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Abstract: Human physiology is a complex system of systems such that it is impossible for
clinicians to be able to consider all elements in a diagnosis. Medicine is becoming more
quantitative and predictive mathematical models are becoming much more common and
are being used to help in diagnosis and treatment. Chemical engineers have much
experience of developing and using methodologies to tackle systems analysis for example
with chemical manufacturing systems consisting of complex chemistry, fluid flow and
collections of connected units. The paper seeks to show parallels with the complex
metabolism, blood flow and interconnected systems of organs and how engineering
methodologies are needed to make the use of these systems of models to help clinicians
make most use of all information available and to manage risks associated with
complexity. Examples are drawn from cardiology, cancer and liver disease where some
progress has been made.
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1.1 Introduction

We know the causes of a heart attack right? However, it seems that it is not so
straightforward - it results from a set of complex interacting physiological and metabolic
systems influenced by many factors. The blockage of the coronary artery can be caused
by several mechanisms arising from physical, chemical and metabolic changes in the
body. Monaco, Mathiur and Martin [1] have discussed the causes of acute coronary
syndrome and divided them into those arising from the role of the vessel wall and those
from the role of the blood. Both arise from complex physical and chemical changes and
can be treated chemically using medicines provided the correct diagnosis leads to the
right therapy. However the cause in a specific case is rarely clear because this is a very
complex system.

Engineers solve problems of analysis, simulation, optimisation and control of com-
plex systems. These have very close parallels in medicine: analysis seeks to understand in
order to make a diagnosis, simulation predicts short or long term behaviour enabling a
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prognosis, optimisation aims to find a set of actions — therapy — which can result in an
optimal outcome, and control systems implement a set of real time actions that keep a
process stable - healthy or at least clinically stable — through feedback and the addition of
agents (medicines) that can bring a system back to its stable state to manage the
condition [2].

This paper arose from discussions between a chemical engineer and a clinical
cardiologist about the depth of complexity facing medical practitioners. We aim to show
how engineering methodologies (with a particular bias towards chemical engineering
because of the chemical nature) can help to find solutions to complex medical and
physiological problems and that this is a fascinating area where chemical engineers
working together with clinical colleagues can contribute much.

Taking the cardiology case further, in a heart attack artherosclerotic lesions in the
arteries can restrict the blood flow but this is not usually blood-limiting. It seems the
causes arise from the two sources mentioned above: the cell wall and the blood inter-
acting. Those arising from the role of the cell wall can come from plaque rupture,
endothelial disfunction (expression of certain molecules causing a loss of anti-coagulant
properties), or plaque thrombogenicity where exposed tissue factor initiates a blood
coagulation cascade arising from metabolic processes. The blood has several components
that can activate clotting: increased platelet (blood clot cells) reactivity and volume,
alteration of the physiological balance between coagulation and fibrinolytic (breaking
down of clots) cascades resulting from expression of coagulant factors, the well-known
effect of cholesterol and other lipo-proteins, and inflammation which can cause changes
in lipoprotein balance, susceptibility to infection agents or antigens disturbing the auto-
immune process. All of these are the result of changes in physiology and metabolism
arising from a host of short and long term effects. Monaco et al. [1] concluded that when
intracoronary thrombosis occurs the exact chain of events that might cause the final
event is not fully understood. Indeed many diseases (so called) are not diseases but
syndromes i.e. a collection of signs and symptoms. The prevention of heart attacks will
not be achieved until the specific diseases causing the syndrome are identified as specific
cellular of metabolic changes contributing to a system’s failure.

The heart is at the centre of the cardiovascular system. But even within this there are
systems such as the one that regulates the platelet cells (the megakaryocyte-platelet sys-
tem [3]). The complexity of medical problems such as heart attack (myocardial infarction)
confronting clinicians is huge and increasing as understanding of biology increases. How
can clinicians keep on top of all of this information let alone navigate a path to appropriate
diagnosis and treatment without decision-support systems? With the advent of molecular
biology biological scientists have lost the ability to think in systems.

Physiology and clinical medicine have become splintered into specialists in very
specific areas. Knowledge has become much deeper on all physiological processes
making it impossible to be able to view the whole body and to understand system level
interactions which may be affected by phenomena or defects at genetic, metabolic,
vascular or organ level. The knowledge is being codified by researchers through data
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models and predictive models which can be brought together to assist in understanding
whole body physiology and of the effects of health, diet and disease but there is still much
to do to have models of sufficient accuracy and to bring these models together to make
systems that might be of use to clinicians.

