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Chapter 1  

Motivation and objectives 

“Beginning at the beginning”, the king said gravely, “and go on till you 

come to the end; then stop”- Lewis Carroll 
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1.1 Motivation 

Medical diagnostics, per se, has become an altogether a new area in 

the field of medical sciences. Increasingly, it has been realized that 

diagnosing a disease or any pathological condition plays a very 

important role in medical sciences. Identifying the right pathological 

condition, would lead to proper treatment and therapy and the patient 

would recover faster. Particularly, for many critical illnesses (e.g., 

cancer, immuno-suppressive diseases etc.) early diagnosis leads to 

prompt and effective therapy which could make a life and death 

difference for the patient.  

Physicists and engineers work in tandem with clinicians to 

understand their diagnostic requirements and develop new instruments 

/ techniques for diagnosis. These developments over the years, has led 

to many cellular / biochemical investigations on one side and tissue 

based diagnostics on the other side [1], [2]. Analysing the components 

of blood through biochemical ways and microscopic studies have led 

to diagnosis of many diseases through blood tests and it has become 

very common [3]–[7]. Similarly, developments made on the tissue side 

has led to many imaging techniques such as X-Ray, ultrasound (US) 

imaging, magnetic resonance (MRI) imaging and sensing techniques 

such as Electrocardiogram (ECG), Electromyogram (EMG) etc. [8]–

[19].  

With the advent of new diseases and the demand for early 

diagnosis of critical diseases for better treatment and therapy, these 

diagnostic techniques have been pressed hard to provide more 

information and not just positive / negative result. For example, in 

addition to the presence of a disease, clinicians need more information 

like the stage / grade of the disease and also the severity of the disease 

to provide targeted therapy. Due to these demands, evolution of new 

diagnostic techniques such as optical coherence tomography (mainly 

used for eye applications), novel confocal microscopy (detailed 

cellular level analysis), photoacoustic imaging (deep tissue imaging 
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with high contrast) have been witnessed in the recent past [20]–[26]. 

Moreover, continuous monitoring of the disease and the progress of the 

therapy also needs to be monitored by diagnosis. Therefore, the 

requirement of any diagnosis techniques would be  

 completely non-invasive to provide repetitive diagnosis 

 provide functional information with details leading to specific 

therapy 

 complement with the existing diagnostic technique to provide 

better diagnosis 

In the realm of tissue diagnostics, this thesis would focus on a 

recently popular technique known as photoacoustic (PA) imaging and 

sensing technique. Photoacoustic (PA) technique, conventionally used 

for liquid and gas sensing applications, has recently been applied to 

biological tissue imaging and characterisation [27]–[33]. PA is a 

hybrid modality where the tissues are irradiated with a short laser pulse 

that leads to generation of ultrasound signals that characterize the 

sample [32], [34]–[36]. These ultrasound signals are either acquired by 

a single transducer or an array of transducers. Obtaining PA signals 

from different sensor locations and then feeding them to a time-

reversal reconstruction algorithm would provide tomographical 

photoacoustic tissue images which are very similar to ultrasound 

images [37]. Since PA technique is a hybrid modality (blend of optics 

and acoustics), PA images provide high specificity (due to optical 

absorption of tissue) and high depth of penetration (ultrasound 

scattering in tissues is lower than optical). These advantages of PA, 

compared to the conventional techniques (ultrasound, X-RAY etc.), 

have prompted wide biomedical applications such as brain imaging, 

cancer diagnosis, arterial plaque detection, arthritis diagnosis etc. [32].  

PA reconstructed image is representing the optical absorbers 

(probing different tissue chromophores at different optical 

wavelengths) as specificity in the image. For example, oxygenated 

haemoglobin and de-oxygenated haemoglobin would have different 
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optical absorption wavelengths, thereby showing as a contrast in a PA 

image taken at a specific optical wavelength [38]–[40]. Due to high 

specificity of PA images, many studies have reported screening of 

diseases using PA imaging. Detection of human breast cancer 

(correlated with biopsy studies), arthritis in animal models (correlated 

with standard diagnostics), plaque detection are some of the 

applications where this technique has shown an edge over traditional 

techniques [41], [42].  

Even though photoacoustic imaging has sufficient promise, it 

has not moved from research bench to the clinical side yet because, 

mere detection of a disease itself is not sufficient. For example, 

providing critical information that can complement the existing 

detection and also continuous monitoring of the therapeutic process is 

an important part of a non-invasive clinical diagnostic system. PA 

technique is capable of providing these information which has not been 

explored so far. Conventional PA images would provide optical 

absorption parameter as a signature of the tissue. This is sufficient to 

provide a screening and give a positive / negative answer but could not 

go any further to accomplish the demands of the clinical fraternity 

[42].  

One such application explored using PA imaging is to 

differentiate acute from chronic blood clots which is a very useful 

study for thrombosis applications (leading to stroke, heart attacks etc.). 

While PA imaging can successfully differentiate these two clots, it has 

also been reported that they could not differentiate acute clots from 

blood [26]. The reason is these two have almost identical optical 

absorption leaving little contrast in the PA images. Differentiating 

blood from the clots is essential because in real-time situations blood is 

an integral part of the clot and needs to be differentiated. This indicates 

the limitation of conventional PA imaging for in-vivo application as 

inside blood vessels clot will be immersed in blood. Therefore clots 

cannot be detected inside blood vessels. Moreover mechanism of clot 

formation and understanding viscoelastic property of blood is very 
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important for early diagnosis of thrombotic diseases (e.g. deep vein 

thrombosis, ischemia, stroke etc.) [43]. 

In another application of detection of human breast cancer, PA 

can differentiate cyst from malignant tumour non-invasively. However, 

the same study also reported that benign tumour (fibroadenoma) and 

malignant tumour could not be differentiated and the reason being 

identical optical absorption. Therefore these two types of solid tumours 

cannot be diagnosed using conventional PA technique. Thus the 

clinicians have to depend on invasive techniques like biopsy for 

diagnosis that is highly inconvenient for the patient [42].   

PA images completely depend on optical absorption as a 

parameter and the depth is governed by the ultrasound waves that 

exhibit less scattering compared to optical detection. However, PA can 

also provide important mechano-biological information that can be 

used as an aid for better understanding of the disease [44]–[46]. This 

information is contained in the time domain signal acquired from each 

transducer. The rise time, relaxation time and the amplitude are the 

important components of the PA signal. However, while forming the 

PA image, only the amplitude of the signal (corresponding to the 

optical absorption of the tissues) is taken into account. Other 

parameters would provide important mechano-biological information 

which can also be extracted [47]. By obtaining this information, the 

technique can not only screen but provide vital information from a 

diagnosis point of view. For example the relaxation time of the PA 

time domain signal is associated to the mechano-biological property 

i.e. elasticity of the sample. It is well known from literature that 

significant change in elasticity is observed in normal and pathological 

tissues especially in normal, benign and malignant breast masses. 

Since conventional PA imaging fails to differentiate benign and 

malignant breast masses, changing the focus from optical absorption 

based PA imaging to tissue elasticity based PA signal analysis would 

provide better diagnosis. This would be also pragmatic to detect clot 
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immersed in blood since clot and blood substantiates distinct change in 

elasticity.   

           Not only screening, tissue elasticity provides pathological as 

well as biophysical information about the sample. Thus, understanding 

the mechanisms involved in different diseases such as clot formation, 

viscoelasticity change in blood, identifying early stage of Pneumonia 

would be possible by analysing PA time domain signal which is not 

been explored yet.  
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1.2 Objectives 

Despite huge potential of PA technique, Conventional PA 

imaging alone would not bring out many advantages of this technique 

and would depend only on optical absorption as parameter. Obtaining 

different mechano-biological properties of the tissues would 

complement the screening and also aid in better understanding of the 

disease and the pathological conditions as well. In this context, instead 

of focussing on PA imaging, PA signals can be used to quantitatively 

extract the mechano-biological information of the biological tissues.  

Therefore, the primary objective of the thesis would be to 

develop photoacoustic experiment for obtaining the signal response 

and explore diagnosis based on mechano-biological properties of the 

tissues like tissue elasticity, density etc. Followed by these 

information, the setup would be applied to tissue phantoms to elicit 

mechano-biological information. In this process, different signal 

processing techniques in time as well as frequency domain would be 

applied to elicit elasticity dependent information from tissues. 

Subsequently, some of the issues faced in conventional PA imaging 

would be addressed. Differentiating blood clot in the presence of blood 

would be the first application where the continuous process of clot 

formation is explained through elasticity information obtained through 

the developed photoacoustic Spectral Response (PASR). Following 

this, different applications such as pneumonia detection, breast cancer 

detection using time-frequency analysis would be explored and critical 

functional information of the tissues is obtained.  The detailed 

objectives are given as follows: 

 Development and characterisation of PA spectral response 

setup for different disease diagnosis and study 

 Theoretical analysis to understand relation between PA spectral 

parameters and sample’s elasticity  
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 To validate the theoretical analysis with simulation and tissue 

mimicking phantom study.  

 Applying this technique for various applications such as blood 

and blood clot differentiation, early stage of  Pneumonia (red 

hepatisation) detection, classifying human breast masses i.e. 

normal, benign and malignant and differentiating coagulated 

tissue from normal.  

 Utilising advance signal processing tools to extract time 

domain and frequency domain features of PA signal and 

correlating with tissues elasticity. Comparing the obtained 

results with standard technique like histopathology. 
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1.3 Major contribution of the thesis 

The major contributions made by the candidate are: 

 Development of PASR technique: The sample elasticity based 

PASR system was developed in-house by nano-second laser 

pumping and ultrasound probing of generated acoustic signals 

that is characterised with tissue mimicking phantom and real 

biological samples. Careful consideration was made to 

eliminate the effect of different experimental parameters and to 

improve the signal to noise ratio. Subsequently, different signal 

processing tools (solely frequency based and time-frequency 

based) were explored to extract PA spectral parameters. Then, 

simulations as well as experimental studies were performed to 

investigate the effect of elasticity change in PA spectral 

parameters.  

 Quantitative assessment of blood clotting mechanism and 

characterisation of blood and clot: PA spectral parameters 

(dominant frequency, spectral energy) were observed to be 

sensitive towards change in sample elastic property. Hence the 

developed technique was applied to study clot formation using 

PA spectral parameters. Following this, blood and clot 

immersed in blood was differentiated by obtaining PA 

frequency spectral parameters. The obtained results were 

validated with theoretical study that explains relation between 

elasticity and PA spectral parameters. 

 Early stage Pneumonia diagnosis: Detection of early stage 

Pneumonia (red hepatisation) was investigated on formalin 

fixed goat lungs using FFT based PASR technique. PA spectral 

parameters (dominant frequency, spectral energy) provide 

significant disparity among normal and pathological part of the 

lung sample. By comparing obtained results with standard 

histopathology, high correlation between tissue pathology and 

PA spectral parameters were obtained. 
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 Human breast masses classification: After qualitative 

differentiation of normal and malignant breast masses through 

time-frequency based Wigner-Ville distribution (WVD) based 

PASR, quantitative classification of normal, benign and 

malignant breast masses were performed by Empirical Wavelet 

Transform (EWT) based PASR technique. By obtaining time 

domain, frequency domain and time-frequency domain 

features, the breast masses were classified with very high 

accuracy. Following this, obtained EWT-PASR parameters 

were compared with standard histopathology to obtain tissue 

pathological information. 

 PASR technique for therapeutic application: Normal and 

coagulated chicken tissues were quantitatively differentiated in 

an in-vitro study using PASR technique. This study is an 

application to monitor the response of tissues after therapy 

(photodynamic). Gold nanoparticles were explored as external 

absorbers for targeted and controlled ablation.     
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1.4 Overview of the thesis 

The thesis consists of total seven chapters. It is given as follows: 

 Chapter 1 is the introduction that includes motivation and 

objectives of the thesis. 

 Chapter 2 provides a literature survey on the developments in 

this field and the bottlenecks faced.  

 Chapter 3 focuses on analysis of acquired PA signal and takes 

through the experimental development of PASR  

 Chapter 4 describes applications of developed FFT based 

PASR technique for differentiating blood and clot immersed in 

blood and early stage Pneumonia diagnosis.  

 Chapter 5 illustrates applications of Time-frequency based 

PASR technique quantitative classification normal, benign and 

malignant breast tissues.  

 Chapter 6 describes therapeutic application of PASR technique 

for  differentiate normal and coagulated tissues 

 Chapter 7 summarise the important findings of the thesis and 

also details about the future prospective. 

 



 

 

 

 

 

 

 

Chapter 2  

Introduction to photoacoustic 

technique 

“Research has to see what everybody else have seen, and to think what 

nobody else has thought”-Albert Szent Gyorgi 
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This chapter discusses photoacoustic technique and its various 

biomedical applications. It also describes the bottlenecks of the 

conventional PA technique and possible solution through the proposed 

PASR technique.    

2.1 Brief history of tissue imaging 

Tissue imaging is always fascinating for the clinicians since it 

has primary advantage to get information regarding the tissue and/or 

organ non-invasively. Therefore it can be applied to the patient 

repeatedly for continuous monitoring. In this regard, tissue imaging 

modalities are the most viable option for the clinicians for chronic 

diseases like cancer, Pneumonia, thrombotic diseases etc. [48]–[52]. 

Tissue imaging can be defined as a technique which creates visual 

representation of the tissues by utilising various excitation-detection 

(optical, radiation, magnetic field, acoustic etc.) techniques to perform 

clinical analysis. Conventional tissue imaging modalities can be 

classified into two broad categories based on sample excitation method 

such as non-optical techniques and purely optical techniques. Figure 

2.1 illustrates some of the tissue imaging techniques.  

 

Fig. 2.1. An overview of different tissue imaging modalities 
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Purely optical imaging modalities as mentioned in Fig. 2.1 

utilise light as an excitation medium whereas the non-optical technique 

e.g. X-Ray, MRI, ultrasound involve various other excitation methods 

like ionisation radiation, magnetic field, acoustic waves etc. to generate 

image of the sample [53].  

        Purely optical techniques include mainly the microscopic 

techniques. It is well known that the first ever microscope was 

invented in the year 1590 by Jannsen and his sons [54]. Thereafter, 

revolutionary changes have been witnessed in the field of microscopy 

by various researchers and it has become a highly essential tool for 

biologists. Apart from microscopy, optical coherence tomography 

(OCT), diffuse reflectance tomography (DRT) etc. also come under 

purely optical techniques. These techniques have numerous tissue 

imaging applications such as melanoma detection, ocular imaging, 

cervical cancer detection etc. [21], [55], [56]. However these 

techniques are limited by the depth of penetration as light gest highly 

scattered in the biological tissue. Therefore, the applicability of purely 

optical techniques is restricted to submillimiter depth beneath skin [9], 

[57]. 

The evolution in deep tissue imaging started with the discovery 

of X-Ray by William C. Rontgen in the year 1895 [58]. Ever since 

discovery of X-Ray clinicians have been using X-Ray as a regular 

diagnostic tool for many different disease diagnosis including breast 

cancer named as mammography [59]. Then approximately after 50 

years, X-Ray based tomography imaging system i.e. computed 

tomography (CT) came up as an advanced imaging technique which 

was followed by nuclear medicine (gamma ray) based techniques like 

positron emission tomography (PET), single photon emission computer 

tomography (SPECT) etc. Despite these applications, these diagnostic 

techniques suffer from ionisation radiation that limits continuous 

monitoring in critical diseases [58]. Therefore it cannot be applied to 

the patient repeatedly for continuous monitoring and the younger age 

group patients as well. Later in 1970, a different approach i.e. sound 
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based imaging technique was introduced which came to be known as 

ultrasound. This new technique became very popular as it can image 

deep inside the tissues with micrometre resolution [9]. In addition 

ultrasound was non-ionising. Although ultrasound has all the features 

required for advanced tissue imaging, it suffers from lack of specificity 

since it totally relies on acoustic impedance mismatch. Therefore in 

case of tissues with insignificant change in acoustic impedance (e.g. 

fibroadenoma and malignant tumours), Ultrasound (US) generates 

false negative results for ultrasound [60]. Later in early 1980’s, another 

very popular imaging modality, magnetic resonance imaging was 

introduced by P. Lautembur that uses magnetic field to generate the 

image of the sample. This technique became very popular due to its 

ability to provide very high contrast and penetration capability through 

skull. Therefore it came up as a brain imaging tool for the clinicians. 

Even though MRI illustrated several features that is essential for 

advanced tissue imaging, the cost of the technique hinder the use for 

continuous monitoring particularly in developing countries [58], [61]. 

The following table detail about features of conventional imaging 

modalities.  

Table 2.1. Medical imaging techniques and their features 

Techniques Contrast Penetration 

depth 

Resolution 

Ultrasound Acoustic 

impedance 

mismatch 

~60 mm ~300 

micron 

MRI Magnetic field ~100 mm ~100 

micron 

OCT Optical scattering ~1-2 mm ~10 micron 

Confocal Fluorescence/ 

scattering 

~0.2 mm ~1-2 micron 
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It is very evident that the conventional imaging techniques are 

not adequate to fulfil the requirement of advance diagnosis. Therefore 

researchers proposed a new technique which blends optical and non-

optical eras to compliment the limitation of conventional techniques. 

2.2  Physics of photoacoustics 

Photoacoustic or optoacoustic imaging undoubtedly is an 

appealing image based diagnostic technique of the decade which has 

attracted the attention of scientists from different domains as well as 

clinicians. As the name suggests, PA technique is a unique blend of 

two different fields such as photo (optics) and the acoustics (sound). 

The features that make this technique most popular among researchers 

are non-invasive, non-ionising, high optical absorbance contrast and 

submicrometer resolution in deep (~5 cm) inside the tissues and organs 

which is desirable for advanced diagnosis [33], [62]. Unlike 

ultrasound, PA imaging is based on optical absorbance of the targeted 

tissue chromophores such as haemoglobin, lipid, water, melanin etc. 

(called contrast agent) which thereby enhances the specificity of the 

technique [57], [63]. The sample is probed with very short laser pulses 

(nano-second laser pulses) that generate non radiative, broad band 

acoustic signals due to thermoelastic expansion and compression of the 

sample. These acoustic signals are bipolar in nature known as PA 

response. Subsequent to acquisition, the PA responses are fed into 

reconstruction algorithms (e.g. time reversal, back projection) to form 

an image [37], [64], [65]. The primary advantage of this technique is it 

relies on detection of acoustic wave rather than photon (same as purely 

optical technique) as acoustic waves are less prone to scattering as well 

as attenuation compared to light. As a result, PA imaging yields higher 

spatial distribution of optical absorbance contrast deep inside the tissue 

that compliments the existing purely optical techniques. Not only high 

optical absorption contrast and penetration depth, PA imaging 

elucidate spatial resolution of ~10 μm which is ascendable with 

frequency of ultrasonic sensor similar to ultrasound imaging [66], [67].  
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2.2.1 PA wave generation and propagation 

The basic physics behind photoacoustic technique was first observed 

by Alexender Graham Bell in the year 1880 during his experiment on 

photophone [68]. He observed that when the selenium cell was 

illuminated with modulated light, sound waves are generated. Since 

incidence of light caused sound generation, the physical phenomenon 

was named as photoacoustic effect.  

In order to generate sound using light, the primary requirements are 

given as follows [30]: 

 The sample should absorb the irradiated energy in terms of 

light or electromagnetic waves 

 The energy should be in modulated form 

If the above mentioned conditions are fulfilled then PA phenomenon 

can be observed. Usually for PA wave generation, short laser pulses 

are incident on the sample surface. The light penetrates through the 

sample depending upon the wavelength. Subsequently the light gets 

scattered and absorbed by the lattice specific molecules of the sample. 

PA works on the principle of short excitation which is shorter than two 

important time frames which are as follows [57], [69]: 

i. Thermal relaxation time is basically estimated by 

the thermal diffusion shown in Eq. 2.1. 

2

c
th

th

d





                                    (2.1) 

Where αth is thermal diffusivity (m
2
/sec) and dc is the linear 

characteristic length of the heated regime of the sample.  

ii. The stress relaxation time is associated with 

pressure propagation i.e. the laser pulse duration 

should be less compared to time taken for release of 

stress from the heated regime. This is expressed as 
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Where Vs is speed of sound.   

Now if the laser pulse width is much smaller than the thermal 

relaxation time, then thermal confinement condition arises. If thermal 

diffusivity is considered to be 0.14 mm
2
/sec then for imaging a target 

with 100 μm resolution, it would require 18 ns laser pulse according to 

Eq. 2.1. Consequently for stress confinement, the laser pulse width 

should be short compared to stress relaxation time. This is required for 

thermoelastic expansion of the sample which thereby causes acoustic 

signal generation.  Similarly, to achieve 100 μm spatial resolution in 

soft tissue imaging (sound speed ~1500 m/s), the laser pulse width 

should be 60 ns according to Eq. 2.2. Thus it is clear from the above 

explanation that the laser pulse width should be in nano second 

duration in order to achieve submillimeter resolution. Fulfilment of 

these basic criteria initiates PA wave generation by enhancing the 

temperature of the sample followed by fractional volume change which 

is given as [57]  

dV
p T

V
   

                                (2.3) 

Where κ is isothermal compressibility which is ~ 5*10
-10

 Pa
-1

 for water 

and soft tissue, β represents thermal coefficient of volume expansion 

(~4*10
-4

 K
-1 

for muscle) [57], p and T represent the change in pressure 

and temperature.  

The isothermal compressibility is expressed as [33] 

2

p

s V

C

dV C
 

                                       (2.4) 

here d is mass density and Cp, CV are the specific heat constants at 

constant pressure and volume respectively. If both the criteria thermal 
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and stress confinements are fulfilled then there is negligible amount of 

volume expansion i.e. [57] 

dV
p T

V
   

 = 0                              (2.5) 

The thermal expansion of the sample is followed by enhancement in 

initial pressure expressed as [33] 

0 th e

V

T
p A

K dC

 





  

                     (2.6) 

Here Ae is denoted as optical absorption (J/m
3
) and ηth is the 

percentage that is converted into heat. This can be represented as  

                         0 ep A  
                                           (2.7) 

             where 
2

s

V p

V

KdC C


                                          (2.8) 

The dimensionless parameter is named as Gruneisen coefficient 

that consists of thermal expansion coefficient, compressibility 

parameters and sound speed. The equation can rewritten as  

0 th e th ap A F      
                   (2.9) 

Here μa is optical absorption coefficient and F is fluence  

This can be clearly observed that short laser pulse satisfies the 

confinement condition as well as ensure temperature rise to initial 

pressure increase when the Gruneisen coefficient is maximum. This 

initial pressure acts as a source of PA waves which depends on laser 

energy absorption and scattering property, thermal properties such as 

thermal diffusivity and thermal expansion coefficient as well as the 

elastic property of the material.  
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The governing equation of photoacoustic wave generation and 

propagation in an acoustically homogeneous medium is given as 

follows [70] 

2 2
2

2 2 2 2

1 ( , )
( , )

s s

T r t
p r t

V t V t





  
    

        (2.10) 

Where p(r,t) represents acoustic pressure at location r and time t, T 

indicates the rise in temperature.  

The source term is detailed in the right side and wave propagation is 

illustrated in left part of the wave equation.  

