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Title of Project: Fractional diffusion models for the simulation of electrical propagation in the heart.

Description of project / Current research interests:
For many years, the bidomain equation has been the fundamental model to simulate electrical propagation through cardiac tissue. It is a set of two partial differential equations for membrane voltage that are themselves  coupled to a system of ordinary differential equations representing ionic current flow through the cell membrane. The bidomain model is based on the assumption of homogeneity of cardiac tissue. 

However, recent advances in experimental and imaging technologies have shown that (1) cardiac tissue is highly heterogeneous including a mix of tissue types such as collagen, blood vessels, fat, interlaminal pores and different cell types (see image); (2) structural heterogeneity has important implications in the propagation of electrical excitation through cardiac tissue, and could be a key contributor to cardiac arrhythmias. Novel modelling approaches alternative to the bidomain model need to be developed to better represent the heterogeneous nature of cardiac tissue and its implications for the electrophysiological functioning of the heart. 

In this innovative project, we aim at developing a novel model for electrical propagation in heterogeneous cardiac tissue based on the use of fractional differential equations to capture spatial heterogeneity in tissue properties. The fractional Laplacian operator in different regions of the heart will be estimated using high resolution histological images obtained in the Department of Physiology at Oxford. Numerical algorithms will be developed to solve the fractional model to conduct computer simulations that will then be compared to experimental recordings of propagation across cardiac tissue. This work will build on the vast expertise in cardiac modelling and simulation and the availability of tools such as the simulation package CHASTE available in the group.

The supervisors have considerable expertise in a range of areas including:

· the  design and implementation of simulation studies for addressing complex questions about the electrophysiological activity in the heart and in particular the role of heterogeneity;

· expertise in building mathematical models – discrete, continuous, deterministic and stochastic;

· expertise in developing new computational techniques for solving partial and differential equations  using parallel computers where appropriate;

· and expertise in image analysis and data acquisition.

Reasonable expected outcome of project:
As a student undertaking this work you can operate at many levels depending on your interests and expertise.  There is a modelling component, a simulation component – using parallel compute as a possibility and an image analysis component which allows a fractional model to be built from image data of cardiac tissue.  The components can be done individually or all together but with less of a focus at each level in that case.  It will suit students who have either a Mathematical or Computer Science background and who want to work on challenging and important applications in the Life Sciences.

Location: Computing Laboratory, Oxford and possibly Brisbane, Australia
Any other specific points: [e.g. machine-shop time required, time required to learn software, suitable background of student, etc.]
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Image: courtesy of Prof Peter Kohl Department of Physiology, Anatomy and Genetics, 

and Dr Vicente Grau, OERC and BioEngineering, Oxford
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Title of Project / Field of research:









Creating patient-specific models of the lung to investigate chronic obstructive pulmonary disease

Description of project / Current research interests:
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Chronic respiratory disease is one of the largest and most neglected disease burdens globally and in the UK. Most clinical assessments of disease severity use global integrated measures of dynamic lung function. These measures cannot account for variation in regional lung function meaning that an in-depth understanding of what is occurring at a more detailed regional level is lacking. This is particularly unsatisfactory in Chronic Obstructive Pulmonary Disease (COPD), a common condition including life-threatening diseases such as chronic bronchitis or emphysema. 
We are involved in a new European project named Synergy which will develop a simulation environment and a decision-support system aiming at enabling deployment of systems medicine, with particular application to COPD. Within this project we will be developing subject-specific computational models from patient data of fluid transport (air and blood) within the respiratory system; the outcomes of which will be integrated into a multi-scale pan-European model of oxygen delivery in patients with chronic obstructive pulmonary disease.
The ultimate goal of this project is to develop semi-automated image processing techniques that allow us to create patient-specific models of the lung to enable investigation of the regional distribution of ventilation, perfusion, and gas exchange. 
Reasonable expected outcome of project:

Segmentation tools to extract major airways and blood vessels from CT scans. Potential link in to computational studies looking at flow simulations.

Location: Computing Laboratory

Any other specific points: e.g. machine-shop time required, time required to learn software, suitable background of student etc.
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Title of Project / Field of research: Modelling air flow in lungs 

Description of project / Current research interests:
The respiratory system is comprised of a complex network of branching airways and vessels each tethered to the deforming lung tissue. A high efficiency of the lung’s main goal – gas exchange - is obtained via close matching of air delivery (ventilation, V) and blood delivery (perfusion, Q) to the gas exchange surface. V-Q is efficiently matched despite remarkably different mechanisms of delivery, different fluid properties, and the different anatomical structures through which the blood and air are transported. All pulmonary disorders impair gas exchange by either disturbing ventilation and perfusion patterns or by deleterious changes to the parenchyma itself. Within this project, we aim to increase our understanding of the mechanisms governing respiratory efficiency ultimately with application to diseases such as asthma and chronic obstructive pulmonary disease. 
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This project will concentrate on the numerical modelling of airflow between very disparate airway channel radii. Initially, we will consider two-dimensional models for Stokes/low Reynolds number Navier-Stokes equations within the tree-like structures within. This simplified model will allow us to investigate the effects of branching on fluid flow. 