1.2 Physiological systems and complexity

Physics is inherently simple in so far as its complexity is predictable. Biology is inherently
complex; even though it ultimately obeys the rules of physics in its parts, it is not pre-
dictable in its totality. This property of biology affects our ability to understand how
biology works and how it can malfunction. This is a formidable challenge for the scientist
whose job is to unravel the function of biological systems and brings difficulties for the
clinician who needs to understand how mammalian biology malfunctions. The problem
is amplified by the therapeutic pharmacologist who wants to make molecules that
interfere in biological malfunction. In experiments to probe malfunction single mole-
cules are used to observe change in function. The constraint is that the biological system
probed by pharmacology is complex even if it is a single cell. Cells make tissues then
tissues make organs and then organs make systems within an individual animal. The
information gained from such experiments is greater the less complex the system: more
information from a cell, less information from an organ. However, often the information
gained from a cell is less useful than the information gained from a whole organ. The
agents used to probe biological systems may become therapeutic drugs. However the
complexity of the systems being probed means that the process of discovering new
therapeutics is inherently hit and miss. It is inefficient, costly and time consuming. The
pharmaceutical company Pfizer invested $3.5 billion per year for three years into
pharmacological discovery and discovered nothing useful. So, the complexity of biolog-
ical systems is a fundamental problem for the understanding of biology and creating new
drugs to change it when it goes wrong.

This is true in many systems, however there are differences. If the endocrine system
malfunctions it is relatively easy to intervene therapeutically. For example in hypothy-
roidism the diagnosis is made by measuring the level of the hormone thyroxine in the
blood. If the level is low it needs replacing. This is a replacement therapy which is the
simplest form of therapeutics. However in more complex diseases the problem of treating
the totality of the disease, as in hypothyroidism, is almost impossible. Cancer and car-
diovascular disease are the two most common diseases which cause death in developed
society. The former is caused by a change at the level of the cell. The latter is caused by the
interaction of changes in many different cells, different tissues and different organs. The
development of drugs to change cardiovascular disease has taken place over the last 50
years. However cardiovascular disease still kills more people prematurely in developed
society than any other disease. The mismatch between the effort of research and
achievement is probably a reflection of the inherent complexity involved. Tools to un-
derstand that biological complexity are lacking.
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Models and their use in systems analysis could be useful for both clinicians and
biological scientists: “A biological scientist ... must question whether the various
mechanisms form part of a single process ... or whether each proposed mechanisms is
capable of giving rise to the syndrome by itself. Similarly, a clinical scientist should
question whether we should tackle therapeutically all components together ... or each
component individually.” [1].

Although there is still so much yet to be understood there are some predictive models
of physiological systems. As these are put together into computational systems of systems
(through project such as the virtual physiological human http://www.vph-institute.org,
the Physiome Project http://physiomeproject.org/ and HumMod http:/hummod.org/)
there is a need for engineering tools to make best use of the systems of connected models.

There is a similar mindset between clinicians and engineers: both are problem
solvers. “Engineers make things, they make things work and they make things work
better” (http://www.raeng.org.uk/education/what-is-engineering#sthash.q807jQXK.dpuf.).
Complex physiological systems can be approached in the way that chemical engineers
tackle manufacturing problems through analysis, modelling and design of complex
“flowsheets”. In the 1930s Kahn presented the idea of “Man as Industrial Palace” with a set
of cartoons illustrating five cycles within the human factory: respiration, blood circula-
tion, digestive circuit, control centre (brain), and metabolism (see http://www.
industriepalast.com/ for an animation). In the 1950s Guyton [4, 5] pioneered the use of
systems analysis in the cardiovascular system integrating many factors affecting pe-
ripheral circulation, the heart, the endocrine system, the autonomous nervous system,
the kidneys and body fluids. Noble developed the first computational model of the heart
including electrical, mechanical and chemical elements which has been used by the Food
and Drug Administration for drug testing [6]. Recently Christ et al. [7] demonstrate how
computational modelling and systems medicine can be used in surgery of the liver.

