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SUMMARY  

VALIDATION OF PHOTOACOUSTIC IMAGING BIOMARKERS IN CANCER BIOLOGY 

Lina Hacker 

 

Perfusion-limited hypoxia, referring to spatial and temporal fluctuations in oxygen levels, has emerged 

as a key driver of malignant disease progression in cancer, promoting higher metastatic potential, 

increased therapy resistance and poorer patient outcome1,2. However, the origin and impact of these 

hypoxic fluctuations on tumour progression have not yet been fully understood. Harnessing the 

photoacoustic effect, photoacoustic imaging (PAI) holds significant potential to elucidate these 

dynamics, but to fulfil this potential, a need for a thorough technical and biological validation arises. 

This thesis presents technical validation of PAI systems, which builds confidence in the subsequent 

biological validation performed using relevant biomarkers in the studies of perfusion-limited hypoxia. 

First, the current state-of-the art phantom materials in biophotonics are surveyed and general design 

considerations for preparation of tissue-mimicking phantoms are discussed to guide the development 

of a stable phantom material in PAI. Acoustic and optical material characterisation systems are then 

established and validated to enable thorough characterisation of phantom materials. Building up on this 

groundwork, a phantom material is developed for use in PAI, which exhibits stable acoustic, optical 

and mechanical properties with tuneable tissue-mimicking characteristics. Using custom phantom 

setups, a thorough technical characterisation study of a commercial mesoscopic PAI system is then 

conducted, outlining strengths and limitations of the system in characterising vessel-related biomarkers 

in tissues. Following these technical validation studies, the thesis embarks on applying photoacoustic 

mesoscopy and macroscopy in studies of perfusion-limited hypoxia in two distinct murine xenograft 

models, and validating this work using histopathological and transcriptomic analyses. These studies 

indicate that tumour vasculature undergoes rapid fluctuations in perfusion that are impacted by the 

underlying maturity of the vascular network, leading to variations in tumour oxygenation. 

Building up on an extensive validation framework, this thesis highlights the promise of PAI to advance 

our understanding on perfusion- and oxygenation dynamics in tumour tissues, thereby assisting the 

development of targeted treatment regimes in future. 
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1 INTRODUCTION 

1.1 Hypoxia in Oncology 

In common with healthy tissues, tumours are in constant need of oxygen and nutrient supplies together 

with a means to remove metabolic waste. As a tumour outgrows its local blood supply, an imbalance 

between oxygen supply and demand arises, leaving tissues unable to support aerobic metabolic 

functions. This emerging physiological condition of low oxygen (below 1.3 % oxygen/10 mmHg2) is 

referred to as hypoxia3. Tumour hypoxia is linked with disease progression and therapy resistance, 

leading to a poor prognosis4 and has therefore been at the centre of many research studies in the last 

decades1,5–8
. Understanding causes, consequences and spatial-temporal dynamics of hypoxia within the 

tumour microenvironment is essential for the delivery of personalised cancer treatment and 

improvement of patient outcomes9.  

1.1.1 Structural abnormalities of the tumour vasculature 

When a tumour grows, its existing vasculature eventually ceases to provide the tumour cells with 

sufficient nutrients and oxygen10. A state of hypoxia arises, caused by increasing diffusion distances 

(>70 µm4) for oxygen to pass from blood vessels to the surrounding tumour cells, termed chronic or 

diffusion-limited (Section 1.2.1). This initial state of hypoxia drives the activation of hypoxia inducible 

factors (HIFs) that lead to the transcription of a wide range of downstream genes, in particular affecting 

angiogenesis, energy metabolism, and erythropoiesis1,11.  Angiogenesis-related signalling pathways 

result in the activation of pro-angiogenic factors, such as the vascular endothelial growth factor (VEGF). 

When pro-angiogenic signalling is dominant, initiation of blood vessel formation is induced, a process 

that in tumours has been termed the “angiogenic switch”12. The angiogenic switch sparks rapid 

formation of new blood vessels13,14 resulting in a chaotic and heterogeneous vascular network 

characterised by many immature vessels with irregular branching and varying diameter. In addition to 
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angiogenesis, a range of other vessel formation mechanisms exist that can contribute towards the 

torturous network growth (Table 1.1) in tumour tissue15.  

The chaotic vascular morphology causes inefficient blood flow along with deficient vessel stability and 

function3,13,16. Poor pericyte coverage and unevenly distributed basement membranes of the tumour 

vessels can lead to increased vessel fragility and risk of haemorrhage17,18. Variation in red blood cell 

flux can be aggravated by arterio-venous shunting and collapsing vessels, further hindering the transport 

of oxygen and nutrients. Such irregular tumour perfusion – which often depends on only a few feeding 

vessels –  results in conditions where some tumour areas are exposed repeatedly to periods of hypoxia, 

followed by reoxygenation1. This perfusion-dependent variation in oxygenation is therefore referred to 

as perfusion-limited, or cycling hypoxia (Section 1.2.2). Perfusion-limited hypoxia can aggravate 

effects related to metastatic potential19–21, tumour inflammation22, and therapy resistance23–28. 

Enhanced vessel permeability caused by disrupted endothelial junctions and fragile vessel structures 

can also lead to increased interstitial fluid pressure29. Interstitial fluid pressure is further reinforced in 

tumours by a dense network of collagen fibres, populated with high numbers of fibroblasts and 

macrophages30, and a lack of a functional lymphatic vessel network to efficiently remove interstitial 

fluid and soluble proteins13,30. Poor perfusion combined with interstitial hypertension are important 

causes for aggravated drug delivery and reduced therapy efficacy in tumours31. 

Apart from affecting angiogenesis, HIF expression can also deregulate energy metabolism, causing a 

shift from conventional oxidative phosphorylation towards anaerobic glycolysis for cellular energy 

production, and thereby enabling cell survival under hypoxic periods32.  Due to poor perfusion, products 

of glycolysis, such as lactic acid, can accumulate in the tumour microenvironment giving rise to 

acidosis33, thereby further enhancing tumour cell invasion and metastatic potential34,35. 

The extent of all these structural and functional abnormalities vary greatly with tumour type, anatomical 

location, and tumour sub-area15, turning tumour masses into multivariate complex problems that require 

targeted treatment strategies. 

 

Table 1.1: Types of vessel formation in tumour tissue15. 

 

Process Definition 

sprouting angiogenesis formation of new capillaries can bud from parental vessels 

intussusceptive angiogenesis formation of new vasculature where a pre-existing vessel splits in two 

vasculogenesis recruitment of circulating endothelial progenitor cells 

vascular mimicry matrix-embedded fluid-conducting meshwork formed by tumour cells 

cancer stem cell differentiation neo-vascularization by trans-differentiation of cancer stem cells to endothelial cells 
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1.1.2 The role of hypoxia in treatment response 

Hypoxia has considerable implications for cancer therapy, acting as one of the main causes for impaired 

efficacy of radiation therapy36–39, chemotherapy, and immuno- and photodynamic therapy40. Resistance 

to radiotherapy is mediated as the lack of oxygen impedes the formation of free radicals, thereby 

decreasing DNA damage and therapy efficacy9. Chemotherapy is compromised since hypoxia initiates 

apoptosis-resistance pathways, for example via the increased expression of drug efflux transporters41. 

Drug delivery and efficacy is also hampered by the increased diffusion distance42,43, and decreased 

proliferation rate42,43, as hypoxic cells often divide at slower rates44. Furthermore, the activity of many 

chemotherapeutic drugs is altered at low oxygen concentrations protecting hypoxic tumour 

populations2,40,44. Hypoxia has been shown to impede the immune responses to tumours via multiple 

mechanisms45, and to promote metastatic disease and tumour proliferation4,46–48. The latter is thought to 

be caused by alterations in gene expression and/or clonal selection of cells that can better survive under 

hypoxic conditions4,40, enhancing a malignant phenotype and driving tumour aggressiveness and 

proliferation4,40. 

1.2 Diffusion- versus perfusion-limited hypoxia 

Tumour hypoxia is often classified into chronic (also known as long-term or diffusion-limited hypoxia) 

and perfusion-limited (also known as cycling, acute, transient, intermittent, or fluctuating hypoxia) 

hypoxia (Figure 1). In the recent years, it has become increasingly apparent that this distinction is an 

oversimplification9,49, and does not sufficiently capture the complex dynamics of the tumour 

microenvironment with its continuously changing gradients of pH, oxygen and nutrients. For 

simplification, this thesis will use these terms to distinguish the two main facets of hypoxia, but the 

complex and heterogenous nature of tumour hypoxia should be kept in mind.  

 

 

Figure 1.1: Differences between diffusion-limited (chronic) and perfusion-limited (cycling) hypoxia.  

(A) Diffusion-limited chronic hypoxia due to high interstitial spacing between tumour blood vessels and tumour 

cells. (B) Perfusion-limited cycling hypoxia due to variations in perfusion caused by the chaotic, dysfunctional 

tumour vasculature. Red: oxygenated tumour cells, Blue: hypoxic tumour cells. Reproduced from 50. 

. 
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1.2.1 Diffusion-limited hypoxia 

Chronic hypoxia is characterised by a constant low partial pressure of oxygen (pO2) resulting from an 

insufficient oxygen supply by the dysfunctional tumour vasculature6,51,52. Three main factors contribute 

to the occurrence of chronic hypoxia. These include (1) the disorganised geometry of tumour vascular 

networks53, which can lead to higher intervascular spacing and increased oxygen diffusion distance54, 

(2) a lack of arteriolar supply51,55 as arterioles typically do not enter the tumour parenchyma; and (3) 

stiffening and shrinkage of hypoxic red blood cells compared to normally oxygenated red blood cells, 

causing increased blood viscosity and inadequate blood flow51,53. It has also been argued that tumour 

cells have a higher oxygen consumption rate than normal cells, but studies have shown that 

measurements of oxygen consumption rates of tumours were found to be in the midrange between 

normal tissues with high and low metabolic rates56,57 suggesting that oxygen consumption is likely to 

be site and subtype specific. 

1.2.2 Perfusion-limited hypoxia  

In contrast to chronic hypoxia, perfusion-limited hypoxia refers to spatio-temporal cycles of low oxygen 

distribution with subsequent reoxygenation caused by varying red blood cell flux1,7. These oxygen 

fluctuations appear (at least) at two time-scales: Short-term (minutes to an hour) or long-term (hours to 

days). While short-term fluctuations are thought to be caused by variations in red cell flux or 

haemoglobin oxygen saturation (sO2), long-term fluctuations have been attributed to vascular 

remodelling2,5,58,59. Vascular stasis has also been suggested as a reason for short-term cycling hypoxia, 

but studies using window chambers have shown that it only accounts for around 4% of the events60. 

Regions of cycling hypoxia appear to be heterogeneously distributed across the tumour, with patterns 

that appear to be tumour type-dependent61,62. Studies have shown that the fraction of acutely hypoxic 

cells seems to be significantly higher than the fraction of chronically hypoxic cells63–66.  

Historically, the phenomenon of varying hypoxia levels has been first observed by Yamaura et al67 who 

identified radio-resistant regions in tumour peripheries that were also characterized by unstable blood 

flow and episodes of transient vascular stasis. He suggested that these areas might be experiencing 

transient hypoxia caused by variations in perfusion, thereby leading to temporary radioresistance. In 

parallel, Brown et al68 made similar observations, proposing that transient levels of hypoxia can occur 

in tumours which significantly affect radiosensitivity. In his experiment, he eliminated hypoxic tumour 

cells by using a hypoxic cytotoxin, but could still observe a radioresistant cell fraction 24 hours later 

suggesting that an aerobic cell fraction turned hypoxic during this period. These two early experiments 

already highlighted the different time scales in which perfusion-limited hypoxia can occur, with periods 

of a few minutes (Yamaura) to variations ranging from hours to days (Brown). Later on, Chaplin and 

Durand25 confirmed the connection between intermittent hypoxia and transient changes in tumour 

perfusion. They injected the fluorescent molecule Hoechst 33342 – a double strand DNA dye which 
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stains cells adjacent to blood vessels – either throughout the time of irradiation or 20 minutes before the 

start of irradiation. For the first protocol, brightly stained cells were much more radiosensitive (more 

oxic) than cells dimly stained, whereas for the second protocol, radiosensitivity did not differ between 

brightly and dimly stained cells, reflecting changes in perfusion and oxygenation between dye injection 

and irradiation. In the following years, these observations could be confirmed with the help of a ‘double 

labelling’ fluorescence technique revealing the presence of transient perfusion in murine tumours69,70, 

and later on transient hypoxia58,71. Since then, the phenomenon of perfusion-limited hypoxia has been 

studied and verified by many1,7, employing various imaging and validation techniques, and uncovering 

it as a key driver of tumour malignancy.  

1.2.3 Differences in biological effects between diffusion- and perfusion-limited 

hypoxia 

In many ways, perfusion-limited hypoxia appears to be associated with a more aggressive tumour 

phenotype than diffusion-limited hypoxia1,7. Importantly, tumour cells exposed to perfusion-limited 

hypoxia are characterised by increased tumour inflammation22, metastatic potential19–21 and higher 

resistance to radiotherapy23–27 and chemotherapy28. 

Increased oxidative stress markers. In contrast to chronic hypoxia, intermittent hypoxia has been 

shown to lead to higher expression of oxidative stress markers72,73, and production of reactive oxygen 

species (ROS)23,74. ROS can perturb normal cell function and play important roles in in cellular 

signalling pathways critical to proliferation, host cell defence, autophagy, and stem cell 

differentiation75–78. Higher expression of ROS during perfusion-limited hypoxia results in an increased 

accumulation of DNA damage during the reoxygenation periods73,79–81.  Additionally, ROS signalling 

causes increased transcription of HIF-12,23, nuclear factor (erythroid-derived 2)-like 2 (Nrf2)82 and 

nuclear factor kappa B (NF-κB)22, which play key pro-survival roles in the response to oxidative 

stress75,83,84. Following the activation of these transcription factors, perfusion-limited hypoxia affects 

cell behaviour through profound changes in gene expression. 

Altered cell metabolism. Not much is yet known about the impact of perfusion-limited hypoxia on cell 

metabolism7. However, it has been suggested that a switch to the glycolytic pathway is an adaptation to 

perfusion-limited hypoxia, facilitating cell survival during the hypoxic episodes32. Increased HIF levels 

lead to enhanced transcription of downstream targets such as glucose transporter 1 (GLUT1) and 

Pyruvate Dehydrogenase Kinase 1 (PDK1), which can increase glycolysis and downregulate oxidative 

phosphorylation, respectively7. These metabolic changes are thought to allow cells the generation of 

sufficient energy in low oxygen environments, contributing to the enhanced treatment resistance found 

in tumour cells exposed to intermittent hypoxic episodes in contrast to constant hypoxia exposure85,86.  

Increased genomic instability. While chronic hypoxia prevents DNA replication following 

reoxygenation, cells exposed to hypoxic cycles are able to restart DNA replication during reoxygenation 
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periods despite the occurrence of reoxygenation-induced DNA damage87.  Moreover, exposure to 

cycling hypoxia can alter tumour cell cycle checkpoint control and the sensing and repair of DNA 

damage43,88. Pre-clinical studies have shown that chronic hypoxia suppresses the homologous 

recombination DNA repair pathway, whilst acute hypoxia stimulates DNA damage-associated 

checkpoint cell cycle arrest and non-homologous end joining89. These factors promote genomic 

instability, providing an overall selective advantage for malignant growth43, and can lead to radio-

resistance, decreased delivery of cytotoxins, and increased metastatic potential49.  

Angiogenesis. Perfusion-limited hypoxia also appears to impact vessel formation differently than 

chronic hypoxia. In in vitro studies, exposure to intermittent hypoxic cycles increased endothelial cell 

migration and tube-like structure formation24,90. It was also shown that perfusion-limited hypoxia 

enhances vessel density by increasing the number of smaller vessels and decreasing interstitial 

distances, but paradoxically delayed blood supply91. Transient oxygenation appears to favour 

angiogenesis that exacerbates the dysfunctional tumour vasculature, thereby aggravating the varying 

oxygenation cycles1. 

Stemness. Intermittent hypoxia has been shown to enlarge the stem/progenitor subpopulation of cells 

in the tumour microenvironment compared to chronic hypoxia92, and increase the invasive activity of 

these cells mediated via HIF-193. This is supported by the observation that HIF downstream targets can 

impact the epithelial-mesenchymal transition process, and thereby increase tumour cell invasiveness94. 

Increased metastasis and tumour inflammation. In addition to an increase in cell migration, cycling 

hypoxia has been demonstrated to increase tumour metastasis to a greater extent than chronic hypoxia19–

21. Exposure of endothelial cells to cycling hypoxia was also shown to promote tumour inflammation 

more strongly than chronic hypoxia22, apparently by modulating the behaviour of endothelial cells 

toward a pro-inflammatory state and by increasing leukocyte infiltration1. 

Higher treatment resistance. Finally, it has been demonstrated that perfusion-limited hypoxia leads to 

increased resistance to both radiotherapy23–27 and chemotherapy28. It has been suggested that fluctuating 

tumour perfusion may provide a protective effect in tumour cells during therapy, enabling proliferation 

once adequate blood flow and nutrient supply is restored36. In vitro studies have shown that – possibly 

mediated via HIF1 – perfusion-limited hypoxia promotes endothelial cell survival and angiogenesis 

after irradiation24. In vivo it has been found that preconditioning of cycling hypoxia in tumour-bearing 

mice enhanced tumour regrowth and reduced apoptosis after radiotherapy compared to chronic hypoxic 

conditions24. 
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1.2.4 Methods to detect perfusion-limited hypoxia 

As spatio-temporal dynamics in oxygenation have severe implications for tumour development and 

treatment resistance, characterising and understanding the causes and consequences of these 

fluctuations is of utmost importance. For detection and investigation of perfusion-limited hypoxia, both 

ex vivo and in vivo methods of detection have been employed95 (Table 2). The types of measurements 

vary greatly, from absolute measurements of pO2 or oxygen concentration to indirect measurements of 

a related parameter, such as haemoglobin sO2.  

In vivo methods for assessment of oxygenation dynamics measure changes in oxygenation in living 

subjects in real-time and encompass both invasive and non-invasive techniques. Invasive probes, such 

as needle pO2 probes96–98, enable direct measurement of tissue pO2, but measurements disrupt the tissue 

and are only point-based, lacking spatial information. Non-invasive techniques involve various imaging 

methods, for example, magnetic resonance imaging (MRI)49,99–101, positron emission tomography 

(PET)102,103, optical imaging or electron paramagnetic resonance imaging52,104 (Table 1.2). Importantly, 

only some of these techniques measure tissue oxygenation (e.g., PET, electron paramagnetic resonance 

imaging (EPRI)), whilst others assess oxygenation in blood vessels (e.g., BOLD-MRI, optical imaging 

techniques, photoacoustic imaging). EPRI and PET based techniques enable direct tissue oxygenation 

measurements and have shown promising potential in preclinical models52,104–107, but rely on injected 

probes, thereby only providing an assessment of the oxygenation state limited to a particular time frame. 

MRI-based techniques are widely available and have been shown to correlate with tissue oxygenation 

and histological markers of hypoxia108,109, but are — similar to EPRI and PET- based techniques — 

associated with high cost. Optical spectroscopy techniques can be deployed for in vivo microscopy, 

enabling micron resolution visualisation of capillary networks in window chamber preclinical 

models110–112, but are ultimately limited by their penetration depth and narrow field of view.  

Ex vivo methods measure differences in perfusion and hypoxia by injecting relevant markers at different 

time points and analysing tumour tissue, for example, by fluorescence-activated cell sorting (FACS)58, 

fluorescent microscopy69 or immunohistochemistry (IHC) techniques25,59. IHC markers to assess 

hypoxia include endogenous proteins, such as HIF-1α (the α subunit of the transcription factor HIF-1) 

and HIF-1 downstream target genes, e.g., VEGF-A or carbonic anhydrase IX (CAIX), or exogenous 

markers such as pimonidazole, which binds to thiol-containing molecules (e.g., glutathione) in hypoxic 

cells. While ex vivo methods are helpful for validation of in vivo observations, in vivo methods inform 

more clearly on amplitude, frequencies and (3D) spatial location of the hypoxia fluctuations. 

An ideal imaging technique for investigating perfusion-limited hypoxia would offer: (1) a robust 

delineation of relevant oxygenation and perfusion parameters; (2) a high spatial resolution; (3) a high 

temporal resolution and temporal stability; (4) non-invasiveness; (5); safety; (6) independence of 

external contrast agents; (7) capabilities to co-register with other imaging/histopathological techniques 

for validation purposes; and (8) scalability for clinical applications. At present, the available modalities 
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are not able to meet all these criteria. One imaging modality that has the potential to fulfil these outlined 

aspects in future, and has shown some promise in investigating perfusion-limited hypoxia in animal 

models113, is photoacoustic (also referred to as optoacoustic) imaging (PAI).  

 

 

 Table 1.2: Overview of direct methods used for measuring perfusion-limited hypoxia.  

PET=positron emission tomography; SPECT=single-photon emission computed tomography; BOLD-MRI=blood 

oxygen level dependent MRI, OE-MRI=oxygen-enhanced MRI; EPRI=electron paramagnetic resonance imaging; 
18F-FMISO= 18F-fluoromisonidazole; PAI=photoacoustic imaging. Adapted from 7. 

 

 

 

  

Measurement 
Techniques 

Frequency 
of 
detection 

Invasiveness Spatial 
Resolution 

Contrast agent Direct 
pO2 Mea-
surement 

Ref. 

Polographic O₂ 
microelectrodes 

<<1 s 
 

Yes 20–30 μm No Yes 96 

Oxylite optical 
probe 

<<1 s 
 

Yes 250 μm No Yes 96–98 

Phosphorescence 
lifetime imaging 

2-2.5 min 
 

 <mm-cm Pd-porphyrin dendrimer, IV Yes 114 

Optical 
Spectroscopy  

30 s 
 

Yes  mm-cm No No 110–112 

PET/SPECT  >24 h 
 

No Several mm E.g., PET:18 F-FMISO No 103,106,107 

MRI: BOLD, OE 1-4 min 
 

No Sub mm-
mm 

No No 49,99–

101,109,115–

117 

MRI: F-19 MRI 1.5 min 
 

No 2 mm Hexafluorobenzene Yes 118 

EPRI 10-60 s 
 

No (probe 
implantation) 

mm-cm Implantable O2 sensitive 
spin probe with resonator 

Yes 105 

 

2-3 min 
 

Yes 1.6–1.8 mm O2 sensitive spin probe, IV Yes 52,104 

PAI 1s  No 100 μm No 

 

No 113 
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1.3 Concept of PAI 

PAI is based on the photoacoustic effect, which refers to the generation of ultrasound waves from the 

absorption of electromagnetic energy119 (Figure 1.2): short laser pulses in the nanosecond range 

illuminate a sample; part of the electromagnetic energy is absorbed by the imaged object and converted 

into heat; the rise in temperature leads to an increase in pressure; and the pressure rise generates 

broadband ultrasound waves that propagate through the tissue and are detected by ultrasound 

transducers. The amplitude of the recorded pressure wave provides information about the local 

absorption of optical energy within the object. The time interval between the illumination pulse and 

arrival of the ultrasound wave at the detector can be used to calculate the distance between the detector 

and the absorbers. For illumination in tissues, light in the near-infrared (650-1350 nm) window is often 

chosen to optimise penetration depth120.  

By utilising pulses at multiple wavelengths, spectroscopic photoacoustic systems are able distinguish 

between endogenous chromophores or exogenous contrast agents, such as nanoparticles or organic 

dyes121,122. The primary endogenous absorbers in tissue are oxy- and deoxy-haemoglobin (HbO2 and 

RHb), lipids, melanin, collagen, and water (Figure 1.3). The optical absorption coefficients vary with 

wavelength, and thus the relative concentration of each chromophore can be extracted through 

spectroscopic inversion. Functional parameters such as sO2 can be calculated from the absorption 

difference between HbO2 and RHb (sO2=HbO2/HbO2+RHb)123,124. Using only endogenous contrast, PAI 

therefore has the potential to non-invasively visualise simultaneously various important tissue 

parameters within a single imaging session.  

PAI is a safe, low-cost, and non-invasive imaging modality that overcomes many of the aforementioned 

limitations of other imaging modalities (Table 1.3), albeit at the sacrifice of imaging penetration depth. 

Current state-of-the-art technology can achieve two-dimensional (2D) imaging in almost real-time, and 

three-dimensional (3D) images in time scales of seconds to minutes121,125. Importantly, the modality is 

also able to image across scales, from whole tumour volumes (macroscopic, cm depth) over to vascular 

networks (mesoscopic, mm depth) down to individual cells (microscopic, μm depth)125. Due to its ability 

to provide 3D multi-parametric information with high temporal resolution, PAI has found a wide range 

of applications in both pre-clinical and clinical environments126. 
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Figure 1.2: Photoacoustic signal generation.  

A pulsed light source illuminates the object to be imaged (e.g., tumour tissue). As the light propagates through 

the tissue, it is scattered and absorbed by spatially varying endogenous or exogenous chromophores. The 

absorption and scattering coefficients, μa and μs, determine the fluence distribution Φ and consequently, the 

absorbed energy distribution H. The absorbed energy generates a pressure distribution p0. The combined 

photoacoustic efficiency of conversion from heat into pressure is represented by the Grüneisen parameter Γ. Due 

to the elastic nature of the tissue the generated pressure propagates as an acoustic wave through the tissue and is 

detected by ultrasound sensors. This process is affected by the acoustic properties of the tissue and the sensor 

response. Finally, image reconstruction is performed to visualize the recorded data. Created with BioRender. 

 

 

 

 

 

 

Figure 1.3: Absorption spectra of the main endogenous chromophore. 

Absorption spectra are displayed for melanin (brown); oxy- (red) - and deoxy-haemoglobin (green; both 150 

gL−1); water (blue;  80% by volume in tissue); lipids (yellow; 20% by volume in tissue); and collagen (black) in 

the wavelength range of 400 nm to 1400 nm. Data from http://omlc.ogi.edu/spectra/ and 127. 
  

http://omlc.ogi.edu/spectra/
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Table 1.3: Comparison of preclinical imaging modalities. 

(CT=Computed tomography, MRI=Magnetic resonance imaging, PET=Positron-emission tomography, 

SPECT=Single-photon emission computed tomography, Rf=Reference).  

 

1.3.1 Potential of PAI to evaluate perfusion-limited hypoxia at different scales 

PAI affords a scalable spatiotemporal resolution, which could be applied to analyse perfusion-limited 

hypoxia in tumour tissue non-invasively. PAI has already been widely exploited for cancer imaging as 

it enables the visualisation of two key characteristics of solid tumours129: (1) Hypoxia, assessed in PAI 

via the readout of blood oxygen saturation (sO2=HbO2/THb) and (2) Angiogenesis, assessed in PAI via 

the total blood volume content in tissue (THb=RHb+HbO2)
123,124,130–133. PAI has been used to monitor 

vascular development during tumour growth132–134, quantify microvasculature in 3D with high 

resolution135–137; detect response to antiangiogenic therapies138,139, and predict radiotherapy response140. 

While promising, these studies only inform on static, average perfusion parameters, lacking quantitative 

insight into the spatial and temporal heterogeneity of oxygenation state and vascular function. In early 

stages, PAI has been applied to look at temporal dynamics of tumour oxygenation113,141, but these 

studies do not provide a thorough biological validation, spatial analysis of the fluctuations, or detailed 

assessment of the underlying molecular and anatomical features.  

  

Imaging 
method 

Anato-
mical 
contrast 

Molecular/ 
functional 
contrast 

Sensitivity   Temporal 
resolution 

Spatial 
resolution  

Pene-
tration 
depth 

Costs  Safety Rf 

X-ray CT medium  poor µmol (10-6) mins 10–500 
µm 
scalable 

Whole 
body 

medium medium 122,

128 

MRI good good µmol (10-6)– 

nmol (10-9) 

Mins-hrs 10–500 
µm 
scalable 

Whole 
body 

high good 122,

128 

PET/ 
SPECT 

poor good fmol (10-15) Min-hrs 1–2mm Whole 
body 

high medium 122,

128 

Ultrasound good medium 
(micro-
bubbles) 

nmol (10-8) Sec-mins 50–500 
µm 
scalable  

2-6 cm low good  122 

Optical 
imaging 

good good pmol (10-12) Sec-mins >0.3 µm Super-
ficial <1 
mm 

medium good 122,

128 

PAI good good pmol (10-12) Sec-mins 5–500 µm 

scalable 

up to 5 
cm 

low good 122 
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1.3.2 Challenges in measuring perfusion-limited hypoxia with PAI 

Despite the promise of PAI to resolve temporal oxygenation dynamics in tumour tissue, the 

development of the technology is still relatively immature. Substantial limitations remain that need to 

be carefully understood and where possible, compensated. Robust and stable signals are required to 

resolve relevant capillary sizes and quantify sO2 and THb over time. Limited-view and motion-related 

artefacts can impact image quality and need to be well understood to extract meaningful data. In an in 

vivo setting, additional variation factors can impact the imaging data, such as temperature, breathing, 

or anaesthesia, and hence require careful delineation. Furthermore, optical attenuation and wavelength-

dependent spectral colouring can alter the acquired signal and subsequently affect the spectral unmixing 

of HbO2 and RHb. Correcting for spectral distortions would allow absolute quantification of optically 

absorbing molecules, but remains a significant challenge in vivo and hence is an active research area in 

the field142,143. To exploit PAI for assessing spatio-temporal characteristics of tumour oxygenation with 

high accuracy and precision, a thorough performance evaluation of the device to be applied, including 

technical and biological validation, is required. 

Technical validation is defined as the process of establishing the accuracy, repeatability, reproducibility 

and lack of bias of a biomarker measurement144. Technical validation is necessary to establish the 

temporal precision of PAI, to provide confidence that any measured fluctuations in oxygenation or 

vascular structures are indeed caused by biological sources rather than imaging artefacts or system 

errors. Additionally, the impact of different target positions on signal intensity and resolution needs to 

be evaluated and standard operating procedures of image acquisition and analysis need to be 

established. Early studies of accuracy and precision have already been made for PAI tomographic 

systems141,145 but none have been reported for mesoscopy or microscopy systems, which are important 

for studying dynamic fluctuations in vascular perfusion in solid tumours in relation to perfusion-limited 

hypoxia.  

Many technical validation studies rely on stable test objects, also termed “phantoms”. PAI phantoms 

are particularly challenging to create, due to the need to account for both optical illumination and 

acoustic signal propagation. An ideal PAI phantom should be: (1) tissue-mimicking with tuneable 

acoustic and optical properties; (2) mechanically robust; (3) stable over time; (4) simple and highly 

reproducible to manufacture; (5) flexible in geometry and architecture; (6) non-toxic; (7) made with 

ingredients widely available from scientific suppliers; and finally, (8) low cost. Many phantom 

materials have been tested for PAI, including hydrogels146,147, PVA148,149, silicone150,151, PVCP152–158 and 

copolymer-in-oil materials159–161. Inclusions have been made by embedding fluid-filled channels156,162 

or solid absorbers such as wires or filaments163, or by creating simple138,158,164 or more complex vessel-

mimicking157,165 inserts. Despite these early efforts, PAI lacks a widely accepted standardised phantom 

that meets all of the outlined requirements. Development of such test object that can be applied in a 

multi-centre setting is vital for routine quality assurance and control from the perspective of clinical 
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translation, and of particular importance for PAI studies of the subtle dynamics of perfusion-limited 

hypoxia166. 

Besides technical validation, biological validation of biomarkers is required to associate imaging signals 

with the underlying physiology, pathology or anatomy144. Previous work has already gone some way 

towards biological validation of haemoglobin and sO2 biomarkers. For signal validation, (blood flow) 

phantoms, pO2 probes162,167, haematology analysers168 and co-registration with IHC methods169 such as 

pimonidazole staining134,170, or other haemoglobin-sensitive imaging techniques such as BOLD-

MRI139,140,171, high-resolution- and DCE-ultrasound172–174 or laser-speckle imaging175 have been used. 

