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Medical Devices and Data

The miniaturization of electronics has driven a huge innovation in medical instruments. Medical-grade systems are now able to be sent home with patients, alongside small, portable devices for monitoring sports performance, stress, and lifestyle.

The core ideas behind these devices originated about 130 years ago, but they are now made cheaply and are readily available in consumer devices like smart watches, as well as in new diagnostic instruments.

Medical Devices and Data: Technology to Instrument the Body and Its Interpretation focuses on three key questions: How do these new instruments work? How do they interpret their data? And when do they err? It also identifies the key factors that are driving this innovation further.

This text is written for those who would like to understand non-invasive medical instruments in more detail. It is written in an accessible manner, and no formal background in science, engineering, or medicine is required. Some equations are used where necessary, but calculus is avoided. This book explains the key ideas behind the advanced techniques used. All data, software, and figures used in this book are made available online at the following link: https//bitbucket.org/biomedical-instrumentation/book.

Key features:


	– Explores the design and use of medical instrumentation, seeking to explain the data measured and how it relates to body processes.

	– Discusses what these devices mean: modern instruments give a whole range of indications: from basic (heart rate) to much more complicated (sleep quality score). For users of these devices, this book hopes to shed some light on the information available.

	– Details when results can be trusted and how to cast a critical eye over the accuracy and interpretation of these instruments.



Andy Adler is a Canada Research Professor in Biomedical Engineering in Systems and Computer Engineering at Carleton University in Ottawa, Canada. His research interests are broadly in the area of biomedical measurement and robust data analysis. He is the author of ten book chapters, four patents, eighty-eight journals, and 190 conference papers. A main focus of his work is technologies for imaging the body using small applied electrical currents. He has also been active in translation of the technology to the bedside, working with both start-up and established med-tech companies. He is the editor of Electrical Impedance Tomography, Second Edition (CRC Press, 2021).ii
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Foreword

The 21st century has seen an incredible and accelerating miniaturization of computers. Complete computers are available on single chips costing a few dollars and weighing less than a gram.

This book is about non-invasive medical instruments. As we will see, the earliest ideas of recording the heart rate as a numerical value were from renaissance Europe. Instruments were bulky and inconvenient. However, numerical medical data provides big benefits. Most importantly, tracking health over time allows us to monitor the progress and remission of diseases. In addition, instruments make healthcare more affordable. A doctor can interpret the numbers and ask a technician, or the equipment itself, to make the recording.

The miniaturization of electronics has driven a huge innovation in medical instruments. Medical-grade systems are sent home with patients. We also see sports monitoring and lifestyle and stress devices. Most smart matches now include these instruments.

This text is written for those who would like to understand these instruments in more detail. It is written for a general science audience. Equations are used where necessary, but we avoid calculus. The goal is not to explain the advanced techniques used. Instead, we hope to clarify the key ideas that motivate the many ideas out there.

Your author is naturally sceptical and tends to focus on the downsides and problems with any technology. However, it’s valuable to first underline the amazing benefits of our “data revolution”. Medical data and knowledge have been democratized! Individuals are now able to make measurements for themselves, just as they are able to read open science papers. More likely, the average person will ask an AI agent to summarize the science and to purchase devices that perform the analysis for them. Beyond simply making medical information available to average citizens, the knowledge is immediate. Your blood pressure measured at the doctor’s office is a rare measurement when you may feel unwell; your – repeated – blood pressure measured at home is a better reflection of your lived condition.

For these reasons, we want to understand these instruments better:


	Design and use of medical instrumentation: non-invasive medical instruments are used not only in medicine, but for health, stress, and environmental monitoring. We seek to explain how the data are measured and how they relate to the body processes.

	Understanding what the measurements mean: modern instruments give a whole range of indications: from the basic (heart rate) to much more xiicomplicated (sleep quality score). For users of these devices, we hope to shed some light on what information is available.

	When can the results be trusted: there is a tendency to find numerical results inherently trustworthy. But the best any instrument can do – with a system as complex as the body – is to create an estimate. When are these estimates useful?



