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ABSTRACT

Cryosurgery is a clinically established, minimally invasive thermal therapy in which
tumour destruction is achieved through controlled freezing and thawing. Despite its widespread
clinical use, reliable cryosurgical planning remains challenging because cryogenic heat transfer
in living tissue is governed by a complex interplay of heat conduction, phase change, and
vascular heat transport. Conventional planning approaches continue to rely heavily on
simplified bioheat formulations, empirical probe-placement heuristics, and visual assessment
of ice-ball extent, which are insufficient for accurately predicting lethal thermal injury under
realistic physiological conditions. The present thesis addresses these limitations by developing
an integrated numerical-experimental framework that advances cryosurgical understanding
and planning through physically rigorous bioheat modelling, thermal-field-guided multi-probe

placement strategies, and systematic experimental investigation.

To establish a physically realistic foundation for cryosurgical simulation, a transient
computational framework is developed to perform a systematic comparison between the
classical Pennes bioheat equation and a Local Thermal Non-Equilibrium (LTNE) porous-
media model under cryogenic freezing and rewarming conditions. The numerical model
incorporates temperature-dependent thermal properties, phase change via an apparent heat-
capacity formulation, and a time-dependent cryoprobe temperature boundary condition
comprising cooling, low-temperature holding, rewarming, and final holding stages.
Physiologically relevant microvascular parameters, including tissue porosity and blood
velocity, are varied over wide ranges, and freezing performance is quantified using temperature
histories, liquid-fraction evolution, lethal-isotherm morphology, and frozen damage volume.
The LTNE framework predicts destruction volumes approximately 7-38% larger at low
porosity (& = 0.005 ), 55-80% larger at moderate porosity (& = 0.01), and up to 120% larger
at high porosity (& = 0.05 )than those obtained from the Pennes formulation. These results
demonstrate that the equilibrium assumption inherent to the Pennes formulation is not valid
during cryogenic cooling, particularly in moderately to highly vascularized tissue, and that the
LTNE framework provides more physiologically realistic estimates of ice-front propagation

and lethal-zone extent.

Building on this improved thermal modelling framework, the thesis next develops a
thermal-field-guided cryoprobe placement strategy for multi-probe cryosurgery applied to

patient-specific tumour geometry. Rather than relying on geometric rules or frozen-volume



overlap, probe number, spatial arrangement, and active length are determined using full three-
dimensional temperature fields, lethal-isotherm continuity, and quantitative destruction
metrics. For the patient-specific tumour of total volume 6114 mm3, the three-cryoprobe
configuration with a 10 mm active cooling length achieved complete lethal-temperature
coverage at probe-to-centre distances of 5-8 mm, whereas the corresponding two-cryoprobe
configuration produced approximately 35-40% lower tumour destruction volume across the
investigated distances. The analysis establishes that single-probe cryosurgery is inherently
insufficient for clinically realistic tumour volumes, and that effective ablation is achieved
primarily through thermal superposition in multi-probe configurations. The results further
reveal a fundamental trade-off between maximising tumour destruction and limiting collateral
freezing of surrounding healthy tissue, underscoring the need for balanced, physics-based

planning rather than aggressive overcooling.

To complement and physically ground the numerical findings, controlled cryoablation
experiments are conducted using agarose-based tissue-mimicking gel phantoms with
systematically varied glycine concentration, probe number, and inter-probe spacing. Spatially
resolved temperature-time histories obtained for single-, double-, and triple-probe
configurations reveal clear evidence of probe—probe thermal interaction, including synergistic
cooling, ice-ball coalescence, and spacing-dependent suppression of residual warm regions. In
the single-cryoprobe experiments at the 5 mm radial location, the end temperature decreased
from —31.98°C for the 1% w/v agarose phantom to —43.31°C for the 4% w/v glycine phantom,
while the radial ice-ball diameter expanded from 27.9 mm to 32.2 mm, representing an increase
of approximately 15%, and the longitudinal extent increased from 48.4 mm to 52.1 mm,
representing an increase of approximately 7-8%. The experimental observations provide direct
insight into multi-probe freezing dynamics and reinforce the physical mechanisms captured by
advanced bioheat models, thereby strengthening confidence in thermal-field-guided

cryosurgical planning.

Overall, this thesis advances cryosurgical treatment planning from heuristic and
geometry-based practice toward a quantitative, physics-guided framework. By demonstrating
the necessity of non-equilibrium bioheat modelling, developing thermal-field-guided multi-
probe placement for patient-specific tumours, and experimentally characterising probe-
interaction effects, the present work provides a robust foundation for accurate, physiologically

realistic, and clinically relevant cryosurgical planning.
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