Validating techniques that measure temporal oxygenation dynamics in vivo is particularly challenging, 

as validation should ideally be performed in parallel to the measuring technique to capture the dynamic 

nature of the fluctuations. A thorough analysis of the underlying molecular phenotype by 

histopathological and genotypic techniques can help to overcome this challenge, and enable the first 

steps towards validation of the imaging data.  
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1.4 Thesis objectives and outlook 

This thesis will address the challenge of developing and validating PAI biomarkers that can shed light 

on perfusion-limited hypoxia in cancer. A thorough technical as well as biological validation will be 

performed, summarised as followed: 

1. Aim 1: Technical validation of PAI:  

a. Evaluation of phantom materials and standardisation efforts in biophotonics to guide 

standardised phantom development in PAI; 

b. Establishing stable and precise means for robust phantom characterisation; 

c. Development of generalizable test phantoms for assessing photoacoustic precision and 

accuracy; 

d. Application of phantoms for technical characterisation of a PAI mesoscopy system.  

2. Aim 2: Biological validation of PAI:  

a. Application of PAI at mesoscopic and macroscopic scale for characterising perfusion-

limited hypoxia in two murine breast cancer models; 

b. Validation of PAI biomarkers using RNA sequencing and IHC techniques. 

To address these tasks, Chapter 2 of this thesis will give a general overview on phantom materials and 

standardisation approaches in optical imaging, guiding the phantom development in the subsequent 

chapters. Chapter 3 will focus on establishing and validating material characterisation systems that are 

required for precise description of photoacoustic phantom properties. Chapter 4 will describe the 

development of a tissue-mimicking copolymer-in-oil material with tuneable optical and acoustic 

properties that is suitable for widespread use in PAI. Chapter 5 will concentrate on the application of 

phantoms to characterise a PAI mesoscopy system. Chapter 6 will focus on applying mesoscopic and 

macroscopic PAI to assess hypoxia dynamics in two murine breast cancer models, and on validating 

PAI biomarkers using RNA sequencing and IHC techniques. Finally, Chapter 7 will conclude with a 

general summary and a discussion of future directions of this work.  
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2 PHANTOM MATERIALS IN 

BIOPHOTONICS 

 

This chapter uses material from Hacker et al (2022) “Criteria for the design of tissue-mimicking 

phantoms for the standardization of biophotonic instrumentation”, Nature Biomedical Engineering. 

(see publications list). The manuscript was researched and prepared by myself, with revisions and 

discussions made together with all co-authors. 
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2.1 Introduction 

Test objects to calibrate imaging systems have an important subset known as tissue-mimicking 

phantoms. In biophotonics, they are used for performance evaluation of a given technology by 

mimicking light-tissue interactions of human tissue, as well as other crucial elements of the 

process176,177. The diverse landscape of biophotonic applications means that it is likely impossible to 

have an all-encompassing phantom that fulfils the needs of every optical sub-speciality. In particular, 

in the context of this thesis, phantoms for PAI are challenging to define, requiring both biologically 

relevant optical and acoustic properties, as well as architectural flexibility to satisfy the needs of the 

diverse landscape of instrument geometries. As such, a wide range of phantom materials have been 

proposed178,179, but there has been no consensus on a widely applicable material type nor fabrication 

method to produce such phantoms. Nevertheless, finding consensus on broadly applicable materials 

would be beneficial to enable comparison of devices between vendors and institutions; advance hybrid 

modalities; allow complementary use of different modalities within one clinical session; and further the 

development of internationally-recognised standards180,181.  

In this chapter, the current state-of-the-art in phantom materials in biophotonics is surveyed to guide 

phantom development for PAI, and address Aim 1a of this thesis. First, phantom design considerations 

are outlined, underlining important base requirements for an ideal PAI phantom. Second, biophotonic 

phantom materials and their methods of preparation are discussed, emphasizing individual strengths 

and weaknesses in the context of standardisation efforts. The chapter concludes by highlighting 

promising material types for phantom applications in PAI, and summarizing current standardisation 

efforts in this field. 

2.1.1 General phantom design considerations 

Phantoms can be broadly divided into physical phantoms and numerical (computational) phantoms182. 

Numerical phantoms cover in silico frameworks, which will not be reviewed here; physical phantoms 

are material objects that can be artificially composed or tissue derived. Artificially composed phantoms 

can be homogenously, heterogeneously, or anthropomorphically designed. Tissue-derived phantoms 

can include both ex vivo and bioengineered tissues. 
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2.1.2 Physical properties of soft tissues 

Understanding the physical properties of soft tissues is a fundamental requirement for development, 

application, and evaluation of PAI phantoms. Average values for the optical183,184, acoustic185,186 and 

thermoelastic187 properties of soft tissues are summarised in (Table 2.1). To understand light 

propagation in turbid media, knowledge of the probability of a scattering or absorption event per unit 

path length is essential. These parameters are captured by the linear scattering coefficient µs(λ) and the 

linear absorption coefficient µa(λ); the refractive index n is also relevant for light reflection and 

refraction at interfaces. For certain microscopic or mesoscopic applications, or interactions near a light 

source, knowledge of the anisotropy factor g of the phantom medium is important as well. After several 

scattering events, light transport is diffuse, and scattering can be assumed to be isotropic. In these 

regimes, the reduced scattering coefficient µs’(λ) (defined by µs’(λ)=(1-g) µs(λ)) is sufficient to describe 

the apparent scattering coefficient under the assumption that the source-to-measurement distance is 

much larger than 1/ µs(λ).  

Both scattering and absorption effects are wavelength-dependent and determined by the constituents of 

the medium. In the visible wavelength range in soft tissues, RHb and HbO2 as well as melanin are the 

main endogenous chromophores. Moving towards near infrared (NIR) wavelengths (800–2500 nm), 

water, lipids, and proteins (mostly collagen) become increasingly absorbent as well. In order to measure 

optical properties, a wide range of methods can be employed such as spectrophotometers, double-

integrating sphere (DIS) systems, spatial frequency domain imaging and multi-distance frequency 

domain photon migration techniques as well as time-domain photon migration techniques188–190. Yet, 

the accurate assessment of optical properties of a turbid medium is highly challenging due to the strong 

absorption-to-scattering coupling for light attenuation and different limitations of the analysis models. 

Multi-laboratory studies of a liquid phantom showed an agreement within 2% of the estimate for both 

µa and µs’
191, but discrepancies for solid phantoms are commonly found to up to  ± 15%192.  

PAI phantoms also need to mimic acoustic properties, meaning it is important to assess how fast an 

acoustic wave can propagate within a medium and how strongly the medium attenuates the wave. This 

is captured by the material-specific speed of sound c and acoustic attenuation coefficient α, respectively. 

The extent of backscattering of an acoustic wave is determined by the backscattering coefficient μbs, 

which is difficult to determine and therefore rarely reported193. A well-characterised broadband 

frequency description of these parameters is essential.  
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Table 2.1: Definition of relevant optical and acoustic measurement parameters in biophotonic imaging. 

Notes: *These are just representative values. For more accurate numbers please refer to the literature. Speed of 

sound can vary with temperature. 

 

The role of phantoms in the translational research pipeline 

Phantoms play a fundamental role in standardisation and clinical translation of new devices176. In the 

context of this thesis, standardisation refers to the process of establishing documentary consensus on a 

specific technical modality/task outlining precise guidelines, specifications and relevant definitions197. 

While different definitions of the translational pipeline exist198, most approaches agree that translational 

research includes those efforts that transform scientific discoveries into novel tools that are actively 

applied in clinical practice. Along this (not always strictly linear) path, phantoms fulfil a range of tasks 

that can be roughly divided into instrument-specific tasks (e.g., device development, validation, and 

surveillance) and application-specific tasks (e.g., testing or validation of an anticipated physical 

measurement; replacement of in vivo models) (Figure 2.1).  

 Parameter Symbol Unit Definition 
Average 
value in 
soft tissue* 

Ref 

Optical 

Optical absorption 
coefficient  

µa cm-1 
Probability of photon absorption 
per unit length travelled by the 
photon 

0.1-0.5 183,194 

Refractive index n none 
Ratio of the velocity of light in a 
vacuum to the velocity of light in a 
medium 

1.33-1.51 183,194 

Anisotropy factor g none 
Represents the effects of 
directionally dependent scattering 

0.7-0.9 183,194 

 
Reduced scattering 
coefficient 

µs‘ cm-1 
Probability of photon scattering 
per unit length travelled by the 
photon 

10-20 183,194 

Acoustic 

Acoustic 
attenuation 
coefficent 

α 
dB·cm-

1·MHz-1 

Extent of reduction of an acoustic 
wave when propagating within a 
medium 

0.1-1.6 186,193 

Speed of sound c m·s-1 
Velocity of acoustic wave 
propagation within a medium 

1450-1730 186,193 

Backscattering 
coefficient 

µbs m-1sr-1 
Differential scattering cross 
section per unit volume at a 
scattering angle of 180◦ 

3.5 × 10−4- 

9 × 10−4 

193,195 

Thermoelastic 

  

Grüneisen 
Parameter 

Γ none 
Measure of thermoelastic 
efficiency 

0.25-0.9 

196 
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Figure 2.1: Tasks of phantoms along the translational pipeline. 

Instrument- and application-specific tasks of phantoms are presented along the translational pipeline for optical 

imaging devices. Translational gap 1 refers to the step of transferring a research tool from a preclinical into a 

clinical research environment. Translational gap 2 refers to the step of integrating a tool from clinical research 

into clinical standard-of-care and routine patient-use. (pipeline designed after144,199; SOPs=Standard operating 

procedures). 

 

2.1.3 Phantom design properties 

An ideal PAI phantom material, which intends to cover all outlined tasks and builds confidence in the 

reproducibility of PAI systems, should possess eight important properties (Figure 2.2). Usually, 

however, phantoms are targeted to specific applications, such as the assessment of precision or 

accuracy.  

Precision phantoms are focused on instrument-specific tasks, for example, evaluating repeatability 

(same subject, same scanner, same operator, short interval) and reproducibility (comparable subjects, 

different scanner make/model, centres). These can add value in multi-centre clinical trials by providing 

a common calibration of all instruments across sites200,201. For this purpose, temporal and mechanical 

stability as well as reproducible fabrication are key requirements.  
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For accuracy phantoms, tissue-mimicking properties are of utmost importance, as they aim to faithfully 

recapitulate the expected signal, which can be either static (replicating a tissue type) or dynamic 

(replicating a physiological process). Accuracy phantoms are adapted to tissue type, pathology, and 

species (e.g., with differing skin pigmentation, model organism) of interest, and can be complex, 

representing, for example, different layers present in tissue as well as the different chromophores and 

fluorophores that contribute to the overall optical behaviour of the tissue or pathology. They are most 

often used for clinical training and testing purposes, or to validate physical models or simulations. In 

contrast, precision phantoms are employed to evaluate basic device performance metrics, such as signal 

stability, signal-to-noise, contrast, or resolution, and therefore, only require simpler geometries202. 

Devices that generate quantitative outputs (e.g., blood oxygenation) may require approaches for 

determining additional metrics such as precision, bias, linearity, and sensitivity. 

The distinction between these two phantom types is necessary as the final application of the phantom 

dictates its design and composition.  

 
 

Figure 2.2 : Base requirements for a PAI phantom. 

An ideal PAI phantom material should possess the eight following characteristics: (1) Ability to provide 

biologically-relevant properties (including optical, acoustic, mechanical and thermoelastic properties); (2) 

Tunability of properties to mimic different tissue types; (3) Stability of all intrinsic properties over time and under 

different environmental conditions (including temporal, mechanical and photo-stability); (4) Architectural 

flexibility and ability to include absorbers/molecules of interest; (5) Simple and reproducible preparation; (6) Low 

maintenance (ease of storage and transport); (7) Safe to prepare and handle; (8) Readily available, low-cost 

ingredients, and non-specialist fabrication equipment. 
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2.2 Materials and methods for preparation of biophotonic phantoms 

Materials for optical phantoms that could be adopted for use in PAI can be broadly divided into water-

based and non-water-based materials (Table 2.2), with respective additives used to tune optical and 

acoustic properties (Table 2.3 and Table 2.4). The key features that are typically considered when 

comparing different materials are their tissue-mimicking capabilities and the ease of handling and 

fabrication (summarised in Table 2.5), which together with the intended phantom type, determine the 

overall design and suitability for use in a given application.  
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Table 2.2: Relevant optical and acoustic parameters of different materials without the use of additives.  

Optical properties refer to a wavelength range of 600 – 900 nm. 

*Absorption spectra of water can be obtained from Hale and Querry et al.235 

**Dependent on the number, length and rate of freeze and thaw cycles, by the grade of the PVA (molecular 

weight, degree of saponification) and its concentration in the aqueous solution, by the presence of additives and 

by the type of solvent218,236–240. 

  

 

Optical Acoustic 

Material Intrinsic µa 
(cm-1) 

Intrinsic µs’ 
(cm-1) 

Refr. 
index 

Ref. c 

(m·s-1) 

(dB·cm-1 ) at 
frequency (MHz) 

Ref. 

General soft 
tissue 

0.1-0.5 

 

10-20 

 

1.33-1.51 183 1450–1730 

 

0.1–1.6  

dB·cm-1·MHz-1  

186,193 

Aqueous 
suspension 

negligible* negligible 1.34 203 1480-1574 0.0022  at 1 MHz   
186 

Agar/Gelatin negligible negligible 1.35 204  

1490-1650 

0.1–1.5  dB·cm-1·MHz-1  205–212 

Polyacrylamide 
(10%-20%) 

negligible negligible 1.35 213 1540-1590 0.08-0.14 at 1 MHz  

0.7 at 5 MHz  

207,214 

PVA Dependent 
on 
preparation*
*  

Dependent 
on 
preparation**  

1.35 215,216 1510-1570 

 

  

0.075–0.56 dB·cm-1· 
MHz-1 

149,207,

217,218  

Co-polymer in 
oil  

negligible 

(dependent 
on polymer) 

negligible 

(dependent 
on polymer) 

1.47 219 1420-1510    0.4-7 at 3.5 MHz 160,168,

220,221 

  

 PVCP 
(including 0 -
90% softener) 

negligible negligible 1.52 156 1350-1580  0.6-0.9 at 1 MHz 

1-30 at 4 MHz 

6.45-8.24 at 5 MHz 

153,156,

158,222

–225 

 Silicone negligible negligible 1.4 226 970-1200 1.8 at 3 MHz 

14.0 at 5 MHz 

14.7 at 7 MHz 

207,227

–229 

Polyurethane negligible negligible 1.5 230 1400-1470   0.5–0.7 dB·cm-1·MHz-1 229 

Polyester,  
Epoxy resin 

negligible negligible 1.54 231–

233 
1844-3118  7–17 at 0.5 MHz 234 
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2.2.1 Tuning of optical and acoustic properties 

The molecular composition of a material type determines its intrinsic properties and the types of 

additives that can be used to tune such properties. Nevertheless, similar classes of additives have been 

used in water (Table 2.3) and non-water based (Table 2.4) materials to tune optical and acoustic 

properties178.  

Additives that adjust optical scattering can be broadly classed into (i) lipids, (ii) white metal oxide 

suspensions, (iii) polymer microspheres and, more rarely, (iv) gold nanoparticles. Lipid-based 

emulsions such as milk or intralipid are popular in water-based phantoms due to their simple application 

and biological similarity to fat-based structures found in tissue, allowing incorporation of aqueous 

absorbers or fluorophores. Here, Intralipid241,242 (or similar compounds243 such as Nutrilipid, Lyposyn, 

Vasolipid, Lipofundin etc), a suspension of soybean oil, egg phospholipids, and glycerol in water, is 

most commonly employed due to its high stability, low absorption coefficient, regulatory controlled 

low batch-to-batch variability243,244 and extensive validation in the literature191,241–246. Microspheres are 

a favourable option for precision phantoms due to their well-controlled size, refractive index and 

predictable scattering properties in Mie theory247, but they are typically high cost, limiting their use to 

small volumes.  Metal oxide powders are cost-effective and widely available due to their industrial 

production for all white pigmented materials such as paint, and commonly used in non-water-based 

phantoms. However, thorough mixing and/or sonication needs to be employed to create homogeneous, 

repeatable materials without sedimentation or clustering. Titanium dioxide (TiO2) has been a preferred 

choice due to its negligible NIR absorption and high refractive index231, but metal oxides with different 

particle sizes248 and refractive indices (e.g., aluminium oxide [Al2O3]
249 or zinc oxide [ZiO]250,251) have 

also been used. Gold nanoparticles252 have also been employed as a scattering agent253, but they are 

relatively high in cost and exhibit optical absorption.  

To adjust optical absorption, either natural tissue chromophores (e.g., haemoglobin or melanin) or 

synthetic absorbers (e.g., pigment-based inks, molecular dyes, etc.) can be used178. The biological 

chromophores are able to provide absorption spectra similar to soft tissue, but are often unstable and 

restricted to use in aqueous environments178. Synthetic absorbers can exhibit both flat (e.g., India 

ink254,255) or peaked (e.g., Naphthol Green256, Trypan Blue257) absorption spectra, but with higher 

stability. Care must be taken when employing molecular dyes in water-based phantoms, as diffusion 

and degradation processes can occur254. Also, subtle fluorescence emission can produce strong artefacts 

in turbid materials due to long photon pathlengths increasing fluorescence contamination. In contrast to 

molecular dyes, pigment-based inks consist of larger particles and cannot  diffuse through a gel or 

polymer-matrix, but their optical absorption is often accompanied by additional scattering255. India ink, 

a suspension of  insoluble carbon particles in aqueous medium, is one of the most popular options as 

the ink is chemically and spectroscopically stable, non-toxic, non-fluorescent and offers a flat 

absorption spectrum with little variation over the visible and NIR region254,255. In general, absorbers 
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need to be chosen carefully with regard to the base material as solubility may be limited and hardening 

of the base material can impact the absorption properties258. 

The acoustic properties of a material are closely connected to its mechanical composition and are, 

therefore, more difficult to tune with external agents. In water-based materials the speed of sound can 

be increased by the addition of alcohol-based substances (e.g., n-propanol206,209, glycerol259 etc), or 

decreased by the addition of oils260. Popular additives for tuning the acoustic attenuation include 

graphite206,209 or Al2O3 powder249,259, whilst for backscattering silica spheres or glass beads208,209,224,261 

are often used. These additives may also affect optical properties, further challenging the preparation 

of multimodal phantoms.  
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Table 2.3: Common additives for tuning intrinsic properties in water-based phantom materials proposed 

for biophotonic imaging. 
  

Function Additive 

Optical 
adjustment 

Scattering µs’(λ) 

Lipids (oil/fat245,262–264, milk265, intralipid241–244,246 and similar266) 

Microspheres267,268 

Metal oxide suspensions (e.g., Al2O3 (1-10 µm)249, TiO2 (< 1µm)) 

Absorption µa(λ) 

Whole blood/erythrocytes/haemoglobin264,267,269–273 

Melanin274 

Pigment-based inks (e.g., India ink)255,275–277 

Molecular dyes278–281 

Fluorescence  

µaf(λ), Ie(λ), φQY, τ 

Biological Fluorophores (e.g., NADH, FAD, Collagen, 
Porphyrins)282 

Quantum Dots283 

Biomedical contrast agents (e.g., ICG, 800CW, Fluorescein)284,285  

Laser dyes (e.g., IR125)247 

Acoustic 
adjustment 

Speed of sound c(f) 

n-propanol206,209 

Ethanol286 

Glycerol259 

Oil260 

Formaldehyde287 

Acoustic attenuation α(f) 

Graphite powder206,209 

Evaporated milk208  

Al2O3
249,259 

Acoustic backscattering µbs(f) 
Glass beads208,209,224,261 

Silicon carbide259 

Miscellaneous 

Stability 

Benzalkonium chloride259,288 

Thimerosal208 

Formaldehyde289  

EDTA  

Penicilin290, 

Deoxygenation 
Yeast272,273,291, sodium azide, sodium dithionite162,292,293

 , glucose & 

glucose oxidase catalase, nitrogen gas 

Oxygenation Oxygen gas, hydrogen peroxide162 

Thermal damage 
Albumen256,294 

Bovine Serum Albumin (BSA)295–298 

Melting temperature Formaldehyde289 
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Table 2.4: Additives for tuning relevant acoustic and optical properties in non-water-based phantom 

materials proposed for biophotonic imaging. 

  
Resin-based 
materials 

Silicone 
Polyvinyl chloride 
plastisol (PVCP) 

Co-polymer in 
oil 

Optical 

adjustment 

Scattering µs’(λ) 

TiO2
202,230 

Al2O3
299  

Glass or silica 
spheres233  

Polystyrene 
microspheres231,232,30

0 

TiO2
252,301–308, 

Al2O3
226,277,309,310, 

Ba2SO4
311, 

polystyrene310 
silica252,312 

 

TiO2
153,154,222,313  

ZiO250,251 

TiO2
164 

 

Absorption µa(λ) 

India Ink300,314  

Dyes (e.g., 900NP) 

230,233,258,300,315–317  

Carbon powder318,319 

India ink307 

Carbon black277  

Alcohol soluble 
Nigrosin301 

Freeze dried 
bovine zinc 
phthalocyanine302 

Yellow food 
dyes302 

Infra-red dyes302 

Black plastic colorant, 

Pigments 153,156,222 

Black ink155 

Trypan blue155  

Melanin powder155 

Oil-based 
dyes164 

Fluorescence  

µaf(λ), Ie(λ), φQY, 
τ 

Quantum 
Dots202,317,320,321 

 

Biomedical contrast 
agents (e.g., ICG, 
800CW, 
Fluorescein)284 

Laser dyes (IR125) 
285 

Biomedical 
contrast agents 
(e.g., ICG, Cy5, 
Fluorescein)  

322,323 

- Quantum dots324 

Acoustic 

adjustment 

Speed of sound 
c(f) 

 

Silicone oil,  

Vaseline  

Glycerin325 

Hardener/softener156 

Type of plasticizer156 

Variation of 
polymer 
concentration 
(eg. SEBS, 
LDPE) 
glycerol161,220,221 

Acoustic 
attenuation α(f) 

 - 

Glass 
microspheres156, 

Type of plasticizer156; 

Graphite powder325–327 

Variation of 
polymer 
concentration 
(e.g., SEBS, 
LDPE) 
glycerol161,220,221 

Acoustic 
backscattering 
µbs(f) 

- - Glass beads157,328 

Glass 
spheres165,220, 

Silica/graphite 
powder 
spheres221, 

glycerol161 



 

27 

 

Table 2.5: Comparison of relevant properties of materials used for biophotonic phantoms. 

(TMM=Tissue-mimicking). Legend: green (++)=excellent performance; light green (+)=above-average performance; light red (-)=below-average performance; red (--)=poor 

performance in respective category.  

 

 
TMM Properties Handling 

 
Fabrication  References 

Material Optical Acoustic Tuna-

bility 

Temporal 

Stability 

Mechanical 

Stability 

Storage/ 

Transport 

Architectural 

Flexibility 

Complexity Safety Biocom-

patibility 

 

Aqueous suspension ++ - + - - - - - - - ++ ++ Yes 255,329,330 

Agar/Gelatin ++ ++ ++ - - - ++ ++ ++ Yes 204,206,208,209,224,289,331,332 

Polyacrylamide ++ ++ ++ - + - ++ + - Yes 333 

PVA ++ ++ ++ + + - ++ - ++ Yes 148,334–338 

Co-polymer in oil ++ + + ++ ++ ++ ++ + ++ No 161,220,221,339 

PVCP ++ + + ++ ++ ++ + + + No 138,156,158 

Silicone ++ - + ++ ++ ++ ++ + ++ No 290,309,310 

Polyurethane ++ + + ++ ++ ++ ++ + + No 202,230,258 

Polyester, Epoxy resin ++ - - + ++ ++ ++ + + ++ No 231,232,314,315 

Ex vivo tissues ++ ++ - - - ++ - - - ++ ++ Yes 178 
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2.2.2 Aqueous suspensions 

Aqueous suspension phantoms are one of the most popular phantom types in optical imaging due to 

their availability, cost-effectiveness, easy preparation, and excellent reproducibility191,245,278,279,255,262–268. 

Water has negligible scattering and absorption properties in the visible wavelength range235, but a lower 

speed of sound (1480 m·s-1) and acoustic attenuation coefficient (0.002 dB∙cm−1 ∙MHz−2 ) relative to 

most soft tissues185,186. The speed of sound can be increased by the addition of ethanol (e.g., 7.4% by 

mass for 1540 m·s-1)286. For tuning optical scattering properties, fat emulsions241,242,266,243–246,262–265 or 

microspheres267,268 are preferred, while optical absorption can be tuned by adding whole blood or 

extracted erythrocytes264,267,273, inks255,275,276, molecular dyes278,279. Blood-based phantoms267,269–273 can 

also mimic changes in sO2, by addition of oxygenating (e.g., oxygen) or deoxygenating compounds 

(e.g., yeast269,272,273). Due to their excellent reproducibility243,244,254, aqueous phantoms with ink have 

been considered in several multi-laboratory studies191,340.  

Despite their advantages, liquid phantoms have a limited shelf life of only a few hours to days, with 

storage below 4oC and careful maintenance341. Moreover, mismatches of the refractive index and 

acoustic impedance of the container walls or embedded inclusions can cause optical and acoustic 

channelling artefacts, especially at the surfaces342–344. Water and water-based materials are also known 

to have a strong dependence on temperature, with the speed of sound in water varying up to 50 m·s-1 in 

the temperature range of 20–40°C193. 

2.2.3 Hydrogels 

Hydrogels refer to water-swollen, cross-linked polymer networks and can be formulated from natural 

or synthetic sources. The popularity of hydrogels for phantom fabrication stems from their well-

characterised performance, ease of fabrication and flexible architecture. They are largely optically 

transparent and their optical and acoustic properties can be easily tuned (Table 2.3). ‘Intelligent’ 

hydrogels can also be sensitive to external stimuli, such as pH345, temperature or light346.  

In the field of biophotonic phantoms, four main types of hydrogels have been used: (i) 

agarose204,249,256,261,289,332,341,347,348; (ii) gelatin205,224,257,260,289,349,350; (iii) polyacrylamide213,351; and (iv) 

poly(vinyl alcohol) (PVA)148,149,240,277,336. Agarose is a hydrophilic colloid that is derived from seaweed 

and red algae, whereas gelatin is a homogeneous colloid gel produced by physical, thermal, or chemical 

degradation of collagen extracted from animal tissues. Agarose and gelatin hydrogels are prepared by 

mixing with water, heating to crosslink, then cooling. Agarose gels exhibit a higher melting temperature 

(40˚C vs 90˚C) and higher stiffness, but lower toughness compared to gelatin224. Despite their 

widespread use in research settings, agar and gelatin gels suffer from short-term stability204,255, being 

highly susceptible to dehydration, bacterial ingrowth, thermal and mechanical damage, limiting 

reuse147,352. Extending longevity is possible by careful storage208 and addition of chemicals such as 
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formaldehyde289 or benzalkonium chloride259,288, though this increases fabrication complexity. 

Moreover, well defined inserts within hydrogels are usually short-lived due to diffusion of absorbers158. 

Targets can be encapsulated, but this creates refractive index mismatches and acoustic boundaries.  

While agarose and gelatin are formed by physical crosslinking, polyacrylamide gels are formed by 

chemical reaction of acrylamide monomer and N, N'-methylene-bis-acrylamide and subsequent 

polymerization using a reaction initiator–activator pair.  Polyacrylamide gels have higher melting 

temperature and optical transparency than gelatin or agarose333. However, their preparation process is 

more complex and requires a higher level of precautionary measures as polyacrylamide may contain 

residual amounts of the known neurotoxin acrylamide monomer207. Moreover, polyacrylamide gels are 

more likely to suffer from cluster formation resulting in structural inhomogeneities and have a more 

limited shelf life, ranging from a few hours upon air exposure to a few weeks in airtight containers333. 

A special, proprietary type of polyacrylamide called ZerdineTM forms the base material of a 

commercially available standard ultrasound phantom accredited by the American College of Radiology 

(ACR)353. 

PVA is a water soluble, biodegradable synthetic polymer derived from the hydrolysis of poly(vinyl 

acetate). The material is widely available, cost-effective, non-toxic and exhibits greater longevity and 

structural rigidity than agar-, gelatin- or polyacrylamide-based hydrogels149,336. While crosslinking can 

also occur chemically or by radiation, the base material is usually formed by physical crosslinking with 

alternate freezing (-20°C) and thawing (+20°C) cycles as it yields gels with higher mechanical strength 

and without toxic residues354. The optical149, acoustic218,240, mechanical238, and electrical properties355 

can be tuned by changing: the number, length and rate of freeze and thaw cycles; the grade and 

concentration of the PVA; as well as additives and solvents218,236–238,240,356. By keeping the number of 

freeze-thaw cycles low and choosing a water/dimethyl sulfoxide (DMSO) mixture as a solvent, high 

optical transparency337 and speed of sound149 can be achieved. PVA phantoms can be stable for a 6-

month period357, if stored hydrated in sealed containers, yet the preparation process is time-consuming 

and tedious. Slight variations in fabrication can lead to inhomogeneities148, compromising 

reproducibility. Moreover, as variation of preparation parameters affect acoustic, optical, and 

mechanical parameters simultaneously, independent tunability is limited.  

2.2.4 Non-water-based materials 

Given the long-term stability and tunability concerns associated with aqueous suspensions and some 

hydrogels, the biophotonic community has also sought to adopt non-water-based materials for phantom 

preparation. These materials are of particular value for the PAI community, as water-based coupling 

media are often used for photoacoustic image acquisition which could interact with a water-based 

phantom medium. The most common examples are: (i) resins; (ii) room-temperature-vulcanizing (RTV) 

silicone; (iii) polyvinyl chloride plastisol (PVCP); and (iv) copolymer-in-oil materials. 
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First introduced by Firbank, Delpy358,359 and Vernon230 in the optical field, polyester231–233,299,315,360, 

epoxy resin231,299,300,316,318,361 and polyurethane202,230,258,317,362 are transparent, solid materials that are 

formed by combining a resin with a hardener and are stable over years258. To create a homogenous, air-

bubble-free base, the components are thoroughly mixed by mechanical stirring and/or sonication, then 

degassed and cured. Optical scattering is introduced by metal oxide powders299 or microspheres231–

233,300,359 and absorption by pigment314- or dye-based inks230,233,258,315–317 or (carbon) powders318,319. 

Polyester and epoxy-based materials are characterised by high speed of sound (>2000 m·s-1)234, and 

have therefore been only considered as acoustic phantoms for hard tissues such as cortical or trabecular 

bone234,363–365. In contrast, polyurethane phantoms have a more tissue-like speed of sound (1400—1470 

m·s-1) 229,366. They also exhibit better compatibility with NIR dyes258, less photobleaching and shorter 

hardening time230 and have therefore been a popular choice in fluorescence imaging202,285,317,320,362. 

While final cured polyurethane is chemically inert, some of its unreacted ingredients such as isocyanates 

are toxic367. 

RTV silicone252,309,310,368,369 exhibits similar properties to resin-based materials, but allows greater 

versatility in phantom design. It is composed of liquid polyorganosiloxanes that crosslink upon addition 

of a catalyst and is widely available in different hardness shores. Silicone has shown high popularity in 

optical imaging applications due to its high stability (over 10 years depending on the formulation)370 

and tunability of optical properties. However, it is characterised by high acoustic attenuation and low 

speed of sound (<1000 m·s-1)207,229 with little tunability, so has limited potential for use in multimodal 

or hybrid applications.  

More recently, a suspension of a poly(vinyl chloride) (PVC) resin in a liquid plasticizer known as PVCP 

has been demonstrated for biophotonic phantoms. It is usually purchased as a two-part suspension of 

PVC resin and plasticizer forming a plastisol at room temperature371. While several preparation methods 

for PVCP phantoms have been proposed153,156,158,222,325, the common procedure223 involves sonication 

of additives with the plastisol mixture, degassing then gradual heating and subsequent cooling. The 

availability of various PVC-based formulations and additives gives scope for tuning the properties of 

the resulting material372. PVCP is generally optically transparent after preparation, so optical properties 

are adjusted by the addition of pigment-based absorbers154 or black plastic colorant153,156,157,222, and 

scatterers such as TiO2
153–155,222 or ZiO250,251. The typical speed of sound is relatively low (1400 m·s-

1)325  but can be tuned by the addition of softener or hardener or by the type of plasticizer156. Solid PVCP 

inclusions within PVCP base material have been shown to be stable up to six months153. Unfortunately, 

PVCP suffers a major drawback, which is the lack of a supply chain with standard scientific suppliers154. 

