individual threads for the case of B2 was demonstrated in (b) and (c), respec-
tively. The dashed lines show the mean value of individual threads.

rotational compounding. In the first cross-section (Figure 3.7a-c), the dominant ab-

sorber was located proximal to the PA probe at the initial position. Therefore, the

SNR of the image was highest at zero position (16.2 dB). Compounding of all the ro-

tational positions increased the background noise and eventually decreased the SNR

by 6 dB.

In the second cross-section (Figures 3.7d-f), the SNR of the absorber that is proximal

to the imaging probe dropped from 13.3 dB to 10.6 dB for limited range compound-

ing, and to 11.5 dB for complete rotational compounding. However, the benefit of

spatial compounding was significant for the absorber distal to the probe. The SNR

of the absorber increased drastically from -2.4 dB to 12.7 dB. Additionally, the CNR

values of the PA images revealed similar behavior with the SNR values. The CNR

of the first cross-section (Figure 3.7a-c) dropped from 5.4 to 2.8 and 2.3 respectively

for the limited range compounding and full range compounding cases. However, the

CNR of the distal absorber in the second cross-section (Figure 3.7d-f) raised from -
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Figure 3.6: Single frame (a and c) and compounded (b and d) in the range of ±30° PA
images of the PVA phantom in the tissue-mimicking liquid (Intralipid-Ink mixture)
at 18.85 mm central depth (a and b), and with the presence of blood in lumen at
15.75 mm central depth (c and d).

0.2 to 3.3. The relative changes of SNR and CNR of individual absorber regions in

all 20 cross-sections were represented in Figure 3.8. Spatial compounding for the

full rotational range elevated the mean SNR by ∼ 7 dB and CNR by 1. However, for

the limited rotational range case, improvements were significant only for the distal

absorbers, which was indicated by the outliers in the box-plot.

3.5 Discussion

In this study, we investigated the effects of multi-angle spatial compounding on the

quality of PA images of a PVA vessel phantom. We demonstrated that spatial com-

pounding of the acquisitions from different angular positions improved the qual-

ity of PA images in terms of higher SNR and CNR. The improvements introduced

by spatial compounding are due to an increase in PA signal intensities of absorbers

which were achieved by the rise of optical power at the far absorbers location. There-

fore, spatial compounding outperforms temporal averaging, which increases the
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Figure 3.7: Single frame (a and d), compounded (b and e) in the range of ±30° and
compounded (c and f) PA images in the range of ±180° of human plaque samples.
The rows represent two different cross-sections of a plaque.
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Figure 3.8: Relative changes in SNR and CNR of compounded images with respect
to single angle acquisition.

SNR by suppressing the variance of the white-noise.
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We further investigated the performance of compounding for in vivo mimicking con-

ditions, such as turbid surrounding medium, the presence of blood in the lumen of

the vessel, and limited angular rotation. The results illustrated that spatial com-

pounding yielded a significant improvement for the limited range of rotation. The

addition of tissue mimicking fluid to the surroundings, and porcine blood to the

lumen of the phantom, reduced the SNR and CNR of the images. Especially the dis-

tal absorbers (T6 and T7) disappeared in the presence of luminal blood. However,

spatial compounding, even for the limited in vivo range, compensated these losses,

thereby improving the image quality.

Finally, we performed a reanalysis of previously published human plaque data to

quantify the effect of spatial compounding on ex vivo PA images. The SNR improve-

ment after spatial compounding of PA images in the range of ±30° was as high as

20 dB for distal absorbers; however, SNR change was observed to be negative for

proximal absorbers. This is mostly due to inhomogeneities such as calcifications,

lipid pools, and intraplaque hemorrhages in human plaque samples. Therefore, the

image quality improvement of spatial compounding is highly dependent on the lo-

cation of the absorber.

Since all the plaque samples were dissected during the histological examination, it

was not possible to repeat measurements with different conditions as in the PVA

phantom. However, relative losses in the SNR values can be assumed to apply to

human plaque samples. Adding surrounding medium, increasing the depth, and

adding luminal blood would potentially decrease the SNR of the plaque samples by

approximately 12 dB. This shows that 2 cm depth will be the limit of this technique

when applied in vivo. The authors acknowledge that in patients with high body-mass

index this depth will probably not be sufficient. Moreover, the available data allowed

for temporal averaging with 20 frames, and as Figure 3.3a shows, acquiring a higher

number of frames could have drastically increased the SNR of plaque images.

For the future in vivo studies using spatial compounding, a method for registration

of the data should be developed for hand-held use. Moreover, this study elucidates

the future experimental designs by stating the need for a faster data acquisition that

allows sufficiently high temporal averaging prior to spatial compounding. Finally,

the presence of multi-layer surrounding tissue, such as skin, subcutaneous fat and
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muscle might have more significant effects on optical losses than homogeneous tis-

sue mimicking fluid used in this study. Therefore, a higher optical pulse energy

within the safety limits may be necessary for in vivo experiments.

3.6 Conclusion

We showed that the quality of PA images in terms of SNR and CNR can be improved

by compounding PA data from multiple angular positions. We presented the signif-

icance of the improvements in image quality on PVA phantom, and on the ex vivo
human plaque data. In combination with suitable pulse energy and wave lengths,

the limited range of rotation may allow for non-invasive imaging and characteriza-

tion of atherosclerotic plaques in vivo.
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4.1 Abstract

Multi-spectral photoacoustic imaging (MSPAI) is promising for morphology assess-

ment of carotid plaques; however, obtaining unique spectral characteristics of chro-

mophores is cumbersome. We used MSPAI and non-negative independent com-

ponent analysis (ICA) to unmix distinct signal sources in human carotid plaques

blindly. The feasibility of the method was demonstrated on a plaque phantom with

hemorrhage and cholesterol inclusions, and plaque endarterectomy samples ex vivo.

Furthermore, the results were verified with histology using Masson’s trichrome stain-

ing. Results showed that ICA could separate recent hemorrhages from old hemor-

rhages. Additionally, the signatures of cholesterol inclusion were also captured for

the phantom experiment. Artifacts were successfully removed from signal sources.

Histologic examinations showed high resemblance with the unmixed components

and confirmed the morphologic distinction between recent and mature hemorrhages.

In future preclinical studies, unmixing could be used for morphology assessment of

intact human plaque samples.

4.2 Introduction

Tissue specificity of photoacoustic imaging (PAI) has sparked research interests in

various fields of biomedical imaging and applications. In case tissues have different

optical properties (i.e., wavelength-dependent absorption), PAI is able to provide the

tissue composition together with the anatomical reference obtained from ultrasound

(US). Cardiovascular disease diagnosis is one of the promising areas where PAI has

potential in both noninvasive [74]–[76] and intravascular imaging [50], [71], [86],

[88]. One important application is the use of PAI to obtain the morphology of ather-

osclerotic plaques. Using multiple wavelengths, PAI has the potential to reveal the

tissue ‘signatures’ of an unstable plaque such as intraplaque hemorrhages, necrotic

lipid pool, and macrophage dispositions [72]. Mostly, the recorded photoacoustic

(PA) signals from a plaque are not originating from a single chromophore. Instead,

the PA response is the collective contribution of different chromophores. The com-

position of atherosclerosis is rather complex and different constituents are regarded

as a continuum. Recent studies reported that the composition of a plaque is contin-

uously transforming [11]. Findings implied that intraplaque hemorrhages entail the
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lipid accumulation and that the content of hemorrhages was accompanied mostly

by lipids. Therefore, it is not trivial to draw borders between different tissue compo-

nents at any time in the progression of the plaque. Furthermore, in the literature, it

was reported that the PA response of a mixture of components is highly dependent

on the concentration of the absorbers [113], [114]. Despite the complexity of the

tissue composition, the intrinsic chromophores can be revealed using spectral un-

mixing techniques. In the case the spectrum of the components is exactly known, a

linear least-squared error minimization fitting procedure can be used to unmix these

sources [115], [116]. However, the absorption curve of the chromophores should be

known a priori, which is not possible for in vivo applications. Additionally, this un-

mixing approach requires higher sampling in the optical spectrum; i.e., the number

of wavelengths used in PA measurements should be sufficiently high to fit data ac-

curately. Mercep et al. reported that the number of wavelengths used should be

roughly 7 for separating oxygenated and deoxygenated hemoglobin [75]. Finally,

wavelength-dependent optical fluence differences should be corrected for in order

to make a correct quantitative estimate in linear fitting-based unmixing methods

[117], [118].