In addition to the advantages, there are many reasons to worry about the accuracy of the results and interpretations of many of these instruments. In several fields of science, this has been called the “reproducibility crisis” – where key findings cannot be repeated by future experiments. As algorithms become increasingly more complex, the systems become fragile: this is increasingly true with modern machine-learning approaches, as powerful as they are.

The key advice to conducting reproducible research is “open science” [5]. This means documenting and recording each step in the process. To encourage this, all data, software, and figures used in this book are made available. Software, data, and other source code at bitbucket.org,1 and figures (under a creative-commons CC license) at zenodo.2 For those who wish to use this as a textbook for a course on medical instrumentation, a set of questions for each chapter is provided.3

We underline the importance of interpretation. As you read this text, each receptor cell in your eyes detects dots of light. In order to see, we need our brain to interpret this mass of signals as words and sentences. To clarify this process, we begin the next chapter with Plato.

This book represents many years of trying to explain and work with these concepts with students and colleagues. The author would like to thank all of them for insightful conversations, suggestions, and criticism.

Andy Adler

Ottawa, November 2025 [image: A close up view shows the portrait of Andy Adler.]


Notes


	bitbucket.org/biomedical-instrumentation/book Return to text.⏎

	doi.org/10.5281/zenodo.16732424 Return to text.⏎

	bitbucket.org/biomedical-instrumentation/book/src/main/questions Return to text.⏎








1
Chapter 1 Introduction
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Three innovations at the turn of the 20th century changed medicine. In 1895, Wilhelm Rontgen discovered X-rays and founded the field of medical imaging. In 1896, Scipione Riva Rocci developed the mercury Sphygmomanometer – allowing blood pressure measurement with a rubber cuff (Chapter 9). In 1901, Willem Einthoven refined the string galvanometer to measure the heart’s electrical activity (Chapter 11).

All these innovations had one thing in common. They were non-invasive, meaning that information about the inside of the body could be obtained from the measurement on the outside. No cutting required!

The value is obvious: patient measurements were now much easier. We could also measure repeatedly to monitor the effects of treatment. Unfortunately, X-rays weren’t really non-invasive. X-rays were even used for fitting shoes from the 1920s, until it was realized that there were long-term risks from radiation exposure. Of course, the shoe retail industry initially argued that X-ray harm was offset by preventing harm to customers’ feet from poorly fitting shoes. Many other industries – like tobacco – have followed in these “shoes”.

These innovations changed medicine in another way. They were bulky and initially expensive. A home-calling doctor could not carry the machines to patients. Instead, patients visited the hospital for assessment. This was part of the hospitalization of health care, a big trend of 20th-century medicine. The discovery of antibiotics a few decades later addressed the main risk of hospitals – infection from other patients and staff.

We are now witnessing a dramatic new phase in this trend: small, portable, non-invasive medical instruments. The core ideas of these pioneers 130 years ago are now made cheaply and are available in consumer devices like watches as well as in new diagnostic instruments.

This is the focus of this book: how do these new instruments work, how do they interpret their data, and when do they err? We identify two factors that are driving this innovation:


	Electronics miniaturization: we now have small and cheap instruments to measure light, voltage, sound, as well as to acquire the data and process the results.

	2Advanced analysis: developments in computer algorithms to process and interpret the measured data.



Miniaturization and advanced analysis techniques mean we are increasingly seeing non-medical uses, for fitness and lifestyle applications, such as stress and sleep monitors. But also – more ominously – security and tracking devices. For example, a driver-drowsiness monitor provides useful information not only to a driver but also to the vendor of automobile insurance and a driver’s licensing agency.

These instruments don’t directly measure the variables of interest. A stethoscope with a pressure cuff measures the sound generated by moving blood; the blood pressure must be interpreted by a trained technician. This type of interpretation is now done by computer algorithm. But of course, algorithms don’t always give the right answer.

Advanced instruments and analysis allow high-level parameters, such as a “stress level” or a “sleep quality score”. But there is a key problem. We know what heart rate (HR) means, and that HR can be elevated because of stress, disease or recovering from exercise. By contrast, high-level parameters are hard to interpret. What is a “sleep score”? Is it ever “bad”, and what should we do about it?

To begin, let’s look at the most important allegory about the human quest to measure and interpret the world.