Moreover, some plasticizers are based on phthalates, which can act as reproductive and developmental 

toxicants373, subject to regulatory oversight in some regions. 
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Copolymer-in-oil materials are a relatively new class of phantom material based on thermoplastic 

styrenic elastomers, such as polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS). 

Thermoplastic elastomers are composed of a rigid phase made of styrene structures and a rubber phase 

made of elastomeric structures and are easily processable as a melt at elevated temperatures374. Oil-

based materials can be purchased off the shelf in the form of ‘gel wax’164,165,375 or can be manufactured 

from a choice of polymers and oil, where SEBS and mineral oil have proven popular161,220,221. The 

fabrication procedure typically requires sonication of additives with the plasticizer, mixing with the 

polymer and heating to the respective melting temperature, before degassing and curing. Oil-based 

materials are non-toxic, cost-effective, readily available, mechanically robust,  have excellent temporal 

stability and short curing times221,376. Depending on their formulation, copolymer-in-oil materials can 

be optically transparent164,377 with scattering and absorbing properties tuneable by additives such as oil-

based dyes164 and metal oxide powders164,375. The mechanical and acoustic properties are similar to 

breast fat220 and can be modified by variation of polymer concentration220,221, polymer220 or plasticizer221 

type. The speed of sound also approaches soft tissue at 1500 m·s-1 160. Fortunately, they are also cost-

effective, non-water absorbing, non-toxic and biologically inert 221,339, although recipes based on 

commercial polymer or gel wax 164,339 result in high batch-to-batch variation, impairing the 

reproducibility of the phantom fabrication. Moreover, copolymer-in-oil materials can be highly 

thermosensitive and the reported tunability of the acoustic properties is currently limited to 1480 m·s -1 

220 for the speed of sound, which is lower than the ultrasound soft tissue standard of 1540 m·s-1 378. 
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2.3 Conclusion: Phantom materials and standardisation efforts for 

photoacoustic imaging 

A wide range of material have been proposed for biophotonic phantoms, some of which show high 

potential for application in PAI. Materials that have been specifically proposed for PAI phantoms 

include hydrogels146,147; polyvinyl alcohol (PVA)148,149,274,379; polyvinyl chloride plastisol (PVCP)153,155–

158,167,222; silicone150,151; and resin-based materials231,315. Standards for phantom material properties and 

fabrication have not yet been established for PAI. In 2018, the International Photoacoustic 

Standardisation Consortium (IPASC)166 was founded, aiming to reach consensus on standardised PAI 

performance test methods, test objects and data management166. To reach this goal, IPASC combines 

stakeholders from academia, industry, and government. Establishing standards for PAI phantom 

properties, fabrication, characterisation and application – similar to standards existing in 

ultrasound211,380 – would be advantageous for PAI from a translational perspective. 

For PAI precision phantoms, where solid, temporally stable non-water-based materials are required, 

copolymer-in-oil materials appear to be a promising option due to their biologically relevant optical, 

acoustic, and mechanical properties, easy handling, and non-toxic ingredients. Additionally, they are 

cost-effective, non-water absorbing, and biologically inert221,339. These characteristics in combination 

with their potential 3D-printability219 suggest that copolymer-in-oil materials may have the potential to 

become more widespread in biophotonic applications, particularly for those with a multi-modal aspect. 

Despite the high promise copolymer-in- oil materials hold, certain drawbacks remain (as outlined in 

Section 2.2.4) that would need to be overcome, such as the limited tunability of their acoustic properties 

and relatively low fabrication reproducibility.  

For biological accuracy phantoms in PAI, hydrogels can also be considered due to their excellent 

biologically relevant properties and biocompatibility, despite their more complex handling 

requirements, allowing incorporation of tissue-derived components such as blood, fat, or other 

endogenous molecules. Recent progress in the development of tough hydrogels381 may provide 

strategies for creating water-based phantoms with higher temporal and mechanical stability. Tissue-

engineered phantoms could also become a promising option as the technology advances, affording 

increased reproducibility and reduced costs. While the field is still in its infancy, new technologies such 

as 3D-bioprinting offer tremendous potential to create phantoms of enhanced biological realism with 

higher accuracy and precision. The importance of mimicking different target tissues as closely as 

possible becomes apparent in recent studies such as from Sjoding et al382 highlighting the impact of 

different skin pigmentation on the accuracy of pulse oximeter readings.  

The material review performed in this chapter provides the necessary background for considering the 

development of test objects and methods for PAI towards Aim 1 of this thesis. Copolymer-in-oil 

materials feature high long-term stability which are necessary to assess temporal stability of PAI 
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systems for longitudinal studies of perfusion-limited hypoxia during tumour development. Owing to 

their flexibility, hydrogel materials will be considered for use in accuracy studies of a mesoscopic PAI 

system to be used for detailed visualisation of the tumour vasculature. Importantly in both cases, 

characterisation systems that enable accurate phantom material validation must be established to enable 

objective evaluation of performance. Development of the required optical and acoustic characterisation 

systems are introduced in Chapter 3.  
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3 VALIDATION OF MATERIAL 

CHARACTERISATION METHODS 

 

I would like to thank Dr. Heidrun Wabnitz for performing the time-domain optical measurements, Jason 

Hardy for manufacturing the components of the acoustic characterisation system, Dr. James Joseph 

and Dr. Srinath Rajagopal for their advice on acoustic system design, and Dr. Srinath Rajagopal for 

the code contribution for acoustic data post-processing. 

 

To establish a reliable phantom platform for technical validation of PAI measurements, accurate 

characterisation of material properties is fundamental. Here, this task is addressed using two 

methodologies: First, the performance of a custom-built double-integrating sphere (DIS) system for 

optical characterisation was established using Mie theory simulations and comparison to time-domain 

optical measurements performed at a national metrology institute. Second, a through-transmission setup 

for acoustic characterisation was constructed and validated using reference measurements in water. 

These validation efforts lay the foundation for the subsequent precision phantom development work in 

Chapter 4. 
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3.1 Validation of the double-integrating sphere optical 

characterisation system 

3.1.1 Introduction 

Accurate characterisation of optical properties in material samples has long been a significant challenge. 

In 2005, a study comparing the performance of eight different photon migration instruments for optical 

characterization revealed inter-system variation up to 32% for the absorption coefficient (𝜇𝑎) and 41% 

for the reduced scattering coefficient (µs’) for a given phantom192, emphasizing the need for thorough 

assessment of accuracy and precision of optical characterisation instruments. 

A large variety of optical characterisation methods exist, including time-resolved experimental 

techniques, integrating-sphere base systems, spatial-domain measurement techniques, frequency 

domain photon migration (FDPM) methods or fibre-based multi-distance reflectance measurements188. 

One of the most widely used methods — and often regarded as the “gold standard” — is the DIS 

technique, which is based on transmitted and reflected light collection in two integrating spheres188,383. 

DIS systems have distinct advantages compared to other optical characterisation techniques, including: 

ease of construction, ability to characterise a broad range of optical properties, a fast inversion 

procedure, and ability to measure solid as well as liquid samples (in a cuvette)188. 

A DIS system measures the total reflectance and transmittance of a sample. Based on these two 

measurements, the reduced scattering coefficient (µs’) and optical absorption coefficient (µa) are 

calculated, typically using an inverse adding doubling (IAD) routine384–386. Using a range of input 

parameters, the IAD algorithm estimates the optical properties and calculates the total reflectance and 

transmittance of a sample via an approximation of the radiative transport equation. The algorithm is 

iteratively repeated until a match between the calculated and experimentally observed data is 

determined.  

Here, validation was performed of a custom-built DIS system available in Prof Bohndiek’s laboratory 

at the University of Cambridge. In the present work, the measurement repeatability of reference and 

sample measurements was first assessed. Secondly, the impact of measurement variables, such as 

sample thickness, anisotropy factor and refractive index on the IAD output parameters was estimated. 

Lastly, validation of the DIS measurements of reduced scattering coefficient was performed by 

comparison to theory as well as time-domain optical measurements. 
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3.1.2 Methods 

3.1.2.1 System setup and optical measurements 

The in-house DIS system was constructed according to the method of Pickering et al383. It is composed 

of two integrating spheres (50 mm internal diameter, Avantes, Netherlands), each connected to a 

spectrometer (Avantes Starline Avaspec-2048, Netherlands) via an optical fibre (Figure 3.1A, B). The 

reflectance sphere is connected to a light source (Avantes Avalight-HAL-s-mini, serial number: LS-

1505017, Netherlands) via a third optical fibre. The total reflectance and transmittance are determined 

by six measurements: 

a) Sample in Place: Reflectance 𝑅𝑠 and transmittance 𝑇𝑠  values are measured while the sample is placed 

between the two integrating spheres (Figure 3.1C). 

b) Incident Beam: Transmittance value 𝑇1 is recorded while reflectance and transmittance spheres are 

aligned with light source turned on (Figure 3.1D). 

c) Reference in Place: Reflectance value 𝑅1 is measured while a reference standard (99%, white, 1.25" 

diameter, Labsphere, USRS-99-010, AS-01158-060) is held in front of reflectance sphere (Figure 3.1E). 

d) Blocked beam: Transmittance value 𝑇0 is measured while reflectance and transmittance spheres are 

aligned, and light source is turned off (Figure 3.1F). 

e) Open Port: Reflectance value 𝑅0 is measured with transmittance sphere removed and light source 

turned on (Figure 3.1G). 

The normalized reflectance 𝑀𝑅  and transmittance 𝑀𝑇  values are then calculated using the following 

formulae383: 

 𝑴𝑹 = 𝒓𝒔𝒕𝒅 ·
𝑹𝒔−𝑹𝟎

𝑹𝟏 − 𝑹𝟎
 1 

 

 𝑴𝑻 =
𝑻𝒔−𝑻𝟎

𝑻𝟏 − 𝑻𝟎
 2 

where rstd depicts the intensity reflected from the 99% reflectance standard. The measured values are 

used by the IAD algorithm developed by Dr. Scott Prahl (Source code: http://omlc.org/software/iad/) 

to estimate the optical properties of the material. As compression of the sample can impact the 

measurements387, the reflectance sphere was placed on a motorized stage (Thorlabs MTS50) to 

accurately control the distance between the spheres. The stage was set to zero at the position where the 

integrating spheres were perfectly aligned and the set distance was then adjusted according to the 

measured sample thickness. Measurements were performed in the wavelength range of 450 nm to 900 

nm. 

http://omlc.org/software/iad/
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Figure 3.1: Setup of the double-integrating sphere system for determination of absorption and scattering 

coefficient.  

A photograph (A) and schematic (B) of the DIS system for the evaluation of the optical absorption coefficient and 

reduced scattering coefficient are shown. Individual system components are denoted by the following annotations: 

S (Sample), RS (Reflectance Sphere), TS (Transmission Sphere), OF (Optical Fibre) and MS (Motorized Stage) 

in the photo and schematic. Schematics of the sphere and sample arrangement for the required six reference 

measurements: sample in place (C), incident beam (D), reference in place (E), blocked beam (F) and open port 

(G). 

3.1.2.2 Time-domain measurements 

Time-domain measurements were performed at Physikalisch-Technische Bundesanstalt (PTB) in 

Berlin, Germany, by means of recording and analysing time-of-flight distributions (DTOFs) of photons 

with picosecond time resolution. Picosecond light pulses were provided by a supercontinuum laser 

(SuperK Fianium FIU-15 PP, NKT Photonics, Germany) at a repetition rate of 39 MHz. A variable 

bandpass filter (VARIA, NKT Photonics, Germany) was used to select the desired wavelength (532 

nm, 586 nm, 620 nm, 660 nm, 700 nm, 770 nm, 800 nm, 808 nm) with a bandwidth of 10 nm. The light 

was guided to the source position and collected from the detector position on the phantom by multimode 

graded-index fibres. The DTOFs were recorded by means of an ultrafast hybrid photomultiplier HPM-

100-07C (Becker&Hickl GmbH, Germany) and a time-correlated single photon counting (TCSPC) 

module (SPC-150, Becker&Hickl GmbH, Germany). The time resolution (half width of the instrument 

response function, IRF) of the instrument was 59 ps at 532 nm and 33 ps at 800 nm. More details on 

the instrumentation are provided in previous work388. The measurements on the phantoms were 
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performed in reflection geometry, with a source-detector separation of 1 cm. DTOFs were recorded 

with 1 s collection time and 20 repetitions, with a photon count rate of ~5x105 s-1.  

The optical properties were retrieved by fitting the measured DTOFs with a Monte-Carlo (MC) model. 

MC databases (specific for each phantom’s thickness) were created for multiple values of the scattering 

coefficient while the absorption coefficient was included following the “white Monte Carlo” approach. 

The GPU-based simulations of light propagation in a homogeneous turbid slab were implemented on 

the basis of previously established pipelines389,390 with time-resolved recording. The fit parameters were 

µs’, µa and the DTOF’s time origin. The refractive index of the phantoms was assumed to be 1.43. More 

details of the methods applied and the results obtained in these measurements are presented in391. 

3.1.2.3 Phantom preparation 

Agar phantoms 

For validation of the µs’ values provided by the DIS system, agar (1.5% agarose, Sigma Aldrich 9012-

36-6) phantoms with microspheres (Polysciences, Inc., Warrington, PA) as scattering agents were 

prepared following the protocol by Joseph et al145. As the IAD algorithm (if no constraints are set) does 

not converge in purely scattering, non-absorbing media387, Nigrosin (Sigma Aldrich, 211680-100G; 

0.62 v/v% of a 0.5 g/l stock solution in deionised water) was added to all samples to achieve a mean 

absorption of 0.05 mm-1. Nigrosin is a widely available, polyaniline-based black dye that is often used 

in biophotonic phantom studies due to its broad, featureless absorption in the visible and near-infrared 

spectrum392. 

Mie scattering refers primarily to the elastic scattering of light from atomic and molecular particles 

whose diameter is equal to or slightly larger than the wavelength of the incident light183. It is regarded 

as the dominant type of light scattering in soft tissues393. As data were analysed in the wavelength range 

of 450 to 900 nm, carboxylate microspheres with diameters of 0.5, 0.75 or 2 µm were chosen for the 

experiments (Table 3.1). For the phantoms, volume fractions generating reduced scattering coefficients 

similar to those found in soft tissue183 were chosen (Table 3.1). To calculate the required amount of 

microspheres from the volume fractions fv, the volume Vm of one microsphere was calculated: Vm=(4/3) 

π (d/2)3 where d is the diameter of one microsphere. The amount of the microsphere solution V s for a 

total phantom volume Vt was then derived via Vs=(fv·Vt )/(cm·Vm), where cm is the microsphere 

concentration of the solution provided by the manufacturer (Table 3.1). To provide a homogenous 

distribution of the scattering agents, the solution was thoroughly vortexed and then pipetted into the 

sample moulds. The sample moulds were composed of two microscopy glass slides (Polysciences, 

22245-1) placed around 3D-printed PETG (Polyethylene Terephthalate Glycol, RS components 202-

0385) spacers of 1 mm and 2 mm thickness, respectively. All samples had a length of 60 mm and a 

width of 20 mm. After 30 minutes of curing time, samples were measured using the DIS system. Sample 

thickness was confirmed by vernier calliper measurements before DIS data acquisition. 



 

40 

Copolymer-in-oil phantoms 

For additional validation, the DIS system was compared with an independent measurement system, a 

time-domain optical setup. Copolymer-in-oil phantoms were prepared using the recipe that will be 

outlined in Chapter 4. In total, five phantom materials were prepared with varying optical properties 

(Table 3.2).The base material was always composed of 30% high molecular weight SEBS (Sigma 

Aldrich 200557-250G), 8% low-density Polyethylene (LDPE, Alfa Aesar 43949.30), and 5% of the 

stabilizer butylated hydroxytoluene (HT, Sigma Aldrich W218405-1KG-K) with all components mixed 

in mineral oil (Sigma Aldrich-330779-1L). TiO2(Sigma Aldrich 232033-100g) was added as a scatterer 

and Nigrosin (Sigma Aldrich 211680-100G) as optical absorber in the concentrations outlined in Table 

3.2. A working stock solution of Nigrosin in mineral oil (2.5 mg/mL) was prepared to enable a more 

accurate adjustment of the optical absorption. From each material preparation, two phantoms were 

fabricated; one for the DIS system (rectangular geometry: width=60 mm, length=20 mm, thickness=3 

mm) and one for the time-domain system (circular geometry: diameter=90 mm, thickness=20 mm).  

 

Table 3.1: Composition of agar phantom samples. 

dm= diameter of one microsphere, Vm=volume of one microsphere, cm=microsphere concentration as stated by the 

manufacturer, fv=volume fraction. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2: Concentrations of scatterer and absorber in copolymer-in-oil phantom samples. 

 

 

 

 

 

3.1.2.4 Data analysis and Mie scattering simulations 

All data were analysed in MATLAB (version 2016b, Mathworks, USA). The coefficient of variation 

(COV) was calculated as the standard deviation (SD) divided by the mean. Mie theory provides a simple 

first approximation to model scattering in soft tissues following a few assumptions, which have been 

Phantom purpose dm (µm) Vm (µm3) Cm (beads/mL) fv 

Sample variability 2 4.189 5.68·109 0.06 

Sample thickness 0.5 0.065 3.64·1011 0.002 

IAD input variables 0.75 0.221 1.08·1011 0.001 

Mie simulations 0.75 0.221 1.08·1011 0.002 

 0.75 0.221 1.08·1011 0.003 

 0.75 0.221 1.08·1011 0.004 

 0.75 0.221 1.08·1011 0.005 

Phantom number TiO2 (w/v %) Nigrosin stock solution (v/v %) 

1 0.07 0.018 

2 0.07 0.036 

3 0.07 0.009 

4 0.17 0.009 

5 0.27 0.009 
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summarized by Jacques et al393. For this work, the experimental µs’ values were compared with Mie 

scattering amplitudes simulated using MATLAB code written by Christian Mätzler (Source code: 

https://omlc.org/software/mie/)394. Reference values stated in the literature were used as input 

parameters for the refractive indices n, specifically n=1.34395 for the medium and n=1.6396 for the 

scattering particle in the agar phantoms. The anisotropy factor was simulated over all relevant 

wavelengths (450-900 nm) using the same source code, and the mean of the anisotropy factor was taken 

as input for the IAD algorithm. For both the time-domain and DIS measurements of the copolymer-in-

oil material, the scattering anisotropy factor g was taken to be g=0.7 and the refractive index n=1.43 

based on previous reports375 of a similar material (gel wax).  For the Bland Altman analysis, the 

percentage difference [(DIS method – validation method)/average %)] was plotted as a function of the 

average of the two methods397.  
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3.1.3 Results 

3.1.3.1 Assessment of instrument precision 

First, the measurement repeatability of the DIS system was tested. For the reference measurements (see 

definitions in Section 3.1.2.1), the system showed good precision across all wavelengths with a mean 

COV of 0.1% and 2.0% respectively for the incident beam (Figure 3.2A) and blocked beam (Figure 

3.2B, COV of fitted lines) reflectance spectra, and 0.1% and 1.2% for the reference in place (Figure 

3.2C) and open port (Figure 3.2D) transmission spectra (Table 3.3, n=3). For the sample measurements, 

low COVs were found for both µa and µs’ values of phantom samples measured at the same spot without 

replacement (COVµa=0.7%, COVµs’=0.5%). The COV values increased slightly when measured with 

phantom replacement between the measurement runs, at the same spot (COVµa=0.9% and 

COVµs’=1.5%) and at different spots across the phantom surface (COVµa=2.2% and COVµs’=1.9%) 

(Table 3.4, n=3).  

The impact of the sample thickness on measurement repeatability was also assessed (Figure 3.3A,B; 

Table 12). No significant differences between the intra-sample COVs of 1 mm and 2 mm phantoms 

could be found for µa (COV1mm=0.9 ± 0.8% vs COV2mm=1.2 ± 0.4%, p=0.58, Figure 3.3A) or µs’ 

(COV1mm=3.4 ± 0.8% vs COV2mm=3.2 ± 0.8%, p=0.77; Figure 3.3B; all measurements at different spots 

with displacement). When comparing the inter-sample COVs for µa and µ’s between three 

independently fabricated phantoms, the COV values of 2 mm thickness were found to be considerably 

lower than those for samples with 1 mm thickness (1 mm: COVµa=13.9%, COVµs’=6.1%; 2 mm: 

COVµa=6.8%, COVµs’=4.5%), suggesting that inhomogeneities in sample composition and thickness 

may have a more pronounced effect on the results in samples of smaller thickness. The actual µa and 

µs’ values for each wavelength were found to be comparable between 1 and 2 mm samples (Figure 

3.3A,B). 

 

Table 3.3: Repeatability of reference measurements 

COV=Coefficient of variation. 

Reference measurement COV (%) Sample size (n) 

Reference 
Transmission 

Incident beam 0.1 3 

Blocked beam 2.0 3 

Reference 
Reflection 

Reference in place 0.1 3 

Open port 1.2 3 
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Figure 3.2: DIS reference spectra. 

Graphs to show the replicate (n=3) transmission reference measurements [incident beam (A), blocked beam (B, 

with fitted lines)], and reflectance reference measurements [reference in place (C), open port (D)].  

 

 

Table 3.4: Repeatability of sample measurements for optical absorption (µa) and reduced scattering 

coefficients (µs’). 

COV=Coefficient of variation. 

 

 

Sample information COVµa [%] COVµs’ [%] Sample size n 

Intra-sample 
variability 

same spot without 
replacement (2 mm) 

0.7 0.5 3 

same spot with 
replacement (2 mm) 

0.9 1.5 3 

different spot with 
replacement (2 mm) 

2.1 1.9 3 

Inter-sample 
variability 

1 mm 13.9 6.1 3 

2 mm 6.8 4.5 3 
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Figure 3.3: Repeatability of sample measurement of the DIS system. 

Optical absorption (A) and reduced scattering coefficient (B) of n=3 different samples of 1 mm (blue) and 2 mm 

(red) thickness. Data displayed as mean ± SD (shaded regions). 

 

3.1.3.2 Impact of IAD input variables on measured properties 

For the IAD analysis, three sample-related input variables need to be known to estimate the optical 

properties of a material: the anisotropy factor, refractive index and sample thickness387. It is important 

to evaluate the impact that errors or inaccuracies in these values have on the output of the IAD analysis, 

as averages across all wavelengths or literature values are often used due to a lack of widely available 

characterisation systems. To investigate these effects, a representative sample measurement was 

processed using anisotropy factors, refractive indices and sample thicknesses in an expected error range, 

and the percentage change of the resulting µa and µs’ values was assessed. A change of up to ± 0.1 

(10%) for the anisotropy factor led to a mean change of ± (2.4 ± 0.9%) for μa (Figure 3.4A), and ± (1.2 

± 0.7%) for μs’ across all wavelengths (Figure 3.4B). For the refractive index, a smaller error range of  

± 1.5% was chosen as the refractive index can be usually measured/estimated very accurately (up to 

several decimal points)398. A change of ± 0.02 (1.5%) for the refractive index led to a change of ± (6.9 

± 0.5%) for μa (Figure 3.4C), and ± (2.1 ± 0.8%) for μs‘ (Figure 3.4D) across all wavelengths. For the 

μs’ values, a linear increase of the absolute change could be observed with increasing wavelengths 

(0.6% at 450 nm to 3.2% at 900 nm). Finally, a change of  ± 0.2 mm (10%) of the sample thickness led 

to a change of  ± (16.8 ± 3.6)% for μa (Figure 3.4E) and  ± (9.5 ± 3.2)% for μs‘ (Figure 3.4F) across 

all wavelengths. The results suggest that variations in the anisotropy factor and refractive index only 

minimally affect the µs’ and µa values, whilst variations in sample thickness are a major source of 

inaccuracy on the IAD output and hence must be carefully controlled.  
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Figure 3.4: Impact of variation of IAD input variables on resulting optical absorption and reduced 

scattering coefficient. 

The impact of variation of anisotropy factor (A,B), refractive index (C,D), and sample thickness (E,F, units in 

mm) on the optical absorption coefficient (A,C,E) and reduced scattering coefficient (B,D,F) output of the IAD is 

shown. Measurements are based on a total reflectance and transmission measurement of an agar sample containing 

a volume fraction of 0.001 0.75 µm carboxylate microspheres (Anisotropy factor: 0.89, refractive index: 1.34, 

sample thickness: 2 mm, red line). 

 

3.1.3.3 Assessment of instrument accuracy  

Comparison of DIS reduced scattering values with simulated values using Mie theory 

µs’ values measured with the DIS system can be directly compared against Mie theory calculations. 

Thus, a comparison between µs’ values of agar microsphere phantoms measured by DIS and simulated 

µs’ values using Mie theory394 was performed. The DIS system was found to overestimate the µs’ values 

in the microsphere phantom samples compared to the theoretical predictions (Figure 3.5A–C, Bias: 

+15.86%). Whilst experimental and theoretical values were found to agree reasonably well at higher 

wavelengths, a larger disagreement was observed at lower wavelengths for all scattering concentrations 

(Figure 3.5A,B) 183. The shape of the curves was found to be similar with a descending slope and a 

small peak at 580 nm (Figure 3.5A). The percentage difference appeared relatively constant across 

different scattering concentrations (Figure 3.5C). 
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Figure 3.5: Comparison of experimental µs’ values with simulated ones using Mie theory. 

(A) µs’ values of experimental (solid line) and simulated (dotted line) for phantoms containing microspheres (0.75 

µm diameter) in different volume fractions: 0.0055 (purple), 0.0044 (yellow), 0.0033 (orange), 0.0022 (blue). For 

the experimental values, the mean of 6 independent samples of both 2 mm (n=3, marker: dot) and 1 mm (n=3, 

marker: cross) was taken. (B) Correlation of reduced scattering values measured with double-integrating sphere 

method (DIS) and simulated values (MIE) (displayed for wavelengths: 532 nm, 586 nm, 620 nm, 660 nm, 700 

nm, 770 nm, 800 nm, 808 nm). (C) Bland-Altman plot (percentage difference calculated as µs’DIS - µs’MIE divided 

by the average) for reduced scattering parameters is shown. Deviation from 0 (grey dotted line) is plotted as red 

dotted line (bias), limits of agreement are plotted as grey dotted lines. 

 

Comparison of DIS measurements with time-domain measurements 

To provide an experimental ground truth for both reduced scattering and absorption values,  stable 

phantoms were prepared and a comparison was performed between the DIS system and a time-domain 

system available at the PTB (National Metrology Institute Germany). Overall, similar trends were 

observed in the two sets of measurements considering the variation in absorption and reduced scattering 

(Figure 3.6A,B). For optical absorption, a higher percentage difference was observed for samples with 

low optical absorption (mean percentage difference: -14.5%, Figure 3.6C,D). This is also reflected in 

the percentage difference analysed as a function of wavelength (Table 3.5) where high variations are 

observed in longer wavelengths (i.e. less absorbing). For the reduced scattering values, the systematic 

bias appeared to be constant (+17.9%, Figure 3.6E,F) across scattering concentrations and wavelengths 

(Table 3.5) and was of a magnitude and trend comparable to that observed in the theoretical 

investigation using Mie theory. 
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Figure 3.6: Comparison of the DIS technique with time-domain optical characterisation method. 

Optical absorption and reduced scattering values of five copolymer-in-oil phantoms characterised by time-domain 

(TD) (A) and double-integrating sphere (DIS) method (B). Phantoms properties are given in Table 3.2: Phantom 

1 (orange), Phantom 2 (yellow), Phantom 3 (blue), Phantom 4 (purple), Phantom 5 (green). Each dot depicts a 

measurement wavelength: 532 nm, 586 nm, 620 nm, 660 nm, 700 nm, 770 nm, 800 nm, 808 nm. (C) Correlation 

between values measured TD and DIS method for optical absorption parameters. (D) Bland-Altman plot 

(percentage difference) for optical absorption parameters. (E) Correlation between TD and DIS values for reduced 

scattering parameters. (F) Bland-Altman plot (percentage difference) for reduced scattering parameters. For the 

Bland-Altman plots, deviation from 0 (grey dotted line) is plotted as red dotted line (Bias) and limits of agreement 

are plotted as yellow dotted lines. 

 

Table 3.5: Overview of percentage difference between double-integrating sphere and time-domain optical 

characterisation methods.  

Error defined as mean error µs’DIS - µs’TD across all wavelengths. 

 

Wavelength 

λ (nm) 

Mean Error±STD 

 (%, n=5) 

μa 

Mean Error±STD 

(%, n=5) 

μs' 

532 -5.16±9.39 14.02±5.80 

586 -10.23±10.60 23.01±5.68 

620 -8.14±12.24 22.13±6.42 

660 -8.70±11.11 22.95±5.86 

700 -12.57±10.66 21.46±6.23 

770 -16.86±9.65 17.99±5.82 

800 -19.56±9.94 18.53±6.12 

808 -22.04±10.81 18.16±5.94 

Average -12.90±5.60 19.54±2.60 
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3.1.4 Discussion 

A detailed technical validation of the DIS system was conducted to evaluate the available precision and 

accuracy in optical characterisation of material samples. First, precision studies were performed. A high 

repeatability of both reference and sample measurements was determined, strengthening the position of 

the system as a reliable tool for precise characterisation of optical properties. A higher variability was 

found in samples of 1 mm thickness compared to 2 mm thickness. Reduced thickness of brittle materials 

such as agar slabs impedes handling of the sample and raises the probability of sample damage and 

breakage, thereby increasing inter-sample variability. Moreover, in thinner samples, small 

inhomogeneities in material composition may have a more pronounced effect on the measurement 

results399 and – in particular for samples with low absorbing / scattering properties – it is more difficult 

for the IAD algorithm to distinguish measured spectra from background noise. Conversely, a smaller 

thickness minimises lateral light loss from the sides of the sample holder, which could erroneously lead 

to high absorption coefficients as all lost light is attributed to sample absorption383,387. Whilst the current 

version of the IAD algorithm attempts to correct for this offset387, reduction of light losses is still 

recommendable for more accurate optical property estimation400. Light loss depends on the size of the 

incident beam, the sample geometry and sample optical properties383. In our setup (sample port 

diameter: 9.92 mm, beam diameter: 8 mm), 1 mm and 2 mm sample thicknesses were shown to give 

similar reduced scattering and absorption values, suggesting that the light loss effect is negligible in this 

context. This leaves the 2 mm samples as the preferred thickness to use for future studies with specimen 

of similar properties. 

Subsequently, the impact of measurement variations in anisotropy factor, refractive index and sample 

thickness on the measurement output were tested. As in the precision studies, sample thickness was 

found to have the largest impact on the estimated optical properties of the IAD program. These findings 

suggest that careful measurements are required to determine the experimental sample thickness with 

the highest accuracy possible. In our experimental setup, 3D printed spacers with specified thicknesses 

(1 or 2 mm) between glass slides ensure homogenous sample thickness and an isotropic smooth surface 

of the sample. As a further control, the thickness of each sample is confirmed with vernier callipers 

(three measurements per sample) before data acquisition. Finally, a motorized stage is used to accurately 

set the distance between the spheres, and to avoid squeezing of the samples which can impact the 

measurements.  

Thirdly, accuracy studies were performed. Both simulation and experimental studies revealed a 

consistent percentage overestimation of the µs’ values measured by our DIS system, whereas ua values 

appeared to be underestimated. A common limitation of DIS systems is sphere “crosstalk”383,400,401 

referring to the fact the total reflectance/transmittance may contain part of the secondary 

reflected/transmitted light from the transmission/reflection sphere, thus resulting in errors in 

measurements of μa (decrease) and μs’ (increase) estimations, consistent with our observations. This 
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error is particularly pronounced in lower absorbing/reflecting samples383,401, which should be 

considered when interpreting data from respective material samples. Additionally, samples with weaker 

scattering/absorbing characteristics are characterised by spectra that are less distinct from background 

noise, resulting in a more variable result. Furthermore, at low optical depths the scattered reflected and 

transmitted light may not be totally diffuse (Lambertian) as is assumed in the IAD calculations for the 

DIS system401. While these effects can be accounted for by adjusting the sample thickness (e.g., higher 

sample thickness for lower absorbing samples), the more pronounced variability in samples with lower 

optical depths needs be considered for future measurements. 