Secondly, we will investigate/construct numerical methods to efficiently and reliably model the many scales within the lung airway channels. We will concentrate on the use of methods coupling flow within two-dimensional branches to one-dimensional branches. This will raise many issues with respect to both numerical and mathematical modelling, such as stability, compatibility, conservation of airflow and computational efficiency. Upon completion of our models we will apply and compare the results with existing models of ventilation. 

A long term goal of this project will be to apply these new methods within full lung geometries with the aim of producing reliable computational approximations and feeding this flow into gas exchange models for the lungs. 

This work will tie in with two large European projects involving generation of pan-European multi-scale models of the respiratory system with application to understanding asthma and chronic obstructive pulmonary disease in humans. 

Reasonable expected outcome of project: An understanding of numerical methods for fluid flow problems within multi-scale models on complex geometries.  

Location: Computing Laboratory 
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Title of Project / Field of research: Modelling gas exchange within the lungs, a porous media model.

Description of project / Current research interests:
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Gas exchange within the lungs occurs at the interface of the air and blood transport systems. Each alveolus (the terminal airway unit, of which there are around 480 million in a normal human lung) is enwrapped by a dense network of pulmonary capillaries and this structure forms a honeycomb-like configuration which deforms during breathing.

At the gas exchange surface, diffusion of oxygen from alveolar air into the capillary blood (and vice versa for carbon dioxide) is driven by the gradient in gas partial pressure across the air-blood barrier. All pulmonary disorders impair gas exchange by either disturbing ventilation and perfusion patterns or by deleterious changes to the tissue itself. In this project we want to increase our understanding of the most important factors governing efficient gas exchange.
In this project we wish to investigate the use of modelling the gas exchange region within the lungs as a porous medium, i.e. a medium of microscopic pores in which fluid can pass through. Within this medium we will treat blood and air as two immiscible liquids described by a concentration parameter and model the gas exchange via reactions between these two concentrations. 

The project will make several simplifications whilst still allowing us to investigate the effects of parameters within the macroscopic model e.g. permeability, saturation. In particular, we will only consider a simplified two-dimensional domain in which the fluids obey Darcy’s Law. 

The long term goal of this project is to attach our model to existing airflow and blood flow models, tethered to tissue deformation, that describe fluid transport along the airways and vessels, respectively. This work will tie in with two large European projects involving generation of pan-European multi-scale models of the respiratory system with application to understanding asthma and chronic obstructive pulmonary disease in humans. 

Reasonable expected outcome of project: An understanding of mathematical and numerical models for coupled immiscible fluids within a moving two-dimensional elasto-porous material. 

Location: Computing Laboratory
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Title of Project / Field of research: Flow of particles within the bloodstream









Description of project / Current research interests:
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The movement of objects in a flowing fluid can be used to represent many systems in biology. From in vivo systems such as particles, for example: cells; plaque; and fats, flowing in the bloodstream through to in vitro situations including bacteria swimming and aggregating in a flow cell or cells growing on a porous scaffold in a perfusion bioreactor. In all of these systems the particles, in addition to moving within the flow, can combine with each other and/or interact with the environment. For the case of cells we also need to consider the effects of division and cell deformation on the flow.

This project will initially focus on a reduced two-dimensional model of flow in the bloodstream in which the particles (such as fats and plaque) and cells are assumed to be buoyant rigid spheres within the fluid flow. This will allow us to concentrate on the collision and possible adherence of many particles flowing within the bloodstream. 

Once a reliable method has been constructed and possibly analysed we will look at effects such as plaque/cell/fat build up within arteries. In particular, how blood pressure and wall stress increase as the artery channel thins in these regions.       

The long term aim of this project will be to investigate the general coupling of discrete cell models with fluid models, where the fluid transports nutrients to a developing tissue (complete with cellular matrix) and possibly removes cells when stresses are significantly large. This work will be undertaken in collaboration with experimentalists studying the growth of tissues in a perfusion bioreactor, and the movement and proliferation of bacteria in a flow cell.

Reasonable expected outcome of project: 

An understanding of appropriate numerical models for fluid flows and an understanding of the coupling of particles within such flows.