1.1 Data Interpretation

Plato gave us one of the most vivid metaphors for the human condition. In the parable of the cave (Figure 1.1), we are invited to imagine ourselves chained to a wall, unable to sense the “real” world [82]. All we can see are shadows cast against the wall by the light of flickering fires that illuminate the world’s objects. We are not content with this fate, however, but long to be free: to escape our chains and live in the outside world – where we can see and interact with things as they really are.


[image: An illustration of Plato's Allegory of the Cave showing chained prisoners.]
Go to Extended Description
Figure 1.1 Illustration of Plato’s parable of the cave. At left, slaves see only flickering shadows. At right, the free see things as they are. Return to text.⏎

3This parable has been interpreted in two primary ways: telling us about how we learn about what is real (the philosophical term is epistemology) and about the human quest for freedom (thus a political interpretation). This is a book about medical data and its interpretation, and we will focus on the first aspect.

However, it is interesting to note that the two interpretations are not completely independent. One common policy of dictators is to obscure citizens’ access to the facts. Often this is done by making much contradictory “noise” in the public space. All of the noise obscures the truth and leads citizens to feel anything – and nothing – could be true [96]. In this sense, freedom and access to truth are closely related.

Returning to our poor slaves who see only shadows, this is the case of any scientist or doctor: the things we would really like to know are hidden from us, except by the traces left in the measurements from our instruments.

A historian would love to walk on ancient Athens’ streets and watch Plato talk; unfortunately, he can only read old texts and pottery. A cardiologist would want to know the beat-by-beat flows and pressures in each blood vessel and throughout a patient’s day. Instead, she can read measurements made on the body surface or a scan made when the patient visits a clinic.

To gain more detailed knowledge, we can add more and invasive instruments. For example, complex physiological changes occur at birth, and these are affected by clinical treatment decisions. These changes can be understood in animal models. For example, in [99], both sheep mothers and the in-utero lambs were instrumented, and, using these instruments, continuous measurements were made in the mother and newborn during and after birth. But, of course, this only tells us about those lambs’ birth. It doesn’t quite tell us what we really want to know: how to improve treatments for human babies.

Clearly, we need to extrapolate: how similar (and different) is this lamb from human babies? But even if we make measurements on human babies, we can’t – ethically – measure all the quantities we would like to. And even if we could have all the measurements we would like on human babies, there is tremendous variability between individuals, and the data we have don’t necessarily tell us about the individual baby we are interested in.

We are thus, always, to some extent, in Plato’s shadows. The remainder of this chapter considers the “shadows”. In what ways do they perturb our access to the real, and in what ways are we still able to make reasonably reliable conclusions?



1.2 Sense And Sensitivity

This book is concerned with instrumentation, measurement, and interpretation of the resulting data. Our slaves have an instrument, the projection of the world (the models of horses and people) onto the shadows, and from this they try to make sense of the world.

The concept of sensitivity is the key characteristic of a measurement system. To be sensitive is to be aware of others. By analogy, a sensitive instrument responds to its measurand, x, the quantity subject to measurement. Our instrument f(⋅) 4produces an output y=f(x), determined by the value of the measurand, but it may also be sensitive to other variables x2,x3,… in which case we would write y=f(x,x2,x3,…).

Sensitivity, S, is defined in two ways. The first way is useful to characterize instrument output, y, over the range of input values. For example, a liquid thermometer (Figure 1.2) has a useful linear range where the height of the column y is directly proportional to the temperature x. For example, when the temperature changes from x=10to16∘C, the height of the mercury column may increase from y =8 to 11 mm. In this case, the sensitivity, S=Δy∕Δx is constant in this linear range: S=11-8mm16-10∘C=0.5mm∘C.


[image: A combined plot shows a line graph of height versus temperature, alongside a thermometer and a status indicator indicating flu and elevated temperature conditions.]
Go to Extended Description
Figure 1.2 In a liquid thermometer (centre), the liquid expands with temperature (right). Within the linear range, (left) it has a sensitivity, S=Δy/Δx. The thermometer can be used to make a decision, such as whether a person has the flu, but only some people (red) have elevated temperature. In this case, sensitivity is the true positive rate. Return to text.⏎

Below a certain temperature, S is low as the all the liquid is in bulb. Since the bulb is large, changes in the volume of the liquid only make small changes in liquid height. Above a maximum temperature, the liquid will leak out of the tube and the sensitivity is zero; there is no longer a change in y with x. These high temperatures will also ruin our instrument!