The generated PA waves are three dimensional (spherical) and time 

dependent signal which propagate through the sample in longitudinal 

mode (compression and rare fraction). Since PA waves are longitudinal 

waves, it is well associated with the particle velocity, density and the 

sound speed of the sample as well as the propagation medium that is 

given as [71], [72]  

( , , , ) ( , , , )P x y z t v x y z t c  
           (2.11) 

PA waves elucidate basic properties such as reflection and refraction at 

the boundaries of different density which follows Snell’s law 

expressed as follows [73]: 

1 1 2

sin sinsini tr

s s sV V V

 
 

                     (2.12) 

Where θi, θr, θt are the angle of incidence, reflection and transmission 

with respect to the axis and Vs1, Vs2 is the sound speed in the two 

mediums. 

During propagation, generated PA waves are also affected by 

attenuation which is combined contribution of scattering and 

absorption of acoustic wave in the sample and the medium. The 

attenuation depends on the temperature and frequency that can be 

expressed as [74]–[76]  
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' '

0

a zA A e                               (2.13) 

Where, a   is amplitude attenuation factor (dB/MHz
-1 

cm
-1

), z is distance 

In case of biological tissues, the acoustic attenuation (~0.6 dB cm
-1

 

MHz
-1

) is very low compared to optical attenuation. However high 

frequency acoustic waves are more susceptible to attenuation. As a 

result, the acoustic signal would be very week or die out before 

reaching the sensor. This will lead to decrease in penetration depth. 

2.2.1.1  Laser safety standard 

In order to ensure the safety of the subjects, certain limit of 

radiation exposure is decided by American National Standard Institute 

(ANSI). The limit depends on the laser wavelength, pulse duration, 

exposure duration and exposure aperture. The ANSI requirement 

policy states that “Exposure of the skin shall not exceed the MPE 

(Maximum permissible exposure) based upon a single-pulse exposure, 

and the average irradiance of the pulse train shall not exceed the MPE 

applicable for the total pulse train, duration T” (Laser Institute of 

America 2000). For example if a pulsed laser source generates a 

second harmonic laser pulse with 5 ns pulse width which irradiates the 

skin at the same region in area of 1 cm
2
 for more than 10 s then safety 

standard for one single pulse would be 20 mJ (less than MPE). In 

addition the average power also should be less compared to MPE i.e. 

200 mW. Basically long exposure is required for photoacoustic 

microscopy which needs raster scanning. In that case the safety limit 

can be expressed as follows [77] 

5 3
2 4 44 2.75 10 ( / )r a iE F d N                 (2.14) 

where E is the pulse energy in mJ, Fr is the repetition rate in Hz, da 

represents the illumination spot diameter in cm, Δ denotes the scanning 

step size in cm and Ni is the number of pulses at each spot.  
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2.2.2 PA signal detection and image reconstruction 

The generated PA waves are propagated through the sample and the 

coupling medium (water, ultrasonic gel for biological tissue imaging). 

These signals are acquired by the ultrasonic sensor placed around the 

sample surface. The schematic of PA wave generation and propagation 

is illustrated in Fig 2.2.  

 

Fig. 2.2. PA wave generation and propagation schematic 

2.2.3 Ultrasound sensor 

For PA applications, commonly used ultrasonic sensors are 

made of Lead zirconate titanate (PZT) which is a piezoelectric crystal 

[69], [78], [79]. The basic principle of piezoelectric crystal relies on 

piezoelectric effect i.e. when potential difference is applied to opposite 

sides of the crystal surface, mechanical displacement is observed. 

Similarly application of mechanical force produces potential 

difference. Since acoustic waves can generate mechanical force, 

piezoelectric crystals provide voltage difference which is proportional 

to acoustic wave intensity [80]. The piezoelectric crystal is the primary 

component of the ultrasonic sensor which is placed at the forefront of 

the sensor. The bandwidth and centre frequency of the sensor is 

controlled by the thickness of the crystal. In order to ensure electrical 

Laser pulse

US sensor

Sample

PA signal
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conduction, the crystal is coated with conducting material. 

Subsequently electrodes are placed at the front and back side of the 

crystal. This is followed by the backing material that provides damping 

to the sensor by absorbing reflected acoustic signal. The sensor 

contains an acoustic insulator to prevent detection of external acoustic 

wave and internally generated acoustic wave in the crystal [81]. The 

entire arrangement is placed inside insulated casing. The PA signals 

are sensed by the crystal which converts pressure waves to electrical 

signal. 

2.2.4 Characteristics of time domain PA signal   

Since PA waves are longitudinal waves, it consists of 

compression and rarefaction. Thus the piezoelectric ultrasonic sensor 

produces bipolar signal that has a resemblance with alphabet “N”. A 

typical PA signal from a circular simulated target is illustrated in Fig. 

2.3. 

 

Fig. 2.3. A typical PA signal from circular numerical target 

Figure 2.3 clearly shows the primary features of PA time 

domain signal. It consists of four dominating features namely 

amplitude (a), delay (T), width (τ) and relaxation time (χ). Among 

these features, width and relaxation time are related to each other. 

T
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These features of PA time domain signal indicates very important 

properties of the sample. For example, PA signal amplitude is related 

to sample’s optical absorption and laser energy irradiated onto the 

sample, delay provides information about the position of the absorber, 

width of the signal represents the size of the absorber and relaxation 

time depicts the elastic property of the sample [33], [82], [83]. 

Therefore PA signal consists of critical information about the sample. 

For image reconstruction, only two features such as amplitude and 

delay are utilised. Signal amplitude appears as contrast in the image 

and time delay provides the depth information of the absorber. Since 

normal and pathological tissues exhibit distinct change in optical 

absorption, PA imaging provides high contrast among these tissues 

[84], [85]. 

2.3 Image reconstruction 

2.3.1 PA signal processing 

The PA time domain signal acquired by the ultrasonic sensor is 

highly affected by the noise as well as the bandwidth of the sensor 

which alter the actual profile of the PA signal. Hence denoising and 

deconvolution with sensor response is essential to improve the signal 

to noise ratio (SNR) of reconstructed image since PA image contrast 

depends on the amplitude of PA signal [77], [86], [87].  

The PA signal denoising can be performed by any of these 

techniques like averaging, filtering, wavelet based denoising etc. [88]–

[90]. The random noise is usually eliminated by performing time 

averaging of the signal by performing multiple acquisitions from same 

point. However averaging is affected by different artefacts such as 

patient’s movement, heart beat etc. Therefore different other 

techniques such as moving time averaging and frequency filtering can 

be performed to remove the noise [77]. The moving averaging method 

is substantially used for eliminating high frequency noise when the 

signal is in low frequency regime, whereas frequency filtering is 

applied to the signal with minimum overlap in noise and signal. Since 
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presence of multiple targets broaden the PA frequency spectrum, 

application of moving averaging removes the high frequency 

component and frequency filtering eliminates the useful frequency 

components overlapped with noise. Hence wavelet based denoising has 

gained a lot of attention. In contrast to Fourier transformation and other 

signal processing technique, Wavelet decomposes the time domain 

signal into scalable window function with different coefficient values 

[91]–[94]. A mother wavelet function is used for deriving wavelet 

window functions by performing transformation and scaling. Thus 

wavelet transform is applied to the PA time domain signal which 

removes the noise. Subsequently the inverse wavelet transform is 

performed to recover the denoised signal. 

The other important factor which affects the PA signal 

characteristics is the limited bandwidth of the sensor. This may distort 

the actual profile of the PA time domain signal as the acquired PA time 

domain signal is the convolution of generated acoustic pressure and 

sensor’s impulse response expressed as [77] 

( , ) ( , ) ( )dp r t p r t d t 
                 (2.15) 

Where dδ is the sensor’s impulse response 

In frequency domain initial pressure is expressed as 

( , )
( , )

( )

dp r
p r

d







                            (2.16) 

In order to recover the original pressure profile, inverse Fourier 

transform can be performed. However this will magnify the noise 

many folds. Thus the PA signal is deconvoluted by performing zero 

routine and Wiener deconvolution. The following equations illustrate 

both zero routine and Wiener deconvolution [95]: 
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2.3.2 Image reconstruction algorithm 

The denoising process of the acquired PA signal is followed by 

image reconstruction. The processed PA signals are fed into different 

reconstruction algorithms such as back projection, time reversal, Fast 

Fourier Transform algorithm etc. for image reconstruction [32], [33], 

[35]. The image quality as well as imaging speed depends on the 

reconstruction algorithm.  

In the case of back projection, the sum of initial pressure is 

detected by each element. Each acquisition point provides information 

about the point source as well as total attenuation along the path. The 

acquired information is projected back to reconstruct the image [96]. 

Advancement in reconstruction algorithm provides more 

accurate reconstruction and better computational efficiency. For 

example, back projection algorithm is modified to filtered back 

projection which employs filtering before or after back projection step. 

This reduces the artefacts in the reconstructed image. However this 

algorithm is computationally efficient, it is limited by the spherical 

geometry in practical applications [97].    

In contrast, the time reversal algorithm utilises the temporally 

reversed PA waveform collected from each detection point for image 

reconstruction [65]. Basically PA signals acquired by each sensing 

point is temporally reversed and retransmitted in the medium 

numerically to trace the origin of that particular point source. The 

primary advantage of this algorithm is it relies on least number of 

assumptions and applicable for any geometry [98], [99]. However time 

reversal algorithm demands huge memory for computation that limits 

the practical application of this algorithm. The memory requirement of 

conventional time reversal technique is reduced by an efficient 
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technique called pseudo-spectral K-wave propagation model [100], 

[101]. This employs a pre-computation of initial pressure by forward 

model. Then matrix based and simulated p0 would reduce the memory 

requirement for computation.   

2.4 Types of PA technique 

In biomedical field, PA technique is mainly utilised for imaging 

applications. However this has been also explored for spectroscopy 

(gas and liquid analysis) and few applications on PA signal analysis.  

PA technique can be categorised in three broad applications 

such as imaging, spectroscopy and PA signal analysis. PA imaging is 

further divided into two types such as PA tomography and PA 

microscopy.  

2.4.1 PA imaging 

2.4.1.1 Photoacoustic tomography (PAT) 

Photoacoustic tomography can be considered as the traditional 

way of performing imaging. In case of photoacoustic tomography, a 

single transducer is moved around the sample in different geometric 

positions such as planar, circular and spherical to acquire the PA 

pressure waves as shown in Fig. 2.4 [32], [33]. The scanning time with 

single element sensor is quite high. Therefore array of sensors are also 

used for PA signal acquisition [72], [102], [103]. Since the cost of the 

array sensor is relatively high compared to single element sensor, these 

are used in limited manner.  

 

Fig. 2.4. Photoacoustic tomography detection geometry (a) Spherical 

(b) cylindrical (c) planar 
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While considering the detection geometry, it mainly depends 

on the target tissue. For example for brain or breast imaging spherical 

and cylindrical geometry is used but for flat targets like bone or skin 

planner geometry is used [33], [37], [104], [105]. Subsequent to 

acquisition, PA signals are fed into suitable reconstruction algorithms 

for image reconstruction. Details of reconstruction algorithms are 

explained in earlier section. 

2.4.1.2 Photoacoustic microscopy (PAM) 

In contrast to PAT, photoacoustic microscopy does not require 

any robust image reconstruction algorithm to form an image. It utilises 

tightly focused laser beam or focused ultrasonic detector to form an 

image. In case of PAM, either the focused laser beam or focused 

acoustic detector is mechanically scanned through the sample. PA 

signals obtained from individual detection points directly form an 

image without aid of any reconstruction algorithm [67], [106].  

Depending upon scanning methodology, PAM can be 

categorised as Acoustic resolution PAM (AR-PAM) and optical 

resolution PA microscopy (OR-PAM). The schematics of these two 

microscopy technique is illustrated as follows (Fig. 2.5) [32], [107]: 

 

Fig. 2.5. Schematic of AR-PAM and OR-PAM [108] 

 AR-PAM utilises a focused ultrasound detector whereas OR-PAM 

relies on focused laser beam for scanning. The axial resolution of the 
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PAM depends upon the time resolved detection of the PA signal but 

the lateral resolution relies on either on acoustic focusing or optical 

focusing [33]. 

2.4.2 PA signal analysis and spectroscopy 

PA time domain signal consists of many critical information 

about the sample. As mentioned in the previous section, it substantiates 

optical absorption, size, mechanobiological property of the sample by 

its amplitude, width and relaxation time [47], [63], [109]. Since PA 

signal amplitude primarily depicts the optical absorption of the sample 

which is wavelength dependent, different tissue chromophores such as 

haemoglobin, lipid, proteins, water, melanin (optical absorption spectra 

illustrated in Fig. 2.6) can be probed by varying the excitation 

wavelength [110], [111]. This is the fundamental principle of PA 

spectroscopy.   

 

Fig. 2.6. Optical absorption spectra of different tissue chromophores 

[90] 

For example, oxygenated haemoglobin and deoxygenated 

haemoglobin is signature for normal and malignant tissues and it has 

different optical absorption. Therefore by tuning the wavelength one 
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can differentiate these two types of tissues by PA spectroscopy [112], 

[113].  

In addition to amplitude, frequency domain features are also 

explored for extracting vital information such as size of 

microsctructures in tissue, acoustic scattering property and different 

biophysical properties of the sample [114], [115]. Similar to 

ultrasound, linearly fitted PA power spectral features such as slope, 

midband fit and intercept has been primarily utilised to ascertain 

scattering property of the sample that serve as finger print of many 

diseases including cancer [115], [116]. For example the slope 

decreases due to enhancement in size of the absorber whereas intercept 

and midband fit increases with increase in absorber size. In addition, 

scatterer concentration is depicted by the intercept i.e. increase in 

concentration of the scatterer enhances the intercept due to increase in 

total optical absorption [114], [117].  

The other approach of PA signal analysis was performed by 

Mahato et.al, in which different spectral parameters such as mean, 

median, standard deviation, total spectral energy etc. of magnitude 

spectra was used for tissue characterisation and classification [118]–

[120]. These spectral features were correlated with change in different 

biophysical property (protein concentration, binding and unbinding of 

protein) of the sample [121], [122].  

2.5 Biomedical application of PA technique 

Around the globe, researchers have worked on PA technique to 

take it up from laboratory bench top to hospital. In last decade, PA 

technique has been applied onto various biomedical applications 

mainly for different disease diagnosis thorough imaging or signal 

analysis. Some of the major biomedical applications of PA technique 

are detailed as follows: 
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2.5.1 Brain imaging 

Brain imaging in present scenario is an essential requirement 

for disease diagnosis as well as studying structural and functional 

operation of brain. However there are imaging modalities especially 

MRI which is often used by clinicians, delineates certain disadvantages 

like exposure to strong magnetic field and the cost. On the other hand 

PAT can provide a cost effective, non-ionic, real time, high resolution 

brain imaging technique [38], [123], [124]. It is capable of providing 

morphological as well as function information. A pioneer study 

performed by Dr. Wang and his group on mouse brain illustrated clear 

view of a lesion with intact skull. Figure 2.7 reveals certain 

resemblance between the PAT image and the open skull image [125] . 

Later this study was extended to observe tumour angiogenesis. This 

proves the capability of PAT for morphological brain imaging which 

will definitely be useful for brain tumour detection [126]. In another 

study done by the same research group elucidated functional 

information i.e. oxygen saturation in mouse brain [127]. The brain 

activity due to whisker movement of mouse is also studied by PAT. 

The above mentioned studies clearly illustrate that PAT has strong 

potential to become regular imaging tool for brain imaging.     

 

Fig. 2.7. Photoacoustic tomography (PAT) cylindrical scanner for 

small animal brain imaging (a) image showing cerebral vasculature 

and surgically induced lesion (b) sectional image of skull after taking 

PAT image [125] 

(a) (b)
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2.5.2 Arthritis detection 

Nowadays arthritis is a major cause of disability around the 

globe. As PA imaging provides a high spatial resolution and deep 

penetration depth, it can be used for detection of arthritis as well. 

Xueding Wang et al., have studied joint structure of small animal using 

PAM. Further, they also imaged human peripheral joint by PAT [128]. 

In this study, they found that optical absorption contrast of PA imaging 

provides the information about the tissue at joint region better than the 

mechanical contrast of pulsed echo ultrasound imaging. The PAT 

images were compared with golden standard technique i.e. 

histopathology that illustrated very high correlation. Figure 2.8 exhibit 

the PAT and histopathlogy images of human finger. 

 

Fig. 2.8. Images obtained from human finger (a) and (b) PA image, (c) 

and (d) histopathology images [128] 

2.5.3 Arterial plaque detection 

Heart diseases are very common nowadays. The major cause of 

several heart diseases is deposition of lipid rich plaque in the arteries 

which has a tendency to rapture [129], [130]. These types of plaques 

may cause occlusive thrombus which may lead to heart attack or stroke 

[131], [132]. By using miniature intravascular sideway looking probe, 

(a)

(b)

(c)

(d)
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the coronary artery wall can be imaged which helps to detect the 

plaque. From the studies it has been observed that lipid has an affinity 

towards 1210 nm light. Therefore PA imaging could be helpful for 

lipid rich plaque detection [133], [134]. Although ultrasound imaging 

provide information about plaque but PA imaging provide more 

specific and quantitative information as it provides better contrast than 

the ultrasound images. A study done by Allen et al. research group on 

excised human aorta exhibited that PAT provide distinct contrast for 

lipid-rich plaque shown in figure Fig. 2.9 [133]. Not only lipid 

deposition but the other plaque forming causes such as calcium 

deposition, macrophage content, fibrous material can also be detected 

by PA imaging as calcium, macrophage, fibrous all have a distinct 

optical absorption [135]–[137].  

 

Fig. 2.9.  PA image of human artery in which dotted circle denotes the 

lipid rich plaque [133] 

2.5.4 Haematological diseases 

One of the applications of PA technique is haematological 

disease diagnosis. Since haemoglobin (chromophore present in red 

blood cells (RBCs)) has strong affinity towards visible range 

wavelength (absorption spectra of haemoglobin illustrated in Fig. 2.10) 

[77], PA imaging has been explored for different disease diagnosis 

such as tumour angiogenesis, clot detection and differentiating acute 

and chronic clots in phantom study, RBC aggregation etc. [26], [138]–

[144]. Tumour angiogenesis is the finger print for malignant tissue 

detection which is detailed in the later section. In this section, 

specifically haematological diseases are discussed.  
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Fig. 2.10. Absorption spectra of oxygenated and deoxygenated 

haemoglobin [77] 

Typical haematological diseases such as ischemia, myocardial 

infarction, deep vein thrombosis, stroke etc. mainly arise due to 

blockage of blood vessels by clots or other obstacles like lipid rich 

plaque, macrophages etc. [131], [145]. Therefore detection and 

analysis of blood clot is very important in terms of early diagnosis of 

these diseases [43]. Since haemoglobin strongly absorbs visible light, it 

will provide high contrast for clot in the PA images. Based on this 

hypothesis, Emelianov and his group applied PA imaging to study 

aging of blood clot in tissue phantom [26]. PA imaging of acute and 

chronic clot was performed in tissue phantom as illustrated in Fig. 

2.11. This clearly indicates that acute and chronic clot exhibits distinct 

change in contrast which can be utilised for discrimination of clots.  

 

Fig. 2.11. PA images of (a) acute and (b) chronic clot in phantom study 

[26] 

(a) (b)
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 The other application of PA technique was explored by Kolios 

and his group in terms of PA spectrum analysis. They have studied 

RBC aggregation using simulation as well experimental studies 

through high frequency PA spectrum analysis [66], [146]. The same 

group has also extended the work to observe change in PA frequency 

spectrum due to oxygen saturation in pulsatile blood flow in an in vitro 

study. Not only RBC aggregation, probing of single RBC morphology 

was also performed by the same group [147]. This proves the potential 

of PA technique for haematological disease diagnosis. 

2.5.5 Cancer diagnosis 

Cancer is the deadliest disease that has taken millions of life 

around the globe. In order to control the mortality rate, early stage 

diagnosis as well as continuous monitoring is highly essential. 

Therefore non-invasive and non-ionising PA imaging would be a 

promising option. The features of PA imaging attracted the attention of 

many research groups worldwide. Since PA imaging relies on optical 

absorption of endogenous chromophores such as haemoglobin and 

melanin, malignant tissues exhibits very high contrast compared to 

normal tissues [33], [113]. In one of the study performed by Yang et 

al., growth of melanoma tumour was observed. This illustrated very 

high contrast between melanoma tumour and the surrounding tissues. 

Spectroscopic PA imaging of skin melanoma tumour was performed 

with 584 nm and 764 nm wavelength that provided very high 

resolution image of tumour vasculatures [148]. PA imaging has been 

taken up to the preclinical trials by Manohar and his group [42], [85]. 

Photoacoustic mammogram has been developed and applied on human 

subjects to detect malignant breast tumours as illustrated in Fig 2.12 

[42]. Since vasculatures of malignant tissues are denser and abrupt 

compared to normal, it exhibits high contrast compared to normal 

tissues. In comparison of X-ray mammogram or ultrasound, PAT 

exhibits more contrast. The same study also detailed about 
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differentiation of cyst from malignant tumour as shown in Fig 2.13 

[42].  

 

Fig. 2.12. Images acquired from human breast using (a) mammogram 

(b) ultrasound (c) PAT [42] 

 

Fig. 2.13. PA images of cyst and malignant tumour in human subject 

that clearly illustrated malignant tissue with higher contrast [42] 

In contrast to relying on tumour vasculature, PA imaging has 

been utilised to extract functional information of the tissue i.e. oxygen 

saturation in blood (hypoxia) is monitored [149]–[151]. Since hypoxia 

is a marker for detection of malignancy, it has been applied on to 

mouse brain glioblastoma. Obtained spectroscopic PA image is 

illustrated in Fig. 2.14 [150]. The malignant tumour inside mouse brain 

can be observed with high contrast (highlighted with blue circle) which 

indicates hypoxic region very prominently.  

(c)

(a) (b)

(a) (b)
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Fig. 2.14. Functional PA images of mouse brain in which circled part 

indicates the hypoxia region [150] 

Another primary reason of cancer related death is due to 

metastatic spread of primary tumour. Identification of circulating 

tumour cells (CTC) would be very useful to slash down the mortality 

rate [152]. PA imaging is applied to detection of CTC in blood stream. 

In-vivo detection of CTC in blood stream provide many fold increase 

in sensitivity compared to existing in-vitro techniques [153]–[155]. 

Subsequently, use of exogenous contrast agents increases the 

sensitivity and specificity. 

In order to enhance the imaging capability of PAI, different 

exogenous contrast agents are used. Different near infrared (NIR) 

absorbing dyes such as indocyanin green, Alexa flour750 and 

IRDye800CW is being commonly used as contrast enhancing agents 

[156], [157]. Besides these NIR dyes, gold nanoparticles (GNPs) are 

very popular as contrast enhancing agents. Different types of GNP 

such as nano rod, nano shell, nano cages and nano beacons are used for 

PAI imaging [157]–[160]. The major applications of these NP are for 

targeted imaging applications.  

Besides PA imaging, PA spectroscopy is also explored for 

cancer diagnosis. It has been applied to ovarian, breast and solitary 

thyroid tissues for differentiating normal from malignant tissues [118], 
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[162]. In these studies PA frequency spectral parameters such as mean, 

median, standard deviation, total spectral energy is utilised for tissue 

classification that exhibited high classification accuracy.  