When considered in this light we can see that Engineers have a role to play in helping
to make the most of the knowledge of physiology that is becoming increasingly quanti-
fied, modelled and computational. Engineers have much experience with modelling,
optimising and controlling complex systems involving chemical and physical change.
Some chemical engineers in particular have been involved in modelling and experi-
mental investigations in medical fields. For example Yin [8] consider challenges in
virology and Netti et al. [9] in fluid transport in tumours. Peppas and Langer [10] reviewed
the contributions of chemical engineers to biomedical engineering over the years
concentrating on biomaterials, drug delivery and tissue engineering. Engineers have
been engaged in looking at the systems engineering of medicine (see [11-13] for recent
reviews and [14] for an example for inflammation response to infection or trauma). The
report Convergence-The Future of Health” [15] sets out the range of challenges for
bringing together disciplines, including Chemical Engineering, to solve healthcare
problems highlighting imaging, nanotechnology, regenerative engineering and medi-
cine, and big data.
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Our aim in this paper is to look in particular at the challenges where modelling and
Systems Engineering techniques can explore and manage the complexity to find effective
solutions and help manage the risk associated with making decisions about very complex
interacting systems.

The paper is presented in four parts: “how complicated can this really be?” exploring
in more detail the interconnected complexity, “The power of purpose” which influences
the modelling approach, “Do we really understand?” very briefly discusses the state of the
art of quantitative modelling, and “What can we do?” looks at how we might be able to
deploy our skills and toolboxes. The references in this paper are not meant to be
comprehensive and the examples are drawn mostly from the authors’ own experience
and discussions with other medical colleagues.

1.3 How complicated can this really be?

The human system functions through the operation of a number of interacting systems [16]:
cardiovascular (includes heart, veins, lymphatics and arteries carrying the blood), diges-
tive, endocrine (chemical communications using hormones), integumentary (skin, hair,
nails, seat and other glands), lymphatic (immune system), muscular, skeletal, nervous,
renal, reproductive, respiratory and sensory systems. These all involve networks of
chemical reactions and transport of fluids within and between cells and organs. Primary
transport of fluids is via the blood and lymph both of which are chemically very complex,
and air in the respiratory system from which oxygen is absorbed into the blood stream.
These fluids transport nutrients and waste around the body between organs, or what
Engineers call “unit operations” such as reactors or separators in manufacturing opera-
tions, including the heart, liver, lungs, pancreas stomach and so on as shown in Figure 1.1.

Standard Chemical Engineering assumptions consider any system as a collection of
unit operations connected by fluid transport and by information networks through a
control system. In chemical manufacturing processes this is an approximation with
operations by no means confined to the units themselves. The flow of information in
human physiology is even more complex through the nervous system, genetics, and
through a range of complex chemical signalling entities.

Manufacturing control aims to achieve stable operation through fixed “set points”
for certain variables to achieve safe and efficient operation and is achieved by valves,
controllers and an information system. The objectives for human operation are not
simple. The control of the body, homeostasis, requires smooth and steady operation but
this does not necessarily mean that key variables need to track a set point such as a fixed
temperature. The system needs to keep these variables within bounds. Homeostasis
ensures the following entities are “kept, by carefully regulated mechanisms, within the
narrow limits compatible with life”: nutrients, O,, CO,, waste, pH, water, salts and other
electrolytes, blood pressure and volume, and temperature [16]. For example glucose in
the bloodstream needs to be kept within bounds to ensure no hyperglycaemic or
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hypoglycaemic attacks. Many controls that are given to the system are periodic and
provide a stimulus that keeps the operation within bounds—such as feeding and drug
dosages.

The chemistry and biochemistry in these systems is hugely complex. The chemistry
of life is a dynamic process governed by very complex reaction networks, is affected by
personal genetics, and is spatially distributed by being localised in some parts of organs
and of cells. Reactions are of course not confined to the “unit operations”. There has been
huge progress in unravelling the chemistry of life with vast databases of pathways,
genetics, transcription factors and so on which can be exploited in analysis and opera-
tion. We would need to be able to quantify fluid and transport properties (through cells,
across membrane boundaries, and within fluid streams) where there has been consid-
erable theoretical work but there is considerable need for more modelling across scales
and data [17]. This makes the need for a systems approach all the more necessary, not only
to help link and solve the complexity but also to identify what really crucial information is
missing.