Zhu et al stated that the IAD is most suitable for highly scattering (>16mm-1) and highly absorbing 

(>0.2 mm-1) samples399. Compared to these benchmark values, the optical properties of our testing 

samples employed lower scattering (<2.2 mm-1) and absorption (<0.08 mm-1) characteristics, designed 

to cover the optical properties of soft tissues of relevance to future in vivo studies, which are of lower 

scattering and absorption183. Simulation399 and experimental383 data have demonstrated that the error of 

optical properties estimation by the IAD method is reduced for greater optical depths of samples, so 

accuracy should be improved for samples with higher scattering and absorbing properties.  

In the Mie simulation studies, the μs’ values agreed better at higher wavelengths compared to lower 

wavelengths. This wavelength offset may be caused by smaller contributions of Rayleigh scattering at 

lower wavelengths (with a λ-4 dependence)183, potentially caused by agarose and Nigrosin particles, 

which must be added to provide sufficient mechanical stability and base absorption of the samples. 

Compared to Mie simulations and time-domain measurements, the error of our system was found to be 

around 16% for scattering and 15% for absorbing (down to 3% for higher absorbing) samples. These 

values are in line with accuracy values that are found in the literature: Pickering et al found a 𝜇𝑎 

percentage difference of around 21% and 34% when validating their DIS system using intralipid-10% 

and Evans Blue383, respectively, and comparing the values with previously published data (no values 

stated for 𝜇’s). Using a single integrating sphere technique, Hu et al found relative errors of 17.4% and 

14.4% for µa values at the wavelengths of 810 nm and 850 nm, respectively400. The uncertainty in DIS 

measurements at the National Institute of Standards and Technology (NIST, Maryland, United States) 

is estimated to be between 4.0% and 5.0% for μa and between 11% and 12% for μ′s
188. This system 

employs considerably larger spheres with a larger sample port diameter (internal diameter: 196 mm vs. 

50 mm; entrance port diameter: 25.1 mm vs. 4.86 mm; sample port diameter: 63.5 mm reduced to 38.1 

mm by a removable port diameter reducer vs. 9.92 mm; for NIST system versus Cambridge system, 

respectively) and a HeNe Laser with smaller beam diameter (0.8mm vs. 8 mm for NIST system versus 

Cambridge system, respectively). A large ratio of sample port diameter to beam diameter has been 

shown to improve the accuracy of the optical characterisation399,400. However, the NIST system allows 

the acquisition of two wavelengths only (λ=543.5 nm, λ=632.8 nm), while our light source enables 

broadband characterisation over a large wavelength spectrum (400–1000 nm). Moreover, analysis at 
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NIST is performed with a slightly different inversion procedure to Prahl’s IAD, also allowing for the 

computation of a complete uncertainty budget for each sample measurement188. When comparing our 

system performance with the time-domain system, it also needs to be considered that the time-domain 

method itself has some measurement uncertainty (although this is estimated to be <2%391), and that 

intra-sample heterogeneity of the phantom may affect the measurements.  

Taking into account the limitations of our system design, sample composition and general difficulty in 

accurate optical characterisation, the performance of our DIS system compares favourably to other 

sphere setups and fulfils the need within the present thesis for investigating optical properties in 

phantoms mimicking soft tissue, where µa and µs’ cover the ranges 0.005–0.16 mm-1 and 0.1–4 mm-1, 

respectively (Table 4.1). The knowledge of the limitations of the system, e.g., higher accuracy with 

increased optical depth, will guide the phantom material measurements performed for this thesis, and 

will help for interpretation of the acquired data. Following a more extensive validation on a wider range 

of material types and properties, the results presented here may support the development of a correcting 

algorithm that accounts for the observed bias in future. 

In summary, the following recommendations for data acquisition can be made: (1) Samples should be 

homogenously composed with a smooth sample surface and constant thickness. (2) If no constraints are 

set to the IAD, a minimum absorption and scattering coefficient must be provided to allow for spectra 

distinct from background noise. These minimum values depend on the sample thickness. For 2 mm 

sample thickness, coefficients of 0.01 mm-1 for µa and 0.5 mm-1 for µs’ are recommended. (3) Sample 

thickness should be adapted to sample properties: smaller thickness is preferred to minimise lateral light 

loss, but integrity of the sample and recording of spectra distinct from background must be ensured. (4) 

The sample thickness should be determined as accurately as possible to ensure accuracy of the IAD 

algorithm (usage of vernier callipers, motorized stage). (5) Multiple (>=3) measurements per sample at 

different positions should be performed to reduce intra-sample variability. (6) A clean surface of the 

spheres and reference standard must be ensured, as reference values of the reflectivity can change after 

long-term use and/or due to the adherence of dust or other contaminants400. 
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3.2 Creation and validation of small-scale acoustic system 

3.2.1 Introduction 

PAI phantoms require both optical and acoustic characterisation to account for both the optical 

illumination and subsequent acoustic signal propagation. Techniques developed for measuring the 

speed of sound and acoustic attenuation in the frequency range of 1 to 10 MHz402–405 can be broadly 

divided into continuous wave techniques406 and broadband pulse techniques407. Continuous wave 

techniques are highly accurate and beneficial for detecting small changes in the attenuation or sound 

velocity, but are time consuming and subject to errors due to reflections or other interfering signals 408. 

Pulsed techniques are often preferred for material characterisation due to their easy operation, lower 

cost and rapid, non-invasive measurement409. They can be categorized into the pulse-echo technique 

(one transducer as transmitter-receiver) and the through-transmission technique (two transducers as 

receiver/transducer respectively). Through-transmission techniques compare the time-of-flight of the 

ultrasonic signal with and without the sample in immersion fluid. From the phase and magnitude of the 

received spectra, the speed of sound and acoustic attenuation can be calculated as function of frequency 

over a wide bandwidth. Here, a small-scale acoustic characterisation setup based on the through-

transmission technique was built, and its performance in evaluating the speed of sound and acoustic 

attenuation in solid materials was tested. 

3.2.2 Methods 

3.2.2.1 System Setup 

Individual system components were designed using the Autodesk Inventor software (version 2018, 

Autodesk Co., USA) and fabricated in collaboration with the physics workshop of the Cavendish 

Laboratory, University of Cambridge (Figure 3.7A, B). The system is immersed in a water bath (width: 

25 cm × length: 45 cm × height: 50 cm, wall thickness: 8 mm, material: perspex) filled with distilled 

water to provide efficient and uniform coupling of the acoustic waves between the sample and 

transducers410. To resist rust and corrosion of the system’s components, stainless steel was chosen as 

the base material. Sample and transducer holders are mounted on a base plate with handles attached to 

the side to facilitate lifting of the system in and out of the water (Figure 3.7A). The base plate can be 

clipped onto the frame of the water bath to minimise movement and vibrations during data acquisition. 

For the measurements, phantom samples are placed at the shared focus of a pair of coaxially aligned 

broadband immersion transducers (Olympus Industrial, Essex UK) with one transducer acting as 

transmitter and the other as receiver.  

The system has been designed to allow interchange of several transducer pairs, allowing for acoustic 

characterisation over a wide frequency bandwidth [centre frequencies of available transducers: 1 MHz 

(diameter(d)=1.5 in); 2.25 MHz (d=1.5 in); 3.5 MHz (d=1 in); 5 MHz (d =1 in); 10 MHz (d=0.75 in)]. 
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For the validation studies reported here, the 2.25 MHz transducer (U8421059; A395S-SU) was used. 

Transducers are mounted on stainless steel holders that are connected to motorized stages (Thorlabs, 

KMTS50E/M) to enable variation of the positioning with high precision (Figure 3.7C). Transducers are 

connected to a pulser-receiver (Model DPR300, JSR Ultrasonics, USA) using water-proof cables (BCU-

62-6W, Olympus Industrial, Essex UK), and measured ultrasound signals were digitized (8 bit, 

50 MHz) using an oscilloscope (InfiniiVision 3000A X-Series, Keysight Technologies, USA). Each of 

the digitized waveforms was averaged 5000 times to improve the signal to noise ratio (SNR). The 

following acquisition parameters were used for the measurements: gain: 5 dB, pulse repetition 

frequency: 1 kHz, time division: 1 µs/div (10 div in total). Before each run, the temperature of the water 

was recorded using a digital thermometer (Fisher Scientific, 15-077-9D, USA).  

3.2.2.2 Sample holder/mould and sample types 

A rigid sample holder (field of view: 4 × 4 cm) was constructed of stainless steel (Figure 3.7C). The 

sample holder allows the insertion of rectangular samples (5 × 5 cm) of different thicknesses (1, 2, 5, 

and 10 mm) and can be converted into a sample mould (Figure 3.7D). By allowing the direct transition 

between sample mould and holder, precise sample thickness is ensured, and handling of the sample is 

minimised, limiting measurement inaccuracies arising from e.g., surface inhomogeneities or sample 

damage. Sample thickness was confirmed before each measurement using vernier callipers. For testing 

of the acoustic setup, polymethylmethacrylate (PMMA) plates (Engineering Design Plastics LTD, 

Cambridge, thickness 5 mm/10 mm) were chosen as PMMA is a common material choice for a 

validation of acoustic setups411. For evaluating the impact of input variables, a copolymer in-oil 

phantom sample was used (see Section 3.1.2.3) fabricated from 30% SEBS and 10% Polystyrene-block-

polybutadiene-block-polystyrene (SBS, 182877-250G Sigma Aldrich).  
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Figure 3.7: Setup of the acoustic characterisation system. 

Photograph (A) and schematic (B) of the acoustic characterisation system. The pulser/receiver [P] sends a pulse 

via the transmitting transducer [T] through the sample [S] to the receiving transducer [R] which is coaxially 

aligned to the transmitter. The transducers are fixed with custom-made holders on motorized stages [M] which 

can be controlled via manual controllers. The whole setup is immersed in a water tank for acoustic coupling [W]. 

The pulser/receiver is connected to an oscilloscope [O]. All components can be controlled via a custom-made 

LABVIEW program. Computer-aided design (CAD) of the main transducer assembly (C) and sample mould (D). 

The sample mould can be directly mounted onto the system.  

 

3.2.2.3 Data analysis 

Data acquisition was performed using LabVIEW 2018 (National Instruments Inc., USA) and further 

analysis was conducted in MATLAB (v. 2016b, MathWorks, USA). All recorded waveforms (Figure 

3.8) were pre-processed to remove direct current (DC) shifts, aligned to the centre of the acquisition 

window, padded with zeros if required and a time windowing (4-term Blackman-Harris window) was 

applied (according to the acoustic data processing procedure of NPL, London). The speed of sound in 

the sample can be identified by measuring the pulse delay Δt=ts – t0, where t0 depicts the arrival time of 

the acoustic pulse in absence of the test sample and ts the arrival time with presence of the sample. 

Consequently, the speed of sound can be calculated as412–414: 
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 𝒄𝒔 =
𝒄𝒘

𝟏 +
𝚫𝐭
𝚫𝐝

· 𝒄𝒘

 3 

where cw  is the speed of sound in water and Δd is the sample thickness. 

The acoustic attenuation can be calculated210 as 

 

 𝜶𝒔 = −
𝟐𝟎

𝒅
𝒍𝒐𝒈𝟏𝟎 (

𝑼𝒔(𝒇)

𝑼𝒘(𝒇)
) + 𝜶𝒘 4 

Where d is the sample thickness, Us(f) and Uw(f) the voltage magnitude spectra for through-sample 

transmission, and reference/water-path transmission, respectively, and 𝛼𝑤 the acoustic attenuation in 

water. This approach is only valid for samples whose specific acoustic impedance, Z (density × phase 

velocity), is similar to that of water. If the acoustic impedance is not known or different to that of water 

then the interfacial effects must be accounted for by using two test samples of two different thicknesses 

d1 and d2: 

 𝜶𝒔 = (
𝑻𝑳𝟐−𝑻𝑳𝟏

𝒅𝟐−𝒅𝟏
) + 𝜶𝒘  5 

where TL1 and TL2 depict the transmission loss of the first and second sample, respectively. 

 

Figure 3.8: Raw acoustic pulses. 

Unprocessed acoustic pulses for n=3 repeated reference (dotted line, blue) and sample (full line, orange) 

measurements of a PMMA sample (5 mm thickness). 
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3.2.3 Results 

3.2.3.1 System accurately measures speed of sound in water 

To validate the acoustic set up, the speed of sound in water was measured on different days and 

compared to literature values415–417. In the temperature range of 0–95 °C, the dependence of speed of 

sound in water can be approximated by a 5th order polynomial417: 

 

 𝒄𝒘 = ∑ 𝒂𝒊𝒕𝟗𝟎
𝒊

𝟓

𝒏=𝟎

 6 

with the polynomial coefficients described in Table 3.6. An excellent agreement between literature 

values417 and experimental values was found (Figure 3.9A), confirming the functioning of the system 

(21.25°C: cexp= 1486.1 ± 0.23 vs. clit=1486.1 m·s-1; 21.6°C: cexp=1487.3 ± 0.20 vs. clit=1487.2 m·s-1; 

22.3°C: cexp= 1489.2 ± 0.06 vs. clit=1489.2 m·s-1). The mean measurement variability for the water 

(reference) measurement was found to be low (COV=0.01% for n=5 independent measurements at 3 

different temperatures, Figure 3.9A). 

 

Figure 3.9: Performance of the acoustic characterisation system in measuring liquid and solid samples. 

(A) Comparison of experimentally acquired speed of sound values in water (n=5 measurements taken on 3 

different days, black circular markers) with literature values417 (red cross markers, fitted line according to equation 

6). (B) Acoustic attenuation and (C) speed of sound for PMMA plates (5 mm (orange) and10 mm (blue) thickness, 

temperature: 20.1°C, 3 replicates shown). Data displayed as mean ± SEM, error bars within symbols. 

 

Table 3.6: Polynomial coefficients ai for formula describing the temperature dependence of speed of sound 

in water417. 

 

 

 

 

 

i ai 

0 1.40238754 × 103 

1 5.03711129 × 100 

2 -5.799 136 × 10-2 

3 3.287 156× 10-4 

4 -1.398 845× 10-6 

5 2.787 860× 10-9 
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3.2.3.2 System shows acceptable measurement repeatability for solid samples 

Subsequently, the measurement variability for solid samples was tested with and without repositioning. 

Using PMMA samples, the mean measurement variability across all frequencies was first determined 

without repositioning of the sample. For the speed of sound, it was found to be COVsos=0.04% and 

COVsos=0.02% for samples with 5 and 10 mm thicknesses, respectively, while the acoustic attenuation 

(calculated using both thicknesses according to Equation 5) varied with COVAA=0.18%. With 

repositioning of the sample, the measurement variability increased to COVsos=0.85% and 

COVsos=0.49% for 5 and 10 mm thicknesses respectively, and the acoustic attenuation to 

COVAA=1.19%. The mean speed of sound c(5 MHz)=2751 ± 23.3 m·s-1 and 2771 ± 13.5 m·s-1 for 5 

and 10 mm thicknesses respectively, and acoustic attenuation α(5 MHz)=46.7 dB·cm -1  corresponded 

to the acoustic properties of PMMA found in the literature (~2750 m·s-1 418,419 and ~43 dB·cm-1 420 at 

20°C and 5 MHz). 

3.2.3.3 Evaluating the impact of input variables 

The calculation of the acoustic properties requires information of two additional independent 

measurement variables: (1) sample thickness and (2) temperature. To assess the impact of these 

variables on the sample measurements, a simulation was performed with variation of the testing 

parameters in realistic error ranges (± 1 °C for temperature and ± 1 mm for sample thickness) based on 

a dataset acquired from a copolymer-in-oil phantom. Variation of the temperature by ± 1 °C did not 

impact the acoustic attenuation (Figure 3.10A) or transmission loss (Figure 3.10B), but led to a change 

of  ± 2.95 m·s-1 (0.2%) at 5 MHz for the speed of sound (Figure 3.10C). Variation of the sample 

thickness to up to ± 1 mm did not change transmission loss (Figure 3.10E), but led to a  ± 4.45 dB·cm-

1 (11.2%) change in acoustic attenuation (Figure 3.10D), and  ± 2.25 m·s-1 (0.14%) change in speed of 

sound (Figure 3.10F) across the tested frequency range, respectively. The results suggest that variations 

in sample thickness measurement are a major source in variation, affecting both the acoustic attenuation 

and speed of sound, whilst variations in temperature only affect the speed of sound.  
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Figure 3.10: Impact of variation in sample thickness and temperature on acoustic properties. 

The influence of changes in temperature (± 1°C) on acoustic attenuation (A), transmission loss (B) and speed of 

sound (C) and are displayed. Similarly, the influence of changes in sample thickness (± 1 mm) on acoustic 

attenuation (D), transmission loss (E) and speed of sound (F) are displayed. Actual measurements (black dotted 

line): 20.7°C and 9 mm. Data is displayed as mean ± SD (n=3 measurements). Error bars within data points. 

 

3.2.4 Discussion 

A through-transmission acoustic characterisation setup was constructed for the evaluation of the speed 

of sound and acoustic attenuation coefficient in solid material samples. The system showed excellent 

accuracy and precision for evaluation of the acoustic properties of water. For characterising solid 

samples, the system showed good agreement with literature values, but less precision compared to the 

water measurement. Whilst the standard deviation of three repeated measurements was found to be in 

an acceptable range when compared with other systems148,418,420,421, the precision (in particular for the 

speed of sound) may not be sufficient for optimization of tissue-mimicking phantom recipes, where the 

required ranges for speed of sound and acoustic attenuation are typically in the ranges 1450–1575 m·s-

1 and 0.5–30 dB·cm−1·MHz−1 156, respectively. An acoustic characterisation system available at the 

National Physical Laboratory (NPL, London, UK) allows for acoustic measurements with an 

uncertainty of 3.1 m·s-1 and 0.03 dB·cm−1·MHz−1 for phase velocity and acoustic attenuation, 

respectively, across a frequency range 1-60 MHz210. As access to the system was available during this 

PhD, all subsequent measurements in this thesis were performed using the NPL acoustic setup to 

improve accuracy for the phantom characterisation and enable NIST traceability.  

For future studies, several measures could be introduced to increase the precision of the Cambridge 

acoustic system. The precision of sample through transmission measurements is highly affected by the 
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positioning of the sample between the transducers410. Small variations in sample angle will affect the 

time the pulse is travelling though the medium leading to significant discrepancies in the measurements. 

Future work should address this shortfall by developing a more advanced sample holder with several 

controllable degrees of freedoms, i.e., linear translation in x, y and z direction, tilt, and rotation ability. 

The angle with normal incidence, θi=0, can then be found by identifying the maximum signal amplitude, 

allowing for a more reliable and repeatable adjustment of the sample210. A more precise sample 

positioning will also enable the implementation of an improved version of data acquisition422 which 

involves recording of two transmitted and two reflected pulses, one of each from the front surface and 

one of each from the back surface of the sample. The collection of all four pulses will allow for a more 

accurate determination of the acoustic attenuation (and sample thickness). For a more exact calculation 

of acoustic parameters, the impact of diffraction effects423 should also be assessed in future work.  

The impact of variations in temperature and sample thickness have also been evaluated. To minimise 

these sources of error, a high precision thermometer was used to measure temperatures and Vernier 

callipers with a high accuracy (=0.03 mm) and resolution (=0.01 mm) were used to measure sample 

thickness. The dual-purpose sample holder/mould further allows for precise adaption of the sample 

thickness.  

For acoustic data acquisition, the following recommendations can be made: (1) homogenous 

composition and uniform thickness of the sample should be ensured (2); water bath temperature and 

sample thickness should be determined as accurately as possible before data acquisition (3); clean, 

deionized and degassed water should be used for filling the water tank as water impurities, content of 

dissolved air, and the isotopic composition of water have been shown to impact acoustic 

measurements417,424,425; (4) multiple (>=3) measurements per sample at different positions should be 

performed.  
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3.3 Conclusion 

In this chapter, the validation groundwork was undertaken to understand the available precision and 

accuracy for optical and acoustic characterisation of phantom material, thus supporting development of 

novel phantom materials in subsequent studies. A DIS system for characterisation of the reduced 

scattering and optical absorption coefficient was compared to reference measurements, displaying 

acceptable precision and accuracy values relative to the current state of the art. Equally, an acoustic 

characterisation system for the evaluation of the speed of sound and acoustic attenuation coefficient 

was set up and characterised. While an excellent congruency of water measurements with the literature 

values could be determined, the available frequency range and the precision for solid sample 

measurements with repositioning could be improved relative to the current state of the art devices used 

in metrology, hence, an external calibrated system available at NPL was used for acoustic 

characterisation studies in the remainder of this thesis. 

  



 

60 

 

  



 

61 

4 DEVELOPMENT OF A 

COPOLYMER-IN-OIL TISSUE 

MIMICKING PHANTOM 

MATERIAL  

 

This chapter uses material from Hacker et al (2021) “A copolymer-in-oil tissue-mimicking material 

with tuneable acoustic and optical characteristics for photoacoustic imaging phantoms”, IEEE 

Transactions on Medical Imaging (see publications list). I wish to thank Dr. James Joseph, Dr. Srinath 

Rajagopal, Dr. Aoife M. Ivory and Prof. Dr. Bajram Zeqiri for their general guidance, and for 

reviewing and editing the manuscript. In particular, I would like to thank Dr. Srinath Rajagopal and 

Dr. Aoife Ivory for assisting me in acquiring and analysing data using the acoustic characterisation 

system available at NPL, London. Moreover, I would like to thank Dr. Mohand O. Saed for his 

assistance in performing the mechanical stability studies.  
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4.1 Introduction 

As outlined in Chapter 2, copolymer-in-oil materials hold high potential as a phantom material in PAI, 

being characterised by distinct benefits, such as tissue-mimicking acoustic and optical properties, long-

term stability, cost-effectiveness, and biological inertness and safety221,376,426,427. However, recipes based 

on commercial polymer or gel wax164,339 result in high batch-to-batch variation, impairing the 

reproducibility of the phantom fabrication. Moreover, copolymer-in-oil materials can be highly 

thermosensitive and the reported tunability of the acoustic properties is currently limited to 1480 m·s -1 

220 for speed of sound, which is lower than the ultrasound soft tissue standard of 1540 m·s-1 378 (Table 

4.1). While speed of sound can be increased by using oil with increased viscosity221 or employing 

additives such as paraffin wax165 or glycerol161, these can result in high acoustic attenuation165,221 or 

backscattering161. LDPE has been employed as a tuning agent220,426, but a comprehensive comparison 

of different polyethylene types has not yet been performed.  

To overcome these limitations, this chapter focusses on the optimization of a copolymer-in-oil 

formulation for use as a biologically relevant phantom material for PAI. The formulation has a facile 

manufacturing process, with all ingredients being low-cost, having defined Chemical Abstracts Service 

(CAS) numbers, and being readily available from standard scientific suppliers. This chapter focusses 

on the characterisation of the proposed material type. Firstly, it is shown that the material can provide 

independently tuneable, tissue-mimicking characteristics in the relevant optical excitation and acoustic 

detection ranges for biomedical PAI. Secondly, it is demonstrated that the material exhibits sufficient 

photo-, thermomechanical- and longitudinal- stability for short- and long-term precision studies. 

Finally, it is shown that the material is suitable to create phantoms of different architectures for 

mesoscopic and macroscopic PAI instruments. By fulfilling the aforementioned criteria for an ideal PAI 

phantom (Chapter 2, Figure 2.2) the developed material could facilitate PAI technical validation studies, 

and represents an excellent candidate for future routine quality control in preclinical and clinical PAI 

applications. 
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Table 4.1: Overview of acoustic and optical properties found in soft tissues. 

Optical properties cover a spectrum from 600 to 900 nm. 

*No specific reference found.  

4.2 Methods 

4.2.1 Phantom fabrication 

A summary of the phantom material compositions used for the acoustic study can be found in Table 4.2 

and for the optical study in  

Table 4.3. In order to reduce batch-to-batch variability, all specified components have defined CAS 

numbers and are readily available from large scientific suppliers. For the acoustic study the following 

thermoplastic elastomers were tested: high molecular weight (MW) SEBS (Sigma Aldrich 200557-

250G), SEBS-graft maleic anhydride (Sigma Aldrich 432431-250G), low MW SEBS (Sigma Aldrich 

200565-250G) and Polystyrene-block-polybutadiene-block-polystyrene (SBS, Sigma Aldrich 182877-

250G). Moreover, the following polyolefins were tested in order to increase the mechanical stability of 

the base material: LDPE (Alfa Aesar 43949.30), Polystyrene (Sigma Aldrich 182427-500G), 

Polypropylene (Sigma Aldrich 427888-1KG), high MW Polyethylene (Sigma Aldrich 427772-250g), 

linear LDPE (Sigma Aldrich 428078-1KG), low MW Polyethylene (Sigma Aldrich 427795-250g) and 

high-density Polyethylene (HDPE, Sigma Aldrich 427985-1KG). Mineral oil (Sigma Aldrich-330779-

1L) was used as a base with a viscosity of 14.20 – 17.00 mm2·s−1 at 40°C, a speed of sound of 1440 

Tissue type Acoustic properties Optical properties Ref 

c (m·s-1) α (dB·cm-1) at f(MHz)  µa (cm-1) µs
’(cm-1)  

Soft tissue 1450–1575 0.5–30 at 1-10 MHz 0.1–0.5 10–20 156,211 

Breast fat 1430–1480 1–18 at 1-10 MHz 0.05–0.4 3–8 156,211 

Breast parenchyma 1460–1520 2–25 at 1-10 MHz 0.1–0.3 5–15 156 

Blood 1560-1570 0.1-0.2 dB·cm-1·MHz-1 2.0–10.0 10–15 183,352,

428 

Liver  1510–1590 0.5-0.9 dB·cm-1·MHz-1 1.15–1.56 22–30 183,378,

428 

Prostate 1614 1.86 dB·cm-1·MHz-1 0.05–0.72 1–40 183,352 

Skin  ~1600 2-4 dB·cm-1·MHz-1 0.05–1.11 2–21 183,352,

378 

Muscle 1540-1580 1.3 – 3.3 at 1 MHz 0.05-0.17 6-10 183,428 

Tendon 1670 4.7 dB·cm-1·MHz-1 *  352 

Water 1480 0.0022 dB·cm-1·MHz-1 0.006-0.07 0.003 235,352 
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m·s−1 and a density of 0.838 g·mL−1 at 25 °C. 5% butylated hydroxytoluene (HT, Sigma Aldrich 

W218405-1KG-K) was added as an antioxidant to all samples to increase the stability of material and 

prevent discolouration of SEBS at high temperatures429.  After optimization, remaining studies 

combined a representative concentration of 30% high MW SEBS with 8% LDPE. TiO2 (Sigma Aldrich 

232033-100g) was added to provide optical scattering and alcohol-soluble Nigrosin (Sigma Aldrich 

211680-100G) to provide optical absorption. To increase the accuracy of the optical adjustment, a 

working stock solution of Nigrosin in mineral oil (2.5 mg/ml) was prepared. The fabrication can be 

summarized in six steps (Figure 4.1). All components are weighed and the optical scattering (TiO2) and 

absorbing agents (e.g., Nigrosin) are added to the mineral oil in a glass beaker. For homogenous 

distribution within the base phantom matrix, the mixture is sonicated at 90°C (sonication frequency: 44 

kHz) until the scattering and absorbing agents are dissolved and no aggregates are visually detectable 

(60-90 mins). Polymers and stabilizer are added to the mineral oil solution in their respective ratios. 

The complete mixture is heated up to 150°C in an oil bath under low stirring conditions (150 rpm) until 

all components are dissolved and no aggregates are visually detectable. If the polymer appears to float 

over the oil, the mixture is manually stirred using a metallic spatula. The solution is vacuumed for 

removal of air bubbles in a vacuum chamber for 3-5 minutes and then carefully poured from low height 

into a suitable phantom mould. Alternatively, a vacuum oven (Gallenkamp D8B, Germany, 30 mins at 

120° C (248F) and 30 inches/Hg pressure) can be used. Once set, samples may be stored at room 

temperature. 

 

Figure 4.1: Fabrication of the copolymer in oil-material. 

The six-step fabrication procedure of the copolymer-in-oil material is displayed. (1) Materials for optical 

scattering and absorption are added to mineral oil and (2) sonicated at 90°C until dissolved. (3) Polymer(s) and 

stabilizer are added, and (4) the mixture is heated up in an oil bath to 150°C under low stirring. (5) Upon 

dissolution of all components, the sample is poured in a suitable phantom mould and (6) left to harden at room 

temperature. Created with BioRender.   
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Table 4.2: Summary of the phantom compositions for the acoustic analysis. 

Values are given in weight percentage of the base solution (mineral oil). 

 

 

Table 4.3: Summary of the phantom compositions for the optical analysis. 

Scattering and absorption characteristics were varied in a representative phantom sample composed of 30% high 

MW SEBS, 8% LDPE and 5 %HT. Values are given in w/v%. 

 

4.2.2 Acoustic characterisation 

The frequency-dependent speed of sound, c(f), and acoustic attenuation, α(f), were evaluated using a 

broadband through-transmission substitution method employing the materials acoustic characterisation 

facility at the National Physical Laboratory (NPL), UK 414. A 10 MHz centre frequency ultrasound 

transducer of active element diameter 10 mm (Force Technology, Brondby, Denmark) was placed 

within a water tank filled with de-ionised water and driven by an Olympus 5073PR pulser–receiver 

(Olympus NDT, Waltham, MA, USA). A broadband hydrophone (30 mm active element diameter 

Polymer CAS/Manufacturer Set A   Set B Set C Set D 

High MW SEBS  

 

66070-58-4 

Sigma Aldrich 200557-

250G 

40     30 30 30 30 30 30 30 30 30 30 30 

Butylated 

Hydroxytoluene 

 

128-37-0 

Sigma Aldrich 

W218405-1KG-K 

10 10 10 10 10 5 5 5 5 5 5 5 5 5 5 5 

Low-density 

Polyethylene  

9002-88-4 

Alfa Aesar 43949.30 

 

     8        4 8 12 

Polystyrene  
 

9003-53-6 

Sigma Aldrich 182427-

500G 

      8          

Polypropylene  

 

9003-07-0 
Sigma Aldrich 427888-

1KG 

       8         

High MW 

Polyethylene 

9002-88-4 

Sigma Aldrich 427772-

250g  

        8        

Low MW 

Polyethylene 

9002-88-4 

Sigma Aldrich 427795-

250g 

         8       

Linear Low-

density 

Polyethylene  

9002-88-4 

Sigma Aldrich 428078-

1KG 

          8      

High-density 

Polyethylene  

9002-88-4 
Sigma Aldrich 427985-

1Kg  

           8     

SEBS-graft maleic 

anhydride  

124578-11-6 

Sigma Aldrich 432431-

250G 

  40              

Low MW SEBS  

 

66070-58-4 

Sigma Aldrich 200565-
250G 

 40   30            

Polystyrene-

block-
polybutadiene- 

block-polystyrene   

9003-55-8 

Sigma Aldrich 182877-

250G 

   40 10            

Com-ponent CAS/Manufacturer Set E Set F 

TiO2 
1317-70-0 

Sigma Aldrich 232033-100g 
0 0.03 0.07 0.1 0.13 0.03 0.03 0.03 0.03 

Nigrosin 

stock 

solution 

11099-03-9 

Sigma Aldrich 211680-100G 
0.004 0.004 0.004 0.004 0.004 0.004 0.007 0.011 0.014 
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bilaminar membrane hydrophone, GEC Marconi) was used for detection. Waveforms were acquired 

using a DPO 7254 oscilloscope (Tektronix UK, Bracknell, UK).  

Four acoustic pulses were acquired in each measurement set: a reference through-water pulse, with no 

sample present in the acoustic path; a through-sample transmission; together with acoustic reflections 

received at the transmitter from the front and rear surfaces of the sample.  

To assess the inherent measurement system uncertainty, four measurements were taken per sample, in 

which pulse energy, damping and the transducer-sample distance (up to 5 mm) was varied, making the 

measurements independent of these variables. The sample average and standard error of the mean 

(SEM) of the four measurements per sample were then calculated. The system-specific Type B effects 

on the measurements are reviewed elsewhere 210. Circular samples of a diameter of 7 cm and a thickness 

ranging between 6 and 9 mm were prepared for acoustic testing. The water tank temperature was 

recorded immediately before measurements on any test sample using a UKAS-calibrated IP 39C spirit-

in-glass thermometer (G. H. Zeal, London, UK).  