2.6 Summary and potential advancement in conventional PA 

technique 

The primary advantage of PA technique is the non-ionising 

excitation that allows continuous monitoring and acoustic detection 

which enables deep tissue imaging. Even though optical absorption 

serve as a finger print for many diseases, but tissues with analogous 

optical absorption are difficult to be differentiated by the conventional 

PA techniques. Therefore the other intrinsic property of biological 

tissues i.e. mechano-biological property which is considered as finger 

print for different diseases, can be explored as a parameter to 

differentiate normal to pathological tissues. 

Modern diagnosis claims understanding the mechanism of the 

disease for early stage diagnosis and treatment. Since mechano-

biological property can be related to tissue pathology, PASR can be 

utilised for quantitative assessment of diseases mechanism (e.g. blood 

clot formation). However the existing studies are limited to 

conventional signal processing technique e.g. Fast Fourier Transform 

that provide limited information. Thus advanced signal processing 

tools can be used to extract critical information about tissue pathology 

that can be helpful to understand complex samples like benign and 

malignant tumours. These are some of the potential improvements that 

can lead conventional PA technique to regular clinical applications.   

 

 

 

 



 

 

 

 

 

 

 

Chapter 3  

Photoacoustic spectral response 

experimental development and 

characterisation 
“If we know what we are doing it would not be called research, would 

it?”-Einstein 
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3.1 Introduction and motivation 

       Evolution in PA technique has proved its potential as a diseases 

diagnosis tool for various biomedical applications [33], [77]. Even 

though PA imaging has been mostly explored, PA signal analysis also 

has its unique features (real time, marker free, quantitative biophysical 

information of tissues) that are required for an advanced disease 

diagnostic tool. Despite these exciting features, PA signal analysis 

have not been explored so far in many biomedical applications. The 

number of studies related to sample elasticity through PA signal is 

even rarer. Therefore an attempt has been made in this thesis to 

develop tissue elasticity based PASR technique for different disease 

diagnosis and study.  

       The very first step of PASR technique development is designing 

the instrumentation. To develop the basic PASR setup, details of 

different experimental parameters such as laser energy, distance 

between sample and sensor, sample containers etc. are collected from 

the literatures as discussed in Chapter 2. This is the very first attempt 

to develop tissue elasticity based PASR technique. Hence system 

parameters should be obtained precisely from literatures and then 

simulation studies need to be carried out before performing 

characterising experiments. Subsequent to basic setup development, it 

is very essential to analyse different parameters of the setup that may 

affect PA signal and the frequency spectrum. The reason is PA 

frequency spectral parameters are the key features for tissue 

differentiation as well study. Thus it is essential to ensure the change in 

PA spectral parameters is solely due to change in the tissue property, 

not by any other experimental parameters. Otherwise this would lead 

to erroneous diagnosis. Subsequent to development of the PASR setup, 

testing of the setup is imperative to verify the sensitivity of the 

developed setup. Further, the developed setup is tested for detection of 

change in elasticity by employing different samples.  
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       The organisation of the chapter is as follows: Development of 

PASR experimental setup and software interface for real time 

monitoring followed by characterisation and elimination of different 

experimental parameters that affect PA frequency spectral parameters. 

Next verifying the response of the setup with tissue phantom and 

biological samples are illustrated. Following this, the response the 

developed setup towards change in sample elasticity is also verified 

with experimental studies with tissue phantom as well as real 

biological samples. 

3.2 Materials and instrumentation 

3.2.1  PASR experimental setup 

The basic block diagram of developed PASR setup is shown in 

Fig. 3.1. The sample is irradiated with an Q-switched Nd:YAG pulsed 

laser (Ekspla, NT342c) which generates nanosecond laser pulses 

typically  ~5 ns with 10 Hz repetition rate. The laser pulse width 

certainly satisfies the thermal confinement and stress confinement 

condition for PA wave generation as described in Chapter 2. The laser 

fluence on sample surface was limited to 10 mJ/cm
2
 for all the studies 

that is well below the ANSI safety limit (20 mJ/cm
2
) to ensure 

sample’s safety [163]. More over for optical excitation, second 

harmonic wavelength of the laser was utilised for PA wave generation 

as haemoglobin is a strong absorber of this wavelength [164]. 

 

Fig. 3.1. Block diagram of developed PASR system 
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 Absorption spectra of human blood illustrated in Fig. 3.2, 

clearly shows strong affinity of blood towards visible range 

particularly green. For PA experiments, the sample as well sensor 

should be coupled with water or ultrasonic coupling gel to avoid 

acoustic impedance mismatch [165].  

 

Fig. 3.2. Absorption spectra of whole blood 

Therefore sample and sensor both were placed in a water tank filled 

with water. Since different types of samples (solid, gel and liquid) 

were used in different studies of the thesis, different arrangements of 

experimental setup was utilised. For example, solid samples like 

biological tissues, black rubber samples were wrapped in parafilm 

prior to placing in the water tank and the samples were stuck to the 

bottom of the tank to keep the sample stationary during experiments. In 

this case, the laser beam is irradiated from top whereas the liquid 

samples were filled in a glass container. The container is placed 

vertically inside the water tank and the sample is illuminated from 

sides. Figure 3.3 illustrates the schematic of PASR experimental setup 

for both solid and liquid samples. Firstly, the laser beam passes 

through a beam splitter which splits the beam into two parts. The main 

beam contains 96% of energy and splitted beam has rest 4%. The main 

beam passes through a lens in order to achieve a reduced the beam 

diameter in compared to main beam that is used for sample irradiation. 

The position of the lens is varied to adjust the beam diameter falling 

onto the sample. The splitted beam is utilised for laser energy 
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monitoring during the experiment. Since energy fluctuation may cause 

error in the obtained results, energy monitoring is very essential.  

Subsequent to excitation of sample with laser pulses, acoustic signals 

are generated due to thermoleastic expansion and relaxation [63]. 

These acoustic signals (PA time domain signals) are known as PA 

response, traverse through the surroundings and coupling medium 

before reaching the sensor placed in the same water tank. The 

ultrasonic sensor converts the compression-rarefaction acoustic signal 

(PA response) into corresponding voltage signal. The output of the 

sensor is connected to high speed digitizer (National Instruments PXI-

5124). The bandwidth of the digitizer was 150 MHz. An external 

triggering is provided to the digitiser through a photodiode (BPW34) 

for synchronised acquisition of PA signal. 

 

Fig. 3.3. Schematic diagram of PASR setup in which L- laser, B-beam 

splitter, Ln- lens, D-digitize, M-mirror, H-holder, S-sample, Sn-sensor 

3.2.2 Software interface and signal conditioning 

The data transfer between the digitizer and the computer was 

performed by an in house built LABVIEW program. Since the primary 

objective of this thesis is to develop an instrument for different 

biomedical applications, user friendly interface is desirable for easy 

use of non-technical person. In addition, miniaturisation of instrument 

also can be done by implementing the LABVIEW code in VLSI board. 
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The developed program performs data acquisition, signal conditioning, 

signal processing and saving the data in preferred memory location in 

computer that makes the PASR system automated. 

3.2.2.1 PA signal acquisition 

As a first step of acquisition, PA signal is digitized at sampling 

rate of 200 Msps. Since the bandwidth of the digitizer (150 MHz) is 

approximately five times higher compared to the maximum bandwidth 

(30 MHz) of the ultrasound sensors used for PA response acquisition, 

the aliasing effect is avoided [166]. Figure 3.4(a) illustrates PA signal 

from standard sample i.e. black rubber sample. 

 

Fig. 3.4. PA signal acquired from (a) black rubber sample (b) 

simulated numerical target 

It can be clearly observed from the above figure that signal is 

“N” shaped signal and have four distinct features such as amplitude 

(a), width (τ), time delay (T) and relaxation time (χ). This has high 

resemblance with the PA signal obtained from simulation as shown in 

Fig. 3.4(b). However the polarity of the signals is opposite to each 

other due to polarity of the transducer and digitizer. As mentioned 

(a) 

(b) 
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earlier, the amplitude of the signal is related to sample’s optical 

absorption, laser energy, sample’s acoustic attenuation and distance 

between sample and sensor whereas the width and the relaxation time 

is associated to the size of the sample and the elastic property [32], 

[35]. The time delay indicates the position of the sensor and the sample 

(can be correlated to sound speed). This parameter is very important 

with respect to image reconstruction as this provides the depth 

information of the absorber [37]. However for signal analysis time 

delay is not required since the frequency spectral information is 

obtained from the N-shaped PA response. In order to generate 

detectable PA response, very high energy is used for this experiment. 

Since biological sample has limitation of energy dose, this energy 

might damage the sample. Thus lower energy is used to excite the 

samples. With lower energy density, PA signals are detected totally 

buried in noise. This certainly decreases the signal to noise ratio (SNR) 

of the PA response which makes the extraction of frequency 

components very difficult. Therefore acquired signal is conditioned 

prior to saving the data for frequency spectrum analysis.   

 3.2.2.2 Signal conditioning 

The signal to noise ratio of the PA signals obtained is generally 

very low. The signal are most probably buried in noise and it is 

essential to remove or reduce the noise before the signal can be 

extracted for further signal processing. To reduce/eliminate noise, three 

approaches can be adopted. 

i. Increasing the irradiance of the laser 

ii. Using bandpass filters to reduce the noise 

iii. Using time averaging approach during acquisition  

Increasing the laser irradiance causes heating which subsequently 

damage the sample. The second approach is to implement bandpass 

filters to eliminate noise from the signal. However bandpass filters are 

limited to eliminate noise that overlap with the bandwidth of the signal. 

Therefore time averaging technique is utilised [167]. This is basically 
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applicable for the signals buried with high amplitude noise within the 

bandwidth of the signal. Hence time averaging is implemented for PA 

signal’s noise reduction. The following are the conditions for signal 

averaging [168]: 

i. The waveform of the signal must be repetitive. 

ii. Noise should be random. 

iii. Temporal position of each signal waveform must be 

accurately known.  

If the input waveform f(t) has signal portion S(t) and noise portion N(t) 

then  

( ) ( ) ( )f t S t N t 
                                                         (3.1) 

Let us assume f(t) has a sampling rate t second. Then the value of any 

sample point in the time epoch (i = 1,2,3,…..) is the sum of noise and 

signal component 

( ) ( ) ( )f it S it N it 
                                                      (3.2) 

All the sample points are stored in memory. The value stored in 

memory location i after m repetition is  

1 1 1

( ) ( ) ( )
m m m

k k k

f iT S iT N iT
  

   
                              (3.3) 

for  i = 1,2,3,…..n          

The signal position is same at each repetition if the signal is stable and 

the sweep are aligned together perfectly. Then the following equation 

is obtained:  

1

( ) ( )
m

k

S iT mS iT



                                             (3.4)                                     

The assumptions for this development are that the signal and noise are 

uncorrelated and noise is random with mean of zero. After many 

repetitions, N(iT) has rms value of σn  
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n n
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N iT m m 


 
                        (3.5)                                

Taking the ratio of equation 3.4 and 3.5 gives the SNR after m 

repetition is [168] 

( )
m

n

mS iT
SNR mSNR

m
 

                           (3.6)                         

Thus the signal averaging improves the SNR by a factor of √m.  

Since the noise from the PA experiments is random in nature, 

time averaging of the signal remarkably improves the SNR. By 

performing test experiments, it was observed that 200 times averaging 

provides adequate SNR for frequency spectrum analysis of PA 

response. Figure 3.5 illustrates a signal acquired from PASR 

experimental setup without averaging and the same signal after 200 

times averaging is illustrated in Fig. 3.5. This certainly shows that the 

amplitude of the noise signal is 0.6 mVPP for no averaging. However 

the amplitude is reduced to ~ 0.1 mVPP after 200 times averaging. 

Hence in this thesis averaging of signal is performed to improve the 

SNR.  

 

Fig. 3.5. Signal acquired from developed PASR system with and 

without averaging 

As a part of software interface, averaging was implemented in 

the program using time averaging function of LABVIEW. This is a 

built in analog signal express VI of LABVIEW that provides both 

running mode as well as block mode averaging. In this thesis, running 

mode averaging is performed. Subsequent to time averaging, Fast 

Fourier Transform (FFT) of the PA signal is performed to visualise 
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real-time frequency spectrum of the sample that will help to 

discriminate samples instantaneously. In order to obtain FFT, signal 

analysis VI of LABVIEW is implemented that provides FFT 

magnitude spectrum. Thereafter the PA signal is stored in the computer 

using custom built LABVIEW program that stores the data in .CSV 

format for further processing and analysis. Figure 3.6 delineates the 

LABVIEW based software interface used in the thesis that illustrates 

real time PA response, averaged PA response and the real time 

frequency spectrum.  

 

Fig. 3.6. Front panel of LABVIEW based software interface  

3.2.2.3 Signal processing 

Subsequent to acquisition, frequency spectra of PA signals are 

analysed using in house developed MATLAB program for sample 

differentiation as well as characterisation. In this thesis, mainly two 

types of signal processing techniques are applied to the PA signal for 

qualitative and quantitative assessment of tissue pathology given as 

follows: 

(a) Solely frequency based (FFT)  

(b) Time-frequency (EWT, WVD) based techniques  

        In case of solely frequency based techniques, FFT is the primarily 

used technique to obtain frequency spectrum of signals [169]. 

Therefore it has been used for extracting frequency domain 
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information of the PA signals acquired from different samples. In order 

to perform FFT, the PA signal is first subtracted from the baseline to 

remove any offset arising out of sensor and amplifier (if used in 

future). Subsequently, windowing is employed to the signal for 

background noise reduction. Thereafter FFT is applied to the PA 

response. Figure 3.7(a) & 3.7(b) show a typical PA signal and its 

frequency spectrum from black rubber sample.  

 

Fig. 3.7. (a) PA response from test sample (b) PA frequency spectrum 

without zero padding (c)PA frequency spectrum with zero padding 

It clearly delineates that the spectrum has inadequate points for 

reconstruction as illustrated in Fig. 3.7(b). Therefore zero padding of 
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the signal is performed. The zero padding of signal signifies adding 

zeros at the end of the signal to increase the number of data points. 

Figure 3.7(c) shows the frequency spectrum of the zero padded signal 

in which the frequency peaks of the spectrum can be identified more 

precisely. Since the frequency peaks are one of the important 

parameters for analysis, precise identification is very essential. Apart 

from frequency components other frequency spectral parameters such 

as dominant frequency, total spectral energy, and variance are also 

obtained for quantitative analysis in later studies. 

 

 

Fig. 3.8. Type of signal processing techniques used in the thesis 

         In this thesis, advanced signal processing techniques like time-

frequency based techniques are also employed. The primary advantage 

of these techniques is these techniques provide frequency information 

along with the time. For example, signal illustrated in Fig. 3.7(a) has 

different frequency components that appear at different time points. 

Applying FFT, one can obtain the frequency components present in the 

signal. However at what point of time the components are appearing 

cannot be obtained from FFT [170]. The time information is very 

important as it can provide critical information about tissue property. 

Hence it can be considered as a parameter for normal and pathological 

tissue discrimination. In addition, PA signals are non-stationary in 

nature. Utilising FFT for extracting frequency components of the non- 

stationary signals would provide overlapped frequency components 
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due to spectral leakage [171]. Since individual frequency components 

serve as primary spectral parameter, overlapped frequency components 

would lead to erroneous results. Therefore time-frequency techniques 

are applied to PA response for complex tissues like human breast 

masses. There are many time frequency techniques such as short time 

Fourier transforms (STFT), continuous wavelet transform (CWT), 

empirical mode decomposition (EMD), empirical wavelet transform 

(EWT), Wigner-ville distribution (WVD) etc. [172]–[174]. Among 

these techniques, WVD and EWT are employed in this thesis due to 

their unique advantages. For example, WVD provides qualitative 

information in terms of contour plots that shows the individual 

frequency components as concentric circles and corresponding energy 

density in colour variation whereas EWT is an adaptive technique that 

conform variation in processed signal by utilising adaptive algorithm 

(detailed in Chapter 5) [171], [175], [176]. These features are 

imperative for classification and studying pathology of human breast 

masses.  

Now let’s take an example to observe how time-frequency 

based techniques are advantageous over solely frequency based 

techniques. For this, WVD is applied to the signal illustrated in Fig. 

3.9(a), it can be observed that the frequency components as well as the 

time information can be obtained which cannot be obtained from FFT 

technique as illustrated in Fig. 3.9(b). The contour plot (Fig. 3.9(c)) of 

WVD shows the increase in frequency with respect to time. The colour 

bar indicates the energy density of the frequency components. Since 

the frequency components present in the signal consists of identical 

energy density, there is no variation in colour. As time frequency based 

technique provide more information compared to FFT, theses 

technique are used in the thesis for detailed study of complex samples. 

In depth explanation of the time-frequency based techniques is given in 

the later chapters.  
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Fig. 3.9. (a) Signal with different frequency components (b) frequency 

spectrum of “a” obtained using FFT (c) WVD of signal illustrated in 

“a”  The conversion factor for Y-axis is (coordinate position / 

3000)*(Fs/2) and X-axis is ((co-ordinate position+5000)/3000)*(Fs/2). 

Fs is the sampling frequency (500 Hz). The unit of time and frequency 

is s and Hz respectively 

3.2.3 Different parameters and their effect on PA response: An 

analysis 

Since one of the primary aims of the thesis is to perform 

frequency spectrum analysis of PA response, it is very important to 

investigate the effect of experimental parameters on PA response as 

well as the frequency spectrum. In this section, effect of different 

experimental parameters such as laser energy, spot size of the laser, 

sample container, distance between sample and sensor on PA signal 

frequency spectrum is explained. In order to remove the effect of the 

mentioned experimental parameters, the PA response is normalised.     

3.2.3.1. Effect of absorption and laser energy 

It is known that absorption and laser irradiance on the sample 

would change the amplitude of the PA response [32]. The higher the 

(c) 

 

(c) 
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absorption and laser irradiance, higher the PA response’s amplitude. If 

the signal amplitude is changed due to any of these factors, then the 

spectral amplitude of the signal changes. A simulation study by 

changing the optical absorption of the sample shows an increase in 

spectral amplitude as illustrated in Fig. 3.10(a). Here the absorption of 

the sample has been increased by 1.5 times and 2 times the original 

absorption as shown in the inset of Fig. 3.10(a).Thus it is essential to 

differentiate mechano-biological property from the optical absorption. 

In that sense normalisation would help.  

 

Fig. 3.10. Frequency spectrum from simulated target with varied 

absorption (absorption increased by 1.5 times and 2 times), 

corresponding time domain signal given in inset (a) without 

normalisation (b) after normalisation of PA time domain signal 

Figure 3.10(b) illustrates PA response and the frequency spectra after 

performing normalisation. This clearly indicates that absorption/energy 

(a)

(b)
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variations in experiments are not affecting the normalized results and 

thereby the spectral information. Therefore, all the PA signals in this 

thesis are normalised before performing spectral analysis. 

In addition, it is also worthwhile to investigate the effect of 

laser energy on PA response amplitude. The reason is during 

experiments if there is a variation in laser energy it would affect the 

PA signal. Therefore it is very important to verify the linearity of PA 

response amplitude with laser energy so that the effect of this variation 

can be nullified by normalisation.  An experimental study is performed 

to verify the relation between laser energy and PA signal amplitude as 

illustrated in Fig. 3.11. The figure clearly elucidates a linear 

relationship within the experimental range of laser energy.  

 

Fig. 3.11. Laser energy vs PA response amplitude plot 

3.2.3.2 Spot size of the laser 

Subsequent to laser energy, the spot size of the laser is another 

experimental parameter that affects PA response characteristics. The 

irradiated laser spot on the sample surface is considered as sample size. 

The spot size of the laser i.e. the sample size is related to the width of 

the PA response. The following equation (Eq. 3.7) illustrates the 

relation between sample size (diameter) and the PA response width (τ) 

[75].  
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2

s

a

V
 

                                            (3.7) 

where a is radius of the absorber, Vs is the sound speed 

It can be certainly observed that the PA response width is 

linearly related to the size of the sample. To verify the theoretical 

explanation, simulation study was performed. Figure 3.12(a) & 3.12(b) 

illustrate PA response and frequency spectrum of two numerical 

targets with different diameters (0.4 mm and 1 mm).  

 

Fig. 3.12. Simulation study performed on numerical targets of different 

diameters to depict different sample size that provide  (a) PA responses 

and  (b) PA frequency spectrum 

The width of the PA response is verified with theoretical and 

simulation studies that provides very high resemblance (Theoretical 

width of 0.4 mm target is 2.62μs and simulated width 2.6 μs). Since it 

very evident that change in sample size causes shift in dominant 

(a) 

(b) 
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frequency (frequency spectral parameter) from 1.5 MHz to 2.3 MHz, it 

should be taken care for accurate results. Therefore, the laser spot size 

was kept fixed for all the experimental studies to nullify the effect of 

this parameter.  

3.2.3.3  PA sample container 

As per literatures, glass container was utilised as sample 

containers [177], [178]. Investigating the effect of sample container on 

PA response is very essential as the container also can generate PA 

response that can merge with response from the sample. This would 

lead to erroneous result. Hence for this study, PA response was 

acquired from the sample container without pouring any sample into 

the container. It was observed that there is no PA response generated 

from the PA sample container. Therefore glass containers were used 

for PASR experiments with liquid samples. 

3.2.3.4 Distance between sample and sensor 

The distance between the sample and the sensor also have an 

effect on PA response. This is human error. While placing the sensor 

for repeating experiments, the sensor position i.e. the distance between 

sample and sensor may vary which can affect the PA response. 

Therefore this parameter should be verified and eliminated for more 

accurate results. To verify the affect of PA response due to variation in 

sample-sensor distance, experimental studies were performed.  Here, 

the PA signal of a black rubber sample has been acquired and the 

sensor was moved away from the sample by 0.5 cm. The time domain 

signals shown in inset of Fig. 3.13(a) exhibits an amplitude change as 

well as change in the time delay. To eliminate the experimental errors 

that arise due to sample-sensor distance, the time domain signals are 

again normalised and the spectral information of the two signals 

becomes identical as shown in Fig. 3.13(b). This proves that 

experimental variations of the transducer at least upto 5 mm can be 

eliminated when the signals are normalized. In our experiments, the 

experimental error due to transducer positioning is lower than 2 mm. 
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Therefore it can be stated that PA response normalisation would 

eliminate the effect of sample and sensor distance that will eliminate 

the positioning error of sensor. 

 

 

Fig. 3.13. Frequency spectrum of black rubber sample with sensor 

position varied by 5 mm (inset image provides PA time domain signal 

of the same sample (a) without normalisation (b) after normalisation 

3.3 PASR experiment with biological sample 

Subsequent to PASR experimental setup characterisation with 

simulation and tissue mimicking phantom study, it is very important to 

observe the response of the system towards biological samples. In 

order to do that, developed PASR setup is verified with blood samples. 

This study includes two parts which is given as follows: 

i. Change in PA response amplitude by varying  red blood 

cells (RBC) concentration 

ii.  Change in PA response amplitude by varying RBC shape 

(a) 

(b) 
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3.3.1 Change in PA signal amplitude by varying RBC 

concentration 

  The first set of study is to ascertain how sensitive is PA 

response technique’s amplitude for a change in concentration of RBCs. 