Location: Computing Laboratory (Computational Biology) 

Any other specific points: [e.g. machine-shop time required, time required to learn software, suitable background of student, etc.] 

The student should be familiar fluid dynamics and know some basic numerical methods such as finite difference schemes. A familiarity with the finite element method would be advantageous but not compulsory.
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Title of Project / Field of research: Modelling Airway flow in lungs 

Description of project / Current research interests:
    INSERT DESCRIPTION OF LUNGS TREE STRUCTURE + PIC + WHAT DATA WE HAVE.
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This project will concentrate on the numerical modelling of the airflow between very disparate airway channel radii. Initially, we will consider two-dimensional models for Stokes/low Reynolds number Navier-Stokes equations within the tree like structures within. This simplified model will allow us to investigate the effects branching for fluid flow. 

Secondly, we will investigate/construct numerical methods to efficiently and reliably model the many scales within the lung airway channels. We will concentrate on the use of methods coupling flow within two-dimensional branches to one-dimensional branches. This will raise many issues with respect to both numerical and mathematical modelling, such as stability, compatibility, conservation of airflow and computational efficiency. Upon completion of our     models we will apply and compare the results with existing models. 

A long term goal of this project will be to apply these new methods within full lung geometries with the aim of producing reliable computational approximations and feeding this flow into gas exchange models for the lungs. 
Reasonable expected outcome of project: 

An understanding of numerical methods for fluid flow problems within multi-scale models on complex geometries.  

Location: Computing Laboratory 
Any other specific points: [e.g. machine-shop time required, time required to learn software, suitable background of student, etc.]
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Title of Project / Field of research: Modelling gas exchange within the lungs, a porous media model.

Description of project / Current research interests:
    INSERT DESCRIPTION OF the gas exchange process.

In this project we wish to investigate the use of modelling the gas exchange area within the lungs as a porous medium, i.e. a medium of microscopic pores in which fluid can pass through. Within this medium [image: image10.jpg]Alveoli with
emphysema

Microscopic view
of normal alveoli




we will treat blood and air as two immiscible liquids described by a concentration parameter and model the gas exchange via reactions between these two concentrations. 

The project will make several simplifications whilst still allowing us to investigate the effects of parameters within the macroscopic model e.g. permeability, saturation. In particular, we will only consider a simplified two-dimensional domain in which the fluids obey a Darcy’s Law. 

The long term goal of this project is to attach our model to existing airflow and blood flow models that describe the along airways and arteries, respectively.

Reasonable expected outcome of project: 

An understanding of mathematical and numerical models for coupled immiscible fluids within a moving two-dimensional elasto-porous material.  
Location: Computing Laboratory 
Any other specific points: [e.g. machine-shop time required, time required to learn software, suitable background of student, etc.]
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Title of Project / Field of research: 

Developing an integrated multi-scale model of pulmonary blood vessels coupled to fluid flow
Description of project / Current research interests:

All forms of respiratory disease ultimately result in an impairment of the primary function of the lung - gas exchange. This is normally a consequence of a reduction in matching between ventilation and perfusion (V/Q) within the lung. The major physiological mechanism regulating V/Q across the lung is the effect of oxygen (O2) and carbon dioxide (CO2) on pulmonary vascular tone. Current mathematical models of the lung used in clinical practise to evaluate patient status are simplistic and inadequate. Potentially these lung diseases could be investigated though computer simulation, allowing the efficacy of clinical treatment or drug therapy to be evaluated in silico using detailed mathematical models of the respiratory system.

Previous computational models of the pulmonary circulation have not included the active control mechanisms enforced by the smooth muscle cells (SMCs) embedded within the vascular walls. Without active tube properties embedded within the model, such models are unable to provide realistic perfusion predictions during most disease states.

This project involves the development and implementation of a mathematical model of active pulmonary vessel dynamics coupled to fluid flow to enable the development of a multi-scale, integrated model of the pulmonary circulation (similar, but extending from, [1] in the airways). We have an existing, preliminary model of SMC contraction embedded within the vascular wall and want to integrate a model of blood flow into this system.  

                   [image: image11.png]


   SHAPE 
[1] Politi AZ, Donovan GM, et al. A multiscale, spatially distributed model of asthmatic airway hyper-responsiveness. J Theor Biol. 2010 Oct 21;266(4):614-24.

Reasonable expected outcome of project:
Implementation of a computational model of a pulmonary arteriole smooth muscle cell contraction embedded within a tissue model of the vessel wall. An understanding of the multi scale vessel model and how it behaves.

Location: Computing Laboratory
Any other specific points: e.g. machine-shop time required, time required to learn software, suitable background of student etc.