Time varying treatment is common in hospital to keep key functions within safe
operating limits. But time varying dosage may be in for more radical reappraisal with the
aim of exploiting and regulating changes in the cell cycle. Lee et al. [18] recently
demonstrated with very comprehensive experimental and clinical programmes that
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using a deferred dosage of a second chemotherapy drug 8 h after the first drug had
beneficial effects to cancer patients by exploiting changes in the cell behaviour during its
natural cycle. This opens up a new set of opportunities for treatment that will require
engineering analysis of dynamic systems once models are available.

This complex system of interacting networks, with chemical and genetic signals, has
time and space dependent responses which are mostly not measurable (for now anyway).
However it is one where decisions are currently made on very partial information and
yet where there is much more relevant information that could influence actions if
brought together for the whole system.

1.4 An example: the cardiovascular system

The commonest cause of cardiovascular disease is an occlusion of an artery by a
thrombus. This leads to lack of blood flow to the organ supplied by that artery. If the
artery supplies the brain then a stroke is caused, if a limb then leg ischaemia is caused, if a
coronary artery isinvolved then myocardial infarction (heart attack) is caused. This latter
is an example of the effects of complexity at many levels: chemical signalling, cell-cell
interaction, tissue interaction, whole organ interaction and physical forces such as flow.

The final event in the cause of myocardial infarction is a single catastrophic failure.
However this event only occurs on a background of pathological change over decades.
The single happening has its own complexity which is at a different level from the
complexity of the very slow change which precedes it. Autopsies performed on soldiers
killed in Vietnam and Korea showed that the start of the slow change, atherosclerosis,
probably starts in some people in their late twenties. This change progresses mostly
imperceptibly until the final infracting event which occurs at a mean age of around 65.

1.4.1 The arterial wall

In engineering terms the artery is simple: it is a conduit for blood. However the flow of
blood has to be regulated through rapid change in diameter along the length of the artery.
To achieve this both local and systemic signalling molecules interact with the contractile
muscle cells that comprise the bulk of the artery. These signals vary from very low mo-
lecular weight molecules like NO to very large proteins like VEGF, many thousand times
larger than NO. The lining of the artery, the endothelium, is essential in this signalling
process. It also produces agents which act on the blood. Both the smooth muscle and the
endothelium is composed of cells which are not all of one type; there are variations in
structure and function. The outer layer of the artery, the adventitia has been neglected by
researchers. However it has a complex structure. In particular there are small blood vessels
within it that penetrate the muscle layer of the artery. These vasa vasorum supply oxygen
to the outer layers of the muscular zone. They themselves can undergo the changes that
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conduit vessels do. A micro thrombus forming in these vessels can cause change in function
of the main artery. Thus the structure and function of the normal artery is complex in itself
and in its relationship to signalling systems in the whole body.

Vascular disease is a consequence of malfunction of any component of the vessel wall
or its signalling system. A single event, like thrombus formation in the artery, only occurs
on a background of years of change in structure and function. The endothelial lining is
damaged slowly by high blood pressure, by smoking and by high cholesterol levels in the
blood. The latter effect is partly via an effect of the cholesterol on a blood cell, the
macrophage, which is stimulated to enter the vessel wall from the blood and cause
damage in the wall. Such damage can progress over decades with several blood cells
being involved until a plaque of atheroma is formed. Eventually this may become
hardened with calcium within it. This process is not simple but involves slow change in
components of the wall and blood. Some caused by external influences some by internal
ones such as ageing. Most of these changes are, in part, due to a disturbance of a dynamic
equilibrium between cells and signalling systems.

1.4.2 The blood

The blood is composed of cells flowing in a medium of soluble elements, mostly proteins.
The red cells carry oxygen from lungs to tissues. The white cells have a myriad of types
each with a specialised function, mostly being involved in different elements of defence.
Platelets are structurally unique as they have no nucleus: an essential element of all other
cells. Why this is remains a mystery. Platelets are very small cells with a relatively large
surface area. They are essential in stopping bleeding but if they are inappropriately
active they can form into a mass which stops the flow of blood in arteries. This function of
aggregating into a mass is controlled by more than a dozen signalling systems. Probably
the most important being NO and a large prostaglandin called prostacyclin. These two act
synergistically to damp down platelet aggregation through modulation of proteins in the
platelet which in turn cause changes in the signalling of calcium within the platelet. This
small element of the normal function of the artery is itself very complex. It is a system that
isheld in tension for years then might be activated in a millisecond. The complexity of the
platelet system is enhanced as the platelet is produced from a cell which matures in the
bone marrow and travels to the lungs where one of these megakaryocytes fragments into
3,000 small functional units, platelets. Every step in this complex process of platelet
production can affect the function of the circulating platelet.