For this experiment, different volume concentrations of whole blood 

samples were prepared and experimented immediately after sample 

preparation. 

To prepare blood samples, fresh human blood was collected 

from healthy donor. For this experiment, concentration of RBC in 

whole blood sample was varied by diluting the whole blood with 

isotonic solution (0.9 gm NaCl in 100 ml water). Isotonic solution is 

used to maintain the tonacity of blood [179]. Four samples with 

different volume percentage of whole blood i.e. 20%, 60%, 80% and 

100% were prepared. The variation in volume percentage of whole 

blood provided change in concentration of RBCs in the samples. The 

PASR experiments were performed immediately after sample 

preparation. The samples were poured in PA sample container and 

placed vertically into the water tank. The schematic of the 

experimental setup is already illustrated in Fig. 3.3. The sample was 

irradiated by a Nd:YAG laser with second harmonic pulses as 

mentioned in section. It was exposed to maximum 10 mJ with the spot 

size of 4 mm
2
 laser beam. In this experiment, these PA responses are 

acquired by a single element ultrasound sensor with centre frequency 

3.5 MHz and bandwidth 3.8 MHz. The other details of the 

experimental setup are given in section 3.2.1. PA response amplitude 

obtained from the samples is shown in Fig. 3.14. The signal amplitude 

has shown a change of 2.5 mV when the concentration was changed 

from 20% to 100%. The reason for this change in amplitude can be 

related to the number of cells that are irradiated by the laser. With the 

increase in concentration of the blood, number of cells that get 

irradiated also increases. As mentioned in Chapter 2, initial pressure 

(p0) is proportional to absorbed absorption coefficient (μa(r)) as shown 

in Eq. 3.8 [57]     
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0 th ap F   
                                 (3.8) 

where μa(r)  is absorption coefficient, ηth is the percentage that is 

converted into heat, Γ is Gruneisen coefficient and  F is fluence, 

change in RBC concentration varies the absorption thereby changes the 

amplitude of PA response. Absorption spectra of water and NaCl were 

obtained to confirm that they do not contribute to absorption for 

second harmonic excitation. Figure 3.15 clearly shows very low 

absorbance (0.092) compared to blood (~2.3). Therefore the effect is 

negligible.  

 

Fig. 3.14. PA response vs blood concentration plot 

 

Fig. 3.15. Absorption spectra of water and NaCl 
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3.3.2 RBC shape analysis using PA signal amplitude 

The second set of experiment would be to identify the effect of 

morphological changes on amplitude of PA response. For this set of 

experiment, the samples (test and control) were kept for 1 hr in room 

temperature to allow the RBCs to undergo morphological changes. For 

performing the experiments, three different solutions isotonic, 

hypotonic and hypertonic solution with different concentration of NaCl 

were prepared to dilute the blood sample with different tonicity. 

Among these solutions, isotonic solution maintains similar tonacity as 

blood plasma and rest causes osmotic pressure change in RBCs [180]. 

Table 3.1. illustrates the details about the composition of the solutions. 

Table 3.1. Composition of the solutions for varying tonacity of blood 

Sample Water (ml) NaCl (gm) Osmolarity(Osm) 

Isotonic 5 0.045 0.15 

Hypotonic 5 0.001 0.006 

Hypertonic 5 0.7 4.4 

 

The samples were categorised into test and control. Two test 

samples named hypotonic sample and hypertonic sample were 

prepared by adding hypotonic and hypertonic solution with whole 

blood with mentioned proportion (Table 3.2.).  The control sample was 

prepared by adding isotonic solution named as isotonic sample. The 

RBCs in test samples undergo morphological changes whereas the 

control sample maintains its original shape [181]. The RBCs with 

hypertonic solution get shrunk as the water inside the RBCs drain out 

since the solute concentration is high in the surrounding medium 

compared to cells. In contrast, the RBCs in the hypotonic solution 

allow diffusion of water from the surrounding medium to the cells due 

to lower concentration of solute in the medium. Due to diffusion of 

water into the RBCs, it gets swollen. 
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Fig. 3.16. Microscopy images of (a) isotonic (b) hypertonic (c) 

hypotonic samples  

Table 3.2. Composition of blood samples  

Blood sample Blood (ml) Solution (ml) 

Isotonic sample (Control) 0.3 ml 0.2 ml isotonic solution 

Hypotonic sample (Test) 0.3 ml 0.2 ml hypotonic solution 

Hypertonic sample (Test) 0.3 ml 0.2 ml hypertonic solution 

 

It was confirmed by microscopy that test as well as control 

samples have undergone morphological changes. Subsequent to sample 

preparation, microscopy of the samples was performed by microscope 

within an interval of 10 mins.  Immediately after observing the shape 

change of the control samples, PASR experiments were performed by 

the same experimental setup as the first study.  Figure 3.16 illustrate 

microscopy images of test and control samples. This clearly elucidates 

the shrunken RBCs in hypertonic solution and swollen RBCs in 

hypotonic solution. However the control sample i.e. the isotonic 

sample retains its original disc shape. The PAS experimental result 

shows a prominent change in amplitude when there is a change in 

shape of RBCs as shown in Fig .3.17. The signal amplitude increased 

almost two fold in the case of hypertonic solution whereas amplitude 

reduces (0.08 V) hypotonic solution where the RBCs swell and get 

lysed. The probable cause for this can be associated with number of 

cells under irradiated region. More number of shrunk RBCs would 

have been irradiated which increases the signal amplitude. The swollen 

RBCs lyses and disruption of haemoglobin inhibits the amplitude of 
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PA response. The obtained PAS results were compared with standard 

UV-VIS spectroscopy as illustrated in Fig. 3.18 Distinct change in 

absorption is clearly observed from the spectra that correlate very well 

with the obtained PASR results. This proves that the developed setup is 

sensitive towards change in biological samples. In addition it can 

provide quantitative analysis which is very important for clinical 

diagnosis and study.   

 

Fig. 3.17. PA response amplitude vs isotonic, hypotonic and 

hypertonic sample plot 

 

Fig. 3.18. UV-VIS absorption spectra of PA response Vs isotonic, 

hypotonic and hypertonic samples 



 Chapter 3 
   

60 

 

3.4 Elastic property study using PASR 

Subsequent to PASR setup development and characterisation, the setup 

is verified with blood. The studies clearly delineate that the developed 

setup yield change in PA response amplitude due to change in optical 

absorption of biological samples. The next step is to verify that how 

change in mechano-biological property (elasticity) of the sample 

affects PA frequency spectrum. This has been verified with simulation 

as well we experimental studies (tissue mimicking and biological 

tissues). It is well known from literature that tissue elastic property is 

related to density and sound speed of the sample as illustrated in Eq.3.9 

[182] 

2

sV d 
                                            (3.9) 

where, ξ is bulk modulus,Vs is sound speed and d is density of the 

sample. From Eq. 2.10 it is known that generation of PA time domain 

signal is related to initial pressure rise in the sample due to thermal 

expansion which serves as a strain source. Therefore it can be inferred 

that generated acoustic signals are related to sample’s elasticity.  

3.4.1 Simulation study 

In order to understand how sound speed and density affects PA 

spectrum, a simulation study was performed in MATLAB using K-

wave toolbox to investigate elasticity in biological tissues [65], [183], 

[184].  As it has been already explained that sample size and 

absorption affects the PA spectral response, the effect of these two 

parameters are avoided in the simulation by taking two numerical  

samples with identical size and absorption.  The targets were simulated 

with a change in sound speed from 1600 m/s to 1900 m/s (arbitrary 

chosen values). Figures 3.19(a) shows there is a shift in centre 

frequency of the spectrum by 1 MHz. Similarly, keeping the sound 

speed constant, simulations were performed by varying sample density 

from 1600 kg/m
3 

to 2000 kg/m
3
. Similar to the previous study, Fig. 

3.19(b) shows similar shift in frequency. Hence this study clearly 
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proves that mechanobiological property of the samples can be assessed 

through photoacoustic spectral analysis.       

 

Fig. 3.19. Spectral information of two numerical targets with (a) sound 

speed 1600 m/s and sound speed 1900 m/s (density 1500 kg/m
3
) (b) 

density 1600 kg/m
3
 and density 2000 kg/m

3 
(sound speed 1500 m/s) 

3.4.2 Tissue mimicking phantom study 

Subsequent to simulation study, developed PASR technique is 

applied on to tissue mimicking phantoms to verify the hypothesis. In 

this thesis, Gelatine is used as tissue mimicking phantom as the 

properties of gelatine is very close to soft tissues [185]–[187]. Since 

optical absorption coefficient of gelatine is significantly low in second 

harmonic wavelength, absorber has been added to the gelatine gel. 

Black ink is used as absorber in this study which exhibits very high 

absorption in mentioned wavelength as illustrated in Fig. 3.20. Thus 

sample absorber is black ink and surrounding sample gelatine is a 

model that depicts absorption as well as mechano-biological property. 

Since the motivation of the study is to verify the effect of elasticity on 

PA frequency spectrum, change in elasticity is induced in the gelatine 

sample by varying the concentration of gelatine in the gel samples. 

Four samples were prepared with various concentration of gelatine 

such as 0 gm/ml (only black ink, 1 ml ink), 0.1 gm/ml (0.1 gm gelatine 

in 1 ml ink), 0.25 gm/ml (0.25 gm gelatine in 1 ml ink), 0.4 gm/ml (0.4 
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gm gelatine in 1 ml ink), while the concentration of ink was kept 

constant to ensure identical absorption. Since increase in gelatine 

concentration increases the density of the phantom, dominant 

frequency reflect density change. In this thesis, dominant frequency 

represents the frequency component with highest spectral amplitude 

which is obtained from in-house developed MATLAB code.  

 

Fig. 3.20. UV-VIS absorption spectra of black ink 

 

 

Fig. 3.21. Plot of gelatine concentration and PASR dominant frequency 

Figure 3.21 shows a significant rise in PASR dominant frequency with 

increased gelatine concentration. In this study, 39 % increase in the 
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PASR dominant frequency was obtained for 1.5 times increase in 

gelatine concentration. 

Subsequent to solid tissue phantoms, PASR technique was 

applied to liquid samples that exhibits change in elasticity in terms of 

variation in density. This is important to differentiate liquid samples 

based on elasticity as many diseases such as haematological diseases, 

Pneumonia deals with body fluids (blood, oedematous fluid etc.).For 

this study, beetroot juice and black ink is used as samples as both of 

them illustrate high absorbance in 532 nm wavelength and differs in 

density. The experimental parameters such as laser energy, spot size of 

laser is kept constant for this study. The only change was in the 

sample’s density that signifies that elasticity. Figure 3.22 illustrates the 

PA frequency spectrum obtained from beetroot juice and black ink. 

Even though there is considerable change in sample’s density, no 

change in PA frequency spectrum was observed for beetroot and black 

ink samples.  

 

Fig. 3.22. PA frequency spectrum of black ink and beetroot sample 

when the samples placed in glass cuvette 

In order to verify the results, PA response of beetroot sample (liquid) 

were closely investigated that illustrates oscillations as shown in Fig. 

3.23(a). Then PA response of the rubber sample was acquired in 

similar experimental condition as shown in Fig. 3.23(b) (not placed in 

1 2 3 4 5 6 7 8 9 10

x 10
6

0

10

20

30

40

50

60

Frequency(MHz)

A
m

p
li

tu
d

e
(a

.u
.)

 

 

Black ink

Beetroot



 Chapter 3 
   

64 

 

glass cuvette) was compared with PA response from beetroot sample 

as illustrated in Fig. 3.23. Since solid sample like black rubber is not 

placed in glass sample container, it is worth comparing liquid samples 

PA response with black rubber. By comparing PA responses of 

beetroot and rubber samples, it can be clearly observed that beetroot 

sample exhibits multiple oscillations compared to rubber sample. Since 

all the experimental parameters were constant during acquisition of PA 

response from beetroot and rubber sample except the glass cuvette, 

there is a possibility that glass cuvette plays an important role in PA 

response.  

 

Fig. 3.23. PA response obtained from (a) beetroot juice filled in glass 

cuvette (b) black rubber sample 

(a)

(b)
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To investigate the effect of glass cuvettes on PA response, 

interaction of ultrasound waves with glass was studied. It is well 

known from literature, that glass is a very good reflector of ultrasound 

waves [188]. Since the glass container is cylindrical, it can be 

hypothesised that two opposite walls of the container act as reflectors 

as illustrated in Fig. 3.24 which forms a cavity. Due to the multiple 

reflections, oscillation in PA response is obtained. The cavity formed 

in the glass cuvette behaves as a band pass filter that allow only certain 

band of frequency to pass through the wall of the container. The 

frequency band which comes out of the container is similar to the pass 

band of the filter. The passband of the container depends on the 

diameter of the container. The reason is the distance between the two 

reflectors (walls of the container) is the primary factor for oscillations.  

 

Fig. 3.24. Schematic of PA response reflection in glass cuvette and 

response of band pass filter 

Therefore all the samples which is poured in the glass cuvette 

container, exhibit a certain band of frequencies thereby causes identical 

frequency spectrum.       

Therefore utilising glass cuvettes for PASR experiments would 

provide erroneous results. To acquire the true PA response of the 

sample, cavity effect should be nullified. For this reason glass cuvettes 

were replaced by silicone rubber tubes. Since silicone rubber has 

inherent property to pass ultrasound [189], [190], generated PA signal 
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from the samples can easily travel through the container and reach the 

ultrasound sensor. Figure 3.25 illustrates the PA response of same 

beetroot sample placed in silicone rubber container that exhibits no 

oscillations in the signal due to PA cell. This proves that the silicone 

container does not reflect PA response. 

 

Fig. 3.25. PA response of beetroot sample placed in silicone rubber 

tube that exhibits no oscillation  

Then the PASR experiments with beetroot and black ink 

samples were repeated with silicone rubber tube to observe the PA 

frequency spectrum which is shown in Fig. 3.26.  

 

Fig. 3.26. PA frequency spectrum of black ink and beetroot sample 

when the samples placed in silicone rubber tube which illustrates 

change in frequency spectrum 
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From the spectrum it clear that there is a distinct shift in frequency 

components. For example beetroot sample exhibits two dominant 

peaks at 1 MHz and 2.3 MHz whereas black ink illustrates multiple 

peaks at 0.8 MHz, 1.7MHz, 2.1 MHz and so on. This certainly proves 

that silicone rubber tubes help to obtain true response of the sample. 

Thus for all the experiments with liquid sample were performed with 

silicone rubber tubes. 

In case of solid samples, another approach has been utilised. To 

avoid contamination of water in which sample and sensor are 

immersed, the sample was wrapped with parafilm. As parafilm is a 

very thin membrane, it does not affect the PA signal. However the 

airgap present in between the film and sample exhibits oscillation in 

PA response. Thus the sample was coated with ultrasound gel in order 

to get rid of the air gap. This method of sample wrapping is followed 

in the all the studies.   

3.4.3 Elastic property study using biological samples 

Subsequent to tissue phantom study, the hypothesis is verified 

with biological samples. For this study, freshly excised chicken liver 

and muscle were experimented. The motivation behind choosing theses 

samples is liver and muscle exhibit distinct difference in elasticity. 

Therefore applying PASR onto liver and muscle would provide an idea 

about feasibility of PASR on biological samples. In order to perform 

the PASR experiments, tissues were cut into 1 cm × 1 cm
  
pieces. Then 

the samples were coated with thin layer of ultrasound gel and wrapped 

with parafilm avoiding bubble formation. PA responses were acquired 

from three different areas of a sample by utilising the developed PASR 

setup as described in section 3.2.1. The PA frequency spectrum was 

obtained by applying FFT to the PA response. Figure 3.27 delineates 

the PA frequency spectrum of liver and muscle. It is known that liver 

and muscle have stark difference in their elastic property [185]. Hence, 

in this study, PASR is applied onto chicken liver and muscle to 

discriminate them based on tissue elasticity.  It is clear from Fig. 

3.28(a) that the dominant frequency of liver is at least 1 MHz more 
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than that of chicken liver. To verify the consistency of the results, the 

same experiment has been repeated at different locations of the three 

biological specimens. Moreover, for quantitative differentiation, 

besides dominant frequency, spectral magnitude is also obtained.  Both 

of the spectral parameters delineate distinct change which can be 

observed from the box plots illustrated in Fig. 3.28(b)  

 

Fig. 3.27. Spectral information of muscle and liver tissues obtained 

through PASR technique 

In order to understand the reason behind the obtained results, 

properties of liver and muscle should be analyzed. Liver is a cell 

continuous tissue which contains very low amount of extracellular 

matrix (ECM) and collagen content. Therefore liver is soft and friable 

tissue but high density. On other side, muscle is a matrix continuous 

tissue that possess high amount collagen [191]. Therefore tensile 

strength of muscle is high compared to liver which indicate high 

elasticity. Since elastic medium exhibits low sound speed, the 

dominant frequency of the spectrum shifts to lower value. This is the 

reason behind higher dominant frequency of liver compared to muscle. 

Subsequently muscle possess high acoustic attenuation (3.3 MHz/dB) 

compared  liver (0.9 MHz/dB) [185]. Therefore spectral magnitude of 

muscle tissue is relatively low compared to liver tissue.  Results 

obtained from PASR study of chicken muscle and liver clearly 

indicates that spectral parameters such as dominant frequency and 
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spectral magnitude exhibits distinct change for tissue types with 

different elastic property. Thus proposed PASR technique can be used 

for many critical applications such as differentiating benign and 

malignant tumors, different thrombotic diseases etc. which exhibits 

change in elastic property. 

 

Fig. 3.28. Box plot of (a) Dominant frequency (b) Spectral magnitude. 

The shaded box represents 25 - 75 % of the data set. The line in the 

box is the median and mean value is shown as square box. The 

whiskers (cross sign) show the maximum and minimum of data set 

3.5 Summary 

         An attempt was made to develop PASR instrument in-house that 

can serve as a tool for different disease diagnosis based on sample’s 

elasticity. The experimental setup was developed and real time PA 

frequency spectrum of the sample is monitored by custom made 

LABVIEW interface. Since the technique relies on PA response and 

the frequency spectrum, the effect of different experimental parameters 
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such as laser energy, sample’s absorption, distance between sample 

and sensor sample size etc. on PA response should be performed. 

Therefore the developed system is characterised with simulation as 

well as experimental studies in order to eliminate the effect of the 

mentioned experimental parameters and obtain true response of the 

sample. Subsequent to characterisation, the developed PASR setup is 

applied on to blood samples to verify the sensitivity of the setup 

towards biological samples. PA response amplitude delineated distinct 

change due to change in RBC concentration as well as shape. After 

development and testing of PASR setup, developed setup was applied 

to tissue mimicking phantom made out of gelatine sample and black 

ink as absorber to verify the hypothesis that PA frequency spectrum is 

sensitive towards change in sample elasticity. The study illustrated 

significant change in PA frequency spectrum dominant frequency due 

to change in sample density. Consequently biological samples (chicken 

liver and muscles) were also experimented that also illustrated 

significant change in PA spectral parameters. This proves the 

applicability of the developed PASR setup for different diseases that 

exhibits change in elasticity. The setup can be useful to differentiate 

normal from pathological tissues with high efficiency. Application of 

PASR setup for different disease diagnosis is reported in the next 

chapter.     

 



 

 

 

 

 

 

 

Chapter 4  

Application of Fast Fourier 

Transform based PASR 

technique for different disease 

diagnosis 
 “If you can’t explain it simply, you have not understand it well enough” 

-Einstein 
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4.1 Introduction  

         In Chapter 3, development and characterisation of PASR 

technique is discussed. It also explains the potential of PASR 

technique in order to detect change in sample’s mechanobiological 

property in details. The simulation, tissue phantom and biological 

samples (chicken liver and muscle) studies clearly signify that PA 

frequency spectral parameters are highly sensitive towards change in 

sample’s elasticity. As described in Chapter 3, two types of signal 

processing tools such solely frequency based (FFT based) and time-

frequency (WVD, EWT) are utilised depending upon the complexity of 

the samples. This Chapter describes two major applications of FFT 

based PASR techniques that include differentiation of blood and clot 

and detection of early stage Pneumonia. Chapter 4 is divided into two 

sections, section 4A and section 4B. Detection of blood and blood clot 

study is described in Section 4A end Section 4B detail about early 

stage diagnosis of Pneumonia. 

Section-4A 

4.1A Problem statement and motivation 

Blood coagulation is a natural defence mechanism of human 

body to prevent blood loss during injury. While blood coagulation is a 

normal phenomenon, hyper-coagulation could lead to the 

formation of blood clots or thrombus in the vessels. These thrombi 

while moving through the blood vessels can reach vital organs like 

heart, lungs, kidney, brain etc. and can impede blood flow in the 

vessels. This process is the cause for many fatal diseases such as heart 

attacks, ischemia, pulmonary emboli, deep vein thrombosis etc. [192]–

[194].  Hence scientists show a keen interest in understanding the 

process of thrombus formation.  

Briefly, thrombi formation is a complex process where 

fibrinogen converts into fibrin and the subsequent covalent cross-
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linking of fibrin play important roles. Particularly, the mechanical 

properties of fibrin affect the criticality of thrombus [195], [196]. For 

example, if a blood vessel is partially occluded because of a clot, the 

viscoelastic properties would determine whether the flowing blood 

would deform the clot, rupture or embolize (occlusion of blood 

vessels). Interestingly, epidemiological studies involving patients 

suffering from myocardial infarction show tight and rigid fibrin 

network structures compared to controls [194], [197].  

The mechanical properties of fibrin in clots are important for 

understanding, preventing and treating thrombosis and blood 

coagulation related disorders. However, there is little understanding of 

the clinical and even less known is the basic mechanical properties of 

clots necessary for haemostasis and thus, investigation is needed to 

understand the mechanism involved in haemostasis.  

In this context, monitoring blood coagulation process as well as 

differentiate blood from blood clots (immersed in blood) by 

quantitatively assessing its mechanobiological properties using 

developed PASR technique, a non-invasive, marker-free technique 

suitable for real-time biomedical applications is proposed. As 

mentioned earlier, the advantage of this technique lies in specific 

optical absorption (increasing specificity by targeting sample’s 

absorption) and also in diagnosis of deep tissues through less scattering 

ultrasound waves. Conventional PA imaging has  shown the ability to 

detect blood clots in tissue phantoms and also aging of clots as optical 

absorption changes with respect to the age of the clot [26]. 

        Despite the potential of conventional PA imaging, after clot 

detection in tissue phantoms, it could not go further in understanding 

the mechanism of clots. The main reason is that clots when present 

with blood would have many components like hematocrit 

concentration, fibrin concentration that contribute to optical absorption 

and acoustic attenuation, which is reflected in the amplitude of the PA 

signals.  For example, PA response of blood and clot taken from a 

donor is shown in Fig. 4.1(a). The amplitude of the blood clot signal is 
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higher compared to the blood. However, the same study repeated on 

another donor reveals that the PA amplitude of the clot is lower than 

that of blood as shown in Fig. 4.1(b). There exists inconsistency in the 

amplitude. This problem becomes worse when moving on to in-vivo 

studies, thereby preventing conventional PA technique to perform in 

vivo studies and understand the mechanism of formation of thrombus. 

