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Abstract

Majority of liver cancer patients are not eligible for liver resection. One of the most com-
mon therapeutic choices for non-resectable tumors is radio frequency ablation (RFA),
however, it is associated with high recurrence rates. It is mainly originating from insuf-
ficient intra-operative feedback about the ablated tissue margins. Currently available
imaging modalities are not capable to visualise or detect these margins in real-time with
reasonable contrast, high sensitivity and in a cost effective way. Moreover, commonly
used ultrasound imaging guidance for interventional procedures suffers from multiple
artifacts and poor acoustics contrast for structures of interest, such as, blood vessels
and tumor.

Photoacoustic imaging is known to be highly sensitive to changes in optical prop-
erties resulting from chemical transformations in ablated tissue. Additionally, it offers
high contrast to absorbing structures and objects, such as, blood vessels, hypervas-
cularized tumors and metallic needles, making it interesting for applications in radio-
frequency ablation.

Herein, we present an interstitial illumination approach for deep tissue illumination
with use of custom-made annular illumination probe to enable photoacoustics imaging
of RFA in liver. In this proof of concept study we characterize this probe and investigate
visualisation of an absorbing target, blood vessels, RFA needle and ablation lesions.

Preliminary experiments conducted revealed feasibility of this imaging concept for
needle guidance and visualisation of highly absorbing structures mimicking blood ves-
sels and tumor in ex-vivo chicken breast and bovine liver tissues. Visualisation of RFA
needle tines was feasible in tissue mimicking phantoms and ex-vivo tissue with low
absorbance, tine visualisation in highly absorbing media remains challenging. For en-
abling intra-operative photoacoutic imaging of RFA in liver implementation of more
suitable reconstruction algorithms, investigations of coatings for RFA needle and more
homogeneous fluence distribution is needed.
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Chapter 1

Background

1.1 Introduction

Liver cancer is the 6th most common cancer and 2nd leading cause of death due to
cancer worldwide (1). The general 5-year survival rate for liver cancer is estimated to
be 18% (2). To underline the importance of the problem, the liver is an essential organ
for filtering blood, making proteins responsible for blood clotting, toxin metabolism,
bile production and sustaining immunological function (3).

Liver cancer can be classified as a primary or a secondary. The secondary tumor
(metastasis) develops from cancer cell spread from another part of the body - i.e.
colorectal cancer. Primary liver tumor begins in the cells of the liver itself (4). Hepa-
tocellular carcinoma (HCC) is the most common primary liver cancers, accounting for
75% of cases (5; 6). It is a malignant cancer and predominantly occuring in chronic
liver disease, hepatitis and cirrhosis patients (5; 7). Even with all the advances, liver
cancer, especially hepatocellular carcinoma, remains one of the most difficult-to-treat
cancers (7). Treatment of liver cancer is individualized depending on several factors,
such as the extent of the disease, overall liver function, patients age and health con-
dition (7). Surgical treatment is the first choice, it involves either tumour resection
or liver transplantation. The purpose of liver resection is to completely remove the
tumor by dissecting part of a liver. Eligibility for resection depends on multiple fac-
tors, such as liver condition, the location of the tumor in respect to blood vessels,
its size, the number and distribution of masses to make up an adequate liver reserve
(at least 30%) (5; 8). Liver transplantation is performed for patients at end-stage.
It can be performed from a living donor when only part of the liver is transplanted
or deceased-donor. However, the number of people on the waiting list for transplant
exceeds the number of available donors transplants and the procedure carries a great
risk of complications (9).

Unfortunately, eligibility for both surgical treatments - resection and transplanta-
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tion is less than 30% (10). Other treatment options are cryoablation, radiation therapy,
chemotherapy, injection of tumor destroying substances (ethanol, targeted drugs, ra-
diation beads) and radiofrequency ablation (RFA) (11).

RFA is a relatively low-risk and minimally invasive procedure (12). It is one of the
most common therapeutic choices for unresectable and focal liver tumors, as well as
for patients who cant tolerate surgical approach(7). In some cases it can be performed
together with resection. The goal of RFA is to induce thermal injury to the tumor cells
through electromagnetic energy deposition while relatively sparing surrounding healthy
liver tissue. The advantages associated with RFA include fewer side effects, possible
less invasive alternative to resection, immediate partial or complete tumor destruction
and faster recovery time (13).

(a) (b)

(c) (d)

Figure 1.1: Pre-operative and operative images of RFA procedure. (a)- CT scan slice with indication
of location and the size of the tumor, (b) - the same tumor shown in image (a) located within US image,
(c)- operative CT scan slice of positioned RFA needle, (d) - US image of positioned RFA needle (14).

Currently, tumor is first evaluated from pre-operative CT or MRI scans (example
of CT image - fig.1.1(a)). After tumor size and location assessment specialized needle
is advanced to the tumor under the guidance of ultrasound imaging and electrodes
from the needle are deployed (fig.1.1(b) and (d)). Depending on procedure protocol
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used, a CT or MRI might be addressed to confirm RFA needle position in respect to
the tumor before ablation (fig.1.1(c)). This is done because visualisation of the needle
and tines can be very challenging in US image. The lack of contrast, artifacts and
needles position in respect to the US probe often interferes with the needle localisation
(15). The poor visualisation of RFA needle and its tines can be seen in image (d) and
compared with image (c) in figure 1.1.

Despite the better visualisation of the needle within CT scan images its use increases
the time under general anaesthesia and requires patients movement during the proce-
dure from surgical suite to imaging unless hospital is equipped with special operative
imaging suite. Only few hospitals are equipped with dedicated operative CT scanners,
also it is associated with negative effects of an x-ray dose and more-importantly it can
not offer real-time imaging. While MRI is used very rarely as it is bulky, expensive
and requires special compatible equipment (16).

(a) (b)

(c)

Figure 1.2: Operative and post-operative images of RFA ablation procedure. (a) - US image of bubble
formation during the procedure, (b) - post-operative contrast enhanced US image, (c)- post-operative
CT slice (14).

The associated drawback with RFA is the high tumor recurrence rate. In different
studies it is reported to range from 27% up to 80% after RFA, mostly due to incomplete
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tumor cell ablation (17; 18). The main reason for that is insufficient feedback about
the tumor and ablated tissue margins during the procedure (19). US provides with
real-time feedback, but the microbubble formation during the RFA procedure obscures
image details limiting the assessment of ablation during the treatment. Bubbles formed
around the tumor in fig. 1.1 (a) and (b) can be seen in figure 1.2. To ensure complete
tumor ablation in RFA procedure, a safe margin of surrounding healthy tissues (10
mm) and the needle insertion track is ablated in addition to target (20; 21). Hence,
creating undesirable extensive healthy tissue destruction, which in some cases may
not be feasible, for example, when tumor is in close proximity to critical structures
as nerves, blood vessels. The size of the ablated region is determined by the energy
amount delivered, exposure time and by monitoring temperature at the tip of the RFA
needles tines. This assumption is prone to inaccuracies as it assumes homogeneous
heat distribution and excludes heat diffusion factor. For tumors located near hepatic
blood vessels, the cooling effect of the blood flow may affect the tumor ablation. It is
commonly called ‘’heat sink effect” and it is also attributed to the high recurrence rate
due to insufficient tumor ablation (20). Therefore, post-operative imaging is done then
to assess the size of the ablated region. First, 10 minutes after ablation once bubbles
are settled down contrast enhance US images of the lesion are acquired (Fig. 1.2 (b))
to match the size of the tumor in pre-operative images with the size of ablation lesion.
Over the next couple of days after ablation also post-operative CT scan is performed
(Fig. 1.2 (c)) to asses the complete ablation margins. Depending on the ablation
settings complete cell destruction is visible only after certain time.

This lack of real-time feedback leads to inaccuracies in needle and tine positioning,
increased procedure time, inability to asses the size of ablation lesion during the proce-
dure, which therefore results in tumor recurrence and decreases the survival rates (16).
Real-time imaging modality that is capable to distinguish between native and ablated
tissue is vital for achieving complete and optimized tumor ablation (21).

As a response to these limitation of all currently available imaging techniques for
guidance during RFA procedure, use of photoacoustic imaging (PA) was proposed.
PA imaging is highly sensitive to variations in temperature and changes in optical
properties resulting from chemical transformation during ablation (22). In PA a short
pulses of a laser light are used to illuminate the tissue. Depending on the used wave-
length, part of the light will be absorbed causing thermoelastic expansion and release
of ultrasound wave (23). This acoustic wave can be detected with a conventional US
transducer. The PA image gives information about optical absorption properties of the
structures imaged.

Previous studies have shown that optical properties, such as scattering and absorp-
tion coefficient, of the liver tissue significantly differ between thermally ablated versus
native tissue (24). As contrast in PA image relays on the light absorption of tissue PA
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imaging could be potentially used to visualize ablated region. Moreover, the enhanced
absorption of metal gives higher PA signal compared to background tissue and has
proven to be a great complement to US imaging (25). This can improve visualisation
and localisation of the RFA needle under the guidance of US during the procedure.
Liver tumors can be characterized by increased blood supply (26). As blood is highly
absorbing it dominates in the PA image and gives the possibility to detect and locate
tumors. Better visualisation of ablation margins, RFA needle and tumor compared to
US imaging alone could possibly increase efficacy of RFA procedures.

Limitation of optical imaging techniques is poor optical penetration depths, as the
light gets significantly scattered and absorbed by various components of the tissue al-
ready after 1 mm (27). Liver tumors in most cases are located several centimetres
beneath the skin raising the question how to deliver light at this depth. Penetration
depth can be increased by delivering higher amount of energy, but it is restricted by
standards of maximum permissible exposure (MPE) limit to skin. To enable visual-
isation of the structure of interest and overcome light being lost due diffusion it can
be delivered interstitial. In interstitial illumination approach light via optical fibers is
delivered to the region of interest (ROI) with use of different cutting surgical tools.
The light is then absorbed by the structures in proximity to the tip of the tool causing
acoustic response. The attenuation of sound in tissue is few orders of magnitude lower
than that of light, therefore it can travel longer distances within the body (several
centimeters) and reach transducer at the skin surface (27). We have designed a tool
(annular illumination probe) for interstitial light delivery together with RFA needle.
Annular illumination probe consists of optical fibers arranged over a circumference of
a steel ferrule allowing to accommodate RFA needle within. In this way illumina-
tion probe can be guided to the target simultaneously with the surgical tool possibly
enabling visualisation of structures in front of the probe.

We attempt to investigate benefits of a custom-made annular illumination probe
for PA imaging in context of RFA needle, tumor and ablation boundary visualisation
during liver RFA procedures. To the best of authors knowledge, so far, there is no
reported use of PA imaging guidance for liver cancer RFA.

1.2 Principles of PA imaging

Photoacoustic imaging is a hybrid imaging technique that utilizes optical and acoustic
imaging. Optical imaging offers excellent spatial resolution, but it has a fundamental
constrain - light diffusion, which limits light penetration depth in tissue and therefore
deep tissue imaging (28). On the other hand, acoustic waves scatter at least two or
three orders of magnitude less than light in tissue allowing for deeper tissue imaging
(29).
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The photoacoustics effect (fig.1.3) describes how acoustics wave is generated by
illuminating absorbing substance with optical radiation. Upon illumination with light,
it is absorbed and causes localized heating. The temperature rise makes the target area
to expand (thermoelastic expansion) and results in a pressure rise. Thus, emission of
a wideband (i.e. MHz) pressure wave i.e. acoustic wave. This effect was discovered
already in 1880, but increased interest in it occurred in the past decades with the latest
advancements in the optics (29).

Figure 1.3: Illustration of photoacoustic effect. On the left - Absorbing object is being illuminated with
pulsed laser light. The object absorbs the light and localised heating occurs resulting in thermoelastic
expansion; On the right - The pressure build up results in emission of acoustic wave, part of the wave
is detected by US transducer.

For photoacoustic signal generation the pulse has to be shorter than both the ther-
mal and stress confinement times. If the laser pulse is shorter than the thermal confine-
ment time the heating of the absorber occur instantaneously without thermal diffusion
(28). While if illumination pulse is shorter than the stress confinement time the ab-
sorbers volume during the illumination period does not change. If the irradiating light
is pulsed and its length is short (in nano second range) the magnitude of the acoustic
signal generated is proportional to the local light fluence (F ), Gruneisen parameter (Γ)
and optical absorption properties (µa) of the substance:

p0 = ΓµaF, (1.1)

Depending on the used wavelength, part of the light will be absorbed by light ab-
sorbing tissue chromophores, such as haemoglobin, melanin, water and lipids. As there
is an absorption coefficient difference in-between tissue types the generated acoustic
signal will vary in intensity. Therefore, the contrast in the formed image will map the
optical absorption properties of tissue.

The acoustic wave generated by the absorbing structures can be detected with
conventional ultrasound transducers. Photoacoustic images are formed by measuring
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the time between illumination with the laser and the arrival of the acoustic wave to the
transducer. Measured time is used to estimate the distance between the detector and
the absorbing structure as the speed of sound within the tissue is known. This recovers
the initial distribution of pressure (28). The origin of the signal is reconstructed by
merging collected data from all transducer elements (28). To obtain combined PA and
US images ultrasound transducer, after the laser trigger, receives the PA signal and
applies a delay to transmit and receive the US signal (30).

The spatial resolution of the PA image is determined by characteristics of the ul-
trasound transducer. Xu et al. investigation showed that transducers bandwidth has
an influence on both lateral and axial resolution, while the detectors aperture mainly
affects the lateral resolution. The transducer with large aperture, high center frequency
and broad bandwidth will provide with the best spatial resolution (30).

Another factor affecting photoacoustic signal received by the transducer is its bipo-
lar nature, meaning once it is generated it splits into two waves with equal magnitude
traveling in opposite directions (28). The shape of the wavefront created depends on
the geometry of the object (28). The smaller the object the higher its signals frequency
content (28). To detect most of the signal generated the objects size should be compa-
rable to the US transducers bandwidth. Limitation of 2D imaging with linear arrays
is that they are not able to detect all of the signal generated. PA signal propagates to
all directions from the source, therefore only part of the signal can be detected with
linear array.

1.2.1 Metallic object visualisation with PA imaging

Currently, the most commonly used imaging modality to visualize the needle in real
time during an interventional procedure is ultrasound guidance. US imaging is not
artifact free and is strongly dependent on the needles position in respect to the US
transducer. Needle deflections away from the transducer of only a few degrees can be
enough to not to receive back any US signal from the needle (15). Mechanical guides
have been proposed to keep needle in plane at all times, however, it restricts needle
movement making it difficult for a clinician to manipulate the needle. Therefore, many
clinicians prefer using a freehand technique during needle insertion (15). Moreover,
needle visualisation with in the US image can be challenging due to multiple artifact,
such artifacts as comet tail, shadowing, reverberations, etc (Fig.1.4) (31).

PA imaging has been proposed for visualisation of metallic objects as they are
good light absorbers and create strong PA signal compared to tissue background. The
amount of light absorbed by the metal is depended on the properties of the metal itself
and light used for illumination characteristics. Metal properties include surface rough-
ness, composition of metal and oxide layers. While such characteristics of illumination
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light as intensity, wavelength and angle of incidence are of interest.

(a) (b) (c)

Figure 1.4: Needle related artifacts in US imaging. (a) - Comet tail, (b) - Reverberations, (c) -
Shadowing.

Light interacts with the electrons inside the metals or alloys valance band. Upon
interaction energy of the photon is transferred to electron resulting in electron excita-
tion into unoccupied states, as metals consists of partially filled high-energy conduction
bands. Heat is liberated as a result of electron relaxation causing further thermoelastic
expansion and pressure wave release via PA effect. Absorption takes place only in very
thin outer layer.

This effect has been utilized to visualise metallic object with use of PA imaging.
Several authors have reported PA imaging as excellent complement to US for visual-
isation and localisation of brachytherapy seeds (25; 32; 33; 34). More interestingly,
also needle visualisation with use of PA imaging has been published. Jimmy Su et
al. in 2010 investigated visualisation of 21 G and 30 G needles inside porcine tissue
and tissue-mimicking phantoms with use of topical PA imaging system (15). Author
concluded that PA imaging combined with US imaging, is capable of real-time, high-
contrast, and high-spatial-resolution visualization of metal implants within anatomical
landmarks of the background tissue (15).
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Figure 1.5: Images of hypodermic needle within ex-vivo porcine loin sample (modified from research
of J.Su et al (15)). (a) - Cross section US image of the needle, (b) - Cross section PA image of the
needle, (c) - US image of needle being parallel to the US transducer, (d) - PA image of needle being
parallel to the US transducer.