The transmission loss (TL) of a given sample (expressed in dB·cm−1) at the frequency f was calculated 

using the expression 210: 

 𝑻𝑳(𝒇) = −
𝟐𝟎

𝒅
𝐥𝐨𝐠𝟏𝟎 [

𝑼𝒔(𝒇)

𝑼𝒘(𝒇)
] + 𝜶𝐰(f) 7 

, where d is the sample thickness (in cm), Uw(f) and Us(f) are the respective voltage magnitude spectra 

of the through-water and through-sample pulse, and αw(f) is the attenuation coefficient of ultrasound (in 

dB·cm−1) of pure water at the specific water tank temperature 430. To remove the influence of interfacial 

losses in calculating the frequency-dependent attenuation coefficient (αi(f)) of the material, two 

thicknesses d1 and d2 (d2 > d1) of a representative sample were taken and the acoustic attenuation was 

calculated using the two-sample substitution technique 210: 

 𝜶𝒊(𝒇) = −
𝟐𝟎

𝒅𝟐−𝒅𝟏
(𝐥𝐨𝐠𝟏𝟎 [

𝑼𝒔𝟐(𝒇)

𝑼𝒘𝟐(𝒇)
] − 𝐥𝐨𝐠𝟏𝟎 [

𝑼𝒔𝟏(𝒇)

𝑼𝒘𝟏(𝒇)
]) + 𝜶𝐰(f)  8        

For the most promising material recipe, the attenuation accounting for the interfacial losses was 

assessed, finding that the impact of the interfacial losses is negligible. The speed of sound c(f) (in m·s−1) 

was calculated using the expression 210 

 𝒄(𝒇) = 𝒄𝒘 [𝟏 + 𝟐 ·
𝜽𝒘(𝒇) − 𝜽𝒔(𝒇)

𝜽𝟐(𝒇) − 𝜽𝟏(𝒇)
] 9 

, where 𝑐𝑤 depicts the temperature dependent speed of sound in water and, θ1(f), θ2(f), θw(f) and θs(f) the 

corresponding unwrapped phase spectra of the front-reflected, back-reflected, through-water and 

through-sample voltage pulses.  
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4.2.3 Optical characterisation 

The previously validated DIS system was used to determine the optical absorption (µa) and reduced 

scattering coefficients (µ’s) of the material samples. The system setup is detailed in Section 3.1.2.1. 

Rectangular samples with a width of 5.9 cm, a height of 1.8 cm and a thickness ranging between 2 and 

3 mm were prepared for optical testing. Sample thicknesses were determined before each measurement 

using vernier callipers. Based on previous reports on a similar material type (gel wax), the scattering 

anisotropy factor (g) was taken to be g=0.7 and the refractive index n=1.4 375. Three measurements at 

distinct positions on the sample were taken in a wavelength range of 450 to 900 nm.  

4.2.4 Stability studies 

Photo-, thermomechanical and longitudinal stability of the acoustic and optical properties were tested 

on representative phantoms composed of 30% high MW SEBS, 8% LDPE, 0.03 w/v% TiO2 and 300 

µL Nigrosin stock solution. A consistent PAI readout from the phantom requires good photostability. 

Thermomechanical stability was assessed as materials based on thermoplastic elastomers exhibit 

temperature sensitive viscoelastic properties374 and stability over the relevant working range (20-40 °C) 

is important. Finally, longitudinal stability of the phantom acoustic and optical properties was assessed 

regularly over a period of eleven months. It should be noted that while an assessment of the 

thermoelastic Grüneisen parameter was not conducted in this study, a detailed characterisation in a 

similar material was recently reported by Bakaric et al 223.   

4.2.4.1 Photostability 

To assess the photostability of the phantom material, a cylindrical phantom (length: 40 mm, diameter: 

28 mm) was fabricated from the stated composition and placed within a commercial photoacoustic 

tomography instrument (MSOT inVision 256-TF; iThera Medical GmbH), described in detail elsewhere 

431. Excitation pulses were provided by a tuneable (660–1300 nm) optical parametric oscillator (OPO), 

pumped by a nanosecond (ns) pulsed Nd:YAG laser (10 Hz repetition rate up to 7 ns pulse duration). A 

custom optical fibre assembly creates a diffuse ring of uniform illumination over the imaging plane 

within the sample. The sample is coupled to the transducers using heavy water in a water bath. For 

ultrasound detection, 256 toroidally focused ultrasound transducers covering an angle of 270° are used 

(centre frequency of 5 MHz, 60% bandwidth) allowing tomographic reconstruction. To assess the 

photostability, a fixed position within the phantom was irradiated with 17,500 laser pulses over a time 

period of 30 minutes using wavelengths between 660 and 850 nm in 10 nm steps. Data analysis was 

performed using ViewMSOT software (v3.6.0.119; iThera Medical GmbH). Model–based image 

reconstruction was applied and the mean photoacoustic signal within a region of interest (ROI) drawn 

around the circular cross Section of the phantom was quantified. 
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4.2.4.2 Thermal stability 

The degradation characteristics of the material were determined by thermal gravimetric analysis (TGA). 

TGA was performed using a Thermal Analysis TG Q500 instrument (TA instruments, New Castle, DE, 

USA). Sample measurements (sample weight approximately 4 mg) were conducted in the temperature 

range from 25 to 300 °C at a heating rate of 5 °C min−1. The temperature at 5 % of mass loss was 

determined using universal analysis software (TA instruments, USA). 

4.2.4.3 Thermo-mechanical stability 

The viscoelastic properties of the material were analysed by conducting a dynamic mechanical analysis 

(DMA) using DMAQ850 instrument (TA instruments, New Castle, DE, USA). Length, width, and 

thickness of the sample were measured using vernier callipers (approximate size: 30 (length) x 10 

(width) x 5 (thickness) mm3). Samples were tested in tensile mode, with the active length measuring 

approximately 15 mm. A strain of 0.01 (1%) was applied to the sample at a frequency of 1 Hz while 

the temperature was increased from -100 to +100 °C at a rate of 3 °C·min-1. The glass transition 

temperature (Tg) was measured at the peak of tan delta and the plastic flow temperature (T f) was marked 

by the drop of the storage modulus to zero. The loss modulus, storage modulus and tan(δ) were recorded 

using the TA instruments TRIOS software (v 5.0.0). The loss modulus (E′′) refers to the energy loss 

due to the viscous response of the material, whereas the storage modulus (E′) refers to the energy storage 

caused by the elastic response of the material. The vectoral addition of these two moduli is the complex 

modulus (E*) 432,433  

 𝑬∗ = √𝑬′′𝟐 + 𝑬′𝟐 10 

which can be regarded as the Young’s modulus (E) in Hookean materials such as biological soft tissues 

434,435.  

4.2.5 Photoacoustic imaging 

Photoacoustic imaging was performed using the tomography system described above and a commercial 

photoacoustic mesoscopy system (RSOM Explorer P50; both iThera Medical GmbH, München, 

Germany), described in detail elsewhere 145. Laser light is generated by a 532 nm laser (pulses: 1 ns; ≤1 

mJ/pulse) and delivered through a customized 2-arm fibre bundle (spot size: 3.5×5 mm). Photoacoustic 

signals are detected by a spherically focused LiNbO3 detector (centre frequency: 50 MHz; bandwidth: 

10 – 90 MHz; focal diameter: 3 mm; focal distance: 3 mm; f-number: 1). The recorded data is amplified 

by a low noise amplifier of 63 dB gain. The scanning head is attached to two motorised stages and 

coupled to the sample surface by an interchangeable water-filled (2 mL) interface.  

The base material of the phantoms was composed of 30% high MW SEBS, 8% LDPE, 0.03 w/v% TiO2 

and 0.0007 w/v% Nigrosin. For the mesoscopic system, stainless steel was used to create a heat-resistant 

rectangular phantom mould of the following dimensions: length: 50 mm, width: 50 mm, height: 7 mm. 
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For imaging targets, three red fibres (diameter: 126 µm, smilco) were positioned at different depths 

(0.5, 1.5 and 2.5 mm). These demonstrate the use of our base material combined with user-selected 

targets of a different material. Although the fibres were not purchased from a large scientific supplier, 

after testing of different types of targets (e.g., wires, sutures, and threads), they presented the best 

compromise for an appropriate size target without introducing artefacts. For the tomographic system, a 

heat-resistant cylindrical glass phantom mould (diameter: 28 mm) was fabricated out of an open-top 50 

ml glass syringe (Sigma-Aldrich, CADG5157). Two equally distanced stainless-steel rods (diameter: 4 

mm; rod-rod distance: 10 mm) on a Polytetrafluoroethylene (PTFE) base were inserted into the glass 

mould. The moulds were filled with the copolymer-in oil material until the phantoms reached a length 

of 50 mm. After hardening, the phantoms were removed from the mould and the inclusions were filled, 

demonstrating a phantom where both the background matrix and target inclusions are formed of the 

same copolymer-in-oil base. For the inclusion material, a green oil-soluble dye was chosen (0.04 w/v%, 

GRC 43104, Caligo safe wash relief inks, Cranfield Colours, Cwmbran, UK) due to its absorbing 

properties in the first near infra-red window 164 and suspended in the base material.  

For the RSOM image acquisition, the phantom was placed underneath the water-filled interface 

covering the scan head. For coupling of the phantom to the interface, degassed commercial ultrasound 

gel (Aquasonic Clear, Parker Labs) was used. Images were acquired over a field of view of 12 × 12 mm 

(step size: 20 μm) at 85% laser energy. For the MSOT image acquisition, the same sample preparations 

were used as in our standard operating procedure for in vivo imaging 145 to make our in vivo and in vitro 

imaging approach as comparable as possible. This involved wrapping the phantom in a thin 

polyethylene membrane using degassed commercial ultrasound gel as a coupling medium and inserting 

it into the supplied holder (iThera Medical). The holder was then immersed in degassed heavy water 

maintained at 34°C within the MSOT system. After a stabilisation period of 15 minutes, images were 

acquired through the centre of the phantom using the following wavelengths: 660 nm, 700 nm, 730 nm, 

760 nm, 800 nm, 850 nm, 900 nm, 950 nm, 1040 nm (with an average of 10 pulses per wavelength). 

4.2.6 Image and Statistical analysis 

Tomographic imaging data were reconstructed using a model-based algorithm and analysis was 

performed using ViewMSOT software (v3.6.0.119; iThera Medical GmbH). Mesoscopic imaging data 

were reconstructed using a beam-forming algorithm provided by the vendor (iThera Medical GmbH), 

which models the sensitivity field of the focused detector and generates 3-dimensional images. The 

subsequent images were analysed using MATLAB. 

All measurements in the acoustic and optical characterisations were performed at least three times per 

sample. Statistical analysis was performed using Prism (GraphPad) and MATLAB. All data are shown 

as mean ± SEM unless otherwise stated. The COV was calculated as the ratio of SD to the mean, 

expressed as a percentage.  
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4.3 Results 

4.3.1 Systematic optimisation of copolymer-in-oil materials results in high 

speed of sound.  

First, the copolymer-in-oil material composition was refined to bring the speed of sound closer to the 

ultrasound soft tissue average, while keeping the acoustic attenuation close to tissue relevant values. To 

achieve this, the acoustic performance of different base polymers of the material were compared, which 

are thermoplastic styrenic elastomers. Phantoms were produced employing 40% low and high 

molecular weight (MW) SEBS, SEBS-graft-maleic anhydride and SBS, the dehydrogenated version of 

SEBS. A high percentage of polymer was chosen for these studies, since increasing the SEBS 

concentration has been shown to increase the speed of sound 221. The sample containing high MW SEBS 

was characterised by the highest speed of sound (1471.9 ± 0.3 m·s-1 at 5 MHz, Figure 4.1A) whilst 

having similar attenuation values (Figure 4.1B) compared to the remaining polymers tested. Higher 

molecular weight usually leads to enhanced thermal and mechanical properties (e.g., increase in 

strength, toughness and chemical stress crack resistance), but also to higher stiffness due to higher chain 

entanglement and decreased molecular mobility 436. Notably, the sample containing SBS had the lowest 

attenuation value (4.11 ± 0.11 dB·cm-1 at 5 MHz, Figure 4.1B), but as SBS is more susceptible to 

degradation at high temperatures and more prone to oxidation in the absence of antioxidants 374, the 

focus was laid on high MW SEBS as the base polymer. It is known that SEBS samples with low polymer 

concentrations are susceptible to plastic deformation 437. Therefore, it was aimed to strengthen the 

mechanical stability of the material by addition of a second polymer, which could also further improve 

the acoustic properties. The acoustic performance of samples containing (low density) polyethylene 

(LDPE), polystyrene and polypropylene as additive second polymers was compared.  

Polypropylene gave the highest speed of sound within the tuning range (1486 ± 0.10 m·s-1 at 5 MHz, 

Figure 4.1C), but also the highest acoustic attenuation (9.27 ± 0.15 dB·cm-1 at 5 MHz, Figure 4.1D). 

By comparison, the sample containing LDPE was considerably less attenuating (6.27 ± 0.12 dB·cm -1 at 

5 MHz, Figure 4.1D) with a similar speed of sound (1482 ± 0.2 m·s-1 at 5 MHz, Figure 4.1C), which 

makes it preferable as a second polymer additive for acoustic studies. In order to identify the most 

suitable type of polyethylene, the speed of sound (Figure 4.1E) and acoustic attenuation (Figure 4.1F) 

of different polyethylene subtypes were compared, including: high density polyethylene (HDPE), linear 

LDPE (LLDPE), low MW PE and high MW PE (all at 8%).  

Here again, LDPE gave the most favourable characteristics. With LDPE identified as a suitable 

strengthening agent, the speed of sound in material samples with a set concentration of 30% SEBS was 

tuned by variation of LDPE content. In this way, the speed of sound could be increased up to a value of 

1516 ± 0.65 m·s-1 (Figure 4.1G) at the expense of increasing acoustic attenuation to 17.3 ± 0.26 dB·cm-

1 at 5 MHz (Figure 4.1H.) 
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Figure 4.1: Comparison of speed of sound and acoustic attenuation coefficient of samples composed of 

different polymer types. 

The speed of sound (A) and acoustic attenuation coefficient (B) for samples composed of mineral oil containing 

40% high and low MW SEBS (HSEBS=green, LSEBS=yellow), SBS (pink), SEBS-graft-maleic anhydride 

(HSEBS-mag=light blue) and one sample composed of 30% low MW SEBS and 10% SBS (dark blue) in a 

frequency range of 2 to 10 MHz. After selecting high MW SEBS for further study, the speed of sound (C) and 

acoustic attenuation coefficient (D) were then evaluated for samples composed of mineral oil containing 30% 

high MW SEBS, and a second polymer at 8%, which was either (low density) polyethylene (LDPE=pink), 

polystyrene (PS=yellow), or polypropylene (PP=blue). After identifying LDPE (pink) as a suitable candidate, the 

speed of sound (E) and acoustic attenuation (F) of different types of polyethylene (PE) were compared, including: 

high density polyethylene (HDPE, green), linear LDPE (LLDPE, yellow), low MW PE (dark blue) and high MW 

PE (light blue; all at 8%). Finally, the speed of sound (G; R2=0.9862; f(x)=1.662·x + 1470; SSE=21.6214) and 

acoustic attenuation coefficient (H; R2= 0.9980; f(x)=0.276·x + 4.65; SSE=0.0450) at 5 MHz were evaluated for 

samples composed of mineral oil containing 30% high MW SEBS and increasing LDPE concentration. For all 

panels, data is shown as mean ± SEM for n=4 measurements per sample (error bars given as shaded area in A-F 

or explicit error bars in G, H; if not visible, errors are contained within the line or point). Values are given in 

weight percentage of the base solution (mineral oil).  
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For LDPE concentrations under 20%, the acoustic attenuation appeared to increase linearly (Figure 

4.1H), with a more substantial increase in attenuation noted at 30%. Overall, the results suggest that the 

material would be suitable for mimicking the speed of sound of tissues such as breast fat and 

parenchyma (1450-1490 m·s-1), but still does not provide sufficient speed of sound such for tissues such 

skin, muscle, kidney or prostate (>1520 m·s-1; Table 4.1). For mimicking fatty tissues, LDPE 

concentrations under 8% are preferable, as the acoustic attenuation becomes too large otherwise. 

4.3.2 Negligible optical absorption and scattering of the copolymer-in-oil 

material facilitates tuning of optical properties through additives.  

Next, the optical properties of the fabricated material were examined. The optical absorption and 

scattering properties of the material only appeared to increase slightly with LDPE concentration, 

however, even with one of the highest LDPE concentrations tested (20%) the samples showed 

negligible absorption at 800 nm and did not exceed a reduced scattering value of 0.24 mm -1, which is 

still below the threshold of most soft tissues 438. As a result, it was possible to tune the optical properties 

of the material through further additives. Using material incorporating 30% SEBS and 8% LDPE, a 

tissue-mimicking range of optical properties 183 were obtained through addition of TiO2 (Figure 4.2A) 

or Nigrosin (Figure 4.2B) for reduced scattering and absorption, respectively. The selected 

concentrations of TiO2 and Nigrosin aimed to achieve µa and µs’ values in the lower range of soft tissues, 

such as breast fat (μs’=0.3-0.8 mm-1; μa=0.005- 0.03 mm-1) 183, but higher values can be easily achieved 

by increasing the concentration of TiO2 and/or absorbing dye. The addition of TiO2 resulted in a linear 

increase in scattering (Figure 4.2C), whilst addition of Nigrosin led to a linear increase in absorption 

(Figure 4.2D). The optical adjustment did not significantly affect the speed of sound (p=0.2204) or the 

acoustic attenuation (p=0.3159) of the sample. These results suggest that the optical characteristics of 

the proposed material can be independently tuned and adapted to any soft tissue type of interest. 
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Figure 4.2: Independent tuning of the reduced scattering and optical absorption coefficients by variation 

of titanium dioxide and Nigrosin concentrations. 

The (A) reduced scattering coefficient (µs’) and (B) optical absorption coefficient (µa) of a material sample 

composed of 30 % high MW SEBS and 8 % LDPE were measured at a wavelength range of 450 to 900 nm at 

varying concentrations of TiO2 and Nigrosin using the DIS system. The variation of µs’ (C) and µa (D) with TiO2 

and Nigrosin content is plotted for common PAI wavelengths (indicated with vertical lines in A and B) of 532 nm 

(red), 700 nm (orange) and 800 nm (yellow). For all panels, data is shown as mean ± SEM for n=3 measurements 

per sample (error bars given as shaded area in A, B; within symbols in C, D). 

4.3.3 The copolymer-in-oil material demonstrates good photo and 

thermomechanical stability. 

With the use of pulsed lasers in PAI, it is important to test whether a material can withstand 

photobleaching during laser illumination. Firstly, the photostability of the phantom material was 

evaluated by exposing it to 17,500 laser pulses in the wavelength range of 700 to 850 nm in a time 

frame of 30 minutes (Figure 4.3A). No significant change (slope: 0.000016 ± 0.000017, p=0.4147) was 

observed in the normalized photoacoustic amplitude, indicating that our material is photostable for at 

least that exposure period.  

Since many PAI systems can be expected to operate over a wide range of temperatures and copolymer-

in-oil materials have previously shown a tendency to deform at elevated temperatures, the 

thermomechanical stability of the material assessed, which incorporates a second polymer for increased 

mechanical stability. For thermostability studies, a thermogravimetric analysis was conducted for one 

representative formulation containing 8% LDPE and found less than 5% weight loss up to 152°C, 

suggesting that no major irreversible degradation occurs up to this temperature (Figure 4.3B). For 

assessment of the viscoelastic properties, a dynamic mechanical analysis (Figure 4.3C) was conducted. 

The material was found to be stable from -63°C (= glass temperature Tg) to 60°C, which covers well 
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the relevant working range of 20 to 40°C. The storage modulus for this representative formulation 

varied in this range between 0.44 (at 20°C) and 0.39 MPa (at 40°C), which resembles elastic values of 

stiffer soft tissue types (e.g., meniscus (0.3-0.8 MPa) 439.  

 

 

Figure 4.3: Photo and thermomechanical stability of the phantom material. 

(A) When exposed to up to 17,500 laser pulses in the range of 700 nm to 850 nm (10 nm steps) within a PAI 

system, no significant change in the normalised photoacoustic signal amplitudes could be detected, 

representatively shown here for 700 nm (black circle), 750 nm (black triangle), 800 nm (white circle) and 850 nm 

(white square). Using a sample composed of mineral oil containing 30% high MW SEBS and 8% LDPE, a 

thermogravimetric (B) and dynamic mechanical analysis (C) were performed. The thermogravimetric test 

revealed 95 % weight preservation up to a temperature of 152 °C, denoted by the dashed line. The sample was 

found to be stable in a range of -60 to 60 °C by dynamic mechanical analysis. The storage modulus E’ is depicted 

in red, the loss modulus E’’ in blue and the damping factor tan(δ) (E’’/E’) in yellow.  
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4.3.4 Defined acoustic and optical properties in the material are repeatable and 

temporally stable.  

Copolymer-in-oil materials based on thermoplastic elastomers are thermo-reversible, allowing the 

material to be recast. Recasting affords the opportunity to prepare large batches of material that can 

later be formed into specific phantom objects with different geometries. Thus, it was evaluated whether 

recasting affects the intrinsic properties of the material and these studies found the impact to be minimal: 

for the acoustic properties, mean COVs of 0.010 ± 0.005 % (over n=3) for the speed of sound and 3.1 

± 1.8 % for the acoustic attenuation could be measured in a frequency range of 2 to 10 MHz. For the 

optical properties, mean COVs of 7.5 ± 0.2 % for the measured transmission spectra and 2.1 ± 0.1 % 

for the reflectance spectra could be determined in a wavelength range of 450 to 900 nm.  

Having the main constituents of the phantom material established, the intra-centre repeatability of our 

recipe was tested by comparing the acoustic and optical properties of three independently fabricated 

samples made by the same operator at the same site (Department of Physics, University of Cambridge). 

The acoustic repeatability was found to be excellent with a mean COV of 0.03 ± 0.002 % for the speed 

of sound and 3.1 ± 1.3 % for the acoustic attenuation in a frequency range of 2 to 10 MHz. For the 

optical properties, repeatability was also found to be in an acceptable range, with COVs of 2.6 ± 0.005 

% for the measured transmission spectra and 2.7 ± 0.001 % for the reflectance spectra in a wavelength 

range of 450 to 900 nm.  

Finally, the long-term stability of the acoustic and optical properties of our phantom material was 

assessed. Acoustic and optical measurements were undertaken regularly over a time frame of eleven 

months. Linear fits gave slopes of 0.0014 ± 0.0043 m·s-1 for the speed of sound (Figure 4.4A), 0.00030 

± 0.00019 dB·cm-1 for the acoustic attenuation (Figure 4.4B), 0.00044 ± 0.00038 mm-1 for the reduced 

scattering coefficient (Figure 4.4C) and 0.0010 ± 0.0013 mm-1 for the optical absorption coefficient 

(Figure 4.4D). The slopes were not significantly non-zero (c(f): p=0.77; α(f): p=0.21; µs’: p=0.27, µa: 

p=0.45), suggesting stability of the acoustic and optical properties over the investigated time frame. 

These findings taken together indicate a high repeatability of the material properties after recasting, 

with replicate fabrications and over time, supporting the potential of the material for use as a PAI 

phantom. 
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Figure 4.4: Stability of acoustic and optical properties over time. 

The speed of sound (A), acoustic attenuation (B), optical scattering coefficient (µs’) (C) and optical absorption 

coefficient (µa) (D) of a material sample composed of 30% high MW SEBS, 8% LDPE, 0.03 w/v% TiO2 and 

0.0007 w/v% Nigrosin stock solution are shown over a time frame of eleven months. For all panels, data is shown 

as the mean ± SEM of n=4 measurements per sample (error bars within symbols in all cases). 

4.3.5 Phantom design and field testing   

For field-testing of the material, system-specific phantom designs for two distinct PAI systems were 

created. For the mesoscopic PAI system, a rectangular phantom was designed with three linearly spaced 

fibres embedded at specific depths (0.5, 1.5 and 2.5 mm) (Figure 4.5A, B) to test the homogeneity of 

the material in a high resolution PAI system and to evaluate how well targets of other materials could 

be embedded within the phantom material. The measured size of the fibre using PAI was found to 

correspond to the actual diameter of the fibre (average width of the signal peak 128 µm vs. 126 µm; 

Figure 4.5C, D). For the tomographic PAI system, a cylindrical phantom was created with two 

inclusions (diameter 4 mm) containing a green oil-soluble dye dissolved in the same base material 

(Figure 4.5E, F). The measured diameters extracted from the photoacoustic image were found to 

correspond with the designed dimensions of the phantom (outer part: 28 mm vs 27.7 ± 0.05 mm; 

inclusions: 4 mm vs 3.8 ± 0.07 mm and 3.8 ± 0.06 mm respectively, Figure 4.5G,H). Furthermore, the 

phantom was cut cross-sectionally at 6 months after formation and no diffusion of the dye from the 

inclusion to the background was observed. In both photoacoustic systems, the material appeared 

homogeneous and no distortions of the target dimensions were observed, supporting the suitability of 

the material for use in PAI.  



 

78 

 

Figure 4.5: Copolymer-in oil material allows the creation of versatile phantom designs for different system 

configurations. 

The design (A) and photograph (B) of a rectangular phantom for the mesoscopic system is shown. Three red fibres 

at different depths (0.5, 1.5 and 2.5 mm) act as imaging targets. (C) The photoacoustic x-y maximum intensity 

projection at 532 nm of the zoomed-in black square in (B) is displayed. (D) The intensity line profile of the white 

dotted line is shown (signal=blue, prominence=orange, width of signal peak at half maximum=grey). 

Correspondingly, the design (E), photograph (F) and photoacoustic image at 800 nm (G) of a cylindrical phantom 

for the tomographic system is shown. A green oil-soluble dye (GRC 43104; Caligo safe wash relief inks, Cranfield 

Colours, Cwmbran, UK) has been used as an absorber for the inclusions. (H) The intensity line profile of the white 

dotted line is shown (signal=blue, prominence=orange, width of signal peak at half maximum=grey). 
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4.4 Discussion 

For accurate and precise performance evaluation of PAI systems, a stable copolymer-in-oil phantom 

material with biologically relevant properties was developed, optimised, and extensively characterised, 

thereby addressing Aim 1 of this thesis. 

Initially, the tunability of acoustic properties was enhanced in the tissue-mimicking range. By 

optimising the polymer composition and ratio, the speed of sound of the material was tuned to over 

1500 m·s-1, which is higher than described before in similarly composed materials 159,164,165,221,339,440. 

This allows the adaptation of the acoustic phantom properties to match those of tissues relevant for 

photoacoustic clinical applications, including breast tissue 441 and fat 378 (c=1450 – 1480 m·s-1; for 

LDPE concentrations 8%). Notably, LDPE concentrations over 20% should be avoided to avoid 

substantial elevation of acoustic attenuation. In particular, lower LDPE concentrations may be preferred 

for high frequency PAI systems and these can be easily fabricated by decreasing the polymer 

concentration, as shown for similar SEBS-based material recipes 221,442. Higher speed of sound values 

required for mimicking tissues, such as muscle or kidney (>1520 m·s-1; Table 4.1), could be achieved 

by choosing a plasticizer with higher viscosity 221 or by adding compounds such as glycerol 160, but 

these would lead respectively to higher acoustic attenuation 221 or acoustic backscattering 160, and 

reduced ease of the phantom fabrication. For independent tuning of acoustic backscattering properties, 

glass microspheres could be tested in future 165.  

After establishing an optimal acoustic composition for the material, optical absorption and reduced 

scattering coefficients were independently tuned by the addition of oil-based inks and TiO2. Here, 

Nigrosin was used as a representative absorber, but other photostable oil-soluble inks mimicking the 

absorption spectra of endogenous chromophores can be incorporated instead, as shown by Maneas et al 

164. The high adaptability of both acoustic and optical properties supports the production of phantoms 

tailored to specific tissue types and applications of interest.  

Further important criteria for a PAI phantom are photo- and thermomechanical- stability of the intrinsic 

properties to enable reliable short- and long-term performance assessment of PAI systems. The material 

was found to be photostable under the tested conditions and mechanically stable in the relevant working 

range of 20 to 40°C. It is known that the mechanical properties of copolymer-in-oil materials can be 

tuned in the tissue-mimicking range by adjusting the polymer concentration 160,221. The choice of 

plasticizer (e.g., viscosity, paraffinic content or molecular weight) also has been shown to affect the 

mechanical properties 443,444. While the adaptability to tissue-relevant mechanical properties has been 

shown for tissues with lower stiffness (2-150 kPa) 221, the material formulation tested here (with 8% 

LDPE) was found to be similar to tissues with higher stiffness, such as meniscus or soft tendons (0.3-

0.8 MPa) 439 due to the higher polymer concentration used.  
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The concomitant change of the acoustic and mechanical properties with adjustment of the polymer 

concentration needs to be considered by the user when choosing an appropriate formulation to use for 

their application. However, the adaptability of copolymer-in-oil materials to a wide range of tissue-

relevant elasticities, as well as their large linear viscoelastic domain 221, make this class of material a 

promising candidate also for mechanically-relevant fields, such as ultrasound elastography 221,377,445.  

Further, it was demonstrated that the material can be used to create versatile phantom designs for PAI 

systems of different configurations. The material showed high homogeneity during photoacoustic image 

acquisition and both endogenous inclusions made out of the same material type (as shown with the 

tomographic phantom) as well as exogenous targets (as shown with the mesoscopic phantom) can be 

embedded into the base matrix. Increasing polymer concentration also increases the viscosity of the 

melt and the stiffness of the solidified material. This should be considered when fabricating phantoms 

containing small and delicate structures or inclusions, as for this purpose, a lower viscosity substance 

is preferable. Concomitantly, it was observed that with increased viscosity the melt becomes less prone 

to air-bubble trapping, a problem observed in prior studies with lower viscosity copolymer-in-oil 

materials 165. 

High reproducibility of the phantom fabrication procedure and ready availability of ingredients and 

equipment are further key requirements to enable widespread and comparable phantom manufacture in 

different laboratories. To optimise these parameters, only non-toxic ingredients available from large 

scientific suppliers were used and the fabrication procedure was simplified as far as possible while 

maintaining high manufacturing precision. A high intra-centre repeatability of the phantom fabrication 

procedure by the same operator was confirmed. Additionally, it was shown that the material can be 

reused and remoulded without significantly affecting the acoustic and/or optical properties, which 

constitutes a further considerable advantage of the fabrication process. Importantly, no statistically 

significant drift was observed over a time frame of almost a year, thereby confirming expectations based 

on prior observations of longitudinal studies on the stability of oil-based materials 221,375,426,427. 

Controllable mechanical robustness in the tissue-mimicking range and high intrinsic stability permit 

long-term usage of the material in a wide variety of phantom applications, which also has potential for 

application in biophotonic and ultrasound imaging. 

While the reported material appears to be an excellent candidate for a PAI phantom to enable technical 

validation studies, there remain some limitations of the study. Firstly, the impact of including additives 

to tune acoustic backscattering could not be evaluated due to limitations in our testing equipment. 

Secondly, fabrication and imaging studies were performed in only a single centre; future studies should 

also establish the inter-centre reproducibility to exclude the impact of variables such as equipment or 

operator. Moreover, acoustic characterisation was focused in the clinically relevant range of 1-10 MHz. 

Future studies should also analyse the acoustic properties in a higher frequency range relevant for 

photoacoustic mesoscopy and microscopy. Finally, only relatively basic performance assessment 
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phantoms for PAI systems were generated. Increased anatomical realism may be achieved in future 

using 3D-printed moulds, potentially even with patient-derived vascular networks, as shown in similar 

studies 165,446–448. Preliminary tests performed by other laboratories indicate that the material is also 3D-

printable, offering an even wider range of flexibility in terms of processing and fabrication.  

