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Abstract 

Transcranial focused ultrasound (tFUS) is being investigated as a non-invasive 

neuromodulation approach with the potential to reach deep brain structures with greater 

spatial selectivity than many established non-invasive techniques. A growing literature 

suggests that ultrasound can influence neural systems across multiple biological scales, 

from ion-channel and synaptic effects in cellular preparations to functional and 

behavioural responses in animals and humans. However, the interpretation of such 

effects depends critically on knowing the acoustic field delivered to the intended neural 

target. This remains challenging because the skull can attenuate, refract and distort the 

transmitted acoustic field, complicating both treatment planning and the interpretation 

of neuromodulatory outcomes. This thesis examines the physical and methodological 

basis of transcranial focused ultrasound delivery. It first establishes a framework for 

acoustic source characterisation and intracranial field measurement. Using this 

framework, the thesis shows that intracranial delivery depends not only on frequency 

and skull morphology, but also on transducer-skull spacing. Building on these 

experimental observations, an analytical model is developed for rapid estimation of 

transcranial insertion loss. Multiple skull-modelling strategies in k-Wave are then 

benchmarked against measurements, showing that modelling choices can affect 

predicted pressure transmission and focal displacement. Finally, a preliminary in-vivo 

feasibility study demonstrates that tFUS delivery can be integrated with rat 

hippocampal electrophysiology while preserving interpretable electrophysiological 

recordings.
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 Introduction 

 Motivation 

Brain disorders are increasingly understood not only as consequences of isolated lesions 

or single molecular abnormalities, but also as disturbances of distributed neural circuits. 

This shift has motivated growing interest in interventions capable of modulating brain 

activity at the network level (Khachaturian et al., 2025). Established neuromodulation 

approaches, including electroconvulsive therapy (ECT) and deep brain stimulation 

(DBS), have shown clinical efficacy in disorders such as treatment-resistant depression. 

However, their broader use is constrained by important practical and conceptual 

limitations. ECT remains affected by stigma and limited spatial specificity, while DBS 

requires surgical implantation. These methods are therefore not generally suitable for 

non-invasive experimental perturbation of neural circuits in healthy volunteers. 

Non-invasive neuromodulation techniques have addressed some of these limitations. 

Transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation 

(TMS) have provided useful means of modulating brain activity without surgery and 

have become important tools in neuroscience. Nevertheless, both approaches remain 

constrained by relatively diffuse field distributions and limited ability to selectively 

engage deep brain structures. 

Transcranial focused ultrasound (tFUS) has emerged as a potentially important addition 

to this neuromodulation landscape. In principle, tFUS can be delivered non-invasively 

while producing a more spatially confined acoustic focus at greater depth than 

conventional non-invasive electrical or magnetic stimulation. These features make it 

attractive both as a tool for investigating brain function and as a candidate modality for 

future clinical neuromodulation. 
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A growing body of work, ranging from cellular preparations to animal models and 

human studies, suggests that ultrasound can influence neural systems across multiple 

spatial and functional scales, and these are reviewed in Chapter 2. However, the 

practical value of tFUS depends not only on whether ultrasound can modulate neural 

activity, but also on whether the delivered acoustic field can be characterised and 

interpreted with sufficient confidence. This distinction is central. In transcranial 

applications, the free-field output of a transducer cannot be assumed to represent the 

pressure, intensity or focal distribution delivered to the intended neural target. Before 

reaching the brain, the ultrasound beam must pass through the skull, a dense, 

heterogeneous and subject-specific structure that can attenuate, refract, distort and 

redistribute acoustic energy. 

Uncertainty in transcranial delivery therefore remains a principal obstacle to the reliable 

use of tFUS in neuromodulation research. If the delivered field is unknown, then 

observed physiological or behavioural effects cannot be interpreted confidently in 

relation to acoustic dose. Conversely, null or inconsistent findings may reflect not only 

biological variability, but also unrecognised differences in skull transmission, focal 

distortion or target engagement.

 

 Aims and structure 

This thesis addresses the physical and methodological problems that limit confident 

interpretation of transcranial focused ultrasound delivery. Its overall aim is to reduce 

the gap between the conceptual appeal of tFUS and its physically interpretable use in 

practice. The work focuses primarily on the sub-megahertz frequency range commonly 

used in tFUS neuromodulation and examines how acoustic source behaviour, skull 

properties, transducer-skull geometry and modelling assumptions influence estimates 

of intracranial pressure delivery. 

The specific aims of the thesis are to establish an experimental framework for 

characterising the acoustic sources used throughout the work; to quantify how human 
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skull specimens modify transmitted ultrasound, including insertion loss, focal distortion, 

focus shift, focus expansion and spacing-dependent interference; to develop a CT-

informed analytical model for rapid estimation of transcranial insertion loss under 

defined acoustic and geometric assumptions; to benchmark numerical skull-modelling 

strategies against measured intracranial acoustic fields; and to evaluate, in a preliminary 

in-vivo setting, whether a physically characterised tFUS system can be integrated with 

hippocampal electrophysiology while preserving interpretable recordings. 

The thesis is organised into seven chapters. Chapter 2 reviews the relevant literature on 

neuromodulation, focused ultrasound mechanisms, tFUS studies in animals and humans, 

and the physical problem of skull-mediated ultrasound transmission. Chapter 3 

establishes the acoustic source-characterisation framework, linking piezoceramic 

behaviour to measurable acoustic output and experimental field mapping. Chapter 4 

investigates transcranial transmission through ex-vivo human skull specimens, with 

particular attention to insertion loss, beam distortion, skull morphology, insertion angle 

and transducer-skull spacing. Chapter 5 develops a CT-informed analytical model for 

rapid prediction of transcranial insertion loss and benchmarks it against simulation and 

measurement. Chapter 6 evaluates full-wave skull-modelling strategies for predicting 

intracranial acoustic fields and presents a preliminary in-vivo feasibility study 

combining cone-coupled tFUS with hippocampal electrophysiology. Finally, Chapter 7 

synthesises the findings and discusses their implications for future tFUS 

neuromodulation research. 
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 Literature review 

This chapter establishes the clinical, biological and physical context for the work 

presented in this thesis. Brain disorders are first considered through the example of 

major depressive disorder, which is used to illustrate the clinical need for improved 

neuromodulation approaches. Neuromodulation is then introduced, and the principal 

stimulation methods used in clinical and research settings are reviewed. Focused 

ultrasound is subsequently examined as an emerging neuromodulation technique, 

including its reported neuromodulatory effects and proposed biophysical mechanisms. 

Finally, the skull is considered as the principal physical barrier to transcranial 

ultrasound delivery, motivating the need to predict, evaluate and validate the 

transmitted acoustic field. 
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 Brain disorders 

Disorders of the brain and nervous system are recognised as leading causes of disability 

worldwide and remain major challenges in modern medicine (Feigin et al., 2019). 

Whether neurological or psychiatric in presentation, these conditions often involve 

disruption of the neural circuits that regulate information processing, plasticity and 

behavioural output. In this sense, many brain disorders are not simply disorders of 

discrete molecular, cellular or anatomical elements, but disorders of network function. 

This systems-level perspective has important implications for treatment. If symptoms 

arise from abnormal circuit dynamics, effective intervention may require more than 

correction of a single biochemical pathway. Pharmacological therapy remains essential, 

particularly where disease expression is driven by molecular and synaptic dysfunction. 

However, in many disorders, especially those with chronic or treatment-resistant forms, 

indirect molecular intervention may be insufficient to restore dysfunctional network 

activity. This has driven increasing interest in therapeutic strategies that act more 

directly on neural activity, with the aim of modulating excitability, synaptic function 

and circuit dynamics in a controlled manner. 

Among the many disorders in which this problem becomes especially clear, major 

depressive disorder (MDD) is particularly instructive. MDD is strongly associated with 

disturbances in synaptic plasticity (Khairova et al., 2009) and large-scale circuit 

regulation (Kaiser et al., 2015), rather than with a single isolated lesion. It therefore 

provides a useful framework for understanding why progressively more direct forms of 

intervention have become an important focus of both basic and translational 

neuroscience. 

2.1.1. Major depressive disorder 

MDD is one of the most common psychiatric disorders (World Health Organization, 

2017). The prevalence of suicidal attempt in patients with MDD has been reported to 

be more than seven times higher than in healthy controls (Cai et al., 2021). At the 
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mechanistic level, one plausible contributor to the depressive pathology is astrocytic 

dysfunction (Cui et al., 2024). Although astrocytes do not generate action potentials 

(APs) in the same manner as neurons, they serve essential roles in tripartite synapses, 

where astrocyte-neuron interactions contribute to the regulation of synaptic 

transmission and plasticity. The physiological basis of these interactions remains under 

investigation (For details, see (Cui et al., 2024)), but one proposed pathway involves 

calcium ion (Ca2+) vesicular exocytosis and gliotransmitter release (Zhou et al., 2019). 

In normal synaptic physiology, glutamate, the principal excitatory neurotransmitter 

released by neurons, is taken up by astrocytes and converted into non-excitatory 

glutamine, thereby contributing to the regulation of synaptic activity (Figure 2-1). 

When this regulatory function is impaired, disrupted astrocytic glutamate uptake or 

metabolism may alter extracellular glutamate regulation and contribute to excitotoxic 

signalling (Zou et al., 2010). Consistent with this view, post-mortem studies of patients 

with MDD-related symptoms have reported elevated glutamate levels in the frontal 

cortex (Küçükibrahimoğlu et al., 2009), together with reduced astrocyte number or 

density in the prefrontal cortex (PFC), hippocampus, and anterior cingulate cortex 

(ACC) (Wray et al., 2018). In vivo studies further support functional alterations in these 

frontal and temporal regions in patients with MDD, including reduced synaptic density 

(Holmes et al., 2019), and either increased (Yoshimura et al., 2014) or decreased 

(Grimm et al., 2009) activity in response to different stimuli compared with healthy 

controls. 
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Figure 2-1 Schematic illustration of astrocyte–neuron interactions relevant to depressive 
pathology. Adapted from (Yao et al., 2023). The schematic illustrates the bidirectional 
signalling between astrocytes and neurons. Neuronal activity can activate astrocytes, while 
activated astrocytes, particularly through increased intracellular Ca2+, can in turn regulate 
synaptic transmission by releasing gliotransmitters (Gt) such as glutamate (Glu) and ATP. 
These signals act on neuronal receptors, including ionotropic glutamate receptors such as 
NMDARs, thereby altering postsynaptic excitability and synaptic transmission. In addition, 
astrocytes can be activated by GABAergic interneurons through GABAB receptors, 
illustrating their integration into both excitatory and inhibitory circuits. Astrocyte-to-neuron 
signalling can be blocked by ionotropic glutamate receptor antagonists. 

2.1.2. Current treatment approaches  

Pharmacological solution 

Given the evidence that depression is associated with disturbed synaptic plasticity and 

astrocyte-mediated glutamatergic regulation, pharmacological treatment remains an 

important first-line approach. One notable example is ketamine, whose antidepressant 

effects are thought to involve brain-derived neurotrophic factor (BDNF), a protein 

released by both neurons and astrocytes that plays an important role in neuronal 

development, synaptic plasticity, and neurotransmission (Bathina & Das, 2015). 

Reduced BDNF signalling has been associated with depressive pathology, and ketamine 

is thought to exert part of its antidepressant effect through glutamatergic modulation 
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and downstream enhancement of BDNF-related plasticity, including increased BDNF 

expression in the PFC (Quesseveur et al., 2013) and hippocampus (Zanos et al., 2016). 

Although ketamine can alleviate MDD-related symptoms within days, in contrast to the 

slower effects of conventional antidepressants such as selective serotonin reuptake 

inhibitors (SSRIs), its use remains limited by incomplete efficacy and acute side effects. 

Reported adverse events include psychiatric symptoms such as anxiety and irritability, 

as well as psychotomimetic effects such as dissociation and perceptual disturbance, 

which have been reported in approximately 40% and 70% of cases, respectively (Short 

et al., 2018). Moreover, approximately one in three patients reportedly fails to achieve 

remission (Voineskos et al., 2020). By general consensus, patients who do not respond 

to two adequate antidepressant trials may be classified as having treatment-resistant 

depression (TRD). Under a more stringent criterion requiring symptomatic remission, 

as many as 55% of patients with MDD may meet the criteria for TRD (McIntyre et al., 

2023).  

Patients with TRD typically experienced more severe depressive symptom and have a 

yearly suicide-attempt rate of nearly 5% (Bergfeld et al., 2018).  For this reason, 

additional approaches, including psychotherapy and somatic treatments, are often 

considered either alone or in combination, although their therapeutic effects may 

emerge over different timescales.  

Electroconvulsive therapy 

The current ‘last resort’ for effectively treating TRD is electroconvulsive therapy (ECT), 

which acts not by directly correcting astrocytic biochemistry but by inducing circuit-

level reorganisation. ECT administers brief alternating pulses through scalp electrodes, 

the induced in-situ electric-field (E-field) strength has been empirically estimated at 0.7 

to 2.5 V/cm, approximately two- to seven-fold higher than the threshold for neuronal 

activation (Deng et al., 2011; W. H. Lee et al., 2016). This acute surge of electrical 

activity overwhelms brain’s normal communication signals between nerve cells, 

causing a generalized seizure that transiently disrupts large-scale functional 

connectivity. The subsequent physiological cascades are thought to promote 

neuroplasticity and circuit rewiring (Ousdal et al., 2022).  
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Clinically, ECT demonstrates high efficacy in reducing depressive severity compared 

with pharmacological interventions, including ketamine (Rhee et al., 2022), with a 

reported remission rate of 75% in large-scale trial (Husain et al., 2004). However, 

adverse effects such as cognitive impairment may persist for weeks after treatment 

(Semkovska & McLoughlin, 2010). One study suggests that these cognitive effects may 

arise from the widespread of E-field, because its non-focal nature can engage broad 

brain regions (Deng et al., 2023), while another shows that cognitive burden increases 

with greater applied E-field strength (Abbott et al., 2024). Although individualised 

stimulation parameters may help mitigate these adverse effects without compromising 

efficacy, their precision is limited by the challenge of accurately estimating subject-

specific skull electrical conductivity, which is anisotropic and heterogeneous across 

individuals (Deng et al., 2011). Together with the entrenched stigma surrounding 

‘shock therapy’ and the concerns about memory loss, these limitations may contribute 

to reluctance among some patients to undergo the procedure (O’Reardon et al., 2006).  

 

 Neuromodulation 

Given the limitations in acceptability and tolerability associated with pharmacological 

treatments and ECT for disorders such as MDD and TRD, there is a clear need for 

alternative approaches that can offer therapeutic benefits without the same burden of 

adverse effects or stigma. 

Neuromodulation, in this context, is broadly defined as the modulation of nervous-

system activity through targeted interaction with neural tissue, typically with the aim 

of producing adjustable and non-lesional effects (Krames et al., 2018).  Although the 

term can, in a broad sense, encompass pharmacological agents that alter 

neuromodulatory tone, the focus here is on neuromodulation produced by physical 

energy delivery. These methods aim to influence the excitability and connectivity of 

defined brain regions or pathways, thereby altering pathological network dynamics in 

a manner that is, in principle, controllable and reversible. Both invasive approaches, 
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involving implanted devices, and non-invasive approaches, applied from outside the 

skull, fall under this definition. 

The following subsections review major neuromodulation modalities according to the 

primary physical mechanism by which energy is delivered to the nervous system. This 

organisation provides a basis for comparing their respective strengths and limitations, 

particularly in terms of invasiveness, spatial precision, stimulation depth, field 

predictability and clinical maturity. 

 

Figure 2-2 Comparative overview of major neuromodulation modalities discussed in this thesis, 
including ECT, transcranial direct current stimulation (tDCS), vagal nerve stimulation (VNS), 
deep brain stimulation (DBS), and transcranial magnetic stimulation (TMS). Adapted from 
(Arns & Fitzgerald, 2024). 

2.2.1. Electrical modalities 

Biophysical mechanisms 

Electrical activity has been known to exist in nerves since the 19th century, and this 

activity is now understood to take the form of transient changes in membrane potential 

known as APs, which the nervous system uses to transmit information, for example in 
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the control of muscle contraction (Enoka et al., 2019). The biophysical basis of AP was 

first characterised in detail by Hodgkin and Huxley in their studies of the squid giant 

axon. By combining intracellular recordings with the voltage-clamp method, they were 

able to hold the membrane potential at defined levels and measure the resulting 

transmembrane currents. This approach allowed the subsequent identification of 

voltage-gated ion channels conductance and their activation threshold (Hodgkin & 

Huxley, 1952). 

In human neurons, the resting membrane potential is approximately -70 mV, when a 

depolarising input brings the membrane potential to approximately -55 mV, voltage-

gated sodium ion (Na+) channels open; and Na+, which are more concentrated outside 

the cell, flow into the neuron. This inward current drives the membrane potential 

towards positive values, with the peak of the AP often reaching to above +30 mV. As 

the membrane depolarises, Na+ channels become inactivated and potassium ion (K+) 

channels open. K+, which are more concentrated inside the cell, then flow out, returning 

the membrane potential towards its resting value. Subsequent leak conductance and Na+ 

/ K+-ATPase restore the ionic gradients that support the resting potential. 

Once initiated, the AP propagates along the axon to the presynaptic terminals. The 

depolarization at the terminal opens voltage-gated Ca2+ channels, and resulting influx 

of Ca2+ triggers the release of neurotransmitter into synaptic cleft. The released 

neurotransmitter binds to receptors on the postsynaptic membrane at the dendrites of 

the connected neuron. Those ionotropic receptors signalling the increased permeability 

to Na+ and Ca2+, thereby depolarizing the postsynaptic membrane and then triggering 

AP initiation in the postsynaptic cell.  Repeated activation of such synapses can induce 

longer-lasting changes in synaptic efficacy, for example, enhancement of N-methyl-D-

aspartate receptor (NMDAR) function, which strongly regulate Ca2+ entry into the 

postsynaptic neuron, facilitates long-term potentiation (LTP) like increase in synaptic 

strength, whereas reduced NMDARs activity can favour depression-like changes 

(Monte-Silva et al., 2013). 

External electrical stimulation acts on this substrate by generating spatial gradients in 

extracellular potential. These gradients induce local changes in transmembrane voltage 
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along neuronal processes and can bias the probability of AP generation (A. Liu et al., 

2018).  

Transcranial direct current stimulation 

The clinical success of ECT demonstrates that perturbing the functional integrity of 

widespread neural networks can alleviate depressive symptoms. A natural question is 

therefore whether reducing the intensity of stimulation, while maintaining a similar 

scalp electrode configuration, can still confer antidepressant effects with a more 

favourable tolerability profile. Transcranial direct current stimulation (tDCS) adopts a 

closely related architecture to ECT, but unlike ECT, tDCS does not aim to induce 

seizure activity, but to bias cortical excitability by applying a current that is several 

orders of magnitude lower in amplitude over considerably longer periods, typically 20 

to 30 minutes per session over several weeks. Clinical studies report remission rates on 

the order of 40% to 50%, with adverse effects generally limited to mild and transient 

sensations such as tingling at the electrode sites. (Woodham et al., 2025). 

Despite this favourable tolerability profile, tDCS is characterised by substantial inter-

subject variability in outcomes, which has limited its reliability as a stand-alone 

treatment. The generated electric fields are weak and still spatially diffuse, extending 

across broad cortical and subcortical regions rather than being confined to a single 

target. As a result, stimulation interacts with each individual’s neuroanatomy and 

baseline network state in a complex and only partially controllable manner. Differences 

in skull morphology and composition further distort current distribution, such that 

nominally identical scalp current can produce markedly different intracranial field 

strengths between subjects (Benwell et al., 2015). Together with uncertainty in the dose-

response relationship at low field magnitudes, these factors make it difficult to predict 

or standardise the cognitive and affective effects of tDCS across patients. 

Vagal nerve stimulation 

The limited spatial specificity of conventional non-invasive stimulation has motivated 

increasing interest in approaches that can more selectively engage defined neuronal 

pathways. Pharmacological evidence provides one route for identifying circuits 

relevant to mood regulation. The antidepressant action of SSRIs, although increasingly 

debated and clearly insufficient to explain the full pathophysiology of depression 



Chapter 2. Literature review  2.2. Neuromodulation 

28 

 

(Moncrieff et al., 2022), implicates serotonergic signalling in mood regulation 

(Boschloo et al., 2023). The dorsal raphe nucleus (DRN), located in the midbrain, is the 

principal source of ascending serotonergic projections to prefrontal, limbic and 

subcortical regions (McDevitt et al., 2014). Ketamine has also been reported to interact 

with noradrenergic (a crucial hormone) signalling (Liebe et al., 2018). Noradrenaline 

in the forebrain is largely synthesized by specialized neurons in the locus coeruleus 

(LC), a pontine nucleus with widespread projections to cortex and hippocampus and 

exerts a strong modulatory influence on affective state (Bari et al., 2019). Thus, these 

observations identify the DRN and LC as important nodes in mood-regulating networks. 

Both the DRN and LC receive dense afferent input from the nucleus tractus solitarius 

(NTS), a major termination site for visceral signals carried by afferent vagal fibres. This 

anatomical arrangement provides a route by which peripheral stimulation of the vagus 

nerve could influence central monoaminergic system. On this basis, vagal nerve 

stimulation (VNS) has been proposed as a means of modulating mood by indirectly 

engaging DRN and LC activity (Carreno & Frazer, 2017). 

Clinically, VNS is implemented by surgically implanting an electrode around the left 

cervical vagus nerve, a peripheral target that is more surgically accessible than 

intracranial brainstem nuclei. Stimulation is delivered in short trains of pulses with 

amplitude in the range comparable to or lower than those used in tDCS but confined to 

the nerve rather than flowing across the scalp-skull-brain interface. In TRD, preliminary 

studies indicate that approximately half of patients exhibit a sustained clinical response 

over months to years of chronic VNS, although remission rates remain modest and the 

evidence base is still evolving (Carreno & Frazer, 2017). 

Experimental work provides mechanistic support for engagement of monoaminergic 

nuclei. In animal models, chronic VNS increases expression of activity-dependent 

markers such as c-Fos in both LC and DRN (Cunningham et al., 2007). These markers 

are also elevated in structures including thalamus, cingulate cortex, frontal cortex and 

hippocampus (Carreno & Frazer, 2017), indicating that VNS effects are not confined to 

a single circuit but propagate through broader interconnected networks. Consistent with 

immunohistochemical findings, electrophysiological recordings demonstrate altered 
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activity of noradrenergic and serotonergic neurons during stimulation (Manta et al., 

2009). 

Deep brain stimulation 

VNS represents a step towards more pathway-oriented neuromodulation by exploiting 

a defined peripheral afferent route to brainstem nuclei implicated in mood regulation. 

However, because its effects remain distributed across multiple interconnected regions, 

it is difficult to dissociate the contribution of individual nodes from that of the wider 

network. Achieving greater anatomical specificity requires techniques that can deliver 

stimulation directly to circumscribed brain structures, deep brain stimulation (DBS) 

adopts this strategy by surgically implanting stimulating leads into predefined deep 

targets. 

In DBS, one or more leads, typically with a diameter of approximately 1 mm are 

inserted unilaterally or bilaterally through burr holes in the skull. Magnetic resonance 

imaging (MRI) guidance is commonly used to plan and verify electrode placement. 

Stimulation is delivered as short pulses, and parameters can be titrated according to 

individual response and tolerability. Several targets have been explored in TRD, 

including the subcallosal cingulate cortex (SCC) and ventral striatum (VS) (Malone et 

al., 2009), to name but a few. Although these regions differ in anatomical location and 

connectivity, they are embedded within mood-regulating networks that overlap with 

those influenced indirectly by VNS.  

Not surprisingly, DBS has shown promising outcomes in TRD.  Collective data suggest 

that more than half of the treated patients achieved meaningful clinical response, and 

approximately one third reach remission, with some series reporting superior outcomes 

compared with VNS (Johnson et al., 2024). Refinement of targeting strategies continues, 

with the aim of positioning electrodes more precisely in relation to network hubs 

associated with optimal response.  

Electrophysiological studies further suggest that DBS can produce measurable 

signatures of target engagement. EEG recordings have revealed stimulation-induced 

changes in oscillatory activity, including increased theta and gamma power in prefrontal 

cortex. Local field potential (LFP) recordings showed modulation of beta activity at the 
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stimulation site, raising the possibility that specific oscillatory features could serve as 

biomarkers of target engagement (Smart et al., 2018).  

Notwithstanding, these advantages come at the cost of substantial invasiveness and 

restricted accessibility. While DBS is well established for movement disorders such as 

Parkinson’s disease and essential tremor, its application in TRD remains investigational. 

The requirement for intracranial surgery is a major barrier to patient and clinician 

acceptance. Approximately 90% of screened TRD candidates did not ultimately 

proceed to implantation, and more than one third of participant withdrew (Ramasubbu 

et al., 2021), reflecting concerns about surgical risk and uncertain benefit. These 

recruitment challenges have limited translation from research settings into clinical 

practice for MDD.  

2.2.2.  Magnetic stimulation 

The electrical techniques discussed above either deliver current directly through scalp 

electrodes, as in ECT and tDCS, or require implanted hardware to stimulate peripheral 

nerves or deep brain targets, as in VNS and DBS. A further question is whether an 

electric field can be generated within the brain non-invasively, without passing current 

directly through the scalp and skull or implanting electrodes. Transcranial magnetic 

stimulation (TMS) was developed in the mid-1980s as an answer to this question, using 

Faraday’s law of electromagnetic induction to induce electric currents in cortical tissue 

with time-varying magnetic fields (Barker et al., 1985). 

In TMS, a brief, high-intensity current pulse passes through a coil placed on the scalp. 

This pulse generates a rapidly changing magnetic field, typically on the order of 1 to 3 

Tesla at the coil surface. The magnetic field is only weakly attenuated by the scalp and 

skull compared with currents delivered directly through scalp electrodes. According to 

Faraday’s law, the rapid change in magnetic flux induces an electric field in the 

underlying conductive brain tissue. The spatial distribution of the induced field depends 

on coil geometry and position. The widely used figure-of-eight coil design produces a 

relatively focal region of maximal field strength beneath the intersection of the two 

loops, with effective stimulation depths typically in the range of 2 to 4 cm (Siebner et 

al., 2022). 
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The induced field drives current flow in a manner analogous to electrical stimulation. 

When sufficiently strong, it can depolarise neurons to threshold and elicit APs. At the 

cellular level, the elements most likely to be recruited are axons, particularly those 

oriented approximately parallel to the induced E-field and tangential to the cortical 

surface, as their activation thresholds are lower than those of somata and dendrites. The 

most direct evidence for AP generation comes from stimulation of primary motor cortex, 

where single TMS pulses evoke motor evoked potentials in contralateral limb muscles 

and can produce visible muscle twitches. TMS can also induce longer-lasting changes 

in cortical excitability that resemble LTP-like plasticity (Klomjai et al., 2015).   

Clinically, TMS is applied non-invasively with the coil placed over the cortical target. 

In MDD, stimulation is typically directed to the prefrontal cortex. Meta-analyses 

support a significant antidepressant effect, with response and remission rates reaching 

approximately 60% to 80 % and 30 % to 60 %, respectively (Sackeim et al., 2020).  

TMS also has a favourable safety profile, which has long been cleared by the U.S. Food 

and Drug Administration (FDA) for the treatment of MDD. 

Nevertheless, TMS also has inherent limitations. The decay of the induced electric field 

with depth restricts effective stimulation mainly to superficial cortical regions, making 

it difficult to engage deep structures directly compared with DBS. Although figure-of-

eight coils provide improved spatial precision compared with older circular coils, the 

induced fields still extend over centimetre-scale regions of cortex, so the volume of 

tissue influenced by a given stimulation site remains relatively large. This spatial spread 

limits the ability to isolate the contributions of specific pathways and complicates 

mechanistic interpretation of clinical and behavioural effects. Finally, the therapeutic 

efficacy of TMS depends sensitively on stimulation parameters such as frequency, 

intensity, pulse pattern and total dose (Morriss et al., 2024). Despite extensive empirical 

work, the optimal combinations of these parameters for different patient groups and 

symptom profiles remain under active investigation. 
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 Focused ultrasound neuromodulation  

Focused ultrasound (FUS) has emerged as a candidate neuromodulation modality 

because it addresses several limitations of the methods reviewed in the preceding 

section. Unlike tDCS and TMS, it has the potential to deliver acoustic energy to deeper 

targets with a more restricted focal volume; unlike DBS, it does not require implanted 

intracranial hardware. 

This feature is particularly relevant for the brain, where many clinically and 

scientifically important targets are located below the cortical surface. Structures such 

as the thalamus, hippocampus, amygdala and substantia nigra are difficult to access 

selectively using conventional non-invasive stimulation methods (Glasser et al., 2016). 

At appropriate frequencies, ultrasound can be focused into a restricted acoustic volume, 

commonly described using focal pressure or intensity contours. (Naftchi-Ardebili et al., 

2024). This potential combination of non-invasive access, depth reach and spatial 

selectivity has made tFUS attractive for both therapeutic neuromodulation and systems-

level interrogation of brain circuits. 
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Figure 2-3 Overview of focused ultrasound neuromodulation mechanisms and stimulation 
parameters (a) Schematic illustration of tFUS neuromodulation, adapted from (Arulpragasam 
et al., 2026). (b) Proposed molecular pathway for ultrasound-induced neuronal excitation. 
Ultrasound is suggested to initiate Ca2+ entry through mechanosensitive ion channels, 
particularly TRPC1 and TRPP2, producing an initial rise in intracellular Ca2+. This response 
may be further supported by intracellular Ca2+ release from the endoplasmic reticulum. The 
Ca2+ signal is then amplified by downstream channels, including TRPM4, which promotes 
inward Na+ current, together with voltage-gated Ca2+ channels such as T-type channels. The 
combined effect is stronger membrane depolarisation and the generation of bursting APs. 
Adapted from (S. Yoo et al., 2022a). (c) Representation of the principal temporal and acoustic 
parameters used in transcranial ultrasound stimulation, including pulse duration (PD), pulse 
repetition frequency (PRF), duty cycle (DC), sonication duration (SD), and inter-sonication 
interval (ISI). (d) Representation of the acoustic intensities relationship. Z represents acoustic 
impedance. Adapted from (Murphy et al., 2025). 

2.3.1. Biophysical mechanisms 

Despite growing experimental evidence, the molecular and biophysical mechanisms of 

ultrasound neuromodulation remain incompletely resolved. Early evidence that 

ultrasound can influence nervous tissue dates back to the 1950s, when Fry and 

colleagues reported that high-intensity ultrasound temporarily suppressed activity in the 

crayfish ventral nerve cord and the frog spinal cord (W. J. Fry et al., 1950). Several 

decades later, experiments in mammalian brain showed that hippocampal neurons in 

vitro could be both suppressed and excited by ultrasound (Bachtold et al., 1998). 
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However, these early studies typically used exposure levels at which heating, cavitation 

or tissue disruption could not be excluded.  

A major shift occurred when low-intensity, low-frequency ultrasound was shown to 

modulate neuronal function without overt tissue damage. Tyler and colleagues showed 

that brief sonication at low intensities could induce transient changes in intracellular 

Na+ and Ca2+ levels, detected using fluorescent ion indicators, and could trigger vesicle 

exocytosis at synaptic terminals, thereby altering synaptic transmission (Tyler et al., 

2008). One proposed mechanism involves mechanosensitive ion channels that respond 

to changes in membrane tension. Cells maintain a stable internal osmotic pressure 

relative to their environment and are therefore at risk of lysis if the membrane cannot 

accommodate volume changes (Kung, 2005). To mitigate this, mechanosensitive 

channels in the membrane act as ‘emergency valves’ that open when lateral tension in 

the lipid bilayer increases. Structural and functional studies indicate that as membrane 

tension rises, the bilayer thins and the ‘gatekeeper’ lipids that occlude the channel pore 

are displaced. This conformational change can place the channel in a subconducting or 

partially open state, allowing ions to pass through (Y. Zhang, Daday, et al., 2021). 

Ultrasound, by exerting oscillatory mechanical forces on the membrane and the 

surrounding medium, can transiently increase membrane tension and thereby promote 

opening of such mechanosensitive channels. 

Recent cellular work has begun to identify candidate molecular pathways. Yoo and 

colleagues used 300 kHz pulsed ultrasound with a 500 ms exposure at an intensity of 

approximately 15W/cm2, and reported Ca2+ influx across the plasma membrane. 

Pharmacological manipulations indicated that this entry occurs primarily through 

mechanosensitive channels, including TRPC1 and TRPP2. The resultant increase in 

intracellular Ca2+ concentration activates the non-selective cation channel TRPM4, 

which further contributes to Na+ influx (S. Yoo et al., 2022a). Although the precise 

contribution of each channel type and the detailed biophysical coupling between the 

acoustic field and the membrane remain under active investigation, these data support 

a model in which ultrasound modulates neuronal excitability by engaging 

mechanosensitive ion channels via changes in membrane tension, in contrast to 

electrical stimulation, which directly alters transmembrane voltage. However, the 
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relationship between acoustic exposure, cellular response and circuit-level outcome 

remains incompletely defined. 

2.3.2. Early translational studies 

Against this background, transcranial focused ultrasound (tFUS) stimulation has begun 

to be explored in mood-related circuits that are relevant to the clinical motivation 

introduced earlier. One early study targeted the amygdala in individuals with mood, 

anxiety, and trauma-related symptoms and reported reduced amygdala activation after 

stimulation, accompanied by decreased activity in connected regions such as the 

hippocampus. Approximately half of the participants were reported to meet response 

criteria on standardised symptom scales (Barksdale et al., 2025). Another study 

targeting SCC reported increased functional connectivity within prefrontal circuits and 

reduced connectivity with hippocampal regions. In this cohort of patients with TRD, 

61% were reported to achieve a clinically meaningful reduction in depressive symptoms 

and 40% reached remission (Attali et al., 2025). In both studies, stimulation was 

reported to be well tolerated, with no serious adverse events and only mild, transient 

side effects. 

These findings are encouraging, but they should not be interpreted as establishing tFUS 

as an effective treatment for mood disorders. Existing studies remain small and 

exploratory, and the acoustic exposure regimes differ across protocols. The extent to 

which carrier frequency (f), pulse duration (PD), pulse repetition frequency (PRF), duty 

cycle (DC), sonication duration (SD) and total acoustic dose influence efficacy and 

safety remains insufficiently defined, and systematic dose–response studies in larger 

populations are still needed to define optimal operating procedures. In addition, 

individual differences in skull anatomy and acoustic properties introduce variability in 

the intracranial field, complicating both interpretation and replication. 

2.3.3. Cortical neuromodulation studies 

Beyond the early translational studies described above, tFUS has been investigated 

more broadly as a tool for functional neuromodulation in both cortical and subcortical 

brain regions. Across this literature, a wide variety of experimental approaches have 

been used to assess its effects, including electrophysiological recordings, behavioural 
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paradigms, and functional imaging. The reported effects are diverse, but a recurring 

pattern is that stimulation outcome depends strongly on waveform and state rather than 

anatomical target alone. Full ultrasound exposure parameters for representative studies 

are summarised in APPENDIX A. 