 

 

Fig. 4.1. (a) PA response of blood and blood clots of donor 1, (b) PA 

response of blood and blood clots of donor 2   

        This study attempts to solve the above-mentioned problem 

by calculating the spectrum of the acoustic signal. The proposed 

(a) 

(b) 
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technique normalizes the signal (to eliminate amplitude effect) and 

then obtains the spectral information of the signals which is governed 

by the size, sound speed and density of the sample.  Since elasticity is 

related to the sound speed and density by ξ= vs
2
d where ξ is modulus 

of elasticity, vs is velocity of sound and d is density, PA signal can 

depict elasticity information, which is important to understand the 

mechanism of blood clots [47], [198], [199] . In this chapter, the PA 

spectral parameters such as dominant frequency and total spectral 

energy are utilized as primary parameters to assess the mechano-

biological property change in the blood and clot samples. 

4.2A Mechanism of clot formation 

Blood coagulation is regulated by 50 important substances 

which initiate or affect blood coagulation [200]. The substances that 

promote blood coagulation known as procoagulant. The others which 

inhibit coagulation process known as anticoagulant. The blood 

coagulation totally relies on balance between procoagulant and 

anticoagulant. Among these two group of substances, anticoagulant are 

predominant to ensure proper circulation of blood in the vessels. The 

process of coagulation in normal condition is initiated by damage of 

blood vessels. This activates the procoagulant to dominate 

anticoagulants. Subsequently, solid clot is formed. 

Blood coagulation follows basic three steps such as [201] 

i.  Involving blood coagulation factors by complex cascades 

of chemical reaction in response to blood vessel rapture or 

damage of blood. It evolves many blood coagulation factors 

that forms activated substances called prothombin activator. 

ii. Prothombin is converted in thrombin by the prothombin 

activator 

iii. Thrombin work as an enzyme for fibrinogen to fibrin fiber 

conversion that forms mesh like structure to trap platelets, 

blood cells and plasma to form the clot. 
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Fig. 4.2. Schematic of prothrombin to thrombin conversion and 

polymerization of fibrinogen for fibrin fibers formation [200] 

 

4.3A Materials and methods 

4.3A.1 Sample Preparation 

For this study fresh human blood was collected from healthy 

voluntary donors by venipuncture into sodium citrate tube (tri sodium 

citrate solution 0.129 mol/l) in order to avoid coagulation [202]. The 

citrate ions basically bind to Ca ions present in blood by generating 

calcium citrate. This hinders blood coagulation as Ca ions are essential 

for prothombin to thrombin conversion.  Subsequently, collected blood 

was divided into two equal proportions of hematocrit concentration to 

ensure identical absorption. One of the samples was used as pure blood 

sample and the other sample consists of clot along with blood. Blood 

was artificially clotted by adding 0.2M calcium chloride solution 

(CaCl2) [193]. Since citrated blood blocks the calcium ions, excess of 

ions are provided by adding calcium chloride solution so that blood has 

free Ca ions for prothombin to thrombin conversion. After adding 
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CaCl2 solution to the blood samples, the sample was kept undisturbed 

until solid clot was formed. Clot formation took approximately took 45 

mins. In order to obtain the intermediate state reading, it was taken 20 

mins after adding calcium chloride solution into blood. Even though a 

solid clot is formed, still it contains some amount of blood. The clot 

sample was used along with blood which depicts the original 

thrombotic disease condition where clot and blood both are present 

inside blood vessel. 

4.3A.2 PASR experiment 

Since the samples (blood) used in this study is liquid, PASR 

experimental setup for liquid sample was utilised as illustrated in Fig. 

3.2. Samples were poured in to silicone rubber container and irradiated 

by laser pulses (energy 9 mJ/cm
2
, wavelength 532 nm). Generated PA 

responses were acquired by an unfocused ultrasound transducer with 

centre frequency of 20 MHz placed ~3 cm away from the sample. 

Since blood exhibits low attenuation (0.17 dB/MHz) for high 

frequency compared to soft tissues (0.54 dB/MHz) [185], high 

frequency (20 MHz) transducer was employed for this study.  

Acquired PA responses were transferred to computer via digitizer. For 

quantitative analysis of the sample, frequency spectrum of PA response 

was obtained by applying FFT. The spectral features such as dominant 

frequency and spectral energy are obtained from PA frequency spectra. 

These are the key parameters which depicts change in tissue elasticity.     

4.4A Results  

The primary motive of this study is to understand the mechano-

biological mechanism behind the formation of clots through PA 

frequency spectral information. Hence, PASR has been applied to 

blood, an intermediate state of formation of clots and properly formed 

blood clots in blood. Figure 4.3 illustrates the PA response obtained 

from blood and clot that delineates distinct disparity in relaxation time 

that is related to sample elastic property. After obtaining the response, 
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the spectral information of the signals was obtained for the three 

samples.  

 

Fig. 4.3. PA time domain signal from blood and blood clot 

It is clear from Fig. 4.4 that there is a gradual shift in the frequency 

response of PA signals when we move from blood to clot formation. 

The dominant frequency of blood is 5.1 MHz whereas for blood clot it 

is 11.5 MHz and during the formation of clot, the dominant frequency 

is at 6.4 MHz as observed from Fig. 4.4. Shifting of dominant 

frequency depicts an increase in density of the sample and it is a 

parameter to characterize the clots.  

 

Fig. 4.4. Monitoring of clot formation using dominant frequency of PA 

spectral response 
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            To perform statistics, PASR has been applied to 20 samples of 

blood and formed clots. Figure 4.5 shows that PA spectral response 

dominant frequency for blood lies between 4.5 to 6 MHz whereas for 

clot the range is distinctly different i.e. 6.5 to 11 MHz. In addition to 

change in dominant frequency, total spectral energy was also obtained 

for the same samples. A change in these spectral parameters can also 

be used to differentiate sample with identical absorption.  

 

Fig. 4.5. PA spectral response dominant frequency of 20 sets of blood 

and blood clots 

Table 4.1 shows the spectral parameters of blood and blood clot 

samples. From Table 4.1, it is clear that, in addition to dominant 

frequency, spectral energy can also be used as a parameter to identify 

the sample. 

 Table 4.1. PA frequency spectral parameters of blood and clot samples 

Sample Dominant frequency (MHz) Energy(*10
5
) 

Blood 5.14±0.45 1.4±1.7 

Clot 7.7±1.3 1.7±0.9 

 

There is a 21% increase in spectral energy of blood clots compared to 

blood samples. These parameters, which depend on mechanical 
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properties, show significant change in clots compared to blood and this 

would pave way to take this technique to in-vivo diagnosis. 

4.5A Discussion 

A theoretical discussion to understand the relationship between 

the frequency components and the mechano-biological properties of 

the sample is provided in this section. Subsequently, the reason for the 

change in the frequency during clot formation is also discussed.  

Basically photoacoustic effect is the generation of sound waves 

due to absorption of light and the resulting rapid heating of a tissue. 

Upon light absorption by a nano-second laser pulse, a time-scale 

significantly lower than the thermal and stress confinement of the 

tissue, there is a localized temperature increase [33]. This temperature 

increase induces a transient pressure rise and the tissue undergoes 

thermoelastic expansion. The initial pressure rise depends on thermal 

expansion and the photoacoustic source can be treated as a strain 

source [35]. In other words, the variation of the elastic modulus of the 

irradiated tissue is related to the light induced strain source. 

Subsequently, in an elastic medium like tissues, the change in spatially 

varying pressure induces acoustic waves with a wide range of 

frequencies at the irradiated spots. Further these waves propagate 

through the tissue and the medium through momentum transfer. As 

mentioned in Chapter 2, the wave can be denoted by Eq.4.1.  below 

[203].  

2
2

2
( , ) ( , ) ( , )

p

d
p r t p r t H r t

K t C t

 
   

 
                                 (4.1) 

where p(r,t) is the acoustic pressure, d is the density, Cp is the specific 

heat, β is the isobaric constant, K is the bulk modulus and H(r,t) 

represents the source term which is related to the optical irradiance 

onto the sample due to the pulsed laser. 

As detailed in Chapter 2, the PA response amplitude is related 

to the absorption coefficient of the tissue which has been extensively 
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studied [25], [204]. The other two parameters such as width (τ) and 

relaxation time (χ) are related to mechanobiological property of the 

sample that affects the frequency spectrum of PA time domain signal. 

Some studies are performed to extract sample’s mechnobiological 

properties from relaxation time of the PA time domain signal using 

models (for example  Levenberg-Marquardt algorithm) [205], [206]. 

However this model fitting approach is limited to tissue mimicking 

phantoms and would the model need to be more complex for real 

tissues due to complicated tissue structure. Hence, an alternative 

approach of exploring the frequency content is attempted in this paper. 

The following equations provide a theoretical background on how the 

spectral information is related to the mechanical properties of the 

tissues.  

  The frequency spectrum of a PA response can be obtained by 

applying Fourier Transform to PA response. Therefore if we apply 

Fourier Transform, the pressure wave can be denoted as  

( , ) ( , ) exp( )P r p r t i t dt 




 
                                                 (4.2) 

After taking Fourier transform, the Fourier transformed photoacoustic 

equation would become  

2 20 0
0( , ) ( , ) ( )s

p

K k
P r k P r i V r

K C


                                           (4.3) 

where k0 is the wave number, Vs- sound speed,   ψ is product of optical 

absorption coefficient and photon density (ψ = μa * φ) 

Wave number (k0 ) is denoted by  

0

s

k
V


                                                                                            (4.4) 

where ω is angular frequency. It is clear from this equation that sound 

speed and frequency are proportional. Since sound speed can depict the 

density and elasticity of the sample, changes in the mechano-biological 
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properties of the sample can significantly contribute to the 

photoacoustic waves. Therefore, spectral information of photoacoustic 

waves depicts the mechanobiological properties of the sample.  

The following statements discuss the biological progress during 

the formation of clots from blood. In case of blood and blood clot there 

is a distinct change in elastic property. During injury or diseased 

condition, activated platelets convert prothrombin into thrombin. 

Subsequently, thrombin initiates the formation of fibrin strands that 

forms a mesh like solid structure for clot [12], [24]. This gradually 

increases the density of blood which leads to clot formation thereby 

increasing the sound speed compared to blood. The simulation study 

illustrated Chapter 3 (in Fig. 3.19) proves that enhancement in density 

and sound speed causes increase in dominant frequency; which 

correlates with experimental results and theoretical analysis. There is 

also an increase in spectral energy between blood and blood clots. The 

number of absorbers (red blood cells) within the illuminated region 

would have increased due to clot formation. Hence the PASR shows an 

increase in energy. 

Section-4B 

In this section, FFT based PASR technique is applied for 

detection of early stage Pneumonia. The experiments were performed 

on formalin fixed goat lungs in an in-vitro study. PA frequency 

spectral parameters obtained from different part of the goat lungs is 

analysed and compared with standard histopathology for correlation.  

4.1B Motivation and hypothesis 

Pneumonia is one of the most common diseases recorded 

worldwide and is more prevalent in developing countries [208]–[210]. 

Particularly, deaths caused due to pneumonia among children under the 

age of five are alarming [208], [211]. Non-invasive and early stage 

diagnosis of Pneumonia is pragmatic to control the mortality. The 

conventional non-invasive diagnostic tools available for Pneumonia 
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diagnosis are X-Ray and CT scan. Among these techniques, X-Ray is 

used for primary detection whereas CT is considered as golden 

standard for Pneumonia diagnosis [212]. Despite extensive use of these 

techniques, it exhibits certain limitations which are detailed as follows 

[213]: 

 The techniques suffer from ionisation radiation. Hence these 

are not applicable for young age group patients.  

 Theses technique unable to provide early stage diagnosis.  

          The only possible way to detect pneumonia in early stages is to 

understand the etiology of the disease which is possible through 

histopathology [214]. Histopathology of a lung would provide 

information on the blood vessels in the alveoli which is an important 

factor for detection at the consolidation as well as red hepatisation 

level. However, histopathological results are available only after 

removal of tissues, invasively. That is not only inconvenient for the 

patients but also hinder continuous monitoring. However pathological 

information obtained from histology is very important for early stage 

diagnosis. Hence obtaining histopathological information of the lung in 

a noninvasive manner would lead to detection of pneumonia at an early 

stage. The solution for early detection of pneumonia would be to 

obtain pathological information preferably in a non-invasive manner 

and perform continuous monitoring. 

         Therefore, Photoacoustic spectral response is proposed as real-

time, tissue elasticity based quantitative diagnostic tool for early stage 

Pneumonia detection. Since PA response contains elasticity 

information about sample, it is utilised for early detection of 

Pneumonia.  
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4.2B General introduction 

4.2B.1 About Pneumonia 

Pneumonia is inflammation and consolidation of lung tissues due 

to infection, inhalation of foreign particles or irradiation [215]. 

Pneumonia can be developed through different micro organism such as 

fungi, virus. However the primary reason of this disease is a particular 

species of bacteria, mainly Streptococcus and Mycoplasma. Based on 

the extent of the lesion, Pneumonia can be classified as the following 

types [216]: 

 Lobular (a lobe segment is affected) 

 Lobar (an entire lobe is affected) 

 Bronchopneumonia (Affects bronchiole and adjacent alveoli) 

 Interstitial (Primarily alveolar wall) 

Development of Pneumonia usually occurs in four stages which are as 

follows [217]: 

 Congestion: In the first stage (during 1-2 days) the affected 

lung parenchyma is consolidated i.e. alveoli is filled with 

inflammatory fluid. The alveolar lumen contains serous 

exudates, bacteria and rare leucocytes. 

 Red hepatisation: This is the second stage of the disease that 

occurs after 2 to 3 days of congestion. During this stage, the 

lung shows resemblance with liver and become hyperaemic. 

The alveolar capillaries are engorged with blood. 

Subsequently the alveoli also flooded with fibrinous exudates. 

Microscopic analysis confirms presence of erythrocytes, 

neutrophils, desquamated epithelial cells etc. in the alveoli. 

 Grey hepatisation: The third stage of Pneumonia i.e. grey 

hepatisation appears after 2 to 3 days of red hepatisation. This 

is avascular stage in which the lung filled with 

fibrinopuruletent exudates, fibrinopurulent exudates, 
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disintegration of red cells, and hemosiderin. The alveolar 

capillaries are compressed due to the pressure of the exudates. 

Migration of leucocytes into the congested alveoli is very 

common during this stage. 

 Resolution: This stage is identified by the restoration of 

pulmonary architecture. The alveolar space is captured by a 

large number of macrophages that is followed by phagocytises 

of bacteria loaded leucocytes.  

From the previous section, it is evident that blood vessels in the 

alveoli of the lung engorged with blood and other body fluid during 

progression of Pneumonia. This directly affects the density of that area, 

thereby changing the elasticity of the tissue. Elasticity changes in the 

tissue are highly reflected in the spectral information of the 

photoacoustic signal. Hence obtaining the spectral information through 

PASR technique would act as a signature of the tissue elastic property. 

The spectral information of the photoacoustic response and relate to 

elasticity of the tissue is investigated, thereby normal lung tissues from 

pneumonia was distinguished. Subsequently, PASR technique is 

applied onto formalin fixed goat lungs for early stage of Pneumonia 

i.e. red hepatisation diagnosis. Obtained PASR results from goat lungs 

were compared with standard histopathology.  

4.3B Materials and methods 

4.3B.1 Biological sample preparation 

For this study, formalin fixed pneumonia affected goat lungs 

were cut into 1 cm × 1 cm pieces of lung tissues from two different 

animals was collected. Subsequently each of the samples was placed in 

the water tank after wrapping it with parafilm. PA time domain signals 

from four different locations of the sample (total eight locations from 

two different lung tissues) were obtained. The PA response obtained 

from the different sample positions were segregated into three groups, 

namely Group 1, Group 2 and control which is illustrated in Table 4.2. 

Group 1 contains oedematous fluid along with air Group2 is infected 
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with red hepatisation and the control part is normal lung tissue. PA 

responses were acquired from these three regions of the lungs. In order 

to obtain histological sections, 10 micrometer thin slices of the sample 

from the lung tissue were cut. Then the slices were stained with 

haematoxylin and eosin dye. Later microscopic images were taken by 

bright field microscope. 

Table 4.2. Main compositions of different regions of goat lung 

Sample 

name 

Composition of alveoli Tissue 

pathology 

Group 1 Oedematous fluid along 

with air 

Lung 

inflammation 

Group 2 Excess of red blood cells Red hepatisation 

Control Air Normal lung 

 

4.3B.2 PASR experiment 

For this study, PASR experimental setup for solid sample was 

utilised as shown in Fig. 3.2. The sample was placed in a water tank 

which was irradiated with nano-second laser (Nd:YAG, 532nm, 5ns) 

with fluence of 10 mJ/cm
2
. Generated PA response was acquired by an 

unfocused ultrasonic sensor with centre frequency 3.5 MHz. Since 

high frequency acoustic signals are more prone to attenuation in soft 

tissues, lower centre frequency (3.5 MHz) compared to blood (20 

MHz) was used for the experiment. Acquired PA response was stored 

in computer after 200 time averaging. 

4.3B.3 Frequency spectrum analysis of PA response 

In order to extract quantitative pathological information of the sample, 

Fast Fourier Transform (FFT) of PA signal was performed. The key 

spectral features such as dominant frequency, total spectral energy and 

variance were obtained since these parameters depict the change in 

tissue elasticity i.e. density and sound speed. The dominant frequency 
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was obtained from the PA frequency spectrum using custom built 

MATLAB program. Subsequently spectral energy and variance were 

calculated from Eq. 4.5. and Eq. 4.6. which are given as follows [218] 

2[ ( ) ]
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                                                (4.5) 

where, E is energy, R(n) is the frequency spectrum of PA signal 
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where V is variance, R represents the frequency spectrum of PA signal, 

µm is mean of R , N is number of data in the set 

4.3B.4 Histology of lung tissues 

In order to obtain histological sections, 10 micrometer thin 

slices of the sample from the lung tissue were cut. Then the slices were 

stained with haematoxylin and eosin dye [219]. Later microscopic 

images were taken using bright field microscope. The protocol of 

histology is detailed in Appendix II. 

4.4B Results 

It is clear from Chapter 3, PA spectral information can reflect 

the density changes in the tissues. In this study, the diagnosis of early 

stage of pneumonia was investigated using PASR technique. Figure 

4.6(a) and 4.6(b) show PA response and PASR spectrum of one of the 

results each from Group1, Group 2 and Control. The dominant 

frequency for Group 1 is 2.82 MHz whereas for Group 2 is 2.27 MHz 

and normal lung tissue exhibits dominant frequency around 1.55 MHz. 

Other parameters such as total spectral energy, variance etc. also show 

more than two fold increase in Group 1 compared to Group 2 as 
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illustrated in Table 4.3. In order to verify the pathology of the set two 

groups, histopathology of the tissue was performed and the image is 

shown in Fig. 4.7. The samples points of Group 1 are shown in the 

histopathology (encircled in green in Fig. 4.7) which clearly exhibit 

oedematous fluid along with air. In contrast, the portion belonging to 

Group 2 (encircled in yellow in Fig. 4.7) shows the presence of excess 

of inflammatory cells which is the stage of red hepatisation. 

 

Fig. 4.6. (a) PA response and (b) Spectral information of control, 

Group 1 and Group 2 goat lungs 

 

(a)

(b)
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Fig. 4.7. Histopathology of Pneumonia affected goat lung in which 

green circle shows Group 1, yellow circle indicates Group 2, yellow 

arrows show the oedematous fluid and green arrows indicate the air 

 

Table 4.3. PA frequency spectral parameters of goat lungs 

Sample Dominant  

frequency (MHz) 

Energy (*10
5
) Variance 

Group 1 2.82±0.3 6.8±0.7 48.5±5.1 

Group 2 2.27±0.09 3.01±0.3 22.2±2.7 

Control 1.5±0.5 5.5±0.6 38±4.2 

 

Therefore PASR technique is capable of differentiating red 

hepatisation from control in quantitative manner. 

4.5B Discussion 

The main motivation of this study is to detect early stage of 

pneumonia through pathological information of tissue as well as 

continuous monitoring. In order to understand tissue pathology, 

investigating tissue mechanobiological property i.e. elastic property is 

essential. It is well known from literature that tissue elastic property is 

related to density and sound speed of the sample as illustrated in Eq. 

4.8. Since solid tissues are different from blood, the PA governing 
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equation is also includes approximations due to change in mechanical 

property.  

Modelling the viscid point object irradiated by a laser pulse, the 

generation of photoacoustic wave  followed by subsequent propagation 

of the same wave can be expressed as [220] 

2
2 2 2
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H t
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      (4.8) 

where a is the propagation phase constant, d is the tissue density, ξ is 

the bulk viscosity, ηe is the shear viscosity and Vs is the acoustic 

velocity of the tissue. Γ is the Gruneisen constant expressed as 
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   where β is the thermal expansion coefficient and Cp is 

constant pressure heat capacity per unit mass. H(t) is the heating 

function of laser irradiation. The right hand side of Eq. 4.8 is the 

source term for the wave equation generated by the laser pulse heating 

and left side denotes the propagation term. 

In all the conventional models, on delta heating, an initial 

pressure p0 which is constant across the entire heated sphere is 

generated. This initial pressure is divided into equal parts of spherical 

wave. One wave moves outward and another move inward, thereby 

creating a "N" shaped PA wave generation. This signal is then 

propagated through the medium to reach the sensor. This model is 

sufficient to describe tomography applications as the amplitude of the 

PA wave is used for imaging applications. However, in real situations, 

the optical absorber behaves as an elastic body with damped 

oscillations, which is not accounted for conventional models. The PA 

damped oscillation, induced by the viscosity of the sample, is used to 

characterize the mechanical properties of the sample. A detailed 

analysis of the generation and subsequent propagation of PA wave is 

studied by Fei Gao et. al. [220], which is very apt to the experimental 

results obtained in this study. The following theoretical discussion 
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would provide the relationship between PA wave generation, 

considering the absorber to be an elastic optical absorber. The PA 

equation is compared with a spring-mass damper system that can 

provide an intuitive perspective of the PA generation. The spring-mass 

damper system, shown in Fig. 4.8, can be expressed as [221] 

 

Fig. 4.8. Schematic of spring-mass damper system 
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                          (4.9) 

where m, k and b are the mass, spring constant and damping 

coefficient respectively. The force acting on the mass is F(t) which 

produces a displacement of x(t). Since Eq. 4.9 is similar to Eq. 4.8, 

they can be compared and the PA wave parameters can be equated to 

m, k and b. While the laser pulse width is short enough to obey thermal 

and stress confinements [33],[57], the force term F(t) can be simplified 

to be 0, and the spring-mass damper system would reduce to a typical 

second order system. Since the PA effect expands and contracts caused 

by transient laser-induced heating, the generated PA wave would 

normally follow an underdamped oscillating system with both positive 

and negative peaks. Solving Eq. 4.9 for an underdamped system and 

then substituting the parameters of PA wave from Eq. 4.8 would yield 

the generated PA oscillating signal as  
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      (4.10) 

where the constant Ad is determined by the initial condition of the 

system (uniform optical illumination in the region of interest). 

Therefore, instead of having a constant pressure wave generation (p0), 

the initial pressure would be a time-varying pressure source of Eq. 4.10 

with the appropriate physical properties, thus reproducing the real 

experimental situation. The pressure wave generated would have two 

terms; a sinusoidal term and an exponential decaying term as shown in 

Fig. 4.9.  