Spectral absorption in vivo will be most likely unknown due to the unknown and

complex plaque morphology and the reported intersubject variability of optical prop-

erties [36], [119], [120]. Therefore, blind source separation could be an option for

PAI of plaques. The most commonly used blind unmixing techniques are principal

component analysis (PCA) and independent component analysis (ICA). Glatz et al.

reported that ICA outperforms PCA in unmixing of PA signals [116], [121] by in the

sense of better separation. Additionally, PCA can be used complementary to ICA to

enhance the unmixing performance as a whole [122].

In this study, we aimed to adopt a data-driven approach to differentiate distinct com-

ponents in human carotid plaque samples that have independent spectral behavior

under different illumination wavelengths. Therefore, no prior spectral information

is required as opposed to fitting based methods. The classical ICA method assumes

a non-Gaussian, zero-mean data distribution of the signal values [123]. However,

in the reconstructed PA images, the contrast is based on optical absorption of dif-

ferent tissues, which yields all positive data. Therefore, in this study, we used a

modified version of the ICA algorithm for non-negative signal sources [124], [125].
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Furthermore, we used spatially compounded photoacoustic data for unmixing. As a

result, the optical fluence over the sample can be assumed to be homogeneous due to

illumination from different perspectives (see [126]), and no additional fluence cor-

rection is required. For verification of the method, we applied the technique to a

plaque phantom made of polyvinyl alcohol (PVA) with three different inclusions:

fresh porcine blood, thrombus, and pure cholesterol. Next, we used the technique

on human carotid plaque samples. We aimed to relate the unmixed components to

the critical composition materials that can be found in the plaque. Finally, we per-

formed histologic staining and microscopic examination of stained carotid plaque

sections to verify the results of unmixing.

4.3 Materials and Methods

4.3.1 Sample Preparation for Imaging

PVA phantom preparation

A simplified plaque phantom was made to investigate the unmixing of different tis-

sue components concurrently. The phantom is a cylindrical vessel tube of polyvinyl

alcohol (PVA) with an external diameter of 8 mm and an internal diameter of 3 mm.

Additionally, the mold was designed such that three cylindrical holes of 1 mm diam-

eter in the vessel wall were available for inclusion materials (see Fig. 4.1). The PVA

gel was prepared in demi-water with 15 wt% PVA (Mowiol 28-99, Sigma-Aldrich,

Zwijndrecht, The Netherlands), and 1 wt% Orgasol (ELF Atochem, Paris, France) as

acoustic scatterers [126]. Next, the gel was injected into the mold and subjected to

2 freeze-thaw cycles, i.e., freezing for 16 hours and thawing for 8 hours to stiffen

the cryogel. Finally, the three inclusions were injected into the holes in the vessel

wall, and the open ends were sealed using PVA and one additional freeze-thaw cy-

cle. Porcine blood, freshly obtained from a local slaughterhouse, was used to mimic

recent intraplaque hemorrhages. Next, human thrombus, obtained as waste material

from an abdominal aortic aneurysm surgery, was used to mimic aged hemorrhages.

Finally, commercially available cholesterol crystals (C8667, Sigma-Aldrich Chemie

GmbH, Munich, Germany) were added to the third channel, representing a lipid

inclusion [69].
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Figure 4.1: (a) The polyvinyl alcohol vessel phantom. (b) Illustrations of the phan-
tom including dimensions. The diameter of the ends of the cylinder were enlarged
for easy attachment to the imaging setup. The dashed-line indicates the diameter in
the vessel area.

Human Plaque Samples

The carotid plaques were excised during carotid endarterectomy operations at the

Catharina Hospital Eindhoven and transferred to the photoacoustic laboratory. The

study was approved by the local ethics committee, and the samples were collected

with the informed consent of the patients. Once the intact plaque sample was ob-

tained, it was flushed with a phosphate-buffered-saline (PBS) solution to remove

excess blood from the outer surface and the lumen. Next, two plastic cannulas were

glued to the tips of the sample so that it could be mounted to the rotational mea-

surement setup [101], [126]. In case the measurements were not performed on the

day of the surgery, the samples were snap-frozen in liquid nitrogen and conserved

at -80◦C , until the experiment, and defrosted at room temperature prior to the PA

measurements.

4.3.2 Scanning setup and photoacoustic acquisition system

Each sample was scanned in a custom-designed setup that allows controlled posi-

tioning (x,y,z) of the PA probe and the angular position (θ) of the sample. The setup

consists of an immersion chamber (see Fig. 4.2), a three-dimensional (3-D) linear

stage (M-403.2DG, Physik Instrumente, Germany), and a rotary controller (RS-40

DC, Physik Instrumente, Germany) controlled by a PC using LabVIEW software

(National Instruments, Austin, Texas, USA). For a detailed description of the setup,
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we refer to Arabul et al. 2016 [101]. The PA imaging probe consisted of a diode laser

Motorized

Rotation (θ)

z

y

x

PBS Solution

PA/US Probe

Positioner

3D (x,y,z) 

Laser

(a) (b)

Figure 4.2: Illustration (a) and picture (b) of the experimental setup and photoa-
coustic (PA) probe used in this study.

(Lumibird, Paris, France) with four wavelengths (λ = 808,915,940,980 nm), capable

of generating pulses with a pulse duration of 130 ns and energy of 1 mJ. The acous-

tic signals were acquired by a linear array transducer (SL3323, ESAOTE, Maastricht,

The Netherlands) that was integrated into the PA probe. For data acquisition, the

PA probe was attached to an ultrasound scanner (MyLabOne, ESAOTE, The Nether-

lands), and the raw data were digitized at a sampling frequency of 50 MHz before

transfer to a PC [95].

4.3.3 Experiment Protocol

A single image frame in both PA and US mode is obtained after spatially compound-

ing 36 image data acquired from different angular positions. The details and the

advantages of spatial compounding method were presented previously by Arabul et

al. [126]. Briefly, the PA probe was positioned to image a cross-section of the sam-

ple, and the images were acquired by rotating the sample by 10°, covering the full

360° . Next, the 3-D stage moves to the next transverse position with a step size of

0.5 mm, and the semi-tomographic, compound imaging is repeated. Depending on

the length of the sample, approximately 50 cross-sectional images were recorded for

each wavelength. During the experiment, the temperature of the immersion bath

was kept at body temperature (37◦C). The effect of the temperature was not tested;

however, it is known from the literature that the PA pressure increases with increas-

ing medium temperature [127], [128]. Therefore, body temperature was preferred

instead of room temperature.
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4.3.4 Blind Source Spectral Unmixing

Since no prior information regarding the absorption spectrum exists due to the com-

plex plaque morphology, and multiple chromophores concurrently contribute to PA

generation, a blind-source unmixing technique was implemented, and its ability to

distinguish chromophores in plaque tissue was investigated. Assuming that the con-

tribution of each chromophore to the PA signal is statistically independent [123], the

sources can be unmixed with independent component analysis (ICA)[116], [121],

[129]. In this study, the algorithm of Oja et al. for non-negative signal sources was

adopted [124], [125].

The value of each pixel in a PA image is assumed to be the weighted sum of different

PA sources. Then the PA measurements can be formulated as

p˜= As˜ (4.1)

where A is an m×n matrix. The elements of the vector s˜ (si for i = 1,2,3, ...n) rep-

resents the actual independent sources and the elements of the matrix A (aij for

i = 1,2,3, ...m and j = 1,2,3, ...n) represents the weight of the jth independent compo-

nent (IC) for the ith measurement. Then, p˜ becomes a column vector that represents

m measurements of a single pixel. Therefore, 2-D PA images were reshaped into a

1-D row vector to treat images as a random variable. Next, PA images from different

transverse positions were concatenated to obtain photoacoustic measurement matrix

P of size m×l, with l being the total number of pixels.

The number of measurements should be at least equal to the number of independent

components for unmixing to converge and lead to an accurate solution. Therefore, A
becomes an orthogonal unit variance matrix that is AAT = I. Thus, the blind source

separation problem can be restated as finding an orthogonal unmixing matrix U of

size m×m from measurements P
Y = UP (4.2)

where Y represents the permutation of independent sources, i.e., different PA ab-

sorbers. Unmixing matrix U was calculated based on an iterative optimization al-

gorithm as described by Oja & Plumbley [124]. First, all PA images from all the

plaques were rearranged, so that each row represents a measurement with one of
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the four wavelengths (λ = 808, 915, 940, 980 nm) and columns represent different

pixels. Next, data are pre-whitened using an m×m matrix V to obtain a unit-variance

matrix Z = V × P; i.e. the covariance matrix cov(Z) = E((Z −E(Z))(Z −E(Z))T) = I.