Somatosensory cortex 

Somatosensory cortex studies provide some of the clearest evidence that tFUS can alter 

sensory processing. In mouse primary somatosensory cortex (S1), pulsed stimulation at 

510 kHz with short pulses and sub-second-to-second exposure was associated with 

earlier sensory-evoked responses and altered Ca2+ activity patterns (Fisher & 

Gumenchuk, 2018). Extending these physiological observations to behaviour in freely 

moving animals, one study employed a miniature head-mounted transducer targeting 

the mouse S1 barrel field produced changes in local spiking activity and lateralised 

head-turning responses, linking S1-targeted stimulation to quantifiable behavioural 

output (G. Li et al., 2019). In non-human primates, MRI-guided tFUS targeting the 

functionally defined S1 hand representation suppressed tactile-evoked blood-oxygen 

level-dependent (BOLD) responses at the target while also modulating downstream 

interconnected regions, suggesting that even focal stimulation can influence distributed 

somatosensory networks (P. F. Yang et al., 2021). 

Human studies provide complementary evidence under controlled experimental 

conditions. In left S1, a commonly cited 500 kHz protocol (f = 500 kHz, PD = 0.36 ms, 

PRF = 1 kHz, Isppa = 23.87 W/cm2, p = 800 kPa, SD = 0.5 s) attenuated median-nerve 

somatosensory evoked potentials, altered sensory-evoked oscillatory power and 

improved tactile discrimination relative to sham stimulation (Legon et al., 2014). 

Analyses using the same core waveform further suggested that tFUS reshaped intrinsic 

and evoked phase dynamics, particularly in the beta band, supporting modulation of 

local oscillatory state rather than a purely non-specific arousal effect (Mueller et al., 

2014). Extending beyond single-site S1 targeting, dual-transducer stimulation of S1 and 

S2 transiently evoked contralateral tactile percept, demonstrating the feasibility of 

perturbing multiple somatosensory nodes in humans (W. Lee, Chung, et al., 2016). 

More recent task-based work combining multichannel EEG with electrophysiological 

source imaging reported that finger-region S1 stimulation increased vibration-
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discrimination accuracy and enhanced both sensor- and source-domain somatosensory 

responses (C. Liu et al., 2021), broadly consistent with earlier behavioural 

improvements under S1 stimulation (Legon et al., 2014). Nevertheless, the direction of 

effect should not be assumed to be uniformly facilitatory. Subsequent findings suggest 

that behavioural changes may also reflect inhibitory modulation under certain PRF 

regimes, highlighting the dependence of perceptual outcomes on stimulation settings 

and physiological state (Legon, Bansal, et al., 2018).   

Motor cortex 

Motor cortex studies illustrate particularly clearly that tFUS effects are parameter- and 

state-dependent. In anaesthetised rodents, successful motor-cortex stimulation emerged 

within constrained pulsing regimes, with pulsed sonication reducing threshold relative 

to continuous exposure (Kim et al., 2014). Further work in awake behaving rodents 

elicited movements across several body regions and showed that awake animals had 

higher effective thresholds but shorter response latencies than anaesthetised animals, 

while inter-animal variability in response rate decreased in the awake condition (W. Lee 

et al., 2018). In awake sheep, stimulation of M1 and its thalamic projection region 

elicited selective contralateral hindlimb electromyography (EMG) responses, with 

shorter PDs yielding larger amplitudes (H. C. Kim et al., 2022). Physiological readouts 

further support state dependence: EMG and LFP responses were followed by cortical 

blood flow (CBF) changes that scaled monotonically with intensity and SD, whereas 

deep anaesthesia abolished responses (Yuan et al., 2020). 

Human studies broadly preserve this parameter dependence, but the most internally 

consistent results emerge when they are grouped by waveform family. Short 500 kHz 

single-train protocols generally point toward brief online suppression. For example, 

sonication with PRF around 1 kHz and sub-second exposure reduced motor-evoked 

potential (MEP) amplitude and intracortical facilitation (Legon, Bansal, et al., 2018), 

Systematic testing within this carrier-frequency family showed that suppression became 

more reliable with longer SD and lower DC, and was more robust in blocked than 

interleaved designs (Fomenko et al., 2020). Xia et al. further clarified that this 

suppressive effect is temporally narrow, occurring around the end of sonication and not 

reliably transferring to contralateral M1 at rest, which helps explain why durable 
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aftereffects are often absent with this protocol class (Xia et al., 2021). Likewise, 

response-inhibition study using a longer 500 kHz M1 exposure also reported sustained 

MEP suppression (Nakajima et al., 2022), while a parallel fMRI study using a related 

waveform found spatially confined increases in activation volume without clear BOLD-

amplitude changes, suggesting that suppressive electrophysiological regimes may still 

produce measurable local modulation (Ai et al., 2018). 

By contrast, patterned or repetitive 500 kHz protocols more often yield facilitatory or 

plasticity-like aftereffects. Theta-burst stimulation delivered as an 80 s train increased 

MEP amplitude for at least 30 min and was accompanied by reduced intracortical 

inhibition (Zeng et al., 2022). A follow-up study using the same general parameter set 

reported sustained MEP increases together with altered alpha/beta activity and motor-

network connectivity measured with MEG (Sarica et al., 2022). Later pharmacological 

manipulation did not fundamentally overturn this interpretation, but showed that the 

facilitatory aftereffect was diminished when cortical excitability was shifted, 

supporting the view that FUS-induced plasticity depends on the prevailing excitatory–

inhibitory balance rather than on a trivially stimulus-locked effect (Shamli Oghli et al., 

2023). Longer repetitive stimulation also supports this pattern: repeated M1 stimulation 

over 15 min increased ipsilateral excitability and transiently shifted interhemispheric 

balance (Ren et al., 2023; Y. Zhang, Ren, et al., 2021). Similarly, MRI-guided testing 

showed that a high-PRF/DC pattern increased excitability, whereas a low-PRF/DC 

pattern decreased it (T. Zhang et al., 2023). A separate 800 kHz protocol reported 

improved hand tapping, shorter MEP latency and increased MEP amplitude, again 

indicating that facilitatory motor outcomes can occur under different exposure regimes 

(M. F. Zhang et al., 2022). 

Notwithstanding, not all motor studies show clear modulation. Left M1 stimulation 

during tonic contraction produced neither concurrent EMG modulation nor changes in 

excitability (Heimbuch et al., 2022), whereas stimulation of leg motor cortex during 

voluntary foot movement enhanced movement-related cortical potentials (Yu, Liu, et 

al., 2021). Diagnostic imaging ultrasound over M1 produced transient MEP facilitation 

after 2 min of stimulation, supporting the possibility of excitability enhancement under 
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an alternative exposure regime, although this is not directly comparable to low-

frequency tFUS protocols (Gibson et al., 2018).  

Visual cortex 

Visual modulation remains comparatively under-investigated relative to somatosensory 

and motor targets, but existing studies reinforce the importance of exposure regime and 

network context. In rodent primary visual cortex (V1), 690 kHz stimulation with 

moderate intensity and low PRF transiently suppressed light-evoked responses, 

whereas increased intensity or PRF shifted the net effect towards modest elevation 

(Kim et al., 2015). In primate studies, stimulation of the frontal eye field (FEF) during 

antisaccade task produced measurable behavioural slowing (Deffieux et al., 2013). 

Follow-up electrophysiology in the supplementary eye field, a reciprocally connected 

region, revealed heterogeneous single-neuron effects with a roughly balanced 

distribution of increases and decreases in firing (Wattiez et al., 2017), albeit the causal 

projections between the two regions been less straightforwardly determine the on-site 

modulatory effect. More recent work demonstrated remote consequences of FEF 

stimulation more directly: tFUS to FEF reduced spiking rate in extrastriate visual cortex 

V4 under one parameter set, whereas neuronal activity increased when PRF was 

doubled and pulse duration was halved (Yu et al., 2024).  

Human visual studies have developed in parallel. Using parameters related to earlier 

human S1 work (W. Lee et al., 2015a), V1 stimulation was associated with stimulus-

locked EEG responses and diffuse visual percepts in a subset of participants, although 

inter-subject variability did not map straightforwardly onto targeting error or estimated 

in-situ intensity (W. Lee, Kim, et al., 2016). A comparable responder rate has been 

reported using diagnostic ultrasound, although the percept was described as spatially 

and temporally extended, again making this exposure regime difficult to compare 

directly with low-frequency tFUS (Schimek et al., 2020). More recent systems-level 

work has shifted from eliciting percept toward testing whether tFUS can bias visual 

processing in task-relevant directions, in a visual-evoked-potential brain-computer 

interface paradigm, stimulation of motion-sensitive visual cortex improved online 

spelling performance relative to multiple control conditions under comparatively low 

derated exposures (Kosnoff et al., 2024). 
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Auditory cortex 

Evidence for modulation of auditory processing has been reported in animal models 

using evoked-potential readouts. In deeply anaesthetised rats, sonication suppressed 

auditory evoked potential (AEP) amplitudes, and a comparable suppression profile was 

observed in swine under the same stimulation design (Daniels et al., 2018). However, 

later human work introduced an important interpretive complication. Commonly used 

tFUS waveforms can produce reliable AEPs through bone-conducted sound, and this 

auditory signature can be substantially reduced when an appropriate masking tone is 

delivered via earphones (Braun et al., 2020).  

This introduces a non-trivial ambiguity for studies targeting sensory cortices, apparent 

modulation may partly reflect auditory salience, startle-like processes or incomplete 

sham matching unless the audible component is adequately controlled. Converging with 

this concern, parameter refinements such as pulse-envelope ramping and explicit 

acoustic masking have been reported to reduce subjective audibility (Johnstone et al., 

2021). 

Higher-order areas 

Beyond primary sensory and motor regions, tFUS has also been applied to higher-order 

cortical areas involved in affective, cognitive and network-level regulation. Early 

affective work using an 8 MHz imaging probe over posterior frontal cortex reported 

improved self-reported mood in chronic pain participants, although this exposure 

regime differs substantially from most low-frequency tFUS neuromodulation protocols 

(Hameroff et al., 2013), Subsequent PRF studies, often centred on 500 kHz stimulation 

with low PRF values and sonication durations from tens of seconds to minutes, reported 

improved global affect, reduced anxiety and altered resting-state connectivity (Reznik 

et al., 2020; Sanguinetti et al., 2020a). Later study reported decreased midfrontal theta 

activity together with increased approach and reduced withdrawal behaviour, 

suggesting that this waveform class can influence affect-regulatory prefrontal systems 

in large (Ziebell et al., 2023). Stimulation of the right inferior frontal gyrus using a 

related 500 kHz platform modified the relationship between stimulus probability and 

cortical alpha activity without simply changing subjective control judgements (Forster 

et al., 2023).  
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Clinical and association-cortex studies further extend this evidence base. Repetitive left 

dorsolateral PFC stimulation over three weeks reduced negative symptoms and 

improved continuous-performance scores in schizophrenia, suggesting that tFUS 

effects are not confined to healthy affective paradigms (Zhai et al., 2023). Offline theta-

burst stimulation of the posterior cingulate cortex (PCC) or dorsal anterior cingulate 

cortex (dACC) increased functional connectivity in their respective default-mode and 

salience networks; PCC stimulation additionally reduced local GABA, indicating that 

effects can persist for tens of minutes and may differ across nearby association-cortex 

targets (Yaakub et al., 2023). Finally, bilateral medial PFC stimulation at lower 

frequency produced DC-dependent EEG redistribution during and after sonication, 

further supporting parameter-dependent modulation of higher-order cortical networks 

(Y. G. Kim et al., 2022).  

2.3.4. Subcortical neuromodulation studies 

Beyond the cerebral cortex, tFUS has also been applied to subcortical structures. This 

extension is central to the appeal of tFUS, because deep targets such as the thalamus, 

hippocampus, amygdala and brainstem contribute to arousal, memory, affective 

regulation, sensory integration and disease-relevant circuit function. The subcortical 

literature therefore provides an important test of whether tFUS can influence neural 

systems that are difficult to access selectively with conventional non-invasive 

stimulation methods. 

Thalamic region 

Among deep neural targets, the thalamus has received the greatest attention. Early 

animal work showed that thalamic sonication can alter global brain state: pulsed 

stimulation around 650 kHz in anaesthetised rats shortened emergence from anaesthesia 

(S. S. Yoo et al., 2011), whereas lower-intensity stimulation in an epileptic rat model 

reduced epileptiform bursts and seizure severity (Min et al., 2011). More detailed 

parametric work then showed that seizure suppression scaled mainly with exposure 

level and SD, emphasising that dose and temporal exposure are central to interpretation 

(S. G. Chen et al., 2020). Large-brain studies further indicated that thalamic modulation 

can be spatially selective: in swine, sensory-thalamic tFUS reversibly suppressed 

somatosensory evoked potentials (SSEPs) without detectable tissue injury (Dallapiazza 
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et al., 2017). By contrast, rat ventral posterolateral (VPL) stimulation under a higher-

frequency regime produced suppression that tracked focal temperature closely enough 

to support a predominantly thermal mechanism in that preparation (Darrow et al., 2019). 

Human thalamic studies broadly support target relevance while preserving interpretive 

complexity. Central-thalamic stimulation in patients with chronic disorders of 

consciousness was associated with behavioural improvement in two of three individuals 

(Cain et al., 2021), right anterior-thalamic stimulation reduced thermal pain sensitivity 

(Badran et al., 2020), and S1/VPL targeting in healthy generated FUS-evoked EEG 

responses and increased thalamic-network functional connectivity, with shorter pulses 

producing the clearest effects  (H. C. Kim et al., 2023). A recent study targeting the 

lateral geniculate nucleus (LGN), a thalamic relay involved in visual processing, 

illustrates the increasing spatial precision of phased-array tFUS approaches. Using a 

helmet array and 555 kHz pulsed stimulation, the study reported downstream fMRI 

activity changes in primary visual cortex (E. Martin et al., 2025a).   

Hippocampus 

A second major line of work has focused on the hippocampus. In healthy mice, 

hippocampal sonication increased theta power, whereas in temporal-lobe epilepsy mice, 

stimulation with lower DC and PRF delayed seizure onset and shortened seizure 

duration (H. Yang et al., 2020). In humans, Brinker et al. reported a first-in-human, 

single-participant feasibility study in drug-resistant temporal-lobe epilepsy, 

demonstrating that pulsed low-intensity tFUS could be repeatedly delivered to 

hippocampal targets across multiple treatment sessions without reported adverse events 

(Brinker et al., 2020). Alzheimer’s disease studies targeted the right hippocampus 

reported no detectable blood brain barrier (BBB) opening, yet found increased 

hippocampal glucose metabolism together with modest short-term memory 

improvement (Jeong et al., 2021, 2022).  

Other subcortical regions 

The field has also expanded into a broader set of deep targets. In macaques, offline 

sonication of the amygdala and ACC using a 250 kHz protocol reversibly altered the 

connectivity of the stimulated region for more than an hour (Folloni et al., 2019). An 

early human translation study targeting bilateral nucleus accumbens in patient with 
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opioid-use disorder using a phased array system reported reductions in craving 

(Mahoney et al., 2023). Matched 650 kHz, 5% DC paradigms applied to the amygdala 

or entorhinal cortex resulted in selective increases in perfusion and altered connectivity 

within the targeted regions (Kuhn et al., 2023). Evidence for brainstem and other deep 

targets remains more limited: sonication directed to the superior colliculus increased 

blink-reflex excitability, whereas comparable effects were not observed when 

stimulation was aimed at the substantia nigra or nucleus raphe magnus (Guerra et al., 

2021). 

 

 Ultrasound transmission through the skull 

The neuromodulation literature reviewed above suggests that tFUS can modulate neural 

activity with relatively high spatial selectivity, but also shows that its effects depend 

strongly on acoustic exposure parameters. This parameter dependence raises a critical 

translational question in human studies: although the acoustic output of the transducer 

can be predefined and controlled, this does not guarantee that the intended pressure, 

intensity or focal distribution is delivered accurately to the region of interest (RoI) after 

propagation through the head. Uncertainty in human tFUS is therefore not limited to 

waveform selection, but extends to the more fundamental question of whether the 

planned acoustic exposure corresponds to the in-situ exposure at the target. 

From the scalp to the brain, the ultrasound beam must traverse several anatomical layers, 

including the scalp, skull, and meninges, before reaching neural tissue. The scalp and 

meninges are relatively thin soft-tissue structures compared with the skull, and their 

acoustic properties are broadly similar to those of other soft tissues. By contrast, the 

skull is a dense, heterogeneous, multi-layered bony structure with marked regional and 

inter-individual variability in thickness, composition, and internal architecture. As a 

result, the skull is the dominant source of transmission loss and beam distortion in tFUS. 

This problem becomes especially important for deep targets, where sufficient energy 

must pass through the skull while preserving adequate focal coherence within the brain. 
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Figure 2-4 Anatomical and acoustic factors governing transcranial ultrasound transmission 
through the human skull. (a) Illustration showing the anatomical layers traversed by an 
ultrasound beam before reaching neural tissue. (b) Micro-CT illustration of the layered cranial 
bone structure, including the outer cortical table, trabecular diploë and inner cortical table. (c) 
Schematic representation of reflection, transmission and mode conversion at a bone interface. 
(d) Illustration of phase aberration caused by spatially varying sound speed across bone, 
showing how waves that begin in phase can emerge with different phase delays after 
transmission through the skull, thereby distorting the transmitted field and reducing focal 
coherence. Panels (b), (c) - (d) are adapted from (Lillie et al., 2016) and (Murphy et al., 2025) 
respectively. 

2.4.1. Role of the cranial bone 

The importance of the skull in brain ultrasound applications has been recognised for 

decades. Early interest in transcranial ultrasound was closely linked to brain imaging, 

where successful image formation required ultrasound energy enter the cranial cavity, 

reflect from intracranial structures and return through the skull to the transducer. This 

double passage through bone imposed a major limitation on image quality and 

feasibility. In therapeutic and neuromodulatory applications, the requirement is less 

restrictive because the primary objective is to deliver energy into the brain rather than 

recover reflected echoes. Even so, transcranial ultrasound remains fundamentally 

constrained by the acoustic properties of the skull. 

This constraint is well illustrated in clinical MR-guided focused ultrasound (MRgFUS). 

In procedures such as MRgFUS thalamotomy for essential tremor, inter-individual 
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differences in skull acoustic properties have been associated with insufficient 

temperature rise at the intended target (Chang et al., 2016; Elias et al., 2016; Jung et al., 

2019). Although the therapeutic goals and exposure regimes of MRgFUS differ from 

those of low-intensity neuromodulation, the same general principle applies: the skull 

does not behave as a passive window, but as a subject-specific filter that can 

substantially alter the transmitted field.  

At the most basic level, transmission is limited by the acoustic impedance mismatch 

between soft tissue and bone.  At the outer skull surface, this mismatch causes a 

substantial fraction of the incident wave to be reflected (roughly 58%) before energy 

can enter the skull (D. N. White et al., 1978). Once ultrasound enters bone, propagation 

becomes more complex because bone is a solid elastic medium in which mechanical 

energy can propagate not only as longitudinal waves but also as shear waves. The 

relative contribution of these modes depends strongly on the angle of incidence. As the 

incident beam becomes more oblique, a greater proportion of energy can be 

redistributed through reflection, refraction and mode conversion, reducing the forward-

propagating longitudinal component and altering the resulting focal field (Clement et 

al., 2004).   

Propagation is further complicated by the layered structure of the calvarium, which is 

typically composed of outer and inner cortical tables separated by trabecular diploë. 

These layers differ in density, porosity, and structural organisation, and each interface 

can introduce additional reflection, refraction, and mode conversion. Cortical bone is 

relatively compact, whereas trabecular bone has a porous cancellous architecture 

containing marrow and vascular spaces, with bone-soft tissue volume ratio about 50% 

to 50% (Boruah et al., 2015). Its internal microstructure is irregular, with trabeculae 

distributed over sub-millimetre to millimetre length scales (Collins et al., 2019) and 

separated from half to two millimetres in distance (Chaffaı̈ et al., 2000). At lower 

ultrasound frequencies, where the wavelength is longer, fine-scale trabecular 

heterogeneity may be partially averaged by the propagating wave. At higher frequencies 

(e.g., 1.5 mm at 1 MHz) however, the wavelength becomes comparable to skull 

microstructural features, increasing scattering and frequency-dependent attenuation. In 

this sense, the skull behaves as a complex frequency-dependent filter, and the 
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transmitted field depends not only on acoustic frequency but also on local skull 

thickness, internal composition, and beam incidence angle (Pinton et al., 2011). These 

factors help explain why tFUS outcomes can vary across individuals when studies rely 

on a single generic skull attenuation coefficient or assume a uniform cranial window 

for all participants (e.g., Sanguinetti et al., 2020a). 

2.4.2. Targeting 

In some applications, sonication may be delivered over a relatively broad region, 

particularly when the aim is to influence distributed pathology rather than a single 

circumscribed structure (e.g., Shimokawa et al., 2022). More commonly, however, 

tFUS neuromodulation aims to modulate a defined cortical or subcortical region. This 

requires the transducer to be positioned such that its acoustic focus overlaps with the 

intended target. The most straightforward approach uses a single geometrically focused 

transducer aligned according to the predefined target location. This approach is 

attractive because it is relatively simple to implement, but it assumes that the beam 

propagates through the skull in a predictable line-of-sight manner. Nevertheless, a 

practical challenge is that anatomical targeting and acoustic targeting are not 

necessarily equivalent. A transducer may be positioned correctly with respect to scalp 

landmarks or image-guided coordinates, yet still generate a degraded intracranial field 

if the beam passes through thicker, more heterogeneous or more obliquely oriented 

cranial regions.   

For this reason, sonication is often preferentially directed through more acoustically 

favourable skull regions where transmission is less severely degraded. However, the 

ideal acoustic window may not coincide with the most direct geometric path to the 

neural target. Multi-element transducers provide a more flexible solution to this 

problem. By independently controlling the phase and amplitude of each element, 

phased-array systems can electronically steer and shape the acoustic field, allowing the 

focus to be directed towards a chosen target even when the array is not aligned along a 

simple perpendicular path. Such systems can also compensate, at least in part, for skull-

induced phase aberration (Adams et al., 2021).  
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The geometry of the focal zone is also important. A single-element focused transducer 

typically produces an elongated focal region rather than an isotropic point focus. One 

strategy to reduce focal volume is to intersect two beams from separate transducers, for 

example in an orthogonal arrangement, so that the overlap region receives the highest 

pressure while the surrounding exposed volume is reduced (S. Kim et al., 2021). 

Extending this principle, a hemispherical distribution of elements can provide tighter 

focusing, albeit at the cost of greater system complexity (Leung et al., 2021). Such 

configurations also require larger scalp contact areas and more sophisticated acoustic 

coupling procedures (Gagliardo et al., 2018). 

2.4.3. Characterisation 

Because the skull can substantially alter ultrasound propagation, waves that would 

otherwise converge constructively at the intended focus may arrive with different phase 

delays (Figure 2-4.d), thereby reducing focal pressure or redistributing energy to 

unintended locations. These effects are difficult to measure directly in-vivo, where 

invasive pressure measurements are generally not feasible. As a result, much of the 

experimental characterisation of skull transmission has relied on ex-vivo measurements. 

Underwater acoustic measurement is commonly used for this purpose. For a single-

element transducer, a simple experiment compares the acoustic pressure measured in 

free water with the pressure measured after introducing a skull specimen into the 

propagation path, allowing transmission loss to be estimated. A more informative 

approach is to scan a cross-sectional or volumetric field, thereby visualising the degree 

of beam distortion. For multi-element systems, individual elements can be activated 

sequentially and the corresponding propagation delays measured. These delay estimates 

can then be used to adjust firing times so that the transmitted waves arrive more 

synchronously at the intended focus. 

The choice of acoustic sensor depends on the expected exposure conditions and the 

required spatial resolution. Hydrophone-based measurements remain widely used 

because they provide direct pressure measurements with high temporal resolution. 

Sensitive polyvinylidene fluoride (PVDF) hydrophones are suitable for many low-

intensity measurements, whereas more robust sensors, including fibre-optic 
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hydrophones, may be preferable under higher-intensity conditions where conventional 

probes may be vulnerable to damage. The sensor itself must also be chosen carefully, 

because finite aperture size, angular sensitivity and positioning accuracy can influence 

the measured field, particularly near sharp foci or in distorted transcranial fields. 

2.4.4. Computational modelling 

In practice, computational modelling serves as the bridge between experimentally 

observed skull behaviour and subject-specific treatment planning. A first requirement 

is adequate representation of skull anatomy. Computed tomography (CT) is often 

regarded as the most informative imaging modality for this purpose because it captures 

cranial morphology and bone contrast directly. MRI, by contrast, is intrinsically less 

suited to direct bone characterisation because bone contains relatively little mobile 

hydrogen and therefore generates weak signal. However, MRI remains attractive in 

clinical contexts because it is non-ionising, motivating increasing interest in generating 

synthetic CT (sCT) bone information from MRI using deep-learning approaches (Xiao 

et al., 2025). 

Once the skull has been represented anatomically, the transducer and sonication 

conditions must also be modelled appropriately. Commercial platforms such as 

Sim4life (Kosnoff et al., 2026) provide integrated environments for treatment planning, 

ray-based approaches such as Kranion (Sammartino et al., 2019) can provide relatively 

efficient estimates of propagation and phase correction, and full-wave solvers such as 

k-Wave (Treeby & Cox, 2010) gives larger freedom in modelling acoustic interference 

and heterogeneous propagation, to name but a few.  

Nevertheless, the accuracy of any simulation depends heavily on the quality of its inputs. 

Errors in skull segmentation, material-property assignment, transducer geometry, or 

target registration can all produce misleading estimates of the in-situ field. These 

uncertainties are central to the following chapters, which examine how transcranial 

acoustic delivery can be characterised, modelled and evaluated.  

2.4.5. Monitoring and validation 
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For high-intensity applications that deliberately produce thermal effects, MR 

thermometry can provide spatial information about temperature elevation and is 

therefore a powerful monitoring tool. In low-intensity neuromodulation, by contrast, 

appreciable heating is typically neither intended nor desirable, so thermal imaging is 

often insufficient as a marker of delivered acoustic dose or target engagement. One 

possible alternative is magnetic resonance acoustic radiation force imaging (MR-ARFI), 

which measures the small tissue displacements induced by acoustic radiation force and 

can therefore provide indirect evidence of focal energy deposition (Mohammadjavadi 

et al., 2025). Tracker-based navigation systems provide another practical tool by 

monitoring transducer position and orientation relative to the planned target, 

particularly in experimental setups requiring mobility or iterative adjustment (Shin et 

al., 2023). 

A further level of validation comes from monitoring neural or physiological responses. 

Techniques such as EEG, EMG, and fMRI are commonly used to assess whether 

sonication produces measurable changes in brain or motor activity, although the 

observed response may indicate that ultrasound has influenced the nervous system, yet 

it does not by itself confirm that the effect arose from the intended focal region rather 

than from off-target exposure, auditory confounds, or network-level secondary effects. 
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 Acoustic source characterisation 

The purpose of this chapter is to establish the physical and experimental framework 

used to characterise the ultrasound sources employed throughout this thesis. The 

electromechanical behaviour of the piezoelectric elements is first described using the 

linear constitutive relations and a reduced thickness-mode description linking electrical 

excitation to ceramic displacement. Source motion is then related to measurable 

acoustic output through acoustic radiation force, intensity and power. The chapter 

subsequently presents the experimental methods used to quantify these quantities, 

including laser Doppler vibrometer, radiation force balance measurements and 

hydrophone-based pressure-field mapping. Finally, acoustic holography is introduced 

as a method for recovering the amplitude and phase structure of the emitted field. 

Together, these approaches define the source-characterisation framework underpinning 

the modelling, validation and transcranial ultrasound studies described in the 

subsequent chapters. 
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 Piezoceramics 

Four single-element concave transducers were employed in this project. Each had an 

aperture diameter of 60 mm and a radius of curvature (RoC) of 75 mm, with nominal 

centre frequencies of 220 kHz, 650 kHz, 680 kHz, and 1000 kHz. The selected 

frequencies cover the sub-MHz range relevant to transcranial ultrasound 

neuromodulation and enable investigation of the fundamental trade-off between skull 

transmission and focal confinement. These transducers served as the acoustic sources 

for the measurement, modelling, and validation studies presented in this thesis. 

3.1.1. Linear constitutive relations 

Piezoelectric ceramics convert electrical excitation into mechanical deformation 

through the inverse piezoelectric effect, whereby an applied electric field induces strain. 

This electromechanical coupling underpins acoustic wave generation in ultrasound 

transducers. When a piezoceramic is driven by an applied voltage, an electric field (𝐸, 

V/m) is established inside the body. The electromechanical response is described by 

constitutive relations that link the local electrical and mechanical field: the electric 

displacement (𝐷, C/m2), the strain tensor (𝑆), and the stress tensor (𝑇, Pa). For piezo 

materials with simple geometrical shapes, mechanical and electrical dissipation was 

theoretically neglected, the stress-charge form reads (IEEE Standard on Piezoelectricity, 

1987) 

𝑇௜௝ = 𝐶௜௝௞௟
ா 𝑆௞௟ − 𝑒௞௜௝𝐸௞ , 𝐷௜ = 𝑒௜௞௟𝑆௞௟ + 𝜀௜௞

ௌ 𝐸௞. (3.1.1) 

Where 𝐶௜௝௞௟
ா  are the elastic stiffness at constant field (Pa), 𝑒௞௜௝  are the piezoelectric 

stress-charge coefficients (C·m-2) and 𝜀௜௞
ௌ   are the dielectric permittivity constants 

(F·m−1). Worth noting that, because stress and strain are symmetric, conventionally the 

symmetric index pairs (𝑖𝑗 or 𝑘𝑙: 11, 22, 33, 23, 13, 12) is packed using Voigt notation 

(1 to 6). With this mapping, the 𝐶௜௝௞௟
ா  ,  𝑒௞௜௝  and 𝜀௜௞

ௌ   becomes 6×6 and 3×6 and 3×3 

matrices, respectively. The equivalent strain-charged form and conversion can be found 
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at (Erturk & Inman, 2011). Although it appears more common to derive from strain-

charge, in this chapter we proceed from stress-charge. Either form is sufficient to define 

the linear elastic-electric vibration of a given piezoceramic.  

 

Figure 3-1 Coordinate axes and poling direction for an infinitesimal piezoelectric element. 

For prolonged, high-power applications, lead zirconate titanate (PZT) with additional 

acceptor doping is commonly preferred because such hardening process suppresses 

domain-wall motion, increases coercive field strength, and reduces dielectric and 

mechanical losses (Jakes et al., 2011). The transducers used in this project employ two 

specific types of hard PZT: PZ54 and DL-47. The stress-charged constants obtained 

from manufacturer are summarized in Table 3-1. Together with density and mechanical 

quality factor, these parameters define the linear electromechanical response of the 

ceramic. 

Table 3-1: Elastic-electric constants of PZ54 and DL-47, compiled from Qiu’s Thesis and 
manufacturer data (Qiu, 2014).  

 Elastic stiffness constants, CE (1010N/m2) 
 CE

11 CE
12 CE

13 CE
33 CE

55 CE
66 

PZ54 12.1 6.7 5.8 11.9 2.9 2.7 
DL-47 15.6 8.9 8.8 13.2 3.1 3.4 

 Piezoelectric stress coefficients, e (C/m2) 
 e33, e32 e31 e15, e24 

PZ54 21.6 -5.6 11.7 
DL-47 18.5 -4.9 14.3 

 Relative dielectric permittivity, ɛS 
 ɛS

33 ɛS
11 
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PZ54 1441 
870 

1220 
DL-47 960 

 

3.1.2. Reduced thickness-mode model 

To obtain an analytical description of the ceramic motion, consider an axisymmetric 

piezoceramic plate uniformly poled along the axial (3-axis, Figure 3-1) and driven 

predominantly in thickness mode. Apply a voltage establishes an electric field 𝐸ଷ 

through the thickness. Under a lateral stress-free approximation, shear components are 

neglected and only the normal stresses and strains are retained. The reduced stress-

charge relations are 

൥

𝑇ଵ

𝑇ଶ

𝑇ଷ

൩ = ൥

𝐶ଵଵ 𝐶ଵଶ 𝐶ଵଷ

𝐶ଵଶ 𝐶ଵଵ 𝐶ଵଷ

𝐶ଵଷ 𝐶ଵଷ 𝐶ଷଷ

൩ ൥

𝑆ଵ

𝑆ଶ

𝑆ଷ

൩ − ൥

𝑒ଷଵ

𝑒ଷଵ

𝑒ଷଷ

൩ 𝐸ଷ. (3.1.2) 

This yields the scalar relations: 

𝑇ଵ = 𝐶ଵଵ𝑆ଵ + 𝐶ଵଶ𝑆ଶ + 𝐶ଵଷ𝑆ଷ − 𝑒ଷଵ𝐸ଷ, (3.1.3) 

𝑇ଶ = 𝐶ଵଶ𝑆ଵ + 𝐶ଵଵ𝑆ଶ + 𝐶ଵଷ𝑆ଷ − 𝑒ଷଵ𝐸ଷ, (3.1.4) 

𝑇ଷ = 𝐶ଵଷ𝑆ଵ + 𝐶ଵଷ𝑆ଶ + 𝐶ଷଷ𝑆ଷ − 𝑒ଷଷ𝐸ଷ. (3.1.5) 

For traction-free lateral faces, 𝑇ଵ = 𝑇ଶ ≈ 0. Subtracting (3.1.3) and (3.1.4) gives 

(𝐶ଵଵ − 𝐶ଵଶ)(𝑆ଵ − 𝑆ଶ) = 0. (3.1.6) 

And since 𝐶ଵଵ ≠ 𝐶ଵଶ for the materials used here, it follows that 𝑆ଵ = 𝑆ଶ =
௘యభாయି஼భయௌయ

஼భభା஼భమ
. 

Substituting this result back into (3.1.5) and yields an effective 1-D relation 

𝑇ଷ = ቆ𝐶ଷଷ −
2𝐶ଵଷ

ଶ

𝐶ଵଵ + 𝐶ଵଶ
ቇ 𝑆ଷ + ൬

2𝐶ଵଷ𝑒ଷଵ

𝐶ଵଵ + 𝐶ଵଶ
− 𝑒ଷଷ൰ 𝐸ଷ. (3.1.7) 

Which can also be written in the strain-charge form: 

𝑆ଷ = 𝑆ଷଷ
ா 𝑇ଷ + 𝑑ଷଷ𝐸ଷ, (3.1.8) 
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𝑆ଷଷ
ா =

𝐶ଵଵ + 𝐶ଵଶ

(𝐶ଵଵ + 𝐶ଵଶ)𝐶ଷଷ − 2𝐶ଵଷ
ଶ , 𝑑ଷଷ =

𝑒ଷଷ(𝐶ଵଵ + 𝐶ଵଶ) − 2𝐶ଵଷ𝑒ଷଵ

(𝐶ଵଵ + 𝐶ଵଶ)𝐶ଷଷ − 2𝐶ଵଷ
ଶ . (3.1.9) 

Where 𝑆ଷଷ
ா   is the effective thickness compliance (m2/N) and 𝑑ଷଷ  is the effective 

piezoelectric strain coefficient (m/V). Using the constants in Table 3-1 gives 

𝑑ଷଷ ≈3.0×10-10 m/V for PZ54 and 3.2×10-10 m/V for DL-47. For a monolithic plate of 

thickness h driven by voltage V, the free stroke ∆ℎ is therefore  

∆ℎ = 𝑑ଷଷ𝑉. (3.1.10) 

Using the calculated 𝑑ଷଷ  values, a 10 Vpp drive corresponds to a non-resonant free 

displacement of approximately 1.5 nm for PZ54 and 1.6 nm for DL-47.  