Sivasubramanian et al. in 2018 proposed PA imaging use for needle visualisation
during its guidance to sentinel lymph nodes with topical illumination (35) (Fig. 1.6).
He showed feasibility of PA imaging integrated in commercial clinical US system for
needle tracking during interventional procedure (35).

(a) (b)

Figure 1.6: Images of needle guided to mouse sentinel lymph node (modified from Sivasubramanian
et al. research (35)). (a)- US image, (b) Overlaid US and PA image. SNL - sentinel lymph node,
CBT - chicken breast tissue added on top of the mouse.

1.2.2 Interstitial PA imaging

Main limitation in photoacoustic imaging is limited light penetration depth due to
exponential light attenuation. To overcome this novel light delivery schemes have been
proposed. Interstitial imaging offers direct light delivery to the site of interest via
surgical cutting tools or catheters.

One of the forerunners of intertitial PA imaging was D.Piras et al., in 2013 author
developed a concept for light delivery via optical fiber positioned within a biopsy needle
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for guiding biopsies. 10 ns laser light at 1064 nm was utilized and energy measured
per pulse was 1.4 mJ. Feasibility of concept was demonstrated on ex-vivo sample of
fish heart embedded within chicken breasts tissue. This allowed for 4 cm deep imaging
of fish heart (absorbing target) (36). In fig. 1.7 results from this research are shown.
Clear visualisation of needle tip can be seen at all times, moreover, also PA signal along
the needle itself is created.

Figure 1.7: Images of needle being guided to absorbing target (fish heart) obtained with optical fiber
positioned with a biopsy needle (modified from work of D.Piras et al. (36)). (a) - schematic impression
the experimental set up, (b) - PA while guiding the needle, (c) - PA image while guiding a needle, (d)
- PA image of needle tip touching the surface of absorbing target, (e) - corresponding US image, (f) -
PA image with needle being guided though the absorbing target.

In 2014 Bell et al. proposed interstitial photoacoustic imaging of prostate brachyther-
apy seeds utilizing urinary catheter to position it in the urethra of prostate (37). Imag-
ing system was set to operate at 1064 nm and output energy measured was 16.8 mJ.
In this way light was delivered in close proximity to the seeds. Figure 1.8 shows the
design on the interstitial illumination catheter.
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Figure 1.8: Urinary catheter design by Bell et all (37).

The same author in 2018 proposed delivery of light with use of surgical drill to the
side of interest. Optical fibers were arranged around the circumference of a surgical
drill (25). With this design author was able to visualise blood vessels behind a cartilage.
In fig. 1.9 design of this toll is shown.

Figure 1.9: Design of light delivery with use of a surgical drill by Bell et all. (25). (a) - drill, (b) -
drill with 7 optical fibers arranged around the circumference of it.

Another deep tissue imaging approach proposed was by Oliver Simandoux. He
demonstrated the ability to guide high-frequency photoacoustic waves through a 3 cm
thick fat layer with a 30 mm long water-filled silica-capillary. The illumination light
was 5 ns 532 nm with energy of 0.3 mJ per pulse. In this way he was able to avoid
acoustic attenuation of high-frequency acoustic waves by biological tissue (38). The
design of experimental set up and the light delivery is shown in figure 1.10.
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Figure 1.10: Experimental set up of Simandoux et al. research (38).

Xia et al. in 2015 also performed investigations on use of optical fiber positioned
within needle cannula. Author proposed this concept for precise device guidance for
interventional procedures. Excitation light used ranged of 750 to 900 nm and 1150 to
1300 nm, with energies ranging from 4-6 mJ. Results showed capability to visualise
simulated blood vessel in a tissue phantom with 800 nm excitation light at a maximum
distance of 15 mm from the needle tip (39). Figure 1.11 shows results of blood vessel
imaging with this system.

Figure 1.11: Blood vessel visualisation in tissue-mimicking intralipid solution with optical fiber
positioned within needle cannula (modified from work of Xia et al. (39)).

1.3 Radiofrequency ablation

RFA is minimally invasive local therapy used in oncology (liver, kidney, lung, breast
and bone tumors), cardiology, dermatology and neurology for destruction of dysfunc-
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tional tissue. In oncology it is mostly used for treatment of small, unresectable tumour
or for patients who are not candidates for a surgical treatment (40). It offers mul-
tiple advantages over surgical resection - lower morbidity, increased preservation of
surrounding healthy tissues, cost effectiveness and shorter hospitalisation times (40).
While disadvantages are related to the high resurgence rate.

In a RFA procedure a closed-loop circuit is created that includes an RF generator,
a needle electrode, a large dispersive electrode (ground pads), and patients tissue (fig.
4.4 (12). When the radiofrequency current is applied to the circuit, the patients tissue
acts as a resistor. It creates an alternating electric field within the tissue. The ions
present in the tissue around the electrode attempts to flow in the changing direction
of the alternating current. This creates a frictional heating effect (also known as ‘re-
sistive’ heating) inside the tissue (12; 41). When heat reaches certain temperature
and exposure time it damages cells at the membrane and subcellular levels leading to
coagulative necrosis (40). Typically used temperatures are between 60 ◦C and 100 ◦ C
(40). The temperature is monitored using thermocouples inside the tips of the needle
electrodes and can be controlled through modulation of the radio-frequency energy
(12).

Figure 1.12: RFA procedure principle (42; 43). On the left - representation of RFA needle inserted
in liver tumour and example of retracted and expanded RFA needle. On the right - RF generator
connected to the grounding pad on the patients upper thigh and RFA needle in the liver.

During the ablation procedure an electro-surgical needle (fig.4.4 on the left) is
positioned inside the tumor tissue and an array of several small electrodes (tines) are
deployed from the tip of the needle under the guidance of ultrasound (US) imaging.
Image guidance is crucial for better treatment outcome. It helps navigating the needle
precisely into the target while avoiding puncturing blood vessels inside the liver. After
RFA needle is guided to the target and its tines are deployed its location might be
conformed with computed tomography (CT) or magnetic resonance imaging (MRI)
(16). One surgeon is satisfied with the position of the needle ablation is performed.
The ablation settings (temperature, time, energy) are chosen depending on the size
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of the tumor by the surgeon. During ablation bubble formation from evaporation of
substances takes place disabling visualisation of the target region. After ablation is
complete needle insertion track is ablated to avoid spread of any cancer cells. Post-
operative CT of MRI is done in the next couple of days to assess the ablation boundary.

1.3.1 Optical properties of normal and ablated liver tissue

Precise understanding about light distribution and propagation within liver tissue
is needed for utilization of optical imaging techniques. Such optical properties as
anisotropy, scattering and absorption coefficient affect the light propagation and de-
termine how deep light can penetrate the specific tissue type. Absorption event results
in a stopped propagation of a photon, while scattering event redirects the photon and
the forward directionality is described by the anisotropy factor. The reduced scatter-
ing coefficient assumes that photons participate in a random walk undergoing multiple
scattering events. It is a combined parameter of scattering coefficient and anisotropy
that describes the step size of random walk.

From a topical review by S.Jacques reduced scattering coefficient for human liver
at wavelength 680 nm ranges from 0.67 to 0.97 mm−1 (44). One specific value is not
obtainable as the variations of optical properties are significant between individuals,
sites and even time (44). Absorption coefficient is found to be around 0.15 mm−1 (in
porcine liver) (24). Liver tissue ablation results in transformations of tissue compo-
sition and structure that causes detectable changes. Data from numerous published
studies ((24), (45), (46), (47)) indicate that the dominant change in liver tissue optical
properties upon thermal coagulation is an increase in the reduced scattering coefficient
(µ′s) and reduced light penetration depth. Changes in absorption coefficient remains
controversial in between multiple studies published. This increase in µ′s reflects changes
occurring on a cellular and intracellular level, such as protein denaturation, hyaliniza-
tion of collagen, cytoskeleton collapse, and cell membrane rupture. These thermally
induced structural changes all affect the size and distribution of scattering particles
in the tissue and, consequently, the light distribution (40). In figure 4.8 spectral data
comparing native and ablated liver tissue is presented from J.Ritz work (24).
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(a) (b)

(c)

Figure 1.13: Optical properties of native and ablated porcine liver obtained by J.Ritz (24). (a) -
Values of absorption coefficient over the wavelength, (b) - Values of scattering coefficient over the
wavelength, (c) - Values of penetration depth over the wavelength.

It can be noted that in this study the scattering coefficient was most strongly
affected by tissue coagulation and increased by a factor of 5.

1.3.2 Imaging and monitoring of RFA

Currently real-time imaging that can visualise ablation boundary is not a part of stan-
dard of care RFA procedure. That is why current treatments rely on the expertise of
the surgeon to assess lesion formation causing variability in success rate (22).

Studies have shown optical, mechanical and acoustics contrast between healthy
and ablated tissue. Yet accurate lesion delineation still remains challenging. Feed-
back systems for RFA based on temperature monitoring have been also suggested.
Thermocouple systems and intraoperative MRI takes advantage of local temperature
measurements as a indication of thermal damage level. Thermocouples are integrated
into the tips of ablation needle tines, allowing to measure temperature at the particu-
lar point. This technique provides only with predictive value over the whole ablation
region as heat distribution is not homogeneous through out the whole ablation area
(48). While MRI still remains too expensive and difficult to apply during minimally
invasive procedure (49).

RFA is commonly used also for atrial fibrillation ablation and suffers from the same
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high recurrence rates as liver RFA therapy. To improve the success rate of ablation
procedures, much research has been dedicated towards assessment of ablation lesions
in heart. Several authors have proposed use of optical techniques, such as, optical
coherence tomography (50), near-infrared spectroscopy (51), fluorescence imaging (52),
due to their sensitivity to structural and chemical changes in tissue. These techniques
can offer a good contrast, but are limited to imaging of only superficial part of the
lesions. Therefore, at this point in time they can not be used for complete ablation
margin assessment.

PA imaging has been suggested for lesion characterisation. The detected PA signal
intensity is dependent on optical absorption of tissue, fluence and Gruneisen coeffi-
cient (eq.2.1). The optical absorption is dependent on tissue optical properties, while
Gruneisen coefficient carries information about tissue stiffness and temperature (49).
Moreover, PA imaging can overcome limited penetration depth of optical techniques.
The variety of tissue properties that influence the strength of PA signal seems to be
beneficial for ablation lesion assessment. Several authors have been investigating PA
imaging use for monitoring ablation process in heart tissue. Pang et all. visualized le-
sions with high contrast at the boundary of the highly-coagulated tissue at wavelength
near 760 nm. This result suggests that deoxygenated hemoglobin (with an absorption
peak at 760 nm) is the primary absorbing the unablated ex-vivo tissue sample (53).
Dana et al. research showed highest contrast between ablated and non-ablated tissue
in region of 750 - 770 nm suggesting the contrast originating from the same deoxy-
genated hemoglobin peak (54). Iskander-Rizk et all. in 2018 showed that combination
of wavelengths (790/930 nm) results in better contrast compared to single-wavelength
imaging (49), while the highest contrast in single wavelength imaging was reported to
be 640 nm. Dual-wavelength imaging is favorable due its insensitivity to fluence and
temperature variations (49). In 2018 Rebling et. al. presented a integrated catheter
consisting of optical fibers for light and RF delivery for simultaneous RF ablation and
real-time PA monitoring of lesion formation. Rebling showed basic ability to monitor
RFA lesion formation in bovine ex-vivo heart sample. Also Bouchart et al. showed
that PA imaging offers contrast of ablated tissue versus native in heart tissue. But the
contrast originated from the charring present in the ablated region.

1.4 Thesis outline and research questions

In the 2nd chapter of the thesis design on the custom-made annular illumination probe,
its integration into the PA imaging setup and characterisation process is described.
The results from this chapter will contribute to the understanding about annular illu-
mination probes light spread pattern and field-of-view. The 3rd chapter is dedicated
to assess the visualisation of deployed RFA needle in tissue like phantoms and ex-vivo
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chicken breast and bovine liver samples. The visualisation is assessed based on signal-
to-noise ration and comparison with more commonly used surface illumination method.
Furthermore, 4th chapter aims to describe visualisation of mimicked blood vessels and
tumors in context of needle guidance to the target. The fifth chapter includes prelimi-
nary ablation lesion imaging experiments. Finally, all the encountered challenges and
future works is described in the final sixth chapter.

The main questions we are trying to answer is: (i) can we use PA imaging with
annular illumination probe complementary to US imaging to visualise RFA needle with
its tines deployed? (ii) can we use PA imaging with annular illumination probe com-
plimentary to US imaging to visualize, such absorbing structures as tumors and blood
vessels, and assist guidance to the target? (iii) can we use PA imaging complementary
to US imaging to visualize ablation margins?
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Chapter 2

Characterisation of The Annular
Illumination Probe

2.1 Introduction

A custom-made probe was designed for interstitial photoacoustic imaging of RFA ab-
lation complementary to conventional US imaging. The main requirements for the
design were: (i) deliver the light to the site of interest simultaneously with the surgical
tool (RFA needle) to limit the number of tools the interventional radiologist has to
manipulate, (ii) probe has to be safe for insertion into biological tissue to enable deep
tissue illumination, (iii) technical parameters of the optics must be suitable for pulsed
laser (5-10 ns at 10 Hz, 650-980 nm) and be able to withstand heat up to 105◦C that
occurs during RFA procedure.

The first requirement was met by designing annular illumination pattern. In this
way probe has a hollow center for accommodation of surgical tool. A typical RFA
needles diameter is 1.63 mm (14 Gauge) (55), therefore the inner diameter of the probes
hollow center must be made in a way to easily slid it into the lumen of the illumination
probe. Moreover, the probes size should preferably be with in 2.769, 3.048 or 3.4 mm
(12, 11, 10 Gauge respectively (56)) to match clinically used needle sizes.

In this chapter author presents the design of the probe, its integration into PA
imaging setup and characterisation process. First, optical fiber bundles coupling with
the laser is described. That is followed by investigation of light propagation profile from
the annular illumination probe (AIP) in different environments with varying optical
properties. Additionally, as one of the main interests of this research is to visualise
metallic needles, PA signal created along a biopsy needle is evaluated at different imag-
ing depths and compared with more commonly used surface illumination. This provides
with an insights into PA signal obtainable from a needle and presents advantages over
surface illumination methods for deep tissue imaging.
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The main aim of this chapter is to describe annular illumination probes design,
its coupling with laser, give insights into such characteristics of this probe as light
penetration depth, light spread along axial and lateral dimensions (field-of-view). This
will provide with fundamental understanding about feasibility of this concept for use
in RFA imaging.

2.2 Materials and methods

2.2.1 Annular illumination probe

The annular illumination probe (AIP) (2.1) consists of 2 Robert Helwig gmbH 304
stainless-steel ferules, one with inner diameter of 2.3 mm and the other of 3.4 mm (8
or 6 Gauge). The inner ferrule is 80 mm long, while the outer ferrule is 5 mm and
it transitions into Pebax tubing. 72 Molex multi-mode silica clad optical fibers with
polyimide buffer(NA = 0.22 ± 2, core diameter - 100 ± 3) are arranged in annular
manner around the circumference of the inner ferrule (Fig.2.2 B). The hollow center
of the ferrule allows to accommodate the 14-gauge interventional needle. At the distal
end the fibers are fused together with epoxy EPO-TEK 353ND in a bundle (Fig.2.2
A).

Figure 2.1: Annular illumination probe with indications of its parts.

Total length of the optical fibers is 3 m. Fiber specification reports an operating
temperature range of -65◦ to 300◦C. They are biocompatible (USP class IV) and can
be sterilized. The epoxy used to bundle up fibers can withstand 150◦ C temperature
for one hour. Both fiber ends are wet-polished with aluminum oxide lapping films from
30 down to 0.3 µm. Manufacturer reports individual optical fiber damage threshold
for pulsed laser to be 1 GW/cm2.