This is required for working around the zero-mean data distribution requirement of

conventional ICA. Finally, an optimization algorithm was applied to the whitened

data Z to find W such that Y = W×Z, by minimizing the cost function:

E ||Z−WT(Y+)||2. (4.3)

The matrix Y+ is obtained by selecting only the positive values of Y. See the study

by Oja & Plumbley [124] for further details of the algorithm.

The unmixing algorithm was applied to the datasets of individual plaque samples

both separately, and to a combined dataset, i.e., all plaque PAI datasets merged as

input for one unmixing step.

4.3.5 Histology Procedure

The plaque samples were fixated in 3.7% formalin solution for 24 hours. Next, the

samples were decalcified in buffered ethylenediaminetetraacetic acid (EDTA) solu-

tion for a week. The buffered EDTA solution was prepared by mixing 400 ml phos-

phate buffered saline (PBS) solution with 40 gr of ETDA powder (Sigma-Aldrich

Chemie GmbH, Munich, Germany). Next, NaOH pellets (Merck, Darmstadt, Ger-

many) were added gradually to adjust the pH to 7.5.

Next, tissue samples were dehydrated with a standard tissue processor (Microm STP

120, Thermo Fisher Scientific, Walldorf, Germany) and embedded in paraffin blocks.

Samples were sectioned in the transverse plane with the thickness of 5 µm using a

microtome (RM2255, Leica Microsystems B.V., Amsterdam, The Netherlands). Fi-

nally, histology sections were stained with Weigner’s Iron Hematoxylin and Ma-

son’s trichrome (Sigma-Aldrich Chemie GmbH, Munich, Germany). The histology

overview images were manually matched to the US images based on the structural

similarity of the lumen and vessel wall.
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4.4 Results

The results of the plaque phantom are presented in Fig. 4.3 demonstrating the ef-

fect of unmixing on PA data. See Supplementary Fig. 4.7 for the effect of unmixing

on plaque data. Fig. 4.3b is the compounded US image that clearly resembles the

geometry of the phantom. The echogenicity is lowest for the blood and the high-

est for the cholesterol crystal. The high echogenicity of the cholesterol is due to

the relatively stiff crystal form of the cholesterol used, and should not be mistaken

for calcifications in plaque samples. The PA images of the phantom obtained at the

four available wavelengths (λ = 808,915,940,980 nm) are shown in Fig. 4.3c-f. The

dynamic range of the colormap of each PA image is normalized with respect to its

maximum intensity. Although the signal intensities vary, all four PA images provide

signals from all three inclusions. The signals from the cholesterol are much lower

than the hemorrhages due to low absorption of lipid in the spectral range available.

However, as seen in Fig. 4.3f-i, the results of blind source unmixing do reveal dif-

ferent patterns of the plaque. The unmixed components are labeled as follows: IC1

is fresh blood, IC2 is the thrombus–based hemorrhage, IC3 shows the signal from

all three components, and lastly, IC4 is the compounding artifact with the outer

boundary of the sample. The overlaid US and PA images were rendered in 3-D, see
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Figure 4.3: A cross-section image of PVA phantom: (a) an illustration, (b) ul-
trasound (US) image, (c-f) photoacoustic (PA) measurements at wavelengths λ =
808,915,940,980 nm and (g-j) unmixed independent components, labeled as IC1
to IC4.

Fig. 4.4, to provide an overview of all samples and to demonstrate the continuity in
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the unmixed PA sources. For visualization, non-linear transparency functions were

used as the alpha channel for each image. Since the unmixing algorithm pushes the

histogram of the sources away from each other, a different part of the colormap re-

mains visible for different images after applying transparency in 3-D. The unmixing

algorithm was applied to each individual carotid plaque dataset, and to a combined

dataset, i.e., all plaque PAI datasets were combined and used as input for a single

unmixing step. Due to variation in the signal-to-noise ratios (SNR) in the different

datasets, unmixing performance decreases when all data were used together; i.e., the

optimization converges with a more substantial mean-squared error (MSE). Despite

the more noisy output, the converged optima and patterns of unmixed components

did not alter significantly. Since the order of the unmixed components is arbitrary,

the result of unmixing on combined data was used as a reference to obtain a consis-

tent permutation of the independent components for all samples (i.e., sort them in

the same order).

In Fig. 4.5, the results of unmixed PA data are presented together with the histology

overview and US images. Each row represents a different cross-section (denoted as

S1 and S2) obtained in various samples. The results of unmixing for plaque cross-

sections are in agreement with the phantom results. IC1 represents the recent hem-

orrhages with a more confined area. IC2 shows a lower signal contrast than IC1;

however, the area that provides a signal is generally originating from a larger area.

Similar to the results of the phantom, IC4 resembles the outer boundary of the sam-

ple and the compounding artifact (circular haze).

Based on the overview of histology pictures, no indication of PA-based lipid detec-

tion was observed in the plaque samples, which is in contrast to the case of the pure

cholesterol inclusion in the phantom. Therefore, further analysis of the histology

images was performed, where the slices were subjected to microscopic examination

(see Fig. 4.6). In Fig. 4.6 the histologic examination of two cross-sections is demon-

strated, which supports the findings in the phantom experiments. The presence

of erythrocytes (see Fig. 4.6 a-I) is evidence of recent hemorrhages, which matches

with the dark high-intensity signals in the IC1 image. For the cross-section P1S1,

the presence of erythrocytes is also confirmed in the zoomed image in Fig. 4.6b-I,

which coincides with the signals in IC1 of the same section. Detailed examination

of the histology sections for the regions with high signals in IC2 revealed the com-
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Figure 4.4: 3-D rendered overlay images of ultrasound (US) and unmixed photoa-
coustic signals, labeled as independent component (IC) IC1 to IC4. Each row shows
a different carotid plaque sample (labeled P1 to P6).
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Figure 4.5: Overview of the measurements from five different cross-sections of three
plaque samples and a cross-section of the PVA phantom. Rows show different cross-
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second column (b) is the US image to show the geometry of the measured cross-
section. Please note that the dark color in the US image indicates high echogenicity.
The columns from (c) to (f) are the independent components (IC1 - IC4) as the output
of the unmixing algorithm. Darker color represents a higher signal in the unmixed
source.

mon morphological characteristics. Having a darker pink color then its surrounding

indicates the existence of matured hemorrhages in the vicinity. Additionally, those

regions are accompanied by sharp-edged void areas that resemble the cholesterol

clefts (see Fig. 4.6 a-II and b-II). This supports previous literature that old hemor-

rhages trigger lipid accumulation and their presence is mostly concurrent [11]. Fi-

nally, the high signal regions in IC4 coincide with the outer layer of the sample, see

Fig. 4.6 (a-III) and (b-III). That is the media layer of the artery; however, we strongly

54



4.5. DISCUSSION

(b)

0

5

10

15

20

0

5

10

15

20

P2S2

P1S1

5

10

0

1

2

3

4

0

2

4

5

10

IC1 IC2 IC4

IC1 IC2 IC4

(I) (II) (III)

(I) (II) (III)
(b)

(a)

Figure 4.6: Histological details of plaque sample one - cross-section one (P1S1)
and plaque sample two - cross-section two (P2S2). The overview of the histology
is shown for two histologic sections in (a) and (b). The images (I) to (III) are the
three magnified microscopy images of the histologic section. The locations of the
magnified areas are indicated by the rectangles with different frame colors.

believe that this component is the PA signals generated on the surface of the sample.

This is confirmed by the evidence that the same signal component was also present

in the PVA phantom experiment. Since that surface PA signal also presents uniform

behavior over the spectrum, it remains in the same component as the artifact.

4.5 Discussion

In this study, we showed the feasibility of blind-source spectral unmixing of multi-

wavelength PA data obtained in human carotid plaques ex vivo. We adopted non-
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negative independent component analysis (ICA) for unmixing reconstructed optical

absorption maps obtained from PA measurements. We showed that unmixed com-

ponents of PA images show high resemblance with the inclusions in the phantom

experiments. Furthermore, we demonstrated that the results of unmixed compo-

nents in distinct regions in the PA images that were corroborated by the histology

images.

The two dominant PA sources, recent and matured hemorrhages, were successfully

discriminated using blind-source unmixing. Detection of intraplaque hemorrhages

is vital to capture indications of plaque vulnerability. Therefore, this can potentially

be used to differentiate hemorrhages from the luminal blood when applied to in
vivo data. Additionally, ICA was able to separate the large artifacts from the signal

sources. In that sense, unmixing can also be used for denoising of multi-spectral

PA data assuming that the artifacts will have a uniform response over the spectrum,

which was in the case in our experiments.