3.1.3. Resonant behaviour 

When the ceramic is driven at its natural frequency, the material behaves as a harmonic 

oscillator in which the kinetic energy and elastic strain energy shuttles back and forth 

each quarter period (Erhart et al., 2017), the energy accumulated through cycles of 

construction, and the achievable amplification is related to the mechanical quality factor, 

(Qm,> 1000 for PZ54 and DL-47). For the fundamental thickness-extensional mode 

(diameter ≫ thickness), The resonant frequency can be approximated by 

𝑓௦ =
𝑁௧

ℎ
, (3.1.11) 

where 𝑁௧ is the thickness frequency constant (Hz·m), which is approximately half the 

longitudinal wave speed in the ceramic. Reference values of 𝑁௧ for PZ54 and DL-47 

are about 1980 Hz·m and 2130 Hz·m, respectively. This relation provides a first 

estimate of ceramic thickness for a chosen operating frequency. In practice however, 

the response of an assembled transducer is not determined by the ceramic alone. The 

housing constraints, electrode layout, and manufacturing tolerances all modify the 

effective resonance frequency and vibration amplitude.  

The surface displacement of selected transducers was measured in air using a laser 

Doppler vibrometer (LDV; OFV-2570, Polytec, DE). As shown in Figure 3-2, The laser 

was aligned with the centre of the ceramic surface to maximise direct reflection, and 

the displacement decoder was sampled at up to 2 MHz. Three transducers with nominal 
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centre frequencies (fc) of 220 kHz, 680 kHz and 1000 kHz were driven with a 10 Vpp 

sinusoidal waveform.  

 
Figure 3-2 Piezoceramic surface displacement measurement setup using LDV. 

The measured peak displacements occurred at operating frequencies (fo) of 226 kHz, 

690 kHz, and 1027 kHz, respectively, with average peak amplitudes of 36.6 nm, 20.9 

nm, and 24.0 nm (Figure 3-2). Relative to the analytical non-resonant free-stroke 

estimates, these measured amplitudes were approximately 24, 14, and 15 times larger, 

consistent with substantial resonant amplification. The slight shift between nominal and 

measured operating frequency is expected because the complete transducer structure, 

rather than the piezoceramic alone, determines the effective resonance.  

 
Figure 3-3 Measured surface displacement in three transducers with centre frequencies (fc) of 
220 kHz, 680 kHz and 1000 kHz. The peak displacements occurred at operating frequencies 
(fo) of 226 kHz, 690 kHz and 1027 kHz, respectively.  

One important limitation should be noted. For the 1027 kHz measurement, the 

maximum sampling rate of 2 MHz was slightly below the Nyquist requirement, so the 

recorded waveform at the highest frequency was distorted and the peak amplitude may 
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be biased. In the present work, the transducers were commercially manufactured 

devices for which the detailed internal stack geometry, material properties and bonding 

conditions were not available. A sufficiently representative finite-element model could 

therefore not be constructed without introducing substantial assumptions. Consequently, 

the transducer response was characterised experimentally rather than predicted from a 

device-level piezoelectric simulation 

3.1.4. Pressure gain estimates 

For a harmonic source with peak displacement amplitude ∆ℎ, the corresponding peak 

normal surface velocity (𝑣଴, m/s) can be approximated as 

𝑣଴ = 𝜔∆ℎ, (3.1.12) 
where 𝜔 = 2𝜋𝑓.  Under a lossless plane-wave approximation, this velocity 

corresponds to plane-wave-equivalent pressure amplitude (𝑝଴, Pa), 

𝑝଴ = 𝑣଴𝜌𝑐, (3.1.13) 

where 𝜌 is the density of the coupling medium (kg/m3) and 𝑐 is the speed of sound (m/s).  

It is important to note that the surface displacement in this study was measured in air. 

This represents a lightly loaded condition and does not reproduce the acoustic loading 

experienced during water-coupled operation, where the higher acoustic impedance of 

water imposes a substantially greater radiation load on the transducer surface. Direct 

measurement of the water-loaded displacement was not obtained, because refraction 

and scattering of the LDV beam at the water-container interface degraded the reflected 

optical signal. Therefore, the air-measured displacement was not used to calculate 

calibrated acoustic pressures. Instead, the following relations are used only to show how 

pressure gain scales with surface velocity and focusing geometry. 

For an ideal spherical concave radiator vibrating with uniform normal velocity, the 

Rayleigh-O’Neil solution gives the complex on-axis pressure at the geometrical focus 

as (O’Neil, 1949)  

𝑝̂(𝐹) = 𝑖𝜌𝑐𝑣଴𝑘
𝑆

2𝜋𝐹
𝑒ି௜௞ி, (3.1.14) 
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where F is the geometrical focal length, 𝑘 = 2𝜋/λ  is the wavenumber; λ  is the 

wavelength, 𝑆 = 𝜋𝑟ଶ is the projected aperture area of the source with aperture radius  

𝑟. Taking the magnitude at the focus gives  

|𝑝̂(𝐹)| = 𝜌𝑐𝑣଴

𝑘𝑟ଶ

2𝐹
. (3.1.15) 

Dividing |𝑝̂(𝐹)| by 𝑝଴ gives the focal pressure gain, 

𝐺௣ ≡
𝜋𝑟ଶ

𝐹λ
. (3.1.16) 

For the 60 mm aperture and 75 mm RoC transducers used here, and using the 

wavelength in water, the predicted pressure gains are approximately 5.5, 17.1 and 25.3 

at 220 kHz, 680 kHz, and 1000 kHz, respectively. 

 

 Energy characterisation 

3.2.1. Momentum flux expression  

In this section, the relation between piezoelectric surface motion and measured acoustic 

output is established. The oscillatory displacement of the piezoceramic radiating 

surface imposes a normal boundary velocity on the adjacent coupling medium, thereby 

generating first-order perturbations in acoustic pressure (𝑝), density (𝜌), and particle 

velocity (𝐯). Neglecting viscosity and body forces, the momentum balance of the fluid 

is governed by Euler’s equation, 

𝜌 ൬
𝜕𝐯

𝜕𝑡
+ (𝐯 ∙ ∇)𝐯൰ + ∇𝑝 = 0 (3.2.1) 

Applying the product rule gives 

𝜌
𝜕𝐯

𝜕𝑡
=

𝜕(𝜌𝐯)

𝜕𝑡
− 𝐯

𝜕𝜌

𝜕𝑡
, 𝜌𝐯 ∙ ∇𝐯 = ∇ ∙ (𝜌𝐯𝐯) − 𝐯∇ ∙ (𝜌𝐯),  

where 𝐯𝐯 denotes the dyadic product. Euler’s equation may therefore be written as 
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𝜕(𝜌𝐯)

𝜕𝑡
+ ∇ ∙ (𝜌𝐯𝐯) − 𝐯 ൭

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝐯)൱ + ∇𝑝 = 0. (3.2.2) 

Using the continuity equation for mass conservation, 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝐯) = 0, (3.2.3) 

Eq. (3.2.2) reduces to the conservative momentum form, 

𝜕(𝜌𝐯)

𝜕𝑡
+ ∇ ∙ (𝑝𝐈 + 𝜌𝐯𝐯) = 0, (3.2.4) 

where I is the identity tensor. Integrating Eq. (3.2.4) over a control volume V gives  

𝑑

𝑑𝑡
න 𝜌𝐯𝑑𝑉

௏

+ ඵ (𝑝𝐈 + 𝜌𝐯𝐯) ∙ 𝐧𝑑𝐴
డ௏

= 0, (3.2.5) 

where n is the outward unit normal of the control volume. For periodic steady state, the 

cycle average over one acoustic cycle of the first term vanishes, such that  

ඵ 〈(𝑝𝐈 + 𝜌𝐯𝐯) ∙ 𝐧〉𝑑𝐴
ௌ಺

= − ඵ 〈(𝑝𝐈 + 𝜌𝐯𝐯) ∙ 𝐧〉𝑑𝐴
ௌೀ

, (3.2.6) 

where 𝜕𝑉 includes 𝑆ை the outer surface and 𝑆ூ the inner surface surrounding the body. 

Defining the momentum-flux tensor as 

𝐓 = 𝑝𝐈 + 𝜌𝐯𝐯,  

the radiation force on the body is obtained from the flux of the cycle-averaged 

momentum-flux tensor across the inner surface, 

𝐹௥௔ௗ = − ඵ 〈𝐓〉 ∙ 𝐧𝑑𝐴
ௌ಺

, (3.2.7) 

To evaluate T, the coupling medium is treated as an inviscid, compressible fluid under 

the isentropic small-perturbation approximation. The field variables are expanded about 

a quiescent equilibrium state as 
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𝑝 = 𝑝଴ + 𝜀𝑝ଵ + 𝜀ଶ𝑝ଶ + ⋯ ,

𝜌 = 𝜌଴ + 𝜀𝜌ଵ + 𝜀ଶ𝜌ଶ + ⋯ ,

𝐯 = 𝜀𝐯ଵ + 𝜀ଶ𝐯ଶ + ⋯ . (3.2.8)

 

Where 𝑝଴ and 𝜌଴ are the uniform equilibrium pressure and density, and  𝜀 is a small 

parameter representing the small acoustic perturbation amplitude with 𝜀 ≪ 1. At first 

order, substitution of Eq. (3.2.8) into Eq. (3.2.1) yields 

𝜌଴

𝜕𝐯ଵ

𝜕𝑡
+ ∇𝑝ଵ = 0. (3.2.9) 

For a monochromatic plane progressive wave, the first-order pressure and particle 

velocity may be written as 

𝑝ଵ(𝐫, 𝑡) = 𝑝̂𝑒௜(𝐤∙𝐫ିఠ ), 𝐯ଵ(𝐫, 𝑡) = 𝐯ො𝑒௜(𝐤∙𝐫ିఠ௧), (3.2.10) 

Where 𝑝̂  and 𝐯ො  are complex amplitudes, 𝐫  is the position vector, and k is the 

wavevector and |𝐤| = 𝜔/𝑐଴, with 𝑐଴  denoting the sound speed in the equilibrium 

medium. The physical pressure and particle velocity are given by the real parts of these 

expressions. Taking the longitudinal scalar component along the propagation direction 

gives the first-order pressure-velocity relation 

𝑣ଵ =
𝑝ଵ

𝜌଴𝑐଴
, (3.2.11) 

where 𝜌଴𝑐଴ is the characteristic acoustic impedance of the medium. 

The detailed second-order derivation is given in APPENDIX B, the resulting cycle-

averaged second-order momentum-flux tensor is  

〈𝐓(𝟐)〉 = 〈
𝑝ଵ

ଶ

2𝜌଴𝑐଴
ଶ −

𝜌଴𝑣ଵ
ଶ

2
〉 𝐈 + 𝜌଴〈𝐯ଵ𝐯ଵ〉. (3.2.12) 

For a plane progressive wave, the cycle-averaged isotropic second-order term vanishes 

while 𝜌଴〈𝐯ଵ𝐯ଵ〉 remains, and substituting Eq. (3.2.11) into Eq. (3.2.7) therefore gives  

𝐹௥௔ௗ = ඵ ቆ
𝑝ଵ,௥௠௦

ଶ

𝜌଴𝑐଴
ଶ ቇ 𝑑𝐴

ௌ಺

, (3.2.13) 
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where 𝑝ଵ,௥௠௦ is the root-mean-squared first-order acoustic pressure. 

The time-averaged acoustic intensity is 

𝐼 = 〈𝑝ଵ𝐯𝟏〉 =
𝑝ଵ,௥௠௦

ଶ

𝜌଴𝑐଴
, (3.2.14) 

integration of the intensity over the beam cross-section gives the total acoustic power, 

𝑃 = ඵ 𝐼𝑑𝐴.
஺

(3.2.15) 

For normal incidence on an ideal absorbing target, the measured radiation force is 

related to the total acoustic power by 

𝐹௥௔ௗ =
𝑃

𝑐଴
. (3.2.16) 

The detailed first-order pressure-velocity relation and intensity expression are derived 

in APPENDIX C. 

3.2.2. Power measurement 

Following the radiation-force and intensity relations derived in the preceding 

subsection, acoustic power was quantified experimentally using a radiation force 

balance (RFB; Precision Acoustics, UK), following IEC 61161 as closely as practicable.  

For a monochromatic plane progressive wave normally incident on an ideal absorbing 

target, the time-averaged radiation force is proportional to the square of the root-mean-

squared acoustic pressure, thereby providing the theoretical link between the first-order 

acoustic field generated by the vibrating piezoceramic surface and the measurable force 

exerted on the absorber. 

As shown in Figure 3-4.a, the transducer was immersed in degassed water and aligned 

normal to the absorbing target. The absorber area exceeded the transducer aperture, and 

its position was chosen such that essentially all forward-propagating acoustic power 

was intercepted within the measurement geometry. The RFB recorded radiation force 

as an equivalent mass, which was converted to force using F = mg. Representative data 
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are shown in Figure 3-4.b for the 650 kHz transducer driven by a 10 Vpp continuous 

sinusoidal waveform. The measured mass signal was averaged over nine on-off cycles 

separated by 20 s intervals. 

 

Figure 3-4. (a) Representative radiation-force measurement setup. The transducer was 
positioned normal to the absorber at a distance shorter than the focal depth. (b) Representative 
radiation-force measurement expressed as equivalent mass for a 650 kHz transducer driven by 
a 10 Vpp continuous sinusoidal waveform. The signal was averaged over nine on-off cycles 
with 20 s intervals.   

The same method was then used to determine voltage-to-power conversion curves for 

the 220 kHz, 650 kHz, 680 kHz, and 1000 kHz transducers. Depending on the 

amplifiers used (E&I, US), the maximum available drive voltage ranged from 66 Vpp 

to 185 Vpp, and measurements were performed in increments of 0.3 to 1.5 Vpp. The 

resulting curves (Figure 3-5) show that acoustic power increased with excitation voltage 

for all transducers, whereas the electrical-to-acoustic conversion efficiency decreased 

at higher drive levels. Among the devices tested, the 220 kHz transducer exhibited the 

lowest conversion efficiency. Notably, the 650 kHz and 680 kHz transducers, despite 

their similar nominal centre frequencies, produced clearly different acoustic power 

outputs. This indicates that transducer performance depends not only on nominal 

frequency and external geometry, but also on internal stack design, material-specific 

properties, and assembly-related factors. These findings therefore reinforce the need to 

calibrate each transducer individually rather than assuming identical acoustic 

performance from nominal specifications alone.  
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Figure 3-5. Electrical drive voltage-to-acoustic power conversion curves. Voltage ranges were 
4.8-150 Vpp for the 220 kHz and 680 kHz transducers, 3.7-185 Vpp for the 650 kHz transducer, 
and 4.3-66.3 Vpp for the 1000 kHz transducer.  

3.2.3. Pressure field measurement 

Acoustic pressure fields were measured using PVDF needle hydrophones, which 

convert incident acoustic pressure into voltage through the piezoelectric effect. For 

high-resolution field mapping, smaller active-element diameters are advantageous 

because they reduce spatial averaging and directional error, although this occurs at the 

expense of lower sensitivity. 

Measurements were performed in accordance with IEC 61828 and IEC 62127-1 to 3. A 

three-axis scanning system was assembled using Velmex XSlides (Velmex, USA) with 

a lead-screw resolution of 0.01 mm. In-house developed software enabled 1D, 2D, and 

3D raster scanning with user-defined step sizes. The hydrophone was mounted in a 3D-

printed holder incorporating an angled beam-splitter arrangement to reduce reflection 

artefacts. 

Because the hydrophone records voltage rather than acoustic pressure directly, a 

frequency-dependent sensitivity is required to convert the measured signal to an 



Chapter 3. Acoustic source characterisation 3.2. Energy characterisation 

63 

 

absolute pressure value. In this work, that sensitivity was established empirically by 

matching hydrophone-derived power estimates to RFB measurements at each working 

frequency. 

The directional response of the hydrophones was first assessed under 650 kHz 

sonication by rotating the probe from 0º to 50º in 10º increment while maintaining the 

sensing tip at the geometrical focus. As shown in Figure 3-6, when the transducer was 

driven by a 10 Vpp continuous sinusoidal waveform, the received signal amplitude 

decreased with hydrophone diameter, reflecting the lower sensitivity of smaller active 

elements. Normal-incidence signal amplitudes, normalised to the 1.0 mm hydrophone, 

were 0.43, and 0.21 for the 0.5 mm, and 0.2 mm hydrophones, respectively.  

The larger hydrophones also exhibited greater angular dependence. The average 

amplitude reduction per 10º was 6.1% for the 1.0 mm hydrophone, 4.6% for the 0.5 mm 

hydrophone, and only 0.4% for the 0.2 mm hydrophone. These results confirm the 

expected trade-off: smaller sensing tips provide improved spatial fidelity and lower 

directional bias, whereas larger tips provide stronger signal levels. 

 

Figure 3-6 Relationship between hydrophone tilt angle and received signal amplitude under 650 
kHz sonication.  

To characterise the near field, the hydrophone was positioned 7 mm from the transducer 

aperture and scanned across a 66 mm × 66 mm plane, as illustrated in Figure 3-7. At 

each position, the transducer was driven by a 10 Vpp, 0.5 ms sinusoidal burst, and the 

waveform was recorded using a PC oscilloscope (4224A, Picoscope, US) at 40 MHz. 
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After a 0.5 s settling period, the hydrophone advanced to the next position. Initial 

transients and ring-down were excluded, and the steady-state component near the centre 

frequency was used to estimate peak signal amplitude.  

 

Figure 3-7 Acoustic scanning system setup. 

To determine an appropriate balance between spatial resolution and acquisition time, 

three step sizes were evaluated: 1.0 mm, 0.5 mm, and 0.25 mm, Near-field maps for the 

220 kHz, 680 kHz, and 1000 kHz transducers (Figure 3-8) showed  that 1.0 mm 

sampling produced the coarsest field representation but required only approximately 

2.0 hours, whereas 0.5 mm and 0.25 mm sampling produced similar field structures but 

required approximately 8.2 hours and 32.7 hours, respectively. Using the 0.25 mm scan 

as the reference, the integrated power differences for 1.0 mm and 0.5 mm sampling 

were +2.0% and -1.6% at 220 kHz, -3.9% and -1.3% at 680 kHz, and +35.6% and -2.6% 

at 1000 kHz. The larger discrepancy for 1.0 mm sampling at 1000 kHz is consistent 

with under-sampling of the finer spatial structure and steeper pressure gradients at the 

higher frequency, whereas the close agreement between the 0.5 mm and 0.25 mm scans 

indicates improved spatial convergence at the finer resolutions. These results indicate 

that 0.5 mm sampling provided a favourable compromise between spatial fidelity and 

measurement duration. Therefore, the selection of 0.5 mm was selected empirically by 



Chapter 3. Acoustic source characterisation 3.2. Energy characterisation 

65 

 

its close agreement with the finer 0.25 mm scans together with the substantial reduction 

in acquisition time.  

 

Figure 3-8 Near-field acoustic maps of the 220 kHz, 680 kHz, and 1000 kHz transducers 
acquired with step sizes of 1.0 mm, 0.5 mm, and 0.25 mm.  

At near-focus distance, where the beam was narrower and the pressure distribution 

more concentrated, scans were performed over an area extending to at least twice the 

beam full-width half-maximum (FWHM).  The measured hydrophone voltage field was 

then integrated to obtain a power estimate, and a frequency-specific amplitude-to-

pressure conversion factor was derived by matching this power to the RFB-measured 

power over the range 3.7-16.3 Vpp in increments of 0.3 Vpp.  
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As shown in Figure 3-9, for the 650 kHz transducer, hydrophone-derived power agreed 

closely with RFB-derived power above approximately 8 Vpp. The larger deviations 

observed at lower voltages were most likely attributable to reduced hydrophone signal-

to-noise ratio and the lower sensitivity of the RFB near its measurement threshold. This 

cross calibration procedure placed the hydrophone measurements on an absolute 

pressure scale and was subsequently used throughout the project to estimate peak 

pressure fields. 

 

Figure 3-9 Comparison of acoustic power measured by the RFB and by hydrophone integration 
for the 650 kHz transducer.  

3.2.4. Acoustic holography 

The preceding subsection dealt primarily with pressure amplitude, since the excitation 

burst and hydrophone acquisition were synchronised, the full waveform recorded at 

each scan position also preserved phase information. This allowed the acoustic field to 

be represented as a complex pressure distribution and, in turn, enabled reconstruction 

of the three-dimensional acoustic field using the angular spectrum method (ASM) 

(Sapozhnikov et al., 2015). 
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In ASM, a measured two-dimensional monochromatic complex field is decomposed 

into its constituent spatial-frequency components and propagated to an arbitrary plane 

in the frequency domain. In this way, the field at different axial positions can be 

reconstructed from a single measured plane. In the present work, this propagation was 

implemented using the angularSpectrumCW function from the k-Wave pseudo-spectral 

MATLAB toolbox.  

Before reconstructing the three-dimensional acoustic field, a holographic comparison 

was first performed between an ideal k-Wave-generated bowl-source hologram and the 

experimentally measured near-field signal, both viewed at the source aperture plane. As 

shown in Figure 3-10, the measured fields exhibited asymmetric pressure distributions 

and weaker contrast than the idealised source, particularly at 220 kHz. This behaviour 

is likely to reflect non-uniform vibration across the piezoelectric aperture, which may 

become more pronounced in thicker ceramics and at lower operating frequencies. 

 

Figure 3-10 ASM-based plane propagation of the ideal k-Wave-generated bowl source and the 
measured signal, viewed at the source aperture plane. Pressure levels are normalised to their 
respective maxima.  

To recover the effective bowl-surface source from measurement, rather than relying on 

an idealised geometrical source, the measured hologram was back-propagated to a bowl 

detector using the conventional k-space solver kspaceFirstOrder3D. The recorded 
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pressure on this detector was then taken as the transducer surface pressure field. This 

reconstruction allowed the effective source structure to be visualised directly and also 

provided a measurement-informed source definition for subsequent transcranial 

simulations. The reconstructed source field was then forward propagated to generate 

the free-field acoustic volume used for source validation. 

 

Figure 3-11 (a) Source-surface acoustic pressure reconstructed by backward propagation of the 
measured holograms, together with the corresponding forward-simulated focal volumes 
thresholded at -3dB, -6 dB and -12 dB. (b) Comparison of the axial pressure distribution 
obtained from hydrophone measurement (MEA), simulation (SIM) using the reconstructed 
source field, and the O’Neil analytical solution. Pressure was normalised to the measured peak 
pressure. 

As shown in Figure 3-11.a, the reconstructed free-field volumes exhibited clear 

frequency dependence. At 680 kHz and 1000 kHz, acoustic energy was concentrated 
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near the geometric focus and produced the expected elongated focal volumes. By 

contrast, at 220 kHz the field above -12 dB was broader and more cylindrical, consistent 

with more piston-like behaviour. This may reflect a combination of lower-frequency 

diffraction and transducer-specific deviations from ideal bowl-source behaviour.  

Validation of the reconstructed source was performed by comparing forward 

simulations with the O’Neil solution and free-field hydrophone measurements acquired 

along the acoustic axis between 18 mm and 118 mm in 0.5 mm increments. As shown 

in Figure 3-11.b, the reconstructed-source simulation reproduced the hydrophone-

measured axial pressure profile more closely compared to the O’Neil solution. Across 

the three frequencies, the simulated axial peak pressure was approximately 3% to 7% 

lower than experimental value, and the discrepancy in the location of the spatial peak 

pressure was limited to approximately 2-3 mm. These deviations indicate that the 

reconstructed source fields reproduced the essential free-field transducer behaviour 

with sufficient accuracy to justify their use in subsequent transcranial simulations. 

 

 Discussion 

The source characterisation framework described above establishes the physical and 

experimental basis for the subsequent studies in this thesis. Nevertheless, several 

practical limitations should be made explicit.  

First, the LDV measurements were performed in air rather than under water loading. 

Because acoustic radiation into water substantially modifies the mechanical boundary 

condition of the transducer, air-measured displacements cannot be interpreted directly 

as in-water operating displacements.  

Second, the simple plane-wave radiation-force relation is not strictly applicable to the 

concave focused transducers used in this study, because the emitted field is convergent 

rather than perfectly plane. Under these conditions, the measured radiation force 

depends on the component of wave momentum normal to the absorbing target, and a 

focusing correction should therefore be considered. For a spherically focused bowl 
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transducer, this correction may be expressed in terms of the beam convergence half-

angle 𝜃, the average axial momentum factor can be approximated as (1 + 𝑐𝑜𝑠𝜃)/2. For 

the transducers used here, this corresponded to approximately 96% of the total acoustic 

power. 

Third, it is worth noting that the voltage was monitored using an oscilloscope 

configured with a 1 MΩ input impedance. This high-impedance setting minimised 

loading of the measurement circuit and therefore allowed the terminal voltage to be 

measured without introducing a 50 Ω termination. This distinction is important because, 

for a source with a 50 Ω output impedance, the voltage measured under a high-

impedance load can approach twice that obtained under matched 50 Ω termination, 

consistent with a simple Thevenin-equivalent analysis. This was accounted for when 

reporting voltages and interpreting hydrophone signals.  

Fourth, hydrophone sensitivity varied not only with nominal active element diameter 

but also between individual probes and from day to day. As shown in Table 3-2, 

representative calibration values at 650 kHz differed substantially across the seven 

hydrophones used in the project. Daily calibration was therefore necessary to minimise 

the contribution of sensitivity drift and probe-to-probe variability to the overall 

measurement uncertainty. 

Table 3-2: Comparison of measured hydrophone sensitivities at 650 kHz with manufacturer 
reference values. 

Hydrophone Sensitivity at 650 kHz, 
mV/MPa (±uncertainty) 

Reference value, 
mV/MPa 

HP1, 0.2 mm 33(±1.0%) 32 
HP2, 0.5 mm 236 (±0.5%) 270 
HP3, 0.5 mm 366 (±0.5%) 270 
HP4, 1.0 mm 740 (±1.0%) 920 
HP5, 1.0 mm 1140 (±3.5%) 920 
HP6, 1.0 mm 730 (±3.5%) 920 
HP7, 1.0 mm 910 (±5.0%) 920 

 

Fifth, although hydrophone selection is often guided by the quarter-wavelength 

criterion in IEC 62127, the use of a larger hydrophone may still be practical when 

improved signal-to-noise ratio is required. Repeated field mappings in the same plane 
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using hydrophones of different diameters showed negligible differences across the three 

frequencies tested under the present measurement conditions. Hydrophone-aperture 

effects were therefore considered small relative to other sources of uncertainty in this 

study, although this conclusion should not be generalised to all field geometries or 

higher-frequency measurements. In addition, the hydrophone does not sample the 

wavefront under perfectly orthogonal incidence across the full aperture. For example, 

measurements at 680 kHz showed that a 20° tilt reduced the measured peak by 

approximately 3.5%. Angular sensitivity therefore remains a potential source of 

underestimation, particularly in highly curved or distorted fields.   

Sixth, the source-reconstruction framework represents a substantial improvement over 

idealised aperture definitions, nevertheless, several factors may affect this reconstructed 

source distribution. Residual reflections from the hydrophone tip can perturb near-field 

measurements and contribute to residual near-field error. Peripheral wave information 

may also be lost when the measured hologram is back-propagated to a virtual detector 

that does not fully cover the effective radiating surface. Additional uncertainty arises 

from spatial averaging, finite bandwidth and filtering during signal processing. These 

effects may lead to systematic underestimation of radiated energy or mild distortion of 

the reconstructed source field. 

Alternative source-modelling approaches commonly avoid explicit source 

reconstruction either by propagating a measured hologram to a plane and using that 

plane as a mass source (calculateMassSourceCW) (Krokhmal et al., 2025), or by 

computing an idealised source field directly from transducer geometry (kWaveArray) 

(Yaakub et al., 2023). These approaches are convenient, but they do not explicitly 

represent the physical boundary behaviour of the piezoceramic surface. This limitation 

may become important when the sonication train extends over many cycles and the 

transducer is placed close to a reflecting or scattering interface. This concern is 

addressed in the Chapter 4 and 5.  

Finally, a smaller but practically relevant source of uncertainty arises from rotational 

freedom during transducer mounting. The reconstructed bowl-surface maps in Figure 

3-11 (a-b) reveal an inherent asymmetry. If the transducer is not immobilised about its 

axis, the measured field cannot be reproduced exactly in simulation. 
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Overall, this chapter establishes a measurement-informed description of the ultrasound 

sources used throughout this thesis, spanning their electromechanical behaviour, 

acoustic power, pressure distribution and complex free-field characteristics. The 

purpose of this characterisation is not to recover every internal electromechanical detail 

of the commercial transducers, but to establish a sufficiently controlled and 

experimentally validated source baseline for subsequent transcranial measurements and 

modelling. With the incident field characterised, the next chapter investigates how 

passage through the human skull modifies this baseline.



 

73 

 

 

 Transcranial characterisation 

The purpose of this chapter is to characterise how cranial bone modifies the 

transmission of focused ultrasound and to identify the skull-related factors that govern 

intracranial pressure delivery, insertion loss, and beam distortion. The chapter first 

describes the skull specimens employed, and the CT-based methods used to quantify 

regional thickness, skull density ratio (SDR), and local curvature. It then presents 

experimental measurements of transcranial pressure and power transmission, together 

with analyses of insertion loss, focal distortion, focus expansion, and focus shift across 

sub-megahertz frequencies. Finally, the influence of transducer-skull angulation and 

transducer-skull spacing is examined in order to identify practical sources of 

uncertainty likely to affect tFUS delivery in both experimental and clinical settings. 
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 Introduction 

The preceding chapter established the free-field source characterisation framework 

used in this thesis, However, for tFUS, the calibrated free-field output of a transducer 

is only the starting point. Once the beam passes through cranial bone, the field delivered 

to the intended target may differ substantially from the field measured in water, both in 

amplitude and in spatial distribution. Some in-vivo studies assume a uniform insertion 

loss across individuals or apply free-field pressure measurements as a substitute for in-

vivo parameters (Fomenko et al., 2020b; Zeng et al., 2024a), despite the fact that this 

reduction can vary across subjects due to differences in skull properties and frequencies 

(Pichardo et al., 2011). Such variability may compromise the accuracy of determining 

optimal ultrasound neuromodulation parameters. 

Previous studies have characterised skull transmission primarily using short-pulse 

measurements and have shown that attenuation increases with both skull thickness and 

ultrasound frequency (Ammi et al., 2008; Guo et al., 2022a; Kirchner et al., 2023; J. 

Lee et al., 2020; Pinton et al., 2012a; Riis et al., 2022). However, many 

neuromodulation protocols employ long bursts containing hundreds of acoustic cycles 

per pulse, such that the field behaviour is influenced not only by bulk attenuation but 

also by interference effects associated with skull thickness, skull-transducer spacing, 

and local skull morphology. 

Under these conditions, thickness alone is unlikely to provide a sufficient descriptor of 

transcranial transmission. (Connor & Hynynen, 2004; F. J. Fry & Barger, 1978; P. J. 

White et al., 2006a). Clinical MRgFUS treatment for essential tremor (Boutet et al., 

2020a) further suggests that SDR, which reflects the contrast between trabecular and 

cortical layers, is also relevant to transmission efficiency, (D’Souza et al., 2020a). 

although its role in low-intensity sub-megahertz neuromodulation remains 

incompletely defined.  
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Computational studies have likewise shown that accurate prediction of transcranial 

acoustic fields depends strongly on how skull geometry and material heterogeneity are 

represented. This motivates a systematic experimental analysis of the relationships 

among skull thickness, SDR, local curvature, transducer-skull alignment, and the 

resulting transmitted acoustic field. In this chapter, transcranial field mapping is 

performed under sub-megahertz, long-burst conditions intended to approximate 

practical tFUS delivery. By comparing free-field and transcranial measurements, the 

chapter examines insertion loss in pressure and power, focal distortion, focus expansion, 

and focus shift, while also identifying practical sources of uncertainty relevant to 

experimental design and future subject-specific planning.

 

 Skull specimen  

4.2.1. Historical and Thiel-embalmed skulls 

The human skull specimens used in this study were obtained from the Centre for 

Anatomy and Human Identification (CAHID) at University of Dundee. Most specimens 

were historical skulls, selected because they were more readily available and easier to 

store under ambient laboratory conditions. Historical specimens were visually 

inspected from a pool of approximately 200 skulls to capture broad variation in 

thickness, density, size, and morphology. Although the provenance of the collection is 

not known, the breadth of anatomical variation suggests that the selected specimens 

represent a wide range of ages and sexes. 

A practical issue specific to historical skulls is dehydration. In vivo, cranial bone 

contains marrow, vascular structures, and lipid-rich components that occupy the 

trabecular space. In dehydrated historical skulls, these regions are replaced largely by 

air. If such specimens are scanned directly in the dry state, as shown in Figure 4-1 

(Dehydration), the apparent voxel-averaged density is artificially reduced because the 

CT value reflects a combined bone-air composition rather than bone with soft-tissue or 

fluid filling. Because the densities of blood and fatty tissue are approximately 1050 
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kg/m3 and 900 kg/m3, respectively, water was considered a reasonable replacement 

medium for rehydration. Four skulls were therefore scanned in both dehydrated and 

rehydrated conditions. Rehydration increased the mean CT density by 10.9±9.1% 

relative to the dehydrated state, indicating that specimen hydration has a non-trivial 

influence on image-derived skull properties. Historical skulls were therefore rehydrated 

prior to CT imaging. Rehydration was performed by first degassing the specimen under 

vacuum until no visible air bubbles emerged from cut edges, followed by overnight 

soaking in water. The skull was removed from water immediately before scanning. 

Attempts were made to scan specimens while submerged; however, suitable fixation 

during table translation proved difficult. Consequently, some fluid loss during scanning 

could not be excluded and should be regarded as a source of experimental uncertainty.  

 

Figure 4-1 CT density distribution of a representative historical skull specimen that scanned in 
both dehydrated and rehydrated conditions. 