After manufacturing quality control of the product was performed. It included
several examinations with use of an optical microscope: (i) Evaluate the distal and
proximal fiber end surface polishing quality, (ii) Determine the number of active optical
fibers, (iii) Estimate precision of lengths (catheter shaft, fiber tubing), (iv) Integrity
inspection of the Pebax tubes surface (transitions from outer ferrule to Pebax and to

20



Characterisation of The Annular Illumination Probe Chapter 2

Figure 2.2: A - Distal end of the probe, B - Proximal end of the probe.

the handle), (v) Evaluation of the fiber arrangement, (vi) Checking for blockades or
impurities in the inner lumen of the needle. Product passed all the quality control
check points. It was reported that 2 optical fibers have a low light transmission due to
small crack at the connecting end.

2.2.2 PA imaging setup

System used (Fig.5.1) optical excitation for PA imaging is provided by a Quanta-Ray
Lab 170-10H (Spectra Physics) Nd:YAG laser connected to a VersaScan-L 532/BB/HE/800
optical parametric oscillator (OPO).

Figure 2.3: PA imaging setup with two illumination methods(57) - annular (A) and surface (B). M-
reflecting mirror, FM- flippable mirror, MLA- micro lens array, FB- fiber bundle, CL - converging lens,
1 - US transducer, 2 - imaging medium, 3 - optical fiber housing, 4 - surface illumination multi-mode
fibers.

Lasers operational wavelength is 532 nm. For wavelength tuning laser is connected
to the OPO, its operational wavelength range is 680-980 nm. Output wavelenght of
OPO can be adjusted by use of software GWU ScanMaster. The laser repetition rate
is 10 Hz and pulse length is in range of 5-10 ns.
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After laser light exiting OPO its intensity is reduced with neutral density fil-
ters.Then the light is coupled into the fiber bundle of annular illumination probe using
a microlens array and a plano-convex lens (f= 30). By flipping a mirror laser light
can be redirected into the optical fiber bundle of surface illumination fibers. Surface
illumination consists of 6 multi-mode fibers bundled together at the distal end and
positioned in a 3D printed holder around the US transducer at the proximal end. For
coupling this fiber bundle single converging lens is used.

For imaging Alpinion Ecube 12R (Seoul, Korea) ultrasound machine with linear
probe L3-12 (center frequency 8.5 MHz) is used. The L3-12 consists of 128 piezoelectric
elements with total length of 38 mm, focal point at 20 mm and a pitch size of 0.3 mm.
This system allows for real-time US and PA imaging. For the synchronization of PA
and US imaging, the laser was connected to an input channel of the ultrasound system.
Acquisition sequence consists of laser triggering Alpinion and combined PA and US
imaging.

2.2.3 Image reconstruction

PA images are constructed using delay and sum beamformed data and applying signal
processing methods to display it by use of a custom written script in Matlab. It utilizes
(i) quadrature demodulation to remove the carrier frequency, (ii) envelop detection and
applies (iii) log compression to amplify lower amplitudes and compress larger ones.
Each image obtained is averaged over 20 frames.

2.2.4 Laser coupling into optical fiber bundle

The amount of energy that can be transmitted via optical fibers is limited in conse-
quence to the damage threshold of the fiber material and dielectric breakdown of the
air in front of the fiber (58). At high energies air and other normally insulating ma-
terials becomes partially conductive. This creates an electric discharge, in some sense
analogous to a short circuit, that can possibly damage the fibers. Thus the output
energy of the optical fibers is limited restricting the size of illumination area and light
penetration depth (59). To avoid any damage, the energy coupled into fibers should not
exceed individual fiber damage threshold (1 GW/cm2 for 1064 nm with pulse duration
of 10 ns (60)). It has to taken into account that many factors can affect this thresh-
old value, like coupling conditions, beam profile, fiber surface quality, etc. Moreover,
these values has to be adjusted for the wavelength and pulse length used. The damage
threshold value can be adjusted for the appropriate wavelength as fallows (60):

Ia = I0

√λs
λ

 , (2.1)
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where Ia is the damage threshold for wavelength (λ) and I0 is the damage threshold
indicated by the manufacturer at wavelength - λs.

For the pulse length of the laser it can be adjusted in a similar way(60):

Ia = I0

√ts
t

 , (2.2)

where Ia is the damage threshold for the pulse length (t) and I0 is the damage threshold
indicated by the manufacturer at the pulse length - ts.

The laser beam profile was evaluated to avoid any hot-spots and reduce the risks of
fiber surface damage created by high power density peaks. Beam profile was acquired
with Spiricon Beam profiler camera BGP-USB-SP503U using software BeamGauge
right after exiting the OPO and after exiting a converging lens.

A traditional coupling method uses a single converging lens to focus collimated laser
beam a few millimetres in front of the fiber surface to prevent dielectric breakdown of
the fiber (58). In beam profile obtained 2 distinct hots-spots were spotted, prohibiting
coupling using conventional way.

By adding the beam homogenization to the optical coupling system, the risk of the
fiber surface damage can be reduced as the high intensity peaks are avoided (58). Beam
homogenizer consists of two microlens arrays joined together back-to-back, resulting
in a 2D lens array effectively (Fig.2.4 (b)). After collimated laser beam exits the
microlens arrays the beam is split into wavelets, which are combined after exiting the
next converging lens and creating multiple small individual focal points (Fig.2.4). The
focused pulse energy is distributed over a 2D array of beam spots making a smooth
hexagonal top-hat profile (58). The advantage of this approach is that air breakdown
can be avoided as the entire laser energy is spread among multiple focuses instead of
one.

(a) (b)

Figure 2.4: (a) - A graphical representation of a coupling system concept(59), (b) - Indicated char-
acteristics of the system(58). f1-focal length of converging lens, f2-focal length of microlens array,
d-pitch of the lens array,s-size of the beam after exiting lenses

Concept presented in figure 2.4 was used to couple the laser beam into the optical
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fiber bundle of annular illumination probe. After exiting microlens array beam was
focused using plano-convex lens (f = 30) to reduce the beam diameter for coupling.
The laser beam profile was taken at the place the fiber bundle (distal end of the AIP)
was about to be positioned to confirm absence of hot-spots. Subsequently, after laser
was coupled into the fiber bundle and beam profile was taken at the proximal end of
the probe. Cross sectional intensity plots from the beam profiles were made to evaluate
the intensity distribution and measure beam dimensions.

After coupling was complete energy output at wavelengths ranging from 680 nm
to 980 nm was evaluated. The wavelength was tuned using OPO software GNUS-
canMaster and output energy was measured at the proximal end of the AIP using a
power-meter.

2.2.5 Beam characterisation

Beam shape characterisation

Light propagation profile from the AIP was evaluated in water and µ′
s= 0.1, 0.2, 0.4,

0.6, 0.8, 1 mm−1 20% Intralipid (Fresenius Kabi Nederland BV) solutions. The AIP was
positioned in a water tank close to the water surface for beam visualisation purpose.
The experimental medium was illuminated with 6 ns pulses with energy of 1 mJ at
wavelength of 680 nm. Pictures were taken with dual phone camera (Sony IMX 519
and Sony IMX 376K) from the top view of the probe in water and at each of the
Intralipid concentrations.

The light propagation profile was then evaluated from the pictures by means of
visible beam shape and its changes over increasing Intralipid concentration. Pictures
obtained were imported to Matlab environment for extraction of intensity profiles for
comparison between different Intralipid concentrations.

Beam size assessment

Beam size from the AIP in the air at different distances was estimated by positioning
graph paper in front of the probe and illuminating it. The paper was moved up to
distance of 30 mm from the probe in steps of 5 mm. Photographs of the graph paper
were taken with phone dual camera (Sony IMX 519 and Sony IMX 376K) at each step.

Mathematical model of light propagation from AIP was made to obtain equation
describing beam diameter changes over a distance. Such characteristics of the multi-
mode fibers and probe as dimensions and numerical aperture were used to develop
the model. The distance from the middle to middle of two opposite optical fibers was
estimated from beam profiles obtained with Spiricon beam profiler. Images acquired
were imported in Matlab to extract cross sectional intensity plots. The beam diameter
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at each distance was measured as FHWM of the intensity curve, as indicated in figure
3.6 (b).

(a) (b)

Figure 2.5: (a) - Graph paper illuminated with the AIP at 10 mm distance with indicated cross
sectional line, (b) - Cross sectional intensity plot with indicated FWHM for the beam diameter esti-
mation.

The peaks seen in figure 3.6 are originating from the lines of the graph paper. The
equations describing beam diameter change over a distance obtained by the mathe-
matical model and measurements from graph paper were compared to evaluate the
precision of mathematical model and our understanding of light propagation from this
probe.

Beam spread characterisation

The influence of different optical properties to PA signal intensity detectable over a
distance from the AIP was investigated. Single strand of horse tail-hair (further -
horsehair) with a diameter of 0.19 mm was attached to metal poles and positioned
inside a water tank parallel to the US transducer. Horsehair was chosen for this purpose
as it is absorbing, thin and can be stretched through the entire US transducers field-
of-view. The AIP was positioned on a motorized linear stage and placed in a water
tank perpendicularly to the horsehair (Fig. 2.6). It was made sure that the horsehair
is exactly at transducers focal point (20 mm) and the AIP is in the middle of the US
field of view.
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(a) (b)

Figure 2.6: Experimental setup (a) - A photograph of the setup, (b) - A schematics of the setup with
indication of expected fluence drop over a distance.

The horsehair was illuminated with energy of 1 mJ and wavelength of 680 nm. The
probe was pulled back from the horsehair up to distance of 40 mm in steps size 2 mm.
Photoacoustic images were obtained with system described previously at each step.
In this way PA signal intensity can be evaluated over a lateral distance (penetration
depth) and axial distance (PA signal along the horsehair). It is expected that fluence
will decay exponentially over distance.

Experiment was repeated in water and multiple 20% Intralipid solutions. Intralipid
was added rapidly to change the scattering properties of the medium. The value of
reduced scattering coefficient (µ′s) was changed from 0 up to 1 mm−1, this range include
typical µ′s values of biological tissue (44). When µ′s = 1 mm−1 was reached Indian ink
was added to investigate changes in the light propagation in presence of absorbing
particles. Ink concentration was increased in a way the absorption coefficient (µa) is
increased from 0 to 0.5 mm−1.

Intensities from a cross section in the middle of the horsehair were extracted from
the PA images at each distance from the probe. A matrix was created were each
row corresponds to a particular distance from the probe (lateral) and each column to
distance along horsehair (axial). Matrix elements correspond to the pixel intensity at
a particular point in space (x - axial, y - lateral). Contour plots of this matrix were
plotted. These plots contain isolines, where intensity values are plotted on the x − y

plane representing percentage of maximal intensity over an indicated region.

Indian ink characterisation

Indian ink (Talons) was characterized using Shimadzu UV-VIS spectrophotometer UV-
2600. Four diluted Indian ink samples were prepared - 0.1 µl/ml, 0.15 µl/ml, 0.2 µl/ml,
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0.3 µl/ml. All samples underwent absorbance measurements in a spectrophotometer
from 400 to 1200 nm.

Obtained absorbance values were used to estimate absorption coefficient at 680 nm.
The absorbance can be defined as:

A = log10

(
I0
I

)
, (2.3)

where A - absorbance, I0- intensity transmitted, I- intensity measured. Equation 2.3can
be rewritten as fallows:

A = log10 e
−µd, (2.4)

where µ - attenuation coefficient, d - thickness of the cuvette (10 mm). In water and
ink solution scattering coefficient is assumed to be zero, therefore, total attenuation co-
efficient is equal to absorption coefficient. Consequently, from equation 2.4 absorption
attenuation coefficient can be expressed as:

µa =
1

d
ln
(
10A

)
. (2.5)

The equation 2.5 was used to calculated µa at all measured concentrations of the
ink. This provided with a line equation that can be further used for calculations of ink
concentration needed to obtain µa of interest.

2.2.6 Determining point spread function

To determine lateral and axial resolution of this PA imaging system point spread func-
tion (PSF) was evaluated. 11 horse-hairs (average diameter of 190 µm with standard
deviation of 24 µm) were attached perpendicularly to the side walls of a water tank
and spread around the entire US transducers field-of-view (40 x 38 mm). In figure 2.7
schematic representation of the experimental setup is shown. 20% Intralipid solution
was added to the imaging volume to achieve tissue-mimicking reduced scattering coef-
ficient of 1 mm−1. The US transducer was positioned perpendicular to the horsehair’s
to obtain cross sectional images of them. A cross section of a horsehair mimics a point
sources. The AIP was positioned in-between horse-hairs in the imaging volume to il-
luminate the horse-hairs and obtain PA images. From the PA image envelope signal
lateral and axial cross sections from each horsehair were taken and the FWHM of the
curve was estimated.
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Figure 2.7: Schematic impression of the point spread function experimental setup.

2.2.7 Photoacoustic signal characterisation

A biopsy needle was positioned within the AIP and imaged with two illumination
methods - surface and annular. Comparison of two methods aids to understanding if
annular illumination method can provide with benefits for deeper tissue imaging. The
AIP together with the biopsy needle was placed in a 20% Intralipid solution with µ′s
= 1 mm−1. The AIP together with the biopsy needle were positioned in 3 different
depths in respect to the US transducer (10 mm, 20 mm and 38 mm), see fig.2.8. PA
images were obtained at each of the position with surface and annular illumination
method using imaging system described previously in this chapter.

Figure 2.8: A schematic representation of imaging biopsy needle at different depths.

The envelope signal intensity profile along the needle was extracted from obtained
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PA images using Matlab built in functions and compared in-between different depths
and illumination methods.

2.3 Results

2.3.1 Laser coupling into the optical fiber bundle

The laser light was coupled into the optical fiber bundle using micro-lens array and a
converging lens. Beam profile with (b) and without (b) applied homogenisation using
microlens array is shown in figure 2.9. In image 2.9 (a) beam profile is taken after exiting
converging lens few mm from focal point, while image (b) is taken after laser beam
exits microlens array and converging lens. It can be seen that after implementation of
beam homogenisation with microlens array no distinct hot-spots were present. Intensity
profiles extracted along the dashed lines indicated in the fig.2.9 (b) are plotted in the
images (c) and (d).

(a) (b)

(c) (d)

Figure 2.9: (a) - The beam profile after exiting converging lens with indicated locations of hot-
spots; (b) - The beam profile after exiting micro lens array and converging lens. Dashed lines indicate
cross sections where intensity profiles are extracted, (c) - intensity profile along horizontal axis, (d) -
intensity profile along vertical axis.
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From the beam profile the side of a hexagon top-hat profile was estimated to be 3
mm. The area of the hexagon beam was calculated using formula: A = 3

√
3

2
a2, where

a is the length of the side of the hexagon. The total beam area calculated is 0.23 cm2.
The region where the intensity is the highest and most uniform was used for coupling.

Beam profiles taken at the proximal end of the AIP are shown in figure 2.10. It
was noted that 4 of the 72 multi-mode fibers are not transmitting light (Fig. 2.10 (b)),
meaning 2 more fibers have acquired some damage during its coupling process. This
results in slightly asymmetrical illumination profile.

(a) (b)

Figure 2.10: Proximal end beam profiles. (a) - 3D representation of the beam profile, (b) - 2D beam
profile with indicated damaged fibers.

The outer diameter of the fiber bundle at the distal end is 2 mm (with surface area
of 0.127 cm2), but the effective area of 68 working multi-mode fibers is 0.0053 cm2. It
is only 2.3% of the total illumination area.

Equations 1 and 2 were used to calculate the damage threshold and to know the
maximal energy level fiber bundle can handle with this coupling method. The adjusted
energy level for laser wavelength of 680 nm and pulse duration of 6 ns was estimated
to be 0.615 GW/cm2. For the beam with area of 0.23 cm2 the maximum permissible
power is 0.141 GW. This equals maximal energy of 848 mJ (energy is equal to the pulse
duration multiplied by the power).

In figure 2.11 measured energy over the OPO operational at wavelength range from
680 - 950 nm can be seen. It has a peak energy at 700 nm. After that energy is reducing
with the increasing wavelength as the photon energy is inversely proportional to the
wavelength.
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Figure 2.11: Output energy relation with wavelength.