1.4.3 The catastrophic event

In an adult human being the gross function of the artery in delivering blood to the heart
muscle can remained unchanged for decades while slow deterioration occurs in its
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component parts. These slow changes produce no symptoms. However myocardial
infarction produces sudden massive pain in the chest. Autopsy studies demonstrate that
this pain is caused by the formation of a blood clot in the artery taking blood to the heart.
This clot is initiated by platelet aggregation. The source of the agents that cause the
aggregation is a sudden rupture of a plaque of atheroma in the arterial wall. This has been
likened to the catastrophic breaking of an aircraft wing after years of metal fatigue. The
contents of the plaque pore out into the blood delivering a high concentration of agents
which stimulate platelets to aggregate. This produces a chain reaction among platelets so
they react as though the body was suffering a life-threatening bleed. This causes the
production of more procoagulant platelets from the bone marrow. This in turn caused
protein ropes to form over the platelet aggregate to stabilize it, making it resistant to
forces which can break up clot. A consequence of this catastrophic biological event is
sudden death or long-term damage to heart muscle causing chronic heart failure.

1.4.4 Therapeutics

Therapeutic intervention to prevent or treat these pathological processes is based on the
study of normal tissues in the laboratory. For example small pieces of rat artery can be
suspended on a wire and agents applied to them which cause then to contract or relax.
Once such a deterministic system has mapped the normal function of an artery, agents
which modify the function can be tested. These tests may be considered as binary, giving
rise to one agent which may become a drug which modifies one element in a very
complex system. The same applies to platelets which can be suspended in plasma in the
laboratory and caused to aggregate in a quantifiable way. Although the experimental
output is elegant dynamic dose response curves again the experiments can be considered
as binary: the results for one agent produce one blocker of a process which can give rise to
one drug. Even though aspirin was developed for the prevention of platelet aggregation
and statins were developed to prevent the slow effect of cholesterol over many years on
the artery wall, people taking both aspirin and statins still suffer fatal myocardial
infarction. The binary study of individual events has not solved the problem of treating or
preventing myocardial infarction.

1.4.5 The system

It is understandable that a complex system has been understood only in part through
deterministic steps since only deterministic experimental methods were used. However
the failure of 50 years of therapeutic science to produce a definitive therapeutic approach
to the prevention or treatment of myocardial infarction must question the use of
deterministic experimentation as the only approach to therapeutics. The biological sys-
tem which delivers blood to the heart in a controlled way is the product of 120 million
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years of mammalian evolution which has produced a complex system. (The simplicity of
physics did not evolve). Both the evolution of the system and the present function of the
system need to be examined as a whole. Modern laboratory science has in fact gone in a
different direction. Molecular biology has the power to examine the products of thou-
sands of genes in samples taken from cells. This science can in fact be considered a
regression from physiology to anatomy: the study of structure; the structure involved in
smaller and smaller events. What may be lacking is progress from physiology and
pathophysiology to study of the complex system as a whole. In this way patterns of
function which are crucial to function might be identified. Further crucial choke points in
dynamic systems might be identified as places where effective intervention might pro-
duce effective therapeutics. In particular the slow change in the arterial wall leading to
atherosclerosis could be modelled and compared to the instantaneous catastrophic
change which causes myocardial infarction. The study of dynamic systems has not been
undertaken in therapeutics since it requires a different language to be applied. The
change from thinking in deterministic quanta to a systems approach requires a cross
disciplinary connection which has been lacking.

1.5 The power of purpose

Diagnosis and disease management will need different models and data. Clinicians use
their experience for diagnosis requesting specific diagnostics based on their analysis of
the symptoms. The choice of measurements depends on experience and they can be
vague and conflicting. Systems models could aid this process but as engineers know the
requirements of a model depend very much on purpose to which it is being put [19]. Here
are a few examples where the purpose dictates model requirements.