IC3 as the output of unmixing provided signals from all three inclusions for the

phantom. However, pure cholesterol crystals (as used in the phantom) are not found in
vivo in carotid plaques, neither in these concentrations [130]. Moreover, the avail-

able wavelengths in this study were not optimal for PA signal generation in lipids.

Therefore, the unmixing performance of the human plaque samples will be different

from the phantom experiments.

The primary advantage of blind source unmixing is that no a priori data on the

PA sources is needed, which makes the technique suitable for in vivo application.

However, at the same time, this also is the main drawback of the technique due to the

non-specific order of sources. Using a phantom, we were able to relate the unmixed

sources in the plaque samples to the inclusions for proof of principle. Moreover, it

provided partial validation of the signals measured in the plaque samples despite

the limitations of the phantom as mentioned earlier.

During histology, the tissues were subjected to a sequence of chemical processes,

which cause structural deformation. Therefore, the automatic registration of histol-

ogy images to the images of a different modality, US images, was not feasible. Hence,

a first, qualitative comparison of the selected cross-sections to the unmixed PA data
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was presented instead of a quantitative comparison including all the cross-sections.

Blind-source spectral unmixing using non-negative ICA is promising for prospective

in vivo application of PAI for carotid plaques. Spatial compounding can elevate the

image quality when applied in vivo [126], whereas ICA-based unmixing can identify

different plaque regions and remove the compounding artifact from actual signal

sources. The principle of ICA dictates that all the data from different measurements

should be complete. Therefore, it can only be implemented for off-line data. How-

ever, the mixing matrices obtained from real plaque samples can be used as a lookup

table for real-time measurements. Possible unmixed components can be generated

based on the same linear mixing model provide insight into the components.

For the future, a larger preclinical study is planned to support the findings in this

study and showing the clinical relevance for a larger population. Furthermore, to

obtain a better tissue specificity, additional staining methods will be used in histol-

ogy to stain additional materials such as macrophages, collagen, and lipid.

4.6 Conclusion

In conclusion, we showed that a data-driven approach could be used to differenti-

ate chromophores in human carotid plaque samples based on their independent PA

response for distinct wavelengths. We used the non-negative ICA algorithm on spa-

tially compounded photoacoustic data and showed that the recent hemorrhages and

mature hemorrhages on plaques could be differentiated. Additionally, the signatures

of cholesterol clefts were captured, which is supported by the phantom experiment

and histologic analysis. Furthermore, using ICA, we demonstrated that the back-

ground artifact could be removed in the unmixed components, which elevated the

PA image quality of unmixed components. The results of this study showed the

merit of blind-source spectral unmixing for morphological assessment of the com-

plex tissue compositions as carotid plaques, in which the spectral absorption is most

likely unknown.
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4.8 Supplementary Materials

4.8.1 ICA overview of plaque section

In Fig. 4.7, an example cross-section is shown to illustrate the performance of ICA

on PA images similar to polyvinyl alcohol (PVA) phantom case. Fig. 4.7a shows the

geometry of the plaque cross-section obtained using the rotational compounding ap-

proach, using all 36 spatially compounded US images. The darker color in the gray-

scale indicates higher echogenicity in pulse-echo images; therefore, these regions are

identified as calcified regions. Fig. 4.7b-e shows the PA images of the same imaging

plane, obtained at the four available wavelengths (λ = 808,915,940,980 nm). The

dynamic range of the colormap of each PA image is normalized to its maximum in-

tensity. The dominant patterns in all PA images are similar; therefore, no differenti-

ation between distinct chromophores is possible. However, as seen in Fig. 4.7f-i, the

results of blind source unmixing do reveal different signatures of the plaque. Since

the unmixed source matrix Y in Eq. 4.2 is a permutation of the independent sources,

the order is arbitrary and does not indicate any specific chromophores alone.

4.8.2 Convergence MSE values of ICA

Non-negative ICA algorithm was applied to each sample separately and as well as

the combined data. Table 4.1 shows the mean square error (MSE) of the converged

optima for both cases. As seen in the table, MSE is less when ICA was applied to

individual samples except for the P2.

58



4.8. SUPPLEMENTARY MATERIALS

5

10

15

20

5

10

5

10

15

5

10

IC1 IC2 IC3 IC4

PA 808 nm PA 940 nm PA 980 nmPA 915 nm

US

5mm

x10-1

1

2

3

4

x10-1

1

2

3

4

x10-1

1

2

3

4

x10-1

1

2

(a)

(f) (g) (h) (i)

(b) (c) (d) (e)

US

Figure 4.7: An example cross-section to illustrate the effect of blind source spec-
tral unmixing using independent component analysis. (a) Shows the US image
of the cross-section. From (b) to (e) are the PA measurements at wavelengths
λ = 808,915,940,980 nm. Figures (f) to (i) are the unmixed independent compo-
nents, labeled as IC1 to IC4.

Unmixing combined data provided a consistent order of the independent compo-

nents. Moreover, as seen in Fig. 4.8, the main pattern of unmixed signals do not

differ significantly for both cases. Therefore, results with less MSE were presented

for the manuscript.
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Table 4.1: The mean square error (MSE) of the converged optima for ICA.
P1 P2 P3 P4 P5 P6

Individual MSE (×10−4) 270.0 760.2 69.4 112.1 89.7 149.0
Combined MSE (×10−4) 729.7 729.7 729.7 729.7 729.7 729.7
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Chapter 5

Photoacoustic simulation tool-chain

for 3-D simulations of heterogeneous

media

The content of this chapter is based on M. U. Arabul, M. C. M. Rutten, M. R. H. M.

van Sambeek, F. N. van de Vosse, and R. G. P. Lopata, “Photoacoustic simulation

tool-chain for 3-D simulations of heterogeneous media,” In Preparation.
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5.1 Introduction

Photoacoustic imaging (PAI) has been attracting scientific interest for biomedical ap-

plications due to its high potential in tissue specificity [131]. Photoacoustic (PA) is

based on pressure wave generation at the site of endogenous absorbers due to optical

absorption and subsequent thermo-elastic expansion. For an efficient PA generation,

the optical illumination duration should be much less compared to the thermal dif-

fusion and stress relaxation time of the absorber which yields pulse durations in the

order of nanoseconds [43], [49]. Next, the PA waves, which propagate in biological

tissue obeying the 3-D wave equation, can be detected by an ultrasound transducer

from the tissue surface. Finally, PA images are formed by reconstructing the initial

pressure distribution, see Chapter 1. Hence, PAI provides a contrast based on the

wavelength-specific optical absorption of biological tissues with the acoustic resolu-

tion of medical ultrasound.

PAI technology requires comprehensive knowledge and advanced technology in both

photonics and acoustics. There are various approaches both in the photonic part

of the PA system, e.g., the use of fiber lasers [132], crystal lasers [133], and diode

lasers [95], [134], as well as in the acoustic part of the system including single ele-

ment transducers [135], linear array medical transducers [95], and custom-designed

transducers [74], [75]. The use of conventional (linear) array transducers is in high

demand due to the potential that such a PAI system can easily be applied in the

clinic as an add-on to the current clinical ultrasound systems.

During PA acquisition with a linear array transducer the system acquires data that

originates from a 3-D volume; however, the conventional reconstruction algorithms

adopted from pulse-echo ultrasound are based on 2-D assumptions. Due to the

acoustic lens, the emitted US energy is concentrated within a slab with limited thick-

ness in the out-of-plane direction. Therefore, the 2-D assumption works well with

conventional pulse-echo US imaging. However, light illumination propagates more

diffusely in 3-D due to significant scattering in turbid tissue. Hence, some contri-

bution to the PA waves sensed by the array originates from the outside of the 2-D

imaging plane as well. Applying the reconstruction algorithm, which was modeled

based on 2D propagation, projects those out-of-plane signals to the imaging plane
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and creates so-called clutter artifacts.

New solutions to these challenges of PAI are mostly tested on tissue-mimicking

phantoms that have fixed optical and acoustic properties. In reality, a wide range

in optical and acoustic properties is found in vivo which may vary between subjects.

Manufacturing multiple phantoms with sufficient realism that cover all these dif-

ferent values is cumbersome. Therefore, there is a high need for a photoacoustic

simulation tool-chain to simulate realistic images, from optics to acoustics, to test

new acquisition schemes, quantify penetration depth or expected SNR in vivo, or

identify and characterize possible clutter sources.