2.3.2 Beam characterisation

Beam size assessment

A mathematical model of light propagation from annular illumination probe was cre-
ated. A cross sectional plane was used to simplify the model in 2D, as depicted in figure
2.12 B. The schematic representation of this cross section of beam from the annular
illumination probe is sketched in figure 2.12 A.

Parameter Value/expression

Numerical aperture 0.22
ID 3.3 mm
R tanθ·L
D 2tanθ·L+3.3

Figure 2.12 & Table 2.1: A - A schematic representation of illumination with the annular illumi-
nation probe, B - A figure with indications of the cross section and table with parameters

The beam diameter (D) can be calculated at any distance (L). It can be expressed
as D = 4R + ID, where R is one halve of the beam spread along the plane of interest
from one of the fibers and can be calculated by using trigonometric rules and the
numerical aperture (NA = sinθ·n at the medium of interest R = tanθ·L. While
change in the contribution of the space in-between the two fibers at any distance
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from the probe can be expressed as: ID = 3.3 − 2R. By substituting R it becomes
ID = 3.3 − 2tanθ·L. Therefore, the diameter of the beam fallows the equation D =

2tanθ·L+3.3. Introducing the numerical aperture, in water it becomes D = 0.45L+3.3

and in air D = 0.33L+ 3.3.

While measuring the beam diameters it was noticed that light scatters within the
graph paper making the beam profile appears bigger than it is in the air. To compensate
for this the light spread was estimated by measuring beam diameter from the graph
paper positioned right in-front of the probe (where it should equal the actual diameter
of the probe) and compared with the diameter estimated with beam profiler (fig. 2.10
(b)). The diameter on the graph paper was 2.79 times larger than the actual one. All
measurements were corrected for this light scattering within the paper.

Figure 2.13 shows measured beam diameters from the graph paper over a distance.
The fitted line equation is D = 0.25L+ 3.3. Which is in relatively good accordance to
the mathematical model - D = 0.33L+ 3.3.

Figure 2.13: Beam diameter change in air over a distance.

Beam shape characterisation

Pictures of laser beam spread from the AIP in water and 20% Intralipid solutions with
µ′s=0.2 mm−1 and µ′s=1 mm−1 are presented in figure 2.14. It nicely depicts changes
in the light propagation profile due to increased scattering of the medium. Images D,
E, F in figure 2.14 shows a graphical representation of the light spread accordingly.
Clear decrease in forward scattering in the lateral direction can be noted together with
increased diffusion in the close proximity to the AIP.
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Figure 2.14: A - Beam visualisation in water and in 20% Intralipid solutions with B - µ′s=0.2mm−1,
C - µ′s= 1mm−1, D - graphical representation of light propagation in water, E - graphical representation
of light propagation in µ′s=0.2mm−1, F - graphical representation of light propagation in µ′s= 1mm−1

In figure 2.15 contour plots of intensity from the beam in 20% Intralipid solutions
with µ′s= 0.2 mm−1 (a) and µ′s= 1 mm−1 (c) are shown. The delineation step in these
graphs is 20%, meaning the bright yellow color at the tip of the probe corresponds to
80% of the maximal intensity within the image. The intensity in this case is relative due
to inability to extract exact intensity value from images obtained with phone camera,
yet it is sufficient for comparison in-between two scenarios with different µ′s values and
intensity profile evaluation. It can be seen that higher µ′s results in increased size of the
region with higher energy while at lower µ′s values light spreads more throughout the
entire volume. Additionally, from images (b) and (d) that are representing intensity
curve extracted from images (a) and (c) accordingly, more rapid exponential intensity
drop can be observed.
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(a) (b)

(c) (d)

Figure 2.15: Contour and intensity plots from beam pictures. Contour plot with indicated cross
section (a) for the intensity plot along beam (b) when µ′s=0.2mm−1, Contour plot with indicated cross
section (c) for the intensity plot along beam (D) µ′s=1mm−1

Beam spread characterisation

Contour plots representing photoacoustic signal intensities extracted along a horsehair
at different lateral and axial distances in water, µ′s= 0.2 mm−1 and µ′s= 1 mm−1 are
shown in figure 2.16. In water beam keeps diverging as it propagates creating two
separate beams from each side of the probe. As the reduced scattering coefficient is
increased light from both sides of the probe is diffused and overlaps. Moreover, its
spread along lateral direction reduces as the amount of scattering particles increases.

The penetration depth (lateral distance) of 50 % of the maximal PA signal intensity
in case of µ′s= 0.2 mm−1 is 22 mm, in contrast to 17 mm for µ′s=1mm−1. Likewise, the
maximal axial spread of 50 % of the maximal PA signal intensity is measured to be
10 mm at penetration depth of 15 mm for µ′s= 0.2 mm−1 and 13 mm at penetration
depth of 13 mm for µ′s=1mm−1.
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(a) (b)

(c)

Figure 2.16: Contour plots from the annular illumination probe in water (a), in medium with µ′s=
0.2 mm−1 (b) and µ′s=1mm−1 (c) with delineation step of 10%

Absorbance spectra of 4 diluted Indian ink samples is shown in figure 2.17 (a).
Calculated absorption coefficient values with use of equation 2.5 are plotted in fig.2.17
(b).

(a) (b)

Figure 2.17: Results from the spectrophotometer measurements. (a) - Indian ink absorbance mea-
surements for water and 4 diluted samples (0.1 µ/ml, 0.15 µ/ml, 0.2 µ/ml, 0.3 µ/ml, (b) - Absorption
coefficient relation to the ink concentration
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These values were used to create a line equation for calculations of the absorption
coefficient values, µa = 0.67x+ 0.011, where x is the concentration of Indian ink.

Contour plots obtained with annular illumination probe in medium with µ′s=1
mm−1, µa=0.01 mm−1 and µa=0.05 mm−1 are presented in figure 2.18. It can be
noted that added absorption decreases light spread in all directions.

The penetration depth of 50 % of the maximal PA signal intensity in case of µa=
0.01 mm−1 is 12 mm, in contrast to 10 mm for µa=0.05 mm−1. Likewise, the maximal
axial spread of 50 % of the maximal PA signal intensity is measured to be 15 mm at
penetration depth of 8 mm for µa= 0.01 mm−1 and 10 mm at penetration depth of 5
mm for µ′a=0.05mm−1.

(a) (b)

Figure 2.18: Contour plots from annular illumination in medium with µ′s=1 mm−1, µa=0.01 mm−1

(a) and µa=0.05 mm−1 (b)

2.3.3 Point spread function

The point spread function was determined to be 252 µm with a standard deviation
of 15 µm in lateral direction and 484 µm with standard deviation of 150 µm in the
axial direction. In figure 3.4 (a) cross sectional PA image of horsehairs is shown with
indicated position of the AIP and cross section line over which intensity curve was
plotted and FWHM value extracted. Images (c) and (d) in figure 3.4 are examples of
the estimated of lateral and axial PSF respectively. In figure 3.4 (b) 3D plot of the
imaged horsehairs is shown. It can be seen that the highest intensity is closer to the
probe and it reduces over a distance. The longer spread over the axial direction can
be also clearly noted in the figure.
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(a)

(b)

(c) (d)

Figure 2.19: Determining point spread function. (a) - PA image of horsehairs in medium with µ′s=1
mm−1, (b) - 3D plot of image (a), (c) - example of axial resolution measures, (d) - example of lateral
resolution measured.

2.3.4 Photoacoustic signal characterisation along a biopsy nee-
dle

PA images of a biopsy needle obtained with both illumination methods - annular and
surface are presented in figure 2.20. Schematic representation of the experiment can
be seen in figure 2.21.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.20: Photoacoustic images of a biopsy needle (in 20% Intralipid solution, µ′s= 1 mm−1)
obtained with (a) - surface illumination method (depth of 38 mm), (b) - annular illumination method
(depth of 38 mm), (c) - surface illumination method (depth of 20 mm), (d) - annular illumination
method (depth of 20 mm), (e) - surface illumination method (depth of 10 mm), (f) - annular illumi-
nation method (depth of 10 mm).

Intensity profiles along biopsy needle were extracted as indicated in figure 2.21 at
all depths from both illumination methods. The extracted profiles can be seen in figure
2.22. From this figure it can be noted that photoacoustic signal intensity is increasing
with depth when annular illumination is used. While signal intensity is decreasing in
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Figure 2.21: Schematic representation of the needle imaged at one depth with indicated cross section
for intensity extraction

depth for surface illumination.

Annular illumination method provides with high signal along first 5 mm of the
needle. The intensity is the highest right after the light exiting the AIP. In fig. 2.20
it can be seen that visualisation of the needle thanks to logarithmic compression and
normalisation is possible over a longer length than that in 20% Intralipid solution with
µ′s=1 mm−1. Surface illumination provides with more uniform illumination along the
needle, but the intensity is strongly reduced with increased imaging depth. From fig.
2.22 (b) peaks along the intensity profile can be seen. These peaks correspond to the
position of the optical fibers at the surface.

(a) (b)

Figure 2.22: Photoacoustic signal intensity profiles along a biopsy needle at different distances from
the US transducer (in 20% Intralipid solution, µ′s=1mm−1) obtained with (a) - annular illumination
method, (b) - surface illumination method.
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2.4 Discussion

The main aims of this chapter was to (i) describe annular illumination probes inte-
gration into the PA imaging setup, (ii) characterize the light propagation profile, (iii)
determine AIPs field-of-view and PA imaging systems PSF, (iv) characterize PA signal
along a needle and (v) compare it with surface illumination.

Light was coupled into the optical fiber bundle using beam homogenization with
microlens array and converging lens to reduce the beam diameter. Homogenization
was needed due to distinct hot-spots in the laser beam. The coupling efficiency is very
low 2,3%, it is due to coupling with larger laser beam size than the effective area of
the fibers with in the fiber bundle. OPO can output energies up to 100 mJ, while
the damage threshold estimated for fiber bundle at the distal end of AIP is 838 mJ,
therefore the huge energy loss is not considered to be a problem. Neutral density filters
were applied in a way output energy is 1 mJ. In future microlens array with smaller
pitch size could be used to reduce the beam size for coupling.

From a clinical standpoint, maximal permissible exposure (MPE) for 10 ns near-
infra red light to skin in 20 mJ/cm2, which is significantly lower than 188.68 mJ/cm2

of pulse energy of 1 mJ from annular illumination probe. As in this case the skin is not
illuminated directly and proposed application is oncology the 20 mJ/cm2 might not be
applicable in this case.

Estimation of the beam size from the graph paper was not possible directly as the
paper itself scatters light creating bigger illumination profile. The calculations were
corrected for the approximate increase ratio. After that equation describing beam size
growth over a distance in air from mathematical model (D = 0.33L + 3.3) and the
one estimated from graph paper (D = 0.29L+ 3.3) were in good correspondence. This
proves that mathematical model developed can describe the light propagation from the
annular illumination probe in air.

From pictures of light propagation in water and Intralipid solutions, with increas-
ing Intralipid concentration, changes in beam shape were noted. First of all, increasing
amount of Intralipid particles reduces the light penetration depth. Moreover, increased
µ′s value leads to decreased anisotropy and forward scattering. In fig.2.14 the approx-
imate light propagation in cases presented can be seen. It can be noted how change
from water to 20% Intralipid solutions with µ′s= 0.2 mm−1 slightly reduces the distance
light can spread laterally, but increases its propagation in axial direction. This differ-
ence is more prominent when reduced scattering coefficient is increased to 1 mm−1.
Intensity along the middle of the beam from pictures were extracted (fig. 2.15). It
shows increased fluence around the tip of the probe for the µ′s=1 mm−1, but faster
intensity drop compared to µ′s=0.2 mm−1. This contributes to knowledge about how
big region can be illuminated given particular reduced scattering coefficient.
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PA signal intensities extracted along a single horse tail-strand after its illumination
with annular illumination probe revealed insights into the size of imaging field-of-
view in medium with particular optical properties. S. Jaques et al. reporter reduced
scattering coefficient of liver (at 680 nm) ranging from 6.66 - 9.97 mm−1 (44). For µ′s=
1 mm−1 the penetration depth of 50 % of the maximal PA signal intensity estimated
to be 17 mm. The maximal axial spread of 50 % of the maximal PA signal intensity
is measured to be 13 mm at penetration depth of 13 mm for µ′s=1mm−1. This tells
that absorbing structures present that are within this region and have background with
similar scattering properties should be able to visualise with use of AIP. Translating
this to the application for RFA procedure and assuming RFA needle tines are not less
absorbing than horsehair, AIP should be able to visualize tines that are deployed in
total length up to 17 mm and width of up to 13 mm. RFA procedure is known to be
most effective for small tumors (up to 20 mm) (61). Therefore, this finding is promising
for small tumor ablation that require small tine deployment. Although, it has to be
noted that there is no absorption events taken into account, which is not realistic for
liver.

From light propagation in water profile it can be noted that one side of the illumi-
nation profile has lower intensity. Probe was examined under a microscope to see if
any fibers are damaged. Investigation revealed that 2 more fibers are damaged. This
makes a total of 4 damaged fibers. As most of them are located in one side it results
in asymmetrical illumination in non-scattering media (fig.2.9). Manufacturer implied
that fibers might be damaged due to imperfections in these fibers. The reason of these
imperfection is that fibers at the “joint” end of the catheter are without coating. The
coating was removed to have tight package (usual procedure for fiber bundles). Un-
coated fibers are very fragile, and usually such assemblies are terminated with standard
or special connectors. Since there is no connector on this side during the assembling
process a small crack could appeared. The two fibers damaged are located very close
to the wall of the ferrule, therefore a very likely cause of damage is that the uncoated
fibers that had cracks even before while being in contact with the ferrules wall were
bending, etc. and have become completely broken. For next prototype of the probe
fiber connector must be included in the assembly to avoid optical fiber damage.

The reduced scattering coefficient value strongly affects the field-of-view size for
AIP. Fig. 3.9 shows overlapped contour plots at 80 % of the maximal PA intensity
obtained from horsehair immersed in mediums with µ′s= 0.2 mm−1 and µ′s= 1 mm−1.
Change from µ′s= 0.2 mm−1 to µ′s= 1 mm−1 reduces field over which PA signal can
be obtained in lateral direction for 10 mm, but slightly increases spread in axial direc-
tion. These same trends can be noticed by comparing contour plots obtained in this
experiment to the intensity plots from pictures in the same Intralipid solutions.

Introducing absorbing particles significantly reduced the light spread inside the
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Figure 2.23: Overlapped 80% FWHM intensities from horsehair at µ′s= 0.2 mm−1 (pink) and µ′s=
1 mm−1 (light gray)

medium. When µ′a=0.01mm−1, similar to that of breast tissue (62) the penetra-
tion depth of 50 % of the maximal PA signal intensity is 12 mm. Its increase to
µa=0.05mm−1 results in reduction of penetration depth down to 10 mm. Likewise, the
maximal axial spread of 50 % of the maximal PA signal intensity is measured to be
15 mm at penetration depth of 8 mm for µa = 0.01 mm−1 and 10 mm at penetration
depth of 5 mm for µ′a=0.05mm−1. Increase in µa results in AIPs field-of-view reduction
in all directions. This finding could potentially limits annular illumination probes for
use for PA imaging in liver, as the µa of liver is approximately 0.1 mm−1 (24), which
is ten times higher than one in this experiment.

The point spread function was determined to be 252 µm with a standard deviation
of 15 µm in lateral direction and 484 µm with standard deviation of 150 µm in the
axial direction.

PA signal intensities extracted along a biopsy needle presented differences in annular
and surface illumination. Surface illumination offers more even signal along the needle
than annular illumination as the optical fibers are arranged though out entire US
transducers field of view. Images obtained at different depths revealed that signal
intensity from annular probe increases with depth as oppose surface illumination. It
can be explain that in case of surface illumination light has to travel through the
medium before reaching the needle where it gets absorbed, therefore the deeper the
needle is positioned the more light will diffuse and not reach the needle to contribute to
the photoacoustic signal formation. Whereas in case of annular illumination light has
to travel the same distance before getting absorbed independent from the depth. The
increase in signal intensity in depth with annular illumination probe could be explained
that closer to the surface some light might escape the medium, while deeper in the
medium via multiple scattering events it can still be returned back to the absorbing
target.
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As intensity plots were extracted from the envelope of beam formed data signal
along the needle is present only over 5 mm. By use of logarithmic reconstruction and
data normalization clear signal up to 20 mm from the annular illumination probes tip
can be seen.