Apart from the historical specimens, two Thiel-embalmed calvaria were obtained for 

comparison. These samples were derived from Thiel soft-embalmed cadavers, most of 

whom were between 75 and 95 years of age. The specimens retained the elasticity and 

gross handling characteristics of living tissue, with scalp and dura intact. Although 

embalming may alter electrical conductivity, viscoelastic behaviour, and stiffness, these 

changes are not expected to substantially alter ultrasound transmission characteristics  

(Estermann et al., 2021). All specimens were handled confidentially, and all procedures 

involving the Thiel material complied with the Anatomy Act 1984 and the Human 

Tissue (Scotland) Act 2006 (Human Tissue (Scotland) Act 2006). 

During the study, historical skulls were stored dry, rehydrated before experiments, and 

dried again afterwards. Thiel specimens were stored in Thiel fluid, soaked in water 

before experiments, and returned to Thiel fluid afterwards. Progressive soft-tissue 

degradation and detachment were observed in the Thiel samples during repeated 

handling and transport, whereas the historical skulls were mechanically more robust. 
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Any error introduced by sample changes over time was not quantified and is 

acknowledged as a limitation. 

4.2.2.  Skull segments structural characterisation 

Eight historical calvaria, two historical half-skulls, and two Thiel-embalmed calvaria 

were examined. For each half-skull, four regions of interest (RoIs) were selected to 

approximate clinically relevant brain-target locations (Legon, Ai, et al., 2018b; 

Sanguinetti et al., 2020b; Yaakub et al., 2023b; Zeng et al., 2024b). For calvarial 

specimens, these RoIs were mirrored across the midline, giving eight RoIs per 

calvarium. In total, 88 RoIs were analysed, comprising 72 historical RoIs and 16 Thiel 

RoIs. The RoI distribution on a representative half-skull is shown in Figure 4-2.(a). 

Because the RoIs spanned frontal, superior parietal, lateral parietal/temporal, and 

posterior parietal segments, they sampled a broad range of local anatomical conditions. 

Treating each RoI as an individual test region increased the effective sampling density 

while maintaining a manageable number of specimens. 
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Figure 4-2 A representative skull with RoIs details. Two representative regions were chosen for 
the following analysis. (a) RoI locations on a half skull; R represent RoIs that are applicable 
across all skulls. R1 is frontal bone, R2, R3, and R4 are superior parietal, lateral parietal (partial 
temporal in some samples), and posterior parietal bone, respectively. (b1) The CT volume of an 
example RoI (60 mm by 60 mm surface area) labelled throughout as S1; S represent specific 
sample regions selected from RoIs for illustrative purposes. (b2) Thickness and SDR map of S1. 
Average thickness and SDR are 11.5±2.0 mm, and 0.47±0.16, respectively. The RoC of S1 is 
approximately 55.1 mm. (c1, c2) Example of a RoI labelled as S2. Average thickness, SDR and 
RoC of are 5.7±0.8 mm, 0.5±0.09, and 81.6 mm, respectively. 

Structural and morphological information was obtained using a clinical CT scanner (GE 

Revolution EVO CT scanner; with in-plane spacing at 0.44 mm for both axes and slice 

thickness of 0.625 mm with 0.31 mm interval), thereby preserving direct translational 

relevance to clinical imaging workflows. Before scanning, RoIs were marked with 

metallic ball bearings to enable subsequent localization. CT volumes were processed in 

MATLAB. A surface-casting method, developed as an extension of ray-casting 

approaches reported previously (Boutet et al., 2020b; D’Souza et al., 2020b) was used 

to extract the sub-volume corresponding to each RoI. Specifically, an approximately 60 

mm by 60 mm square region was selected from the outer skull surface, centred on the 
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RoI marker. This dimension was selected to correspond to the 60 mm aperture diameter 

of the transducers, thereby encompassing the skull region intersected by the projected 

transducer aperture. The marker was then digitally removed, and the inner and outer 

skull surfaces were defined using a threshold of 300 HU, comparable with previous 

transcranial ultrasound modelling approaches (Krokhmal et al., 2025). Two 

representative RoIs, denoted S1 and S2, are shown in Figure 4-2 (b1 and c1) and are 

used throughout the chapter for illustration. 

The RoIs were quantified by three bulk characteristics: thickness, SDR and RoC. 

Effective thickness was calculated using the surface-casting geometry: a line was traced 

from each outer-surface voxel to the corresponding inner-surface point, and its length 

was multiplied by the cosine of the predicted insertion angle, defined from the geometry 

between the local surface point and the transducer focal position. In practice, the 

geometric focus was assumed to lie 65 mm beneath the RoI centre. This depth resulted 

from the 75 mm RoC of the transducer and the 10 mm separation between the 

transducer surface and the skull RoI. The resulting angle-corrected path lengths were 

averaged to obtain the mean and standard deviation of thickness for each RoI. This 

procedure was intended to reflect the actual distance travelled by the acoustic wave, 

rather than an imaging-plane thickness, although it is inherently transducer-specific and 

may vary with geometry and focal configuration.  

SDR was calculated using the same surface-casting framework but without angle 

correction. To reduce underestimation of trabecular density caused by air re-entry 

during scanning, a lower threshold of +100 HU was imposed. RoC was estimated by 

fitting both the inner and outer skull surfaces to best-fit spheres and taking the mean of 

the two fitted curvatures as the local curvature metric. 

The historical RoIs spanned a wide range of properties: thicknesses ranged from 3.1 

mm to 13.0 mm, SDR from 0.07 to 0.80 and RoC from 26.8 mm to 113.0 mm. The 

Thiel RoIs examined were limited to thicknesses between 4.1 mm to 12.8 mm, SDR 

values between 0.48 and 0.79, and RoC values between 15.4 mm and 114.4 mm. By 

using different RoIs across the two Thiel samples, we were able to reveal similarities 

and differences between transmission across historical and embalmed specimens. The 

averaged thickness, SDR, and RoC for historical RoIs were 6.9±2.1 mm, 0.41±0.21, 
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and 63.3±21.6 mm, respectively, and for Thiel RoIs, the respective values are 7.9±2.4 

mm, 0.55±0.14, and 59.6±28.1 mm. The three characteristics of the grouped four 

regions data are presented in Table 4-1. 

Table 4-1 The mean and standard deviation of skull region-specific parameters over all 88 
RoIs tested. 

 R1 R2 R3 R4 

Thickness (mm) 7.7±2.6 6.4±1.9 5.8±1.9 8.0±2.3 

SDR 0.42±0.23 0.46±0.19 0.47±0.21 0.40±0.19 

RoC (mm) 54.6±10.5 80.3±17.5 48.5±12.6 51.2±7.7 

 

 Transcranial energy insertion loss 

4.3.1. Field mapping 

To characterise transcranial transmission, 220 kHz, 650 kHz, and 1000 kHz single-

element transducers were driven using approximately 0.5 ms sinusoidal bursts 

generated by a signal generator (33500B, Keysight, US), the corresponding free-field 

peak pressures were 0.06 MPa at 220 kHz, 0.25 MPa at 650 kHz, and 0.35 MPa at 1000 

kHz, respectively. Acoustic signals were recorded using a 1 mm needle hydrophone 

(Precision Acoustics, UK). Hydrophone sensitivity calibration and acoustic-power 

calibration were performed as described in Section 3.2.3. 

The waveform was reconstructed using a narrow band-pass filter centred at the 

transducer frequency, with a gate width of 10 Hz. Signal amplitude was then extracted 

from 6-25 steady-state waveform cycles by fast Fourier transform, depending on 

frequency. Free-field reference maps were acquired at 0.5 mm step resolution for each 

transducer. Lateral scan dimensions were 30 mm × 30 mm at 220 kHz and 20 mm × 20 

mm at 650 kHz and 1000 kHz. These scan areas were chosen to cover the full width at 
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half maximum (FWHM) of the free-field beam while remaining sufficiently small for 

daily calibration and repeated measurements. 

Prior to the experiment, each skull sample was degassed as previously described. 

Following degassing, Thiel skulls were additionally vacuum sealed using an 

acoustically and visually transparent sealing bag (with tested transmission efficiency > 

99%). Sealing prevented Thiel embalming fluid leaking from the sample into the water 

tank, and also prevented detachment of soft tissues from the skull caused by water 

ingress. As shown in Figure 4-3, the degassed skull was then clamped on a snake arm 

that can be locked in any position, and which was fixed on a two-dimensional motorised 

stage, and positioned between the transducer and hydrophone. 

 

 

Figure 4-3 Experimental setup of the transcranial acoustic field measurement system. 

To investigate the influence of the skull properties on the transmitted pressure and 

power level, the position of all RoIs under testing were initially aligned to near-normal 

incidence, maneuvered to approximately 10 mm from the transducer aperture, and then 
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slightly adjusted to where constructive wave patterns were clearly observed. The 

approximately 10 mm separation was maintained using a 10 mm-thick hollow spacer 

placed between the transducer and skull surface, providing a reproducible reference for 

the transducer–skull distance while allowing water coupling through the central 

opening. The hydrophone was located at the local maxima along the axial direction, and 

the acoustic field measurements were taken in the same lateral position as the free-field 

mapping to capture skull-induced changes in the transmitted acoustic field. The 

corresponding pressure 𝑝 at each sampling position and the total acoustic 𝑃ு௉ power 

can be calculated by using equation: 

𝑃ு௉ = ඵ ቀ𝑝(𝑥, 𝑦)ଶ 𝜌𝑐ൗ ቁ 𝑑𝑦𝑑𝑥, 𝑝 = 𝑈 𝑀௙⁄ , (3.3.1) 

where 𝑈 is the signal amplitude, 𝑀௙ is the hydrophone sensitivity at transducer working 

frequency,  𝑝(𝑥, 𝑦) is the time averaged acoustic pressure at coordinate (𝑥, 𝑦), 𝜌 and 𝑐 

are the density and sound velocity of water (1000 kg/m3 and 1480 m/s, respectively), 

𝑑𝑦𝑑𝑥 is the pixel area (assumed to be the square of the step-resolution). By integrating 

over the mapping area, we recover the 𝑃ு௉ ; the approximate total acoustic power 

transmitted through that area.  

4.3.2. Pressure and power loss 

The measured transcranial acoustic pressure and power insertion loss were normalised 

to free-field values, and the average results are presented in Table 4-2.  

Table 4-2 Average transcranial acoustic pressure and power insertion loss from historical and 
Thiel RoIs. 

Historical/ 
Thiel 

220 kHz 650 kHz 1000 kHz 

Normalized peak pressure (dB) -3.6±3.4 
-2.9±1.8 

-9.3±3.3 
-9.4±2.6 

-14.8±5.8 
-17.0±5.5 

Normalized power (dB) -5.8±5.7 
-3.6±1.8 

-15.2±6.0 
-14.6±2.9 

-24.2±9.0 
-26.1±8.9 
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The historical and Thiel results presented in Table 4-2 show average transcranial peak 

pressure insertion loss. In comparison, another study that tested frequencies of 150 kHz, 

500 kHz, and 1000 kHz measured corresponding peak pressure attenuations of 6.6 dB, 

8.9 dB, and 18.4 dB, respectively (M. Chen et al., 2023). These attenuation values are 

extrapolated to be higher than those observed in our study. The average transcranial 

power insertion loss for historical and Thiel RoIs demonstrated a less than square 

relationship to the pressure insertion loss. 

The results from historical RoIs were aggregated, and fitted to a linear regression model, 

accompanied by a 95% confidence interval (CI), to demonstrate the correlation between 

the pressure and power level to the RoI thickness and SDR at the three frequencies. The 

results from Thiel RoIs (Thiel) were overlaid to the plots, verify the fitness of the results 

for the two skull types.  

Figure 4-4 illustrates the relationship between insertion loss levels of pressure and 

power and average RoI thickness. At 220 kHz, insertion loss for historical RoIs ranged 

from -0.6 dB to -8.1 dB, and -1.0 dB to -12.5 dB for peak pressure and power, 

respectively, relative to free-field values. Thiel RoIs exhibited slightly smaller ranges 

of -0.6 dB to -6.8 dB, and -1.4 dB to -6.7 dB, respectively.  These values appeared to 

be independent of thickness variations. 
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Figure 4-4 Skull thickness versus the normalised transcranial peak pressure level (dB), power 
level (dB) at three frequencies. The grey circles indicate are historical skull RoIs (Hist), and 
filled blue circles represent Thiel RoIs (Thiel). The linear fit (plus 95 % confidence interval, CI) 
to the historical RoI data (FittedHist) is indicated as shown. 

At 650 kHz, Historical RoI insertion loss increased to range from -6.4 dB to -15.5 dB 

for peak pressure and -7.3 dB to -23.4 dB for power  For Thiel RoIs, the corresponding 

ranges were -6.4 dB to -16.1 dB, and -10.7 dB to -19.6 dB. The correlation between 

these insertion loss levels and thickness (TH, mm) were discernible, and fitting revealed 

the linear regression equations: 

𝑝ு௜௦௧,଺ହ଴௞ு௭ = −0.5𝑇𝐻 − 5.9 ± 3.3, (𝑅ଶ = 0.30) 

𝑃ு௜௦௧,଺ହ଴௞ு௭ = −0.8𝑇𝐻 − 9.9 ± 6.0, (𝑅ଶ = 0.24) 

𝑝்௛௜௘௟,଺ହ଴௞ு௭ = −0.6𝑇𝐻 − 4.2 ± 4.3, (𝑅ଶ = 0.52) 

𝑃்௛௜௘௟,଺ହ଴௞ு௭ = −0.8𝑇𝐻 − 8.6 ± 4.7, (𝑅ଶ = 0.57) 

Where 𝑝 and 𝑃 are pressure and power level, respectively. At the higher frequency of 

1000 kHz, insertion loss further increased. Historical RoI values ranged from -7.5 dB 

to -25.6 dB, and -14.2 dB to -36.7 dB respectively, Thiel RoIs exhibited similar ranges 



Chapter 4. Transcranial characterisation 4.3. Transcranial energy insertion loss 

85 

 

of -8.9 dB to -25.6 dB, and -14.7 dB to -40.1 dB . The correlations with thickness were 

more pronounced, as expressed by the equations: 

𝑝ு௜௦௧,ଵ଴଴଴௞ு௭ = −1.4𝑇𝐻 − 5.4 ± 5.8, (𝑅ଶ = 0.52) 

𝑃ு௜௦௧,ଵ଴଴଴௞ு௭ = −2.1𝑇𝐻 − 10.2 ± 9.0, (𝑅ଶ = 0.50) 

𝑝்௛௜௘௟,ଵ଴଴଴௞ு௭ = −1.7𝑇𝐻 − 3.1 ± 6.2, (𝑅ଶ = 0.77) 

𝑃்௛௜௘௟,ଵ଴଴଴௞ு௭ = −2.6𝑇𝐻 − 4.2 ± 11.4, (𝑅ଶ = 0.69) 

Notably, the data collected from the Thiel RoIs mostly fell within the confidence 

intervals for historical RoIs at all three frequencies. Highlighting comparable trends. 

 

 

Figure 4-5 Skull SDR versus the normalised transcranial peak pressure level (dB) and power 
level (dB). 

Similar patterns were also observed concerning the correlations between SDR and the 

insertion loss. As shown in Figure 4-5, at 220 kHz, the insertion loss of pressure and 

power exhibiting independence from variations in SDR, whereas weak correlations 

were noted at both 650 kHz and 1000 kHz for Historical RoIs: 
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𝑝ு௜௦௧,଺ହ଴௞ு௭ = 4.4𝑆𝐷𝑅 − 11.1 ± 3.5, (𝑅ଶ = 0.22) 

𝑃ு௜௦௧,଺ହ଴௞ு௭ = 9.6𝑆𝐷𝑅 − 19.1 ± 5.5, (𝑅ଶ = 0.35)  

𝑝ு௜௦௧,ଵ଴଴଴௞ு௭ = 12.7𝑆𝐷𝑅 − 20.1 ± 6.6, (𝑅ଶ = 0.39) 

𝑃ு௜௦௧,ଵ଴଴଴௞ு௭ = 19.4𝑆𝐷𝑅 − 32.2 ± 9.9, (𝑅ଶ = 0.40) 

Thiel RoI data mostly aligned with the confidence intervals at 220 kHz, whereas several 

deviations were apparent at 650 kHz and 1000 kHz. The limited SDR range in Thiel 

RoIs restricted comprehensive analysis of its correlation with insertion loss. 
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 Transcranial field distortion  

4.4.1. Phase error  

The scheme used to analyse the transcranial acoustic field is shown in Figure 4-6, using 

volume S1 and S2 in Figure 4-2 as examples. In order to compare the transmitted 

acoustic field across 88 RoIs, the intracranial focal area was defined as the region where 

the pressure level above the -6 dB (half-maximum) and is shown in Figure 4-6 (a1, b1 

and c1) as the dashed circle on the maps. 
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Figure 4-6 Acoustic field aberration analysis for the representative regions S1 and S2 that was 
described in. Figure 4-2 (a1-c1) Cross-sectional beam area pressure maps at the focal depths of 
the 220 kHz, 650 kHz and 1000 kHz transducers, produced at the focal depth in both free-field 
and with the presence of S1 and S2. (a2-c2, a3-c3) Colour-less grids of three frequencies show a 
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normalised pressure map at the focal depth in free-field at phase =0° and π/2, respectively. The 
composed colour images are those with the presence of S1 and S2. (a4-c4) The full vibration 
cycle phase errors of the pressure fields of S1 and S2 compared to the reference free-field were 
recorded at three frequencies. 

The aberration of the beam was further assessed by quantifying the normalised 

pressure-weighted phase errors (𝑝𝑒), which combine information from the pressure and 

phase maps (Sapozhnikov et al., 2015), by comparing the intracranial focal area and the 

corresponding area projected onto the reference, using equations: 

𝑝௙௥௘௘,௜௡௦௧൫𝑥, 𝑦, 𝜓௙௥௘௘൯ = 𝑝௙௥௘௘(𝑥, 𝑦) cos൫𝜓௙௥௘௘(x, y)൯  (4.3.2) 

𝑝ூ஼,௜௡௦௧(𝑥, 𝑦, 𝜓ூ஼) = 𝑝ூ஼(𝑥, 𝑦) cos൫𝜓ூ஼(𝑥, y)൯ (4.3.3) 

𝛥𝑝(𝑥, 𝑦) =
1

𝑁𝜓
෍ห𝑝௙௥௘௘,௜௡௦௧൫𝑥, 𝑦, 𝜓௙௥௘௘൯ − 𝑝ூ஼,௜௡௦௧(𝑥, 𝑦, 𝜓ூ஼)ห

ேట

,

  𝜓 ∈ [0,2𝜋] (4.3.4)

 

𝑝𝑒 =
1

𝑁ூ஼,௙௢௖௔௟
ቌ ෍ 𝛥𝑝(𝑥, 𝑦)

ே಺಴,೑೚೎ೌ೗

ቍ ∗ 100%, (𝑥, 𝑦) ⊂ 𝐼𝐶, 𝑓𝑜𝑐𝑎𝑙 (4.3.5) 

Where 𝑝௙௥௘௘,௜௡௦௧(𝑥, 𝑦, 𝜓) and  𝑝ூ஼,௜௡௦௧(𝑥, 𝑦, 𝜓) represent the instantaneous pressures at 

coordinate (𝑥, 𝑦)  and phase angle 𝜓௙௥௘௘  and 𝜓௙௥௘௘ + 𝛥𝜓  in the free-field and 

intracranial space, respectively. 𝑝௙௥௘௘(𝑥, 𝑦)  and 𝑝ூ஼(𝑥, 𝑦)  denote the pressure 

amplitudes at (𝑥, 𝑦), normalised to the peak values in their respective field. 𝛥𝜓(𝑥, 𝑦) 

represents the phase shift between the two waves at (𝑥, 𝑦) . 𝑁𝜓௙௥௘௘  indicates the 

number of phase samples, spanning from 0° to 2π in increments of 1°, with a small 

offset applied to the phase angle to prevent division by zero. 𝛥𝑝(𝑥, 𝑦) is the average 

pressure-weighted phase difference at (𝑥, 𝑦) , and 𝑁ூ஼,௙௢௖௔௟  refers to the number of 

sampled points in the intracranial focal area. The phase error 𝑝𝑒, quantifies the average 

difference of the two fields, specifically focusing to the intracranial focal area. The two 

fields were synchronized at the moment their peak pressure was reached. This method 

allows for the comparison of the two wave propagation patterns at the focal zone and 

visualizes the extent of the wave distortion, providing deeper insights than a simple 

pressure field comparison. 
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As two representative RoIs results that illustrated in Figure 4-6 (a1-c1), after transmitted 

through S1, compared to the free-field, the intracranial foci shifted 5.8 mm from the 

centre of the focal depth at 220 kHz, and 7.8 mm at both 650 kHz and 1000 kHz. The 

focal area expanded by a factor of 1.1, 3.3, and 1.3 at 220 kHz, 650 kHz, and 1000 kHz, 

respectively.  

As depicted in Figure 4-6 (a2-c2 and a3-c3), the colourless grids represent the peak (0°, 

corresponding to the point where peak pressure occurred) and ambient pressure (π/2) 

fields in the free-field, and the acoustic fields transmitted through S1 and S2 were 

represented by the colour grid. The full-cycle pressure vibration error compared to the 

free-field at each frequency is shown in Figure 4-6 (a4-c4). At 220 kHz, phase errors 

between the two overlapping grids within S1-focal area were 23.3% at peak pressure 

and 21.7% at ambient pressure. For 650 kHz and 1000 kHz, larger focal shifts resulted 

in significant deviation in pressure and phase in the S1-focal area with errors of 76.8% 

and 68.0% at peak pressure, and 26.0% and 15.6% at ambient pressure, respectively. 

The overall phase errors across a full vibration cycle were 20.9% at 220 kHz, 53.4% at 

650 kHz and 46.4% at 1000 kHz. 

In comparison, the acoustic field after being transmitted through S2 region exhibited 

less aberration. The focal shifts were limited to 0.7 mm at 220 kHz and 650 kHz, and 

0.5 mm at 1000 kHz. The focal area deviated by less than 5% from the free-field value, 

with average phase error of 9.0%, 8.1% and 5.5% at three frequencies, respectively. 

These representative results suggest that skulls with characteristics similar to the S2 

region are ideal for transcranial sonication, allowing straightforward planning without 

concerns about off-target sonication or inadequate acoustic focusing.  In contrast, 

acoustic field transmitted through RoIs such as S1 revealed severe aberrations, 

including reduced wave pattern coherence, significant focus shifts, and the absence of 

meaningful focal point.  

To identify bone characteristics beyond average thickness and SDR that contribute to 

undesired aberrations, all the phase maps were manually inspected, and phase error was 

fitted to a logistic regression model to define the receiver operating characteristic curve. 

The determined cut off phase errors were 20.2%, 21.5% and 30.6% for 220 kHz, 650 
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kHz and 1000 kHz, respectively. Analysis of RoIs exceeding these thresholds revealed 

a significant factor: excessive variation in thickness across the RoI. Specifically, the 

RoIs with phase error exceeding the cut-off exhibited thickness deviations of at least 

2.0 mm, 1.6 mm and 1.3 mm at 220 kHz, 650 kHz and 1000 kHz, respectively. 

The recorded aberration at different phases enables visualization of the coherence of 

the acoustic beam, although further investigation is required to fully understand the 

skull properties that cause these aberrations. The average acoustic phase error of the 

three frequencies acquired from historical and Thiel RoIs are shown in Table 4-3. 

Table 4-3 Average transcranial field phase errors of the three frequencies from historical and 
Thiel RoIs. 

Historical/ 
Thiel 

220 kHz 650 kHz 1000 kHz 

Phase error (%) 15.5±4.0 
13.7±7.0 

16.3±4.8 
20.7±9.7 

21.8±10.5 
28.4±11.4 

 

For context, the phase error in the free-field maps was in the range of 5%-8%, such 

variations might stem from measurement inconsistency due to finite sampling 

resolution and slight repositioning mismatch, however, empirically, errors below the 

cut-off values of 20.2%, 21.5% and 30.6% at the respective frequencies typically 

exhibited insignificant deviation from the free-field. The cut-off error tolerance 

increased with frequency due to the more concentrated focal area and the greater phase 

difference between two adjacent points. Consequently, at higher frequencies, even 

small deviations could result in significant phase errors. 

4.4.2. Focus expansion 

In investigating the effect of skull curvature on bending ultrasound wave transmission, 

and its influences the sharpness of the focus, Figure 4-7 shows that the focal area 

slightly expanding along increasing skull curvature at three frequencies.  
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Figure 4-7 Skull RoI RoC versus the normalised focal area (F) at three frequencies. The focal 
areas were normalised to the free-field reference- a larger ratio indicates a blurred focus, and a 
smaller ratio indicates a sharper focus. 

At 220 kHz, the focal area for historical RoIs varying between a factor of 0.8 to 2.1 

relative to the free-field, demonstrating a weak correlation with the skull curvature 

(RoC, mm): 

𝐹ு௜௦௧,ଶଶ଴௞ு௭ = 6.6 ∗ 10ିଷ𝑅𝑜𝐶 + 0.9 ± 0.5, (𝑅ଶ = 0.22) 

Where 𝐹 is the intracranial focal area normalised to free-field. However, the focal area 

varied by a factor of 0.9 to 2.7 for 650 kHz and by 0.9 to 3.3 for 1000 kHz, with no 

discernible correlation to the skull curvature. Although most data from the historical 

RoIs at 220 kHz align with confidence intervals, deviations were more pronounced at 

higher frequencies, particularly for Thiel RoIs. This suggests that factors other than 

curvature also dominate at these frequencies. 

As shown in Table 4-4, spatial spreading of the acoustic energy is evident, as on average 

the focal area expanded at the three frequencies, indicating that, in practice, a sonication 

may affect more brain tissue than intended in order to produce the same level of pressure 

at the brain target, because compensating for skull-induced attenuation may require 

increased source output, while focal broadening and aberration can simultaneously 

expose a larger volume of surrounding tissue to appreciable acoustic pressure. 

 



Chapter 4. Transcranial characterisation 4.4. Transcranial field distortion 

93 

 

Table 4-4 Average transcranial field expansion ratio of the three frequencies from historical 
and Thiel RoIs. 

Historical/ 
Thiel 

220 kHz 650 kHz 1000 kHz 

Normalized field expansion 1.3±0.3 
1.4±0.7 

1.4±0.3 
1.8±0.8 

1.4±0.4 
2.7±1.9 

 

4.4.3. Focus shift 

The average focus shift compared to the free-field were recorded and is shown in Table 

4-5.  Notably, the average shifts at 220 kHz were larger than 650 kHz and 1000 kHz, 

despite lower average phase error. This is partly attributable to the longer wavelength 

and broader focal region at 220 kHz, for which small changes in the pressure 

distribution can displace the location of the peak without substantially disrupting phase 

coherence. The observed shifts generally remained within the FWHM of the free-field 

focus and therefore represented relatively limited distortion of the overall focal region. 

Table 4-5 Average transcranial focus shift of the three frequencies from historical and Thiel 
RoIs  

Historical/ 
Thiel 

220 kHz 650 kHz 1000 kHz 

Focus shift (mm) 2.3±1.9 
2.0±1.5 

1.1±1.1 
0.8±1.1 

0.9±1.2 
1.3±1.0 

 

 Transcranial energy uncertainties 

4.5.1. Angulation effect 

Using the 650 kHz transducer and a skull piece (thickness of 6.2±0.8 mm, SDR of 

0.54±0.18, and RoC of 56.1 mm), the effect of transducer-skull angulation was also 
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investigated. The relative angle was adjusted from 0° to 15°, then to 30°, and the 

resulting field aberration was tested and is illustrated in Figure 4-8. 

 

Figure 4-8 Acoustic field visualisation of the 650 kHz transducer beam profile in free-field and 
with the presence of a representative skull (thickness of 6.2±0.8 mm, SDR of 0.54±0.18, and 
RoC of 56.1 mm) at approximate angulation of 0°, 15° and 30° to the right side of the transducer 
aperture. Pressure is normalised to its maximum value, the area enclosed by the dashed circle 
is where the pressure is above -6 dB of the peak pressure. The manoeuvring of the hydrophone 
was blocked by the cranial bone at a 30° alignment, resulting in a limited field of view. 

In Figure 4-8, the maximum beam depth and width above -6 dB is 37.0 mm and 4.0 

mm in free-field, this is the same as when the skull piece was aligned normal to the 

beam.  The depth and width are reduced to 28.0 mm and 3.5 mm at a relative angulation 

of 15° and 36.5 mm and 3.0 mm at a relative angulation of 30°. The propagation 

direction appeared to be shifted by angulation of the RoI by 5° for a 15° angulation and 

by 7° for a 30° angulation. The peak intracranial pressure in the acoustic field with the 

skull piece at 0° and 15° were reduced to -9.8 dB and -10.8 dB of the free-field, 

respectively, and located close to the geometrical focus. Increasing the incident angle 

to 30° led to a peak pressure drop of -28.0 dB and shifted the focus 8.0 mm from the 

geometrical focus 

These results indicate that it is important to keep the RoI near normal to the transducer 

aperture, to avoid excessive phase aberration or excitation of shear modes. At oblique 

incidence, the longitudinal wave incident on the skull can undergo mode conversion at 

the fluid–bone interface, with part of the acoustic energy propagating as a shear wave 

within the skull. As shear waves have different propagation velocities and attenuation 
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characteristics from longitudinal waves, this mode conversion may contribute to the 

increased transmission loss and altered propagation direction observed at larger incident 

angles. However, the longitudinal and shear components were not separately measured 

in this study, and their individual contributions therefore cannot be quantified. 

Additionally, a slight tilt of the transducer appears acceptable, offering a larger acoustic 

window for tFUS clinical applications, as it can, in some cases, have less impact on the 

acoustic field than transmitting through skull regions with undesirable morphology. 

4.5.2. Wave superposition effect 

During early testing of longer-duration sonication, a wave superposition effect started 

to be noticeable across the RoIs. To investigate the impact of transducer-skull spacing 

on the transmitted acoustic pressure level, using a single RoI, the gap between the skull 

and the transducer aperture was increased from 10 mm to 50 mm, in increments of 0.2 

mm, and the pressure at the focal point was recorded.  
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Figure 4-9 Pressure variation at the intracranial focus along with the increase of the transducer 
and representative skull (thickness of 3.2±0.8 mm, SDR of 0.65±0.25 and RoC of 70.0 mm) 
spacing at three frequencies and its waveform. (a-c) Waveform amplitude development at 
spacing approximately of 20 mm and 24 mm, 11 mm and 12 mm, 12 mm and 12.4 mm, and the 
pressure variation from 10 mm to 50 mm spacing at 220 kHz,650 kHz, and 1000 kHz, 
respectively. The linear fitted red line showed the overall decreasing trend of the pressure along 
the spacing. 

As shown in Figure 4-9, significant interference effects are evident at 220 kHz and 650 

kHz. The recorded intracranial peak pressure exhibited an oscillation pattern as the 

transducer-skull spacing increased from 10 to 50 mm. The pressure difference between 

the waveforms exhibiting constructive and destructive interference is approximately 

30% to 40% at 220 kHz and 650 kHz. This effect was mitigated at 1000 kHz, with much 

lower pressure variation of roughly 10%. The linear fitted results demonstrated a 
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decreasing trend as spacing increased. Specifically, the average pressure reduction for 

each 10 mm increment was observed to be approximately 2.0%, 3.5%, and 5.0% at 220 

kHz, 650 kHz, and 1000 kHz, respectively. 

This phenomenon is prominent across the sub-MHz frequency domain and is contingent 

upon the specific skull morphology. To mitigate standing wave effects, options could 

include chirped waveforms, random phase-shifting, or using phased-array transducers 

(Tang & Clement, 2010; S. Yoo et al., 2022b), however, none of these are universal 

solutions for narrow-bandwidth, single-element transducers that most studies use. 

Furthermore, within an intact skull, reflections from the inner cranial surfaces can 

interfere with the transmitted wave, producing spatial pressure maxima and minima 

away from the intended focus. Our experiment did not utilise intact skulls, therefore we 

provide no quantification of standing wave effects within the intracranial domain. 

Our findings strongly indicate that wave superposition effects must be accounted for 

during FUS delivery to allow for FUS dose at the focal point to be accurately estimated. 

We have not measured the temperature throughout the experiment, as pressure levels 

are considerably lower than the safety level proposed by International Transcranial 

Ultrasonic Stimulation Safety and Standards (ITRUSST).

 

 Discussion 

To accurately capture acoustic field variations during sonication, limits were set on the 

temporal and spatial scope of data acquisition.  The mapped transverse planes extended 

across at least twice the FWHM of the free-field focus. This provided adequate data 

collection in instances of focus shift or expansion, but also allowed field mapping to be 

completed within an hour. Axial scans were performed to visually inspect the severity 

of beam distortion caused by variations in transducer-skull angulation. Due to the time-

intensive nature of this procedure, axial mapping was not applied to each RoIs. The 

pulse duration was set to approximately 0.5 ms. Though typical pulses delivered in 
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human studies may extend beyond this range, (Fomenko et al., 2020b; Zeng et al., 2024a) 

0.5 ms is long enough for the characteristics of continuous-wave sonication to develop. 

This experiment primarily focused on examining general transcranial FUS performance, 

rather than performance when engaging with a specific brain region. Multiple locations 

were tested on each calvarium, including the frontal, parietal and partly included 

temporal bone. As illustrated in Figure 4-2, four regions, separated by the groove for 

superior sagittal sinus and coronal sutures were selected.  

The R1 region, situated within the frontal bone, is generally characterised by their 

thickness (7.7±2.6 mm), but it also features a smooth outer surface and comparable 

RoC (54.6±10.5 mm) to the transducer. In practice, waves propagating through this 

region exhibited minimal focus shift and phase aberration. However, two RoIs within 

the R1 region featuring a bulging inner table, with a curved outward inner surface, 

resulted in an erroneous calculated inward curvature (RoC of 15.4 mm and 19.8 mm, 

thickness deviation of 2.3 mm and 2.0 mm). The transmitted sound beam exhibited 

significant phase aberration at all three frequencies resulting in average focal area 

increased by a factor of 2.6, 3.3, and 4.1, with corresponding average phase errors of 

25.4%, 38.9% and 44.4% for 220 kHz, 650 kHz, and 1000 kHz, respectively. An RoI 

with a thickness deviation of 1.4 mm caused the acoustic field to develop a sub-focus 

at 1000 kHz, enlarging the focal area to 2.9 times its size in the free-field, and causing 

a phase error of 39.0%. In contrast, at 220 kHz and 650 kHz, the field remained largely 

undistorted, with phase errors of 14.5% and 13.1%, respectively. 

The R2 region is located on the superior parietal bone, which is thin (6.4±1.9 mm) 

compared to the R1, frontal bone region, and R4, posterior parietal bone region (8.0±2.3 

mm). However, the RoC (80.3±17.5 mm) is generally larger than in other regions, and 

larger than the transducer curvature. This caused significant refraction of the sound 

beam, acting as a diffuser and resulting in a relative lowered peak pressure and broader 

coverage volume, particularly evident at 220 kHz. An RoI with thickness deviation of 

1.6 mm, causing phase error of 9.3% at 220 kHz, However, displaying more 

pronounced phase error of 34.0% and 45.0% at 650 kHz and 1000 kHz respectively.    
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The R3 region is positioned on the lateral parietal and temporal bone and temporal bone. 