 

4.5 Conclusion 

In this chapter, a copolymer-in-oil material was optimised and its potential for use as a PAI phantom 

was demonstrated. The formulation presented holds significant promise for future adoption as a 

widespread phantom in PAI, with potential applications in calibration, performance evaluation, and 

multi-centre standardisation of PAI systems, as well as for training of new users. Key beneficial 

properties of the material are: 

i. tuneable and stable acoustic and optical properties; 

ii. good mechanical, thermo- and photo-stability in the relevant working range; 

iii. non-proprietary and non-toxic ingredients and 

iv. high flexibility of phantom design and fabrication.  
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5 EVALUATION OF PRECISION 

AND ACCURACY IN 

PHOTOACOUSTIC MESOSCOPY  

 

I would like to thank Dr. Paul Sweeney and Thierry Lefebvre for assisting me with processing of the in 

vivo data. Moreover, I wish to thank Dr. Emma Brown for helping me with the in vivo photoacoustic 

data acquisition. 
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5.1 Introduction 

Extending the range of macroscopic and microscopic PAI approaches, raster-scanning mesoscopy has 

recently been introduced449 for visualization of tissue structures up to 2-3 mm depth450,451. The 

innovative nature of mesoscopy lies in combining wide bandwidth, high-frequency detectors with fast 

nanosecond-pulsed laser excitation, enabling three-dimensional imaging of optically absorbing 

molecules such as haemoglobin and melanin452,453 at the mesoscopic scale (in-plane spatial resolution: 

~20 μm)450,451.  

In the preclinical setting, photoacoustic mesoscopy has already been demonstrated for: longitudinal in 

vivo studies in several mouse models of cancer137,454; whole body imaging of zebrafish using a 360° 

multi-orientation approach455; and gastrointestinal imaging456. In clinical studies, it has shown particular 

potential in skin imaging, revealing individual skin layers, benign nevi457,458, hyperthermia effects459, 

and pathophysiological biomarkers of inflammatory skin diseases450,460.  

Volumetric visualization of vasculature and skin layers is one of the key strengths and main applications 

of photoacoustic mesoscopy, however, the accuracy and precision for delineating targets of interest, 

such as vessel structures, has yet to be evaluated. A well-known limitation of non-tomographic PAI 

systems lies in the limited angular coverage of their illumination and detection arrays, enabling only 

visualization of targets that are quasi-perpendicular to the transducer array461. Moreover, the non-

isotropic illumination from the sides of the ultrasound detector array results in inefficient light delivery 

to the region of interest462, thereby leading to limited penetration depth, particularly in specimens that 

exhibit high absorption. Finally, the limited view can cause in-plane or out-of-plane artefacts, impeding 

the clarity of the images463–466. In addition to these technical limitations impacting accuracy, precision-

related variations in imaging data arise from temporal, positioning or operator-dependent factors. 

Detailed precision studies have been performed for other commercially available PAI systems, 

including a preclinical tomography system145 and a handheld clinical system467,468 which have 

established relevant bounds on the reliability and biological relevance of the extracted photoacoustic 

data. Such studies are crucial to ensure data reproducibility and accurate data interpretation, in particular 

as the application of mesoscopic PAI in preclinical and clinical research expands. 

In this chapter, a thorough technical validation of a commercial photoacoustic mesoscopy instrument is 

conducted to assess its potential in extracting perfusion and vessel-related biomarkers from tissues to 

inform studies on perfusion-limited hypoxia. First, the imaging limitations of photoacoustic mesoscopy 

are evaluated by investigating common artefact types impacting image quality. Second, signal 

variations resulting from the restricted angular coverage of the illumination and detection arrays are 

systematically analysed Finally, precision is considered, using tailored phantoms and mouse models to 

assess the impact of temporal variation, target repositioning and user experience. The chapter concludes 

by outlining recommendations for data acquisition. The presented validation framework for 



 

85 

photoacoustic mesoscopy systems will guide users with similar PAI setups, assisting them in system 

validation, data handling and data interpretation.  
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5.2 Methods 

5.2.1 Phantom preparation 

5.2.1.1 Base material 

For systematic evaluation of artefacts using geometric phantoms, agar was chosen as the bulk phantom 

material to provide structural support for imaging targets due to its facile and fast preparation method. 

A 1.5% agar mixture was prepared according to the protocol by Joseph et al145. Briefly, intralipid (2.08 

v/v%; Merck, 68890-65-3) was used to mimic tissue-like scattering conditions and Nigrosin (0.62 v/v% 

of Nigrosin stock solution [0.5 mg/ml Nigrosin in deionised water, Merck, 8005-03-6]) was added to 

mimic tissue-like absorption. Acoustic properties available from the literature for similar concentrated 

agar phantoms (2%)469 suggest a speed of sound of around 1460 ± 7 m·s-1 and an acoustic attenuation 

of 0.32 ± 0.06 dB·cm-1 at 5 MHz469 . The optical properties were determined using the previously 

validated DIS system168 (Section 3.1.2.1), yielding a reduced scattering coefficient of 1.71 ± 0.29 mm-

1 at 532 nm.  

For evaluation of long-term system precision, copolymer-in-oil base material was chosen220. The 

material was prepared according to Section 4.2.1168. Briefly, the phantom was composed of 30% high 

molecular weight SEBS (Sigma Aldrich 200557-250G) and 8% LDPE (Alfa Aesar 43949.30) in mineral 

oil (Sigma Aldrich-330779-1L), with 0.03 w/v% TiO2 (Sigma Aldrich 232033-100g) added to provide 

optical scattering and 0.0007 w/v% Nigrosin (Sigma Aldrich 211680-100G) added to provide optical 

absorption. The acoustic properties were characterised using a through transmission substitution system 

(available at NPL, London, UK)168 (Section 4.2.2), yielding a speed of sound of 1483.5 ± 0.17 m·s-1 and 

an acoustic attenuation of 6.73 ± 0.04 dB·cm-1 at 5 MHz. A reduced scattering coefficient of 0.4 mm-1 

and an optical absorption coefficient of 0.01 mm-1 were measured using the previously validated DIS 

system at 532 nm.  

5.2.1.2 Phantom mould and inclusions 

For phantom studies, a versatile, modular phantom mould was created by 3D-printing (Figure 5.1). 

Phantom moulds were designed in Autodesk Fusion 360 (San Rafael, CA, USA) and printed using an 

Anet A6 Printer and polylactic acid (PLA PRO 1.75 mm PLA 3D Printer Filament 832-0232 (Yellow) 

/ 832-0223 (White) RS Components, Corby, UK) as a base material. The phantom mould consists of 

two modules (Figure 5.1A). The inner module acts as the actual testing module and allows the 

measurement of specific testing parameters. The outer module functions as a frame for the inner module 

and prevents leaking of the bulk material and enables a firm positioning of the phantom. Indentations 

in the corners of the outer module allow insertion of structural support blocks to control the distance 

between detector and phantom surface. Customized handles can be inserted on diagonal sides of the 

inner module to facilitate the insertion and removal of the inner module from the outer module. Two 
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inner modules were developed. The first inner module, the string module (Figure 5.1B), allows for the 

examination of technical parameters such as the sensitivity of the system to angularity or penetration 

depth through insertion of strings at different depths and angles. The second module, the tubing module 

(Figure 1C), permits the analysis of liquid contrast agents by including tubing (Fine Bore Polythene 

Tubing 0.58 mm inner diameter, 0.96 mm outer diameter, Portex, USA) at different depths and in 

different directions. 

For evaluation of imaging artefacts, a dilution series of red ink (Cranfield Colours, Wales, UK) was 

used in the tubing module. For geometric sensitivity studies, the string module was deployed with red-

coloured synthetic fibres (Smilco, Houston, TX, USA). These were chosen as imaging targets for the 

string module due to their similar size470,471 to murine vessels and high absorption at 532 nm.  

 

 

Figure 5.1: Phantom design for the technical validation studies. 

(A) The computer-aided designs of the outer (middle) and inner (right, left) modules used for this study are shown. 

Close-up side view of the image quality phantom modules: (B) String array allowing penetration depth and angular 

studies; (C) Tubing array allowing sensitivity studies. (D) Photograph of the 3D-printed string phantom module 

filled with agar and featuring targets at different depths (black arrows) is shown. Scalebars = 20 mm. 
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5.2.2 Animal handling 

Procedures on small animals were performed under the authority of project (PE12C2B96) and personal 

(IA70F0365, I544913B4) licenses issued by the Home Office, UK. Studies were approved by the 

CRUK Cambridge Institute local animal welfare and ethical review bodies under compliance form 

numbers: CFSB2112, CFSB1361, CFSB1567, CFSB1745 and CFSB1979. All mice were housed in 

Tecniplast Green Line individually ventilated cages with APB6 bedding on a 12-h on/off light/dark 

cycle (7 AM to 7 PM) with 5R58 diet (PicoLab).  

To evaluate precision of photoacoustic mesoscopy in preclinical small-animal cancer imaging, a 

common application for photoacoustic mesoscopy, a cell line xenograft model and two patient-derived 

xenograft (PDX) models were used. For the cell line model, subcutaneous tumours were established in 

male BALB/c nude mice (Charles River, age 8-10 weeks). 1.5×106 PC3 prostate adenocarcinoma cells 

suspended in a mixture of 50 μL PBS and 50 μL matrigel (354248; Corning) were inoculated 

subcutaneously in both lower flanks of n=5 mice (resulting in n=10 tumours). For the PDX models, two 

luminal B patient-derived xenograft (PDX) models (AB580, STG143) and two basal PDXs (STG139, 

STG321) were implanted subcutaneously into the flank of 6-9 week-old NOD SCID gamma (NSG) 

mice (Jax Stock #005557) using the standard protocols of the originating biobank472 (nAB580 =12, nSTG143 

=10; nSTG139 =26, nSTG321 =18) . Before surgical implantation, cryopreserved breast patient-derived 

xenograft tumour fragments (~2 mm3) in freezing media (Foetal Bovine Serum, heat-activated Thermo 

Fisher Scientific 10500064 +10% dimethyl sulfoxide Sigma D2650) were defrosted at 37°C, washed 

with Dulbecco’s modified eagle’s medium (Gibco 41966) and mixed with matrigel (Corning 354262). 

For in vivo imaging, mice were anaesthetised using 3% isoflurane delivered in 50% oxygen and 50% 

medical air. If needed, the hair was removed around the area to be imaged by shaving and application 

of commercial hair removal cream. Mice were placed on a heat-pad maintained at 37°C inside the 

system chamber. Respiratory rate was maintained at 70-80 bpm using isoflurane (~1.5-2.0% 

concentration) throughout image acquisition.  

5.2.3 Image acquisition 

The photoacoustic mesoscopy system (RSOM Explorer P50, iThera Medical GmbH, Germany; Figure 

5.2, A,B) has been described in detail elsewhere473. Briefly, laser light is generated by a 532-nm laser 

(pulses: 1 ns; ≤1 mJ/pulse) and delivered through a customized 2-arm fibre bundle (spot size: 

3.5×5mm). Photoacoustic signals are detected by a spherically focused LiNbO3 detector (centre 

frequency: 50 MHz; bandwidth: 10-90 MHz; focal diameter: 3 mm; focal distance: 3 mm; f number: 

1). The recorded data is amplified by a low noise amplifier of 63 dB gain. The scanning head is attached 

to two motorized stages and coupled to the sample surface by an interchangeable water-filled (2 mL) 

interface. For coupling of the object to the lower side of the interface, commercial ultrasound-gel 

(Aquasonic Clear, Parker Laboratories, USA) was used. The ultrasound gel was centrifuged to remove 



 

89 

air bubbles and warmed before application. The interface was positioned on the object by moving the 

stage in x, y, and z directions. Images were acquired over a field of view of 12 × 12 mm (step size: 4 

μm along the 𝑥 axis, and 5 μm along the 𝑦 axis). The acquisition of one image took approximately 7 

min.  

For phantom imaging, the phantom was placed underneath the transducer and aligned to the transducer 

direction in the position of interest. About 10 ml of ultrasound gel was used to couple the transducer 

surface to the phantom medium. Care was taken for the transducer interface not to touch the phantom 

surface.  

For in vivo imaging, temporal variability with and without replacement in vivo was assessed over a time 

frame of 35 mins (n=5 images) with an n=5 per sample group. ‘With replacement’ is defined as full 

removal of the mouse from the heat pad including cleaning off the coupling ultrasound gel. For 

evaluation of the impact of operator experience, an operator with > 1-year experience in preclinical 

photoacoustic mesoscopy imaging was regarded as experienced, and an operator with < 10 days 

experience in preclinical photoacoustic mesoscopy imaging was regarded as inexperienced. 

 

Figure 5.2: Overview of the photoacoustic mesoscopy system. 

(A) Photograph of the system. (i) denotes the scan head and (ii) the heated mouse bed. The scan head is enlarged 

in the second photograph. Top arrows are pointing to the two illumination fibres, whilst the bottom arrow points 

to the ultrasound (US) transducer. (B) Schematic illustrating the functioning of the system. Created with 

BioRender. 

5.2.4 Image and statistical analysis 

Imaging data were reconstructed using a beam-forming algorithm, which models the sensitivity field of 

the focused detector and generates 3-dimensional images474–476. The reconstructed images were 

analysed using MATLAB (v2020, MathWorks, Natick, MA, USA) and Fiji (v2.1.0)477. Statistical 

analysis was performed using Prism (v9, Graphpad Software, San Diego, CA, USA). All data are shown 

as mean ± SD unless otherwise stated. The COV was calculated as the ratio of the SD to the mean, 

expressed as percentage. For multiple comparisons, one-way ANOVA followed by Tukey’s test was 

conducted. Correlation analysis between dorsal and lateral imaging positions was conducted using 

Spearman’s correlation coefficient due to non-normal data distribution. 
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5.2.4.1 Phantom data 

For the phantom image analysis, a fixed-sized rectangular region of interest spanning the length of the 

string was placed around each string within the image. For each string, the line profiles perpendicular 

to the string were extracted. The background was subtracted and a gaussian curve was fitted to the 

signal. The full width at half maximum (FWHM) and mean intensity value were extracted from the fit 

for each line profile. Subsequently, the mean and SD of all FWHMs and signal intensities of all line 

profiles were calculated to achieve final values for each string.  

5.2.4.2 In vivo data 

For the in vivo repeatability studies, the blood volume was chosen as a comparison metric, as it is a 

commonly used variable of interest in preclinical studies, and sometimes used  as a precursor for further 

downstream analysis of morphological features478. For quantification, an existing pipeline previously 

reported elsewhere was used478. Briefly, imaging data were filtered in the Fourier domain in the x/y 

plane to remove reflection lines, before being reconstructed using a backprojection algorithm in 

viewRSOM software (v2.3.5.2 iThera Medical GmbH, Germany) with motion correction and a voxel 

size of 20 × 20 × 4 μm3 (x,y,z). Reconstructed images were subjected to a high-pass filter145 to remove 

echo noise, followed by a Wiener filter to remove stochastic noise. Afterwards, a slice-wise rolling ball 

background correction479 was performed to achieve a homogenous background intensity. Segmentation 

was performed using a random forest classifier (ilastik v1.3.3480). For the classifier, n=20 in vivo images 

were used for training and n=14 in vivo images were used for testing. Then, all segmented images were 

passed through a 3D median filter to smooth and remove impulse noises. 

 

 

  



 

91 

5.3 Results 

5.3.1 Overview of the dominant artefact types in photoacoustic mesoscopy 

To initiate the characterisation of photoacoustic mesoscopy performance, dominant artefact types 

present in the images were systematically analysed. Artefacts emerging from absorbing vessel-like 

structures can lead to considerable misinterpretation of the signal structures and degrade image contrast. 

Speckle and clutter artefacts481–483 can be observed in the image background, affecting the overall 

imaging signal-to-noise ratio. Artefacts that can directly affect vessel analysis can be summarized into 

three main categories (Figure 5.3).  

First, illumination artefacts arise due to the limited illumination of the field of view, leading to optical 

excitation and acoustic wave generation only in the upper part of absorbing structures that face the 

illumination and transducer array (Figure 5.3A). The result is inaccurate diameter estimations in the x/z 

plane compared to the x/y plane478. For example, in the string phantom module, where the true diameter 

of each string is dact= 126 μm, the measurements from the reconstructed images agree only in the x/y 

plane (dx/y =122 ± 7.8 μm) and substantially underestimate the value in the x/z plane (dx/z=27 ± 3.2 μm).  

Second, shadow artefacts arise from obscuring objects, causing a signal loss in underlying objects due 

to strong optical or acoustic attenuation of the overlaying structure (Figure 5.3B). Third, reflection 

artefacts occur due to presence of acoustic reflectors/scatterers or strong acoustic reverberations of the 

absorbing object itself464,484,485, leading to a signal echo near the object of interest (Figure 5.3C). They 

can occur in-plane or out-of-plane depending on the position of the absorber/reflector486. Awareness of 

these artefacts is of particular importance as illumination artefacts can lead to inaccuracies in 

quantification of vessel size, but more importantly, shadow and reflection artefacts can be mistaken for 

real structures in the image plane. 
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Figure 5.3: Overview of artefacts arising in photoacoustic mesoscopy. 

Explanatory schematics (first row), x/y MIPs (second row), x/y MIPs (third row), and line profiles (fourth row) 

for the respective white dotted lines in the RSOM images for: (A) illumination artefact; (B) shadow artefact; and 

(C) reflection artefact. In A, a single string is shown, whilst in B, and C dilutions of red ink in tubing are displayed. 

In B, a tube of absorber is positioned perpendicular and beneath tubes of varying relative concentrations (up to 

100%). The underlying tubing has the same concentration as the overlaying tubing with the highest concentration 

(100%). Shadow artefacts are created by attenuation of the acoustic waves by the overlaying tubing, rather than 

by optical attenuation, as the length of the signal gap is independent on the signal intensity in the overlaying tubes. 

In C, the agar phantom/ultrasound gel interface acts as an acoustic reflector. White arrows depict the respective 

artefact; blue and red arrows indicate the respective line profiles plotted in the last row; the black arrow depicts 

the reflection artefact in the line profile.  

 

5.3.2 Geometric sensitivity of photoacoustic mesoscopy 

We sought to systematically analyse how the geometric positioning of a vessel-like target in three-

dimensional (3D) space affects the acquired signal. First, the impact of different target depths on signal 

intensity and measured spatial dimensions was evaluated (Figure 5.4A,B). As expected, a significant 

signal loss occurred with increasing string depth (Figure 5.4C). Depth also impacted the quantified 

FWHM in the x/y direction with a significant decrease in measured FWHM with increasing depth 

(Figure 5.4D). Second, the impact of horizontal target rotation on the acquired signal was tested. A 

phantom with strings in a star-shaped pattern (Figure 5.4E,F) was imaged and the signal from each 

angled string quantified. To minimise inaccuracies in the target depth arising from the experimental 

preparation of stacking of the strings, the phantom was rotated by 90° between image acquisitions. The 

angle between the string and the direction of illumination was found to significantly impact the 

quantified mean PAI signal (Figure 5.4G) with the string in line with the two illumination fibres having 



 

93 

the highest signal intensity. There was no significant difference in the calculated FWHM between 90° 

and 0° or in the strings between the rotation steps (Figure 5.4H). Third, the impact of vertical target 

rotation on the acquired signal was tested. A clear signal decay was found with increasing angle to the 

phantom surface (Figure 5.4I-K). At 24°, the string could not be detected anymore in tissue-mimicking 

phantoms (Figure 5.4K). The size of the FWHM quantified from the MIPs remained stable for angles 

up to 20°, but beyond that it increased and became more variable due to the lower signal (Figure 5.4L). 

These results highlight depth- and angle-related limitations of the system resulting from the limited 

angular coverage of the illumination and transducer array, affecting signal detection and quantification. 
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Figure 5.4: Geometric sensitivity of the photoacoustic mesoscopy system. 

Phantom configuration (first column), x/y MIPs (second column), quantified signal intensity values (third column) 

and FWHM (fourth column) for: phantom with strings at different depths (A-D, n=3, R2=0.9991), phantom with 

horizontally angled strings (E-H, n=8), phantom with vertical angled strings (I-L, n=3). The field of view in the 

phantom configurations (corresponding to the MIPs) is marked in blue. The numbers in B depict the depth of the 

neighbouring string in mm. The direction of the optical fibres in F is marked with white arrows. Data displayed 

as mean ± SD. For figures D and G, significance was assigned using ANOVA (*p < 0.05, **p < 0.01, 

***p < 0.001). Scale bar=1.2 mm. 
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5.3.3 Photoacoustic mesoscopy shows high precision for repeated measurement 

Next, the temporal stability of photoacoustic mesoscopy phantom measurements was evaluated (Table 

5.1, Figure 5.5). A mean COV of 1.2 ± 0.7 % (Figure 5.5A) was determined for a single imaging session 

without repositioning. With repositioning, a slightly higher COV of 4.1 ± 2.4% was found (Figure 5.5B) 

for short-term studies (without switching off the system in between each runs), which increased to 9.6% 

for long-term studies (25 days, with switching off the system between each run and waiting for at least 

12 hours). No slopes were significantly non-zero [without repositioning: p=0.1551; with repositioning 

(short term): p=0.2858, with repositioning (long term): p= 0.3955]. The COVs were similar across 

different depths (Figure 5.5A,B), suggesting a reasonable longitudinal repeatability for the system.  

 

 

Table 5.1: Coefficients of variation (COV) for temporal stability of the photoacoustic mesoscopy system. 

 

 

  

   
COV (%) 

Mean ± STD 

Slope (%) 

Mean ± STD 

n 

Phantom Without Repositioning (9x) 
 

1.16 ± 0.71 -0.05 ± 0.07 4 

With Repositioning (7x) Short term (1 hour) 4.06 ± 2.36 0.14 ± 0.11 4 

 
Long term (25 days)  9.6% 0.004 1 

In vivo Without Repositioning (5x) 
 

   

Healthy   5.70 ± 3.81 -0.004 ± 0.003 5 

Tumour   11.13 ± 5.78 0.003 ± 0.004 9 

With Repositioning (5x)     

Experienced 
 

15.89 ± 6.26 0.06 ± 0.03 5 

 Inexperienced  20.17 ± 9.92 0.04 ± 0.05 5 
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Figure 5.5: Temporal stability of the photoacoustic mesoscopy system. 

Signal stability in an agar phantom over time is shown along four strings embedded at four different depths (A) 

without replacement of the phantoms and (B) with replacement of the phantom between each sequential image 

acquisition. Legend indicates string depth. Shaded areas represent SD of FWHMs along each string. (C) Signal 

stability of a string embedded in a copolymer-in-oil phantom over a time frame of 20 days. 

5.3.4 Photoacoustic mesoscopy shows high precision during in vivo application 

Next, the temporal stability of photoacoustic mesoscopy phantom measurements was evaluated in vivo, 

where additional sources of variation can arise as summarized in Figure 5.6. Contributions from motion 

are minimised by appropriate positioning of the animals within the mouse bed and by application of a 

motion correction algorithm during image reconstruction. The results of the in vivo repeatability studies 

are summarized and compared to repeatability measured in phantoms in Table 5.1. 

Static imaging without repositioning in vivo led to a mean COV of 5.7 ± 3.8 % in the thresholded blood 

volume in healthy tissue (ear, Figure 5.8A). The mean COV increased to 11.1 ± 5.8 % in pathological 

tissue (tumour, Figure 5.8B). Whilst the blood volume did not significantly change over time for 

pathological vasculature (p=0.3622), a significant decrease over time was found in our study for the 

healthy vasculature (p=0.0065, Table 5.1).  

Next, the impact of mouse repositioning on signal stability was assessed. Here, the influence of operator 

experience was also evaluated. Optimal image acquisition in photoacoustic mesoscopy depends on a 

variety of factors, such as (1) adequate coupling of the of the tissue of interest to the transducer interface, 

(2) intactness of the coupling foil, (3) purity of the coupling medium, and (4) compression of the 

transducer interface on the target tissue (Figure 5.7). With repositioning of the mouse (full removal of 

the mouse from the heat pad including cleaning off the ultrasound gel), mean COVs of 15.9 ± 6.3 % 

were found for an experienced (preclinical RSOM imaging experience > 1 year) operator for tumour 

imaging, whilst mean COVs of 20.2 ± 9.9% were found for an inexperienced operator (no significant 

preclinical RSOM imaging experience; Figure 5.8D, Table 5.1). 

Finally, the impact of mouse positioning on the quantified blood volume was assessed for tumour 

imaging (Figure 5.8E). The tumour position on the flank allows for several different methods of animal 

positioning to be used, which will lead to different sub-volumes of the tumour being captured by the 

imaging system. A significant correlation in the quantified blood volume between dorsal and lateral 
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positioning of the mouse was found (Figure 5.8F). Taken together, our in vivo results suggest that 

photoacoustic mesoscopy provides a robust quantification of vascular data once users are experienced 

with the system. 

 

Figure 5.6: Overview of biological and technical variation factors in photoacoustic imaging 

(MSU=Multispectral unmixing). 

Parameter marked with an asterisk describe variation factors that are only applicable in certain experiments/system 

types. Created with BioRender. 

 

 

 

Figure 5.7: Transducer compression impacts vessel visualisation. 

Image acquisition in photoacoustic mesoscopy requires a balanced compression of the transducer interface on the 

tissue of interest. Whilst compression minimizes movement artefacts, it can also impact blood flow if applied too 

strongly, leading to signal loss (first image). Balanced compression enables full visualization of all vessels (second 

image). x/y MIP of a PC3 tumour. Scale bar=1.5 mm.  
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Figure 5.8: Impact of time, positioning, tissue, and operator-dependent variation sources on the signal 

stability of the mesoscopic system in vivo. 

Representative mesoscopic x/y MIPs for healthy (ear, A) and pathological (tumour, B) tissue are shown. Scale 

bar=1.5 cm. (C) Normalised blood volume is shown over time in healthy (black, n=6 ears, cell line model) and 

tumour tissue (green, n=9 tumours, cell line tumour model) without replacement of the mouse. (D) Normalised 

blood volume is shown in tumour tissue with replacement of the mouse by two different operators (each n=5, 

inexperienced operator =black, experienced operator=green, PDX model). (E) Dorsal (left) and lateral (right) 

positioning of the mouse are indicated. Created with BioRender. (F) Correlation of calculated blood volume 

between dorsal and lateral positioning of the mouse is shown (n=161, PDX model, Spearman r=0.7615, 

R2=0.7687). All data is shown as mean ± SD.   
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5.4 Discussion 

Photoacoustic mesoscopy has shown potential to derive perfusion and vessel-related biomarkers in 

studies of perfusion-limited hypoxia, but detailed technical validation is required to provide confidence 

in temporal repeatability and vascular quantification. Using custom phantoms, a structured testing 

framework was applied to systematically analyse the impact of different variation sources on precision 

and accuracy of photoacoustic mesoscopy, thus helping to define its strengths and limitations in 

assessing characteristics of biological tissues. 

First, various artefact types that commonly appear in photoacoustic mesoscopy studies were 

exemplified and quantified. These lessons learned impact interpretation of vascular structures, which 

will be necessary in later studies for this thesis. Accurate representation of vascular lumens is 

fundamentally limited in the photoacoustic mesoscopy geometry: since vessels are only illuminated 

from the top, images do not depict the full vessel volume (illumination artefact); signal loss also occurs 

for high angles of vessels relative to the detector, at increasing depth, or due to the presence of 

overlaying structures (shadow artefact). The limited detection bandwidth of 10-90 MHz of the 

transducer translates to accurate representation of structures that are sized 12-120 μm487. Furthermore, 

reflection artefacts can occur that may be mistaken for actual vessel structures. While some studies have 

attempted to identify and remove reflection artefacts, approaches are elaborate, using for example 

additional ultrasound measurements481,484, tissue deformations463, localized vibrations using acoustic 

radiation force impulses466,482, multi-wavelength illumination464, or training of convolutional neural 

networks485. Nonetheless, the full range of photoacoustic mesoscopy artefacts cannot yet be 

automatically detected or corrected and as such, understanding the resulting limitations on the acquired 

data is of utmost importance to prevent misinterpretation. 

Second, limitations of the system were analysed that arise from three geometric factors that significantly 

affect the measured signal intensity: (1) the depth, (2) the horizontal orientation, and (3) the vertical 

orientation of the target. In the commercial system tested, light is delivered from two optical fibres 

spaced 180° apart around the ultrasound transducer, leading to different light fluence at the sides 

orthogonal to this plane. Whilst these horizontal orientation effects are minimal, and did not affect the 

quantification of target size, they significantly impact any associated measurements of signal amplitude. 

Illumination from four optical fibres placed at 90° around the ultrasound transducer, such as done in 

other setups488, could help to mitigate this problem, but would increase system cost. The limited 

numerical aperture of the ultrasound transducer455 also enabled signal quantification only up to a vertical 

angle of 24° in our phantom, meaning structures angled more steeply could be missed. The relative 

impact of these factors also depends on the optical and acoustic properties of the surrounding medium, 

with higher signal loss in more attenuating media. As all these factors can significantly compromise 

accuracy of a measured structure, they should be considered when positioning a target within the 

system, or quantifying and evaluating acquired data. 



 

99 

After assessing accuracy-related factors, the precision of the system was evaluated. The system was 

found to be characterised by a high signal stability in both short-term and long-term phantom studies. 

This is in line with other studies showing less than 10% variation145,467 in PAI systems. The values 

reported here are higher than those found previously for a commercial tomography system by the same 

vendor145 (COVMSOT=2.8% vs COVRSOM=9.6%), which is likely due to the fact that the distance between 

the target and detector is manually controlled by the user in the present system, affecting the measured 

signal intensity. Moreover, due to the higher resolution of the system, inhomogeneities in the coupling 

media will have a more pronounced effect on signal quantification. Ensuring constant transducer-target 

distance, as well as clear, bubble-free coupling agents, intact coupling foil and – if working with 

phantoms – homogeneous base media, will minimise the impact of these variation factors. 

Finally, sources of variation in vivo were investigated considering time, tissue type, positioning and 

operator-dependent sources. As expected, a higher variability was found in vivo compared to in 

phantoms due to additional variations arising from motion and changes in vessel perfusion. When 

comparing healthy and tumour tissue, a higher variability was found in tumour tissue, which can be 

explained by the tortuous and leaky nature of tumour vasculature. Interestingly, a significant decrease 

in thresholded blood volume in healthy vasculature was observed over time. Similar observations have 

been made before in murine spleen and kidney at the macroscopic scale in a tomographic PAI system145, 

owing to perfusion changes under anaesthesia. Here, the ear was chosen as the healthy tissue of interest, 

as it is easily accessible by the system and often used as a site of interest in PAI studies489–491. However, 

as a peripheral organ the ear is not directly heated by the heat pad during image acquisition, which may 

have led to temperature-related vasoconstriction and thereby reduction of measured blood volume over 

time. Future work should explore the impact of temperature and isoflurane-related sources in more 

detail. A high correlation was found between the quantified blood volumes measured at two different 

data acquisition positions, demonstrating robustness in assessment of specimen-specific blood 

parameters. Variability between different operators was assessed, with only slightly higher values for 

an unexperienced user, confirming observations from other studies on photoacoustic precision467. Taken 

together, these observations demonstrate good precision of photoacoustic mesoscopy measurements in 

preclinical oncology models, across time and with different user experience. 

Several limitations remain. Inter-scanner variability has not been assessed as part of this technical 

validation framework due to the extensive logistical challenges of such a study. Similarly, the impact 

of motion correction, image reconstruction algorithms and data post-processing has not been 

investigated. First steps towards analysis of these computational variation sources in mesoscopic 

imaging have been taken elsewhere478, but future work should explore these technical factors of 

variability in more depth for further user guidance. 

In summary, the following actions can be taken to minimise the impact of the identified sources of 

variation and maximise information retrieval in perfusion-limited hypoxia studies: 
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General recommendations: 

• Before image acquisition, it should be ensured that the interface unit and coupling foil are clean 

and intact. 

• For acoustic coupling, air bubble free ultrasound gel should be used (or degassed water for 

phantom studies). Temperature should be maintained at a similar temperature to the sample.  

• It should be considered that target intensities are impacted by vertical and horizontal rotation, 

and penetration depth. If possible, the same positioning of the imaging object with respect to 

the illumination and detection plane should be used. For optimal quantification, the target of 

interest should be as close to the scan head and as horizontal relative to the scan head as 

possible. 

• Care should be taken to maintain a constant transducer-target distance across repeated imaging 

sessions.  

• Accurate dimensions can be retrieved only for targets in x/y direction. 

In vivo recommendations: 

• Hair should be removed from the field of view. 