Project Proposal - 2011
Supervisor(s):   Kelly Burrowes, David Kay, Vicente Grau

Please contact david.kay@comlab.ox.ac.uk if you wish to undertake this project
Title of Project / Field of research:









Pathophysiology of pulmonary function of the anaesthetised horse.

Developing a model of the equine lung and predicting ventilation and perfusion distributions. 
Description of project / Current research interests:
Dangerously low levels of arterial oxygen tension are commonly encountered in anesthetised horses due to a disruption in the normally efficient matching between ventilation (V) and perfusion (Q) within the lung. This leads to shunt and hypoxaemia and  likely contributes to the extraordinary high perianaesthetic mortality rate of 1%.[image: image12.png]EXTERNAL ELASTIC MEMBRANE
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 It is also thought that the respiratory system of the horse is the major limiting factor to athletic performance. A large proportion of equine athletes are known to suffer from exercise-related haemorrhage of the respiratory tract which may also affect horse performance and survival. For these reasons, it is important to understand the physiology and potential mechanisms involved in these physiological limitations found within the equine lung.

In this project we want to construct a computational model of the pony respiratory system (same anatomy as the adult horse) – including lung surfaces, airways, and blood vessels – derived from CT data. Within these systems we will solve 1D fluid flow equations to predict the distribution of ventilation and perfusion within this branching structure. We will assess potential mechanisms for V/Q mismatch and the disruption of this under different circumstances (i.e. increased flows during exercise, mechanical ventilation during anesthesia etc).
This work will tie in with two large European projects involving generation of pan-European multi-scale models of the respiratory system with application to understanding asthma and chronic obstructive pulmonary disease in humans. 

Reasonable expected outcome of project:

This project will in general focus on methods and tools to create 3D computational models from imaging data and further develop software to predict ventilation and perfusion.

Location: Computing Laboratory
Any other specific points: Requires a student interested in image-processing techniques and computational modelling. 
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Title of Project / Field of research:









Creating patient-specific models of the lung to investigate chronic obstructive pulmonary disease

Description of project / Current research interests:


Chronic respiratory disease is one of the largest and most neglected disease burdens globally and in the UK. Most clinical assessments of disease severity use global integrated measures of dynamic lung function. These measures cannot account for variation in regional lung function meaning that an in-depth understanding of what is occurring at a more detailed regional level is lacking. This is particularly unsatisfactory in Chronic Obstructive Pulmonary Disease (COPD), a common condition including life-threatening diseases such as chronic bronchitis or emphysema. 
We are involved in a new European project named Synergy which will develop a simulation environment and a decision-support system aiming at enabling deployment of systems medicine, with particular application to COPD. Within this project we will be developing subject-specific computational models from patient data of fluid transport (air and blood) within the respiratory system; the outcomes of which will be integrated into a multi-scale pan-European model of oxygen delivery in patients with chronic obstructive pulmonary disease.
The ultimate goal of this project is to develop semi-automated image processing techniques that allow us to create patient-specific models of the lung to enable investigation of the regional distribution of ventilation, perfusion, and gas exchange. 
Reasonable expected outcome of project:

Segmentation tools to extract major airways and blood vessels from CT scans. Potential link in to computational studies looking at flow simulations.

Location: Computing Laboratory

Any other specific points: e.g. machine-shop time required, time required to learn software, suitable background of student etc.
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Title of Project / Field of research:
Computational modelling of coupled 
electrophysiology, tissue mechanics and fluid flow in the heart







Description of project / Current research interests:
Pumping of blood around the body is achieved by the heart beating periodically, thus ejecting blood from the chambers of the heart. 
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There are many physiological processes that contribute to this pumping. In summary, a wave of electrical excitation propagates across the heart instigating biochemical reactions in cardiac cells – a process known as electrophysiology. As a consequence of these biochemical reactions, force is generated in cardiac fibres, causing them to contract and the tissue to deform. This tissue deformation lowers the volume of the heart’s chambers, with the effect that blood is ejected from the heart and pumped around the body.

The equations governing each of the physiological mechanisms, electrical activation, cell ion channel response, tissue mechanics and fluid flow, all present significant numerical/computational difficulties in their own right. Hence, computing a reliable approximation to the full heart activation cycle is very challenging. In this project we will drastically simplify all three models, whilst retaining many of the dominant components of the coupled model, and will explore numerical methods for computing approximations to the solution of the simplified model.

Reasonable expected outcome of project:
An understanding of the issues involved in coupled electrophysiology-tissue deformation-fluids models of the heart. Numerical solution techniques for simple coupled models of the heart. 
Location: Computing Laboratory
Any other specific points: [e.g. machine-shop time required, time required to learn software, suitable background of student, etc.]