Although the structures in this region are on average the thinnest (5.8±1.9 mm), the 

irregularities of the surfaces and strong curvature (48.5±12.6 mm) contributed to greater 

phase aberration, reducing the transmission efficiency. One RoI involving the 

squamosal suture, with a thickness standard deviation of 2.1 mm, the transmitted 

pressure was dropped 44% to 56% for three frequencies compared to an adjacent 

location excluding the squamosal suture with the same mean thickness and a thickness 

standard deviation is 0.6 mm.  

The R4 region, located at the posterior of the parietal bone, had RoIs with a relatively 

smaller RoC (51.2±7.7 mm) compared to the RoC of the transducers, this often results 

in which acting as a confocal lens for the sound beam. This configuration reduced 

acoustic spreading, enabling precise and even tighter focus field control. Results from 

transmission through this region were overall satisfactory, except for one RoI with a 

thickness deviation of 1.5 mm, which caused significant distortion in the 1000 kHz field, 

preventing the formation of a meaningful focus. 

When the transducer-skull spacing was maintained between 10 to 20 mm, 

approximately 0.2 ms for 220 kHz and 650 kHz, and 0.1 ms for 1000 kHz were required 

for waveform stabilization. For application scenarios using such short time pulses, 

determining precise insertion loss is challenging, as wave interactions within the skull 

thickness and between transducer-skull spacing are still stabilizing during this period. 

The absence of tone burst waveform with a few cycles limited the analysis to system 

insertion loss, preventing direct comparisons with skull attenuation. Additionally, the 

close spacing between the skull and transducer complicated distinguishing wave 

interactions occurring at the transducer-skull spacing from those within the skull 

thickness. 

Finally, efforts were undertaken to integrate brain phantoms with the Thiel skull for the 

comprehensive transmission efficiency assessment. Polyvinyl alcohol-based brain 

phantoms were prepared by following the recommended procedure (Taghizadeh et al., 

2018). The prepared phantom has a sound speed of 1520 m/s and an attenuation 

coefficient of 0.62±0.11 dB/cm/MHz in the sub-MHz frequency, these parameters are 

comparable to the reported human brain parameters, which are 1530 m/s and 0.58±0.35 
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dB/cm/MHz1.3.(Duck, 2013) However, we were unable to overcome challenges in 

sealing the skull plus phantom system in the timeframe of this experiment.
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 tFUS analytical solution 

The preceding chapter showed experimentally that transcranial tFUS delivery cannot 

be predicted from free-field source output or mean skull thickness alone. Insertion loss, 

focal distortion and phase error were shaped by a combination of skull thickness, SDR, 

local morphology, insertion angle and transducer-skull spacing. These findings 

motivate a predictive framework that can translate CT-derived skull information and 

source geometry into an estimate of intracranial pressure delivery. The aim of this 

chapter is therefore to develop a CT-informed analytical model for rapid estimation of 

transcranial insertion loss under sub-megahertz tFUS conditions. It introduces a target-

based ray-tracing framework for skull-characteristic mapping and a six-layer analytical 

transmission model that preserves both intra-skull reflections and spacing-dependent 

interference between the transducer and the skull, and its performance is validated 

against k-Wave simulation and hydrophone measurements in ex-vivo skull specimens. 
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 Introduction 

The experimental results in Chapter 4 demonstrated that transcranial acoustic delivery 

is governed by more than bulk skull attenuation. Although insertion loss increased with 

frequency and was partly related to thickness and SDR, the transmitted field was also 

affected by local thickness variation, curvature, insertion angle and transducer-skull 

spacing. These factors are especially important for long-burst tFUS protocols, where 

interference can develop both within the skull and in the water path between the source 

and skull. A rapid model is therefore needed to estimate whether a planned sonication 

is likely to deliver the intended pressure at the target, and how this delivery changes 

with frequency, skull location and transducer placement. 

Existing analytical and ray-tracing approaches, including Kranion, Exablate-related 

planning methods and other in-house frameworks, have been developed primarily for 

phase correction and element selection in array-based systems (Clement & Hynynen, 

2002; Lu et al., 2022) These methods generally extract target-specific skull thickness, 

insertion angle and, in some cases, SDR, and several have shown useful agreement with 

hydrophone measurements (Jin et al., 2020) or full-wave simulations (Bancel et al., 

2021a). However, many simplified models use spatially averaged skull properties, 

neglect multiple internal reflections between skull layers, or omit the physical 

transducer and the water path between the transducer and skull. These omissions 

become important under long-burst sonication, where constructive and destructive 

interference can influence transmitted pressure.  

For tFUS neuromodulation, the relevant objective is therefore not only to estimate 

attenuation, but to predict frequency-dependent insertion loss under realistic working 

conditions. Recent analytical work has demonstrated the feasibility of CT-informed 

transmission mapping (Attali et al., 2023), but direct ex-vivo validation under 

transducer-present conditions remains limited.  
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The present chapter addresses this need by developing a CT-informed analytical model 

that integrates skull thickness, SDR, insertion angle, local layered morphology and 

transducer-skull spacing within a single framework. The model is designed to preserve 

the dominant wave interactions governing transcranial transmission while remaining 

computationally tractable for practical planning. Its performance is benchmarked 

against k-Wave simulations and hydrophone measurements across ex-vivo skull 

specimens and sub-megahertz frequencies.  

 

 Derivation of skull properties 

The experimental findings in Chapter 4 showed that transmission loss and field 

distortion are shaped by both bulk skull properties and local geometry. To incorporate 

these factors into an analytical model, acoustic properties must be assigned along each 

target-specific skull path. This section defines how longitudinal sound speed, mass 

density, effective attenuation and three-layer skull morphology were estimated from CT 

and supporting time-of-flight measurement. 

5.2.1. Longitudinal sound speed 

The longitudinal speed of sound in skull bone governs phase accumulation and 

therefore strongly influences interference patterns and insertion loss. However, reported 

values vary substantially with specimen condition and measurement method (Marsac 

et al., 2017b), and direct layer-specific measurement was not practical in the present 

study. Instead, bulk longitudinal sound speed was estimated experimentally using a 

time-of-flight method.  

A 1000 kHz plane transducer (Precision Acoustics, UK; D = 23 mm) was positioned 

approximately 10 mm from the outer skull surface, and a 1 mm needle hydrophone was 

placed 80 mm away along the acoustic axis. As depicted in Figure 5-1.a, two-cycle 

bursts were transmitted in both free-field water and through the skull sample. The time 

advance of the peak relative to the free-field condition was then used to estimate the 

effective longitudinal sound speed of the specimen  
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𝑐௕௢௡௘ =
𝑐௪௔௧௘௥

1 −
𝑐௪௔௧௘௥∆𝑡

𝑑௕௢௡௘

. (5.2.1)
 

Where ∆𝑡 is the time advance relative to water, 𝑑௕௢௡௘ is the RoI thickness, 𝑐௪௔௧௘௥ is the 

sound speed in water. Each sample was measured five times and the results averaged. 

Because the speed of sound in water varies slightly with temperature, it was measured 

before each experiment rather than assumed constant. Across 25 measurements, the 

water sound speed was 1480.7±14.3 m/s, close to the nominal value of 1482.4 m/s at 

20 ºC. 

Bulk longitudinal sound speed was measured at 83 locations in 18 historical calvaria 

and 10 locations in two Thiel calvaria. As shown in Figure 5-1.b and c, moderate linear 

relationships were observed between CT-derived bulk density and measured sound 

speed in both specimen groups 

𝑐ு௜௦௧ = 0.7𝐻𝑈 + 1730 ± 110, 𝑅ଶ = 0.69; (5.2.2) 

𝑐்௛௜௘௟ = 1.5𝐻𝑈 + 774 ± 107, 𝑅ଶ = 0.68. (5.2.3) 

 

Figure 5-1 (a) Representative time-advance measured with a skull sample compared with in 
free-field water condition. (b) and (c) The speed of sound measured from 83 locations from 18 
Historical skulls and 10 locations from 2 Thiel skulls, respectively. The correlations between 
the CT density and sound speed are shown as the red dashed lines.  

The historical skulls showed substantial spread in sound speed even at similar bulk 

density, with deviations of up to approximately 400 m/s. The Thiel results showed less 

scatter, although the smaller sample size may bias the fitted relation. These results 

indicate that CT-derived density can provide a useful first-order estimate of skull sound 

speed, but does not uniquely determine it.  
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5.2.2. Mass density and attenuation coefficient 

In contrast to sound speed, mass density can be inferred from CT data with greater 

confidence. The conversion used here is the Hounsfield2density implementation in k-

Wave for bone, and is based on established CT-density calibration formulations 

(Schneider et al., 1996) and is given as 

𝜌௕௢௡௘ = 0.66𝐻𝑈 + 1011. (5.2.4) 

The attenuation coefficient used in the analytical model was intended to represent the 

effective loss due to absorption, scattering, and related propagation losses through the 

skull. Guided by the insertion-loss measurements reported in Section 4.3, attenuation 

was parameterised empirically as a function of thickness, SDR, and frequency:   

𝑎்ு = 4 ∙ 𝐹ଶ ∙ (𝑑𝐵𝑐𝑚ିଵ) , 𝑎்ு ∈ ൣ𝑎௖௢௥௧௜௖௔௟ , 𝑎ௗ௜௣௟௢௘൧; (5.2.5) 

𝑎ௌ஽ோ = 17(1 − 𝑆𝐷𝑅) ∙ 𝐹ଶ(𝑑𝐵𝑐𝑚ିଵ), 𝑎ௌ஽ோ ∈ ൣ 𝑎ௗ௜௣௟௢௘൧; (5.2.6) 

where 𝐹  is the frequency per 1000 kHz. These expressions assume a constant 

absorption ratio 𝑎்ு through the bone thickness, modified by a density-contrast factor 

𝑎ௌ஽ோ  intended to capture additional loss associated with heterogeneous structure. 

Because the calibration was obtained from measurements up to 1000 kHz, the resulting 

attenuation model should be regarded as valid only within that frequency range. 

5.2.3.  Dynamic three-layer segmentation 

The skull was approximated as a three-layer structure consisting of the cancellous 

diploë between the cortical outer and inner tables. Although actual cranial architecture 

is spatially heterogeneous, this approximation retains the dominant layered morphology 

while remaining analytically tractable. A representative example is shown in Figure 

5-2.a and b.  

An in-house algorithm was developed to segment the skull from the surrounding 

medium and to identify local layer boundaries dynamically from the CT density profile. 

CT images exhibit blur across strong contrast interfaces, and skull boundaries may 

therefore span several voxels, particularly at air-bone transitions where contrast can 
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exceed 2000 HU (see Figure 5-2.c). Thresholding is therefore required to define the 

physical interface. 

As depicted in Figure 5-2.d, for segmentation of the skull from the environment, the 

outer and inner surfaces were both defined at 300 HU. The further rise in HU from the 

outer surface to the first density peak, and the corresponding fall from the second peak 

to the inner surface, were used to recover representative peak values and thereby 

compensate partly for air-bone averaging.  

To segment the diploë from the cortical layers, thresholds were set initially to 

approximately 70% and 80% of the first and second peaks, respectively, and adjusted 

dynamically in lower-contrast regions to preserve a three-layer structure. Where only 

one density peak was present and the layer structure could not be resolved reliably, the 

thickness was divided equally among the three layers.   

The resulting segmented skull structure, together with the assigned density, sound-

speed, and attenuation maps, is illustrated in Figure 5-2.e and f. This dynamic 

segmentation procedure provides a voxel-wise local three-layer approximation without 

requiring manual definition of layer boundaries. 

 

Figure 5-2 (a): a representative historical skull segment. (b) SDR map of the skull segment, and 
(c) the cross-sectional CT image of the skull segment at the red dashed line. (d) Spline 
represents the HU distribution along the one voxel-width skull thickness. The bars represent 
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the segmented layers thickness and its assigned HU value. (e, f) Reconstructed three-layer skull 
density and sound speed, and attenuation coefficient maps. 

5.2.4. Target-based ray tracing and skull-characteristic mapping 

The local surface-casting approach described in Section 4.2.2 is effective for small skull 

segments, but becomes less practical for target-based whole-skull analysis because the 

skull is globally curved and the local casting window cannot be assumed to remain 

parallel to the surface over larger regions. A direct ray-tracing pipeline was therefore 

developed. 

A hemi-sected historical skull was used to demonstrate the workflow. As shown in 

Figure 5-3.a and b, the CT volume was first segmented from the surrounding medium, 

and a target was placed at the intended brain location, here approximating the thalamus. 

A total of 800,000 uniformly distributed rays were projected from outside the skull 

toward the target; for calvaria samples, this number was reduced to 400,000. The ray 

density exceeded the number of surface voxels, and duplicate paths intersecting the 

same skull trajectory were removed. Each valid ray was then evaluated using the 

segmentation and acoustic-property framework described above.  

 

Figure 5-3 (a) A representative CT hemi-sected skull volume. (b) Skull surface map. Red dot 
represents an approximated brain target at thalamic region. (c) A representative ultrasound 
insertion line from the seed to the brain target. Blue shade represents the fitted flat outer surface 
and its angulation relative to the insertion line. Inner surface angulation was not presented but 
also considered. 

The geometric accuracy of the ray-tracing pipeline was assessed by comparing CT-

derived thickness with calliper measurements. Three historical calvaria, labelled S1-S3, 
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were measured manually at 136, 177, and 177 positions, respectively, spaced at 10 mm 

intervals across the skull surface. The ray-tracing method produced 246,229, 308,450, 

and 305,528 thickness estimates for these specimens. As shown in Table 5-1, the CT 

analysis reproduced thickness values with negligible mean error relative to the calliper 

measurements, supporting the accuracy of both the ray-intersection procedure and the 

300 HU boundary definition.  

Table 5-1 Average thickness evaluation of three historical calvaria by external calliper 
measurement (MEA) and ray-tracing CT analysis (ANA). 

Skull number/ 
Thickness (mm) 

S1 S2 S3 

MEA  
ANA 

3.74±0.82 
3.66±0.95 

4.54±0.95 
4.46±1.01 

6.52±1.05 
6.58±1.00 

 

5.2.5. Full skull characteristic maps 

A total of 553,579 valid ray paths were obtained and remapped onto the skull surface, 

producing high-resolution target-specific maps of thickness, SDR, density, and sound 

speed (Figure 5-4). In the cranial vault, where the bone generally follows a layered and 

relatively smooth morphology, the method produced physically plausible maps. In 

contrast, the facial bones exhibited more complex non-layered geometry and were 

represented less accurately. Because tFUS is unlikely to be delivered through these 

regions, the full-skull maps are provided primarily to demonstrate the method.  

 

Figure 5-4 (a-c) Skull bulk thickness map, skull SDR map, and skull bulk density and sound 
speed map in respect of the Thalamic target.    

As depicted in Figure 5-4.a, relatively thin regions are evident near the temporal 

window. These thickness values are target-specific: changing the intracranial target 
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changes the corresponding ray path and therefore the effective skull thickness along 

that path. The SDR map (Figure 5-4.b), highlights more porous regions around the 

temporo-parietal junction and vascular channels within the parietal bone, whereas the 

frontal-parietal suture appears comparatively uniform. These patterns are also reflected 

in the density and sound-speed map (see Figure 5-4.c).  

The outer table, diploë, and inner table characteristics are shown separately in Figure 

5-5. The two cortical layers appear relatively homogeneous, consistent with cranial 

anatomy, whereas the diploë is thicker and less dense in parts of the frontal, parietal, 

and temporal bones. These maps provide a macro-scale structural description relevant 

to transcranial propagation.  

 

Figure 5-5 (a-c) The outer table, diploë, and inner table layer thickness, density and speed of 
sound characteristics.  

5.2.6. Insertion angle map 

Insertion angle is an important determinant of transcranial transmission because oblique 

incidence increases phase aberration and may enhance reflection and mode conversion. 

As shown experimentally in Section 4.5.1, near-normal incidence produced less 

distorted transmitted fields, whereas highly oblique incidence produced severe 

aberration and reduced transmission.  



Chapter 5. tFUS analytical solution  5.2. Derivation of skull properties 

110 

 

A target-specific insertion-angle map was therefore generated. For each ray, the local 

outer and inner skull-surface orientations were estimated by fitting a 5 mm × 5 mm 

plane around the point of incidence and computing the corresponding surface normal. 

This neighbourhood was chosen to provide sufficient spatial averaging to reduce 

sensitivity to voxel-scale surface irregularities, while remaining small relative to the 

local skull curvature so that the surface could still be approximated as planar. Because 

the outer table is generally smoother than the inner table, the two local surface angles 

may differ substantially. The local insertion angle was therefore defined as the mean 

deviation between the incident ray and the outer- and inner-surface normals. 

 

Figure 5-6 Ray insertion angle relative to the brain target. 

As depicted in Figure 5-6, regions with relatively small insertion angle are located 

around the frontal-parietal-temporal junction, whereas sutures and more peripheral 

areas exhibit larger angles and are therefore less favourable for transmission. In 

practical use, transducer allocation may therefore be guided by joint consideration of 

insertion angle, skull thickness, SDR, and predicted transmission efficiency. Insertion 

angle may be used as an initial geometric constraint, particularly to avoid highly oblique 

incidence, while thickness and SDR can further distinguish suitable regions within this 

range.
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 Analytical model of transcranial transmission 

The following sections develop a simplified analytical model for transcranial 

ultrasound transmission. The aim is to obtain rapid estimates of pressure insertion loss 

while retaining the principal wave interactions identified experimentally. 

5.3.1. Monochromatic plane-wave approximation 

For a small-aperture planar source, the simplest approximation is a continuous 

monochromatic plane wave propagating normal to the source surface, neglecting lateral 

spreading. Under these assumptions, the acoustic field in a homogeneous steady-state 

medium at rest may be written as  

𝑝 = 𝐴𝑒௜(௞௥ିఠ ), 𝑘 =
𝜔

𝑐
,    (5.3.1) 

where 𝐴 is the wave amplitude. For a large-aperture focused transducer, however, the 

radiating surface cannot be represented adequately by a single plane-wave emitter. A 

more realistic approximation is to discretise the concave source into multiple small 

planar facets, such that the curvature over each individual facet can be treated as locally 

negligible, each with its own local propagation direction (Figure 5-7.b). The 

contributions from all facets are then combined to approximate the field generated by 

the complete concave aperture. The pressure field contributed by each facet may then 

be written as 

𝑝 = 𝐴𝑒௜(௞௫௖௢௦ఏା௞௬௦௜௡ఏିఠ௧). (5.3.2) 

Where 𝜃 is the oblique angulation. For simplicity, the elemental pressure amplitude was 

normalised to unity in the derivation. 

5.3.2. Six-layer propagation framework 

The architecture of the analytical model is described in this section. A concave PZ54 

piezoceramic source (c = 4300 m/s and 𝜌  = 7800 kg/m3, Ferroperm Piezoceramics, 

Denmark) directed toward the chosen brain target at a small incidence angle relative to 
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the skull is discretised into small planar facets (Figure 5-7.a and b). The skull is 

represented as a three-layer structure comprising outer table, diploë, and inner table. 

Water is included both upstream and downstream of the skull, and the transducer layer 

is retained explicitly, giving a six-layer total structure. (Figure 5-7.c).  

 

Figure 5-7 (a) A representative transducer arrangement relative to the brain target and the 
corresponding insertion direction. (b) Transducer face (blue shade) and its small flat-facets 
approximation. (c) Wave propagation scheme of the analytical model, arrows represent the 
direction of the propagation. 𝑝௧ଶଵ represents the exit wave vector. 

Using plane-wave assumptions, reflections and transmissions at each interface were 

modelled using boundary conditions determined by acoustic impedance, with each 

medium treated as locally semi-infinite. As shown in Figure 5-7.c, wave with a unit 

level of pressure is emitted from the transducer surface and progresses towards the outer 

table surface. The angulation between the two adjacent surfaces is determined by  

𝜃 = acos ቆ
𝐿𝚤ሬሬሬ⃗ ∗ 𝐿𝚥ሬሬሬ⃗

ห𝐿𝚤ሬሬሬ⃗ ห ∗ ห𝐿𝚥ሬሬሬ⃗ ห
ቇ , (5.3.3) 

where 𝐿𝚤ሬሬሬ⃗  and 𝐿𝚥ሬሬሬ⃗  represent the vector function of the boundaries 𝑖 and 𝑗. 

Upon the initial incidence on the boundary at an angle 𝜃ହ, the horizontal propagation 

component was dropped to only consider the longitudinal mode, thus the wave 

propagation equation in the spatial domain can be simplified to the following form: 

𝑝௜ହସ = 𝑒  ௜ఝఱ, 𝜑௜ = 𝑘௜𝑧௜𝑐𝑜𝑠𝜃௜ , 𝑘௜ =
𝜔

𝑐௜
, (5.3.4) 
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where 𝑝௜ହସ is the original wave incident upon boundary 54, 𝜑௜ denotes to the distance 

𝑧௜ dependent phase advance, 𝑘௜ is the wave number, 𝜔 is the angular frequency and 𝑐௜ 

is the phase velocity. 

The total inserted wave 𝑝௧ହସ, after considering the portion that was directed back to the 

transducer surface and reflected towards the outer table again, consequently combines 

with the initial wave to form a superimposed wave, which can be written as: 

𝑝௧ହସ = 𝑊ହସ𝑒௜ఝఱ ෍(𝑉ହସ𝑉ହ଺𝑒ଶ௜ఝఱ
ᇲ
)௡,

ே

௡ୀ଴

 (5.3.5) 

where 𝑉௜௝ and 𝑊௜௝ are the reflection and transmission coefficient of the boundary 𝑖𝑗. 

Although a horizontal-infinite assumption was made where wave travels between two 

boundaries until it vanishes, in practice, the reflected energy decays significantly after 

two cycles. In an effort to reduce computing load, we set 𝑁 equals to 2. 

For wave emitted from fluid and impinging onto the elastic boundary, that is from water 

to the bone and transducer, the coefficients of longitudinal waves are (Brekhovskikh & 

Godin, 1990): 

𝑉௜௝ =
𝑍௝𝑐𝑜𝑠ଶ2𝜃௝௦  + 𝑍௦𝑠𝑖𝑛ଶ2𝜃௝௦ − 𝑍௜

𝑍௝𝑐𝑜𝑠ଶ2𝜃௝௦ + 𝑍௦𝑠𝑖𝑛ଶ2𝜃௝௦ + 𝑍௜
, (5.3.6) 

𝑊௜௝ = ቆ
𝜌௜

𝜌௝
ቇ

2𝑍௝𝑐𝑜𝑠2𝜃௝௦

𝑍௝𝑐𝑜𝑠ଶ2𝜃௝௦ + 𝑍௦𝑠𝑖𝑛ଶ2𝜃௝௦ + 𝑍௜
, (5.3.7) 

𝑍௜ =
𝜌௜𝑐௜

cos(𝜃௜)
, 𝑍௝ =

𝜌௝𝑐௝

cos൫𝜃௝൯
, 𝑍௦ =

𝜌௝𝑐௝௦

cos൫𝜃௝௦൯
, 𝑖 = 5, 𝑗 = 4,6, (5.3.8) 

where 𝑍௜  is the normal impedance of the medium, 𝜌௜  is the density, 𝜃௜  is the normal 

angle of the wave in the layer, and 𝜃௝ and 𝜃௝௦ are the refracted angle of the longitudinal 

compression and shear (𝑐௦) wave, and can be determined using Snell’s law: 

𝑠𝑖𝑛𝜃௜

𝑐௜
=

𝑠𝑖𝑛𝜃௝

𝑐௝
=

𝑠𝑖𝑛𝜃௝௦

𝑐௝௦
. (5.3.9) 
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Here the longitudinal speed was used to derive the shear speed by multiplying it by a 

factor of 0.53 (P. J. White et al., 2006b).  

The total penetrated wave undergoes another series of propagations in the outer table 

layer and leaves from boundary 43, waves which exit to the top water layer 5, reflected 

at boundary 56 and penetrated through 54 are not accounted as the magnitude of this 

portion of pressure is considered negligible. Therefore, the calculation of transmission 

through boundary 43 is carried out using the same equation. While in the calculation of 

the total transmission through layer 32, it is imperative to consider the portion of wave 

that is reflected at boundary 32, subsequently back propagated through boundary 34, 

reflected off at boundary 45, transmitted through boundary 43, and finally re-incident 

upon boundary 32. To determine the total transmission through boundary 32, the 

equations are expressed as the sum of the original wave 𝑝௧ଷଶ_௢௥௜௚ and the reflected wave 

𝑝௧ଷଶ
ᇱ  from boundary 45. 

𝑝௧ସ ೚ೝ೔೒
= 𝑝௧ହସ𝑊ସଷ𝑒௜ఝర𝑎ସ ෍൫𝑉ସଷ𝑉ସହ𝑒ଶ௜ఝర𝑎ସ

ଶ൯
௡

ே

௡ୀ଴

, (5.3.10) 

𝑝௧ଷଶ೚ೝ೔೒
= 𝑝௧ସଷ೚ೝ೔೒

𝑊ଷଶ𝑒௜ఝయ𝑎ଷ ෍(𝑉ଷଶ𝑉ଷସ𝑒ଶ௜ఝయ𝑎ଷ
ଶ)௡

ே

௡ୀ଴

, (5.3.11) 

𝑝௥ଷସ = 𝑝௧ସଷ೚ೝ೔೒
𝑉ଷଶ𝑊ଷସ𝑒ଶ௜ఝయ𝑎ଷ

ଶ ෍(𝑉ଷଶ𝑉ଷସ𝑒ଶ௜ఝయ𝑎ଷ
ଶ)௡

ே

௡ୀ଴

, (5.3.12) 

𝑝௥ସହ = 𝑝௥ଷସ𝑉ସହ𝑊ସଷ𝑒ଶ௜ఝర𝑎ସ
ଶ ෍൫𝑉ସଷ𝑒ଶ௜ఝర𝑎ସ

ଶ൯
௡

ே

௡ୀ଴

, (5.3.13) 

𝑝௧ସଷ
ᇱ =

𝑝௥ସହ𝑝௧ସଷ೚ೝ೔೒

𝑝௧ହସ
, (5.3.14) 

𝑝௧ଷଶ
ᇱ =

𝑝௧ସଷ
ᇱ 𝑝௧ଷଶ೚ೝ೔೒

𝑝௧ସଷ
, (5.3.15) 

𝑝௧ଷଶ = 𝑝௧ଷଶ೚ೝ೔೒
+ 𝑝௧ଷଶ

ᇱ , (5.3.16) 
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Where 𝑎ସ, 𝑎ଷ, 𝑎ଶ  represent the attenuated coefficient in outer table, diploe and inner 

table, respectively. 

In the same manner, the total transmission at the boundary 21 can be written as the sum 

of the original wave 𝑝௧ଶଵ_௢௥௜௚ and the reflected waves 𝑝௧ଶଵ
ᇱ  and 𝑝௧ଶ

ᇱᇱ  from boundary 34 

and 45, respectively. 

𝑝௧ଶଵ = 𝑝௧ଶଵ೚ೝ೔೒
+ 𝑝௧ଶ

ᇱ +  𝑝௧ଶଵ
ᇱᇱ . (5.3.17) 

The full coefficient expressions for the skull-water and skull-skull interfaces are 

retained in the APPENDIX E. The main text describes the physical sequence of 

reflections and transmissions, while the complete algebraic derivation of 𝑝௧ଶଵ  is not 

shown due to the substantial amount of redundant content. 

5.3.3. Full-skull transmission efficiency estimation 

Before incorporating the transducer explicitly, full-skull transmission efficiency was 

first estimated using skull properties alone. For each ray, transmission efficiency was 

calculated at 250 kHz, 500 kHz, 750 kHz, and 1000 kHz. These maps provide a first-

pass indication of where low insertion angle and favourable transmission coincide, and 

thus where transducer placement may be advantageous. 

 

Figure 5-8 Ultrasound pressure transmission efficiency across the skull surface at four typical 
frequencies.  Transducer layer was not taken into account. 

As shown in Figure 5-8, regions of higher predicted transmission generally correspond 

to skull regions with favourable thickness, SDR, and insertion angle. However, different 

skull regions also show different optimal transmission frequencies. The full-skull map 

should therefore be interpreted not as a single universal placement guide, but as a 

frequency-dependent atlas of target-specific transcranial accessibility. 
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 Model validation 

The transmission-efficiency maps described above consider skull characteristics alone 

and are therefore conceptually similar to previously proposed skull-only analytical 

approaches. However, they do not represent the full system insertion loss, because they 

exclude the physical transducer and the water gap in which spacing-dependent 

interference may arise. As demonstrated experimentally in Section 4.5.2, This gap can 

strongly influence intracranial pressure, particularly at lower frequencies. To capture 

this, the full analytical solution explicitly includes transducer geometry so that wave 

interactions throughout the entire transmission path are preserved. 

The analytical model was validated against both k-Wave simulation and hydrophone 

measurement. Validation was performed by first verifying the numerical source 

implementation in free-field, and then cross-validation against ex-vivo skull 

measurements. 

5.4.1. k-Wave solver 

A particular advantage of k-Wave is that off-grid source interpolation can reduce 

staircase artefacts in bowl-shaped source masks. However, the default off-grid source 

formulation treats the source as acoustically transparent, allowing waves to pass 

through the source region unrealistically. To preserve physically meaningful reflections 

in the present study, a piezoceramic-like layer was therefore placed at the source 

location using approximate material properties of v = 4300 m/s and 𝜌 = 7800 kg/m3. 

To balance reduction of staircase artefacts against excessive source thickening, the 

band-limited interpolant (BLI) tolerance was set to 0.9, leaving a source geometry three 

voxels thick (Figure 5-9). This provided a practical compromise between source 

smoothness and preservation of a well-defined transducer surface. Because this 

arrangement substantially reduced emitted pressure (approximately 94% to 95%)  as 

the wave entered water owing to the impedance mismatch between the piezoelectric 
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layer and the surrounding medium, a compensatory scaling factor was introduced to 

restore the intended free-field source strength. 

 

Figure 5-9 (a) The original source surface layer (D = 60 mm, RoC = 75 mm). (b and c) The 
source signal mask with BLI number set to 0.9 and 0.05 (default), respectively. 

A grid resolution of 30 points per wavelength in water was used for the free-field focal-

gain benchmark. The resulting axial focal-gain curves are shown in Figure 5-10 and 

compared with the O’Neil analytical solution (Section 3.1.4). The k-Wave model 

reproduced close agreement at the far-field focus, although some near-field deviations 

remained when the piezo layer was included. These deviations were accepted because 

the focal-gain agreement indicated that no major systematic setup error was present, 

and the same source treatment was then retained for the subsequent validation studies.  

 

Figure 5-10 Axial focal gain when simulating with a piezo layer. The simulated results (SIM) 
were compared with the O’Neil analytical solution at 250 kHz, 500 kHz, 750 kHz and 1000 
kHz.   

5.4.2. Benchmark in simplified layered geometry 

Before applying the model to skull data, a simplified benchmark was performed against 

k-Wave simulation in order to test whether the analytical model could reproduce wave-

superposition behaviour in a layered medium. The free-field simulation domain was 

modified by adding two 5 mm solid plates (v = 2700 m/s and 𝜌 = 1200 kg/m3) separated 

by a 5 mm water gap, while retaining the focused source above the slab. (see Figure 

5-11.a), and the steady-state peak pressure in the downstream of the slab was recorded. 

The simulation was run in a fluid solver with attenuation set to zero and repeated from 
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100 kHz to 1000 kHz in 10 kHz increments, giving 91 frequency steps in total. The 

downstream peak pressure was normalised to the free-field value and compared with 

the analytical prediction under the same geometry.  

As shown in Figure 5-11.b, pronounced wave interactions developed within and 

between the layers, confirming the importance of modelling each layer explicitly in 

order to recover transmitted peak pressure accurately.  

 

Figure 5-11 (a) k-Wave simulation domain with the mediums sound speed setup. (b) The 
simulated normalised field at four typical frequencies using the three-layer slab. 

Figure 5-12 shows that the analytical and simulated pressure-transmission curves 

shared the same overall oscillatory pattern, although the analytical result produced 

somewhat stronger constructive and destructive extrema, suggesting slight 

overestimation of coherent wave summation. Nevertheless, the agreement in trend 

indicates that the layered analytical model is capable of reproducing the principal 

superposition effects in homogeneous layered media. 
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Figure 5-12 Calculated (ANA) and simulated (SIM) normalised peak pressure level across 100 
kHz to 1000 kHz frequency. 

5.4.3. Experimental validation setup 

Hydrophone validation was performed using 220 kHz and 680 kHz transducers swept 

from 100-290 kHz and 300-1000 kHz, respectively, in 10 kHz increments. Bursts of 

100 and 150 cycles were delivered using a function generator and an amplifier (1020L 

amplifier, E&I, US), and focal peak pressure was measured in free-field using a 1 mm 

needle hydrophone (Precision Acoustics, UK). Input power was increased at off-

resonant frequencies to maintain measurable signal amplitude across the sweep, with at 

least -25 dB coverage within each band. Signals were band-pass filtered and windowed 

at the input frequency using a 10 Hz gate.  

The mean free-field peak signal amplitudes across the two sweep ranges were 604.5 

mV (0.81 MPa) and 1460.5 mV (1.57 MPa), with minimum amplitudes of 28.4 mV and 

75.4 mV, respectively (see Figure 5-13).  
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Figure 5-13 Signal amplitude measured using 1 mm hydrophone in free-field, frequency 
sweep from 100 to 290 kHz using 220 kHz transducer, and 300 kHz to 1000 kHz using 680 
kHz transducer. 

For the 220 kHz transducer, the usable bandwidth below 150 kHz was limited by its 

narrow resonant response; even doubling the input voltage did not provide sufficient 

signal gain for reliable measurements, and the lower bound was therefore set at 100 

kHz.     

For transcranial measurements, each hydrated and vacuum-degassed skull RoI was 

positioned approximately 10 mm from the transducer aperture. The same sonication 

sequence was repeated ten times. After each frequency sweep, the skull was displaced 

incrementally away from the transducer by 0.2-0.4 mm in order to sample spacing-

dependent interference.  

5.4.4. Cross-validation in ex-vivo skulls 

Twenty ex-vivo historical skulls (19 calvaria and 1 half skull, labelled as S1-S20) were 

used for validation. All skulls were scanned in the hydrated condition using CT scanner 

(Revolution EVO, GE, US) with a voxel size of 0.44 × 0.44 × 0.62 mm3 and a BonePlus 

convolution kernel at 120 kVp for enhanced bone delineation. The corresponding bulk 

thickness, density, and SDR maps are provided in APPENDIX D.  