• The transducer setup should be adjusted for the right amount of compression: Too much 

compression can lead to vessel blockage, leading to signal loss, whereas too little compression 

leads to a limited field of view in z direction and potentially increased movement artefacts.  

• The movement of the imaging target should be minimised, this may require optimisation of 

mouse positioning. 

• For preclinical studies, respiration rate should be monitored on the live camera and maintained 

at a consistent value. 

• Ensure target temperature is maintained at 37°C throughout image acquisition.  
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6  APPLICATION OF 

PHOTOACOUSTIC MESOSCOPY 

AND MACROSCOPY TO 

STUDIES ON PERFUSION-

LIMITED HYPOXIA  
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6.1 Introduction 

As introduced in Chapter 1, blood vessels formed by angiogenesis in tumours are structurally and 

functionally abnormal, leading to heterogeneous perfusion492 with both diffusion- and perfusion-limited 

hypoxia in the tumour tissue microenvironment5,6,493. Diffusion-limited hypoxia is found in cells distant 

from the blood supply, and is caused by limitations in oxygen diffusion from tumour microvessels into 

the surrounding tissue. Perfusion-limited hypoxia occurs closer to the blood vessels, and is thought to 

arise from variations in red blood cell flux5,6,493 resulting from arteriolar vasomotion60,494, fast vascular 

remodeling495, disorganized vascular architecture51,496, temporary shutdown of vessels36 or increased 

transcapillary permeability497. The resulting pO2 fluctuations are considered to be of approximately 20 

mmHg5 magnitude and can occur with periodicities of minutes to hours52,498. To a greater extent than 

diffusion-limited (or chronic) hypoxia, perfusion-limited hypoxia has been shown to lead to intra-

tumoural inflammation, tumour metastasis, and resistance to radio- and chemotherapy1. Thus, 

investigation of the magnitude and distribution of hypoxia dynamics may help in the selection of 

optimal therapeutic strategies7,9. 

PAI can visualise haemoglobin-related biomarkers across a range of temporal and spatial resolutions499. 

Having established the robustness of PAI systems through technical validation in the previous chapters, 

this chapter addresses the task of developing and validating PAI biomarkers to investigate the spatial-

temporal dynamics of tumour oxygenation. The technical validation studies give confidence in the 

ability of the PAI systems used to resolve both fluctuations in sequential imaging within a single session 

and longitudinal changes over longer time periods as tumours grow. Using two breast-cancer cell line 

xenograft models with distinct vascular phenotypes169, PAI is employed at two different scales to 

investigate hypoxic dynamics: mesoscopic PAI, with associated caveats highlighted in the prior chapter, 

was used to assess vascular morphology and perfusion dynamics on a vessel-specific basis, whilst 

multispectral tomographic PAI was used to investigate oxygenation and perfusion across the whole 

tumour. The extracted PAI biomarkers were compared against histopathological and gene expression 

markers, providing further insight into the underlying biological processes that give rise to the imaging 

signals.  
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6.2 Methods 

6.2.1 Cell lines 

The human adenocarcinoma cell lines MCF7 (Oestrogen Receptor+, OR+) and MDA-MB-231 

(Oestrogen Receptor−, OR−) were obtained from the Cancer Research UK (CRUK) Cambridge 

Institute Biorepository, University of Cambridge. The experiments were performed when cells were in 

passage 21 (MCF7) and 28 (MDA-MB-231). Authentication using Genemapper 5.0 (Genetica) by STR 

Genotyping showed 100% match with the reference sequence in both cases. Cells were maintained in 

Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented by 10% of Foetal Bovine Serum 

(FBS, Gibco) at 37 °C in 5% CO2. Oestrogen receptor status of the tumours was confirmed using RNA 

sequencing. 

6.2.2 Mouse models 

Procedures on small animals were performed under the authority of project (PE12C2B96) and personal 

(IA70F0365) licenses issued by the Home Office, UK issued under the United Kingdom Animals 

(Scientific Procedures) Act, 1986 and were reviewed by the Animal Welfare and Ethical Review Board 

at the CRUK Cambridge Institute (Compliance form number CFSB2178). Seven-week-old 

immunodeficient female nude (BALB/c nu/nu) mice (n = 13; Charles River) were inoculated 

orthotopically in the mammary fat pad of both flanks with 1·106 cells (either MCF-7, n = 7 or MDA-

MB-231, n = 6, random group assignment) in a final volume of 100 μL of 1:1 phosphate-buffered saline 

(PBS, Gibco) and matrigel (BD). For MCF7, oestrogen implants (E2-M - 17β-estradiol 90 days release, 

daily dose: 41.2 – 105.6 pg/ml, Belma Technologies) were implanted subcutaneously in the scruff of 

the neck 3 days before tumour cell injection. Animals were kept in hermetic cages with individual air 

supply through an efficiency particulate air (EPA) filter to guarantee sterile conditions, in 12/12 h 

ON/OFF light cycles, with enriched environment and food and water ad libitum. To assess growth, 

tumours were measured before each imaging session using vernier callipers. Tumour volumes were 

calculated using the formula 𝑉 = 𝑎 ∙ 𝑏 ∙ 𝑏 ∙ 𝜋/6 with “a” being the longest axis of the tumour and “b” 

the shortest. Tumours were assessed up to an average volume of around 400 mm3 after which mice 

bearing MCF7 tumours had to be sacrificed due to development of side effects from the oestrogen 

implants.  
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Figure 6.1: Schematic overview on the experimental schedule. 

T.D.=mean tumour diameter. OE-OT refers to oxygen enhanced (OE) opto(photo)acoustic tomographic imaging 

and DCE-OT refers to dynamic contrast enhanced (DCE) opto(photo)acoustic tomographic imaging. Created with 

BioRender.  

 

6.2.3 Tomographic photoacoustic imaging 

Imaging was performed at three time points during tumour growth as illustrated in Figure 6.1. For 

tomographic PAI, the commercial multispectral photoacoustic tomography system described in Chapter 

4 was used (MSOT inVision 256-TF; iThera Medical GmbH, Figure 6.2A, B). Mice were prepared 

according to a previously published standard operating procedure145. Briefly, mice were anaesthetised 

using <3% isoflurane in 100% oxygen and placed in a custom animal holder (iThera Medical), wrapped 

in a thin polyethylene membrane, with ultrasound gel (Aquasonic Clear, Parker Labs) used to couple 

the skin to the membrane. The holder was then placed within the MSOT system and immersed in 

degassed water maintained at 36 °C for RHb and HbO2 imaging acquisition. The animal respiratory rate 

was maintained in the range 70–80 bpm with ~1.8% isoflurane concentration in 50% oxygen and 50% 

medical air unless otherwise stated.  

Mice were allowed to stabilize their physiology for 15 minutes within the system prior to initialization 

of the scan. The respiration rate was monitored by observing the breathing motion of the animal using 

a video feed from an optical camera positioned within the imaging chamber and counting the breaths 

over a minute using a stopwatch. After acclimatisation, the full volume tumours were imaged using a 

step size of 0.3 mm and the wavelength from 660 nm to 900 nm in 10 nm steps with an average of 10 

pulses per wavelength. Following volumetric imaging, a single slice was chosen in which one of the 

tumours presented its maximal cross section for temporal imaging. In some cases, this slice also aligned 

with the tumour on the contralateral flank, which means that both tumours were visualized for the 

temporally resolved imaging, but this was not always the case (Table 6.1). Imaging was then performed 
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continuously for 40 mins. To increase the temporal resolution, fewer wavelengths (700, 730, 750, 760, 

770, 800, 820, 840, 850 and 880 nm) and averages (6) were set for the temporal study.  

Following the temporal scan, oxygen enhanced optoacoustic tomography (OE-OT) was performed in 

the same slice using the same settings. OE-OT enables the visualization of the spatio-temporal 

heterogeneity of tumour vascular function500. It involves manual switching of the breathing gas from 

medical air (21% oxygen) to pure oxygen (100% oxygen) using separate flow meters500. At the final 

timepoint (mean tumour diameter = 9 mm), dynamic contrast enhanced (DCE)-OT was performed in a 

subset of mice (nMCF7=4, nMDA=6 tumours, Table 6.1). DCE-OT was initiated after OE-OT in the same 

imaging slice according to the protocol by Tomaszewski et al171. DCE-OT involves the injection of a 

contrast agent to enable the visualization of perfused areas within the tumour. Images were acquired 

using 6 wavelengths (700, 730, 760, 780, 800 and 850 nm) with an average of 6 pulses per wavelength. 

After 1 minute of continuous imaging to establish the baseline signal, a single bolus of 100 µl of 

indocyanine green (ICG, Sigma, I2633-50MG; 40 nmol/20 g mouse in PBS) was injected intravenously 

through a catheter. PAI was continued for a further 15 minutes to record the enhancement curve. 

 

Figure 6.2: System configurations of the tomographic and mesoscopic PAI system. 

(A) The tomographic PAI system features a 360˚ ring illumination and 270˚ acoustic detection setup placed inside 

a heated water tank [T]. Next to the system an animal preparation station [P] can be found with anaesthesia supply 

[A], a heating pad and animal and phantom holders that allow repeatable positioning. B) Representative 

tomographic image of a tumour-bearing mouse (tumour marked in yellow, Scalebar=5 mm). (C) The scan-head 

[S] of the mesoscopic PAI system is placed inside a light-tight imaging chamber and a heated animal bed [H] with 

integrated anaesthesia supply. Two illumination fibres (532 nm) raster-scan in tandem with an ultrasound (US) 

transducer over the imaging plane. (D) Tumour vasculature with color-coded frequency bands depicting vessels 

of different sizes (Scalebar=2 mm). 
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Table 6.1: Overview of sample distributions. 

Colours: Green = Tumour was included in the analysis. Grey = Tumour was not imaged, either because it was not 

in line with the contralateral tumour (n.i.l.) or because it did not enter the study (n.e.). Yellow = Tumour was not 

included in the temporal variation analysis due to motion artefacts, but was included in the analysis of the static 

parameters. Red = Sample had to be excluded due to artefacts (e.g., caused by skin lesions) or difficulties in 

sample processing. Blue = Data has not yet been analysed (MS=multi-slice imaging across the whole tumour 

volume). 

 

 

 

  

   RNA IHC RSOM       MSOT 

                  Temporal Variation  DCE 

Tumour Type Mouse Tumour     5 mm 9 mm MS 5 mm 7 mm 9 mm  

MCF7 A 1           M      n.e. 

  2           n.i.l. n.i.l.   n.e. 

 B 3           M       

  4           n.i.l.       

 C 5           M     n.e. 

  6           M     n.e. 

 D 7           M   A n.e. 

  8           M   A n.e. 

 E 9           M   M   

  10           n.i.l.   M   

 F 11           M     n.e. 

  12           M   n.i.l. n.e. 

 G 13           M     n.e. 

  14           n.i.l. n.i.l. n.i.l. n.e. 

MDA-MB-231 H 1           M       

  2           n.i.l.       

 I 3           M       

  4           n.i.l. n.i.l. n.i.l. n.i.l. 

 J 5           M       

  6           n.i.l. n.i.l. n.i.l. n.i.l. 

 K 7           M       

  8           M       

 L 9   A       M   A n.e. 

  10           n.i.l. n.i.l. n.i.l. n.e. 

 M 11           M M A n.e. 

  12           n.i.l. n.i.l. n.i.l. n.e. 
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6.2.4 Mesoscopic photoacoustic imaging 

The mesoscopic photoacoustic system introduced in Chapters 4 and 5 was used in this study (RSOM 

Explorer P50, iThera Medical GmbH, München, Germany, Figure 6.2C-D)473. For in vivo imaging, 

mice were anaesthetised using 3% isoflurane in 50% oxygen and 50% medical air. Mice were placed 

on a heat-pad maintained at 37°C inside the chamber. Respiratory rate was maintained at 70-80 bpm 

using isoflurane (~2% concentration) throughout image acquisition. Images were acquired at 81% laser 

energy and a laser pulse repetition rate of 1 kHz. Per imaging time point, at least one image of with a 

field of view of ≤12 × 12 mm (step size: 20 μm, acquisition time: ~7 mins) was acquired per tumour. 

For the first and last tumour imaging timepoint, 15 consecutive images were acquired over a field of 

view of ≤6 × 6 mm of each tumour (step size: 20 μm, acquisition time: ~2 mins per image, 30 mins in 

total) to evaluate perfusion over a time span of 30 mins. 

6.2.5 Tissue processing for histopathology and image analysis 

Tumour tissue was fixed in neutral buffered 10% formalin for 24 hours, and then processed by the 

Cancer Research UK Cambridge Institute Histopathology core facility. The tissue samples were 

embedded in paraffin, sectioned, and rehydrated. Following deparaffinising and rehydration, IHC was 

performed using a BOND automated stainer with a bond polymer refine detection kit (Leica 

Biosystems) and 3,3’- diaminobenzadine as a substrate. The markers chosen, working dilutions, and 

antigen retrieval methods are detailed in Table 6.2. Adjacent serial sections were used for CD31 and 

ASMA staining. Haematoxylin and Eosin (H&E) staining was performed using an automated system 

(ST5020 Leica, Biosystems). Stained formalin-fixed paraffin-embedded (FFPE) sections were scanned 

at 20× magnification using an Aperio AT2 with a resolution of 0.5µm/pixel (Leica Biosystems). N=1 

tumour (MDA-MB-231) was excluded from the analysis due to processing difficulties (Table 6.1). 

For analysis of histopathological images, regions of interest (ROIs) were drawn on the scanned images 

over the whole viable tumour area, excluding skin and necrotic regions. Using HALO (v3.2, Indica 

Labs), a random-forest tissue classifier was trained for analysing the samples. Typically, the classifier 

was trained using 50 plus annotations per tissue class per image on a training set of 20-40% of the 

images. Necrotic area, CD31 positive and CAIX positive area (µm2) were quantified as a percentage of 

the total classified tumour area (µm2). For HIF-1α quantification, the percentage of positive nuclei from 

all nuclei within the tumour area was counted since nuclear location of HIF-1α indicates its 

transcriptional activity501. To quantify ASMA coverage of blood vessels, a classifier was run on an 

adjacent CD31 section to identify CD31 positive areas, and then overlaid onto the ASMA section. An 

area quantification module was then used to identify areas that were both ASMA and CD31 positive. 

The fraction of the ASMA positive area within the CD31 positive area was taken as the ASMA vessel 

coverage (%). 
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Table 6.2: Overview of histological and IHC markers used. 

(HIER=heat-induced antigen (epitope) retrieval). 

 

6.2.6 RNA analysis  

Total RNA was extracted from flash frozen tumour tissue using the Maxwell® RSC miRNA from 

Tissue kit (AS1680; Promega) following the standard protocol. RNA concentration was quantified 

using the Qubit 4 RNA Broad Range Assay kit (Life Technologies, Thermo Fisher Scientific Inc.) with 

a Qubit™ 4.0 Fluorometer (Life Technologies, Thermo Fisher Scientific Inc.). RNA integrity number 

(RIN) scores were measured using the Agilent Bioanalyzer (Agilent Technologies, Santa Clara, Calif) 

to assess RNA quality. All samples had a RIN > 7, which was considered acceptable for further analysis. 

Libraries for RNA-seq were prepared with an Illumina TruSeq stranded mRNA workflow. One pool of 

24 libraries was sequenced on Illumina NovaSeq 600 with paired-end and 50 bp long reads. Each sample 

had about 35 million reads on average. Each sample group had 3 or 4 replicates. All analysis was 

conducted in R. Reads were aligned against human genome assembly GRCh38 (hg38) using the STAR 

alignment tool505. Reads were counted against genes using featureCounts from the Subread package506. 

Principal Component analysis (PCA) was used to assess variation between the samples. The first two 

principal components were used to visualize the data and the percentage variance was calculated. For 

differential expression analysis, the DEseq2507 package was used. Gene set enrichment analysis 

(GSEA)508 was performed against the Molecular Signature Database (MSigDB)509 for downstream 

functional annotation. The Bioconductor package510 was used to perform gene set variation analysis 

(GSVA).  

  

Marker Full Name Supplier 
Antibody retrieval 
method 

Visualisation Ref. 

Anti-mouse 
CD31 

Cluster of 
differentiation 31 

Cell signalling 
77699 

1:100, Tris-EDTA 
HIER 20min 

Stable and highly expressed 
endothelial cell marker; indicates 
vessel density 

502 

Anti-mouse 
ASMA 

Alpha smooth 
muscle actin 

Abcam, ab5694 
1:500, Tris-EDTA 
HIER 10min 

Smooth muscle and pericyte 
marker; indicates vascular maturity 

169 

Anti-human 
CA-IX 

Carbonic 
anhydrase IX 

BioScience 
Slovakia, AB1001 

1:1000, Sodium 
Citrate HIER 20min 

Chronic hypoxia marker, 
downstream target of HIF-1α (half-
life 2-3 days) 

503 

Anti-human 
HIF-1α 

Hypoxia inducible 
factor 1α 

Abcam, ab51608. 
1:50, Sodium 
Citrate HIER 20min  

Acute hypoxia marker (half-life 5-8 
mins) 

504 

H&E 
Haematoxylin & 
Eosin 

Leica 
Microsystems 
Eosin 1%, Haem. 
3801560E 

 
Marker of general tissue 
architecture 

169 
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6.2.7 Photoacoustic data analysis 

6.2.7.1 Tomographic image analysis 

Tomographic image analysis was performed in Python (version 3.8.12). PAI reconstruction was 

performed using an acoustic backprojection algorithm. Images were reconstructed with a pixel size of 

100 μm × 100 μm. Linear spectral unmixing was performed for HbO2, RHb, and ICG if present. ROIs 

were drawn manually around the tumour area (excluding the skin) and spinal tissue (as reference region) 

in the grayscale 800 nm (isosbestic) image taken from the first frame of each scan to reduce bias in the 

analysis. The spinal tissue was used as a reference region as it was present on all the scans and could 

be confidently identified. The reconstructed images were down sampled by a factor of 3 for further 

analysis, to improve response classification (see below). 

As PAI cannot accurately measure the absolute sO2 without the precise knowledge of optical energy 

distribution, the approximate oxygenation metric derived in this study was denoted as sO2
MSOT rather 

than absolute sO2. sO2
MSOT was computed as the ratio of HbO2 weighted signals to total haemoglobin 

weighted signals (THb=HbO2 + RHb) from linear spectral unmixing. The spatial variability of the signal 

was assessed by calculating the standard deviation of the sO2
MSOT values in each tumour ROI.  

To analyse oxygenation dynamics, an analysis procedure described previously was followed99,113,511. 

Briefly, the following processing steps were applied to the time profiles of each pixel: (i) linear 

detrending; (ii) calculation of the autocovariance; (iii) calculation of the power spectral density via the 

Lomb-Scargle method512,513 and (iv) thresholding according to a confidence interval, assuming that the 

signal is affected by Gaussian noise. The Lomb-Scargle method has been chosen over other methods of 

frequency analysis (e.g., fast Fourier transform (FFT)), as it allows more accurate identification of 

frequency peaks514. For each tumour, the Lomb-Scargle method was applied to individual pixel sO2
MSOT 

time courses and the resulting spectra were combined into a single average tumour frequency spectrum. 

Data sets were included in the analysis only if they were free of motion artefacts to avoid propagating 

artefacts into the frequency spectra (Table 6.1). The spectral mean and standard deviation for each 

tumour type was then computed independently for each of the 3 time points during tumour growth. 

Dominant frequencies of sO2
MSOT oscillation were assessed based on spectral power. Pixels having a 

peak within frequency band of 0 to 0.005 Hz (0–18 cycles per hour) were defined as cyclic pixels (3–

18 cycles per hour is considered the relevant physiologic range99,115). The cyclic fraction per tumour 

was calculated as the ratio between the number of cyclic pixels and the total pixel count. 

For analysis of the OE-OT and DCE-OT data, previous established analysis pipelines were followed171. 

For OE-OT data analysis, average sO2
MSOT was calculated in each pixel for air and oxygen breathing 

periods. Per pixel, the amplitude of response to the oxygen gas ΔsO2
MSOT=sO2

MSOT (O2) – sO2
MSOT (Air) 

was then calculated. Each pixel was classified as responding to the oxygen challenge if ΔsO2
MSOT 

exceeded 2 × SDOE where SDOE denotes the standard deviation of the sO2
MSOT values between the 
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individual scans acquired during air breathing. Artefactual negative Hb or HbO2 pixels were classified 

as nonresponding. The OE responding fraction was calculated for each tumour as the number of 

responding pixels divided by the total number of pixels in the tumour ROI. 

DCE-OT analysis was performed similarly to the OE-OT data analysis. The amplitude of ICG 

enhancement, ΔICG, was quantified as the difference between the average baseline ICG signal and the 

maximum signal recorded in the first 3 minutes after injection. Each pixel was then classified as 

enhancing when ΔICG exceeded 2 × SDDCE, where SDDCE denotes the SD of the individual images 

acquired before contrast agent injection. As for the OE-OT data, artefactual negative pixels were 

classified as nonresponding and responding fraction was calculated as the number of responding pixels 

divided by the total number of pixels in the tumour ROI. 

6.2.7.2 Mesoscopic photoacoustic imaging analysis 

To extract morphological features of mesoscopic data, the existing analysis pipeline478 used in Chapter 

5 was followed. After skeletonization, structural and topological data analysis (STA) of the vascular 

networks was performed using previously reported software that applies a central method of STA, 

persistent homology, to calculate the topological invariants of the data at different scales by studying 

filtrations of simplicial complexes515. The vascular metrics extracted include statistical descriptors: 

vessel diameters and lengths, vessel tortuosity (sum-of-angles measure, SOAM=the average change in 

angle per unit length); and network topology descriptors: the number of connected components (Betti 

number β0, the number of vascular subnetworks), edges and nodes. For the mesoscopic time series data, 

co-registration was performed to investigate perfusion fluctuations in the vessels. Images were down 

sampled to quasi-isotropic voxel resolution (FOV, 300×300×300; resolution, 20×20×10 microns cube) 

to accelerate the convergence of the evolutionary optimizer, enabling more uniform weighting of 

intensities in each 3D direction during co-registration. Using a built-in MATLAB function (imregtform 

- ‘multimodal’ setting) an affine co-registration method was applied to co-register the 3D-data time 

series (Figure 6.3). The first image within the time series served as the reference image in the co-

registration procedure. The co-registration method intended to remove major movement shifts in the 

time series data. A perfect overlap of the images is not expected as perfusion changes will naturally 

lead to dis-/re-appearance of vessels, and minor physiological tissue deformations can occur over time. 
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Figure 6.3: 3D coregistration of mesoscopic PAI time series data. 

Representative uncoregistered (top) and coregistered (bottom) 3D RSOM image cubes displayed as maximum 

intensity projections (MIP) in x/y (left), x/z (middle), and y/z (right) direction. Coregistration of the first and last 

3D image in the RSOM time series is displayed. Grey areas correspond to areas that have similar intensities, while 

magenta and green areas indicate locations where signal intensities differ. Similarity is summarized by the 

structural similarity index measure (SSIM), an image quality metric that assesses the visual impact of luminance, 

contrast, and structure. The range of SSIM values extends between 0 and 1, where a value of 1 indicates absolute 

equivalence of two images. Scale bar=1mm. 

6.2.8 Statistical analysis 

Statistical analysis was performed using GraphPad Prism v.9. Each tumour was considered as an 

independent biological replicate. To compare means between the two cell lines, an unpaired two-tailed 

student’s t-test was performed unless the data violated the assumption of a Gaussian distribution, in 

which case a Mann-Whitney test was conducted. To compare means between different time points a 

paired two-tailed t-test was conducted. For correlation analysis, the Pearson correlation coefficient was 

determined. Significance was assigned for p-values <0.05. 
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6.3 Results 

6.3.1 MDA-MB-231 shows more aggressive tumour growth than MCF7 

In line with the observations of other studies169, the MDA-MB-231 tumour model displayed a more 

aggressive, faster growth phenotype compared to the MCF7 model. On average the MDA-MB-231 

model reached a tumour volume of 400 mm3 after 37 days; the MCF7 model required 48 days to reach 

the same size (Figure 6.4).  

 

  
Figure 6.4: Growth curves of MCF7 (n=14, pink) and MDA-MB-231 (n=12, black) tumours. 

Each line represents one tumour (biological replicate) measured at multiple time points (data points). 

6.3.2 Photoacoustic tomography reveals differences in oxygen availability and 

distribution between both models 

First, macroscopic photoacoustic tomography was used to assess differences in static haemoglobin-

related biomarkers between the MCF7 and MDA-MB-231 tumour model. Along tumour growth, a 

significant decrease in blood oxygenation, as measured by sO2
MSOT was observed (Figure 6.5A, 

pMCF7=0.0287, pMDA=0.0143). Pooling data across all time points, the MDA-MB-231 model was found 

to be less well oxygenated than the MCF7 model (Figure 6.5B, p<0.0001). The decrease in sO2
MSOT as 

a function of tumour growth was accompanied by a significant increase in the spatial heterogeneity of 

the oxygen distribution in both models (Figure 6.5C, pMCF7=0.0011, pMDA=0.0480). Spatial 

heterogeneity of oxygen distribution was globally more pronounced in MDA-MB-231 compared with 

in MCF7 (Figure 6.5D p<0.0001). For THbMSOT, a surrogate marker of perfusion, a significant decrease 

with tumour growth could be determined in the MCF7 model (pMCF7=0.0073), and although a similar 

trend was observed in the MDA-MB-321 model it was not quite significant (Figure 6.5E, pMDA= 

0.0698). Overall, no significant difference in THbMSOT could be observed between the models (Figure 

6.5F, p=0.4823). The spatial variation of THbMSOT was not affected by tumour volume (Figure 6.5G, 

pMCF7=0.6101, pMDA=0.2918), but was generally higher in MDA-MB-231 (Figure 6.5H, p=0.0006).  
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Figure 6.5: Photoacoustic tomography reveals poorer oxygenation and greater heterogeneity in 

oxygenation in MDA-MB-231 tumours compared to MCF7. 

Static hypoxia and perfusion parameter of MCF7 (black circle) and MDA-MB-231 (white square) tumours at 

three different time points: mean tumour diameter 5 mm (nMCF7=10, nMDA=6), mean tumour diameter 7 mm 

(nMCF7=13, nMDA=9), mean tumour diameter 9 mm (nMCF7=10, nMDA=6). Individual values over time and 

summarizing comparison between the tumour types for photoacoustically measured oxygen saturation (sO2MSOT, 

A,B), 2D spatial standard deviation in oxygen distribution (2D spatial SD sO2
MSOT C,D), total haemoglobin 

(THbMSOT E,F), and 2D spatial standard deviation in total haemoglobin (2D spatial SD THbMSOT G,H). Data 

expressed as mean ±SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001 by unpaired two-tailed t-test. 

 

6.3.3 MDA-MB-231 tumours show higher variability in oxygenation than 

MCF7 tumours  

After assessing static PAI biomarkers, dynamic oxygenation variability was investigated. As data for 

the smallest tumour size was compromised by pronounced movement artefacts, oxygen variability 

analysis was only conducted on medium and large tumour volumes. Both models were characterised by 

significantly higher variability in sO2
MSOT in the tumour region compared to the reference region (spinal 

tissue, pMCF7=0.0004, pMDA=0.0004, Figure 6.6A,B). Pooled over both time points, a higher COV in 

sO2
MSOT over time was found in MDA-MB-231 compared to MCF7 (Figure 6.6D, p=0.0034), with no 

significant changes over tumour growth (Figure 6.6C, pMCF7=0.8682, pMDA=0.8693). Following 

previous analysis pipelines99,113,511, the tumour region was separated into high- and low fluctuating 

fraction, revealing a higher fluctuating fraction in MDA-MB-231 (Figure 6.6E,F, p=0.0001) with no 

significant changes longitudinally (Figure 6.6E, pMCF7=0.6636, pMDA=0.7486). The general mean 

cycling fractions cf were found to be cf=19.7 ± 17.6% and cf=50.1 ± 21.2% for MCF7 and MDA-MB-

231, respectively, resembling fractions of 17% to 59% as previously reported for PAI113, 13% to 52% 

reported for 18F-miso PET103 and 21 ± 6% to 41 ± 3% measured by EPRI516. To further characterise the 
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variation in oxygen fluctuation, the frequency spectra of the longitudinal sO2
MSOT data were explored 

(Figure 6.6G,H). For medium and large tumours (7 mm and 9 mm), MDA-MB-231 tumours showed 

higher peak power than MCF7 tumours (Figure 6.6G,H). Peak frequencies could be observed in the 

range of flow=1.8 cycles (0.0005 Hz) to around fhigh=15.1 cycles (0.0042 Hz) per hour. Spontaneous 

fluctuations appeared not to depend on tumour size in our models. 
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Figure 6.6: Oxygen variability analysis of the sO2
MSOT curves in MDA-MB-231 and MCF7 tumour-bearing 

mice. 

(A) Representative standard deviation map of mouse cross section (MDA-MB-231 tumour). Tumour and 

reference regions are indicated with white arrows. Scale bar=6 mm. (B) sO2
MSOT standard deviation compared 

between reference region (spinal tissue) and tumour. (C-F) Data over time and pooled data for oxygen variability 

(coefficient of variation=COV sO2
MSOT) (C,D) and cycling fraction (E,F). Mean power spectra for MCF7 (G) and 

MDA-MB-231 (H) at tumours sizes with mean diameter of 7 mm (beige full line) and 9 mm (black dotted line). 

Shaded area depicts the standard deviation. Mean tumour diameter 7 mm: nMCF7=11, nMDA=8; mean tumour 

diameter 9 mm: nMCF7=7, nMDA=6. Data expressed as mean  ±  SD, *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired 

two-tailed t-test.  
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6.3.4 OE- and DCE-OT underline differences in vascular functionality and 

perfusion  

To connect underlying differences in vascular perfusion and functionality with measured oxygen 

variability over time, OE-OT and DCE-OT were performed171 (Figure 6.7A). 

No significant changes in ΔsO2 could be detected for both tumour types during tumour growth (Figure 

6.7B). Combined over all longitudinal timepoints, a higher ΔsO2 was observed for MCF7 tumours 

(Figure 6.7C, p=0.0354), suggesting overall better vascular function in this model. In a subset of mice, 

DCE-OT was conducted at the final timepoint to assess areas of vascular perfusion. A higher responding 

fraction could be found for the MCF7 model (Figure 6.7D), p=0.0454) indicating better perfusion than 

in the MDA-MB-231 tumours (no significant differences between ΔICG; Figure 6.7E; p=0.3899).  
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Figure 6.7: Photoacoustic tomography reveals spatial distribution of oxygen and perfusion dynamics. 

(A) Representative photoacoustic tomography slices highlighting tissue hypoxia (first image, sO2
MSOT), 

fluctuations in oxygenation (second image, SD sO2
MSOT), vascular functionality (third image, ΔsO2), and vascular 

perfusion (fourth image, ΔICG). Scale bar=7mm. (B) ΔsO2 data over different tumour volumes in MCF7 (black 

circle) and MDA-MB-231 (white square). (C) ΔsO2 data pooled over all timepoints. ICG responding fraction (D) 

and ΔICG (E) for both tumour models are displayed (nMCF7=4, nMDA=6, final longitudinal timepoint). Data 

displayed as mean ± SD, *p < 0.05, **p < 0.01 by unpaired two-tailed t-test.  
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6.3.5 Photoacoustic mesoscopy reveals morphological changes along tumour 

growth  

Using photoacoustic mesoscopy, differences in vascular morphology between the two tumour models 

were investigated to provide further insight into the mechanisms that underly the hypoxia and perfusion 

dynamics seen in the tomographic biomarkers. Using our STA pipeline, vascular network descriptors 

were compared between the two cell lines along tumour growth (Figure 6.8). MDA-MB-231 tumours 

were characterised by vessels with significantly smaller diameter (Figure 6.9A,B, p=0.0004). Notably, 

the vessels also appeared to be shorter in lengths, albeit not quite significant (Figure 6.9C,D, p=0.0571). 