2.5 Conclusion

This chapter presented annular illumination probes integration into imaging system
and described its characterisation process. The shape and intensity distribution over
the illumination profile from annular illumination probe in mediums with different scat-
tering properties was evaluated. In medium where µ′s= 1 mm−1 the penetration depth
of 50 % of the maximal PA signal intensity estimated to be 17 mm. The maximal
axial spread of 50 % of the maximal PA signal intensity is measured to be 13 mm
at penetration depth of 13 mm for µ′s=1mm−1. Unfortunately, this experiment also
showed that in absorbing media the light penetration is significantly reduced. When
µ′s= 1 mm−1 and µ′a=0.01mm−1 (similar to that of breast tissue (62)) the penetration
depth of 50 % of the maximal PA signal intensity is only 12 mm, arising concerns
about this concepts feasibility in liver tissue where the absorption is 10 times higher.
Investigation of photoacoustic signal change in depth showed that signal from annular
illumination method is not reduced with increasing imaging depth compared with sur-
face illumination method, making interstitial imaging approach promising for deeper
tissue imaging.
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Chapter 3

RFA Needle Visualisation With The
Annular Illumination Probe

3.1 Introduction

In this chapter experiment results conducted to evaluate the annular illumination probe
for visualisation of the RFA needle are described. First, author aims to gain un-
derstanding how such factors as amount of scattering particles, needle positioning in
respect to the US transducer, tine deployment and position in respect to the annu-
lar illumination probe affect RFA needle visualisation in tissue-mimicking Intralipid
solutions. Further, preliminary experiments were performed in ex-vivo chicken breast
and bovine liver samples. The images obtained with the annular illumination probe are
compared to the ones obtained with more commonly used surface illumination method.
The comparison evaluates benefits and limitation of this illumination method. The vis-
ibility of the needle and probe and its tines was compared by means of signal-to-noise
ratio and the number of identifiable tines. Additionally, a study to understand arti-
facts encountered during the RFA needle visualisation experiments is described in this
chapter.

3.2 Materials and methods

3.2.1 PA imaging setup

For PA imaging with annular and surface illumination methods the setup described in
the previous chapter was used.
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3.2.2 RFA needle visualisation study

This study was conducted to evaluate RFA needle visualisation with annular illumi-
nation probe. Visualisation was assessed in Intralipid solutions, ex-vivo chicken and
bovine liver samples. Fig.3.1 shows RFA needle accommodated within the annular il-
lumination probe and deployed. PA and PAUS images of this were acquired using both
illumination methods at wavelength of 680 nm. Illumination energy used for annular
probe was 1 mJ, while for surface illumination - 7 mJ.

Figure 3.1: RFA needle accommodated within annular illumination probe with indications of its
parts.

RFA needle visualisation in Intralipid

RFA needle together with the AIP was placed in a water tank parallel to the US
transducer. Needle was deployed up to 20 mm. PA and US images first were acquired
in water and then 20% Intralipid was added gradually to change the reduced scattering
coefficient from 0 to 1 mm−1, with step of 0.2 mm−1. When µ′s=1mm−1 was reached
probe was positioned in 20◦ angle in respect to the US transducer and again images
with both illumination methods were obtained.

Obtained images were analysed and compared by means of the number of identifi-
able tines and signal-to-noise ratio (SNR) from the probe together with the RFA needle
and tines separately. For displaying the images reconstruction methods as mentioned
in previous chapter were used. SNR calculations were done using the signal envelope
of 20 averaged frames. A region of interest (ROI) within the PA image was selected
around the probe and needle, its tines and the background for all the images. Figure3.2
shows how ROI were selected in case when needle was positioned parallel to the US
transducer and when in angle. The SNR was calculated as fallows (63):

SNR =
µ

σ
, (3.1)

where µ is the mean signal from the ROI (around the needle or tines) and σ is standard
deviation of the background noise.
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(a) (b)

Figure 3.2: Schematic of experimental setup with indicated regions of interest used for signal-to-noise
ration estimation. (a) - in 0 deg. angle, (b) - in 20 deg. angle

PA images obtained with annular and surface illumination were also combined by
summing the signal to have an impression of visualisation of the RFA needle when
both illumination methods are used together. SNR of these images was calculated the
same way as described previously.

To investigate how tine deployment affects their visualisation RFA needle were
imaged at different tine deployments. RFA needle together with the AIP was placed in a
tank in 20% Intralipid solution with µ′s=1 mm−1 parallel to the US transducer. PA and
PAUS images with annular illumination probe were obtained at different RFA needle
deployments - 15,20,25,30 mm. The tine visibility was compared between deployments.

In the same medium RFA needle visualisation at different distances from the probe
was done. The needle was deployed up to 20 mm and then PA and PAUS images were
obtained as the distance between the annular illumination probe and tines was changed
(2, 7, 10, 15 mm).

RFA needle visualisation in ex-vivo chicken breast sample

Two layers of chicken breast were positioned within a tank and covered with 12.5
µm thick polyvinyl chloride plastic cling wrap. The RFA needle together with the
annular illumination probe was advanced into the tissue and positioned parallel to the
US transducer and later in 20◦ angle. PA and PAUS images were obtained at both
positions. Images were reconstructed and analysed in the same manner as described
above.

RFA needle visualisation in ex-vivo bovine liver sample

A piece cut of a bovine liver was position in a tank. It was covered with about 10 mm
thick layer of chicken breast to mimic a layer of skin. Images were acquired as the RFA
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needle together with the AIP was inserted into the tissue parallel to the transducer.

3.2.3 Artifact understanding

Multiple artifacts were noted when performing RFA needle visualisation experiments
with both - surface and annular illumination methods. Fig. 3.3 shows an example
of artifacts when biopsy needle is positioned parallel to the US transducer in 20%
Intralipid media with µs′=1 mm−1.

(a) (b)

Figure 3.3: Image of a biopsy needle with indications of the artifacts. (a) - PA image, (b) - US
image. 1 - reconstruction artifact, 2, 3 - multiple reflection artifact, 4 - surface reflection artifacts, 5
- reverberation artifacts

This study aims to explain the origin of artifacts nr. 2 and 3, which seem to be
multiple reflection artifacts commonly seen in ultrasound imaging and are also present
in the US image (Fig. 3.3 (b)). For this to hold true in PA setting there have to be an
ultrasound wave coming from the surface at the time of PA signal receiving. If that is
the case the position of the artifact should be 2 times the distance of the real object
from the transducer as the sound wave has traveled two times longer distance resulting
in two times later arrival time. PA signal at the surface of the US transducer can
be noted in multiple images of previous studies suggesting that light might be getting
absorbed by the US transducers matching layer and results in release of US signal via
photoacoustics effect. K-wave simulations were performed to confirm this theory. Then
an experiment was performed to confirm findings from the simulations.

K-wave simulations

Matlab k-wave simulation were performed to understand the origin of this artifact. The
k-wave simulation requires four input structures: computational grid, the properties
of the medium, the properties and location of the acoustics source, and the properties
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and locations of the sensors for detection of the pressure (64). In this simulation, the
domain is divided into 211 by 300 grid points with a grid point spacing of 0.1 mm. The
US source is set to be originating from the surface of the transducer (nr.1 in fig. 3.4 (a))
and a needle placed in the medium parallel and in an angle to the US transducer. The
initial pressure is representing the US waves created by PA effect. The speed of sound
is set to be homogeneous through out the medium (1500 m/s) except along the needle.
For the needle the speed of sound is increased to 4430 m/s, typical for metals. The
density of the surrounding medium is set to mimic the one of soft tissue (1040 kg/m3),
while for the needle it is set to be 7010 kg/m3. The sensor is set to be a linear array
with 300 sensor points. The four input structures are passed to 2D k-wave simulation
function to solve the coupled first-order system of momentum, mass conservation and
pressure-density relation to return the acoustic pressure recorded at each sensor point
for each time step, initial pressure, Fourier domain and time reversal reconstruction
(64).

(a) (b)

Figure 3.4: Initial pressure distribution in k-wave simulation. (a) - needle parallel to the US trans-
ducer, (b) - needle in an angle in respect to the US transducer.

Artifact understanding study

A biopsy needle was placed in 20% Intralipid solution with µ′s=1 mm−1 in same way it
is shown in fig. 3.4 (b). First, PA and PAUS images were obtained with PA imaging
system described previously using surface illumination method. Then white tape was
attached to the surface of the US transducer to reflect the light and images were
obtained the same way.
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3.3 Results

3.3.1 RFA needle visualisation study

RFA needle visualisation in Intralipid

In figure 3.5 images of deployed RFA needle in Intralipid media with µ′s=1mm−1 can be
seen. Surface illumination provides with higher signal along the black Pebax tubing of
the annular needle probe, but it lacks signal from the RFA needles bevel, which is clearly
seen when annular illumination is used.At all Intralipid concentrations 4 tines were
easily identifiable with both illumination methods. The change in reduced scattering
coefficient influenced the signal intensity for both illumination methods differently.

(a) (b) (c)

(d) (e) (f)

Figure 3.5: Images of RFA needle placed in 20% Intralipid solution (µ′s=1 mm−1). (a) - A schemat-
ics of the experimental setup, (b) - PA images obtained with the annular illumination, (c) - PA image
obtained with the surface illumination, (d) - US image, (e) - PAUS image obtained with the annular
illumination, (f) - PAUS image obtained with surface illumination.

Fig. 3.6 shows SNR calculated from the images at each value of reduced scatter-
ing coefficient. SNR value along the probe and needle is the highest with annular
illumination method in highly scattering media. Signal from the needle with surface
illumination is decreasing as the medium becomes more scattering. The same pattern
can be noticed with SNR from tines.

The combined annular and surface illumination images are presented in figure 3.7
for µ′s=1mm−1. Combined image provides with more signal from both the needle and
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Figure 3.6: Signal-to-noise ratio of PA images obtained with surface and annular illumination meth-
ods dependence on reduced scattering coefficient

its tines, this is also reflected in SNR ratio, which is 30 and 16 respectively (fig. 3.6).

(a) (b)

Figure 3.7: Combined surface and annular illumination images of RFA needle placed in 20% In-
tralipid solution (µ′s=1 mm−1). (a) - PA image, (b) - PAUS image.

In figure 3.8 images of deployed RFA needle placed in 20◦ angle in medium with
µ′s=1 mm−1 are showed. The number of identifiable tines for both illumination meth-
ods in an angle decreased to 3 compared to needle being positioned parallel to the
transducer. The SNR along the needle for surface and annular illumination is 8.04 and
9.92, accordingly. That is two times lower compared to needle being positioned parallel
to the US transducer. The SNR from tines for surface and annular illumination is 5.54
and 10.42, accordingly. Which is about two times lower for surface illumination, but
approximately the same for annular illumination compared to parallel position.
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(a) (b) (c)

(d) (e) (f)

Figure 3.8: Images of RFA needle placed at 20◦ angle in 20% Intralipid solution (µ′s=1 mm−1). (a)
- A schematics of the experiment, (b) - PA image obtained with the annular illumination, (c) - PA
image obtained with the surface illumination, (d) - US image, (e) - PAUS image obtained with the
annular illumination, (f) - PAUS image obtained with the surface illumination.

Also for needle visualisation of the needle in an angle combined imaging was investi-
gated. Figure 3.9 illustrates off-line combined images from both illumination methods.
The combined images of needle positioned in 20◦ angle offer increased SNR compared
to each illumination methods separately. It was estimated to be 14.07 from the needle
and 12.48 from the tines.

(a) (b)

Figure 3.9: Combined surface and annular illumination images of RFA needle placed at 20 ◦ angle
in 20% Intralipid solution (µ′s=1 mm−1). (a) - PA image, (b) - PAUS image.
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PAUS pictures obtained with annular illumination method of RFA needle at differ-
ent tine deployments are presented in figure 3.10. Notably, at deployment of 15 mm the
visualisation of separate tines is very limited (fig. 3.10 (a)). The optimal deployment
for visualisation of tine tips seems to be 20 mm. Whereas at larger deployments (25, 30
mm) signal intensity along the tines reduces and visualisation of tine tips is no longer
possible (fig. 3.10 (c,d)).

(a) (b)

(c) (d)

Figure 3.10: PAUS images of RFA needle obtained with the annular illumination method at different
deployment of tines, (a) - tines deployed 15 mm, (b) - tines deployed 20 mm, (c) - tines deployed 25
mm, (d) - tines deployed 30 mm.

In figure 3.11 PAUS images of deployed RFA needle at different distance from the
annular illumination probe are shown. Increased distance between the tines and probe
results in decreased signal from the tines as the light intensity decays exponentially
after exiting the annular illumination probe. Distance of 2 - 5 mm offers the most
optimal visualisation of the needle tines.
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(a) (b)

(c) (d)

Figure 3.11: PAUS images of deployed RFA needle (20 mm) obtained with the annular illumination
method at different distances from the probe, (a) - tines 2 mm from the probe, (b) - tines 7 mm from
the probe, (c) - tines 10 mm from the probe, (d) - tines 15 mm from the probe.

RFA needle visualisation in ex-vivo chicken breast sample

Images of deployed RFA needle parallel to the US transducer within chicken breast
tissue are presented in figure 3.12. With both illumination methods visualisation of 3
tines in one imaging plane was possible. The SNR along the needle from surface and
annular illumination images was estimated to be 13.74 and 34.01 accordingly, while
from the tines it is 10 and 20.18.

Off-line combined images of both illumination methods can be seen in figure 3.13.
Overlay of both illumination methods results in increased SNR ratio 31.42 for the
needle and 20.94 for the tines compared to both methods separately.
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(a) (b) (c)

(d) (e) (f)

Figure 3.12: Images of RFA needle within ex-vivo chicken breast sample. (a) - Schematics of the
experiment, (b) - PA images obtained with annular illumination, (c) - PA image obtained with surface
illumination, (d) - US image, (e) - PAUS image obtained with annular illumination, (f) - PAUS image
obtained with surface illumination.

(a) (b)

Figure 3.13: Combined surface and annular illumination images of RFA needle within ex-vivo
chicken breast sample. (a) - PA image, (b) - PAUS image

Images of RFA needle deployed in an angle in chicken breast tissue are presented
in figure 3.14. With both illumination methods visualisation of 3 tines in one imaging
plane was possible. The SNR along the needle was estimated to be 3.21 and 7.28 for
surface and annular illumination, accordingly. While from the tines it is 5.3 and 10.87.
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(a) (b) (c)

(d) (e) (f)

Figure 3.14: Images of RFA needle within ex-vivo chicken breast sample at 20◦ angle. (a) - Schemat-
ics of the experiment, (b) - PA image obtained with the annular illumination, (c) - PA image obtained
with the surface illumination, (d) - US image , (e) - PAUS image obtained with the annular illumi-
nation, (f) - PAUS image obtained with the surface illumination.

Off-line combined images from RFA needle positioned in 20◦ angle obtained with
both illumination methods can be seen in figure 3.15. The combination of both illu-
mination approaches resulted in SNR of 8.86 and 12.47 from the needle and the tines
accordingly.

(a) (b)

Figure 3.15: Combined surface and annular illumination images of RFA needle within ex-vivo
chicken breast sample at 20 ◦ angle. (a) - PA image, (b) - PAUS image.

56



RFA Needle Visualisation with The Annular Illumination Probe Chapter 3

RFA needle visualisation in ex-vivo bovine liver sample

In figure 3.16 images of RFA needle deployed in ex-vivo bovine liver tissue are shown.
PA signal in liver from the AIP was created only up to 5 mm from the tip of the annular
illumination probe limiting full visualisation of the tines.

(a) (b)

(c) (d)

Figure 3.16: Images of RFA needle within ex-vivo bovine liver sample obtained with annular illumi-
nation. (a) - Schematics of the experiment, (b) - PA image, (c) - US image, (d) - PAUS image.