 

Fig. 4.9. Underdamped oscillatory behaviour 

These two terms contain the parameters that are of the sample and 

hence the generated pressure wave would be a true signature of the 

sample. In order to quantitatively utilize this PA wave, the spectral 

information has been extracted from these time domain signals in our 

experiments. Eq. 4.10 can be simplified as follows: 

0( ) sin( ) ( )t

dp t A e t u t 
                                     (4.11) 
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 and 

u(t) is a unit step function. Applying Fourier transform to Eq. 4.11 

would yield: 
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                                   (4.12) 

It is clear from Eq. 4.12 that the frequency components of the 

generated PA wave are related to viscosity, density and other 

mechanical properties of the sample. Assuming a lossless medium with 

negligible impedance-mismatch, the transmission of this generated PA 

wave would take place as per the wave equation. The theoretical 

understanding was subsequently verified with experimental study on 

formalin fixed goat lung. 

  As described in Chapter 3, the tissue mimicking phantom study 

clearly delineates that increase in gelatine concentration enhances 

density, which in turn increases the sound speed in the sample. Since 

sound speed increases, it shifts the dominant frequency to higher value. 

The observation was further verified with simulation study performed 

using K-Wave toolbox in MATLAB as detailed in Chapter 3. Now to 

understand the reason behind the obtained results for goat lung study, 

the effect of spectral parameters on tissue pathology need to be 

investigated. Usually a normal lung contains enormous number of air 

pockets or alveoli which is responsible for gas exchange. Therefore 

normal lung contains high amount of air and the alveoli have fine 

blood vessels to perform gas exchange. But during Pneumonia, lung 

fills with fluids like blood, oedematous fluid etc. In case of red 

hepatisation, excess of blood fill up the affected area which consists of 

inflammatory cells to prevent the infection [222]. Due to increase in 

blood in alveoli blood vessels during red hepatisation, density 

increases in affected area. This is clearly reflected in PASR dominant 
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frequency increase from 1.5 MHz to 2.27 MHz. The results correlate 

well with tissue phantom study. Interestingly it is observed that 

dominant frequency of Group 1 is 2.8 MHz which is higher compared 

to Group 2. This may be due to the presence of heavy proteins like 

fibrinogen in oedematous fluid which enhances its density compared to 

blood [223]. In addition to dominant frequency, energy and variance 

also have a significant change between Group 2 and Group 1. Since 

Group 2 i.e. red hepatisation consists of high population of red blood 

cells, it increases scattering of acoustic signal thereby reduce the 

energy as well as variance [224]. Therefore it can be stated that PASR 

exhibits significant sensitivity towards tissue properties and hence 

could be one potential technique to relate the diagnosis of many 

diseases to pathology. 

4.2 Summary 

Subsequent to development of sample elasticity based PASR 

system, the applicability as a disease diagnostic tool was verified by 

applying the developed technique to differentiate normal and 

pathological samples. As a first step, solely frequency based signal 

processing tool FFT is employed to study blood and clot as well as 

early stage of Pneumonia.   

FFT-PASR technique has been explored to understand the 

mechanism of formation of clots and also differentiate blood clots from 

blood. This study has shown that during the formation of clots 

(transition from blood), there is a significant increase in the spectral 

frequency, particularly the dominant frequency of the response shifting 

by 1.3 MHz during the middle of clot formation and subsequently by 

approximately 5 MHz after the complete formation of clots. Since 

shifting of frequency is related to elasticity of the clot, the proposed 

technique can monitor the mechano-biology of clot formation, a 

necessary study for many blood circulation related disorders.  

Subsequently, the study has been extended to differentiate 

blood clots from blood through different parameters extracted from the 
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PA spectral response. Significant changes in dominant frequency and 

spectral energy could clearly differentiate blood clots from blood. 

Since the focus was on spectral parameters rather than the amplitude of 

the PA signal, the accuracy of the technique in differentiating clots 

would hold good even in the presence of blood and other components. 

Therefore, a real-time, quantitative differentiation of blood clots has 

been achieved. This feature can be potentially applied in monitoring 

assays that could reveal biophysical understanding of blood clots and 

also continuous monitoring of clot formation during any treatments as 

well. For example, analyzing the mechanical properties of clots during 

any thrombi related disorders would be very important for effective 

treatment of patients and would find applications in deep vein 

thrombosis, myocardial infarction, ischemia etc.    

   The other application of FFT-PASR technique is detection of 

early stage of Pneumonia through quantitative assessment of 

pathological information. On applying FFT-PASR to different areas of 

Pneumonia affected goat lungs, it was obtained that oedematous fluid 

filled part (Group 1) as well as red hepatisation (Group 2) affected part 

exhibits higher dominant frequency compared to control. Therefore 

one can easily differentiate normal from pathological lung. In addition, 

the two pathological areas Group 1 and Group 2 show distinct change 

in spectral parameters and this helps to understand the pathology of the 

lung. The PASR results were compared with standard histopathology 

which also confirms presence of two pathological regions namely red 

hepatisation and heavy protein rich oedematous fluid in the tissue 

sample.  

Therefore it is evident that PASR can provide high sensitivity 

in detection besides providing an understanding the pathology of the 

biological tissues. Hence, PASR technique has a good potential to find 

a wide applications in thrombotic disease diagnosis as well as early 

Pneumonia diagnosis in a non-invasive manner.  



 

 

 

 

 

 

 

Chapter 5  

Application of time-frequency 

based PASR technique for 

quantitative assessment of 

human breast masses. 
“Imagination is more important that knowledge. Knowledge is limited. 

Imagination encircles the world”-Einstein 

 



   

          Chapter 5 
 

95 

 

5.1 Introduction 

Chapter 4 details two major applications of FFT based PASR 

technique for blood and clot diagnosis and early stage Pneumonia 

detection. It focuses solely on the frequency based PASR technique 

that utilises spectral parameters such as dominant frequency and 

energy for quantitative differentiation of normal and pathological 

tissues. While moving onto complex tissues, depending solely 

frequency based technique such as FFT would face difficulty in 

providing the individual frequency components or mono-frequency 

components present in the signal due to spectral leakage [170]. The 

mono-frequency components act as the signature for differentiating 

complex tissues like breast masses [118], [225]. In addition, the 

individual frequency components are associated with tissue pathology 

which is useful for understanding stage/grade of the disease as well as 

early stage diagnosis . Therefore it is highly desirable to extract the 

individual frequency components. Hence advanced time-frequency 

based signal processing tools are employed for qualitative and 

quantitative differentiation of human breast masses which is the major 

content of this chapter. 

A comparison with standard technique like histopathology 

would provide the efficiency of the technique. Since histopathology is 

the golden standard technique for breast cancer diagnosis through 

obtaining tissue pathological information [226], comparison of PASR 

and histopathology would be pragmatic to get additional information 

regarding tissue pathology. This would definitely help in better 

understanding of the disease mechanism thereby enhances chances of 

successful diagnosis.  

The main objective of this chapter is to differentiate human 

breast masses into three main catagories normal, benign and malignant 

masses in qualitative as well as quantitative manner and correlating 

with tissue pathology. In this regard, two time-frequency based signal 
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processing tools namely Wigner-ville distribution (WVD) and 

Empirical Wavelet Transform (EWT) are employed. The WVD based 

PASR technique utilises individual frequency components and its 

energy density for qualitative differentiation. This is applied for real-

time, non-invasive, qualitative differentiation of normal from 

malignant breast masses. Subsequently, for quantitative classification 

solid breast masses such as benign and malignant tumours, EWT based 

PASR is employed.  This utilises time domain as well as frequency 

domain spectral features of mono-frequency components for 

classification. Besides, these features provide significant information 

regarding tissue pathology that would provide better insight of the 

disease. The obtained PASR results are compared with standard 

histopathology to verify the efficiency of the developed technique.  

5.2 Motivation 

Nowadays, breast cancer is a significant cause of morbidity and 

mortality for women worldwide [227], [228].   Defining breast cancer, 

it is uncontrolled proliferation of breast cells that forms malignant 

tumours. It has been observed that solid tumours detected prior to 

menopause are mostly benign. However rate of malignant breast 

tumour increases exponentially after menopause [229], [230]. There is 

also a probability of transformation of benign tumours into malignant. 

Hence, diagnosis of symptomatic breast masses is prevalent to control 

the mortality rate. Methods available clinically are as follows [231]: 

i. Clinical examination performed by the doctors to identify 

the tumour location, size and other characteristics.  

ii. Symptomatic breast masses are usually subjected to radio-

imaging techniques such as X-ray mammography and ultra-

sonography. These techniques can identify the suspicious 

area in the breast  

iii. Based on these images and further investigations, the 

suspected cases need to undergo biopsy which is a golden 

standard for the detection of tumours 



   

          Chapter 5 
 

97 

Depending upon results of biopsy, the breast masses are 

classified into three categories, namely normal, benign and malignant. 

Recently, conventional imaging techniques (X-Ray, US) are employed 

to detect breast malignancy. But these techniques either produce false 

negative result or lack in specificity [232]–[234], particularly if the 

breast is very dense, which is typical in humans.  Thus there is no 

option for the clinicians to diagnose breast tumours other than biopsy. 

The primary problem of biopsy is it is an invasive technique. Although 

small percentage of the solid breast masses are identified as malignant, 

but the patient has to undergo the painful process of biopsy. With an 

increase in the number of patients with breast masses over the recent 

years, there is a necessity to look for diagnostic techniques that can 

non-invasively differentiate the breast masses at a high accuracy. This 

would help in reducing the number of patients undergoing biopsy. 

As mentioned in earlier chapters, PASR technique is highly 

sensitive towards change in tissue elasticity. Since human breast 

masses exhibit significant change in elasticity, application of PASR 

technique would be pragmatic for breast masses classification. Since 

different frequency components serve as a signature of the tissue 

elastic property, it is very important to extract individual frequency 

components precisely for breast masses classification. The human 

breast masses are dense tissues which consist of different types of 

tissues as detailed in previous section. The population of these tissue 

types indicate tissue pathology. If the tissue is affected by a disease, 

the pathology of the tissues change and it becomes even more 

complicated. Differentiating these types of complicated tissues with 

solely frequency based technique FFT would be difficult due to 

following reasons [170], [171]: 

 PA signals are non-stationary in nature. Applying FFT to non-

stationary signals would provide spectral leakage i.e. presence 

of insignificant components in the frequency spectrum 
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 FFT is a rigid technique which utilises predefined functions 

independent of processed signal. However solid breast masses 

are subjected to unpredictable changes in pathology. Hence 

utilising “rigid” techniques like FFT would not provide 

individual frequency components required for breast masses 

classification. 

 Due to these above mentioned reasons, advanced signal 

processing tools are required as they are capable of providing 

individual frequency components along with time information. In 

addition, adaptive signal processing techniques employs information of 

processed signals for development of the signal processing algorithm. 

Thus it can deal with the unpredictable changes in the signal [235], 

[236]. Due to this reason, utilising time-frequency based signal 

processing tools would be more efficient to classify complex breast 

masses as it can provide individual frequency components that would 

provide information regarding tissue pathology. Consequently adaptive 

technique would be more pragmatic to handle insignificant changes in 

solid breast masses.     

 5.3 Introduction to breast tumours 

Breast cancer caused due to erratic growth and proliferation of 

breast cells (epithelial cells) that induce solid lump. Women with 

obesity, lack of physical exercise, alcohol consumption, exposure to 

ionising radiation, family history of breast cancer are prone to develop 

breast cancer [237]. Majority of breast lump detected before 

menopause is found to be benign or non-cancerous. However the rate 

of developing malignant lump is higher in post-menopausal period.  

5.3.1 About human breasts 

Breast is composed of three primary tissues namely fibrous 

(connective) tissues, fatty tissues and glandular tissues. The tissues are 

strongly connected by the muscles which serve as the base. The 

anatomical structure of breast is illustrated in Fig. 5.1. 
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Fig. 5.1. Anatomical structure of human breast. The figure is taken 

from “http://www.breastcancertreatment.in/breast_anatomy.htm” 

It can be clearly observed from Fig. 5.1, the main function of 

fibrous tissues are to support the fatty and glandular tissues. Fibrous 

tissues are mainly responsible for the shape of the breast. With aging, 

the fibrous tissues are replaced by the fatty tissues that cause change in 

shape and texture of breast. The fibrous tissues mostly consist of 

stromal cells and fibres. 

The glandular tissues mostly consist of lobules. The main 

function of these lobules is to produce milk during pregnancy. These 

are connected to duct which has the opening in nipple. The globular 

tissues are subjected to hormonal change that often causes tender or 

lumpy breast. 

In addition to mentioned tissues, breast consists of nerves, 

lymph vessels, lymph nodes and blood vessels. The lymph nodes and 

vessels, which are part of lymphatic system, are mainly responsible for 

body immune system. The clusters of lymph nodes are present 

throughout the body at particular location. The lymph vessels in breast 

are connected to the lymph nodes situated in armpit. The origin of the 
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cancer is mostly in duct, lobe or in lobules which decides the type of 

the cancer. However the staging of cancer i.e. how far it has spread is 

decided by examining the lymph nodes. By examining the lymph 

nodes, progression of the disease in determined. 

5.3.2 Type of breast masses   

  The solid breast tumours are classified into two groups such as 

benign or non-cancerous and malignant. The primary difference 

between benign and malignant tumours is malignant tumours are prone 

to spreading cells to other part of the body known as metastasis 

whereas benign tissues are self-confined and localised.  

5.3.2.1 Benign breast tumours 

The most common lesions of breast are represented by 

fibrocystic changes. In microscopic scale, the fibrocystic changes 

include epithelial metaplasia, hyperplasia of benign or usual type, 

adenosis, formation of cyst and fibrosis [238]. 

(a) Apocrine metaplasia: This very common in fibrocystic 

changes. The aprocrine cells may form a cyst with clear serous 

fluid or it may contain blood also. This exhibits mostly mild to 

moderate and florid epithelial hyperplasia that may later lead to 

calcification. 

(b) Sclerosing adenosis:  It is another form of breast proliferation 

in which hard, irregular mass attached to the adjacent structure. 

It exhibits distorted architecture due to proliferation in 

epithelial and myoepithelial cells in nearly ducts.  

(c) Fibroadenoma: The most common type of benign breast 

tumour is fibroadenoma that appears as painless, solitary and 

well defined nodules. Histologically, it exhibits combined 

proliferation of epithelial and stromal cells which develops 

pericanalicular and intracanalicular patterns. Some complex 

fibroadenomas with sclerosing adenosis, epithelial calcification 

or change in papillary apocrine exhibit 1.6 times higher risk for 

cancer development compare to normal fibroadenomas.  
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(d) Phyllodes tumour: This type of benign breast lesions is caused 

due to proliferation of periductal stromal cells of breast. It 

usually shows fleshly, well circumcised, bulging masses along 

with curve structure like leaf or leaf buds. Phyllodes tumours 

consist of epithelial and stromal cellular components. The type 

of the tumour (benign or malignant) depends on microscopic 

features such as mitotic activity, tumour edge infiltration as 

well as stromal cellularity.   

5.3.2.2 Types of malignant tumours 

Malignant breast tumours are broadly classified into two types 

such as ductal breast cancer and lobular breast cancer [239]. These 

tumours may be in-situ or invasive.  

i. In situ carcinoma: This is the earlier stage of cancer which 

is remains in the developed area. However it has a risk to be 

converted into invasive carcinoma.  

a) Ductal carcinoma in situ (DCIS): It is the most 

common form of in-situ carcinoma that develops in the 

milk duct. Since it do not have the tendency to be 

spread in the surrounding tissues, it is not life 

threatening. However, this can enhance the chance of 

developing invasive cancer in later stage.  

b) Lobular carcinoma in-situ: In this type, the cancer 

originates in the lobules, the milk producing glands. 

Similar to DCIS, it remains confined in the originated 

area.  

ii. Invasive carcinoma: In this type of breast cancer, malignant 

tissues spread into duct or lobular region of breast. Among 

all the invasive carcinoma, invasive ductal carcinoma is 

most common. 

a) Invasive ductal carcinoma (IDC): The invasive ductal 

carcinoma or infiltrating ductal carcinoma starts from 
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milk duct and invade into surrounding tissues. This is 

very dangerous since it can spread into different parts of 

the body through blood stream or lymphatic system. 

The IDC tumours have a distinct irregular border. It is 

also hard and firm compared to benign tumours. 

Histopathologically, these tumours exhibit dense 

population of epithelial cells compared to stromal cells 

that destroys the regular architecture of normal breast 

tissues. 

b)  Medullary carcinoma: This is a rare case of carcinoma 

in which a distinct boundary is formed in between 

normal and malignant tissue. 

c) Mutinous carcinoma: Mutinous carcinoma is also 

known as colloid carcinoma. It is caused due to mucous 

producing malignant cells. The prognosis of mutinous 

carcinoma is better than common types of carcinoma. 

Since fibroadenoma (benign tumour) and IDC (malignant tumour) are 

most common types of solid breast tumours, in this chapter an attempt 

is taken for differentiating them with developed PASR technique.  

5.4 Qualitative differentiation of normal and malignant breast 

masses 

As a first step toward breast masses differentiation, a time-

frequency based signal processing technique Wigner-Ville Distribution 

(WVD) is applied to the PA response obtained from normal and 

malignant breast masses. This is a preliminary study to verify whether 

developed PASR technique is capable of differentiating human breast 

masses. In this regards, WVD was chosen as it is a time-frequency 

based technique. The main advantage of this technique is it can provide 

qualitative information about individual frequency components. Since 

the PA frequency components are the signature of tissue elasticity, 

obtaining the mono-frequency components would be pragmatic to 

differentiate normal to malignant tissues. In addition, WVD provide 
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the energy density of the frequency components which is related to 

tissue pathology. Hence WVD based PASR technique is applied to 

differentiate normal and malignant breast masses. 

5.4.1 PASR experiments for normal and malignant tissue diagnosis 

  Excised breasts from patients are usually kept in buffered 

formalin which preserves the structural properties of tissues as it is 

[240]. This process is called tissue fixation and the fixed sample is 

generally considered as the standard for cancer diagnosis through 

histopathology [241]. Subsequently these fixed tissues were cut into 1 

cm × 1 cm square pieces for PASR experiments. Total eight such 

samples (normal and malignant) from four different patients were 

collected with due approval. The samples were wrapped with parafilm 

before placing into PASR setup to avoid contamination. Since the 

breast masses are solid samples, PASR experimental setup illustrated 

in Fig. 3.2. is utilised for this set of experiment.  PA response from the 

tissue samples were obtained by applying second harmonic laser pulses 

with fluence of 2 mJ/cm
2
.  As mentioned in previous chapter, due to 

high attenuation coefficient of soft tissues, low frequency ultrasound 

sensor (centre frequency, 3.5 MHz, bandwidth 3.8 MHz) is utilised for 

this study. In order to verify the consistency of the results, PA 

responses were acquired from different locations of each tissue sample. 

Prior to applying WVD on obtained PA responses, all the signals were 

normalised and background subtracted. 

5.4.1.1 Wigner-Ville distribution 

Wigner-Ville distribution is a time-frequency analysis 

technique which is based on the use of autocorrelation function to 

calculate the power spectrum. Generally to construct an auto 

correlation function rss, the signal s(t) is compared with itself in all 

possible forms of delay and lag as illustrated in Eq. 5.1 [174], [175].  

( ) ( )ssr s t s t dt 
                                                      (5.1) 
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where τ represents all shifts of the signal. In the standard 

autocorrelation, time is integrated out of result and rss is the only 

function of time lag τ. The difference between standard autocorrelation 

and WVD is the latter contains time function. Therefore WVD is 

known as instantaneous autocorrelation function. 

*( ) ( )
2

ssR s t s t


  
                                                (5.2) 

Where τ is time lag and * represents the complex conjugate of the 

signal The WV distribution is defined in Eq.5.3 

*1
( , ) ( ) ( )

2 2

j t

ssW t s t s t e d
  



  
               (5.3) 

Basically WVD provides time-frequency information of the 

signal by comparing the signal with its own information at other time 

and frequencies [175]. Now in order to understand the WVD, a typical 

PA signal is analysed. The sampling frequency is 200 MHz. After 

applying WVD to the PA response, time-frequency information of the 

PA signal is obtained which is shown in contour plot (Fig. 5.2). The 

frequency components of the signal appear as concentric circles. The 

colour of the circle represents the energy density of that particular 

frequency component. In this case there are two concentric circles 

which indicate presence of two frequency components in the signal. 

The lower frequency component (0.8 MHz) is highlighted with dotted 

circle and continuous circle represent the high frequency component ( 

3 MHz). The colour of the circles indicate that the energy density of 

low frequency component (appears as red) is high compare to high 

frequency component (appears as yellow). Therefore WVD parameters 

such as frequency component and energy density can be used for 

qualitative discrimination of human breast masses. 
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Fig. 5.2. Contour plot of typical PA time domain signal in which 

dotted circle represent the low frequency component and the other 

indicate the high frequency component. The conversion factor for Y-

axis is (coordinate position / 3000)*(Fs/2) and X-axis is ((coordinate 

position+5000)/3000)*(Fs/2). Fs is the sampling frequency (200 MHz). 

The unit of time and frequency is s and MHz respectively 

 

5.4.1.2 Histology study 

In order to obtain morphological information about the human 

breast masses, histopathology was performed. The samples were cut 

into 10 μm thin slices. Subsequently the slices were stained with 

haematoxylin-eosin dye. Then the microscopic slides are observed 

under microscope with 10x magnification. 

 5.4.2 Results and discussions 

In this study, an attempt has been made to develop a tissue 

elasticity based screening tool for differentiating normal and malignant 

breast tissues. Hence time-frequency plot of PA response was obtained 

by applying WVD technique. Figure 5.3 illustrates WVD plots of 

normal and malignant breast tissues obtained from different patients. 

The contour plot clearly indicates that there are two major frequency 

components present in the signal. The low frequency component (∼ 

0.9 MHz) is evident in both the tissue types whereas a new frequency 

component i.e. the high frequency component (∼ 3 MHz) appears for 
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malignant tissue. The energy density of the high frequency component 

is very low (can be observed from colour bar) for normal tissue 

compared to malignant. This significant change in energy density of 

high frequency component clearly discriminates malignant from 

normal breast tissue. It is well known from literatures that malignant 

tissues are stiffer as compared to normal. The change in elasticity 

between normal and malignant tissue can be understood from 

histopathology. Figure 5.2 illustrates histopathology of normal and 

malignant breast tissue which clearly shows that normal breast tissue 

contains large amount of stromal cells which makes the normal breast 

tissue soft and elastic in nature whereas malignant tissue exhibits 

uncontrolled proliferation of epithelial cells which have an implicit 

property to bind together and form dense layer of cells. This enhances 

stiffness of the malignant breast tissues [242], [243]. 

Now to understand the PA time-frequency information, 

obtained from WVD technique the pathological understanding would 

play an important role. It is very well known from literature that 

biological tissues are viscoelastic. Therefore higher frequency 

components of acoustic signals get more attenuated in soft (more 

elastic) tissues. Thus in normal breast tissues the lower frequency 

component exhibits very high energy density whereas the high 

frequency component delineates very low energy density as observed 

from Fig 5.3. In the case of malignant tissues, enhanced stiffness 

causes shoot up in energy density of high frequency component [244]. 