Interestingly, the vessel length significantly decreased for the MCF7 tumours with increasing tumour 

volume (Figure 6.9C, p=0.0074), whilst the MDA-MB-231 was characterised by short vessels at small 

and large tumour volumes. MDA-MB-231 tumours also featured a higher number of vascular 

subnetworks (connected components) than MCF7 tumours (Figure 6.9E,F, p=0.0176). Again, the 

number of subnetworks increased for the MCF7 tumours with increasing tumour volume, whilst a high 

number of subnetworks was already found for MDA-MB-231 tumours at the earlier timepoint (Figure 

6.9F, p=0.0149). 3D vascular tortuosity, as captured by the sum-of-angles measure, increased for both 

tumour models with increasing tumour volume (Figure 6.9G,H, pMCF7=0.0010, pMDA=0.0310). Notably, 

a significant correlation was found between the MSOT cycling fraction and the number of nodes 

(Pearson r= 0.63, p=0.0148), edges (Pearson r=0.59, p=0.0272) and vessel lengths (Pearson r=-0.59, 

p=0.0271), and also between the temporal COVMSOT and the number of nodes (Pearson r=0.66, 

p=0.0271) and edges (Pearson r=0.68, p=0.0271), indicating higher variation in denser vascular 

networks with smaller vessel sizes. 

Taken together, these results point towards a more immature vascular phenotype in the MDA-MB-231 

model with a denser vascular network structure, and potentially an earlier onset of tumour angiogenesis.  
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Figure 6.8: Photoacoustic mesoscopy reveals development of distinct vascular phenotypes over time. 

X/Y MIPs of MCF7 (top) and MDA-MB-231 (bottom) tumours at small (left, mean diameter (m.d.)=5 mm), 

medium (middle, m.d.=7 mm) and large (right, m.d.=9 mm) tumour volume. Larger vessels (11–33 MHz) are 

indicated in red and smaller vessels (33–99 MHz) are indicated in green; merge/overlap of high- and low-

frequency signals is indicated in yellow. 

  



 

118 

MCF7 MDA

0

100

200

300

400

500

le
n

g
th

 (
μ

m
)

0.0571

MCF7 MDA

0.5

0.6

0.7

0.8

0.9

1.0

c
o

n
n

e
c
te

d
 c

o
m

p
o

n
e
n

ts
, 
β

0

✱

5 9 5 9

0.4

0.6

0.8

1.0

mean tumour diameter (mm)

c
o

n
n

e
c
te

d
 c

o
m

p
o

n
e
n

ts
, 
β

0

✱

✱✱

MCF7 MDA-MB-231

MCF7 MDA

90

100

110

120

d
ia

m
e

te
rs

 (
μ

m
)

✱✱✱

MCF7 MDA

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

S
O

A
M

ns

5 9 5 9

0.0020

0.0025

0.0030

0.0035

0.0040

0.0045

mean tumour diameter (mm)

S
O

A
M

✱✱ ✱

MCF7 MDA-MB-231

5 9 5 9

80

90

100

110

120

mean tumour diameter (mm)

d
ia

m
e

te
rs

 (
μ

m
)

✱✱✱

MCF7 MDA-MB-231

5 9 5 9

0

100

200

300

400

500

mean tumour diameter (mm)

le
n

g
th

 (
μ

m
)

✱✱

MCF7 MDA-MB-231

✱A

HGFE

DCB

 

Figure 6.9: Vascular morphology metrics of MCF7 and MDA-MB-231 tumours investigated longitudinally 

during tumour growth.  

Vascular network metrics are displayed for MCF7 (black dots) and MDA-MB-231 (white squares) tumours of a 

mean diameter of 5 mm (nMCF7=14, nMDA=12)  and 9 mm (nMCF7=14, nMDA=12) individually, and pooled for both 

tumour volumes: vessel diameter (A,B), length (E,F), connected components (E,F), and sum-of angles measure 

(SOAM, G,H). Data displayed as mean ± SD, Significance (*p < 0.05, **p < 0.01, ***p < 0.001) assigned between 

different time points by paired two-tailed t-test, and between different models by unpaired two-tailed t-test. 

 

6.3.6 Photoacoustic mesoscopy reveals differences in perfusion 

After assessing static differences between the models during tumour growth, dynamic differences in 

perfusion were investigated using the sequential photoacoustic mesoscopy data. Variations in perfusion 

can impact the measured signal intensities in vessels, and could potentially lead to their full 

disappearance in the photoacoustic images if perfusion is insufficient or lacking. Thus, increased 

heterogeneity in perfusion may be reflected by a higher variation in STA metrics over time. To test this 

hypothesis, COVs of STA metrics at small (mean diameter 5 mm) and large (mean diameter 9 mm) 

tumour volumes were compared. Indeed, a significantly higher variation in the number of nodes (Figure 

6.10A, p=0.0281) and edges (Figure 6.10B, p=0.0205) of the vessel network, as well as in the average 

vessel length (Figure 6.10C, p=0.0109) and sum-of-angles metric (Figure 6.10D, p=0.0039) could be 

observed for the MDA-MB-231 model at the earlier longitudinal time point. No significant changes 

could be seen for the later longitudinal imaging time point. Interestingly, the two models displayed 

different dynamics during tumour growth: whilst the MCF7 model showed increased heterogeneity in 

perfusion with growing tumour size (as assessed by increased variability in number of nodes [Figure 
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6.10A, p=0.0384] and sum-of-angles measure [Figure 6.10D, p=0.0384]), the MDA-MB-231 model 

showed higher variability in vessel lengths at the earlier longitudinal time point (Figure 6.10C, 

p=0.0259). Visual inspection of the images revealed constant perfusion in larger vessels, whilst 

perfusion appeared to be more variable in smaller vessels in both models (Figure 6.11).  

5 9 5 9

0

10

20

30

mean tumour diameter (mm)

E
d

g
e
s
 C

O
V

 (
%

)

MDA-MB-231MCF7

✱

5 9 5 9

0

10

20

30

mean tumour diameter (mm)

N
o

d
e
s
 C

O
V

 (
%

)

MDA-MB-231MCF7

✱

✱

5 9 5 9

0

5

10

15

mean tumour diameter (mm)

L
e
n

g
th

s
 C

O
V

 (
%

)

MDA-MB-231MCF7

✱✱

5 9 5 9

0

2

4

6

8

10

mean tumour diameter (mm)

S
O

A
M

 C
O

V
 (

%
)

MDA-MB-231MCF7

✱

✱✱

A B C D

 

Figure 6.10: Variation of vascular morphology metrics in MDA-MB-231 and MCF7 tumours. 

Coefficient of variations (COV) of vascular morphology metrics during sequential mesoscopic PAI over a time 

span of 30 minutes for MCF7 (nMCF7=14) and MDA-MB-231 (nMDA=12) tumours (mean diameter 5 and 9 mm): 

number of nodes (A), edges (B), lengths (C) and sum-of-angles measure (SOAM, D). Data displayed as mean ± 

SD, significance assigned between different tumour models by unpaired two-tailed t-test, and between different 

time points by paired two-tailed t-test. 

 

 

 

Figure 6.11: MDA-MB-231 and MCF7 display variation in perfusion over time. 

(A) Representative mesoscopic segmentation masks (depth-encoded) at different timepoints of MCF7 (top row) 

and MDA-MB-231 (bottom row). Variations in perfusion accumulate in smaller vessels (dashed line) and are less 

pronounced in larger, mature vessels (dotted line). Scale bar=1 mm.  
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6.3.7 Immunohistochemistry analysis supports the finding of a less mature, 

more hypoxic vascular phenotype in MDA-MB-231 

For validation of the PAI biomarkers, the underlying tumour tissue structure was investigated using 

IHC at the final longitudinal time point. In line with the PAI sO2
MSOT results, MDA-MB-231 tumours 

showed a higher hypoxic fraction as assessed with both nuclear HIF-1α (Figure 6.12A,C, p=0.0322) 

and CAIX (Figure 6.12A,B, p=0.0055), a downstream target of HIF-1.). A higher necrotic fraction was 

found in MDA-MB-231 (p=0.0031, Figure 6.12D), reflecting its more aggressive tumour growth. In 

line with previous reports169,517, the MDA-MB-231 model was characterised by a higher vessel density 

(p= <0.0001, Figure 6.13B), but these vessels were found to be less mature than MCF7 vasculature 

when analysing the pericyte coverage as assessed with ASMA (p=0.0285, Figure 6.13C). Interestingly, 

the non-cycling fraction appeared to map to necrotic regions on qualitative observation (Figure 6.14). 

For PAI biomarkers of perfusion-limited hypoxia, significant correlations (Table 6.3) could be found 

between MSOT cycling fraction and spatial SDMSOT with vessel density (CD31), hypoxia (CAIX) and 

necrotic fraction (H&E). Temporal SDMSOT was also found to correlate with necrotic fraction and 

hypoxia (CAIX) (Table 6.3, approaching significance for vessel density (CD31): r=0.50, p=0.0672). 

These results indicate higher variability in oxygenation in more angiogenic areas with poor vascular 

functionality.  
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Figure 6.12: MDA-MB-231 are characterised by higher hypoxia and necrosis at the final time point. 

(A) Representative CAIX (first row, brown staining at plasma membrane), HIF1-α (second row, brown staining 

at nucleus) and H&E (third and fourth row) of MCF7 (black dots) and MDA-MB-231 model (white squares). 

Quantified CAIX (B) and HIF-1α positivity (C) of MCF7 and MDA-MB-231 model are displayed. (D) Percentage 

necrotic area quantified from H&E sections of MCF7 and MDA-MB-231 model are shown. Data expressed as 

mean  ±  SD, *p < 0.05, **p < 0.01 by unpaired two-tailed t-test. nMCF7=14, nMDA=11. 
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Figure 6.13: MDA-MB-231 show higher vessel density with lower maturity at the final time point. 

(A) Representative IHC images of CD31 (top), ASMA (middle) and CD31/ASMA mask (bottom). Brown staining 

indicates positive expression of marker. In the CD31/ASMA overlay, red indicates areas where CD31 and ASMA 

are colocalised (ASMA vessel coverage) and yellow indicates areas where CD31 is alone. (B) CD31 staining area 

quantified from CD31 IHC sections and normalised to tumour area for MCF7 (black dots) and MDA-MB-231 

model (white squares). (C) ASMA vessel coverage of CD31+ vessels on ASMA IHC sections shown for both 

models, respectively. Data expressed as mean ± SD, *p < 0.05, **p < 0.01 by unpaired two-tailed t-test. nMCF7=14, 

nMDA=11. 
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Figure 6.14: Non-cycling fractions qualitatively appear to map to necrotic regions.  

Representative photoacoustic MCF7 (top) and MDA-MB-231 (bottom) tumour cross sections showing SD 

sO2
MSOT map (left), cycling fractions (middle, black=non-varying, beige=varying) and thresholded H&E maps 

(right) highlighting necrotic (dark purple) and non-necrotic (pink) regions.  

 

 

Table 6.3: Correlation between perfusion-limited hypoxia PAI biomarkers and IHC markers. 

SD=standard deviation, n.s.=not significant. 

6.3.8 Gene expression supports a more hypoxic, angiogenic phenotype of 

MDA-MB-231 

To further explore the underlying mechanisms that cause the variations in hypoxia and perfusion, the 

gene expression of both models was analysed. Initial exploration of the RNA sequencing data using 

PCA showed distinct transcriptomes between MCF7 and MDA-MB-231 (PC1: 74.36% variance, PC2: 

7.06% variance), with MCF7 clustering more closely together than MDA-MB-231 (Figure 6.15A). 

Differences in angiogenesis- and hypoxia-related gene expression were assessed to explore whether 

differences in transcriptomes supported PAI and IHC observations. Using GSEA and GSVA, highly 

significant differences could be found between the models in hypoxia (Figure 6.15B,C, Figure 6.16)  

and angiogenesis-related gene expression (Figure 6.15D,E, Figure 6.17) with higher enrichment in the 

 
MSOT Cycling fraction Temporal SDMSOT Spatial SDMSOT 

Pearson r p-value Pearson r p-value Pearson r p-value 

CD31 0.71 0.0042** 0.50 0.0672 (n.s.) 0.77 0.0005*** 

H&E 0.58 0.0305* 0.69 0.0063** 0.74 0.0011** 

CAIX 0.82 0.0003*** 0.57 0.0319* 0.72 0.0018** 
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MDA-MB-231 model (p values indicated in Figure 6.15) . MDA-MB-231 also displayed significantly 

higher expression in apoptosis-related gene expression than MCF7 (GSVA: p<0.0001, not plotted). 

Notably, the GSVA scores correlated with histopathological markers. A positive correlation could be 

found between the hypoxia gene signature and hypoxia markers CAIX (r=0.53, p=0.0087) and HIF-1α 

(r=0.53, p=0.0172), between the angiogenesis gene signature and CD31 (r=0.64, p=0.001), and between 

the apoptosis gene signature and the necrotic fraction as evaluated via H&E (r=0.53, p=0.0104), thereby 

providing confidence in the transcriptomic data.  

 

 

Figure 6.15: MDA-MB-231 and MCF7 display significant differences in hypoxia and angiogenesis-related 

gene expression. 

(A) PCA displays distinct transcriptomes between MCF7 (blue) and MDA-MB-231 (red; nMCF7=14, nMDA=12). 

GSEA (B) and GSVA (C) analysis of hypoxia gene signature. GSEA (D) and GSVA (E) analysis of angiogenesis 

gene signature (ES=enrichment score). Boxes between 25th and 75th percentiles; line at median. Significance 

assigned unpaired two-tailed t-test (p-values shown in figure). 

.  
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Figure 6.16: Heatmap displaying relative expression of 196 genes in a hypoxia gene signature in MCF7 and 

MDA-MB-231 tumours. 

Each row denotes a gene in the signature, labelled on the right-hand side. Each column corresponds to one sample 

of either MCF7 (pink) or MDA-MB-231 (purple) tumours. The strength of expression (displayed as relative z-

scores with red to blue colour coding) decreases from left to right in the heatmap. nMCF7=14, nMDA=12. 
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Figure 6.17: Heatmap displaying relative expression of 33 genes in an angiogenesis gene signature in MCF7 

and MDA-MB-231 tumours. 

Each row denotes a gene in the signature, labelled on the right-hand side. Each column corresponds to one sample 

of either MCF7 (pink) or MDA-MB-231 (purple) tumours. The strength of expression (displayed as relative z-

scores with red to blue colour coding) decreases from left to right in the heatmap. nMCF7=14, nMDA=12. 
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6.3.9 Histopathological and photoacoustic biomarkers correlate with underlying 

genetic phenotype  

After assessing general differences in gene expression between the two models, and confirming 

correspondence to IHC markers, the correlation between the photoacoustic biomarkers and the 

underlying gene expression was analysed (Table 6.4). Tomographic perfusion-limited hypoxia 

biomarkers from the dynamic measurements (MSOT cycling fraction, temporal SD, and 2D spatial SD) 

were found to be positively correlated to the three gene signatures, suggesting higher oxygenation 

variability in hypoxic, angiogenic and apoptotic tumour environments. Notably, a particularly strong 

relationship was found between apoptosis GSVA scores and spatial SDMSOT (p<0.0001). sO2
MSOT values 

were negatively correlated to the three gene signatures, confirming a more viable, normalized 

environment in better oxygenated tumours. For the mesoscopic PAI data, the mean average vessel 

diameter was found to be negatively correlated with all three GSVA scores, indicating a relationship 

between thinner, less mature vessels and more hypoxic, angiogenic and apoptotic tumours. The number 

of nodes and edges were found to be positively correlated with all three GSVA scores, pointing towards 

a correspondence between higher vessel density and higher hypoxia, angiogenesis, and cell death.  

 

Table 6.4: Correlation between perfusion-limited hypoxia PAI biomarkers and GSVA scores. 

Pearson r and respective p-value are displayed for each parameter. SD=standard deviation, n.s.=not significant. 

Colours correspond to p-values: red: p=n.s., light green: *p < 0.05, green: **p < 0.01, dark green: ***p < 0.001. 

 

  

Modality  
GSVA 

Hypoxia 

GSVA 

Angiogenesis 

GSVA 

Apoptosis 

Tomography sO2
MSOT 

r=-0.58 

p=0.0187* 

r=-0.50 

p=0.0497* 

r=-0.61 

p=0.0217* 

 MSOT Cycling fraction 
r=0.47 

p=0.0913 (n.s.) 

r=0.46 

p=0.0973 (n.s.) 

r=0.68 

p=0.0143* 

 Temporal SDMSOT 
r=0.50 

p=0.0698 (n.s.) 

r=0.55 

p=0.0396* 

r=0.61 

p=0.0362* 

 2D Spatial SDMSOT 
r=0.56  

p=0.0253* 

r=0.56 

p=0.0245* 

r=0.87 

p<0.0001**** 

Mesoscopy Diameters 
r=-0.44 

p=0.0285* 

r=-0.44 

p=0.0288* 

r=-0.43 

p=0.040* 

 Nodes  
r=0.42 

p=0.0357* 

r=0.437248 

p=0.0288* 

r=0.40 

p=0.0558 (n.s.) 

 Edges 
r=0.48 

p=0.0160* 

r=0.56 

p=0.0038** 

r=0.48 

p=0.0209* 
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6.4 Discussion 

By employing PAI at multiple scales, an initial analysis framework was developed and applied to assess 

perfusion and hypoxia dynamics in two murine breast cancer xenograft models, and validated by 

thorough histopathological and transcriptomic analysis. Based on the detailed technical validation 

performed in the previous chapters, this chapter provides first indications that PAI is sufficiently 

sensitive to resolve differences related to dynamics in tumour blood supply and oxygenation between 

different tumour types. 

First, macroscopic differences in functional static and dynamic haemoglobin-related biomarkers were 

compared between the two models using photoacoustic tomography. In line with previous 

observations104,133,169,518, sO2
MSOT and THb level decreased with increasing tumour size in both models, 

reflecting development of tumour hypoxia and poorer blood supply during tumour growth519. 

Confirming observations from previous studies on the same tumour models169, higher hypoxia was 

observed in the MDA-MB-231 model, whilst both models displayed similar THb levels. Macroscopic 

PAI also revealed the development of significantly higher spatial heterogeneity in oxygenation over the 

imaged tumour cross section, with a more pronounced effect in the MDA-MB-231 than in MCF7. This 

observation was supported by overall higher spatial variation in THb level in MDA-MB-231, signifying 

higher heterogeneity in blood content, and resulting oxygen availability in this model. The finding of a 

more hypoxic, heterogenous tumour phenotype in the MDA-MB-231 model was also supported by an 

overall lower ΔsO2, and ICG responding fraction, suggesting impaired vessel functionality and 

perfusion in this model. Notably, our assessment of spatial heterogeneity has been so far limited to a 

2D-slice to enable direct comparison to IHC. Since multi-slice tomographic PAI data has also been 

collected for each tumour, THb and sO2 heterogeneity analysis could be extended to cover the whole 

3D tumour volume in future. 

Next, dynamic tumour oxygenation variability was investigated during sequential imaging of the two 

tumour types. Globally, a higher variability in oxygenation could be found for MDA-MB-231, 

accompanied with an increased cycling fraction. This underpins the findings of previous studies 

observing higher oxygenation fluctuations in more aggressive cancer types1,5,516. Reassuringly, our 

cycling fractions were found to be in the range reported in previous work103,113,516. The presence of 

oscillatory behaviour in oxygenation was confirmed by the identification of frequency peaks in the 

power spectra, with oscillatory periods (flow=1.8 cycles to around fhigh=15.1 cycles) being in a similar 

interval to the ones observed in other mouse99,118,520, rat 60,62,521, canine522, human xenograft98,523, and 

human524 tumours. Interestingly, oxygen variability, cycling fractions, and peak power did not increase 

with growing tumour volumes in our models. Other work has found a dependence of cycling 

oxygenation fluctuations on tumour size36,516; however, these studies were conducted in different 

tumour models (SCCVII and HT29) at larger tumour volumes (>500 mm3)36,516. Gonçalves et al 

established an elaborate pipeline based on independent component analysis to distinguish between 
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systemic and tumour-specific fluctuations in MRI images115, finding that tumour-specific fluctuation 

patterns did not increase with tumour size, whilst systemic fluctuations increased with tumour size. In 

future work, a similar pipeline could be established for tomographic PAI data to give further insights 

into the origin of the fluctuation dynamics and their dependence on tumour growth. Future studies 

would also benefit from the application of a co-registration algorithm to align individual image frames 

for minimising the impact of motion-related noise. In the current analysis, scans were included only if 

they were visibly free from motion artefacts, so implementation of this additional processing step would 

broaden the applicability of the approach since more data sets could be included. 

To confirm the relationship of oxygenation heterogeneity with abnormal vascular morphology, 

mesoscopic PAI was performed to investigate underlying differences in vascular architecture and 

perfusion between the models. Overall, MDA-MB-231 displayed a more immature vascular phenotype 

with thinner, shorter vessels, and a denser vessel network structure with a higher number of vascular 

subnetworks. These observations are in line with IHC and previous studies169,525, highlighting higher 

vessel immaturity and density in the MDA-MB-231 model. To verify the vascular dimensions measured 

with PAI, vascular diameters could be compared to dimensions of vessel lumens outlined by CD31 in 

future work. Mesoscopic vessel density descriptors (e.g., number of nodes/edges) and decreasing vessel 

length were found to correlate with MSOT cycling fraction and temporal COVMSOT. This aligns with 

previous work91 finding that tumours exposed to cycling hypoxia show enhanced vessel density with 

an increased number of smaller vessels and decreased interstitial distances. In our dynamic mesoscopic 

data, significantly smaller variation of the STA metrics over time could be observed in the MCF7 model 

at the smaller tumour volume, which may indicate less perfusion dynamics and a more normalized 

vasculature at this earlier longitudinal time point. Further work is required to understand the tumour 

size- and type-specific perfusion dynamics during tumour evolution. Under visual inspection, perfusion 

variations in photoacoustic mesoscopy appeared to accumulate in smaller, less mature vessels. For 

quantification of this observation, perfusion variation in separate vessel sizes should be analysed in 

future work. Mesoscopic PAI data can be split into different frequency bands (10-33 MHz and 33–90 

MHz) allowing for data quantification in discrete vessel sizes (~40–230 μm and 10–40 μm diameter, 

respectively)137,526. Using this feature would help to pinpoint whether variations arise from larger, more 

mature vessels, or smaller, less mature ones.  

Our histopathological analysis confirmed the findings from the PAI biomarkers, revealing higher vessel 

density and immaturity, and increased necrosis and hypoxia in the more aggressive MDA-MB-231 

model. Finding higher oxygenation variability in the model with more immature vasculature is 

consistent with previous studies, highlighting a connection between pO2 fluctuations and maturity of 

the microvascular network61,104,117. MDA-MB-231 are known to express higher VEGF levels527 and are 

more prone to vascular mimicry formation than MCF7169,528, further supporting the results seen in our 

studies. An initial comparison also revealed that cycling fractions do not seem to occur in necrotic cores 
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of the tumour, but rather in the periphery. This confirms studies employing MRI49,100,115, finding higher 

cycling fluctuations in the tumour periphery, but not in the centre of tumours where avascular necrotic 

nodes are located. To better understand the spatial emergence of the fluctuations, a rim-core 

analysis113,169 could be performed in future. Both tomographic and mesoscopic images could also be 

exposed to radiomics pipelines to further uncover specific spatial patterns and characteristics that could 

help in elucidating perfusion-limited hypoxia in more depth. These pipelines could be used to quantify 

textural information, and to mathematically extract the spatial distribution of signal intensities and pixel 

interrelationships, thereby potentially giving clearer insight into the mechanics that underly variability 

in oxygenation. 

Finally, the underlying gene expression of the individual tumours was investigated, uncovering the 

more angiogenic and hypoxic phenotype of the MDA-MB-231 model, and thereby supporting our 

previous findings. Reassuringly, correlations between transcriptomic, IHC and PAI markers were 

clearly established. Interestingly, tomographic perfusion-limited hypoxia markers showed a particularly 

strong correlation with apoptosis-related gene expression markers, strengthening the observations of 

previous studies that a direct correspondence of oxygenation variability and regulation of apoptotic 

pathways exists529. Studies in spheroids have shown that apoptosis occurs mainly in peri-necrotic 

cells530,531. For further validation, a cleaved caspase 3 (CC3) and TUNEL (Terminal deoxynucleotidyl 

transferase dUTP nick end labelling) staining could be used in future to assess apoptotic cell fractions 

and their spatial distributions using IHC. 

The present study has several limitations. First, multispectral photoacoustic tomography does not allow 

for absolute tissue pO2 measurements, but only the assessment of relative values of haemoglobin 

concentration and oxygenation. Derivation of absolute values would require advanced light fluence 

correction, which is subject of current research532,533 and is not yet validated for routine use in vivo. 

Second, mesoscopic PAI only captures vasculature in periphery and not vessels in the tumour core due 

to limitations in light penetration and system field of view (see Chapter 5). However, the peripheral 

data should give sufficient insight on the tumour-specific vascular phenotype, since tumour cores are 

often necrotic and poorly vascularized. Third, the temporal resolution of photoacoustic mesoscopy is 

limited. Developments to increase the temporal resolution of photoacoustic mesoscopy systems are 

currently underway534, and may could help for a more detailed assessment of perfusion dynamics in 

future. Finally, the presented studies were performed in orthotopic xenograft models with two cell lines 

in nude mice. Whilst the two models used in this study capture oestrogen-dependent and independent 

subtypes, other disease sub-groups should be assessed as well, ideally in patient-derived tumour models 

before moving to a clinical setting. Nude mice also lack an adaptive immune system, which may affect 

tumour development and the resulting perfusion and hypoxia dynamics.  

Taken together, our results emphasize the potential of PAI to unravel oxygenation and perfusion 

variability in tumour tissues. Perfusion-limited hypoxia related PAI biomarkers were found to directly 
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correlate with IHC and underlying gene expression, and may could be used in future to better evaluate 

cancer aggressiveness and assist in patient stratification. 
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7 CONCLUSION AND OUTLOOK 

Perfusion-limited hypoxia is a poorly understood phenomenon, but is known to promote tumour 

aggressiveness, metastatic potential, and therapy resistance. Deciphering the complex interplay of 

perfusion and oxygenation dynamics may foster the adaption of the new therapy regimes and could lead 

to the emergence of promising new cancer treatments that improve patient outcomes. This task demands 

the development of novel biomarkers that are thoroughly validated and characterised. 

This thesis presents a thorough validation and subsequent initial application of PAI biomarkers to 

characterise hypoxia and perfusion dynamics in cancer. Building on an extensive literature review on 

phantom materials in biophotonics (Chapter 2), it moves on to establishing and validating material 

characterisation systems that are required for accurate determination of relevant material properties 

(Chapter 3). On this basis, a phantom material is developed with tuneable tissue-mimicking acoustic, 

optical and mechanical properties that are stable over time (Chapter 4). Using this material, as well as 

further targeted phantom setups, a mesoscopic PAI system is validated to assess its accuracy and 

precision in determining perfusion- and vessel-related biomarkers (Chapter 5). Finally, studies on 

perfusion-limited hypoxia are performed at different spatio-temporal scales: using both mesoscopic and 

macroscopic systems are extracted and correlated to transcriptomic and histopathological analysis 

(Chapter 6). The phantom development and validation work conducted in this thesis does not only 

provide confidence in the PAI measurements performed herein, but will hopefully guide photoacoustic 

studies in a broader context, strengthening efforts towards a future in which photoacoustic measures 

can be robust over time, between subjects, imaging sites, operators, and manufacturers.  

To advance the work presented here, further efforts could be applied in several areas. The phantom 

material review, validation of material characterisation systems, and phantom material development 

(Chapter 2–4) reveal the need for precise evaluation and understanding of the reproducibility of 

fabrication of a material type — independent of equipment, operator, or manufacturing centre. Only if 

this is provided, can confidence in phantom measurements across centres be established, making the 

material suitable for broader adoption in the community. For the phantom material developed in Chapter 

4, a study to assess multi-centre manufacturing reproducibility is now planned, involving >10 

international partner labs through IPASC. In the near future, this will be central in establishing a PAI 

phantom that can be easily and reproducibly fabricated across laboratories, supporting the 

characterisation, comparison, and calibration of the wide range of PAI systems in use around the world.  
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Ultimately, going beyond preclinical imaging systems towards potential clinical application, phantom 

production should be scaled for manufacturing, for example by a commercial vendor, creating identical 

test objects with well controlled properties and geometries to comply with the recommendations. 

Similar commercially available phantoms exist for more mature technologies such as computed 

tomography, X-ray mammography, ultrasound and magnetic resonance imaging, which have been 

independently validated and conform to, for example, the Mammography Quality Standards Act 

(MQSA), and/or the ACR Quality Control Programs535. As PAI has not yet reached the maturity of 

other imaging modalities, and systems are still constantly developed and optimized, dissemination of a 

flexible reproducible phantom recipe might be the more future-proof option to manifest standardisation, 

strengthening the path towards clinical translation. 

In Chapter 5, a structured framework was applied to validate photoacoustic mesoscopy, with the overall 

goal to enhance our understanding of the limitations of its visualization capabilities. Here, the phantom 

designs were simple, tailored towards systematically characterising specific (geometric) restrictions of 

the imaging system. Tissue composition in vivo is more complex, with diverse vessel morphologies, 

additional chromophores (e.g., melanin, lipid, collagen etc), and acoustic and optical background 

inhomogeneities compromising visualization of the target of interest. A direct comparison to another 

imaging modality would provide a more accurate view on the visualization capabilities of our system 

in an in vivo setting. Suitable imaging modalities that provide sufficient resolution and penetration depth 

include Micro-CT536,537 or Light-Sheet-Fluorescence Microscopy538. Ex vivo validation studies using 

these modalities (with respective vascular contrast agents) could confirm vascular dimensions and 

network architecture, providing a direct comparator for the PAI in vivo measurements. Preliminary 

efforts towards this goal have already been explored in parallel to this thesis, and will be extended in 

future studies. 

In Chapter 6, the now well-characterised PAI framework was applied to an initial study of perfusion-

limited hypoxia in mouse models of breast cancer. Validated by transcriptomic and histopathology, 

distinct differences in vascular architecture, tumour oxygenation and perfusion were highlighted 

between an oestrogen-dependent and oestrogen-independent mouse model using PAI. In future, the 

observed frequencies and morphological parameters will be used to inform studies on the effects of 

varying hypoxia levels on a molecular level, exploiting novel in silico approaches and advanced in vitro 

analysis using specialist hypoxia chambers. This multidisciplinary framework will hopefully assist in 

deciphering the complex interplay of perfusion and oxygenation dynamics in breast cancer, thereby 

guiding us on the adaption of treatment responses.  

In the long term, it would be of interest to extend this analysis pipeline to other tumour models where 

hypoxia is strongly implicated in therapeutic response, such as head and neck and colorectal cancers. 

Given the methodology available with PAI, it may be possible to define biomarkers specific to 

diffusion- and perfusion-limited hypoxia, which would enable us to define the balance between these 
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hypoxia types in tumour models. Additionally, it would be valuable to assess how the relative balance 

between diffusion- and perfusion-limited hypoxia impacts the response to different treatment types, as 

well as how the balance changes in response to treatment. Using a Small Animal Radiation Research 

Platform (SARRP) system, the connection between perfusion-limited hypoxia and the efficacy / dose 

dependence of radiotherapy2 response could be explored, thereby extending current in vivo studies on 

this matter23. Vascular normalization agents, such as VEGF receptor inhibitors or multi-tyrosine kinase 

inhibitors101,539, could also be investigated in this context. In particular, the anti-angiogenic drug 

Sunitinib may be of interest in such study, as it was shown to suppress pO2 fluctuations and increase 

tumour oxygenation during the vascular normalization window539. Other pharmacological agents to 

perturb perfusion-limited hypoxia include nicotinamide540,541, pyrazinamide542 or pentoxifylline543, all 

of which have been proven effective at reducing variations in tumour perfusion and oxygenation and 

enhancing the radiation response544, making them promising targets to further interrogate the PAI 

biomarkers developed here. 

Photoacoustic means to describe perfusion and hypoxia dynamics could also be extended to non-

oncological applications, for example, in dermatology (e.g., inflammatory diseases such as rheumatoid 

arthritis) or neurology (e.g., whole-brain haemodynamics and brain disorders). First steps towards this 

direction have been already explored by other research groups545–548 and may progress further with the 

methods developed in this thesis. In the long term, if further studies prove their value, the methodologies 

explored in this thesis may progress along the pathway towards clinical adoption. However, as 

highlighted in this thesis, it is through detailed biomarker validation and standardisation that clinical 

translation succeeds, and new frontiers are reached. 
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