Jacques used a Monte Carlo (MC) simulation developed for layered, homogeneous

structures. In this study, the energy deposited in a spherical volume was coupled to

the initial source of the acoustical simulation to calculate the velocity potential of

the induced stress at the tissue surface[136]. The optical part of the simulation was

designed for simple, layered geometries only. Furthermore, this approach assumed

homogeneous acoustic properties in the acoustic part of the simulation.

Mastanduno et al. used k-Wave simulations to develop an accurate reconstruction

of optical absorption in quantitative PA tomography in 2-D. Here, the analytical

solution to the diffusion equation for homogeneous media was used to perform op-

tical simulations [137]. Only a few other studies are found that aimed to recon-

struct quantitative optical absorption in a similar approach; however, with different

methods, including iterative reconstruction, to simulate PA signals in simple 2-D ge-

ometries [138], [139]. The optical photon distributions were estimated based on the

numerical approximation of the analytical photon diffusion equation for a homoge-

neous medium. Additionally, the acoustic waves at the boundaries (sensor locations)

were calculated using the forward solution of the 3-D PA wave equation for a homo-

geneous tissue.

Mostly, in vivo PAI targets tissues with complex geometries and heterogeneities,

which can also vary between different subjects. Therefore, the challenges introduced

for in vivo application require dedicated solutions that cannot be replicated with

simple simulation geometries with homogeneous properties. Hence, there is an un-

met need that would enable PA simulations of complex heterogeneous structures.
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In this study, we aimed to create a PA simulation tool-chain: from optics to acous-

tics, and, finally, reconstruction of PA images. The tool-chain was designed such

that it can simulate PA generation in complex heterogeneous geometries of known

geometries (phantoms) or based on clinical or histological input to simulate realistic

in vivo PA images. To achieve this, we combined an existing open-source simula-

tion toolbox that was used in the field of biomedical optics with the acoustic k-Wave

Toolbox and characterized the resulting PA images. Finally, we simulated a carotid

plaque sample, as investigated with PAI in previous chapters. The geometry and

optical map were created using histological images of a real carotid plaque sample

and tissue parameters obtained from the literature, and results were compared to

real PA measurements of the same sample.

5.2 Materials and methods

5.2.1 Monte Carlo Photon Migration

An open-source tool, a mesh-based Monte Carlo (MMC) method for the simulation

of photon distributions, was adopted from [140], [141]. The MMC is able to simulate

photon distribution in any 3-D geometry that is meshed with tetrahedral elements.

The software is based on the ray-tracing technique using Plücker Coordinates [140].

Therefore, it allows for the simulation of curved structures with an arbitrary shape.

After generation of the 3-D mesh and assignment of the optical properties to each el-

ement, and definition of the necessary input parameters, the simulation is executed.

These steps are described in more detail in the following sections.

Mesh generation

Two different phantoms were designed and simulated: a simple sphere in a homo-

geneous block of surrounding material, and a carotid plaque sample. For the simple

spherical mesh phantom (see Section 5.2.3), DistMesh (Department of Mathemat-

ics, UC Berkeley [142], [143]) was used to generate spheres. For the more complex

phantom, i.e., the human plaque sample, the surface meshes were created by manu-

ally segmenting histology pictures, 10 consecutive cross-sections of a plaque sample

obtained from a local hospital (see Chapter 4 for details) in Blender (Blender Foun-
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dation, Amsterdam, The Netherlands). Next, a box surface surrounding the objects

(either the spheres or the plaque mesh) was created manually in MATLAB (R2017a,

The Mathworks, Natick, MA, USA). The whole surface mesh was then exported as

piece-wise linear complex (PLC). Finally, TetGen (3-D Delaunay Triangulator [144],

WIAS, Berlin, Germany) was used to re-mesh 3-D volumes with tetrahedral elements

based on the surface meshes.

Additionally, the mesh was re-tessellated to add the illumination plane as a part of

the mesh. This was to meet the requirement of the MMC method that the light source

should be enclosed, thereby allowing a custom-shaped illumination geometry. See

Yao et al. for more details [145].

Optical properties

The optical properties were defined for each mesh element in the MMC simulation.

This desired property of the method allowed for simulation of the photon distribu-

tion in complex heterogeneous geometries. The optical properties used in the MMC

simulations are the optical absorption coefficient µa (cm−1), the scattering coefficient

µs (cm−1), the refractive index n (dimensionless), and anisotropy constant g (dimen-

sionless).

The optical properties are wavelength dependent; therefore, the optical properties

for four wavelengths (808, 915, 940, and 980 nm), that were available in the PA sys-

tem described in Chapter 4, were used. Properties were all based on values found

in literature and are tabulated in Table 5.2. For absorption and scattering of the dif-

ferent tissues distinct values for each wavelength were found except for the muscle

tissue. The refractive index, n, and the anisotropy constant, g, were assumed to be

the same for all wavelengths. In case the values for the desired wavelengths were

not explicitly available in literature, values were interpolated based on the existing

data [36].

Simulation input and output

The pre-compiled binary of the MMC simulation, suitable for multi-core processors,

was used on a computational cluster (22 Intel Xeon X5550 nodes, each with 2 Ne-
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Table 5.1: Optical properties for different tissue types. The values were adopted
from the literature and corresponding references are indicated next to the values.

Tissue Types
µa

[cm−1]
µs

[cm−1]
g n

water [146]

19.9 ×10−3

91.1 ×10−3

267.4 ×10−3

430 ×10−3

10−6 0.99 1,33 [36]

skin

1.5
1.28
1.15

0.9 [147]

463,90
398,01
385,42

366,97 [36]

0.95 [147] 1,36 [148]

fat/lipid

49.70× 10−2

899.40× 10−2

875.40× 10−2

141.70× 10−2 [149]

266,83
247,26
243,30

237,34 [36]

0.95 [150] 1,33 [150]

muscle [151] 0.54 66.70 0.95 1,37

vessel wall

1,09
0,97
0,96

0,94 [83]

4,22
2,64
2,27

1,68 [83]

0.91 [152] 1,38 [153]

hemorrhage

3,88
4,17
3,71

1,93 [36], [154]

762.5
678.2
660.8

626.8 [155]

0.98 [155] 1,35 [36]

halem quad-core processors) to simulate 106 photons on each mesh. The optical

fluence at each node was stored as simulation output. The output of MMC provided

the normalized flux in the unit area, i.e., when the mesh coordinates are in mm then

the output corresponds to the fraction of the input optical energy, and the unit be-

comes 1/mm2. Since the laser pulse energy was 1 mJ per pulse in the PA system used

in Chapter 4, the output flux unit was regarded as (mJ/mm2).
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5.2.2 Acoustic Wave Propagation

The acoustic wave propagation was simulated using the open-source k-Wave tool-

box that uses a pseudo-spectral, time-domain, finite difference method to solve the

governing wave equation to simulate the ultrasound propagation [156]. k-Wave cal-

culates the acoustic wave propagation over a regularly spaced Cartesian grid. The

transducer (sensor) positions, the initial pressure source, and the acoustic properties

of the different media should be defined in the so-called k-grid.

In our simulations, we modeled the ultrasound transducer that is part of the same

PA system available in our research lab (Chapter 2). The PA system consisted of a

linear array transducer with 64 elements with a pitch of 245 µm (SL3323, ESAOTE,

Maastricht, The Netherlands). However, for numerical reasons, the separation of

the elements in the actual array (kerf) was not taken into account. By doing so,

the bottleneck for grid density, use of a small kerf which leads to an extremely fine

grid, was bypassed. The density of the k-grid determines the maximum acoustic

frequency that can be simulated, and in case of a fine grid, the number of grid points,

and thus the memory requirements and computation time, vastly increase [156],

[157]. In all simulations, the kerf was set to zero, since the effect on the simulation

results was found to be negligible (See Section 5.6.1)

To define the initial pressure sources at the absorber site, the optical flux output

of the MMC simulation was interpolated to the Cartesian grid (k-grid) using linear

interpolation. Similarly, the optical absorption values of the tetrahedral mesh were

also interpolated to the k-grid. Lastly, the initial pressure was calculated by multi-

plication of the flux and absorption, µa, in an element-wise fashion. In theory, the

PA wave generation also depends on the Grüneisen coefficient; however, it was as-

sumed to be constant (and was set to 1) for all biological tissues for computational

simplicity [158].