As illustrated in Fig. 5.3 the results are consistent for four different 

patients of different age groups which prove the sensitivity of the 

developed technique. Thus it can be stated that WVD based PASR 

technique not only differentiate normal and malignant breast tissue but 

also provides information about tissue pathology. 
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Fig. 5.3. WVD contour plot of human breast masses from different 

patient. Figures 4(a), (c), (e), (g) illustrate normal and figures 4(b),(d), 

(f), (h) illustrate malignant breast tissues. The conversion factor for Y-

axis is (coordinate position / 3000)*(Fs/2) and X-axis is ((coordinate 

position+5000)/3000)*(Fs/2). Fs is the sampling frequency (200 MHz). 

The unit of time and frequency is s and MHz respectively 

5.5. Quantitative breast masses classification by EWT-PASR 

technique 

Although WVD based PASR differentiates normal from 

malignant breast tissue, WVD could not distinguish benign and 

malignant tissue due to less significant change in biophysical property 

(a) (b)

(c) (d)

(e) (f)

(g) (h)



 Chapter 5 
 

108 

 

between the two solid tumours [42].  Moreover this technique is 

qualitative. In order to perform quantitative classification of the breast 

masses, an advanced time-frequency technique EWT is employed. As 

mentioned earlier, individual frequency components serve as signature 

of tissue property [245]. Hence precise extraction of mono-frequency 

components is necessary to obtain tissue pathological information. 

Being an adaptive technique, EWT is capable of handling the variation 

in the spectrum. This is an added advantage over FFT as well as WVD. 

Let’s take an example how EWT extracts mono-frequency 

components. Fig. 5.4(a) shows the Fourier spectrum of a typical PA 

signal with two different peaks. However, it becomes difficult to 

distinguish these two peaks (corresponds to different frequency 

components) from Fig. 5.4(a). In order to divide this spectral 

information into different frequency mono-components, an adaptive 

wavelet filter bank is required. Figure 5.4(b) shows the boundary 

segmented frequency components using a technique called EWT.  

 

Fig. 5.4. (a) Fourier spectrum of a typical PA signal. (b) Boundary 

segmented Fourier spectrum (c) & (d) First and second mono-

components of the PA signal obtained from Empirical Wavelet 

Transform 

Time (sec)
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Figures 5.4(c) & 5.4(d) show the two mono-components (time domain 

representation of the individual frequency components of the PA 

signal) obtained from Fig. 5.4(b) that have frequencies such as 0.98 

MHz and 2.35 MHz. Therefore, EWT based PASR is employed to the 

normal, benign and malignant breast masses.  

5.5.1 Tissue sample preparation and EWT-PASR experiments 

For this study, total 25 excised breast samples were collected 

from hospital. Out of these samples, ten samples were of invasive 

ductal carcinoma (IDC), seven were fibroadenoma and eight were 

normal tissues of patients aged between 40 and 80 years. The normal 

tissues were taken from the same mastectomy sample of duct 

carcinoma but from focus away from the tumour site. The basis of 

classification of these tissues was made based on the histopathology 

results. The tissues were cut into small square pieces of 1 cm size and 

wrapped with parafilm before placing in the photoacoustic 

experimental setup to perform the studies. The same experimental 

procedure detailed in section is followed for this study. Subsequent to 

PA response acquisition, EWT technique is applied.  

5.5.2 Empirical wavelet transform 

Empirical Wavelet Transform (EWT) was proposed by Jerome 

Gilles [170], [171] with an objective to extract different modes of non-

stationary signals by building adaptive wavelets. This method works in 

the following three steps. i) Determine the frequency components of 

the applied signal using FFT. ii) Then different modes (frequency 

component) are extracted by obtaining proper segmentation of the 

Fourier spectrum and iii) Apply scaling and wavelet functions 

corresponding to each detected segment. Segmentation of the Fourier 

spectrum is the most important step that provides adaptability to this 

technique.  

Let us consider a discrete signal x(n) having sampling 

frequency of Fs. Firstly FFT is applied on x(n) to obtain the Fourier 

spectra X(ω). Subsequently, a set of maxima χ = χi=1,2,...Nf ,and their 
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corresponding frequency fi in Fourier spectra were obtained from the 

magnitude and the frequency distance threshold. Here Nf corresponds 

to the number of frequency components obtained from FFT. The 

fundamental frequency was estimated. Next, the Fourier spectrum [0, 

Fs/2] was segmented (N segments) by identifying boundaries to each 

segment using the estimated frequencies fi = 1,2,..,Nf . The global 

minima between two consecutive estimated frequencies i.e. fi, fi+1 was 

considered to be a boundary i which satisfies the following condition 

[171]: 

                     and 

                                                                                           (5.4)                                   

                                                                          (5.5)                                                          

The estimated Fourier segments assuming the boundaries starts 

from [0,Fs/2] . Then a low-pass filter and (Nf-1) number of band pass 

filters corresponding to the scaling function (     ) and the empirical 

wavelet function (     ) described in Eq. 5.6 and Eq. 5.7 [171]. These 

filters are built based on the frequency, its boundaries and a parameter 

(γ). The parameter is chosen such that very minimal overlap occurs 

between two consequent frequency components. 
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In order to obtain approximation coefficient, inner product of signal x 

and empirical scaling function is performed as given as follows [171] 

                                                               (5.10) 

The detailed coefficients are obtained utilising empirical wavelet 

illustrated as [171] 

                                                                 (5.11) 

To reconstruct the complete signal, following equation is used [171] 

                                
 
                     (5.12) 

Where, 

                                                                                (5.13) 
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Fig. 5.5. Flow chart of EWT technique. The equations mentioned in 

flow chart are detailed in Section 5.5.2 

Now let us consider applying this EWT technique onto a 

typical PA response. Fourier spectrum of a time domain PA signal is 

obtained, with a sampling rate of 200 MS/s as shown in Fig. 5.6(a). 

The fundamental frequency (highest frequency peak) is obtained from 

the spectrum. Further, EWT performs magnitude thresholding (3% of 

fundamental frequency) and frequency distance thresholding (2 MHz) 

to obtain the different peaks of the spectrum and avoiding fake 

frequencies. In Fig. 5.6(a), the fundamental frequency corresponds to 

the second peak of 3.28 MHz. Giving a span of 2 MHz as the 

frequency distance and calculating peaks of 3% of this magnitude 

would provide the first and third peak at 0.99 MHz and 11.2 MHz. 

Following this, the frequency boundaries are obtained by determining 

the global minima between two consecutive frequency peaks. 

Start 

PA signal acquisition and performing Fast Fourier 

Transform(FFT)

Determining frequency peaks based on local maxima of 

the Fourier transform using magnitude and frequency 

distance threshold

Obtaining boundaries using Eq. 5.4 & 5.5 

Building boundary based wavelet filter bank utilising Eq. 

5.6 & 5.7

Calculating the mono-components by performing inverse 

FFT to the product of Fourier spectrum and filters shown 

in Eq. 5.11 & 5.12

Obtaining EWT features 

End
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Fig. 5.6. EWT analysis of PA signal (a) Boundary segmented Fourier 

spectrum (b) First mono-component (frequency 0.99 MHz) (c) Second 

mono-component (frequency 3.3 MHz) (d) Third mono-component 

(frequency 11.2 MHz) 

For example, the global minima between 0.99 MHz and 3.28 MHz lies 

at 1.7 MHz. The other obtained are at 1.7 MHz, 7.8 MHz and 12.3 

MHz with the frequency peaks at 0.99 MHz, 3.28 MHz and 11.2 MHz 

respectively. These boundaries are shown in Fig 5.6(a) using red dotted 

lines. Subsequently, the different mono-components of the signal were 

obtained by filter bank and adaptive wavelets as detailed in the 

previous section. Figures 5.6(b-d) shows the three mono-components 

obtained from EWT. Different features of the mono-components such 

as amplitude, energy can be utilized for tissue characterization. The 

EWT algorithm is detailed in flow chart (Fig. 5.5). 

5.5.3 Results 

5.5.3.1 Frequency spectrum analysis of photoacoustic signals of 

human breast masses  

At the outset, a qualitative analysis has been performed to 

understand the differences in the three types of tissues. PA response for 

Normal, Fibroadenoma and Malignant tissues were acquired and 

shown in Fig. 5.7. Subsequently, EWT technique was applied onto the 

signals to obtain the frequency spectra of the tissues along with the 

boundaries as shown in Fig. 5.8. It can be observed from Fig. 5.8 that 

Time (sec)
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two major frequency components (0.9± 0.04 MHz and 2.5± 0.5 MHz) 

are present in all the three frequency spectra of the tissues. At the first 

instant, analyzing the magnitudes of these spectral components would 

distinguish normal and malignant tissues from fibroadenoma samples.  

 

Fig. 5.7. PA response of Normal tissue, Fibroadenoma and Malignant 

breast tissues 

 

Fig. 5.8. Boundary segmented Fourier spectrum of Normal tissue, 

Fibroadenoma and Malignant breast tissues 

It can be observed from Table 5.1 that there is a two fold 

increase in spectral magnitude of second frequency component for 



   

          Chapter 5 
 

115 

malignant (29.01) compared to normal tissue (13.8) whereas 

fibroadenoma exhibits almost equal spectral magnitude (35.8 and 37.1) 

for both the frequency components. The same experiments were 

repeated on all the tissues and a statistical analysis tabulated also 

confirms the consistency of the results. Hence from this preliminary 

study, it is evident that frequency spectral magnitude can be one 

important parameter to distinguish between human breast masses 

through mechano-biological information. 

 

Table 5.1. Spectral magnitude along with error of different breast 

masses (FC: Frequency component) 

Sample 1
st
 FC 2

nd
 FC 

Normal 58.01 ± 2.7 13.8 ± 1.5 

Fibroadenoma 35.8 ± 2.01 37.1 ± 3.18 

Malignant 54.5 ± 2.75 29.01 ± 1.14 

 

5.5.3.2 EWT extracted mono-component analysis of breast masses 

Empirical Wavelet Transform (EWT) is a time-frequency 

analysis tool. In the previous section, the magnitude of the frequency 

component has been analysed. In this section, the time component 

analysis has been performed quantitatively by calculating the energy of 

the mono-components. Mono-components of two major frequencies 

were derived using EWT technique from Eq. 5.10 & 5.11. Figures 

5.9(a) & 5.9(b) show the two major frequency mono-components 

obtained from normal tissue, fibroadenoma and malignant tumours 

respectively. It can be clearly seen from Fig. 5.9(b) that the second 

mono-component of the normal tissue exhibits approximately 50% 

reduction in amplitude compared to malignant one. In order to 

understand the result in a more quantitative manner, we calculate the 

energy of the mono-components. Energy (E) from these mono-

components can be derived by Eq. 4.5. The energy obtained for the 
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two mono-components (E1 and E2) for all the three tissue types are 

shown in Fig. 5.10. It is evident that the energy of the first mono-

component decreases for fibroadenoma and malignant samples as 

compared to the normal tissue. On the contrary, the energy of the 

second mono-component (corresponding to ∼2.5 MHz) increases when 

we move from normal tissue to fibroadenoma tumour. It is also 

worthwhile to note that the energy of both the mono-components for 

the fibroadenoma is approximately similar. This study has also been 

consistent for 40 PA signals taken altogether from the tissues and 

illustrated in Fig. 5.10 (error bars). Quantitative analysis through 

energy calculation performed in this study using EWT provides both 

time domain information as well as spectral information. 

 

Fig. 5.9. EWT extracted mono-components of benign tissue, 

fibroadenoma and malignant tumour (a) First mono-component (b) 

Second mono-component 

(a)

(b)

Time (sec)

Time (sec)
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Fig. 5.10. Energy of mono-components (E1 and E2) of Normal, 

fibroadenoma and malignant tissues 

 

 5.5.3.3 Feature based differentiation of breast masses 

After obtaining quantitatively, the spectral magnitude and time 

domain energy of the mono-components, features from EWT can be 

applied onto these signals to classify the signals into three different 

tissue types. This would provide a combination of both the time 

domain information as well as frequency domain information in a 

quantitative manner. The following are the features extracted from the 

EWT analysis. The first feature F1, which is a ratio of the energy of the 

mono-components involves solely time domain parameters. 

2
1

1

E
F

E


                                                                                   (5.14) 

The second feature F2, which is a combination of the spectral 

magnitudes and the energy of the mono-components is given by Eq. 

5.15. This feature provides the quantitative analysis of both the time 

domain as well as the frequency domain information 

2 2
2

1 1

A E
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A E


                                                                                (5.15) 
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The third feature F3, is given by ratio of the spectral magnitudes of the 

two dominant frequency mono-components. 

1
3

1 2

A
F

A A



                                                                            (5.16) 

The feature values obtained for the three tissue types are 

provided as a box plot in Fig. 5.11. The entire range of values clearly 

helps us differentiate the tissue types into normal, fibroadenoma and 

malignant. The results correspond to the feature values of 40 PA 

signals with the mean evidently different for the three tissue types. The 

technique could differentiate fibroadenoma from malignant tissue with 

97.5% efficiency with one of the signals overlapping in the region of 

malignant tissues. The ways to improve this efficiency is provided in 

the discussion section. 

 

Fig. 5.11. Box Plot of EWT based features of normal, benign and 

malignant breast masses. The Y-axis is shown in log scale. The shaded 

box represent 25 - 75 % of the data set. The line in the box is the 

median and mean value is shown as solid box. The whiskers (cross 

sign) show the maximum and minimum of data set 
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5.5.3.4 Histopathology of human breast masses  

Standard histopathology was performed for normal, 

fibroademona and malignant tumours to confirm structural changes in 

tissues. Since structural changes (e.g. density) are related to tissue 

elasticity, histopathology becomes very important. Figure 5.12 

illustrates histopathological images of all three types of breast masses 

(normal, fibroadenoma and malignant). It is clear from Fig. 5.12, the 

normal tissue has more of stromal cells (represented in pink) compared 

to epithelial cells (appears as blue). Another significant observation is 

that normal breast tissues have a regular architecture whereas 

malignant tissue exhibits an overpopulation of epithelial cells. It 

destroy the regular architecture of normal breast tissue. However, 

equal amount of epithelial cells and stromal cells are present in 

fibroadenoma. The epithelial cells and stromal cells are highlighted 

using circles and arrows in Fig. 5.12 respectively. 

 

Fig. 5.12.  Microscopic images of histopathology of (a) Normal, (b) 

Fibroadenoma and (c) Malignant tissue; The cells encircled are 

epithelial cells and the stromal population are pointed with arrows 
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5.5.4 Discussions 

Quantitatively, time, frequency and time-frequency analysis 

have been performed and the proposed EWT technique on 

photoacoustic has yielded 97.5% efficiency in classifying the three 

types of breast masses. The results were also compared with 

histopathology to corroborate our results and they are in agreement. In 

this section, the main reasons for the change in the features are 

elucidated to have a better understanding of the technique. 

5.5.4.1 Spectral magnitude of frequency components  

Figure 5.8 shows the decrease in spectral magnitude when we 

move from normal to malignant tissues. It is known that malignant 

tissues have uncontrolled proliferation of epithelial cells which not 

only drastically reduce the amount of stromal tissue but also disturb the 

regular architecture of normal breast tissues [246]. These epithelial 

cells have an inherent tendency to bind together and form thick sheet 

like structure, thereby exhibiting increase in density of the tumour 

[243]. The stiffer the tissue is, lesser is the attenuation for the higher 

frequency component and vice versa [244]. This explains the two fold 

increase in the second frequency component (high frequency) spectral 

magnitude. Also, since the spectral magnitude of second frequency 

component (A2) is higher for the malignant tissue, this would give a 

lower F3 value according to equation (Eq. 5.16) as compared to the 

normal tissue. Hence it can be confirmed that density plays a role in 

the results obtained which is correlating to the medical understanding 

of the tissues. 

5.5.4.2 Energy analysis of mono-components  

Based on the histopathology results shown in Fig. 5.12, the 

population of stromal and epithelial cells are provided in Table 5.2 to 

provide a better understanding [246]. In general, stromal tissues 

contain elastin, collagen and fibers that makes the tissue more elastic 

[244], [247]. Since malignant tissue contains more of epithelial cells 

(that of stromal cells) and epithelial cells exhibit lower attenuation of 



   

          Chapter 5 
 

121 

higher frequency components, E2 increases when we move from 

normal to malignant tissue. Interestingly, since stromal cells and 

epithelial cells are more or less of equal population in fibroadenoma, 

the two frequency components exhibit almost equal energy. The same 

reasons would apply to the features derived later as they are related to 

the spectral magnitude and energy of the PA signals. Therefore, 

quantitatively assessing the mechano-biological properties of the 

tissues through energy and features of EWT have proved to provide 

97.5% diagnosis. The results were also repeatable for 40 PA signals 

which show the consistency of the results. 

Table 5.2. Cell population in different breast masses 

Sample Normal  Malignant  

Stromal cells   

Epithelial cells    

 

In the proposed technique, PASR was focussed on blood as a 

target. In order to improve the efficiency, the technique can be 

extended to targeting other components of the tissues such as water 

content. For example, extracellular water content of fibroadenoma has 

been reported to be very high compared to malignant tumours [248]. 

This could improve the efficiency of the technique and would provide 

a way to use this technique for pre-clinical diagnosis to reduce the 

number of patients undergoing biopsy. 

5.6 Summary 

Time-frequency based PASR technique is employed for 

qualitative and quantitative differentiation of formalin fixed human 

breast masses in in-vitro study. Qualitative discrimination of normal 

and malignant masses was successfully accomplished with WVD-

PASR technique by obtaining the frequency components and energy 

density of PA response. Appearance of distinct high frequency 
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component with enhanced energy density for malignant masses was 

the significant observation of the study.  

EWT-PASR technique was explored for quantitative 

differentiation of normal, benign and malignant breast masses through 

time domain and frequency domain derived features. Distinct disparity 

in spectral amplitude (frequency domain) and mono-frequency 

components energy (time domain) of the two frequency components 

are the primary features for differentiation that provide 97.5% 

discrimination accuracy for forty breast samples. In addition, EWT 

derived spectral amplitude and energy of mono-frequency components 

substantiates correlation with tissue pathology (population of epithelial 

and stromal cells). The results of this work illustrate high resemblance 

with standard histopathology. 

Based on the results of this study it can be stated that time-

frequency based PASR technique would be a potential pre-clinical tool 

for breast cancer diagnosis as it saves time and provide quantitative 

results. This would enable in quick screening of patients for breast 

tumour diagnosis and would also aid in reducing the number of cases 

to undergo biopsy. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Chapter 6  

PASR technique for therapeutic 

application: differentiating 

normal and thermally 

coagulated tissues 
“Science is the poetry of reality”-Richard Dawkins 
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6.1 Introduction and motivation 

It is clearly demonstrated in the previous two chapters that 

developed PASR technique can differentiate normal and pathological 

tissues based on PA spectral parameters (e.g. spectral magnitude, 

dominant frequency, energy) in qualitative and quantitative manner. 

Different diseases like identification of blood clot, early stage 

Pneumonia diagnosis, differentiating normal, benign and malignant 

breast masses are the major studies performed by developed PASR 

technique. It is also evident that all the applications of developed 

PASR technique are focused solely on different diseases diagnosis. But 

medical science is not only restricted to mere diagnosis, it also includes 

therapy. Monitoring the progress of treatment also plays a very 

important role in addition to diagnosis. 

For example, solid tumours (benign and malignant) can be 

discriminated utilising PASR technique (detailed in Chapter 5). In 

addition to diagnosis, treating the tumour is highly essential to cure the 

disease [249]. The most common way of treating cancer is removing 

the suspicious tissue through surgery [250]. However surgery fails to 

cure the disease of advanced stage patients. In addition, surgery has 

inherent risk of rapid growth of cancer. Hence other non-invasive or 

minimally invasive therapeutic techniques such as chemotherapy, 

radiation therapy, thermotherapy, cryotherapy are gaining interest 

[251]–[254]. Among these therapeutic techniques, chemotherapy and 

radiation therapy are very often used by the clinicians. However, these 

techniques cause harmful side effects to the patients as these 

techniques are not capable of targeted applications [255], [256]. On 

contrary, thermotherapy employs targeted therapy that prevents the 

side effects of chemo and radiation therapy. This technique involves 

heating of the pathological tissue that causes increase in temperature 

(50
⁰
C to 80

⁰
C) followed by coagulated necrosis [191], [257], [258]. As 

mentioned earlier, monitoring the response to the therapy is important 
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to observe the treated area as well as the surrounding tissues. In this 

aspect, non-invasive monitoring techniques are highly desirable.  

6.2 Conventional non-invasive monitoring techniques 

There are several techniques such as MRI, ultrasound imaging, 

optical tomography available for detecting coagulated tissues non-

invasively [259]–[261]. Although the mentioned techniques have its 

own merits for monitoring thermal therapy, these techniques exhibit 

certain limitations as well. The disadvantages are given as follows 

[262]: 

a) MRI suffers from high diagnostic cost and long acquisition 

time. In addition, it is only effective for restricted body parts. 

b) Ultrasound is limited to providing adequate contrast between 

normal and coagulated tissue due to insignificant change in 

acoustic impedance between these tissue types 

c) Optical tomography techniques are restricted by the depth of 

penetration.  

6.3 Applying PASR to monitor therapeutic process 

It is evident from the previous sections that differentiating 

normal from coagulated tissue is highly essential to monitor the 

response of thermal therapy treated solid tumours and the conventional 

techniques are limited by certain drawbacks that hinder differentiation 

of normal and coagulated tissues. Hence, this chapter attempts to solve 

the above mentioned drawbacks of the conventional techniques and 

facilitate normal and coagulated tissue discrimination by developed 

PASR technique for non-invasive, highly sensitive and quick 

diagnosis. Many literatures state that normal and coagulated tissues 

elucidate significant change in elasticity. Developed PASR technique 

is proposed to differentiate normal and coagulated tissues as it is very 

sensitive towards change in elasticity. Since thermal therapy causes 

damage to the surrounding tissues, this chapter will also focus on 

application of external absorbers to minimize the damage of 

surrounding tissue as well as aiding targeted coagulation.   
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In order to prove the hypothesis, FFT based PASR technique is 

applied on to in-vitro study performed on excised chicken liver and 

muscle tissue. Dominant frequency of PA frequency spectrum is 

utilised as the primary parameter for normal and coagulated tissue 

differentiation. Gold nanoparticles are employed as external absorbers 

to reduce the energy of the thermal treatment and minimise the damage 

of surrounding tissues.     

6.4 Basics of tissue coagulation 

When laser light is irradiated on a tissue surface, various 

phenomenon can occur depending upon tissue properties as well as 

laser parameters. Upon radiation of laser pulses onto the tissues, 

energy of laser is converted into heat due to absorption by the tissue 

chromophores. Based on degree of heating, stepwise tissue alteration 

can be observed as mentioned below [262]: 

 At 37⁰C temperature, there are no conformational changes 

observed in biological tissues since it is the body temperature.  

 By increasing the temperature to 42⁰C to 50⁰C, the tissue 

undergoes hyperthermia. Conformational changes in molecules 

are attributed to thermal effect on tissue. Therefore during 

hyperthermia, bond destruction and cellular membrane 

alteration is observed. Sustention of hyperthermia stage for 

several minutes would cause necrosis or cell death. 