For each skull, a target approximating the thalamus was defined, and one skull region 

predicted to provide relatively favourable insertion conditions was selected (Figure 

5-14). These regions were segmented and analysed across frequencies from 100 kHz to 

1000 kHz in 10 kHz steps and across transducer-skull spacings from 10 mm to 20 mm 
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in 0.1 mm increments, producing 100 analytical repeats per RoI. On an Intel i7-12700K 

CPU, each full analytical sweep for one RoI completed within seconds. 

 

Figure 5-14 Ultrasound insertion angle map with transducer placement of S1 to S20. This angle 
is averaged over the inner and outer skull surface angle, and prior to taking ultrasound emission 
angle into account. 

Equivalent k-Wave simulations were then constructed. A 3D grid of 144 × 144 × 196 

voxels with 0.44 mm spacing was used, and the selected skull region was inserted 

together with a concave piezoceramic layer at the source location. Simulations were run 

in a fluid solver using 18 points per wavelength, BLI tolerance 0.9, and a Courant–

Friedrichs–Lewy number of 0.15 per MHz. Peak focal pressure was recorded both in 

free-field and with the skull present. Five repeats were performed at each frequency, 

with the skull shifted by one voxel after each run to sample spacing-dependent 
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interference. In total, this produced 455 simulations and required approximately 46 h 

on an NVIDIA RTX 3090 Ti GPU. 

Experimentally, each hydrated and vacuum-degassed skull RoI was placed in the 

corresponding geometry and measured using the same frequency-sweep protocol, with 

ten repeated sonications per sweep and incremental transducer-skull spacing shifts to 

sample interference.  

Three insertion-loss curves were then obtained for each RoI: analytical (ANA), 

simulation (SIM), and measurement (MEA). Statistical analysis was performed in SPSS 

v26.0 and MATLAB. Frequency-dependent pressure-loss deviations and percentage 

errors (𝜀) were calculated for each pair of curves  

𝜀(𝑥, 𝑀𝐸𝐴) =
𝑝௫ − 𝑝ொ஺

𝑝ொ஺
∗ 100%, 𝑥 ∈ [𝐴𝑁𝐴, 𝑆𝐼𝑀], 

𝜀(𝐴𝑁𝐴, 𝑆𝐼𝑀) =
𝑝஺ே஺ − 𝑝ௌூெ

𝑝ௌூெ
∗ 100%, 

where 𝑝 is the normalised intracranial peak pressure. The pressure loss level uncertainty 

(𝑢) at each frequency was estimated as the average relative deviation of the maximum 

and minimum values from the mean, expressed as a percentage:  

𝑢௜ =
ห𝑝௜,௠௔௫ − 𝑝పഥ ห + ห𝑝௜,௠௜௡ − 𝑝పഥ ห

2𝑝పഥ
∗ 100%. 

The result was reported as the median and interquartile range (IQR). Monotonic 

agreement was assessed with Spearman correlation (rs): 

𝑟௦ = 1 −
6∑𝑑௜

ଶ

𝑛(𝑛ଶ − 1)
, 

where 𝑛 is the number of paired frequencies (n=91), and d is the difference between the 

ranks of the paired data with significance threshold of p < 0.05. Oscillatory similarity 

was evaluated by computing the cosine similarity (CS) between the slope vectors of 

each two paired curves: 
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𝐶𝑆 =
∑ 𝐴௜ ∙ 𝐵௜

௡
௜ୀଵ

ට∑ 𝐴௡
௜ୀଵ ௜

ଶ
∙ ට∑ 𝐵௡

௜ୀଵ ௜

ଶ
, 

where 𝐴, 𝐵 are vectors of the two test results, 𝑛 is the number of frequencies (n=91), 

and 𝐶𝑆 represents the cosine similarity. Depending on the outcome of the normality test, 

results are reported as mean ± standard deviation (std), or as median values with IQR. 

 

 Validation results 

5.5.1. Frequency-dependent insertion loss prediction 

The 20 validation RoIs varied substantially in physical properties, with mean thickness 

6.4 ± 1.8 mm, SDR of 0.53 ± 0.19 and CT bulk density of 958 ± 212 HU. The average 

insertion angle across the effective incident area was 9.0 ± 1.5°. Figure 5-15 compares 

analytical, simulated, and measured pressure insertion-loss curves from 100 kHz to 

1000 kHz. Although empirically calibrated attenuation and sound-speed relations were 

used, some trend outliers remained, most notably S18. 
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Figure 5-15 Measured, simulated and analysed pressure insertion loss levels of 20 skulls’ RoI 
(reported in decibels). The corresponding pressure insertion loss levels in percentage are 
provided in APPENDIX F. 

Insertion loss exhibited pronounced oscillation at lower frequencies, particularly below 

approximately 700 kHz, in more than half of the RoIs. This behaviour is consistent with 

constructive and destructive wave interference within the skull and in the transducer-

skull gap. Oscillation amplitude depended on multiple morphological factors, including 

thickness variability, RoC, and possibly high bulk density or high SDR. At the group 
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level, as shown in Figure 5-16.a, the generalized linear mixed-model fits for insertion 

loss (IL, dB) are: 

𝐼𝐿ொ஺ = −13.9𝐹 − 3.5, 𝑅ଶ = 0.69;  

𝐼𝐿஺ே஺ = −14.8𝐹 − 1.0, 𝑅ଶ = 0.73; 

𝐼𝐿ௌூெ = −10.9𝐹 − 1.3, 𝑅ଶ = 0.75;  

Relative to measurement, the analytical model predicted pressure insertion-loss 

magnitude with a median deviation of +1.1 dB (IQR: +0.2 dB to +2.2 dB, Figure 5-16.b) 

and a median percentage error of +30.1% (IQR: +9.5% to +35.6%, Figure 5-16.c). This 

supports the use of a layered skull representation with dynamic density-dependent 

attenuation, although the systematic positive bias indicates that the model tended to 

overestimate insertion loss. For the present dataset, the upper-quartile deviation of 2.2 

dB (approximately 29% in pressure) provides a practical modelling allowance when 

interpreting predicted intracranial pressure, but should not be regarded as a universal 

safety factor. 

 

Figure 5-16 (a) Group insertion loss averaged over 20 skulls’ RoI. (b) Inter-group pressure 
insertion loss deviation between each two results.  ANA - MEA: median: +1.1 dB, max: +16.1 
dB, min: -0.4 dB; SIM - MEA: median: +2.8 dB, max: +18.4 dB, min: +0.2 dB; ANA - SIM: 
median: -1.7 dB, max: +0.3 dB, min: -3.7 dB. (c) Inter-group pressure insertion loss error in 
percentage: ε(ANA,MEA): median: +30.1%, max: +762.3%, min: -20.5%; ε(SIM,MEA): 
median: +44.0%, max: +1057.0%, min: +14.4%; ε(ANA,SIM): median: -20.3%, max: +20.9%, 
min: -37.2%. 

The strongest outlier was S18 (TH=8.6mm, SDR=0.2, 𝜌஼் =550), a highly 

heterogeneous skull region in which the analytical error reached +762.3% relative to 

measurement (Figure 5-16.c). By contrast, the remaining 19 RoIs showed percentage 



Chapter 5. tFUS analytical solution  5.5. Validation results 

126 

 

errors between -20.5% and +43.3%. This suggests that strongly heterogeneous local 

structure may violate the assumptions of the present three-layer approximation. 

The simulation underestimated attenuation relative to both measurement and the 

analytical model, with median deviation of +2.8 dB (IQR: +1.9 dB to +3.6 dB) and 

median percentage error of +44.0% (IQR: +36.2% to +56.7%), compared to 

measurement, and +1.7 dB (IQR: +0.7 dB to +2.7 dB) and +20.3% (IQR: +10.1% to 

+31.7%) to analytical model. 

5.5.2. Oscillatory behaviour and spacing uncertainty 

Figure 5-17.a illustrates the sensitivity of insertion loss to transducer-skull spacing. At 

low frequency, for example 150 kHz, shifting the skull by only a few millimetres altered 

measured insertion loss from -5.3 dB to +2.9 dB. This sensitivity decreased with 

increasing frequency and stabilised to approximately ±0.6 dB roughly beyond 650 kHz, 

where absorption effects dominate interference. The median pressure loss uncertainty 

in percentage across 20 RoIs is 14.1% (IQR: 10.0% to 18.4%, Figure 5-17.b). The 

simulation reproduced the overall trend but sampled fewer spacing and therefore 

underestimates the peak uncertainty, with a median uncertainty in percentage of 10.4% 

(IQR: 8.9% to 12.3%). In contrast, the analytical model, evaluated at 0.1 mm 

increments, predicted average uncertainties of -2.0 dB to +1.4 dB, marginally higher 

than the simulation and measurement, and with uncertainty in percentage of 18.1% 

(IQR: 17.2% to 21.3%). These findings demonstrate that the physical presence of the 

transducer and the water-gap spacing materially affect transmitted pressure, particularly 

at lower frequencies. 
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Figure 5-17 (a) Average insertion loss uncertainties caused by varying transducer-skull spacing 
over 20 skulls RoI. (b) Absolute insertion loss uncertainty averaged over frequency: MEA: 
median: 14.1%, max: 24.8%, min: 3.9%; ANA: median: 18.1%, max: 27.1%, min: 9.4%; SIM: 
median: 10.4%, max: 18.5%, min: 7.9%. (c) Inter-group comparison of cosine similarity of each 
two result curves. ANA vs. MEA: median: 0.73, max: 0.93, min: 0.07; SIM vs. MEA: median: 
0.68, max: 0.91, min: -0.05; ANA vs. SIM: median: 0.79, max: 0.97, min:0.40. 

Analytical predictions reproduced the oscillatory pattern that in general agreement with 

the measurements (median rs = 0.92, IQR: 0.86 to 0.98, p<0.001; median CS = 0.73, 

IQR: 0.49 to 0.82; Figure 5-17.c). Simulation exhibited similar but slightly weaker 

agreement (median rs = 0.91, IQR: 0.86 to 0.98, p<0.001; median CS = 0.68, IQR: 0.46 

to 0.81). Trending mismatches obviously occurred at S15 and S17 in both predicting 

methods, suggesting that speed of sound and layers were not accurately represented. 

Stronger correlation is evident between simulation and analytical results (median rs = 

0.97, IQR: 0.96 to 0.99, p<0.001; median CS = 0.79, IQR: 0.74 to 0.90), suggesting that 

the wave phase modelling framework captured the principal interference behaviour 

almost as effectively as the full-wave numerical solution.

 

 Discussion 

This chapter presents a CT-informed, six-layer analytical model for predicting tFUS 

pressure insertion loss. Cross-validation against k-Wave simulations and hydrophone 

measurements in 20 ex-vivo skull samples confirms that the framework reproduces key 

interference phenomena across sub-MHz frequencies while remaining computationally 

tractable. High correlation among the three techniques underscores the value of layered, 
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acoustic impedance-based approach for rapid insertion loss estimation during tFUS 

planning. Notwithstanding, this study was conducted using ex-vivo skulls, which may 

not fully capture the diversity of in-vivo cranial conditions. Although all ex-vivo skulls 

were rehydrated prior to testing, differences in marrow composition and 

microstructures may alter acoustic transmission relative to living tissue. In addition, the 

absence of surrounding tissues, including scalp, dura mater, and brain tissue limits 

direct translational applicability. Future work should incorporate more physiologically 

realistic bone models, such as freshly excised or realistically embalmed skulls to better 

assess clinical applicability. 

One of the most notable findings was the prevalence of constructive and destructive 

interference patterns, producing oscillatory insertion loss curves in both measurements 

and predictions. Such interference pattern arises from multiple reflections at the water-

transducer interface, the skull-water interface, and the internal interfaces between skull 

layers (Aarnio et al., 2005). Beyond approximately 700 kHz, the oscillation amplitude 

decreases as absorption governs. Because sub-MHz frequencies are favoured for 

neuromodulation (deeper penetration with minimal heating), recognising these 

interference patterns is essential for dose control. In this study, the patterns were 

observed at short transducer-skull spacings, representing conditions for targeting deeper 

brain regions such as the thalamus. Superficial cortical targets are also of interest, and 

prior work showed that qualitative interference patterns remained consistent across both 

short (10 mm to 20 mm) and long (40 mm to 50 mm) spacings, suggesting that 

oscillatory behaviour would also occur when targeting more superficial structures. 

Although the analytical model was evaluated the spacing effect at fine increments of 

0.1 mm, practical considerations limited the simulations to 0.44 mm, as each frequency 

spectrum sweep required approximately 10 hours to complete. 

In summary, the six-layer analytical model proposed here integrates skull thickness and 

SDR, ultrasound insertion angle, and transducer geometry to yield insertion loss 

predictions that generally align closely with both simulation and experimental 

measurements. The three sets of results show moderate to high oscillatory similarity 

and high trending correlations. Additionally, the required computing time for analytical 

model is in the matter of hours. This balance of accuracy and computational efficiency 
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positions the model as a valuable tool for tFUS neuromodulation procedure planning—

one that can inform transducer placement, predict optimal frequency usage, and reduce 

the variability in delivered ultrasound energy. 

5.6.1. Comparison with other bone modelling strategies 

Several analytical studies used single-layer representations with spatially averaged 

properties, which recovered fluctuation trends in energy transmission (Attali et al., 

2023)(P. J. White et al., 2006a). Fry (F. J. Fry & Barger, 1978) proposed a three-layer 

bone model, quantifying phase speed and phase angle in different layers, and reporting 

a diploe-specific loss coefficient of 11.5 dB/(MHz4·cm) based on the squared difference 

of bulk modulus between the blood-bone matrix and blood-fat matrix. Hayner (Hayner 

& Hynynen, 2001) further expanded the solution to encompass an additional scalp layer 

and incorporated oblique ultrasound incidence. While these models demonstrated that 

intracranial pressure maxima occur at skull resonance frequencies, none accounted for 

the physical presence of the transducer or for wave super-position in the intervening 

water path. 

The present work extends this lineage by introducing the transducer modelling, 

discretising the aperture into differential area and allowing wave to interact between 

transducer-skull spacing. This yields a more comprehensive tFUS transmission domain 

without incurring the prohibitive run-times of full-wave solvers. 

Nevertheless, the three-layer skull representation used here remains a simplification of 

cranial bone heterogeneity. To partially address spatial variability, we employed a 

voxel-wise adaptive three-layer model, allowing adjacent rays to traverse distinct local 

layer thicknesses and property assignments. More adaptive segmentation strategies, 

such as dynamic multi-layer skull modelling, could in principle improve fidelity in 

regions with complex anatomy (e.g., the squamosal suture where overlapping bone 

violates the three-layer assumption, or in diploë containing interdigitating vasculature), 

however, analytical complexity would increase substantially, and accurate delineation 

is further constrained by the limited resolution of current clinical CT. This trade-off may 

explain why most existing skull analytical models have been restricted to three layers, 

which remain sufficient in many cases. Severe local variations in porosity and 
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microarchitecture, as observed in S18, can nevertheless lead to large discrepancies in 

insertion loss predictions, indicating that strongly anisotropic and heterogeneous cranial 

bone cannot be faithfully represented by layered decomposition alone. Due to the 

limited number of specimens, we could not quantify a structural heterogeneity threshold 

beyond which prediction errors become unacceptable. But it shall be reasonable to 

assume that thick or highly heterogeneous skulls pose greater challenges. 

Two factors may help explain why the simplified three-layer representation remained 

largely effective in this study. First, the sub-MHz frequency range employed here yield 

wavelengths several times larger than typical trabecular bone spacing (approximately 

0.83 mm in highly porous regions (Chaffaí et al., 2002)), which reduces but does not 

eliminate microstructure-induced scattering. Second, the near-normal incidence 

reduced the likelihood of refraction-driven shear mode conversion. In instances where 

the three-layer approximation is inadequate, full-wave simulations may provide an 

alternative; although their accuracy is also constrained by the wide variability in 

reported correlations between HU and acoustical parameters. Such uncertainty may 

partly arise from differences in CT acquisition parameters (Aubry et al., 2003). In our 

work, the simulation model tended to underestimate attenuation compared to both 

measurements and the analytical model. This discrepancy is unlikely to arise from 

insufficient attenuation coefficient settings alone, a potential cause may instead stem 

from modelling the domain as purely fluid mediums rather than viscoelastic, although 

the significance has not yet been verified due to the significant increase in time 

investment. Despite these challenges, both the analytical and simulation models 

demonstrated pressure insertion loss predictions that generally trended with 

hydrophone measurements.  

Table 5-2 compares 25% to 75% interquartile range of peak transmitted pressure ratio 

obtained by MEA, ANA and SIM with published values at four typical (or similar) 

frequencies. Discrepancies across studies are attributable to variability in skull 

morphology, transducer geometry and driving waveform. It is worth noting that, 

because the proposed analytical model generally underestimated pressure insertion loss, 

compensating for this bias would require increasing the applied pressure to achieve a 

desired in-situ value. However, given the variability in prediction errors (-20.5% to 
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+43.3%, with one outlier at +762.3%) and uncertainty from transducer-skull spacing 

(9.4% to 27.1%), such adjustments risk overshooting guideline safety limits for 

mechanical index or acoustic intensity in individual cases. Therefore, the analytical 

model is better interpreted as a relatively conservative predictor, suitable for supporting 

treatment planning while recognizing that deviations in either direction can still occur.  

Safe application should also involve verification against maximum allowable safety 

limits at the corresponding frequency, with adjustments made downward as needed. 

Table 5-2 Peak pressure transmission ratio comparison with other studies. Literatures 
unspecified to cycles of burst, skull thickness and density, or transducer characteristics. 

 
MEA ANA SIM MEA ANA SIM 

Peak pressure transmission ratio 
Frequency Present study, Interquartile range Literature  

250 kHz 
[34% 
57%] 

[47% 
65%] 

[57% 
76%] 

32%, 
270 kHz 

(Gimeno et 
al., 2019); 

46%, 
270 kHz 

(Krokhmal et 
al., 2025) 

72%, 
200 kHz 

(Attali et al., 
2023) 

49%, 
250 kHz (W. 

Lee et al., 
2015b); 

47%, 
250kHz 

(Hosseini et 
al., 2023); 

43%, 
270 kHz (W. 

Lee et al., 
2016) 

500 kHz 
[28% 
38%] 

[35% 
43%] 

[41% 
52%] 

70%,   
500 kHz 

(Legon et al., 
2018c); 
50%, 

 500 kHz 
(Legon et al., 

2014); 
31%, 

500 kHz 
(Krokhmal et 

al., 2025) 

62%, 
500 kHz 

(Attali et al., 
2023) 

65%, 
500 kHz 

(Yaakub et 
al., 2023); 

29%, 
500 kHz 

(Strohman et 
al., 2024); 

39%, 
500 kHz 

(Hosseini et 
al., 2023) 

750 kHz 
[17% 
31%] 

[21% 
35%] 

[33% 
42%] 

17%, 
 750 kHz (M. 
Chen et al., 

2023); 
21%, 

35%, 
700 kHz (P. 
J. White et 
al., 2006a); 

23%, 
750 kHz 

(Hayner & 

31%, 
750 kHz 

(Hosseini et 
al., 2023) 
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750 kHz 
(Krokhmal et 

al., 2025) 

Hynynen, 
2001); 
57%, 

800 kHz 
(Attali et al., 

2023) 

1000 kHz [8% 23%] [9% 27%] 
[16% 
30%] 

15%, 
 1000kHz 

(Pinton et al., 
2012b); 

14%, 
1000 kHz 

(Krokhmal et 
al., 2025) 

53%, 
1000 kHz 

(Attali et al., 
2023); 
15%, 

1000 kHz 
(Guo et al., 

2022b) 

15%, 
1000kHz 

(Pinton et al., 
2012b) 

 

The present validation was limited to an upper frequency of 1000 kHz by the bandwidth 

constraint of the transducers employed. While this range covers the majority of clinical 

tFUS studies, higher frequencies above 1000 kHz are also used in neuromodulation 

studies (Di Biase et al., 2019). Extending validation into this range would enhance 

translational relevance. Future studies could employ broader-bandwidth transducers to 

enable reliable testing at these higher frequencies.   

The present model emphasizes longitudinal transmission but allows for shear-wave 

excitation through the use of an elastic-wave formulation. Because the transducer 

surface was positioned nearly normal to the skull surface, shear contributions were 

expected to be minimal in the central aperture. At more oblique incidence near the 

periphery, however, partial conversion into shear mode likely occurs. Although this 

effect is implicitly included, the model does not explicitly quantify the proportion of 

energy transmitted through as shear waves, which may lead to higher insertion loss 

prediction uncertainty at larger incidence angles. 

5.6.2. Practical implications for transducer allocation 

Existing transducer placement methods either minimise surface reflection from the 

skull surface (Park et al., 2019), simulating intracranial ultrasound pressure attenuation 

(Gao et al., 2023), or by visually inspecting the back-propagated US phase map from 

the brain target (Butler et al., 2022). By integrating the ultrasound insertion angle, skull 

thickness, SDR and transmission efficiency maps, our pipeline produces a full-scale 
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skull evaluation. A complete atlas generation consumed approximately 25 hours for a 

full skull and 6 hours for calvaria by using i7-12700K CPU. In comparison, a full-scale 

k-Wave simulation for a skull at one frequency requires nearly 500 hours (Gao et al., 

2023). This makes the method suitable not only for retrospective analysis, but also for 

practical pre-planning of transducer allocation and frequency selection. 

.
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 Full-wave modelling and in-vivo 
evaluation  

The analytical framework developed in the previous chapter provides a rapid method 

for estimating transcranial insertion loss and screening transducer placement. However, 

insertion loss alone is not sufficient to characterise the intracranial acoustic field 

relevant to neuromodulation, and full-wave modelling remains necessary to resolve 

volumetric coverage within and around the intended target. This chapter therefore first 

considers intracranial field prediction, with the performance of five modelling 

approaches evaluated against measurements acquired in ex-vivo skull specimens. The 

chapter then turns to a preliminary system-evaluation study, asking whether a 

physically characterised tFUS setup can be integrated with hippocampal 

electrophysiology while preserving interpretable recordings. 
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 Introduction 

Full-wave modelling is required not only to estimate how much acoustic energy passes 

through the skull, but also to determine how that energy is distributed within and around 

the intended target. In the present study, the acoustic source was defined from the 

measurement-informed reconstruction described in Chapter 3, the remaining major 

uncertainty therefore lies in how the skull is represented.  

Existing skull-modelling approaches span a broad spectrum of complexity. 

Homogeneous models represent the skull as a single layer with globally assigned 

density, sound speed, and attenuation (Aubry et al., 2022). Such models are attractive 

because they are simple and computationally efficient, whereas they neglect spatial 

heterogeneity and layer-specific structure. Layered models explicitly represent the 

outer and inner cortical tables and the intervening trabecular diploë, thereby capturing 

at least part of the skull’s structural anisotropy. (Andrew Drainville et al., 2023; Angla 

et al., 2024). CT-derived models pursue greater realism by mapping HU information to 

spatially varying acoustic properties (Bancel et al., 2021b; Marsac et al., 2017a), 

including but not limited to density, sound speed, and frequency-dependent power-law 

absorption (Yaakub et al., 2023).  

Despite their widespread adoption, these approaches have rarely been cross compared 

within a common experimental framework or benchmarked systematically against 

intracranial field measurement over a reasonably broad specimen set. This unresolved 

modelling uncertainty has direct implications for tFUS neuromodulation. A model may 

reproduce the gross beam pattern while still misestimating focal pressure, effective 

stimulated volume, or spatial targeting accuracy. Such errors are not trivial: inaccurate 

pressure prediction complicates insertion loss compensation, volumetric error affects 

the extent of exposed tissue, and focal displacement undermines confidence in target 

engagement. Systematic evaluation is therefore particularly important in low-intensity 

neuromodulation, where the intended intracranial effect is typically inferred from the 

planned acoustic field rather than confirmed directly during treatment. 
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Five skull-modelling strategies are therefore evaluated against hydrophone 

measurements acquired in ex-vivo human skull specimens. The chapter also includes a 

separate preliminary study in the rat, in which cone-coupled acoustic delivery is 

assessed experimentally by hydrophone mapping and combined with hippocampal 

electrophysiology.  

 

 Modelling framework 

6.2.1. Skull specimens 

Three historical calvaria (labelled S1-S3), two Thiel-embalmed calvaria (S4-S5; with 

scalp and dura retained) and two historical hemisected skulls (S6-S7) were used in this 

study. RoIs were defined as follows: three per calvarium over the frontal, left parietal, 

and right parietal bones, and two per half-skull over the parietal and temporal bones. 

RoI locations were chosen without optimisation for local morphology or target 

favourability, so that anatomically challenging regions, including areas near the frontal 

crest and squamous sutures, were intentionally retained. In total, 19 RoIs were analysed 

across the seven specimens. Figure 6-1 presents the corresponding thickness, bulk HU 

density, and SDR maps, together with the allocated source positions. 
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Figure 6-1 Skull specimens property maps, Upper row: Skull thickness maps of S1-S7. Middle 
row: the corresponding skull average HU density maps of S1-S7. Lower row: the corresponding 
SDR maps of S1-S7. Grey shades represent the RoI and the allocation of the acoustic source. 

For each RoI, a sub-volume spanning 60 mm × 60 mm at the outer skull surface was 

extracted and reoriented orthogonally for simulation. For the Thiel specimens, the 

attached soft tissue was neglected and only the bone was modelled. 

6.2.2. Skull modelling strategies 

To examine how skull modelling influences simulation fidelity, five skull-modelling 

strategies were implemented. In all cases, the simulated skull was described using mass 

density 𝜌 (kg/m3), sound speed 𝑐 (m/s), and attenuation coefficient 𝑎 (dB/(cm·MHz2)). 

1. linear mapping with fixed attenuation (LM-Fa) assigns density and sound speed 
voxel-wise from CT while applying fixed attenuation coefficients (Krokhmal et al., 
2025).  

𝜌௦௞௨௟௟ = 0.66𝐻𝑈௦௞௨௟௟ + 1011, 𝐻𝑈௦௞௨௟௟ > 260 

𝑐௦௞௨௟௟ = 1.333𝜌௦௞௨௟௟ + 166.7 

𝑎௦௞௨௟௟ = 13.3 

 

2. linear mapping with dynamic attenuation (LM-Da) also maps density and sound 
speed voxel-wise, but varies attenuation according to local porosity-related properties. 
(Yaakub et al., 2023): 



Chapter 6. Full-wave modelling and in-vivo evaluation 6.2. Modelling framework 

138 

 

𝜌௦௞௨௟௟ =
(𝜌௦௞௨௟௟_௠௔௫ − 𝜌௪௔௧௘௥)𝐻𝑈௦௞௨௟௟

𝐻𝑈௦௞௨௟௟_௠௔௫
+ 𝜌௪௔௧௘௥    

𝑐௦௞௨௟௟ =
(𝑐௦௞௨௟௟_௠௔௫ − 𝑐௪௔௧௘௥)(𝜌௦௞௨௟௟ − 𝜌௪௔௧௘௥)

𝜌௦௞௨௟௟_௠௔௫ − 𝜌௪௔௧௘௥
+ 𝑐௪௔௧௘௥   

𝑎௦௞௨௟௟ = ൫𝑎௦௞௨௟௟_௠௔௫ − 𝑎௦௞௨௟௟_௠௜௡൯ ∗ (1 −
𝐻𝑈௦௞௨௟௟ − 𝐻𝑈௦௞௨௟௟_௠௜௡

𝐻𝑈௦௞௨௟௟_௠௔௫ − 𝐻𝑈௦௞௨௟௟_௠௜௡
)

ଵ
ଶ + 𝑎௦௞௨௟௟_௠௜௡ 

Where 𝜌௦௞௨௟௟_௠௔௫ = 1900 , 𝜌௪௔௧௘௥ = 1000 , 𝑐௦௞௨௟௟_௠௔௫ = 3100 , 𝑐௪௔௧௘௥ =

1500 (all simulations), 𝑎௦௞௨௟௟_௠௔௫ = 18.1, 𝑎௦௞௨௟௟_௠௜௡ = 1.9. 

 

3. fixed-property three-layer modelling (3L-F) segments the skull into outer cortical 
table, diploë, and inner cortical table, and assigns fixed acoustic properties to each layer.  

𝜌௦௞௨௟௟೎೚ೝ೟೔೎ೌ೗
= 1850, 𝜌௦௞௨௟௟_௧௥௔௕௘௖௨௟௔௥ = 1700   (Aubry et al., 2022) 

𝑐௦௞௨௟௟೎೚ೝ೟೔೎ೌ೗
= 2800, 𝑐௦௞௨௟௟_௧௥௔௕௘௖௨௟௔௥ = 2300   (Aubry et al., 2022) 

𝑎௦௞௨௟௟_௖௢௥௧௜௖௔௟ = 4, 𝑎௦௞௨௟௟_௧௥௔௕௘௖௨௟௔௥ = 16 

 

4. dynamic three-layer modelling (3L-D) (see section 5.2.3).  

𝜌௦௞௨௟௟ = 0.66𝐻𝑈௦௞௨௟௟ + 1011, 𝜌஼் > 260 

𝑐௦௞௨௟௟ = 0.70𝐻𝑈௦௞௨௟௟ + 1730 

𝑎௦௞௨௟௟_௖௢௥௧௜௖௔௟ = 4, 𝑎௦௞௨௟௟_௧௥௔௕௘௖௨௟௔௥ = 4 + 17(1 − 𝑆𝐷𝑅) 

 

5. fixed-property single-layer modelling (1L-F) represents the skull as a homogeneous 
medium (Attali et al., 2023). 

𝜌௦௞௨௟௟ = 1860 

 𝑐௦௞௨௟௟ = 2890 

 𝑎௦௞௨௟௟ = 7.3 
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6.2.3. Experimental setup 

To ensure rigid and repeatable transducer placement relative to each skull RoI, a helmet-

shaped transducer-skull scaffold was designed individually for every RoI. The CT skull 

volume was first imported into 3D Slicer and segmented by thresholding. The skull 

mesh was then exported to MeshLab for surface repair and vertex reduction, and 

subsequently imported into SolidWorks. The outer skull surface was inverted to 

generate the inner surface of a conformal scaffold, and a clip mount was integrated to 

hold the transducer with a fixed 10 mm offset between the housing and the RoI surface 

(Figure 6-2.a). The final scaffold was then 3D printed (Figure 6-2.b). This scaffold-

based strategy was considered more practical than external optical tracking, because 

the transducer was intended to remain fixed at a pre-defined location rather than be 

adjusted dynamically during the experiment. 

 

Figure 6-2 A representative transducer-skull fixture design: (a): Scaffold mesh model tightly 
compatible with skull outer surface with transducer fixture design (b): Integration of the skull 
with the scaffold, and with an open window for ultrasound transmission through the RoI.  (c): 
Underwater integration of transducer-skull scaffold, the scaffold was mounted on the scaffold 
holder fixed on the water tank. Hydrophone was scanning at the right side, intracranial space. 

For underwater measurements, a dedicated mounting frame was also constructed to 

preserve the relative placement of the transducer under both free-field and skull-present 

conditions. Free-field mapping was performed at the far-field focal depths of the three 

sources, namely 63 mm for 220 kHz, 75 mm for 680 kHz, and 74 mm for 1000 kHz. At 

each depth, raster scans were acquired over 30 mm × 30 mm for 220 kHz and 20 mm 

× 20 mm for 680 kHz and 1000 kHz. The same mapping geometry and depth were then 

repeated with the skull in place to enable direct comparison of insertion effects. 

6.2.4. Evaluation metrics 
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To analyse focal behaviour away from the measurement plane, each measured lateral 

complex pressure map was zero-padded to an effective lateral extent of 40 mm and then 

propagated using angularSpectrumCW. Bidirectional propagation over a total axial 

range of 60 mm, from +45 mm to +105 mm, was used to estimate focal-volume 

variation and to locate the three-dimensional peak pressure within the evaluation 

domain. 

For numerical prediction of the intracranial field, the measured source surface pressure 

was used directly as the source input. Each skull RoI segment was up-sampled to an 

isotropic grid spacing of 0.25 mm and parameterised using the five skull-modelling 

techniques described above. The skull RoI was placed 10 mm in front of the source. 

The simulation domain comprised 512 × 288 × 288 voxels, corresponding 

approximately to lateral extents of -30 mm to +30 mm and an axial extent of 0 mm to 

120 mm. This domain was chosen to encompass both the skull and the full RoI over 

which focal behaviour was analysed.  

Simulation and measurement were compared using four complementary metrics: 

normalised peak pressure loss (𝑝), focal intensity loss (𝐼) at the free-field (free) and 

intracranial space (IC) far-field focal depth, focal-volume variation ( 𝑉 ) over the 

propagated acoustic volume, and spatial peak displacement (𝐷). These metrics were 

designed to assess not only whether the models reproduced insertion loss, but also 

whether they reproduced the shape and location of the intracranial focus. Peak-pressure 

and intensity metrics quantify energy transmission at the focal plane, focal-volume 

variation quantifies the extent of tissue exposed above a given threshold, and peak 

displacement quantifies spatial targeting fidelity. The corresponding equations to 

evaluate errors are shown below: 

1. Insertion loss errors: 𝜀௣ =
|௣ೞ೔೘ି௣೘೐ೌ|

௣೘೐ೌ
∗ 100%, 𝜀ூ =

|ூೞ೔೘ିூ೘೐ೌ|

ூ೘೐ೌ
∗ 100%, 

where 𝑝  and 𝐼  are insertion-normalised pressure: 𝑝 =
௣಺಴

௣೑ೝ೐೐
  and intensity: 𝐼 =

ூ಺಴

ூ೑ೝ೐೐
 . 

Intensity on the mapping plane:  𝐼 =
ଵ

஺షల೏ಳ
∫

௣మ

ఘ௖஺షల೏ಳ
𝑑𝐴 , where 𝐴ି଺ௗ஻  is the -6dB 

coverage of the local peak. 

2. Focal volume variation: 𝜀௏,ఛ =
|(௏ഓ)ೞ೔೘ି(௏ഓ)೘೐ೌ|

(௏ഓ)೘೐ೌ
∗ 100%,    𝜏 ∈ {−3, −6, −12 𝑑𝐵}, 
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where 𝑉𝜏 is insertion-normalised volume: 𝑉𝜏 =
(௏ഓ)಺಴

(௏ഓ)೑ೝ೐೐
 . 

3. The peak location displacement 𝜀஽ = |(∆𝐷)௦௜௠ − (∆𝐷)௠௘௔|, 

where 𝐷 is the vector distance from the free-field peak to the intracranial peak: 𝐷 =

𝑥ூ஼ − 𝑥௙௥௘௘௙௜௘௟ௗ , and ∆𝐷  is the signed axial-lateral displacement: ∆𝐷 =

𝑠𝑔𝑛(𝐷௔௫௜௔௟)ට𝐷௔௫௜௔௟
ଶ + 𝐷௟௔௧௘௥௔௟

ଶ. 