Much chemical engineering is based on models which assume homogeneity (“lum-
ped” models) as are some organ models. If we are interested in glucose regulation in the
bloodstream for diabetes for example, lumped models of liver and pancreas give good
prediction of behaviour and allow discovery of system behaviour characteristics [20].
Metabolic dysfunction-associated steatotic liver disease (MASLD) is a condition of accu-
mulation of lipids and fats in the liver and liver cells (hepatocytes) arising from mal-
function in the hepatocyte metabolic processes. Conditions such as MASLD (and also
paracetamol poisoning) do affect the liver cells across the liver in a differential way
resulting in the need for the “distributed” model [21] shown in Figure 1.2. This figure is
explored in more detail in one of the companion articles [22].

Many patients have long standing chronic liver disease resulting in complex man-
agement, hospitalisation, and eventually death. Patients’ condition can be stable for
extended periods and then experience a sudden degradation in their condition without
warning. There are many causes and indicators for this to occur but in this case an early
warning system would need many data points where some causative models may be
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Figure 1.2: An engineering representation of zonated behaviour of hepatocyte cells processing nutrients
from the blood across the liver (from [21]).

more useful than detailed predictive models [23]. The architecture of fault detection
systems used in manufacturing could be used [24].

To control the production of insulin to manage type 1 diabetes Percival et al. [25]
developed and implemented a real time control system using feedback of the glucose
signal to adjust insulin flow in real time. Control algorithms require a precise and
quantifiable objective to enable calculation of control actions. Their controller is a
traditional engineering controller (an Internal Model Control tuned Proportional-
Integral action controller) and has been used successfully on patients.

If we are interested in well-being of non-diseased populations or individuals a model
could be used to investigate the impact of different foods, as defined by their key chemical
ingredients, on metabolism and potential fat accumulation. The model could be used to
explore efficient energy utilisation of nutrients for example.

The optimization and control of physiological processes to treat disease are very
ambitious goals currently with significant limitations. Their effectiveness will depend on
the quality of model predictions. To solve any design or optimisation problem we need to
articulate clearly the design objectives and be able to determine the precise quantifiable
objective function of the optimisation problem. Modellers need to ensure that the key
phenomena related to the required purpose are included. At the moment this is still a
matter of judgement.

1.6 Do we really understand?

Modelling of physiological processes is widespread. There is a huge range of models from
the very simple to the very complex, from the entirely data driven to the fully deter-
ministic and all points in between (see for example collections of papers in [26, 27]). Many
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models have been developed to explore individual phenomena and hypotheses. Fewer
look at systems and even fewer attempt to link together systems. The VPH, Physiome and
HumMod projects referred to above do this.

The multi-scale links between different networks and effects on health are important
and not well integrated yet. Cancer is the result of metabolic defects causing cell prolif-
eration. Causes are varied and unclear but often the result of genetic changes. For
example malfunctions in the epidermal growth factor receptor (EGFR) network is a cause
of some cancers. It is a well-studied network [28] and yet the behaviour and effects of
treatments are not fully understood or predictable because of the huge data re-
quirements for properly characterising its behaviour. The network is very complex and
pathway bypasses can give the cell more robustness resulting in greater proliferation.
Multiple drug targets are necessary which would need to be identified by network
optimisation techniques.

The models to treat MASLD of the liver require both the equations for the metabolism
describing the processing of nutrients to fats and lipids together with the ability to predict
differentiated amounts across the plate of liver cells. Figure 1.2 shows an engineering
representation which uses the approach used for industrial chemical reactors. This re-
quires information on a range of metabolic processes, but particularly accurate infor-
mation on the insulin sensitivity which causes the disease. This is not directly measurable
but can be inferred from experiments allowing the effectiveness of the system to different
treatments to be explored [21]. The behaviours are not fully understood but the engi-
neering approaches to modelling help to direct experimental investigations towards key
data and information required to predict behaviour.