 Tissue coagulation starts at 60⁰C which provide macroscopic 

response by visible change in colour of tissue. In this step of 

thermal interaction, denaturisation of proteins and collagen 

occurs.  

 At 80⁰C, the permeability of cell membrane increases 

drastically that disrupt the chemical equilibrium of the cell 

 Further increase in temperature around 100⁰C causes 

vaporisation of water in cells. Gas bubbles are formed during 
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phase transition that leads to mechanical rapture and thermal 

decomposition of tissue fragments. 

 Carbonisation of tissues occurs when the temperature increased 

beyond 150⁰C. During this stage colour of the tissue turns in to 

black and smoke is also observed. 

Since tissue coagulation is gaining interest for treating 

malignant tumours, this chapter focuses on differentiating normal and 

coagulated tissues.  

6.5 Sample preparation for coagulation study 

For this study, five chicken livers and five chicken muscles 

were collected from slaughter house. Subsequently, tissues were cut 

into 2 cm × 2 cm
 
pieces. For thermal therapy of the tissues, samples 

were exposed to nano second pulsed laser with energy of 150 mJ for 1 

min. The liver tissues were irradiated with second harmonic 

wavelength whereas muscle tissues were exposed to fundamental 

wavelength of identical energy. The reason is liver tissue has plenty of 

blood but muscle contains more of water. Therefore the absorption of 

liver tissue is high for second harmonic wavelength [263]. By contrast, 

muscle tissue exhibits higher absorption in infrared region [264].  

 

Fig. 6.1. Photograph of chicken tissues (a) muscle (b) liver. 

Discoloured part indicates the coagulated regions 

Figure 6.1 shows the picture of coagulated liver and muscle tissues. 

Then the samples were coated with thin layer of ultrasound gel and 

wrapped with parafilm avoiding bubble formation. Thereafter, the 

samples were stuck to the bottom of the water tank (of PASR setup) to 

avoid movement.  

 
(a) (b)
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6.6 Differentiation of normal and coagulated tissues using PASR 

technique 

The primary objective of this study is to differentiate normal 

from coagulated tissue based on elastic property of the samples. Hence 

FFT based PASR technique is applied onto chicken liver and muscle 

tissue to obtain PA frequency spectral parameter such as dominant 

frequency. This would serve as the finger print for normal and 

coagulated tissues. For this purpose, PA responses were acquired from 

three different regions of normal and coagulated part of each sample 

by applying the developed PASR setup as described in Chapter 3. 

Since the samples are solid tissues, PASR experimental setup for solid 

samples were employed. The samples were irradiated with pulsed laser 

(1 mJ, 5 ns, 532 nm) which causes generation of PA responses. 

Subsequently, a water immersion ultrasonic sensor (3.5 MHz centre 

frequency) was employed for PA response acquisition. Later, FFT is 

applied to the acquired PA responses for quantitative differentiation of 

normal and coagulated samples. 

Figure 6.2(a) illustrates PA responses acquired from normal 

and coagulated chicken muscle that certainly shows distinct change in 

PA response. The normal tissue exhibits significant change in 

relaxation time and also less oscillation compared to coagulated 

muscles. The change in PA response is clearly reflected in PA 

frequency spectrum as shown in Fig. 6.2(b). The coagulated muscle 

elucidates two fold enhancement in dominant frequency compared to 

normal. To verify the obtained result, the same experiment was 

repeated with another four muscle tissues.  The box plot illustrated in 

Fig. 6.3 clearly shows that the dominant frequency of normal muscle 

tissue lies between 1.3 to 1.7 MHz whereas coagulated tissues exhibits 

range of 2.8 to 3.3 MHz. 
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Fig. 6.2. Chicken muscle tissue normal and coagulated (a) PA response 

(b) PA frequency spectrum  

 

Fig. 6.3. Box plot of normal and coagulated muscle. The Y-axis 

illustrates dominant frequency in MHz. The shaded box represent 25 - 

75 % of the data set. The line in the box is the median and mean value 

is shown as solid box. The whiskers (cross sign) show the maximum 

and minimum of data set 
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Consequently, normal and coagulated chicken liver tissues were also 

experimented with PASR technique to verify the applicability of the 

technique for different tissue types. PA responses obtained from 

normal and coagulated liver is illustrated in Fig. 6.4(a) that shows 

significant disparity in relaxation time and oscillation between the two 

samples. Hence, PA frequency spectrum as shown in fig. 6.4(b) also 

illustrates ~1 MHz increase in dominant frequency of coagulated liver 

compared to normal.  

 

Fig. 6.4. Chicken liver tissue normal and coagulated (a) PA response 

(b) PA frequency spectrum  

For statistical analysis, PASR experiments were performed on 

four other liver tissues as shown in Fig. 6.5 This clearly exhibits 

dominant frequency of normal liver lies between 1.5 to 2.2 MHz 

whereas coagulated liver delineates dominant frequency between 2.9 to 

3.6 MHz.  Since dominant frequency is related to sample’s elastic 

property, distinct change is observed for normal and coagulated 
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tissues. In addition, obtained results are consistent for different tissue 

types (liver and muscle) as well which would lead PASR technique for 

to clinical application for monitoring thermal therapy.  

 

Fig. 6.5. Box plot of normal and coagulated liver. The Y-axis 

illustrates dominant frequency in MHz. The shaded box represent 25 - 

75 % of the data set. The line in the box is the median and mean value 

is shown as solid box. The whiskers (cross sign) show the maximum 

and minimum of data set 

As discussed in Chapter 4, PA frequency spectral parameter 

such as dominant frequency is related to sample’s elasticity. This 

chapter also provide detailed theoretical explanation about how density 

and dominant frequency are related. During thermal therapy, the 

cellular protein collagen undergoes denaturisation process. During 

denaturisation, the fibril fibres shrink to maintain the organisation of 

micro fibril [265]. Thus the density of the coagulated tissue 

significantly increases compared to normal tissue. This shrinkage of 

fibril fibres causes oscillation in the PA response of coagulated tissues 

and increase in density cause shifting of dominant frequency to higher 

value. The obtained results highly correlates with simulation and 

experimental studies described in earlier chapters.   
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6.7 Coagulation with external absorber 

Subsequent to successful discrimination of normal and 

coagulated tissue, now the focus is to utilise external absorbers to 

minimize the energy of thermal therapy as well as targeted 

coagulation. Reducing the energy of thermal therapy is imperative to 

curtail the damage of surrounding normal tissues caused by thermal 

therapy [266]. In this context, black ink is primarily used as an external 

absorber for thermal therapy. The reason behind choosing black ink as 

external absorber is it exhibits high absorbance in a broad optical 

absorption spectrum as illustrated in Fig. 6.6. Hence using black ink as 

an external absorber would be pragmatic to reduce the energy of 

thermal therapy. This will definitely minimise the damage of the 

surrounding tissue. 

 

Fig. 6.6. Absorption spectra of black ink  

6.7.1 Sample preparation  

For this study, excised chicken liver tissues were taken. After 

cutting the tissues in 2 cm × 2 cm square pieces, 0.2 ml black ink was 

injected into the tissue sample. Thereafter, the tissue sample with ink 

and without ink was exposed to laser pulses with 75 mJ energy. Since 

ink exhibits high absorbance in 532 nm wavelength, liver with ink 

illustrated coagulation whereas only liver tissue did not exhibit any 

coagulation. As detailed in section, chicken liver coagulates at 150 mJ 
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energy without any external absorber. Therefore it is evident that 

utilising black ink has reduced the energy of thermal therapy by half 

(150 mJ to 75 mJ). Since the energy of thermal therapy is remarkably 

reduced, it would certainly cause minimise the damage of surrounding 

tissues. Subsequent to thermal therapy, the tissues were wrapped in 

parafilm and placed in the water tank. 

6.7.2 PASR experiments with chicken liver and black ink 

After confirming that use of external absorber (black ink) 

significantly reduces the thermal energy for therapy, FFT-PASR 

technique is applied to the liver samples with and without ink. This is 

very important to ensure that presence of black ink do not change the 

sample’s elasticity. Therefore prior to coagulation, PA response was 

acquired from the liver tissue with black ink and without ink region. 

Then FFT is applied to obtain the PA frequency spectrum as illustrated 

in Fig. 6.7. From the figure it can be clearly observe that there is only ~ 

0.05 MHz change in the dominant frequency between with and without 

ink region of liver tissue. This is certainly negligible compared to the 

change in dominant frequency (1 MHz) observed for normal and 

coagulated liver tissue (detailed in section 6.6). Thus it can be stated 

that presence of black ink induces negligible change in tissue property.  

 

Fig. 6.7. PA frequency spectrum of liver tissue with and without ink   
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Subsequently, FFT-PASR technique is applied to the normal 

(without black ink) and coagulated (with black ink) liver tissues. 

Figure 6.8 illustrates PA frequency spectrum of normal and coagulated 

with ink. This clearly exhibits PA frequency spectrum of the normal 

and coagulated liver with ink delineates significant change in terms of 

frequency components, dominant frequency and spectral magnitude.  

Coagulated liver exhibits two distinct frequency components ( ~ 0.3 

MHz and ~ 2 MHz) whereas normal liver shows one frequency 

component (~1.5 MHz). In addition, the spectral magnitude of 

coagulated tissue is almost two times higher compared to normal. A 

significant increase in dominant frequency (~ 0.8 MHz) can also be 

observed for coagulated tissue compared to normal. Now comparing 

coagulated tissues with and without ink as shown in Fig. 6.8 clearly 

exhibits coagulation with ink illustrates significant changes compared 

to without ink coagulation. Therefore utilising external absorber will 

not only reduce the thermal energy but also provide prominent changes 

in PA spectral parameter that would increase the detection accuracy of 

the PASR system. 

 

Fig. 6.8. PA frequency spectrum of liver tissue obtained from normal, 

coagulated and coagulated with ink region 
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utilising black in for in-vivo study. The drawbacks are listed as 

follows: 

 Black ink is not bio-compatible 

 Black ink cannot be used for targeted application since it 

cannot be easily functionalised 

For the above mentioned problems, black ink cannot be utilised for 

thermal therapy monitoring for in-vivo applications. 

6.7.3 Alternative external absorber for targeted thermal therapy 

and monitoring 

From the previous section, it is very evident that for in-vivo 

applications a bio-compatible and functional absorber is imperative. In 

this context, gold nanoparticles (GNPs) can be utilised as external 

absorber. It is well known from literatures that GNPs are highly bio-

compatible [267], [268]. In addition, the GNPs can be functionalised 

with antibodies for targeted applications [269], [270]. Therefore it has 

been explored in various applications including genomics, biosesorics, 

immunoassay, laser phototherapy, drug delivery, optical bio imaging 

etc. [271]–[273].  

For this study, GNPs are suitable as it complements the 

limitation of black ink. Thus GNPs were purchased from Sigma Adrich 

for performing PASR experiments. Since the optical property of the 

GNP depends upon its size, characterisation is very essential. 

6.7.3.1 Gold nanoparticle characterisation 

6.7.3.1.1 Field emission scanning electron microscopy (FESEM) 

study 

In order to confirm the size of the GNPs, FESEM study is 

performed using Supra T M 55, Carl Ziess. It can be observed SEM 

image as illustrated in Fig. 6.9, the size of the GNPs are ~20 nm.   

However the GNPs are aggregated that forms big clusters.  
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Fig. 6.9. SEM micrograph of GNPs. The clustered nanoparticles are 

shown in red circle and the single nano particles are shown in green 

circle   

6.7.3.1.2 UV-Visible spectroscopy 

UV-Visible spectroscopy was carried out to obtain the optical 

absorption spectrum of the GNPs as illustrated in Fig 6.10. This clearly 

indicates presence of a distinct peak around 530 nm. Since for PASR 

studies utilises 532 nm for irradiation of samples, high absorbance of 

GNPs at this wavelength would be helpful for enhancing the 

absorption thereby reducing the energy of thermal therapy.   

 

Fig.6.10. Absorption spectra of GNPs 
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6.7.3.2 PASR experiments of gold nanoparticles 

In order to obtain the PA response from GNPs, the sample is 

poured in silicone tube container. Thereafter PASR setup for liquid 

sample was employed for PA response acquisition. The sample was 

irradiated by laser pulses with 2 mJ energy and 532 nm wavelength. 

Generated PA responses were acquired by an unfocused ultrasound 

sensor (centre frequency 3.5 MHz and bandwidth 3.8 MHz). Figure 

6.11 illustrates PA response obtained from GNPs.  

 

Fig. 6.11. PA response obtained from GNPs 

It can be clearly obtained from the figure that the amplitude of the PA 

response is 1.9 mV. For comparison, PA response was acquired from 

blood sample with similar energy and experimental setup as shown in 

Fig. 6.12. By comparing the amplitudes of the PA responses from GNP 

and blood, it is evident that GNP (~2 mV) exhibits approximately 

tenfold higher amplitude compared to blood (~0.25 mV). Since PA 

response amplitude is related to sample’s optical absorption, GNP 

delineates ten times higher absorption compared to blood which is the 

primary absorber in any biological tissues. Therefore utilising GNP as 

external absorber would definitely inhibit the laser energy for thermal 

therapy. In addition, by functionalising the GNPs with particular 

antibody would pave the way for targeted therapy as well as 
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monitoring. Thermal coagulation as well as target therapy using GNPs 

is the future work of this thesis which is discussed in Chapter 7.   

 

Fig. 6.12. PA response obtained from pure blood 

 

6.8 Summary 

            Developed PASR technique is employed to differentiate normal 

and coagulated tissue chicken liver and muscle tissue in in-vitro study. 

Since normal and coagulated tissue delineates significant change in 

elasticity, dominant frequency of PA frequency spectrum is utilised for 

differentiation of these tissue types. Two fold increase in dominant 

frequency is observed in coagulated muscle tissues compared to 

normal. Further, coagulated liver tissue elucidated ~ 1 MHz 

enhancement in dominant frequency compare to normal. Obtained 

results are consistent for a group of tissues (ten tissue samples). Thus it 

can be stated that developed PASR technique would be able to identify 

normal and coagulated tissue which would lead PASR for a new 

application for monitoring thermal therapy in non-invasive and 

instantaneous manner.  

             Thereafter, external absorbers are explored to optimise the 

energy of thermal therapy and targeted application. In this context, 

black ink was utilised primarily as external absorber that reduces the 
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thermal energy from 150 mJ to 75 mJ and provide distinct change in 

PA spectral parameters for normal and coagulated tissues.  

Subsequently, a highly bio-compatible external absorber, gold 

nanoparticles was experimented with developed PASR technique. This 

exhibits ten times higher PA response amplitude compared to blood. 

Therefore using GNPs as external absorber would definitely inhibit the 

energy of thermal therapy and pave the way for targeted therapy.   

 



 

 

 

 

 

 

 

Chapter 7  

Conclusions and future work 
“Some pretty words were followed by some pretty words”-Anonymous 
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7.1 Conclusion 

In this thesis, tissue elasticity based PASR technique for 

various biomedical applications is reported. Quantitative 

differentiation of normal and pathological tissues is performed by 

obtaining PA frequency spectral parameters by applying different 

signal processing tools such as FFT, WVD, EWT to PA time domain 

signal regarded as PA response. As a first step, custom built PASR 

system was developed in house that consists of LABVIEW based user 

interface for real time monitoring. Subsequently, the developed system 

is tested with tissue mimicking phantom as well as biological samples. 

Then, the obtained PA response from experiments was compared with 

simulation study. On applying PASR technique to blood, significant 

change in PA response amplitude was observed due to change in RBC 

concentration and shape. This correlates well with theoretical 

understanding of the relation between PA response amplitude and 

sample’s optical absorption. After successful testing of developed 

PASR system, it was applied to gelatine samples with various 

concentrations that depict change in elastic property. Dominant 

frequency of PA frequency spectrum was obtained by applying FFT to 

PA response. Increase in concentration of gelatine illustrated 

enhancement in dominant frequency as it relates to sample’s elasticity. 

By applying PASR technique onto biological samples such as chicken 

liver and muscle that exhibits contrast in elasticity, elucidated distinct 

change in dominant frequency and spectral amplitude. The results 

illustrates that developed PASR technique is sensitive towards change 

in sample’s elasticity that can quantitatively differentiate tissue 

samples (normal and pathological) with disparity in elasticity. 

Subsequent to successful experiments on tissue mimicking 

phantoms and biological samples, PASR technique was extended to 

differentiation of blood and clot as well as studying blood clotting 

mechanism through quantitative assessment of PA frequency spectral 
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parameters. Differentiating clot immersed in blood and studying blood 

clotting mechanism of blood is investigated by in-vitro study in which 

citrated human blood samples were artificially clotted by adding CaCl2 

at 37⁰C temperature. By applying FFT-PASR technique to blood, 

during clot formation and clot, 1.3 MHz increase in dominant 

frequency was observed middle of clot formation whereas 5 MHz 

enhancement is observed after formation of solid clot compared to 

blood. For statistical analysis, FFT-PASR technique was applied to 

group of 20 blood and clot samples collected from different age group 

donor. Dominant frequency of blood remained between 4.5 to 6 MHz 

whereas clot exhibited range from 7.5 to 12 MHz.  

Another application of developed PASR technique was 

explored in early stage Pneumonia diagnosis by quantitative 

assessment of pathological information. Pneumonia affected goat lung 

tissue with three distinct regions such as oedematous fluid filled 

region, red hepatisation affected region and normal part was 

investigated by FFT-PASR technique in an in-vitro study. 

Approximately two fold increase in dominant frequency was observed 

for odematoues fluid filled region compared to normal whereas red 

hepatisation affected region delineated significant increase (~1 MHz) 

in dominant frequency compared to normal. Moreover total spectral 

energy and variance has also shown distinct disparity among the three 

regions of lung tissue. Comparison of PASR results with standard 

histopathology confirmed presence of the mentioned three regions that 

confirmed change in PA spectral parameters is due to change in tissue 

pathology of lung. 

Qualitative and quantitative classification of formalin fixed 

human breast masses were performed by developed PASR technique 

that utilises advanced signal processing tools such as WVD and EWT 

for extraction of time domain and frequency domain parameters.  

Qualitative differentiation of normal and malignant breast masses was 

performed by WVD-PASR. Individual frequency components and its 

energy density were obtained from WVD contour plots. Presence of  
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two distinct frequency component for malignant compared to one 

frequency component for normal was observed that qualitatively 

differentiate these two breast masses. 

Quantitative classification of solid breast tumours such as 

fibroadenoma (benign) and IDC (malignant) was explored for first 

time with EWT-PASR technique. Time domain parameters (energy of 

mono frequency components) and frequency domain parameters 

(spectral magnitude) were extracted by applying EWT technique on 

PA responses for defining features for classification. Forty samples 

(normal, benign and malignant) were classified with 97.5% accuracy 

by EWT-PASR. By comparing the EWT-PASR results with standard 

histopathology, high correlation with tissue pathology was obtained.   

Consequently, PASR technique was delved for monitoring 

response from tissues after thermal therapy. Normal and coagulated 

chicken liver and muscle tissues were investigated with developed 

PASR technique. Two fold enhancement in dominant frequency was 

obtained for coagulated tissue compared to normal due to increase in 

density. External absorber such as black ink and gold nano particles 

were explored for minimising energy of thermal therapy. Application 

of black ink reduced the laser energy for thermal therapy by half. Gold 

nanoparticles delineated ten times higher PA response amplitude 

compared to blood which proves the potential of GNPs as external 

absorber. 

 

 

 

 

 

 

 



 Chapter 7 
 

142 

 

 

7.2 Future prospects of PASR technique 

i. Compact instrument for hospitals: In this thesis, PASR 

technique is developed using pulsed laser excitation and 

ultrasound sensor as detectors. The PA response acquired 

by ultrasound sensor is connected to a digitizer that 

converts the analog signal into digital signal and transfers 

data into computer memory. Since the primary objective 

of this thesis is to build an instrument that can be used at 

patient bed side, but existing system consists of many 

bulky and costly components that complicate the use of 

PASR technique for clinical applications. Therefore 

replacing the digitizer as well as computer with custom 

build ADCs and  FPGA based acquisition system would 

definitely reduce the cost of the instrument as well as 

become more compact that can be easily taken up to 

patient sight. 

ii. PASR study of normal and diseased RBCs: Another 

direction of studying RBC shape through PA frequency 

spectrum. Investigation reported in this thesis is limited to 

solely PA response amplitude to normal, swollen and 

shrunken RBCs. Differentiating normal and diseases 

RBCs such as sickle cell anaemia, thalassaemia, malaria 

through PA frequency spectral parameters would be 

pragmatic to diagnoses these diseases in its early stage 

non-invasively. 

iii. In-vivo study of blood coagulation and clot diagnosis: 

This thesis reports blood clotting mechanism by artificially 

clotting citrated blood in in-vitro study. Exploring PASR 

technique to animal model for differentiating normal and 

haematological diseased blood would provide a better 

understanding of the disease and pave the way for early 
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stage diagnosis haematological diseases by non-

invasively. 

iv. Staging of breast cancer: In this thesis, human breast 

masses were classified using developed PASR technique. 

Qualitative and quantitative differentiation of breast 

masses is illustrated in this study which also provides 

pathological information about the tissue. This 

pathological information would be very helpful to perform 

staging of malignant tumours which has significant 

importance in clinical side. Since developed PASR 

technique is non-invasive and provide real time diagnosis, 

staging of tumour would be a potential application of 

PASR technique. 

v. PASR for targeted therapy monitoring: As detailed in this 

thesis, PASR technique is able to discriminate normal 

from coagulated tissue; it can be used for monitoring 

response from thermally treated tissues. Application of 

GNP as external absorber would reduce the laser energy 

for thermal therapy that would inhibit the damage of 

surrounding tissues. Since GNP can be functionalised with 

antibodies, it would enable targeted therapy as well 

tracking and monitoring targets during and after therapy. 
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Appendix I 

Acoustic properties of different biological tissues [1], [2] 

 Density 

(kg/m
3
) 

Sound 

speed(m/s) 

Acoustic 

impedance 

(kg/m
2
s) 

Acoustic 

attenuation 

coefficient 

(dB/cm) 

Air 1.2 344 0.00043 11.9 

Lung 400 650 0.26  

Fat 920 1467 1.33 0.6 

Water 1000 1520 1.48 0.00022 

Brain 1030 1504-1612 1.55-1.66 0.85 

Kidney 1040 1558 1.62 0.78 

Liver 1566 1566 1.66 0.96 

Myocardium 1070 1561-1626 1.67-1.74 1.3-3.2 

Skull Bone 1380-

1810 

2717-4077 3.75-7.38 11.3-20 
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Appendix II 

H&E staining 

The primary stains employed in histology are Haematoxylin and eosin. 

These are widely used by the pathologist for medical diagnosis and 

considered as golden standard for looking into tissue pathology. This is 

also referred as H&E staining. The standard procedure of H&E 

staining is given in the flow chart as follows [1], [2]: 

 

 

De-Paraffinisation
Removing paraffin wax by xylene

Hydration
Graded alcohol to water

Nuclear staining
Using Haematoxylin

Differentiation
Using Acid alcohol

Bluing
Ammonia water

Counter staining
Eosin

Hydration 
Graded alcohol to 100% alcohol

Cleaning 
Transition from alcohol to aqueous reagents
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