Acoustic Properties

The acoustic properties of different tissues were defined for each tetrahedral mesh

element using the existing segmentation of the meshed structure. The values were

adopted from the database of ITIS [159] and are listed in Table 5.2. The acoustic
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properties used in k-Wave were the mass density ρ (kg/m3), the speed of sound c0

(m/s), and the attenuation coefficient α0 (dB/cm/MHz). Additionally, k-Wave takes

the power law of the frequency dependent attenuation into account. However, for

all the acoustic simulations the attenuation power was chosen to be 1.005, close but

not equal to 1, as suggested in [157]. Lastly, the acoustic properties of the tetrahedral

mesh were interpolated for the k-grid as used when interpolating the MMC output

flux.

Table 5.2: Acoustic properties for different tissue types. The values were adopted
from the literature [159].

Tissue Types
α0

[dB/cm/MHz]
ρ

[kg/m3]
c

[m/s]

water 0.0022 994 1482

skin 1.84 1109 1624

fat/lipid 0.38 911 1440

muscle 0.62 1027 1545

vessel wall 0.61 1102 1569

hemorrhage 0.21 1050 1578

5.2.3 Simulations

Embedded Spheres

First, a simple phantom was constructed. Two spheres of 2 mm in diameter were

simulated to characterize the point source response of the PAI system using the sim-

ulation tool-chain. The optical properties of blood were assigned to the spheres to

exhibit high absorption at a wavelength of 808 nm. The surrounding medium was

chosen to be muscle tissue. PA images were simulated for 2 different cases: (1) both

spheres were in the imaging plane, where one sphere was kept at a depth of 12 mm,

whereas the depth of the other sphere was varied between 4 mm to 20 mm in 2 mm

steps. (2) One sphere was kept in the imaging plane at the same constant position

(12 mm), but now the second sphere was moved orthogonally (in the +z direction),

away from the imaging plane up to 21 mm (in 2 mm steps). For each sphere ge-
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ometry, a new mesh was generated, and the complete PAI simulation was repeated.
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Figure 5.1: Mesh of the cube phantom with embedded sphere. An example mesh is
given for each simulation case: in-plane and out-of-plane movement of the second
sphere, respectively. The arrows indicate the direction in which the sphere moved
for the two different simulation cases.

Human Carotid Plaque

The plaque mesh was simulated for four different excitation wavelengths (808, 915,

940, 980 nm), as were available and used in the ex vivo PA study on multi-spectral PA

imaging of plaques (See Chapter 4). Upon the manual segmentation and meshing

of the plaque section ( 8 mm long), the mesh was embedded in a multilayer sur-

rounding medium mimicking connective surrounding tissue including muscle tis-

sue, subcutaneous fat, and skin. See Figure 5.2 for the illustration. The transducer

was positioned in the cross-section of the plaque mesh where the two hemorrhages

and the lipid pool are visible. The optical properties of blood were used for the

hemorrhages for simplicity. The same optical properties of the turbid surrounding
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Figure 5.2: Cross-section of the 3-D mesh of a human carotid plaque. Tetrahedral
mesh of a human carotid plaque sample that was created based on histology pictures
of an actual human plaque sample. There are two intraplaque hemorrhage regions
and one large lipid pool in the plaque.

tissue were assigned to the lumen. The optical photon distribution was simulated

in 3-D for each wavelength. Next, the acoustic wave propagation was calculated for

both 3-D and 2-D grids to observe the effect of PA sources in the regions outside of

the imaging plane and their contribution to the PA signal acquired. Finally, the PA

simulations of the plaque mesh were performed to simulate measurements ex vivo.

Here, the surrounding medium is replaced by water, as was the case in the ex vivo
experiments described in Chapters 2- 4.

5.3 Results

5.3.1 Sphere Simulations

The reconstructed images are shown in Figure 5.3. The in-plane simulation case

(first row) nicely demonstrates the clutter caused over the sphere at the fixed po-

sition. As the position of the second sphere was set close to the probe, the signal

generated by that sphere increases due to the increase in optical fluence, leading to

more background noise. However, in the out-of-plane case, the effect of the second
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sphere was only observed for the first two cases. For the rest of the cases, where

the second sphere was positioned 7 mm to 21 mm away from the imaging plane,

the optical fluence was not sufficient to create PA signals that lead to clutter in the

imaging plane. The quantitative SNR comparison of the effect of the second absorber
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Figure 5.3: Results for the sphere-embedded cube phantom: the first row are PA
images for the in-plane spheres with the second sphere at increasing height; the
second row shows the PA images for the second case, with increasing out-of-plane
distance of the second sphere.

was presented in Figure 5.4. The SNR of the fixed sphere decreased as the moving

sphere approached the probe. There are two factors yielding this outcome: (1) as

the second sphere absorbed more optical energy, the fluence at the fixed sphere is

reduced, (2) the PA signal generated by the second sphere generated clutter artifacts

around the sphere and additionally at deeper regions of the reconstructed image

(See Figure 5.3).
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Figure 5.4: SNR analysis of the reconstructed images of the embedded sphere simu-
lations for the in-plane and out-of-plane cases.

5.3.2 Human Carotid Sample Simulation

The simulation results of the carotid plaque mesh surrounded by water are shown in

Figure 5.5. As seen in the optical flux results (see the second row of Figure 5.5) light

propagates in water without significant scattering. Therefore, the top region of the

absorbers consumes a significant amount of light. As a result, only the top part of

the absorbers becomes visible in the reconstructed PA images. The PA simulation re-

sults resemble the experimental PA measurements performed with the actual carotid

plaque sample ex vivo as described in Chapter 4. In Figure 5.6, the results of the PA

experiments of the corresponding plaque sample are demonstrated. The simulated

images resemble the actual measurements, especially for 808 and 980 nm. However,

for 915 and 940 nm the lipid absorption was dominant in the simulated images. The

simulation results of the carotid plaque mesh with the surrounding tissue (muscle,

fat, and skin) are shown in Figure 5.7. For the realistic carotid simulation, the skin is

the region where the highest optical fluence occurs. Therefore, in the k-Wave simu-

lations, the initial pressure generated by skin suppresses the PA signal generated by

the plaque in the reconstructed images. To circumvent this problem, the skin signal

was removed from the initial pressure input of the acoustic simulations, as would

be needed in vivo, using a Chebyshev window. In Figure 5.7 each row demonstrates

a different step in the simulation tool-chain. The simulations demonstrate that the

3-D acoustic simulations have 2 dB less SNR (a drop from 16 dB to 14 dB) and re-
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Figure 5.5: The results of the 2-D and 3-D PA simulations of a human plaque model
when immersed in water as in ex vivo experiments. Each column represents the re-
sults of the photoacoustic simulation of human carotid plaque mesh for four discrete
wavelengths (808, 915, 940, 980 nm). From top to bottom, the rows represent the
optical absorption µa map of the medium, the optical flux results of the MMC simu-
lation, the initial pressure input of the k-Wave, and the reconstruction results of the
3-D acoustic simulation.
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Figure 5.6: The results of the ex vivo experiments. (a) The ultrasound image obtained
by spatial compounding (see Chapter 4) and (b-e) Photoacoustic measurements at a
wavelength of 808, 915, 940, 980 nm.
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semble the in vivo case better than the 2-D reconstruction assumption when a linear

array ultrasound transducer was used.
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Figure 5.7: The results of the 2-D and 3-D PA simulations of a human plaque model.
Each column represents the results of the photoacoustic simulation of human carotid
plaque mesh for four discrete wavelengths (808, 915, 940, 980 nm). From top to
bottom, the rows represent the optical absorption µa map of the medium, the optical
flux results of the MMC simulation, the initial pressure input of the k-Wave, and the
reconstruction results of the 2-D and 3-D acoustic simulations, respectively.

5.4 Discussion

In this study, we established a 3-D photoacoustic simulation tool-chain by coupling

the optical flux estimation of mesh-based Monte Carlo (MMC) photon migration
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analysis to acoustic simulations. We simulated PA wave generation and propagation

in 3-D in phantoms. The performance of the simulation tool-chain was demon-

strated with embedded sphere phantoms and showed that realistic clutter artifacts

could be generated in a simulation environment. Furthermore, we modeled a 3-D

plaque mesh based on a real human plaque geometry and simulated PA generation

when surrounded by water as in the ex vivo experiments, with images closely re-

sembling the actual measurement data. Finally, we embedded the plaque mesh into

surrounding soft tissue including a subcutaneous fat and skin layer as in the in vivo
case, to get an idea of in vivo performance of the technique.

Having such a simulation tool-chain is desirable, and has the potential to accelerate

development of novel techniques toward in vivo PAI by providing a tool to manipu-

late the parameters more easily than in real measurements or phantom experiments.