There is still much that is not well understood about human physiology which limits
the contribution modelling can make. But that was also said at the start of the modelling
and simulation revolution in the process industries in the 1950s. Progress can be made by
developing systems, solving partial problems (but considerably more complete than
single individuals can do now), linking these models of systems within systems, and
helping to identify important information that is lacking. This sort of systems biology
work is going on already (see [29] for a recent review) but mostly to aid understanding. As
well as models this requires fitting models together, bringing in data often available in
significant amounts but with mixed quality, and then directing further experiments
resulting in an iterative process between model and experiment.

1.7 What can we do? An expanded role for engineers

Healthcare is a matter of such concern and interest to society that engineering would like
to play a greater role in it. Chemical processes are central to the way our physiology
functions. Physiological processes are much more complex than those we are used to
tackling in manufacturing but engineers have the skill set to help make progress.
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Engineers are adept at using models for solving problems so there is much scope for
using the tools of control and optimization with models and interlinked groups of models
in medicine. A model can be used to optimise an objective such as minimise energy or
minimise a particular metabolic product. Solutions are almost always on constraints
which are often poorly characterised. In the first instance solutions would be most useful
in indicating actions and highlighting their consequences in the systems involved in the
model to highlight physiological effects which might not otherwise be expected because
of the complexity of the system. By bringing together patient databases, with a wide range
of data on patients’ condition, models can become richer and used to understand po-
tential wider effects of treatments. Precision medicine [30] cites the use of large datasets
for guiding therapy but it needs a framework of models to help integrate the data and
incorporate known predictable quantitative behaviour in an efficient way, particularly
for predicting beyond the range of the individual’s known data.

Engineering became a very quantitative discipline many years ago by developing
predictive models and using them to design, control and troubleshoot complex chemical
manufacturing processes. The life and medical sciences is becoming more quantitative.
Engineers are adept at using complex models for decision making, sometimes instructing
decisions in real time or in an advisory capacity. Working together with medical col-
leagues engineers are in a position to help deploy these techniques of design, control and
optimisation in medicine.

By bringing together all information relevant into a model or system of models
engineering methods could help answer questions such as: what is the optimal drug
dosage, timings and location for effective treatment? amongst all the competing phe-
nomena what according to the system models what is the most likely cause of a condition?
amongst all the information available which affect the outcomes most and need therefore
to be most accurate? These are ambitious goals that elude us at the moment but the
explosion of data and models and the deployment of engineering problem-solving tools
will give sufficient information in the future.

The chapters in this book demonstrate some of the progress that chemical engineers
have made in modelling and systems analysis of certain physiological systems.

Engineering methodologies can have a very significant role to play in the future as
the world works towards model-based personalised medicine. It needs joint teams of
engineers, biologists and clinical scientists working together to tackle complex systems
using all information available.

Acknowledgments: The authors would like to thank several medical colleagues for
discussions and collaboration over many years in particular Prof Daniel Hochhauser
(UCL Cancer Institute), Prof Rajiv Jalan (UCL Institute for Liver and Digestive Health) and
Prof Nathan Davies (UCL Institute for Liver and Digestive Health). The authors also thank
William Ashworth for Figure 1.2.



16 —— 1 Asystems engineering approach

References

18.

19.
20.

21.

22.

23.
24.

25.

. Monaco C, Mathiur A, Martin JF. What causes coronary syndromes - applying Koch’s postulates.

Athersclerosis 2005;179:1.

. Bogle IDL, Allen R, Sumner T. The role of computer aided process engineering in physiology and clinical

medicine. Comp Chem Eng 2010;34:763-9.

. Martin JF, Kristansen SD, Mathur A, Grove EL, Choudry FA. The causal role of megakaryocyte-platelet

hyperactivity in acute coronary syndromes. Nat Rev Cardiol 2012;9:658-70.

. Guyton AC, Lindsey AW, Kaufmann BN. Effect of mean circulatory filling pressure and other peripheral

circulatory factors on cardiac output. Am ) Physiol 1955;180:463-8.

. Hall JE. The pioneering use of systems analysis to study cardiac output regulation. AmJ Physiol Regul Integr

Comp Physiol 2004;287. https://doi.org/10.1152/classicessays.00007.2004.

. Noble D. Modeling the heart - from genes to cells to the whole organ. Science 2002; 295, 1678-82, 2002
. Christ B, Dahment U, Herrmann K, Konig M, Reichenbach JR, Ricken T, et al. Computational modeling in liver

surgery. Front Physiol 2017;8:906.