3.3.2 K-wave simulations

The simulation results of simplified needle model (without a hollow center) are depicted
in figure 3.17. Fig. 3.17 (a) shows the reconstructed image when initial pressure is
originating from the surface of the transducer and the needle. The artifact is present
in this case. In Fig. 3.17 (b) initial pressure is only from the needle. In this case
artifact is not present indicating that indeed the pressure wave from the surface of
the transducer is creating the artifact. In (c) image of figure 3.17 pressure wave from
the transducers surface originated only from small fragment. It can be seen that this
fragment maps an artifact below the needle confirming the origin of the artifact.
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(a) (b) (c)

Figure 3.17: Fourier domain reconstruction in k-wave of needle. (a) - Initial pressure was originating
from the needle and from the surface of the US transducer, (b) - initial pressure was originating only
from the needle, (c) - initial pressure was originating from the needle and small region at the surface
of the US transducer.

Simulation images from the initial pressures depicted in figure 3.4 are illustrated in
figure 3.18. The simulation results show the multiple reflection artifact together with
reverberations from US wave multiple reflections with in the needle.

(a) (b)

Figure 3.18: Fourier domain reconstruction in k-wave of a needle. (a) - Needle parallel to the US
transducer, (b) - Needle in an angle to the US transducer.

3.3.3 Artifact understanding study

Images showing the multiple reflection artifact, PA image with no artifact present and
corresponding US images are presented in figure 3.19. Introduction of white tape on the
surface of the US transducer prevented the light used for illumination being absorbed
at the surface of the transducer, therefore enabling to eliminate the multiple reflection
artifact originating from US wave created at the surface of the US transducer. This
artifact can still be seen in US image (Fig.3.19 (f)) as the US wave from the transducer
is also getting reflected multiple times from the needle.
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(a) (b) (c)

(d) (e) (f)

Figure 3.19: Images obtained with surface illumination method of needle placed in 20% Intralipid
solution (µ′s=1mm−1). (a) - PA image, (b) - PAUS image, (c) - US image, (d) - PA image with white
tape on the surface of the US transducer, (e) - PAUS image with white tape on the surface of the US
transducer, (f) - US image with white tape on the surface of the US transducer.

3.3.4 Discussion

The goal of this chapter was to investigate how well annular needle probe can be
used for visualisation of RFA needle and compare it to surface illumination approach.
The results showed that indeed, as presented in previous work by Su et al., needle
is a good source of PA signal (15). The signal strength obtainable from the needle is
affected by several factors, such as optical properties of the medium needle is located, its
position in respect to the transducer and illumination characteristics (method, fluence,
wavelenght).

First the dependence of the scattering of the medium was related to the visualisation
of RFA needle, when it is placed parallel to the transducer. With both illumination
methods independent form the reduced scattering coefficient of the medium 4 tines were
easily identifiable in one plane. It has to be noted that number of visible tines is strongly
dependent on the imaging plane selected. By scanning over the region where needle is
placed all tines can be identified. Change in the scattering of the medium affects the
signal intensity from the RFA needle for both illumination methods differently. SNR
calculations revealed that visualisation of the probe with the needle and tines is better
in highly scattering medium with annular illumination probe. While the difference in
SNR over the tines is small, the differences of SNR along the needle is significantly
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higher for the annular illumination probe. Most likely arising from the high fluence
at the tip of the probe. The supposition drawn from this being that the increased
distance light has to travel from the surface illumination fibers results in signal loss
compared to the annular illumination method. This implies that light delivery directly
to the target results in lower impact of light diffusion and can offer better visualisation
capabilities.

Needle being parallel to the transducer is not too relevant for clinical applications,
as insertion are mostly done in an angle in respect to the US transducer. Therefore,
needle visualisation was investigated when RFA needle was positioned in the field-of-
view in 20◦ angle in respect to the US transducer. In this case the number of identifiable
tines reduced to 3. The SNR along the needle for surface and annular illumination was
two times lower compared to needle being positioned parallel to the US transducer.
The SNR from tines for surface and annular illumination was two times lower for
surface illumination, but approximately the same for annular illumination compared
to parallel position. The reduction in signal results from the fact that US wave created
via photoacoustics effect propagates evenly in all directions, therefore the amount of
signal that reaches US transducer is highly dependent on the position of the object
to the transducer. Thus way less signal is received when RFA needle was positioned
in an angle. The differences in the SNR from tines possibly arise from differences
in light delivery methods, as the amount of light delivered to the target in case of
annular illumination method is not dependent on needle position in respect to the
transducer. Bigger variety of angles has to investigated to see if additional contrast
from PA imaging with AIP can enhance interventional needle visualisation when it is
positioned in an angle. Use of bigger US arrays or 3D imaging can potentially collect
more of the emitted PA signal and provide with better visualisation of structure of
interest.

Additionally, it was estimated that optimal tine deployment for imaging is 20 mm
in scattering media with µ′s= 1 mm−1. Smaller tine deployments resulted in indistin-
guishable signal in-between individual tines due to high fluence at the tip of the probe.
On the other hand, large deployments disabled visualisation of tine tips. The PA signal
along the tines could be seen up to a distance of 17 mm from the annular illumination
probes tip. Moreover, with increasing tine deployment the signal intensity form the
tines reduces, most likely because at smaller deployments the tines are still relatively
straight and parallel to the US transducer while at larger deployment they start to
curve. The curvature is wider as the pitch of US transducer limiting its visualisation
in a single plane.

Similarly, investigations of optimal distance from the annular illumination probes
tip to the beginning of tines in scattering media with µ′s= 1 mm−1 revealed that close
distance ( 2 mm) presents difficulties to visualise separate tines, while increased distance
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(>7 mm) reduced the signal intensity from tines. The optimal distance estimated is 5
mm.

PA image when overlaid with US image provide with more distinct signal from the
tines as the tines create comet tail artifacts within the US image making it difficult
to distinguish individual tines. Intralipid has no acoustic contrast making the needle
easily identifiable within US image. To investigate additional contract benefits of PA
the same experiments were repeated in ex-vivo chicken breast sample.

Chicken breast tissue is non-absorbing and has a reduced scattering coefficient of
0.2 mm−1 at wavelength of 680 nm (65). Even thou optical properties of chicken tissue
are the same as previously in Intralipid experiment only 3 tines were identifiable in one
plane, both parallel and in an angle to the US transducer. Increased density compared
to Intralipid phantoms limit needle advancement inside chicken breast tissue to find
the best plane for visualisation. Also, in dense medium tines bend more increasing the
distance in-between them. Compared to the Intralipid experiment at µ′s=0.2 mm−1

SNR values obtained from images of chicken breast are significantly higher when an-
nular illumination is used, but comparable for surface illumination. This might be
related to the presence of artifacts in annular illumination method, as they are very
close to the signal of interest the signal from them might have been included in the
SNR calculations. In an angle less artifacts are present or they are further away from
the needle allowing not to include them in SNR calculations. Also in chicken breast
imaging in an angle significantly reduced SNR values.

Both illumination methods create PA signal along different location of the RFA
needle. Overlaid images from both illumination methods in all the experiments showed
increased signal to noise ratio compared to each method separately. The combined
imaging in real-time setting has to be further explored. It might be beneficial for
semi-superficial structure imaging.

Table summarizing all RFA needle visualisation experiments by means of SNR and
the number of identifiable tines is presented in table 3.1.

Images of RFA needle within ex-vivo bovine liver sample show very limited light
penetration depth, only 5 mm from the tip of the annular needle probe. Previous
experiment already showed that light spread from this probe is very limited in absorbing
medium. Liver being very absorbing limits full RFA needle visualisation. Moreover,
it is expected that perfused liver tissue will exhibit stronger absorption than non-
perfused ex-vivo tissue used in these experiments. Additionally, the trauma caused by
the insertion of the annular illumination probe and the needle may cause an additional
amount of blood absorption due to pooling of blood around the probe tip (48). Specific
illumination wavelength or multiple wavelength selection has to be investigated to
reduce the effect of high absorption and increase light penetration depth. Also, the
visualisation of tines might be increased with use of highly absorbing coatings.
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Table 3.1: Table summarizing all RFA needle visualisation experiments by means of SNR and the
number of identifiable tines

Imaging
method

Imaging
media

SNR
from nee-
dle/tines
(annular)

SNR
from nee-
dle/tines
(surface)

SNR
from nee-
dle/tines
(combined)

Number of
tines identi-
fiable

Intralipid
0◦

µ′s= 1
mm−1, µ′a=
0 mm−1

24.85/11.5 12.3/9.53 30/15.73 4

Intralipid
0◦

µ′s= 0.2
mm−1, µ′a=
0 mm−1

21/13.5 17/10.2 -/- 4

Intralipid
20◦

µs′= 1
mm−1, µ′a=
0 mm−1

9.92/10.42 8/5.42 14/12.48 3

Chicken
breast 0◦

µ′s= 0.2
mm−1, µ′a=
0 mm−1

34.01/20.185 13.74/10 31.42/20.94 3

Chicken
breast 20◦

µ′s= 0.2
mm−1, µ′a=
0 mm−1

7.28/10.87 3.21/5.3 8.86/12.47 3

In fig.3.3 multiple present artifacts were shown. Artifact nr.1 is believed to be orig-
inating from the reconstruction and post-processing algorithm used by the ultrasound
system. The needle can be differentiated from the artifact based on the higher signal
intensity in comparison to the artifact. Sivasubramanian et al. have also seen this ar-
tifact and have shown that it is not present when homemade reconstruction algorithm
was used with the raw radio frequency (RF) channel data to form the PA images (35).
More investigation on this artifact will continue to incorporate other reconstruction
methods for use in real time. Artifact nr. 4 seems to be a surface reflection arti-
fact from the surface illumination fibers. Experiments were conducted to investigate
artifacts nr. 2 and 3. In a set of simulation it was confirmed that the artifacts nr.
2 and 3 are originating from light being absorbed at the transducers matching layer
and emitting US wave via photoacoustic effect. This wave is further propagates in to
the imaging field of view and is being reflected from the needle, directs back to the
transducer. The travel time of this wave is 2 times longer therefore it is mapped in
twice as long distance from the US transducer. When needle is in an angle it can
be noted that this wave can also be reflected from the surface of the transducer and
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be redirected back to imaging medium again. This process can repeat multiple times
creating multiple artifacts. The artifact 3 originates from the second wall of the needle.
It was showed that this artifact can be eliminated by adding a light reflecting layer at
the surface of the transducer. In this way light can not be absorbed and create US
wave.

3.4 Conclusions

This chapter presented RFA needle visualisation in different conditions with annular
needle probe and it was compared to surface illumination method. Images obtained
showed that PA imaging gives a nice complementary contrast to US imaging making
the RFA needle tines more distinguishable in tissue mimicking phantoms and ex-vivo
chicken breast tissue. In all cases SNR ratio from annular illumination was higher
compared to the surface illumination proving validity of this illumination concept.
Although this imaging method is not artifact free and some of the artifact might be
accounted as signals leading to increased SNR value.

Preliminary experiments of tine visualisation in ex-vivo bovine liver with annular
illumination probe showed very limited tine visibility. Full length of tines can not be
visualized at this point.

Artifact noted in this study is found to be originating from illumination light getting
absorbed by the matching layer of the US transducer. It can be eliminated by adding
a light reflecting material on the surface of the US transducer.
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Chapter 4

Needle Guidance With The Annular
Illumination Probe

4.1 Introduction

This chapter is aimed to investigate annular illumination probes use for needle guidance
to a target while avoiding puncturing such critical structures as blood vessels. For
this physician has to be able to visualize the needle tip in respect to the surrounding
structures at all times.

First experiment was conducted to determine how sensitive the probe is to changes
in absorption coefficient. Then preliminary needle guidance experiments with mimicked
blood vessel and absorbing target were performed in ex-vivo chicken breast sample.
After some expertise into manipulating the US transducer simultaneously with the
needle was obtained from chicken breast tissue further experiments were performed in
ex-vivo bovine liver.

4.2 Materials and methods

4.2.1 Detectability

Nylon tube with inner diameter of 0.25 mm was positioned in a tank in 20% intralipid
solution with µ′s= 1 mm−1 parallel to the US transducer. Tube positioned parallel to
the US transducer and filled with water and 3 different diluted India ink samples with
µ′a= 0.2 mm−1, µ′a= 0.6 mm−1 and µ′a= 1 mm−1. RF data of the tube were obtained
at each of the concentrations when tube was illuminated both - perpendicularly and in
an angle. Fig. 4.1 shows two illumination approaches used.
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(a) (b)

Figure 4.1: A schematic representation of illumination approaches. (a) - the AIP perpendicular to
the tube, (b) - the AIP in an angle to the tube.

RF frames were averaged over 20 and PA images were reconstructed in Matlab
using custom-written script. Perpendicular cross section of the tube was taken from
the reconstructed PA image to observe intensity changes over the changing absorption
coefficient inside the tube. Intensity peak values from the tubes wall were compared
between images.

4.2.2 Needle guidance study

All images in this chapter were obtained using imaging system and displayed using
image reconstruction described in chapter 1. Within tissue ex-vivo tissue, the annular
illumination probes tip was positioned a few millimeters out of the plane to mitigate
imaging artifacts from the metallic part of the annular illumination probe and needle
itself.

In ex-vivo chicken breast sample

An absorbing target was made by immersing piece of chicken breast tissue in India ink
and drying it. This mimicked target was placed in-between to layers of chicken breast
within a tank. For guidance experiment a Nylon tube with inner diameter of 1 mm
was pulled though the tissue to mimic a blood vessel. The tube was filled with India
ink for contrast. Annular illumination probe together with undeployed RFA needle
positioned within it and guided to the target. PAUS images with PA setup described
previously were obtained as the needle was advanced.

To evaluate the feasibility of deep tissue imaging images of an absorbing target were
taken with two different illumination methods - surface and annular.
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In ex-vivo bovine liver sample

Pieces of a whole bovine liver were cut and positioned in a tank. Nylon tube with inner
diameter of 1 mm was pulled trough the sample and filled with India ink. Additional
layer of liver tissue was added on top later to increase the imaging depth. PA and US
images were acquired as needle together with annular illumination probe were advanced
to the tube.

Additionally to that RFA needle tip visualisation at different depths were per-
formed.

4.3 Results

4.3.1 Detectability

Figure 4.2 shows images obtained of nylon tube with annular illumination probe po-
sitioned at 2 different locations in respect to the US transducer and tube. Intensity
values from cross section (indicated in fig. 4.2 (a)) are plotted in figure 4.3.

(a) (b)

Figure 4.2: PA images of Nylon tube placed in 20% intralipid solution with µ′s=1 mm−1, (a) -
perpendicularly to the probe, (b) - in an angle in respect to the tube.

From intensity plots it can be noted that when tube is filled with µ′a= 1 mm−1

and µ′a= 0.6 mm−1 clear intensity peaks from the walls of the tube are present. Water
and solution with µ′a= 0.2 mm−1 does not provide with distinct signal, intensity values
obtained equal average noise amplitude trough out the images. Slight mismatch in
intensity peaks can be noted, that is probably due to tubes movement while changing
its filling. Illumination in an angle results in lower PA signal intensity from the tube
compared to direct illumination.
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(a) (b)

Figure 4.3: Cross sectional intensity plots of the tube. (a) - perpendicularly to the probe, (b) - in an
angle in respect to the tube.

The relation between the absorption coefficient and measured PA signal intensity
was investigated. The results are plotted in fig. 4.4. Absorption coefficient seems
to have a linear dependence on PA signal intensity obtained, but it is also strongly
dependent on illumination probes distance to the absorbing object.

Figure 4.4: Absorption’s coefficients relation with PA signals intensity measured.

4.3.2 Needle guidance study

In ex-vivo chicken breast sample

Figure 4.5 shows results from needle, blood vessel and tumor visualisation experiment in
chicken breast tissue. Boundaries of absorbing target near to the annular illumination
probe, both walls of tube and probe with a needle tip can be visualised.

68



Needle Guidance With The Annular Illumination Probe Chapter 4

(a) (b)

(c) (d)

Figure 4.5: Images of an absorbing target in presence of mimicked blood vessel obtained with the
AIP. (a) - a schematics representation of the experimental setup, (b) - PA image, (c) - US image, (d)
- PAUS image.

A guidance experiment was performed after ability to visualize structures of in-
terest with annular illumination probe was confirmed. Results from guiding the probe
together with the needle to the absorbing target are shown in figure 4.7. Images at three
different position while guiding the needle towards the absorbing target are presented.
Schematic representation of the experimental set up is presented in figure 4.6.