 

 Model performance 

6.3.1. Representative case study 

A representative example is shown in Figure 6-3 for a RoI located in the frontal bone 

of specimen S2 and modelled using the 3L-D strategy. Distortion was evident at all 

three frequencies. In each case, the intracranial focus was shallower than the free-field 

focus (indicated by black dot), and significant wave interactions occurred both in the 

transducer-skull spacing and within the skull thickness, at 220 kHz, the pressure in the 

gap region exceeded the intracranial focal pressure, indicating strong low-frequency 

superposition. At 680 kHz and 1000 kHz, clear sidelobes appeared, suggesting beam 

splitting associated with the frontal crest. 

 

Figure 6-3 Simulated focal field with a piece of RoI at S2 frontal bone at 220 kHz, 680 kHz 
and 1000 kHz. Skull was modelled using 3L-D strategy. The pressure levels are normalised to 
peak intracranial field, black dot represent the focus at free-field.    

Figure 6-4 compares the five skull-modelling strategies for the same RoI. Although the 

models produce markedly different distributions of properties, their intracranial focal-
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pressure fields remained broadly similar in qualitative form. More substantial 

divergence emerges at 680 kHz and 1000 kHz, where the 3L-F, 3L-D, and 1L-F models 

reproduce enlarged sub-focal lobes, whereas the two linear-mapping models yield more 

compact foci. 

 

Figure 6-4 Outputs from the five models of a representative RoI at S2 frontal bone and its 
corresponding simulated cross-sectional focal field at 220 kHz, 680 kHz and 1000 kHz, 
compared with the corresponding measured fields.    

Quantitatively, no single model achieves uniform superiority across all three 

frequencies, the relative peak pressure errors extended between +1.73% (3L-F) to -21.5% 

(1L-F), +13.8% (LM-Da) to -10.0% (3L-F), and +32.5% (3L-D) to -4.8% (1L-F) at the 

three frequencies, respectively. These data demonstrate the pronounced frequency 

dependence in modelling performance and suggest that the balance between anatomical 

fidelity and computational accuracy is likely to differ between low and high frequency 

tFUS applications. 

6.3.2. Grouped field comparison 

The 19 RoIs sampled a broad anatomical range: skull thickness varied from 3.1 mm 

(S1) to 11.2 mm (S5) (grouped mean±std = 6.3±2.3 mm); bulk HU density from 781 
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HU (S1) to 1445 HU (S5) (mean = 1092±213 HU); and bulk SDR values between 0.39 

(S6) to 0.73 (S1) (mean = 0.58±0.08). Grouped median results are summarised in Figure 

6-5 to Figure 6-8, and Table 6-1. 

 

 

Figure 6-5 Measured (MEA) and simulated intracranial peak pressure loss across 19 RoIs from 
seven skull specimens at 220 kHz, 680 kHz and 1000 kHz frequencies. The results are shown 
in median values and 25% and 75% interquartile range, with whiskers extending to beyond the 
1.5 interquartile range.   
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Figure 6-6 Measured (MEA) and simulated intracranial intensity (over -6dB cross-sectional 
beam area) loss across 19 RoIs from seven skull specimens at 220 kHz, 680 kHz and 1000 kHz 
frequencies. 

 

Figure 6-7 Hologram propagated from 2D measurement and simulated intracranial acoustic 
volumetric coverage (over -6dB) across 19 RoIs from seven skull specimens at 220 kHz, 680 
kHz and 1000 kHz frequencies. 
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Figure 6-8 Hologram propagated from 2D measurement, and simulated intracranial peak 
pressure distance deviation to their free-field focus across 19 RoIs from seven skull specimens 
at 220 kHz, 680 kHz and 1000 kHz frequencies. 

Compared with measurement, the simulated normalised peak-pressure loss (Figure 6-5) 

at the free-field focal depth differed by median values from -0.3 to +2.0 dB, across the 

three frequencies, The corresponding intensity loss (Figure 6-6) difference ranged from 

+0.8 to +4.9 dB. These systematically smaller simulated losses indicate that the current 

skull modelling strategies tended, on average, to underestimate attenuation or 

overestimate transmitted energy. This bias is more consequential for intensity than for 

pressure, because intensity depends on the square of pressure and is further modulated 

by beam area.   

The absolute focal-volume discrepancy (Figure 6-7) above the -6 dB threshold 

decreased with increasing frequency: at 220 kHz the median discrepancy remained on 

the order of several hundred cubic millimetres, at 680 kHz it fell to the low hundreds, 

and at 1000 kHz it was typically only a few dozen cubic millimetres. However, because 

the measured focal volumes themselves became progressively smaller with increasing 

frequency, even modest absolute discrepancies represented a larger proportion of the 

measured volume. Accordingly, maximum relative discrepancy increased from 6.9% at 

220 kHz to 29.0% at 1000 kHz. Thus, absolute focal-volume error diminished with 

frequency, but relative uncertainty remained substantial.  
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The simulated pressure maxima are on average located superficial to the measured 

peaks at 220 kHz, whereas the relationship reversed at 680 kHz and 1000 kHz (Figure 

6-8). Despite these systematic shifts, the fixed-plane pressure difference remained 

modest: the simulated intracranial peak at the free-field focal depth plane differs from 

the three-dimensional peak by median values of 0.4%, 1.1% and 1.9% at the three 

frequencies, respectively; the corresponding experimental deviations are 4.5%, 1.2%, 

and 3.3%. These small percentages indicate that, in most cases, the highest intracranial 

pressure remained close to the free-field focus despite skull-induced field distortion. 
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Table 6-1 Measured and simulated intracranial acoustic field results at three frequencies, reported as median and IQR (in []). 

 MEA LM-Fa LM-Da 3L-F 3L-D 1L-F 
220 kHz       
𝐼𝐿௣ (dB) -4.4 

[-6.1 -3.0] 
-3.7 

[-6.0 -2.7] 
-3.3 

[-5.2 -2.7] 
-4.0 

[-4.8 -2.8] 
-4.1 

[-6.3 -2.8] 
-4.7 

[-5.5 -2.8] 
𝐼𝐿ூ (dB) -11.5 

[-13.7 -6.7] 
-7.5 

[-12.1 -5.5] 
-6.6 

[-10.3 -5.5] 
-8.0 

[-9.9 -5.7] 
-8.3 

[-11.3 -5.8] 
-9.6 

[-11.2 -5.7] 
𝑉 ଺ௗ஻ (mm3) 10827 

[9468 12460] 
11573 

[9885 12701] 
11413 

[10275 12588] 
11004 

[10300 11852] 
11261 

[10072 12619] 
11179 

[10337 12860] 
∆𝐷 (mm) 3.5 

[-4.0 6.0] 
-1.8 

[-3.5 1.0] 
-1.5 

[-2.9 0.8] 
-1.5 

[-3.8 2.2] 
-1.3 

[-3.8 3.9] 
-3.3 

[-4.6 4.0] 
680 kHz       
𝐼𝐿௣ (dB) -9.1 

[-11.2 -8.5] 
-8.3 

[-10.8 -6.0] 
-7.5 

[-10.0 -6.1] 
-7.5 

[-9.1 -6.4] 
-7.1 

[-9.8 -6.2] 
-7.9 

[-9.9 -6.9] 
𝐼𝐿ூ (dB) -18.4 

[-22.7 -17.3] 
-16.9 

[-22.2 -11.9] 
-15.2 

[-20.3 -12.1] 
-15.1 

[-18.4 -13.0] 
-15.9 

[-20.0 -12.1] 
-15.7 

[-20.4 -13.9] 
𝑉 ଺ௗ஻ (mm3) 655 

[487 1040] 
705 

[536 896] 
725 

[608 916] 
746 

[617 861] 
747 

[634 919] 
788 

[684 990] 
∆𝐷 (mm) -3.3 

[-5.3 -1.6] 
-1.3 

[-3.5 1.3] 
-1.0 

[-3.4 1.5] 
-1.4 

[-2.8 1.7] 
-0.7 

[-2.7 1.4] 
-0.9 

[-3.4 1.7] 
1000 kHz       
𝐼𝐿௣ (dB) -13.4 

[-14.6 -11.8] 
-13.3 

[-16.7 -10.8] 
-12.1 

[-15.6 -10.0] 
-12.5 

[-15.6 -10.9] 
-12.3 

[-14.9 -9.6] 
-13.1 

[-17.2 -11.2] 
𝐼𝐿ூ (dB) -28.4 

[-29.3 -23.5] 
-27.6 

[-35.0 -22.0] 
-25.5 

[-32.5 -20.7] 
-25.9 

[-32.0 -22.5] 
-25.5 

[-30.3 -19.8] 
-27.3 

[-36.1 -22.7] 
𝑉 ଺ௗ஻ (mm3) 248 

[145 431] 
222 

[180 570] 
232 

[185 492] 
204 

[168 508] 
320 

[181 418] 
301 

[226 464] 
∆𝐷 (mm) -0.7 

[-4.4 1.1] 
1.7 

[-1.8 6.1] 
1.6 

[-2.1 4.5] 
0.9 

[-1.6 4.3] 
1.6 

[-2.0 4.1] 
1.3 

[-2.7 6.3] 
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6.3.3. Model-specific error and specimen effects 

Table 6-2 summarizes the averaged absolute errors obtained when the five skull 

modelling approaches are benchmarked against the 19 experimental intracranial 

datasets. Across all frequencies, 𝜀௣ clustered in the range of 20% (3L-D) to 31% (LM-

Da), with frequency and modelling methods averaged values of 23±16% at 220 kHz, 

25±18% at 680 kHz, and 27±25% at 1000 kHz, respectively. The corresponding 𝜀ூ are 

in the range of 41% (LM-Fa) to 77% (1L-F), and giving frequency and modelling 

methods averaged errors of 60±51%, 63±52%, and 60±76%, respectively. 

Table 6-2 Average intracranial errors of simulated results using 5 skull modelling methods 
compared to the measurement at 220 kHz, 680 kHz and 1000 kHz. 

 LM-Fa LM-Da 3L-F 3L-D 1L-F 
220 kHz      
𝜀௣ (%) 22±17 21±16 25±19 20±16 28±14 
𝜀ூ (%) 54±47 57±53 65±58 50±47 72±51 

𝜀௏,ିଷௗ஻ (%) 32±32 31±33 31±40 32±31 37±59 
𝜀௏,ି଺ௗ஻ (%) 25±25 22±18 18±22 22±13 20±14 
𝜀௏,ିଵଶௗ஻ (%) 15±10 15±10 13±8 14±8 16±11 

𝜀஽ (mm) 6.4±3.9 6.3±4.2 7.1±4.6 6.7±4.8 6.3±4.3 
680 kHz      
𝜀௣ (%) 24±17 25±14 27±21 27±22 23±17 
𝜀ூ (%) 59±46 61±41 72±62 65±67 57±46 

𝜀௏,ିଷௗ஻ (%) 26±20 25±22 27±22 25±20 34±27 
𝜀௏,ି଺ௗ஻ (%) 25±20 25±20 27±21 25±22 36±24 
𝜀௏,ିଵଶௗ஻ (%) 16±18 14±13 13±10 17±15 19±11 

𝜀஽ (mm) 5.2±4.9 5.1±4.8 5.0±4.7 5.1±4.4 5.6±4.9 
1000 kHz      

𝜀௣ (%) 22±12 31±16 26±33 27±19 30±39 
𝜀ூ (%) 41±28 67±38 62±92 56±46 77±129 

𝜀௏,ିଷௗ஻ (%) 40±43 42±50 43±53 40±43 56±65 
𝜀௏,ି଺ௗ஻ (%) 43±38 51±48 42±41 49±46 67±83 
𝜀௏,ିଵଶௗ஻ (%) 25±24 27±25 28±28 25±30 39±47 

𝜀஽ (mm) 6.2±9.6 4.8±6.0 6.0±8.1 4.6±5.3 6.3±7.2 

 

Among the five models, LM-Fa yielded peak-pressure errors consistently below the 

ensemble mean at all three frequencies. The 1L-F strategy performed worst at 220 kHz 

and 1000 kHz, whereas 3L-F was least accurate at 680 kHz. No single model dominated 

across all evaluation dimensions. This indicates that increasing anatomical complexity 
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does not automatically improve predictive accuracy if the mapped acoustic properties, 

particularly attenuation, are not sufficiently reliable. 

Volumetric accuracy, assessed at the -3dB, -6dB and -12 dB thresholds, showed a 

similar pattern. Averaged across models, the volume errors were 33±39%, 21±17%, and 

15±10% at 220 kHz; 27±22%, 28±21%, and 16±14% at 680 kHz; and 44±51%, 

50±53%, and 29±32% at 1000 kHz. Again, 1L-F tended to produce the largest 

deviations, whereas the remaining four approaches were broadly comparable. 

Spatial fidelity, quantified by the signed axial-lateral displacement (𝜀஽), showed only 

modest differences among models. Mean displacement errors were 6.6±4.3 mm at 220 

kHz, 5.2±4.7 mm at 680 kHz, and 5.6±7.3 mm at 1000 kHz. LM-Da performed 

marginally better than the other models, but the advantage was less than 1 mm and 

therefore not practically decisive. 

The two specimen cohorts also differed substantially in skull properties. Historical 

calvarial RoIs had mean thickness of 5.8±1.7 mm, mean CT HU value of 987±139 HU, 

and SDR of 0.54±0.09. whereas Thiel-embalmed RoIs were thicker and denser, with 

values of 8.5± 2.5 mm, 1359±88 HU, and 0.62±0.07 respectively. These differences 

were reflected in the larger energy-loss errors observed in the Thiel group, which is 

summarised in Table 6-3. 

Table 6-3 Pressure and intensity errors in comparison to different sample conditions. 

 Historical RoIs Thiel RoIs 
 220 kHz 680 kHz 1000 kHz 220 kHz 680 kHz 1000 kHz 

𝜀௣ (%) 23±18 22±16 25±16 24±11 31±22 32±38 
𝜀ூ (%) 52±46 54±44 51±40 77±57 81±64 81±121 

 

Another reasonable explanation is that the employed modelling strategies derived from 

skull with different preservation conditions. There is currently a lack of Thiel-

embalmed skull acoustic-property data, for formalin-fixed human skull, the 

longitudinal attenuation coefficient is approximately at 8.83 dB/(cm·MHz1.43) (Andrew 

Drainville et al., 2023; Treeby et al., 2014; P. J. White et al., 2006b).  Also, the 

embalmed material retains attached scalp and dura mater, media that were omitted from 

the simulations yet participate in the experimental transmission path; their combined 



Chapter 6. Full-wave modelling and in-vivo evaluation 6.4. Discussion 

150 

 

absorption and impedance mismatch would elevate the measured insertion loss relative 

to a bone-only model. 

 

 Discussion 

A key finding is that skull modelling remains the dominant source of uncertainty in k-

Wave-based tFUS simulation. Peak pressure errors remained on the order of 20 -31%, 

but intensity errors were substantially larger because they were amplified by the 

nonlinear dependence on pressure and by variation in beam width. Volumetric 

discrepancies at the -6 dB threshold were also substantial, especially at higher 

frequency when the focal volume became smaller and therefore more sensitive to 

modest modelling error.  

In principle, the fully voxelised LM-Da approach might be expected to perform best, 

because it retains local heterogeneity in density, sound speed, and attenuation. However, 

the present data do not support that expectation. An alternative study was conducted by 

using a different set of attenuation coefficient: 𝑎௦௞௨௟௟_௠௔௫  =8.7 dB/(cm·MHz1.43), 

𝑎௦௞௨௟௟_௠௜௡=4 dB/(cm·MHz1.43) (Yaakub et al., 2023) at 680 kHz, the median deviations 

in peak pressure and intensity increased to +1.9 dB and +4.0 dB, respectively, exceeding 

those obtained with the parameter set adopted in Section 6.2.2. This suggests that 

uncertainty in attenuation assignment may outweigh the theoretical benefit of retaining 

fully voxel-wise heterogeneity. Notwithstanding, the present study did not isolate the 

effect of attenuation independently from the associated sound-speed and density 

transforms, so that conclusion remains provisional.  

Blurred HU gradients at the air-bone boundary are also likely to render the outer and 

inner cortical tables artificially low in density, thereby exaggerating attenuation in the 

linear-mapping models. Reassignment of these transitional voxels to cortical-like 

properties may therefore improve predictive performance. This interpretation is 

supported by the good performance of LM-Fa. Despite its simplicity, LM-Fa produced 

the lowest average pressure error across the three frequencies. Conversely, the 
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homogeneous 1L-F model was generally the least accurate, indicating that some 

anatomical stratification is necessary even if full voxel-wise heterogeneity does not yet 

yield a clear advantage under the present parameter mappings. The marginal difference 

between 3L-F and 3L-D further suggests that model structure alone is not sufficient; 

the accuracy of the mapped acoustic properties is at least as important as the geometric 

fidelity of the skull representation.  

Comparison with a benchmark 3L-F configuration also supports this conclusion (Aubry 

et al., 2022).  In the benchmark setup, attenuation coefficients equivalent to 16 and 32 

dB/(cm·MHz2) for cortical and trabecular bone. The benchmark setup produced peak 

pressure levels that were lower than measurement by -0.9 dB (𝜀௣=23±19%), -1.6 dB 

(20±15%), and -5.2 dB (46±19%) at 220 kHz, 680 kHz and 1000 kHz, respectively. 

Although this overestimation of attenuation can reduce error at lower frequency, it 

produces substantially larger error at 1000 kHz and would risk overshoot if used to tune 

transducer input energy.  

It is worth noting that two methodological constraints exacerbate these uncertainties. 

First, the lateral mapping window (20mm-30mm) only spanning over twice the focal 

width, this is due to a constrained time frame for collecting experimental data; a larger 

aperture is empirically required to capture the full energy distribution and to yield 

reliable reconstructions. Second, acquiring holograms exactly at the focal plane may 

sub-optimal as the energy is tightly localized, sampling at a slightly defocused plane 

where the lateral spread is broader could preserve more phase information, albeit at the 

cost of additional acquisition time.  

The most important practical implication of this study is that current skull-modelling 

strategies are sufficient to reproduce the gross beam pattern, but not yet sufficiently 

reliable for fully dose-controlled neuromodulation planning. Even when the focal 

location is approximately correct, uncertainty in intensity and focal-volume prediction 

remains large. In neuromodulation, this is non-trivial: inaccurate intensity estimation 

weakens the dose-response relationship, impairs cross-subject normalisation, and 

complicates safety margins intended to avoid unwanted thermal or mechanical effects. 

Likewise, focal-volume error changes the extent of tissue exposed above stimulation-

relevant thresholds. 
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Simulation-guided planning should therefore be interpreted, at present, as a tool for 

comparative assessment and hypothesis testing rather than as a definitive predictor of 

delivered intracranial dose. More realistic physical representation of simulation domain 

will be required before simulation-guided transcranial ultrasound can approach the 

reliability needed for quantitatively controlled use. 

 

   In-vivo evaluation 

Having established source behaviour, transcranial transmission characteristics, 

analytical insertion loss prediction, and modelling uncertainty in the preceding chapters, 

a further practical question is whether a tFUS system can be combined with in-vivo 

electrophysiology while preserving interpretable recordings. Among candidate targets, 

the hippocampus is of particular interest because of its central role in memory and 

cognition. In humans, intracranial recordings show that a subset of hippocampal 

neurons exhibits episode-specific reinstatement across encoding and retrieval (Kolibius 

et al., 2023), while rodent studies support the idea that hippocampal processing can 

generalise by recombining previously learned representational structures to support 

rapid adaptation to new situations without starting from scratch (Bakermans et al., 

2025). 

At a mechanistic level, memory is increasingly viewed as being implemented by 

distributed neural ensembles, with synaptic plasticity serving as a major substrate for 

forming and stabilising those ensembles (Abraham et al., 2019). Anterograde 

manipulations that disrupt plasticity mechanisms can impair hippocampus-dependent 

learning (S. J. Martin et al., 2000). This motivates the hypothesis that interventions 

capable of promoting or reinstating learning-related synaptic weight changes could 

support memory restoration (Neves et al., 2008). At the same time, establishing causal 

links between physiology and memory likely requires assays sensitive to learning-

engaged ensembles and replay-related activity patterns, rather than relying exclusively 

on global plasticity readouts (Kolibius et al., 2023). 
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In hippocampal electrophysiology, classic high-frequency electrical tetanisation can 

induce long-term potentiation (LTP) and produce lasting increases in evoked synaptic 

responses (Gonzalez et al., 2013). More recently, ultrasound-based perturbation has also 

been reported to influence hippocampal circuit function. Notably, brief theta-pattern 

tFUS applied to hippocampus has been reported to produce lasting enhancement of 

basal synaptic transmission and facilitated the LTP (Watts et al., 2025), whereas tFUS 

modulations in hippocampal circuit can produce depression (Niu et al., 2022). Plausibly, 

hippocampal networks are sensitive to ultrasound, and that the physiological 

consequences of tFUS depend strongly on stimulation parameters and experimental 

context.  

This section therefore presents a preliminary rat experiment combining tFUS with 

perforant path–dentate gyrus (pp–DG) electrophysiology. In addition to evaluating ex-

vivo acoustic delivery through the rat skull, it tests whether hippocampal synaptic input, 

indexed by the pp–DG field excitatory postsynaptic potential (fEPSP), and neuronal 

output, indexed by the dentate population spike (PS), can be recorded stably during 

tFUS. Because oscillatory network activity may provide an additional view of 

hippocampal excitability, LFP spectral features were also quantified descriptively. The 

central aim of this section is to establish an experimental platform, evaluate its acoustic 

and recording feasibility, and define the methodological requirements for future 

controlled studies.  

6.5.1. Rat intracranial acoustic characterisation 

A male rat skull was employed to validate the acoustic delivery parameter for in-vivo 

tFUS. A water-filled coupling cone (Precision Acoustics, UK; tip diameter 20 mm; 

outlet diameter 14.5 mm) was mounted to the 650 kHz FUS transducer. The cone was 

filled with degassed water and sealed at the tip using a transparent membrane with 

greater than 99% transmission. Care was taken to remove visible air bubbles introduced 

during filling.  

To characterise the free-field output with the coupling cone in place, the acoustic field 

was mapped using a 1 mm hydrophone positioned 3 mm from the cone window. 

Relative to the transducer without the cone, focal intensity remained at 95% of the 
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original value, the lateral FWHM was 4.1 mm compared with 4.2 mm without the cone, 

and the axial depth of the half-maximum region was 15.5 mm (Figure 6-9.a). 

 

Figure 6-9 (a): 650 kHz FUS transducer integrated with cone, cone is filled with degassed water; 
and its 3D acoustic focal field. (b): representative rat skull. The frontal bone and the occipital 
bone were removed at the dashed lines to allow the access of the hydrophone. (c): the 
intracranial acoustic field experiment. The skull was immersed just below the water surface, 
the cone and skull were coupled with ultrasound gel. The hydrophone was inserted horizontally 
in the skull cavity, and showed the 2D acoustic field and 3D focal field.  

To evaluate the intracranial acoustic characteristics, the frontal and occipital bones were 

removed so that the cranial cavity remained largely intact while still allowing 

hydrophone manoeuvring (Figure 6-9.b). The skull was positioned such that it remained 

immersed just below the water surface, and the cone outlet was coupled to the dorsal 

skull surface via a layer of ultrasound gel. A needle hydrophone was inserted 

horizontally within the cranial cavity and scanned over a 6 mm × 20 mm region, 

yielding 2D and reconstructed 3D representations of the intracranial acoustic field 

(Figure 6-9.c).  

Compared with the conventional mapping arrangement in which the hydrophone 

sensing element is oriented orthogonal to the direction of wave propagation, the present 

configuration placed the sensing element nearly parallel to the wave direction. This 

reduced direct hydrophone excitation and therefore decreased received signal amplitude 
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by approximately 44%, although the overall field profile remained comparable to that 

observed in a conventional arrangement.  

With the skull in place, the received signal amplitude and focal intensity were 

attenuated by 18.5% and 37.8%, respectively. The lateral FWHM and axial half-

maximum depth were 3.1 mm and 8.5 mm, respectively. The estimated -3dB focal 

volume was 17.8 mm3, with the focus centred approximately 2.5 mm below the skull 

inner surface. This focal depth was considered relevant for hippocampal targeting 

because cornu ammonis (CA) subfields and DG are typically located at approximately 

3 mm below the skull surface in the rat (Aksić et al., 2013).  

6.5.2. Electrophysiology and stimulation configuration 

A single male Lister-hooded rat (N=1; body weight 400 g; age 5-6 weeks) was used in 

this feasibility study. All procedures were subjected to local ethical review at the 

University of Dundee and performed by a licensed operator.  

Anaesthesia was induced with 1.9 ml of urethane (1.5g/kg) and maintained with 

supplementary 0.2 ml injection as required. Depth of anaesthesia was assessed 

periodically by toe pinch, and body temperature was maintained at 36.2°C. The scalp 

was shaved and the rat was positioned in a stereotaxic frame with ear bar fixture. After 

exposing the skull, bregma was identified and used as the stereotaxic reference point 

for anteroposterior (A-P) and mediolateral (ML) coordinates. Saline was applied to 

exposed tissue to reduce drying during the experiment.  

Electrical stimulation and recording targeted the pp and DG, respectively (Figure 6-10.c 

and d). Coordinates based on the Paxinos atlas were A-P = -7.5 mm, ML = -4.0 mm 

(pp), and A-P = -3.5 mm, ML = -2.0 mm (DG) (Figure 6-10.b), with approximate dorsal-

ventral (DV) targets of –2.5 mm and -3.0 mm, respectively. Burr holes were drilled at 

the designated sites to permit electrode insertion.  

To accommodate the FUS hardware, the stimulation and recording electrodes 

(polytetrafluoroethylene-insulated platinum/iridium) were shaped to clear the FUS 

cone while allowing vertical descent into the target (Figure 6-10.a). Electrodes were 

sleeved in cannula to increase rigidity and allow controlled lowering to the intended 
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depths. All recordings were performed on a workbench enclosed, apart from the access 

site, within a Faraday cage, and electrical components were grounded to minimize 

environmental electrical noise. 

Electrical stimulation was delivered using brief square pulses at 0.05 Hz by Neurolog 

system (NL800A; Digitimer Ltd., Herts., UK). Stimulation intensity was set at 500 µA, 

which empirically produced a stable fEPSP response while avoiding saturation 

observed above approximately 1 mA. To localize the recording site accurately, the 

stimulation electrode was first placed at the predetermined depth, the recording 

electrode was then lowered into to the DG in stepwise increments until a characteristic 

fEPSP waveform was observed (Aksoy-Aksel & Manahan-Vaughan, 2013), the 

electrical stimulation amplitude was kept constant and recordings were continued until 

fEPSP responses stabilised. The fEPSPs and LFP were digitised at 20 kHz and band-

pass filtered between 1 Hz and 5 kHz using in-house built LabVIEW software.  

PS amplitude was used to evaluate the neuronal output and was quantified as the vertical 

distance between the most negative deflection and the straight line connecting the first 

and second positive peaks of the evoked waveform. This metric was chosen because 

the PS reflects synchronous discharge of a local neuronal population and therefore 

complements the fEPSP slope, which primarily indexes synaptic input. 

For spectral analysis, LFP segments following each electrical stimulation were 

extracted after exclusion of the stimulation artefacts window. Power spectral density 

(PSD, µV2) was evaluated from 0.1 Hz to 10 Hz using the Welch method with 0.1 Hz 

frequency resolution. All processing and analysis were performed in MATLAB. 
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Figure 6-10 (a): schematic stimulation experimental setup and the delivered US waveform. (b): 
the placement of stimulation and recording electrodes. (c): The representative stimulation and 
recording brain targets in the dorsal view. (d) the coronal view of the recording site of the DG. 
The graphs were hand drawn using Adobe Illustrator.  

tFUS was delivered using a 650 kHz carrier with a pulsed waveform consistent with 

recent publications (Ramachandran et al., 2025; Yu et al., 2021). Each sonication had a 

PD of 67 ms and an inter-sonication interval of 2.5 s. Within each 67 ms sonication, 

ultrasound was delivered as a train of 0.2 ms tone bursts at a PRF of 3000 Hz, 

corresponding to an approximate DC of 60% (Figure 6-10.a).  

During stimulation, the cone outlet was positioned above the recording site and coupled 

to the skull using ultrasound gel to optimize transmission. The acoustic input power 

was adjusted according to the transmission losses measured in the ex-vivo rat skull 

characterisation. The predicted in-situ peak pressure and spatial-peak pulse-average 

intensity (ISPPA) were estimated as 360 kPa and 4.4 W/cm2, respectively.  
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The experimental session lasted 17 mins and comprised 8 mins with the tFUS system 

positioned but not firing (baseline), 5 mins of active tFUS sonication, and 4 mins post-

sonication. In total, 51 pp-DG recordings were acquired from this single animal. 

6.5.3. Preliminary physiological observations  

Across the session, hippocampal evoked responses remained measurable during active 

tFUS exposure. Visual inspection of the waveforms indicated that the overall 

morphology of the pp-DG response was preserved during sonication. This suggests that 

the coupling-cone setup enabled acoustic delivery without overt disruption of 

hippocampal electrophysiological recording quality. However, continuous LFP 

monitoring revealed a brief sonication-related artefact during active stimulation. To 

preserve analysis quality, 0.5 s of raw signal containing the artefact was excluded from 

the active-sonication epoch before spectral analysis.   

Figure 6-11.a shows the averaged pp-DG evoked responses during baseline (namely 

Control) and active sonication. Across epochs, the overall waveform shape remained 

stable, including the latency and form of the early synaptic component and the 

superimposed PS. The mean baseline fEPSP slope, estimated by linear fitting between 

two fixed time points, was 2.90 mV/ms.  

The average PS amplitude exhibited a small increase during sonication. Relative to the 

baseline value of 4.95 mV, PS amplitude increased by 4.4% during active tFUS and 

decreased by 2.9% in the post-tFUS period (Figure 6-11.b).  Although the direction of 

change suggests a small increase in DG population spiking during sonication, the 

magnitude was modest and should be interpreted cautiously in light of the single-

session design and potential confounds such as slow drift in excitability. 

Notwithstanding, these observations suggest that tFUS may have produced a subtle 

modulation of neuronal output, while the synaptic input component remained 

comparatively stable under the present stimulation conditions. 
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Figure 6-11.(a): Average pp-DG fEPSP waveform during baseline (control) and active tFUS 
stimulation. Shading indicates waveform variability across trials within each epoch. Dashed 
lines show the PS amplitude definition. (b): PS amplitudes across pre-tFUS, during tFUS and 
post-tFUS epochs, results were normalised to the pre-tFUS mean. 

Representative LFP segments from each epoch are shown in Figure 6-12.a. While 

overall signal amplitude was broadly comparable across the session, spectral analysis 

suggested an increase in low-theta rhythmicity during active sonication (Figure 6-12.b).  

PSD showed a dominant low-frequency peak at approximately 3.8-4.0 Hz in all epochs. 

Relative to the pre-tFUS baseline, the peak PSD near 3.8-4.0 Hz increased by 24.8% 

during active sonication and decreased by 20.6% post sonication. 

Band-limited changes showed a similar qualitative pattern. During tFUS, PSD 

increased by 7.5% in the 0.1-3.0 Hz band, 10.2% in the 3.1-6.0 Hz band, and 13.2% in 

the 6.1-9.0 Hz band. In post-tFUS epoch, the corresponding changes were 11.0%, 3.1%, 

and -0.5%, respectively. These descriptive observations are consistent with a transient 

enhancement of low-frequency hippocampal power during active sonication, followed 

by partial return toward baseline after cessation. 
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Figure 6-12 (a): Representative LFP segments from pre, during and post tFUS epochs. (b): 
power spectral density (PSD) for each epoch.  

However, given the absence of a sham sonication and the single-session design, these 

spectral changes cannot be attributed uniquely to ultrasound. Nonetheless, the key 

feasibility finding is that meaningful LFP spectral features were preserved and 

quantifiable during coupling-cone tFUS delivery. 

 

 

6.5.4. In-vivo feasibility and limitations 

Intracranial mapping quantified both attenuation and focal geometry and therefore 

supports the basic feasibility of delivering a reasonably focal field into the targeted brain 

region. At the same time, it is important to note that in-situ dose remains sensitive to 

alignment and coupling conditions, and skull-to-skull variability can potentially be 

substantial. Consequently, while the mapping supports plausible hippocampal 

engagement, uncertainty in the exact dose delivered to the intended subfield limits 
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confidence in attributing the observed physiological effects specifically to that subfield 

rather than to adjacent hippocampal tissue. 

A central feasibility outcome of this study is that cone-coupled tFUS could be delivered 

while preserving measurable evoked responses. Within the tested protocol, the fEPSP 

slope remained stable, suggesting that the early synaptic component of the pp-DG 

response was not materially altered under the present conditions. Spectral analysis 

suggested a possible transient enhancement of low-frequency activity during active 

sonication.  

Several limitations follow directly from the feasibility nature of this work. First, the 

absence of a sham-sonication condition limits causal interpretation, particularly for the 

LFP results. The baseline period controlled for transducer placement, but did not control 

for auditory or mechanical effects associated with driving the transducer. A future sham 

should therefore include either blocked acoustic transmission or an off-target matched 

sonication condition. Second, although stereotaxic coordinates and 

electrophysiological signatures were used to guide targeting, no post hoc anatomical 

verification was reported. Histological verification or electrode marking would improve 

confidence in both the electrophysiological placement and the relation of the acoustic 

focus to the intended hippocampal subfields. Third, the post-sonication monitoring 

period was short. Because plasticity-like aftereffects are of particular interest in 

hippocampal neuromodulation, longer post-stimulation recording periods will be 

necessary to determine whether any persistent synaptic or oscillatory changes emerge. 

Finally, the study was restricted to a single successful in-vivo session, in part because 

of disruption caused by institutional transition during the project. This necessarily limits 

the scope of interpretation, nevertheless, it does not diminish the value of the study as 

a platform-validation exercise. 
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 Conclusion 

 

This final chapter draws together the main findings of the thesis, considers their broader 

significance for tFUS neuromodulation, and outlines several directions for future work. 
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 Summary 

This thesis addressed a central methodological problem in tFUS neuromodulation: how 

to move from nominal source settings to a physically interpretable estimate of the 

acoustic field delivered through the skull. At the mechanistic level, current evidence 

suggests that ultrasound can influence neuronal excitability predominantly through 

mechanical interactions with the cell membrane rather than through bulk heating alone. 

Low-intensity studies have shown transient intracellular Na2+ and Ca2+ changes 

together with vesicle exocytosis (Tyler et al., 2008), while more recent work supports a 

membrane-tension model in which ultrasound deforms the lipid bilayer and engages 

mechanosensitive ion channels (Y. Zhang, Daday, et al., 2021). In particular, TRPC1 

and TRPP2 appear to mediate inward Ca2+ flux, which then activates TRPM4, promotes 

Na2+ influx, depolarises the membrane, and can bring neurons towards threshold (S. 

Yoo et al., 2022a).   