. Yin J. Chemical engineering and virology: challenges and opportunities at the interface. AIChE J 2007;53:

2202-9.

. Netti TA, Baxter LT, Boucher Y, Skalak R, Jain RK. Macro- and microscopic fluid transport in living tissues:

application to solid tumors. AIChE | 1997;43:818-34.

. Peppas NA, Langer R. Origins and development of biomedical engineering within Chemical Engineering.

Aiche | 2004;50/3:536-46.

. Bogle IDL. Recent developments in process systems engineering as applied to medicine. Curr Opin Chem

Eng 2012;1:453-8.

. Vodovotz Y, An G, Androulakis IP. A systems engineering perspective on homeostasis and disease. Front

Bioeng Biotechnol 2013;1:6.

. Androulakis IP. A chemical engineer’s perspective on health and disease. Comput Chem Eng 2014;71:

665-71.

. Parker RS, Clermont G. Systems engineering medicine: engineering the inflammation response to

infectious and traumatic challenges. J R Soc Interface 2010;7:989-1013.

. Sharp P, Jacks T, Hockfield S. Convergence: the future of health. Cambridge: MIT; 2016.
. Sherwood L Human physiology: from cells to systems, 7th ed. Baltimore: Brook/Cole; 2010.
. Kapellos GE, Alexiou TS, and Payatakes AC. Theoretical modeling of fluid flow in cellular biological media:

an overview. Math Biosci 2010;225/2:83-93

Lee MJ, Ye AS, Gardino AK, Heijink AM, Sorger PK, MacBeath G, et al. Sequential application of anticancer
drugs enhances cell death by rewiring apoptotic signalling networks. Cell 2012;149:780-94.

Hangos KM, Cameron IT. Process modeling and model analysis. Cambridge: Academic Press; 2001.
Sumner T, Hetherington J, Seymour RM, Li L, Varela RM, Margoninski O, et al. A composite computational
model of liver glucose homeostasis. Part 2: exploring system behaviour. ] R Soc Interface 2012;9/69:701-6.
Ashworth W, Davies N, Bogle IDL (2016) A computational model of hepatic energy metabolism:
understanding zonated damage and steatosis in NAFLD. PLoS Comput Biol. 2016;12:1005105.

Liao Y, Davies N, Bogle IDL. Computational modelling of the liver system and liver disease. Phys Sci Rev
2025;10:51-78.

Schuppan D, Afdhal NH. Liver cirrhosis. Lancet 2008;371:838-5.

Reis MS, Gins G. Industrial process monitoring in the big data/industry 4.0 era: from detection, to
diagnosis, to prognosis. Processes 2017;5:35.

Percival MW, Dassau E, Zisser H, Jovanovic L, Doyle FJ. Practical approach to design and implementation of a
control algorithm in an artificial pancreatic beta cell. Ind Eng Chem Res 2009;48:6059-67.


https://doi.org/10.1152/classicessays.00007.2004

26.

27.

28.

29.

30.

References =—— 17

Batzel JJ, Bachar M, Karemaker JM, Kappel F. Merging mathematical and physiological knowledge:
dimensions and challenges. In: Batzel J), editors. Mathematical modeling and validation in physiology.
Lecture notes in Mathematics 2064. Berlin: Springer; 2013.

Coveney PV, Diaz V, Hunter P, Viceconti M. Computational biomedicine: modelling the human body.
Oxford, UK: Oxford University Press; 2014.

Avraham R, Yarden Y. Feedback regulation of EGFR signalling: decision making by early and delayed loops.
Nat Rev Mol Cell Biol 2011;12:104-17.

Allen R, Ridley A, Bogle IDL. Amodel of localised Rac1 activation in endothelial cells due to fluid flow. ] Theor
Biol 2011;280/1:34-42.

Bahcall O. Precision medicine. Nature 2015;526:335.



	1 A systems engineering approach to medicine
	1.1 Introduction
	1.2 Physiological systems and complexity
	1.3 How complicated can this really be?
	1.4 An example: the cardiovascular system
	1.4.1 The arterial wall
	1.4.2 The blood
	1.4.3 The catastrophic event
	1.4.4 Therapeutics
	1.4.5 The system

	1.5 The power of purpose
	1.6 Do we really understand?
	1.7 What can we do? An expanded role for engineers
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