The PA tool-chain can also be beneficial to investigate limitations of methods and

further improve the techniques presented in this thesis such as spatial compound-

ing (Chapter 3) and blind-source spectral unmixing (Chapter 4).

The current optical and acoustic simulation tools used in this study are ongoing

open-source projects and currently used in different fields. For example, the MMC

simulations are widely used to estimate photon distribution in the brain for fMRI

studies [160], [161].

The platform would facilitate simulation of novel imaging geometries and virtual

patients, and aid in an initial performance assessment of new PAI techniques such as

image reconstruction, spectral imaging, and clutter reduction. The tissue properties

play a crucial role in the accuracy of the simulations. However, especially for optical

properties, the variance in the values obtained from the literature is high due to

the actual variance between different subjects and samples and additionally due to

the different methods used for measuring optical properties. Therefore, a library

for biological tissue properties could be useful to integrate into the PA simulation

tool-chain, similar to the ITIS database available for acoustic simulation [159].

The difference between the simulated PA images and the measured PA images for

915 and 940 nm are mostly since the optical absorption values used pure fat in the

simulation was not representative for the real plaque. In the real plaque samples,
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the absorption by the hemorrhages was probably higher than the lipid pool for the

corresponding two wavelengths.

For simulating the acoustic wave propagation, k-Wave was chosen due to availability

and widespread use in the field of biomedical ultrasound and photoacoustics. How-

ever, for a large 3-D computation grid size, the memory requirements of k-Wave be-

come very high ( 60 GB for human plaque simulations). Therefore, the simulations

were run on a computational cluster. In the future, alternative acoustic simulation

tools should be tested to investigate the performance improvements (in terms of

computation time) compared to k-Wave.

The simulation tool-chain can be improved further by having a more realistic trans-

ducer model incorporating the directivity of the transducer elements. In the future,

the PA simulations can also be combined with pulse-echo ultrasound simulations to

generate hybrid PA/US imaging sequences. Moreover, the additional aspects of in
vivo conditions can be added step-by-step. For example, the pulsation of the artery

can also be simulated using a biomechanical simulation tool such as ABAQUS (Das-

sault Systèmes, Cedex - France) or measured in vivo, and added to the framework to

simulate realistic, time-resolved PAI sequences.

5.5 Conclusion

In this study, we built a photoacoustic (PA) simulation tool-chain for 3-D heteroge-

neous media by adopting mesh-based Monte Carlo photon migration software with

the k-Wave acoustic field simulation toolbox. The tool-chain is suitable for designing

complex 3-D geometries and assigning heterogeneous properties to them, in both the

optical and acoustic domains. With this flexibility and ease-of-use, we aim to pro-

vide an initial framework for future PA studies specifically towards advanced in vivo
imaging, e.g. in carotid plaques.
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5.6 Supporting information

5.6.1 Kerf Analysis

In the case of a realistic transducer, a kerf parameter should be defined as the input

for the k-Wave simulations. However, a typical kerf size is approximately one-tenth

of the transducer element width. So, for a 64 element transducer, it requires at

least 640 grid points to define the transducer. This will lead to a significantly fine

grid which increases the computation time and required memory. Therefore, we

tested the effect of having a nonzero kerf in the transducer and compared the results

(See Figure 5.8). A mesh of 512 × 512 × 512 was created with a grid separation of
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Figure 5.8: The effect of having zero element spacing in the transducer model in
k-Wave results. The raw sensor data for the two cases: (a) non-zero element spacing
and (b) zero element spacing. The reconstructed images of the same input for (c)
non-zero element spacing and (d) zero element spacing. (e) The difference image of
(c) and (d).

24.5 µm. Next, two point sources were defined, i.e., spheres with the diameter of

3 grid elements inside a cube. The grid medium properties were chosen to be ho-

mogeneous with the density ρ = 1000 (kg/m3), the speed of sound c0 = 1500 (m/s),

and the attenuation coefficient α0 = 0.75 (dB/cm/MHz). A 64 element transducer

was placed at the cross-section where the imaging plane intersects the center of the

77



Chapter 5- Photoacoustic simulation tool-chain

sphere. Next, two cases were simulated: (1) A transducer element represented by

nine grid points and a kerf of one grid point; (2) A transducer element was repre-

sented by ten grid points with zero element separation (kerf = 0). In both cases, the

pitch of the transducer was kept the same.

The results of the simulations are shown in Figure 5.8. Qualitatively, the time-of-

flight recordings (Figure 5.8a-b) and the reconstructed initial pressures (Figure 5.8c-

d) of both transducers were similar in appearance. Next, to make a quantitative anal-

ysis, the normalized root-mean-squared error (NRMSE) between two reconstructed

images was calculated and was found to be less than 0.4%. This led to the conclu-

sion that the effect of having no kerf between the elements of the transducer has a

negligible effect on the resultant image.
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In this thesis, the merit of photoacoustic imaging (PAI) for carotid artery atheroscle-

rosis was investigated in several preclinical studies. A novel experimental technique

was developed for 3-D scanning of ex vivo samples of human carotid plaques to

assess the capabilities and performance of photoacoustic imaging in a preclinical

phase.

Using this ex vivo approach, the challenges of in vivo imaging, such as optical and

acoustic attenuation due to soft tissue surrounding carotid artery was bypassed.

Moreover, the optical fluence over the carotid artery was virtually equalized due

to the multi-perspective illumination of the plaque and multi-angle, spatial com-

pounding of the acquired PA data (Chapter 2- 3).

On seven endarterectomy samples, intra-plaque hemorrhages were successfully de-

tected and mapped in 3-D using overlay PA and US images. Detection of hemor-

rhages was verified using a quantitative comparison to the available histology pic-

tures (Chapter 2). The fundamental novelty of this study is targeting intra-plaque

hemorrhages rather than lipid as in other PA studies on carotid imaging [50], [69],

[71], [76], [86], [90], [162]. Towards clinical use of PA for carotid imaging, the find-

ings of Chapter 2 are promising: especially when considering the clinical signifi-

cance of intra-plaque hemorrhages in plaque progression and vulnerability. How-

ever, the methods used in this study are still purely experimental. In in vivo clinical

imaging, it will not be possible to obtain data from all angles. Therefore, the perfor-

mance improvements of PAI were examined for the limited range of measurement

angles that would be available in vivo (Chapter 3).

In the worst-case scenario, where the in vivo conditions are mimicked with an op-

tically turbid surrounding medium and porcine blood-filled lumen, the SNR and

CNR of PA images showed a 7 dB increase with spatial compounding. The depth at

which compounding could still be effective was found to be approximately 2 cm in

the case of the optically turbid surrounding medium. Beyond 2 cm depth, the initial

SNR of the absorbers in the phantoms was not sufficient for spatial compounding.

Additionally, the absorption of light by the luminal blood, and/or the presence of

calcified plaques in the proximal wall, would also hamper the PA generation in the

distal wall.
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One of the critical steps in compounding is the registration of data to the correct ge-

ometrical reference. This was trivial for the experimental study (Chapter 3), where

motorized stages precisely controlled the position of the probe and the rotation of

the sample. Even with the rigid experimental setup, drastic changes in the com-

pounded image quality were observed when the mismatch in the center of rotation

was only a few pixels. For prospective clinical experiments, hand-held use of the

probe is targeted. In that case, the orientation of the probe should be tracked pre-

cisely and accurately using, for instance, additional sensor technology such as gy-

roscopic sensors or accelerometers. Moreover, the probe position can be externally

tracked using optical or magnetic sensors to achieve more accurate compounding

during hand-held use. Final mismatches may be corrected by using image analysis

techniques such as image registration and feature matching.

The presence of intra-plaque hemorrhage is vital, however, from the clinical point of

view, the complete morphology is required to assess plaque vulnerability. A multi-

wavelength approach was used to add more information to the morphology assess-

ment. Additional to the 808 nm wavelength, 915, 940, 980 nm wavelength laser

sources were added to the system to acquire multi-spectral PA data. Next, blind-

source spectral unmixing based on independent component analysis (ICA) method

was adopted to capture independent signatures of different composition of plaque

samples.

The blind-source separation technique is advantageous as compared to fitting based

methods as it does not require prior spectral knowledge. This is important since the

composition of plaque tissue is complex and varies significantly between patients.