While guiding the needle throughout the imaging volume part of the tube, upper
boundary of absorbing target and probes tip was visualized at all times in the PA im-
ages. US images provides with clear visualisation of the nylon tube, but poor visibility
of the target and probe compared to the PA images. Moreover, the visibility of needle
tip in the US image was often lost due to slight misalignment of the needle and US
image plane. In figure 4.7 (i) probe can not be seen within the US image, while it is
clearly visualized in corresponding (g) and (h) images.
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Figure 4.6: A schematic impression of the needle guidance experimental set up

PA image PAUS image US image

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.7: Images of the needle being guided to an absorbing target in presence of a mimicked blood
vessel with indicated probe tip locations.
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To investigate how well RFA tines can be visualised within the target RFA needle
was guided to the target, deployed up to 15 mm and imaged. Results are presented
in figure 4.8. Artifacts become very dominant in presence of absorbing structures, this
complicates the visualisation of the individual tines and the boundary of absorbing
target simultaneously. Two tines in PA image can be distinguished from the artifact
by higher intensity.

(a) (b)

(c) (d)

Figure 4.8: Images of a RFA needle deployed within absorbing target. (a) - A schematics represen-
tation of the experimental setup, (b) - PA image, (c) - US image, (d) - PAUS image.

Figure 5.5 shows the results from experiment aimed to investigate annular illumi-
nation probes use for deep tissue imaging and comparison with surface illumination
method.
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US/Schematics PA image PAUS

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 4.9: Images of an absorbing target within ex-vivo chicken breast tissue. (a) - Schematics of the
experimental setup, (b) - PA image obtained with the annular illumination, (c) - PAUS image obtained
with the annular illumination, (d) - US image, (e) - PA image obtained with the surface illumination,
(f) - PAUS image obtained with the surface illumination, (g) - Schematics of the experimental setup,
(h) - PA images obtained with the annular illumination, (i) - PAUS image obtained with the annular
illumination, (j) - US image, (k) - PA image obtained with the surface illumination, (l) - PAUS image
obtained with the surface illumination.
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When absorbing target is at depth of 15 mm from the US transducer it can be easily
visualized with both illumination methods - annular and surface. Due to larger illumi-
nation area surface method enables visualisation of entire absorbing upper boundary,
while annular method provides with a high signal right at its tip which gradually de-
creases before reaching the distal parts of the object, yet it enables visualisation of
lower boundary close to the AIP. Additionally, by advancing the probe impression of
the whole structure is achievable.

Increased depth of absorbing target - 33 mm does not influence the visualisation
capabilities of the absorbing target with use of AIP, in contrast to surface illumination
where only signal from the probe is remains visible.

It is important to add that the additional contrast provided by PA improves the
visualisation of the target and the needle within the image compared to US images
alone.

In ex-vivo bovine liver sample

Figure 4.10 shows results from visualisation of blood vessels inside ex-vivo bovine liver
sample at depths of 8 mm and 33 mm. In both cases when annular needle probe is in
close proximity to the tube signal along it spreads over a length of 5 - 7 mm. Needle
tip can be easily identifiable in both images. The depth of the vessel within imaging
field seem not to influence the obtainable PA signal intensity.

After acknowledging the fact that at this point complete individual tine visualisation
in liver is too challenging with annular illumination probe visualisation experiment of
undeployed RFA needles tip was performed to evaluated this probes use for needle
guidance purposes. In figure 4.11 undeployed RFA needle positioned within annular
illumination probe at different depths in ex-vivo bovine liver sample can be seen.

Visibility of the bevel is not affected by depth. Reconstruction artifact surrounding
the bevel can be noted in the figure 4.11, it becomes wider as imaging depth increases.
Even-thou in this case needle with its tip is easily identifiable also in US images this is
not the case for most of the times.
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Image type 10 mm depth 33 mm depth

Schematics
(a) (b)

PA image
(c) (d)

PAUS image
(e) (f)

US image
(g) (h)

Figure 4.10: Visualisation of mimicked blood vessel. (a), (c), (e), (g) - Blood vessel 10 mm from
US transducer, (b), (d), (f), (h) - blood vessel 33 mm from the US transducer.

74



Needle Guidance With The Annular Illumination Probe Chapter 4

PA image PAUS image US image

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.11: Images of the RFA needles bevel in ex-vivo porcine liver tissue, (a) - PA image of the
needle positioned at 10 mm depth, (d) - PA image of the needle positioned at 20 mm depth, (g) - PA
image of the needle positioned at 30 mm depth, (b) - PAUS image of the needle positioned at 10 mm
depth, (e) - PAUS image of the needle positioned at 20 mm depth, (h) - PAUS of needle positioned at
30 mm depth, (g) - US image of the needle positioned at 10 mm depth, (f) - US image of the needle
positioned at 20 mm depth, (i) - US image of the needle positioned at 30 mm depth.

4.4 Discussion

The aim of this chapter was to investigate PA imaging with annular illumination probe
use for needle guidance to a target. This includes visualisation of blood vessels along
the needle insertion path and target.

Detectability experiment showed that annular illumination probe can depict changes
in absorption coefficient via changes in PA signal intensity. Notable signal with signif-
icant differences in intensity was obtained from samples of µ′a= 0.6 mm−1 and µ′a= 1
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mm−1. Lower absorption coefficient values did not create PA signal higher than the
average noise of the images. The probes alignment in respect to the tube resulted
in change in detected PA signal intensity. Moreover, there is a linear dependence
between PA signal detected and the absorption coefficient. Experiment proved that
annular illumination probe is sensitive to changes in the absorption coefficient. Al-
though it was possible only for very high absorption values. These values correspond
to blood. Therefore, this experiment showed that with this probe it is possible to
visualise structures with similar absorption coefficient to blood. These results makes
annular illumination method promising for visualisation of blood vessels and tumors
with hypervascularisation during needle guidance.

Needle guidance study in ex-vivo chicken breast tissue revealed that with use of
annular illumination probe highly absorbing structures can be visualised. In this study
mimicked blood vessels and tumor were visualized with annular illumination probe.
Despite annular illumination probes smaller field of view compared to surface illumina-
tion method it can provide with more detailed information about absorbing structures
under investigation as the probes position can be adjusted to acquire information about
the site of interest. In this way also lower boundary of the target can be visualised as
oppose surface illumination which mostly provides visualisation of the upper bound-
ary due to light coming from the top. Therefore, for visualisation of larger structures
additional advancing of the probe might be required to get an impression of entire
structure.

Mimicked blood vessels filled with ink gave high PA signal making them easily
identifiable within PA images. Due to material acoustic properties the tube was also
easily identifiable in US images, in reality blood vessels are not clearly depicted by US.
Absorbing target visualisation with in PA was way more enhanced compared to US,
but the acoustic properties were not comparable to the ones of real tumors, making
the comparison unfair in this case. Annular needle probes tip while guiding the probe
to the target was visualised at all times in PA images while it was not possible in US
images due to being few millimeters out of the plane. In some sense it is a favorable
finding as the main issue with US imaging in use for needle guidance is the complexity
of keeping the needle tip in the field of view at all times to visualise its locations in
respect to surrounding structures. Detection of tissue structures such as blood vessels
is of critical importance during many needle-based minimally invasive procedures, for
instance, puncturing major blood vessel can cause very severe complications related
to thrombosis and life-threatening hemorrhage. Additionally, visualisation of blood
vessels within ex-vivo chicken breast tissue is comparable to study of Xia et al. He was
able to visualize a tube filled with blood embedded in chicken breast tissue with one
multimode fiber operating at energy of 6 mJ. At the distance of 5 mm from the tube,
PA signal was obtainable over a length of approximately 5 mm (39). While with our
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system and significantly lower energy we were able to visualise the tube from 5 mm
distance over 15 mm. Although, it has to be taken into account that in this research
undiluted India ink was used for visualisation purposes, as diluted ink spread out. The
absorption of it is not realistic compared to real tissue absorption, therefore further
investigations has to be conducted with phantoms having optical properties similar to
native human tissue.

The feasibility of deeper tissue imaging with annular illumination probe was showed
in experiment by varying imaging depth of absorbing target, it was noted that compared
to surface illumination method annular probe allows deeper structure imaging as the
light is delivered directly to the point of interest. This makes annular illumination
probe promising for interventional procedures that require deeper imaging depths than
2 cm.

One of the main requirements for successful RFA procedure is to visualize RFA
needle tines and tine tips in respect to the tumor, therefore study was performed to
visualise deployed RFA needle within mimicked tumor. Results of this experiment
revealed that visualisation of large absorbing objects together with small ones such as
tines is very limited. It is possible that in presence of high PA signal lower signal are
getting suppressed by reconstruction algorithm. This is a question of further studies.
Additionally coating of the needle to enhance PA signal has to be investigated.

Previous experiments already showed limited light penetration depth from annular
illumination probe in liver (5 mm). Despite that it can be used for visualizing the needle
tip while guiding the needle. Experimental results showed that PA signal intensity in
liver from annular illumination probe is not limited in depth. Probe allowed also for
mimicked blood vessel visualisation independent from the depth. Even-thou, the PA
signal can be created over small region of tube (5 - 7 mm) it seems reasonable for
guidance purposes.

Liver tumor has lower absorbance and scattering coefficient than the liver itself
(45). This limits results from guidance to absorbing target translation to annular
illumination probes use for guidance to target in liver. Investigation of visualisation of
non-absorbing target in liver tissue with annular illumination probe has to be done to
evaluate feasibility of this imaging approach for use in RFA therapy in liver.

The needle positioned within the annular illumination probe creates artifacts when
illuminated. To avoid this and get better visualisation of structures of interest it is
suggested to retract the needle and explore the region with just annular needle probe
and once further advancing is needed needle can be inserted back. Moreover, the
metallic part of the annular illumination probe also creates clutter like artifacts. These
artifacts have been also seen in work of other authors and suggested to use out-of-plane
insertions to minimizing the signal contribution from the probes tip (39).
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4.5 Conclusion

In this chapter visualisation of mimicked blood vessels and absorbing target was in-
vestigated to probe this concepts feasibility for needle guidance during interventional
procedures.

The annular illumination probe showed sensitivity to solutions with similar absorp-
tion properties as blood. Moreover, Annular illumination probe enabled visualisation
of highly absorbing mimicking blood vessel along the needle insertion path in ex-vivo
chicken breast and bovine liver tissue samples. Absorbing target visualisation together
with mimicked blood vessels and the needle tip was enabled in ex-vivo chicken breast
sample.

Deeper tissue imaging was shown with use of annular illumination probe compared
with surface illumination method.

At this point, annular illumination probes used in liver is limited to visualisation
of needle bevel and absorbing structures close to its tip.
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Chapter 5

RFA boundary visualisation with
annular illumination probe

5.1 Introduction

It is known that inability to visualize ablated tissue margins in real-time over the
procedure results in creating assumptions about the size of ablated region based on
such parameters as temperature at the tips of the electrodes, exposure time and energy.
These assumptions are prone to inaccuracies, because they do not take into account
for heat diffusion. Additionally, it results in increased tissue damage to ablation with
a safe margin (10 mm) to ensure complete tumor destruction. A better assessment
of lesion size, depth and continuity could improve the procedure’s outcomes. In this
chapter author aims to do preliminary experiments to investigate feasibility of ablation
boundary visualisation in liver tissue with us of annular illumination probe.

5.2 Materials and methods

5.2.1 RFA setup

Angiogynamic 1500RX radio frequency generator was used for tissue ablation (66). The
ablation system consists of a RF generator that generates monopolar radio-frequency
energy, grounding pad and 14 gauge RFA needle (Starburst XL RFA device (55))
with nine tines of diameter 0.4 mm. This system operates at powers up to 250 W
at frequency of 460 kHz. Ablation temperature is monitored by use of thermocouples
located in the tips of five tines and displayed on the RF generators panel. The system
allows to set the temperature and exposure time of the RF power according to the
treatment plan.
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5.2.2 RFA study

For ablation study ex-vivo porcine liver tissue was placed in a tank filled with chicken
breast tissue for conduction. Grounding pad was glued to the bottom of a tank. Then
RFA needle was advanced into the liver tissue and deployed up to 15 mm. The ablation
temperature was set to 105◦ for 5 minutes at power of 150 Watts.

Figure 5.1: Ex-vivo porcine liver tissue ablation setup.

First a layer of chicken breast tissue was positioned on top of the liver tissue to
mimic a layer of skin. Then annular illumination probe was advanced to the site of
ablation and PA images were taken as the probe was advanced over the ablated region.

Further, to see if visualisation of both upper and lower ablation boundaries is possi-
ble 6 mm thick layer was cut off the whole ablated piece of liver and positioned between
two layers of chicken breast tissue. Images were taken using annular and surface illu-
mination methods using system describes in the chapter 1. With wavelength of 700
nm and energy 1 mJ for annular illumination probe, 13 mJ for surface illumination
probe. Wavelength selection was based on a preliminary visualisation experiment were
scanning through wavelength range from 680 - 980 nm (OPO output range) resulted
in the best visibility at 700 nm. This is probably related to the energy output of the
laser, in chapter 2 fig. 2.11 shows the energy peak at 700 nm.

5.3 Results

Ablation resulted in a whitish lesion in the middle with pink boundaries. It has a
circular shape at the outer side of the sample and it is about 15 mm in diameter.
Charring around the needle insertion track was spotted. Tissue beyond lesion appears
unaffected. Picture of the ablated tissue and impression of experimental setup imaged
is shown in figure 5.4.
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(a) (b)

Figure 5.2: (a) - A picture of the ablated region with a scale, (b) - a schematics of the experimental
setup.

Obtained images from ablated liver sample covered with chicken breast tissue are
shown in figure 5.3.

PA image PAUS image US image

(a) (b) (c)

(d) (e) (f)

Figure 5.3: Images of the ablated region, (a) - PA image obtained with the surface illumination,
(b) - PAUS image obtained with the surface illumination , (c) - US image obtained with the surface
illumination, (d) - PA image obtained with the annular illumination, (e) - PAUS image obtained with
the annular illumination with indications of the needle track and the ablated region, (f) - US image
obtained with the annular illumination.
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The ablated region is highlighted with red circle in figure 5.3 (e). High intensity
PA signal from the upper boundary ablated region and reduction in intensity over the
needle track can be seen. Surface illumination method showed high signal at the same
location, but also lower signal over the boundary of the liver.

Figure 5.4 shows a 6 mm thick layer of ablated ex-vivo porcine liver tissue sample
positioned on a layer of chicken breast tissue.

(a) (b)

Figure 5.4: (a) - A picture of the ablated region with a scale, (b) - schematics of the experimental
setup

Figure 5.5 shows images of thin liver slice being positioned between chicken breast
tissue as illustrated in figure 5.4(b). PA and US images were obtained as annular needle
probe was guided over the ablated slice of liver. The ablated region can be identified
in US images by the shadowing underneath it. While probe was guided toward the
ablated region signal from liver upper boundary of the liver was observed, but once
ablated region was reached the its intensity increased 5.5.
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PA image PAUS image US image

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.5: Images of the needle being guided over the ablated region of ex-vivo porcine liver sample.
Images are taken at three different positions of the annular illumination probe.

5.4 Discussion

In this chapter first preliminary ablation boundary visualisation experimental results
were presented. The main goal was to see if PA imaging with annular illumination
probe can be used for visualisation of ablated tissue.

The ablated tissue appeared brighter in color and with increased stiffness compared
to the normal liver tissue. Brighter colors are expected to absorb less light than darker
ones, but Ritz et all. reported increase in liver absorption at wavelength of 700 nm and
significantly increased scattering in ablated tissue (24). As the increase in absorption is
negligible compared to increase in scattering it was expected to acquire either negative
contrast from the ablated region or enable the visualisation of ablation boundary by
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inserting the annular illumination probe inside the ablated region and acquiring PA
signal from the absorbing healthy liver tissue. In latter case light would get easily
scattering within the ablated tissue and absorbed by the highly absorbing healthy liver
tissue.