Across animal studies, ultrasound has been shown to modulate both cortical and 

subcortical targets, with reported effects including sensory processing, motor output 

and seizure-related activity (D’Souza et al., 2020a; Fisher & Gumenchuk, 2018; W. Lee 

et al., 2018), to name but a few. In these studies, the most commonly used carrier 

frequencies fall within the sub-MHz range, particularly around 250 – 700 kHz (Kosnoff 

et al., 2024; P. F. Yang et al., 2021), although higher-frequency protocols are also 

reported; PD values are often around 0.25 – 5 ms (Brinker et al., 2020; H. Kim et al., 

2014), PRF commonly around 100 – 2000 Hz (H. Kim et al., 2015; P. F. Yang et al., 

2021), and single SD frequently around 0.05 – 0.4 s (Yuan et al., 2020), with longer 

patterned paradigms extending to tens or hundreds of seconds. 

In humans, tFUS has now been applied to somatosensory, motor, visual, higher-order 

cortical (Fomenko et al., 2020b; Kosnoff et al., 2024; Legon et al., 2014a; Reznik et al., 

2020), and deep targets including the thalamus and hippocampus (Brinker et al., 2020; 

E. Martin et al., 2025b), with effects reported on sensory-evoked responses, oscillatory 

activity, motor excitability, perceptual performance, functional connectivity, and in 
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early clinical work, symptom-related outcomes (Barksdale et al., 2025). Across the 

human literature reviewed in this thesis, the most commonly used carrier frequencies 

again cluster around 210 – 700 kHz, with 500 kHz especially frequent in cortical studies; 

PD are typically around 0.2 – 1 ms, PRF around 300 – 1000 Hz, and sonication 

durations commonly around 0.2 – 0.5 s in online paradigms, although longer repetitive 

trains are also used. 

Overall, these studies provide compelling evidence that ultrasound can modulate neural 

systems, but also make clear that the field still operates across a broad and 

heterogeneous energy range. In the studies reviewed here, reported acoustic intensity 

(Isppa) span approximately 0.2 - 64.9 W/cm2 in animal work, and 0.168 – 35 W/cm2 in 

human studies, largely within the 210 – 700 kHz frequency window. Such variation is 

likely to contribute to the divergent and sometimes apparently contradictory findings 

reported across cellular, physiological, and behavioural levels, including facilitatory 

and suppressive effects under different protocols (Legon, Bansal, et al., 2018; Shamli 

Oghli et al., 2023; Zeng et al., 2022).  

In this sense, the problem is not simply whether ultrasound can modulate neural systems, 

but rather how to establish comparable acoustic conditions so that consistent outcomes 

can be obtained across experimental platforms. Without reliable estimation of the 

delivered acoustic field, interpretation of facilitatory, suppressive or null findings 

remains limited. 

The work presented in this thesis was organised around this problem of acoustic 

delivery. The first stage established the acoustic source characterisation framework 

used throughout the later studies. The electromechanical behaviour of the piezoelectric 

source was linked to measurable acoustic output, this was followed by experimental 

source characterisation. One important outcome of this work was that source behaviour 

could not be treated as an ideal geometric abstraction alone; both amplitude and phase 

required careful characterisation if subsequent transcranial prediction and validation 

were to remain physically meaningful. 

The next stage examined how ex-vivo human skulls modify transmitted ultrasound. We 

have shown that transmission loss increases with frequency, but also that simple bulk 
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descriptors such as thickness and SDR are not, by themselves, sufficient to explain 

intracranial delivery. Local morphology, thickness variation, curvature, insertion angle, 

and transducer-skull spacing all materially influenced energy loss and focal distortion. 

This made clear that transcranial delivery is governed not only by attenuation, but also 

by geometry and interference, and therefore that subject-specific modelling is likely to 

be beneficial for future in-human studies. However, translation from these ex-vivo 

measurements to in-human application must also account for factors not fully 

represented here, including the scalp and other soft tissues, intact cranial geometry, and 

practical variability in transducer positioning and coupling. To that end, a CT-informed 

skull analytical model was developed for estimation of optimal transducer placement 

and transcranial insertion loss (Chapter 5). By retaining the physical transducer and a 

dynamically segmented three-layer skull representation within a six-layer propagation 

structure, the model preserved the principal wave-interference behaviour that is often 

neglected in other analytical approaches. The proposed framework reproduced the main 

frequency-dependent and oscillatory features of insertion loss across the whole skull 

surface, while remaining computationally more efficient than full-wave simulation, and 

should therefore be regarded as a practical and physically interpretable tool for tFUS 

planning. 

From a clinical delivery perspective, once a suitable acoustic window has been 

identified, numerical simulation becomes important for predicting the resulting 

intracranial field and the extent of target-engagement variation. The central question in 

this part of the work was therefore how much uncertainty is introduced by different 

simulation strategies. Five skull-modelling approaches used across the field were 

compared against measurement. Although all five approaches reproduced the gross 

intracranial beam pattern, none achieved uniformly high quantitative accuracy across 

all metrics. Peak-pressure errors remained moderate, whereas intensity and focal 

volume errors were substantially larger. Interestingly, the relatively simple linear-

mapping model with fixed attenuation often produced lower pressure error than more 

elaborate modelling approaches, suggesting that additional anatomical detail does not 

necessarily improve predictive fidelity if the underlying property assignment remains 

uncertain. This made clear that skull modelling remains one of the dominant sources of 

uncertainty in tFUS simulation (Chapter 6). 
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Building on this work, the final stage moved from physical and computational work 

into a biological setting by examining the feasibility of combining tFUS with 

hippocampal electrophysiology in a rat model. Using ex vivo human skull specimens, 

we showed that a 650 kHz cone-coupled system could deliver a focal field at a depth 

relevant to the hippocampus, although transmission remained sensitive to cone 

geometry and coupling conditions. In-vivo, pp–DG electrophysiology could be 

recorded during active sonication, demonstrating that ultrasound delivery and 

interpretable electrophysiological acquisition could be integrated within the same 

experimental platform. The fEPSP slope remained stable, while modest changes were 

observed in PS amplitude and low-frequency spectral power. Because this was designed 

as a single-animal feasibility study, no population-level inference was attempted.  

Seen as a whole, the thesis shows that the practical value of tFUS depends not only on 

whether ultrasound can influence neural systems, but on whether the delivered field can 

be characterised and interpreted with sufficient confidence. We approached this 

problem by understanding piezoceramic vibration and acoustic energy generation, 

determining acoustic source behaviour experimentally, quantifying skull-induced 

distortion, developing a rapid analytical predictor, benchmarking full-wave simulation 

strategies, and testing the system in an in-vivo neuromodulation setting. The thesis 

therefore contributes a more reliable physical and methodological foundation for future 

tFUS neuromodulation research. The principal contribution to knowledge is the 

establishment of an experimentally grounded framework linking source 

characterisation, skull-mediated transmission, analytical prediction, numerical-model 

uncertainty, and biological implementation. The work demonstrates that reliable 

transcranial delivery cannot be inferred from nominal source settings or simplified skull 

descriptors alone, identifies key sources of uncertainty in acoustic prediction, and 

provides practical approaches for their characterisation and reduction. In doing so, this 

thesis advances tFUS towards more measurement-informed, subject-specific, and 

quantitatively interpretable neuromodulation, providing a stronger physical and 

methodological foundation for future experimental and clinical studies. 
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 Future work 

One promising next step is to incorporate artificial intelligence into acoustic field 

prediction. Although analytical and numerical approaches remain indispensable, they 

also involve an inherent trade-off between physical fidelity and computational cost. 

Initial work has already been carried out using experimentally measured insertion loss 

data to learn corrections to simulated transcranial loss (Wang et al., 2026). The next 

stage would be to move beyond scalar insertion loss prediction and train a model to 

predict the transmitted acoustic field itself from skull structural input. Ideally, this 

would be supervised using paired measurements of skull structure and transmitted 

acoustic fields. However, because acquisition of full experimental field maps is time 

intensive, a practical intermediate strategy would be to use k-Wave simulated fields as 

the primary training dataset and then refine or validate the learned model using a smaller 

set of measured fields. If successful, this approach could provide predictions that are 

substantially faster while remaining more realistic than full-wave simulation, thereby 

offering a practical route toward rapid acoustic-field estimation. 

A second direction is to translate the present analytical modelling framework and 

artificial intelligence model into a practical real-time targeting and demonstration 

system. The analytical model developed in this thesis can already provide a rapid 

overview of skull transmission performance for a selected RoI, and its computational 

efficiency makes it suitable for interactive use. A natural extension would be to combine 

this model with an optical tracking system and a gel head phantom containing thermally 

responsive markers placed at intended brain target locations. In such a system, a 

graphical user interface could first present an overview of expected skull transmission 

performance for a candidate location, and then update the transducer position relative 

to the target in real time as the transducer is manoeuvred. Once the transducer 

approaches the skull, the predicted acoustic field could be rapidly registered and 

superimposed onto a 3D MRI brain image, such that the relative alignment between the 

focus and the intended target is updated continuously during positioning and verified 

using the thermally responsive markers. In this way, analytical modelling, artificial 

intelligence, anatomical imaging, and physical tracking could be integrated into a 
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practical demonstration of model-guided tFUS targeting. However, AI-based 

predictions may be unreliable for anatomies or acoustic conditions that differ 

substantially from the training data. Such predictions should therefore be accompanied 

by uncertainty assessment and independent physical or numerical validation, rather than 

being used as the sole basis for safety-critical targeting decisions. 

Notwithstanding, several challenges remain before such a system can be implemented 

robustly. The first is acoustic coupling. In practice, coupling between the transducer and 

the skull is not perfectly stable, and small changes in gel layer thickness can alter the 

transmitted field. The second is focal geometry. Even when target alignment is 

satisfactory in a geometric sense, the focal region produced by a single-element 

transducer may remain axially elongated relative to the intended neural target, so that 

acceptable spatial registration may still correspond to excessive acoustic coverage 

beyond the target volume. In this respect, a real-time demonstration system would not 

only illustrate the potential of model-guided placement, but would also expose the 

present limitations of current transducer configurations. 

A logical next step is therefore to investigate source configurations that reduce focal 

elongation and improve confinement at depth. One promising approach is a dual-

transducer arrangement in which two focused beams are placed approximately 

orthogonal to one another (S. Kim et al., 2021), so that their intersection defines a 

smaller effective focal region than either transducer produces alone. If such a system 

can be implemented with adequate registration and coupling control, it may offer a 

practical means of reducing exposure to surrounding tissue while preserving sufficient 

energy at the intended target. However, a dual-transducer system would introduce 

additional challenges, including maintaining accurate spatial registration between the 

two foci and accounting for different skull transmission paths and phase aberrations. 

These factors could reduce the intended overlap of the two focal regions and would 

require careful calibration and subject-specific planning. 

A further priority is to extend the biological work into a more rigorous and controlled 

experimental framework. The work made clear that stronger causal interpretation will 

require sham sonication and larger sample sizes. These refinements would make it 

possible to determine whether the descriptive effects observed here reflect genuine 
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modulation of hippocampal synaptic and network function. More broadly, the future 

development of tFUS is likely to depend on bringing together three strands that are still 

too often treated separately: realistic and efficient field prediction, practical targeting 

and registration, and controlled biological validation. The work in this thesis provides 

a basis for each of these. The next stage is to integrate them into a framework that is 

not only physically informed, but also sufficiently fast, practical, and reliable for routine 

neuromodulation research.

 

 Conclusion 

This thesis set out to address a central problem in tFUS neuromodulation: how to move 

from the conceptual promise of the technique to a framework in which acoustic delivery 

is predicted and validated with sufficient confidence for meaningful experimental 

interpretation. The work has shown that this problem is not trivial, skull transmission 

depends on more than mean attenuation, simulation accuracy depends on more than 

geometric detail, and apparently simple factors such as transducer-skull spacing can 

introduce substantial uncertainty into the delivered field. 

At the same time, the thesis has shown that these limitations can be approached 

systematically. Skull-induced loss and distortion can be quantified and related to 

structural features, analytical models can capture the dominant interference behaviour 

with useful accuracy and high efficiency, and full-wave simulations can reproduce 

major aspects of intracranial field structure while also revealing the uncertainty 

introduced by different skull modelling strategies. Finally, a tFUS system can be 

integrated with in-vivo hippocampal electrophysiology in a way that preserves 

interpretable recordings. 

The main conclusion is therefore not simply that tFUS is promising, but that its promise 

becomes significantly more useful when the physical problem of transcranial delivery 

is treated as central rather than secondary. If tFUS is to mature as a neuromodulation 

tool, its biological effects should be interpreted alongside the acoustic uncertainties that 
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shape them. By linking transcranial measurement, analytical prediction, simulation 

benchmarking, and in-vivo feasibility within a single body of work, this thesis 

contributes towards that goal and provides a more reliable foundation for future tFUS 

neuromodulation research.
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APPENDIX A 
 

Appendix Table-1 Representative focused ultrasound neuromodulation studies and acoustic exposure parameters. NR = not reported in the reviewed section. 
‘calc.’ indicates duty cycle calculated from PD × PRF where sufficient information was available.  

Target 
 

Species f Pressure Intensity PD PRF DC SD/ISI Compact reported outcome Reference 

Amygdala Human 
mood, 

anxiety and 
trauma 

symptoms 

650 kHz NR Isppa 14.4 
W/cm² 

5 ms 10 Hz 5% 30 s Reduced amygdala activation and 
connected hippocampal activity. 

(Barksdale et al., 2025) 

SCC Human TRD 500 kHz NR NR 4.5 ms 14 Hz 5% 5 s Altered prefrontal and hippocampal 
connectivity. 

(Attali et al., 2025) 

Ion-channel 
mechanism 

Cellular / 
neuronal 

preparation 

300 kHz NR approx. 15 
W/cm² 

NR Pulsed NR 500 ms Ca²+ influx via TRPC1/TRPP2; 
TRPM4-mediated Na+ influx and 

depolarisation. 

(S. Yoo et al., 2022a) 

S1 Mouse 510 kHz 170 kPa Isppa 0.69 
W/cm² 

0.5 ms 1 kHz NR; 50% 
calc. 

1 s Earlier sensory-evoked responses; 
altered Ca²+ activity patterns. 

(Fisher & Gumenchuk, 
2018) 

S1  Mouse 2 MHz 1.2 MPa Isppa 46 
W/cm² 

0.3 ms 1 kHz NR; 30% 
calc. 

6 s Local spiking changes and lateralised 
head-turning responses. 

(G. Li et al., 2019) 

S1 Macaque 250 kHz 247 kPa Isppa 2 
W/cm² 

0.25 ms 2 kHz NR; 50% 
calc. 

SD 0.3 s; 
ISI 0.7 s 

Suppressed tactile-evoked BOLD at 
target and modulated downstream 

regions. 

(P. F. Yang et al., 2021) 

S1 Human 500 kHz 800 kPa Isppa 23.87 
W/cm² 

0.36 ms 1 kHz NR; 36% 
calc. 

0.5 s Attenuated SEPs, altered oscillatory 
power, improved tactile 

discrimination. 

(Legon et al., 2014) 

S1  Human 500 kHz 800 kPa Isppa 23.87 
W/cm² 

0.36 ms 1 kHz NR; 36% 
calc. 

0.5 s Altered intrinsic and evoked phase 
dynamics, especially beta-band 

activity. 

(Mueller et al., 2014) 
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Target 
 

Species f Pressure Intensity PD PRF DC SD/ISI Compact reported outcome Reference 

S1 and S2 Human 210 kHz NR Isppa 35 
W/cm² 

1 ms 500 Hz NR; 50% 
calc. 

0.5 s Transient contralateral tactile percept 
during dual-site stimulation. 

(W. Lee, Kim, et al., 
2016) 

S1 Human 500 kHz 286 kPa Isppa 1.1 
W/cm² 

0.2 ms 300 Hz NR; 6% 
calc. 

0.5 s Improved vibration discrimination. (C. Liu et al., 2021) 

Motor cortex Rat 350 kHz NR Isppa 4.9-
5.6 W/cm² 

1-5 ms 100-
500 Hz 

NR 0.3 s Motor responses. (H. Kim et al., 2014) 

Motor cortex Rat 600 kHz NR Isppa 14.9 
W/cm² 

1 ms 500 Hz NR; 50% 
calc. 

0.3 s Movements across body regions. (W. Lee et al., 2018) 

M1 / thalamic 
projection 

region 

Sheep 250 kHz NR Isppa 5.2 
W/cm² 

0.5-2 
ms 

approx. 
350-
1400 
Hz 

approx. 
70% calc. 

0.2 s Selective contralateral hindlimb 
EMG. 

(H. C. Kim et al., 2022) 

M1 Human 500 kHz NR Isppa 17 
W/cm² 

NR 1 kHz NR 0.5 s Reduced MEP amplitude and 
intracortical facilitation. 

(Legon, Bansal, et al., 
2018) 

M1 Human 500 kHz NR Isppa 30 
W/cm² 

30 ms 10 Hz NR; 30% 
calc. 

40 s Sustained MEP suppression. (Nakajima et al., 2022) 

M1 Human 500 kHz NR NR 20 ms 5 Hz NR; 10% 
calc. 

80 s increased MEP amplitude; reduced 
intracortical inhibition. 

(Zeng et al., 2022) 

M1  Human 500 kHz NR NR 20 ms 5 Hz NR; 10% 
calc. 

80 s Sustained MEP increase; altered 
alpha/beta activity and motor-

network connectivity. 

(Sarica et al., 2022) 

M1  Human 500 kHz NR Isppa 
approx. 8 

W/cm² 

NR 100 Hz NR SD 0.5 s; 
ISI 8 s; 15 

min 

Increased ipsilateral excitability; 
transiently shifted interhemispheric 

balance. 

(Y. Zhang, Ren, et al., 
2021) 

M1  Human 800 kHz NR Isppa 
approx. 1.2 

W/cm² 

NR NR NR SD 2 s; ISI 
2 s 

Improved hand tapping, shorter MEP 
latency and higher MEP amplitude. 

(M. F. Zhang et al., 
2022) 

M1  Human 500 kHz NR Isppa 3.9 
W/cm² 

NR 1 kHz NR 0.3-0.5 s No concurrent EMG modulation or 
excitability change. 

(Heimbuch et al., 2022) 
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Target 
 

Species f Pressure Intensity PD PRF DC SD/ISI Compact reported outcome Reference 

V1 Rat 690 kHz NR Isppa 3 
W/cm² 

0.5 ms 100 Hz NR; 5% 
calc. 

150 s Transient suppression of light-
evoked responses. 

(H. Kim et al., 2015) 

FEF Macaque 320 kHz 350 kPa Isppa 4 
W/cm² 

100 ms 0.1 Hz NR; 1% 
calc. 

NR Behavioural slowing during 
antisaccade task. 

(Deffieux et al., 2013) 

FEF to V4 Macaque 700 kHz NR Isppa 10.4 
W/cm² 

5 ms 100 Hz NR; 50% 
calc. 

0.3 s Reduced V4 spiking. (Yu et al., 2024) 

V1 Human 270 kHz NR Isppa avg. 3 
W/cm² 

1 ms 500 Hz NR; 50% 
calc. 

0.3 s Stimulus-locked EEG responses and 
diffuse percept. 

(W. Lee, Kim, et al., 
2016) 

 V5 Human 700 kHz 200 kPa Isppa 0.168 
W/cm² 

0.2 ms 3 kHz NR; 60% 
calc. 

0.5 s Improved online spelling 
performance in visual-evoked-

potential BCI paradigm. 

(Kosnoff et al., 2024) 

Auditory cortex Rat / swine 230 kHz 39.7 kPa Isppa 2.3 
W/cm² 

100 ms 0.33 Hz NR; 3.3% 
calc. 

52 s Suppressed AEP amplitudes in rats; 
comparable suppression in swine. 

(Daniels et al., 2018) 

PFC Human 500 kHz approx. 
306-600 

kPa 

Isppa 
approx. 

3.15-16.2 
W/cm² 

0.065-
0.125 

ms 

40 Hz approx. 
0.26-0.5% 

calc. 

30-120 s Improved global affect, reduced 
anxiety and altered resting-state 

connectivity. 

(Reznik et al., 2020) 

Thalamus  Rat 650 kHz NR Isppa 6 
W/cm² 

0.5 ms 100 Hz NR; 5% 
calc. 

NR Shortened emergence from 
anaesthesia. 

(S. S. Yoo et al., 2011) 

Thalamus  Rat 690 kHz 270 kPa Isppa 2.6 
W/cm² 

0.5 ms 100 Hz NR; 5% 
calc. 

NR Reduced epileptiform bursts and 
seizure severity. 

(Min et al., 2011) 

Thalamus  Rat 500 kHz pmax 
530 kPa 

NR 0.8-3 
ms 

100 Hz NR; 8-30% 
calc. 

100-600 s Seizure suppression. (S. G. Chen et al., 2020) 

Thalamus Swine 1.14 MHz NR Isppa 25-30 
W/cm² 

43.7 ms 10 Hz NR; 43.7% 
calc. 

40 s Reversibly suppressed SSEPs. (Dallapiazza et al., 
2017) 

Thalamus Human 
disorders of 

consciousness 

650 kHz NR Isppa 14.39 
W/cm² 

0.5 ms 100 Hz NR; 5% 
calc. 

30 s Behavioural improvement. (Cain et al., 2021) 
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Target 
 

Species f Pressure Intensity PD PRF DC SD/ISI Compact reported outcome Reference 

Thalamus Human 650 kHz NR Isppa 14.38 
W/cm² 

5 ms 10 Hz NR; 5% 
calc. 

30 s Reduced thermal pain sensitivity. (Badran et al., 2020) 

S1  Human  250 kHz NR Isppa 3.4-
4.1 W/cm² 

0.5-2 
ms 

NR 70% 0.2 s EEG responses; increased thalamic-
network connectivity. 

(H. C. Kim et al., 2023) 

 LGN Human 555 kHz 775 kPa NR 300 ms 
every 3 

s 

approx. 
0.33 Hz 

calc. 

approx. 
10% calc. 

NR Increased downstream V1 fMRI 
activity. 

(E. Martin et al., 2025b) 

Hippocampus Mice 500 kHz approx. 
230 kPa 

Isppa 1.75 
W/cm² 

NR 1 kHz 40% 0.4 s Increased hippocampal theta power. (H. Yang et al., 2020) 

Hippocampus  Human 548 kHz NR Isppa 1-
6.25 W/cm² 

0.72-1 
ms 

500 Hz 36-50% SD 0.5 s; 
ISI 7 s 

Safe delivery across multiple 
sessions. 

(Brinker et al., 2020) 

Hippocampus Human 250 kHz NR Isppa 0.6-
6.54 W/cm² 

20 ms 2 Hz 4% 0.4 s No detectable BBB opening; 
increased glucose metabolism and 

modest memory improvement. 

(Jeong et al., 2022) 

Amygdala and 
ACC 

Macaque 250 kHz NR Isppa 64.9 
and 18.8 
W/cm² 

30 ms NR NR NR Reversible connectivity changes. (Folloni et al., 2019) 

Amygdala/ 
Entorhinal 

cortex 

Human 650 kHz NR NR 0.5-5 
ms 

10-100 
Hz 

5% NR Selective perfusion increase and 
altered target-region connectivity. 

(Kuhn et al., 2023) 
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APPENDIX B 
Perturbation derivation of the cycle-averaged conservative momentum 

 Starting from the conservative momentum equation, 

𝜕(𝜌𝐯)

𝜕𝑡
+ ∇ ∙ (𝑝𝐈 + 𝜌𝐯𝐯) = 0, (A1) 

the cycle-averaged second-order momentum-flux tensor may be obtained using the 

perturbation expansion 

𝑝 = 𝑝଴ + 𝜀𝑝ଵ + 𝜀ଶ𝑝ଶ + ⋯ ,

𝜌 = 𝜌଴ + 𝜀𝜌ଵ + 𝜀ଶ𝜌ଶ + ⋯ ,

𝐯 = 𝜀𝐯ଵ + 𝜀ଶ𝐯ଶ + ⋯ (A2)

 

with 𝑝଴  and 𝜌଴  uniform equilibrium pressure and density, respectively, and 𝐯଴ = 0 . 

terms of order 𝜀ଷ and higher are neglected.  

Substituting Eq. (A2) into Euler’s equation, 

𝜌 ൬
𝜕𝐯

𝜕𝑡
+ (𝐯 ∙ ∇)𝐯൰ + ∇𝑝 = 0, (A3) 

𝜌 ൬
𝜕𝐯

𝜕𝑡
+ (𝐯 ∙ ∇)𝐯൰ = (𝜌଴ + 𝜀𝜌ଵ + 𝜀ଶ𝜌ଶ) ൤𝜀

𝜕𝐯ଵ

𝜕𝑡
+ 𝜀ଶ

𝜕𝐯ଶ

𝜕𝑡
+ 𝜀ଶ(𝐯ଵ ∙ ∇)𝐯ଵ൨

= 𝜀𝜌଴

𝜕𝐯ଵ

𝜕𝑡
+ 𝜀ଶ ൤𝜌଴

𝜕𝐯ଶ

𝜕𝑡
+ 𝜌ଵ

𝜕𝐯ଵ

𝜕𝑡
+ 𝜌଴(𝐯ଵ ∙ ∇)𝐯ଵ൨ ;

 

∇𝑝 = ∇(𝑝଴ + 𝜀𝑝ଵ + 𝜀ଶ𝑝ଶ)

= 𝜀∇𝑝ଵ + 𝜀ଶ∇𝑝ଶ,
 

and collecting first-order terms gives 

𝜌଴

𝜕𝐯ଵ

𝜕𝑡
+ ∇𝑝ଵ = 0. (A4) 

Collecting second-order terms gives 

𝜌଴

𝜕𝐯ଶ

𝜕𝑡
+ 𝜌ଵ

𝜕𝐯ଵ

𝜕𝑡
+ 𝜌଴(𝐯ଵ ∙ ∇)𝐯ଵ + ∇𝑝ଶ = 0. (A5) 
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To simplify the nonlinear convective term, the standard vector identity 

(𝐯ଵ ∙ ∇)𝐯ଵ = ∇
𝑣ଶ

2
− 𝐯ଵ × (∇ × 𝐯ଵ) (A6) 

is used. For an irrotational first-order acoustic field, 

∇ × 𝐯ଵ = 0, (A7) 

and therefore 

(𝐯𝟏 ∙ ∇)𝐯𝟏 = ∇
𝑣ଵ

ଶ

2
. (A8) 

Using the first-order isentropic relation 

𝑝ଵ = 𝑐଴
ଶ𝜌ଵ, (A9) 

together with Eq. (A4), substituting Eqs. (A8) and (A9) into Eq. (A5) yields 

∇𝑝ଶ = ൭−
𝑝ଵ

𝑐଴
ଶ ∙ ൬−∇

𝑝ଵ

𝜌଴
൰൱ − 𝜌଴∇

𝑣ଵ
ଶ

2
−𝜌଴

𝜕𝐯ଶ

𝜕𝑡

= ∇ ቆ
𝑝ଵ

ଶ

2𝜌଴𝑐଴
ଶ −

𝜌଴𝑣ଵ
ଶ

2
ቇ −𝜌଴

𝜕𝐯ଶ

𝜕𝑡
. (A10)

 

For periodic steady state, the cycle average of the second-order time derivative vanishes, 

the second-order scalar term therefore becomes 

〈𝑝ଶ〉 = 〈
𝑝ଵ

ଶ

2𝜌଴𝑐଴
ଶ −

𝜌଴𝑣ଵ
ଶ

2
〉 , (A11) 

Next, expanding the advective momentum flux gives  

𝜌𝐯𝐯 = (𝜌଴ + 𝜀𝜌ଵ + 𝜀ଶ𝜌ଶ)(𝜀𝐯ଵ + 𝜀ଶ𝐯ଶ)(𝜀𝐯ଵ + 𝜀ଶ𝐯ଶ), (A12) 

so that the cycle average of second-order contribution is  

〈𝜌𝐯𝐯〉(ଶ) = 𝜌଴〈𝐯ଵ𝐯ଵ〉. (A13) 

The cycle-averaged second-order momentum-flux tensor therefore becomes 
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〈𝐓(𝟐)〉 = 〈𝑝ଶ〉𝐈 + 〈𝜌𝐯𝐯〉(ଶ)

= 〈
𝑝ଵ

ଶ

2𝜌଴𝑐଴
ଶ −

𝜌଴𝑣ଵ
ଶ

2
〉 𝐈 + 𝜌଴〈𝐯ଵ𝐯ଵ〉. (A14)

 

For a monochromatic plane progressive wave, 𝑝ଵ = 𝜌଴𝑐଴𝑣ଵ , so the cycle-averaged 

isotropic second-order term vanishes,  

〈
𝑝ଵ

ଶ

2𝜌଴𝑐଴
ଶ −

𝜌଴𝑣ଵ
ଶ

2
〉 = 0. (A15) 

Hence, 

〈𝐓(𝟐)〉 = 𝜌଴〈𝐯ଵ𝐯ଵ〉. (A16) 

This result yields the simplified radiation-force relation reported in Eq. (3.2.13) of the 

main text. 
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APPENDIX C 
Plane-wave relation between first-order pressure, particle velocity and intensity 

 Starting from the first-order momentum equation, 

𝜌଴

𝜕𝐯ଵ

𝜕𝑡
+ ∇𝑝ଵ = 0, (B1) 

assume a monochromatic plane progressive wave of the form  

𝑝ଵ(𝐫, 𝑡) = 𝑝̂𝑒௜(𝐤∙𝐫ିఠ ), 𝐯ଵ(𝐫, 𝑡) = 𝐯ො𝑒௜(𝐤∙𝐫ିఠ௧), (B2) 

where r is the position vector and |𝐤| = 𝜔/𝑐଴. Taking the temporal derivative at fixed 

position and the spatial gradient at fixed time gives 

𝜕𝐯ଵ

𝜕𝑡
= 𝐯ො

𝜕

𝜕𝑡
𝑒௜(𝐤∙𝐫ିఠ௧) = 𝐯ො(−𝑖𝜔)𝑒௜(𝐤∙𝐫ିఠ௧)

= −𝑖𝜔𝐯ො, (B3)
 

∇𝑝ଵ = 𝑝̂∇𝑒௜(𝐤∙𝐫ିఠ௧)

= 𝑝̂𝑒௜(𝐤∙𝐫ିఠ௧)∇𝑖(𝐤 ∙ 𝐫 − 𝜔𝑡)

= 𝑝̂𝑒௜(𝐤∙𝐫ିఠ௧)∇𝑖(𝐤 ∙ 𝐫)

= 𝑝̂𝑒௜(𝐤∙𝐫ିఠ௧)𝑖 ൬
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
,

𝜕

𝜕𝑧
൰ ൫𝑘௫ ∙ 𝑥 + 𝑘௬ ∙ 𝑦 + 𝑘௭ ∙ 𝑧൯

= 𝑖𝐤𝑝̂ (B4)

 

Substituting Eqs. (B3) and (B4) into Eq. (B1) gives the complex-amplitude relation 

𝜌଴(−𝑖𝜔𝐯ො) + 𝑖𝐤𝑝̂ = 0 (B5) 

Taking the longitudinal scalar component along the propagation direction gives 

𝑣ො =
𝑝̂

𝜌଴𝑐଴
. (B6) 

Therefore, in physical variables, 

𝑝ଵ = 𝜌଴𝑣ଵ𝑐଴. (B7) 

The instantaneous acoustic intensity is 
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𝑖(𝑡) = 𝑝ଵ(𝑡)𝑣ଵ(𝑡), (B8) 

and taking the time average of the instantaneous product over one acoustic cycle gives 

the time-averaged intensity 

𝐼 = 〈𝑝ଵ𝑣𝟏〉 =
1

2
𝑝̂𝑣ො. (B9) 

Using Eq. (B6), this becomes 

𝐼 =
𝑝̂ଶ

2𝜌଴𝑐଴
=

𝑝ଵ,௥௠௦
ଶ

𝜌଴𝑐଴
. (B10) 

Integration over the beam cross-section gives the total acoustic power, 

𝑃 = ඵ 𝐼𝑑𝐴
஺

, (B11) 
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APPENDIX D 
Skull physical property maps for S1 to S20 

 

Figure D-1 Skull thickness map of S1 to S20 in the same order of insertion loss plots in the 
paper. 
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Figure D-2 Skull SDR map of S1 to S20. 
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Figure D -1 Skull density map of S1 to S20
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APPENDIX E 
Transmission and reflection coefficient 

At skull-water interface: 

𝑉௜௝ =
𝑍௝ + 𝑍௦𝑠𝑖𝑛ଶ2𝜃௜௦ − 𝑍௜𝑠𝑖𝑛ଶ2𝜃௜௦

𝑍௝ + 𝑍௦𝑠𝑖𝑛ଶ2𝜃௜௦ + 𝑍௜𝑠𝑖𝑛ଶ2𝜃௜௦
 

𝑊௜௝ =
(1 − 𝑉௜௝)𝑡𝑎𝑛𝜃௝𝑐𝑜𝑡𝜃௜

𝑐𝑜𝑠2𝜃௜௦
, 

where  

 𝑍௜ =
𝜌௜𝑐௜

cos𝜃௜
, 𝑍௦ =

𝜌௜𝑐௜௦

cos𝜃௜௦
, 𝑍௝ =

𝜌௝𝑐௝

cos𝜃௝
, 𝑖 = 2, 𝑗 = 1. 

At skull layers interface: 

𝑉௜௝ = [൫𝑏𝜉௜ − 𝑑𝜉௝൯𝐹 − ൫𝑎 + 𝑒𝜉௜𝜂௝൯𝐻𝜁ଶ]𝐷ିଵ 

𝑊௜௝ = ൬
𝑍௝

𝑍௜
൰ 2𝜌௜𝜉௜ ቆ

𝑐௜

𝑐௝
ቇ 𝐹𝐷ିଵ, 

where 

𝑎 =  𝛾௝  −  𝛾௜, 𝑏 =  𝛾௝  +  𝜒௜𝜁, 𝑑 = 𝛾௝  + 𝜒௜𝜁, 𝑒 =   2𝜌௝𝑐௝௦
ଶ − 𝜌௜𝑐௜௦

ଶ, 

𝜒௟ = 2𝜌௟𝑐௟𝜁, 𝛾௟ =  𝜌௟(1 − 2𝑐௟
ଶ𝜁ଶ),  𝜉௟  =

𝑐𝑜𝑠𝜃௟

𝑐௟
, 𝜂௟ =

𝑐𝑜𝑠𝜃௟௦

𝑐௟௦
, 

𝑙 = 𝑖, 𝑗 = 2,3,4 

𝐸 =  𝑏𝜉௜ +  𝑑𝜉௝, 𝐹 = 𝑏𝜂௜ + 𝑑𝜂௝ , 𝐺 = 𝑎 − 𝑒𝜉௜𝜂௝, 

𝐻 = 𝑎 − 𝑒𝜉௜𝜂௝ , 𝐷 = 𝐸𝐹 + 𝐺𝐻𝜁ଶ. 
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APPENDIX F 
Measured, simulated and analysed pressure insertion loss levels of 20 skulls’ RoI 
(normalised to 1) 

 

Figure F-1 Measured, simulated and analysed pressure insertion loss levels of 20 skulls’ RoI, 
normalised to 1. 
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