Therefore, the optical absorption spectra of pure chromophores such as hemoglobin

and lipids may not always resemble the actual absorption in real tissue. However,

this advantage leads to a random order in the resultant unmixed components. There-

fore a benchmarking phantom study was performed to match the unmixed compo-

nents with the known materials. This approach led to overcome the limitation of

randomness and demonstrated promising results for plaque morphology assessment

in future clinical studies. The histological examination further verified the consis-

tent match between the results of plaque samples and phantom.
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In most studies found in literature, new techniques such as PAI are often tested

in custom-made, tissue-mimicking phantoms. In this thesis, experimental PAI was

applied to both phantoms and plaque samples, revealing promising results. The

design and production of more realistic phantoms are both cumbersome. Investigat-

ing multiple parameters requires a high number of different phantom designs and

verification experiments. Therefore, we aimed to design a digital phantom and sim-

ulation tool-chain that simulates PA from optics to acoustics. With this, we aimed

to simulate realistic in vivo scenarios and reproduce possible artifacts such as clutter

artifact sources in carotid plaque images. We adopted a mesh-based Monte-Carlo

simulation tool for optical photon distribution simulation and coupled the output

to the acoustic simulation of the k-Wave Toolbox.

The benefit of this platform is that it allows simulations of complex geometries as

opposed to simplified layered simulations. Although the platform requires further

development at this stage, it would ultimately start with an existing CT or MR image

of a patient that will undergo endarterectomy as input, then simulating the US and

PA images that would be acquired in vivo or in vitro as shown in the previous chap-

ters. This would serve as validation of the PA images acquired, but would also give

more insights into the specific patterns or spectral information that fatty streaks or

other lesions would add to the image data acquired. Moreover, it would provide data

that can be used to test and verify new image processing or filtering techniques.

6.1 General Limitations

Photoacoustic imaging (PAI) has advanced in the last decade, and the collective sci-

entific knowledge and output on PAI have grown exponentially. The ex vivo studies

in this thesis explored new directions in handheld, integrated PAI technology, and

provided a better understanding of the use of PA for carotid plaque imaging. This

aims to facilitate PAI towards the clinic. However, regarding plaque imaging with

PA, there are still some challenges to overcome before making clinical in vivo imag-

ing a reality.

The wavelengths used in this thesis were limited to the available wavelengths in the

PA probe that was designed and build as part of the FULLPHASE project (EU FP7
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Programme) and consortium. This also limits the number of tissue components that

are activated during PAI. Unfortunately, the optimal wavelengths for lipid detec-

tion (1200 and 1700 nm) were beyond the available range [163]. A better unmixing

performance, when considering both hemorrhage and lipid detection, can be ob-

tained by using more specific wavelengths for lipids. The use of more wavelengths,

in general, would improve the unmixing results. However, this would lead to a non-

handheld, high-cost system, which would hamper the introduction of the technique

in the clinical setting.

Secondly, the mechanism of PA generation leads to a wide-band signal that propa-

gates in 3-D in contrast to pulse-echo ultrasound, where US waves are emitted in the

imaging plane with the bandwidth of the transducer and the secondary reflections

are neglected in conventional medical US. Therefore, wide-band transducers specific

to the PA application would provide better imaging performance. Additionally, the

use of a linear array transducer for acquisition leads to a limited spatial sampling

and leads to artifacts in the images due to band-limited data. Considering the fact

that the actual PA signals propagate in 3-D, a concave hemispherical transducer as

reported by Dima et al. [74] would be a solution to this problem. Alternatively, the

use of 2-D matrix arrays can circumvent the issue of limited spatial sampling with

the aid of synthetic apertures. This would also be a solution to reduce out-of-plane

clutter artifacts since matrix arrays allow the reconstruction to be applied in 3-D.

Regarding the verification of morphology assessment by multispectral PAI, multiple

histologic staining is needed to be done additional to Masson’s trichrome, which

was chosen based on previous MRI studies [164]–[166]. This would increase the

specificity of the histological morphology identification.

The ex vivo experiments described in this thesis were performed mostly in water

(transparent PBS solution). Although some preliminary analysis was performed

in the presence of the surrounding medium in Chapter 3, a more elaborate study

should be performed to test the penetration depth and potential to increase the

achievable depth in vivo. Additional to the turbid surrounding medium, the pres-

ence of blood in the lumen, which highly absorbs light, affects the penetration depth.

Although we showed the effect of luminal blood in a PVA phantom experiment in

Chapter 3, no experiments were performed on the effects of blood filled lumen in
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the endarterectomy samples. This requires perfectly intact leakage-free samples so

that blood can be pumped through the lumen during immersion, which will make

experiments more challenging.

Measurements were performed in static conditions, where in the in vivo case the

artery would be pulsating. Even though the endarterectomy samples are highly cal-

cified and significantly lost their elastic properties, there will be still motion which

will limit the temporal averaging and reduce the SNR of PA images. In the setup pro-

posed, pressurization of intact samples is feasible and a recommendation for future

research.

Finally, in the scope of this thesis, there is no comparison of PA images of carotid

samples with other imaging modalities which are commonly used in the clinic, such

as CT, MRI, and US (elastography and contrast-enhanced US). For a clinically vi-

able verification of PAI, comparing the imaging performance to the gold standard

methods is essential.

6.2 Outlook

The performance of PA highly depends on the optical energy delivered to the tar-

geted absorber. Therefore, the performance may drastically be affected by high

body-mass in elderly patients, and the shade of a subject’s skin color. This also raises

an ethical concern toward the widespread use of PA in the clinic. The photon energy

delivered to the carotid artery should be significantly higher for more efficient gen-

eration of photoacoustic waves and higher SNR images. Within the safety limits of

the allowed laser energy and skin illumination, this is still challenging. The primary

energy loss occurs at the skin interface due to high absorption and backscattering

of photons. Therefore, alternative illumination methods might increase the effective

light energy delivered to carotid. One alternative can be delivering light subcuta-

neously via needle-tip fiber patches. As subcutaneous drug delivery patches are

available [167], [168], the know-how can be transferred, and the approach can be

adopted for fiber light delivery. Although this would render the procedure to be

minimally invasive instead of non-invasive, it is likely to reduce inter-subject vari-

ability with respect to imaging performance.
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Beyond all the technical challenges, the physiological conditions in vivo, such as

pulsation of the artery, might cause blurring or loss of signals, especially when sig-

nificant temporal averaging is required to improve SNR. Therefore, a new recon-

struction approach should be developed for moving structures in combination with

pulse-echo ultrasound, for instance by combining US-based motion tracking with

interleaved PA acquisitions [169], [170].

Isolating potential causes of artifacts is beneficial to develop a systematic under-

standing of the capabilities and the limitations of the imaging technique. Similarly,

more realistic experiments can be performed by adding the complexity in a con-

trolled way. The first step should be an analysis of the motion during pulsation of

the artery. To achieve this, the experimental approach of plaque elastography studies

can be adopted [171]. Next, the same luminal pressurization experiment should be

repeated with the porcine blood instead of PBS solution to see the effect of blood in

the lumen on PA signal. Next, the optically scattering surrounding medium should

be added during ex vivo experiments. This can be achieved by embedding endar-

terectomy samples in a block of agar or a gelatin phantom. However, since those

gels solidify around 40◦C, this can damage the tissue due to heat. More easily, In-

tralipid solutions of different concentrations can mimic the optical scattering of the

surrounding medium. Finally, the effect of the surrounding medium can be investi-

gated with pre/peri/post-operative PA images of the patients. The ethical approval

for patient studies with the existing PA system has already been obtained. Imaging

patients that will undergo an endarterectomy surgery can be imaged prior to the

surgery, during the surgery with an open neck, and, lastly, the ex vivo measurement

with the obtained sample can be performed in the lab. This will provide a compre-

hensive data to gain insight regarding the challenges introduced in vivo and overall

feasibility of the technique.

Eventually, the clinical relevance and added value for plaque characterization would

be high once all the aforementioned challenges are minimized. Combining the sim-

ulation tool-chain, which was discussed in Chapter 5, with the experiments with

rather realistic conditions, we believe that the challenges of in vivo PA imaging can be

characterized and innovative solutions to those challenges can be introduced more

easily.
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Once those steps are taken towards in vivo, then the next step will be to conduct

clinical research studies with a larger population to validate the technique and com-

pare the findings to other imaging modalities, to show that photoacoustics actually

introduces a benefit for the clinician and the patient. Achieving this would affect the

decision criteria for endarterectomy and lead to changes in the medical guidelines.

Ultimately, detecting the morphology of carotid plaques may yield a reduction in

the risk of stroke and minimize the obvious overtreatment in present-day medicine.

The popularity of PAI vastly increased since the 2000s, and in approximately two

decades achieved significant improvements. Considering the reputation of the field,

I envision further achievements in the upcoming decade and believe that PAI will

start entering clinics for disease diagnosis, including carotid plaques.
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