Higher intensity signal from the ablated region was observed in the experiments.
The increased intensity could possibly be originating either from the charring present
within the ablated region or the increased absorption coefficient after reported by Ritz
et al. Bouchart et al. showed increased contrast in ablated heart tissue when charring
was present (67). Despite that charring is not wanted in this case it provided with
good identification of the ablated with use of PA imaging. More experiments have to
be conducted to assess the feasibility of visualisation of ablation boundaries.

Comparing surface illumination with annular illumination signal over the same
region was obtainable, but due to larger illumination profile of the surface illumination
it provided also signal along the boundary of the liver. To acquire the same signal with
annular illumination probe it has to be manipulated over the region of interest due its
smaller field of view.

Guidance experiment showed that also liver boundary gives PA signal. The ablated
region can be identified by a higher signal intensity if charring is present. In US
image the ablated region identifies itself by the shadowing underneath it. In this
case PA imaging provides with better distinction between native and ablated tissue
compared to US. Probe was visible while guiding it to the target at all times, while
in US images slight movement put of the US transducers plane caused significant
deduction in visibility of the probe. This can be seen well by comparing images 5.5 (c)
and (i).

Moreover, for further ablation experiments results have to be normalized for laser
power, but monitoring of laser power was not able with current imaging set up. Also,
multi-spectral investigation for wavelength selection that offers the highest contrast for
ablation lesions has to be done. For that laser energy has to be adjusted accordingly
as it is inversely proportional to the wavelength used.

5.5 Conclusion

Either charring or indeed increased absorption of ablated tissue region provided with
high PA signal intensity from the ablated region. As the charring it not desirable
for RFA therapy, repeated experiments have to be conducted to evaluate the annular
illumination probes feasibility for visualisation of ablation boundaries. Additionally,
investigation into wavelength selection for the highest contrast for ablation lesions has
to be conducted.
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Chapter 6

Future directions and conclusions

6.1 Introduction

Several challenges have been encountered over the time of the research. This chapter
is dedicated to discuss the them and present possible solutions that has to be further
investigated. The main problem was multiple artifacts present within the PA images,
they deteriorate the quality of the image and visibility of underlying structures. Fur-
ther challenges include poor visibility of tines in absorbing media and uneven fluence
distribution over the imaging volume.

6.2 Artifacts

In this research visualisation of structures of interest was often suppressed by artifacts
in the PA images. These artifacts included (i) multiple reflection artifacts caused by
light being absorbed by the matching layer of the US transducer (discussed in chapter
2), (ii) reverberations within the needle canula, (iii) reflections created by acoustic
reflectors, such as tines, within imaging field of view, (iv) limited view artifact causing
smearing of the signal over the image and (v) clutter signals picked up from out of
the image plane. Limited view artifacts and cluttering are the ones that deteriorate
the image quality the most. They are caused by the fact that pressure waves created
by photoacoustics effect and pulse-echo ultrasound are not fundamentally the same,
therefore, the same image reconstruction algorithms does not work perfectly for both
modalities (68). While rest of the artifacts have mostly physical origin.

Figure 6.1 (a) shows an example of observed limited view (nr. 1) and cluttering
artifacts (nr. 2) around a RFA needle imaged with annular illumination probe. The
presence of artifacts limited direct imaging of the needle in plane. In 6.1(a) it can be
noted how dominant are the artifacts when the AIP with the RFA needle is positioned
within the image plane in comparison to images (b) and (d) where the probe is moves
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2 mm out of the plane. Out of the plane the artifacts become less dominant allowing
for enhanced visualisation of structures of interest. In this research, due to fact that
cluttering and limited view artifact reduces resolution and obscures visibility of smaller
targets, imaging was often done slightly out-of imaging plane to reduce the prevalence
of the artifact. Unfortunately, in this way comparison between PA and US images
becomes unfair. It is not a clinically feasible way of imaging, therefore approach how
to reduce the artifacts has to be found.

(a) (b)

(c) (d)

Figure 6.1: Impression of artifacts from imaging RFA with annular illumination probe. (a) - PA
image, in plane, 1 - limited view-artifact, 2 - cluttering artifact, (b) - PA image, 2 mm out of the
plane, (c) - US image, in plane, (d) - US image, 2 mm out of plane

Several off-line image reconstructions methods were investigated to reduce the arti-
facts. Radio-frequency data from cross sectional images of horse tail hairs representing
a point source was used to compare fourier domain, time reversal and iterative time
reversal. Figure 6.2 (a) shows image of point sources obtainable in real-time with con-
ventional US machine using delay and sum beam forming, quadrature demodulation
and log compression. Point spread and limited view artifacts can be noted. In figure
6.2 image (b) shows reconstruction of the same image using iterative time reversal
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approach. It can be seen that limited view artifact ans point spread is reduced but
together with over all intensity. In image (c) fourier domain reconstruction is utilized
resulting also in decreased prevalence of artifacts, but slightly increased point spread.
The best result was obtainable with time reversal algorithm seen in image (d).

(a) (b)

(c) (d)

Figure 6.2: PA images of point sources reconstructed with several reconstruction methods. (a) - delay
and sum beamformer, (b) - Iterative time reversal reconstruction, (c) - Fourier domain reconstruction,
(d) - Time reversal reconstruction.

In US imaging the transmitted field can be focused reasonably well, as oppose in PA
imaging little control can be exerted over the spatial distribution of the excitation light
due to the strong diffusion in tissue. Hence, fluence will be present at locations outside
the imaged volume, and consequently absorbers located outside the imaged volume
generate clutter signals that are stronger than those observed in US images (69). The
contribution of absorbers located outside the imaged volume is especially strong in the
case of two-dimensional (2D) imaging using a linear array (69).Signals can be picked
up from out-of-plane absorbers located up to 5 mm from the imaging plane (69). The
conventional and most commonly used delay and sum (DAS) beam formers have low
out of plane signal rejection and noise suppression (70). Consequently, DAS results in
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high levels of side lodes, cluttering and low resolution. Current methods for clutter re-
duction are either treating clutter as stochastic noise, require signal deformation during
acquisition or by measuring spatial coherence. First methods is rather ineffective, the
second results in extended acquisition and processing times, while the latter is most
commonly seen in use for PA imaging. Spatial coherence measurements rely on the
fact that clutter signals are typically lower in coherence across the transducer array
due to their distal locations from the imaged volume (69).

Pourebrahimi et al. in 2013 showed that implemented short-lag-spatial-coherence
(SLSC) imaging technique can reduce clutter and side lobes and enhance the main
lobe in PA imaging when the ultrasound detection is performed with a linear array
transducer (71). This method has been utilized by Bell et all. to enhance the visibility
of brachytherapy seeds (63). Bell showed that with SLSC beamformer SNR of the
image can be increased approximately 2 times compared to conventional delay and
sum beamformer (DAS) (63).

The shape of the photoacoustics signal created from absorbing structure caries
information about it dimensions and absorption properties. One problem arising is
that in complex biological tissue the photoacoustics signal created is a composition
of individual pulses created by absorbing particles. This results in aliasing between
adjacent micro-structures. The signal of a tiny target can be affected and even buried
by the bipolar signal of a large target at a short distance, leading to unexpected aliasing
and distortion in the final image (72). The second problem is that when reconstructing
images we neglect the negative part of the PA signal when detecting the envelope of
signal and transforming the negative part into positive. It deteriorates the quality of
PA images, as the negative part possesses significant information as well (72). Wang et
al. showed increased visibility of small targets in presence of bigger ones by performing
deconvolution on signals (72).

Photoacousticly generated US signal propagates in all direction compared to pulse-
echoes emitted by the US transducer. These signals might be reflected back from
acoustic reflectors outside of the imaging plane leading to misregistration within the
image. In this research PA signal created along the needle was often reflected back
by RFA needle tines causing misregistration of the signal. Y.Nguyen have suggested
multi-wavelength excitation solution to identify and remove these artifacts (73).

For future investigations of annular illumination probe adaptation of different re-
construction method is needed. It could potentially improve image quality and increase
amount of visible structures.
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6.3 Signal enhancement

An alternative approach for archiving better quality images to the beamforming of
photoacoustic data is PA signal enhancement. RFA needle tines are way smaller com-
pared to RFA needle itself due to these differences in size the signal from tines can of
suppressed. The visibility of tines could be enhanced by increasing their absorption.
Different material black coatings for metallic surfaces have shown to increase the cre-
ated PA signal intensity (74). To increase image contrast, Pan et al. demonstrated
that metallic brachytherapy seeds may be coated with black ink (75). In this research
visualisation of coated RFA needle tines was investigated. First, coating with black
permanent markers was considered. Surgical needles are usually coated with some non-
adhesive coating, such as, teflon, consequently prohibiting marker to attach properly
to the surface of the needle. This resulted in marker coming of whenever it is in a
contact with tissue or US gel. In a response to this, the RFA needle, including its
tines, was first sanded to take off all previous coatings and to increase the roughness
of surface. Then it was spray painted with black color to enhance the light absorption
and its visualisation with in images. Coated RFA needle can be seen in figure 6.3.

Figure 6.3: RFA needle coated with black spray paint

Unfortunately, due to limited space with in the needle canula high friction between
the walls of needle and tines caused the paint to loop of over every retraction and
deployment.

Alternative way to coat the needle have to be investigated in the future to enhance
visibility of the RFA needle tines. Work by R.Bouchard showed multiple materials for
modulation of signal from metallic surfaces (74). These coating methods has to be
adapted to enhance light absorptions and therefore the PA signal created by the RFA
needle tines.
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6.4 Fluence distribution

There is a high PA signal created at the tip of the annular illumination probe orig-
inating from light being absorbed at the metallic part of the probe and the needle
positioned within the probe. The first origin in future this can be avoided by manufac-
turing the probe from non-absorbing material. The latter one could be possibly solved
by introducing diffuser to distribute the fluence evenly around the region of interest.
Diffusers are commonly used in intertitial photodynamic therapy (76). In this therapy
a optical fiber is inserted directly into the tumor volume to deliver light. Cylindrical
diffusers are optical fibers in which the distal portion emits light radially from the fiber
core, in order to deliver light to regions perpendicular to the fiber axis (76). Differences
in the light propagation in case with and without diffuser can be seen in figure 6.4.

Figure 6.4: Comparison of optical fibers used in photodynamic therapy. (a) - without diffuser, (b) -
with diffuser. Adapted from work of Baran et al. (77).

This approach seemed feasible for achiving more uniform distribution of fluence
from the annular illumination probe. The diffuser was made as a cap to position on
top of the RFA needle and probe. It was made out of perspex with thickness of 0.5 mm,
diffusive part length of 5 mm and cap with 5 mm. Perspex is known for is exceptional
optical clarity. Its diffusive part has an edge cut in an angle causing the light to refract
at different angles and therefore diffuse. In figure 6.5 diffuser made positioned on the
annular illumination probe with indicated dimension can be seen.
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Figure 6.5: Diffuser positioned on the annular illumination probe with indicated dimensions.

First attempt to investigate benefits of the diffuser was comparing intensity distri-
bution with probe without the diffuser. This was done by positioned probe with in
a water and 20% intralipid solution with µs= 1 mm−1. The images taken with and
without diffuser in water are presented in figure 6.6. Diffuser creates more circular
illumination pattern compared with strictly forward illumination in case when diffuser
is not present. The light propagation is comparable with one in work of Baran et al.
(77).

Figure 6.6: Beam spread in water. (a) - without diffuser, (b) - with diffuser

Images of light propagation within medium with µs=1 mm−1 are shown in figure
6.7. In highly diffusive medium the light propagation profile between bare annular
illumination probe and one with the diffuser does not vary. Only difference noted is
the smaller spread of the light with the diffuser. The diffuser was made in a very crude
way, therefore the light propagation within it is not optimised.
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Figure 6.7: Beam spread in µs=1 mm−1. (a) - without diffuser, (b) - with diffuser

To evaluate created PA signal intensities of bare annular illumination probe with
diffuser 11 horsehairs were imaged within a imaging volume, the same way as described
in chapter 1, section 1.2.6. Results are plotted in figure 6.8. Intensities over imaging
volume were evaluated at both cases and no significant changes were noted expect for
one point right above the probe. When imaged with the diffuser the intensity was
significantly lower, but that does not seem to be related to the presence of the diffuser
as on the other side point at the same distance on the other side of the probe gives high
signal. The difference probably is arising from poor fitting of the diffuser, and air or
water might have been trapped in-between diffuser and the probe interfering with light
propagation at that direction. It can be concluded that there is no visible advantage
at this point of diffuser in highly scattering media. In image (a) of the figure 6.8 one of
the horsehairs was touching the surface of the transducer resulting in signal loss from
this point (upper right courner).

(a) (b)

Figure 6.8: Intensity contour plot from horsehairs images (a) - without diffuser, (b) - with diffuser
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Use of diffuser has to be investigated in more detail to reduce the excitation light
fluence at the tip of the needle. This includes simulations for making a better device
design.

6.5 Overall conclusion

In this thesis proof of concept study was conducted to investigate the use PA imag-
ing with annular illumination probe complementary to US imaging for radio-frequency
ablation in liver. To the best of the authors knowledge there are no previous stud-
ies published on interstitial PA imaging in liver for guiding radio-frequency ablation
procedure. There were studies conducted within Biomedical Photonic Imaging group
utilizing single multimode fiber for interstitial light delivery through cutting biopsy
needle, but this method adds a additional tool for interventional radiologist to manip-
ulate.

For this study a custom-design probe was manufactured to enable interstitial illu-
mination together with a surgical needle. In this work feasibility of this concept have
shown for (i) visualisation of deployed RFA needle in tissue with low absorbance, (ii)
deeper tissue imaging compared to surface illumination methods, (iii) needle guidance
and visualisation of highly absorbing mimicked blood vessels.

Results showed that the RFA needle can be visualized in tissue-like phantoms and
ex-vivo chicken breast tissue with PA imaging utilizing AIP, while it still remains
challenging to enable its visualisation in liver tissue. Use of alternative wavelengths,
coatings for enhancing the light absorption over tines has to be investigated for future
PA imaging in liver. More importantly, real-time image reconstruction algorithms has
to be adapted to mitigate the severe artifacts. Investigation into 3D imaging might
be useful, as in this way more of the PA can be collected creating more detailed
image. Good solution also seems real-time 3D image drawing, this could be achieved
by integrating US transducer within the probe. Then as radiologist would advance the
probe over the region of interest A-line scans could be combined on a monitor creating
more and more detailed image.

Highly absorbing structures can be visualized with AIP both in ex-vivo chicken
breast tissue and bovine liver. Moreover, the imaging is not limited in depth. AIP
enabled deeper tissue imaging compared to surface illumination method. Absorbing
targets were immersed in undiluted India ink resulting in unrealistic absorption com-
pared to biological tissue. Yet, detectability experiments showed that probe is sensitive
to changes in absorption coefficient similar to that of blood. This suggests that targets
with lower absorbance are potentially also going to be detectable with AIP.

Due to limited capabilities of PA imaging in liver only preliminary experiments were
performed to visualize ablation margins. High signal was obtained along the upper
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boundary of the ablated liver tissue boundary. It was originating from either charring
or increase in absorption coefficient after ablation. If the latter is true, unfortunately,
charring is not desirable for RFA. Further investigation into visualisation of ablated
region is needed for assessment of feasibility.

If no solution can be found to overcome the high absorption in liver, the use annular
illumination probe can be considered for PA imaging of RFA in less absorbing organs,
such as breast or kidney. Additionally, enhanced visualisation of RFA needle was
achieved by combining annular and surface illumination methods. This could be used
possibly for superficial structure imaging.

The main challenge faced in this research was presence of multiple artifacts. They
significantly deteriorate image quality. Solution for multiple reflection artifact origina-
tion from light being absorbed at the matching layer of the US transducer was found in
this research. Presence of other artifacts, such as limited view artifact and cluttering
from signal picked up out of the plane resulted in inability to perform imaging in plane
due to dominant artifacts. Therefore images were acquired slightly out of the plane
making comparison between structure visualisation with PA and US imaging unfair.
Image reconstruction algorithm adaption has to be investigated to overcome limitation
associated with artifacts.

To conclude, this concept proved to be feasible for RFA needle visualisation in low
absorbing tissue and for needle guidance, further work and investigations is needled for
complete feasibility assessment for RFA needle tine and ablation boundary visualisation
in liver.
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