Typically, we don’t just measure for fun; rather we use our instrument to make a decision – a diagnosis: for example, does a patient have the flu? The decision may be right or wrong, and in this case, the sensitivity is the fraction of times we are right S = (# cases of flu with elevated T)/(# cases of flu). This can also be called the true-positive rate (see Chapter 5).



1.3 Movements In The Shadows

The cave allegory is useful to illustrate many ways in which measurement-system characteristics affect the interpretation. We will illustrate the issues here; see [41] for a mathematical treatment. Figure 1.3 illustrates the fire, the movement of a horse model, and the slaves’ view of the shadows.


[image: An illustration combines a Trojan Horse scene with a scientific explanation of the pinhole camera effect.]
Go to Extended Description
Figure 1.3 Uncertainties in information from the shadows. Dark and light boxes illustrate the depth of shadow. The horse model can move different directions, while the fire flickers. Return to text.⏎

In this case, the sensitivity corresponds to the magnification, M =(size on shadow)/(size on horse).

We have an magnification, defined by the geometry, M=di∕do.

In an instrumentation system, M, in most cases, can be determined by 5calibration. An object with a known size is measured and the value of M determined.

The value of M may be unknown, and its value may change over time. Sometimes it’s important to know M exactly. On the other hand, we are often more interested in changes (trends) than the absolute measurements, in which case an uncertain value of M is not a problem, as long as its value is not changing over time.

Next, we consider the movement of the horse. Movements in the plane (up-down and left-right) lead to large changes in the shadows, with the same M as the overall image. For example, if we have a horse model do=2m from the fire and a shadow di=8m, here M=8m∕2m=4. This value of M means a side-to-side movement of the model by 1 cm will move each corresponding part of the shadows by M×1cm=4cm.

However, the shadows are not equally sensitive to all types of movements. Outof-plane movements (forward-backward) have much lower sensitivity than in-plane movements. Movement of the model towards the fire will make the shadow increase in size1. For a 1 cm movement towards the fire M, increases by 0.01m×126m∕2m2=0.01. Thus our 1 cm movement leads to a corresponding movement of the shadow by 0.1 mm.

Using our analogy, the slaves cannot perceive nature directly, but have an instrument to make measurements. The instrument can be characterized by a sensitivity, where certain characteristics of nature (side-to-side movements) can be measured more easily and lead to large observed changes in measurements. On the other hand, not all characteristics can be measured, or if they can be measured, sensitivity is 6low: backward-forward movement only leads to small observed changes; the colour of the horse model cannot be seen at all.

In general then, to interpret an instrument’s measurements, we need to understand its sensitivity: what characteristics can it measure well, which are poorly measured or not measured at all, and which lead to distorted representations?



1.4 Blurry Shadows Of A Flickering Fire

Our slaves’ view of the world is actually worse than we considered in the previous section. In addition to the limitations of the shadows’ sensitivity, the shadows are blurry and unstable.

The blur of the shadows is caused by the size of the fire as a source of light and would not be present for a point light source. In Figure 1.3, each shadow is shown in two parts, at the centre, the umbra, where all light is blocked, and on the sides, the penumbra, where only some light is blocked. This partial shadow is not uniform, but slowly varies from dark to light as one moves from umbra outside the shadow.

How does the blur affect our slaves’ perceptions? By reducing the ease with which small movements and small objects can be detected. In our example, if the fire is 20 cm wide, the penumbra width will be 20cm×(di-do)∕do=60cm. A small movement of the horse model will not lead to movement of a clean, easily-visible edge. Instead, there are gradual changes of light intensity in the partially shadowed region, which is much more difficult to interpret. Similarly a very small object will be lost in the blurred region: it would not be easy for the slaves to see if the horse has saddle bags.

Even worse for the slaves, the fire flickers; the flames dance around and the illumination is constantly changing. These changes in illumination mean that the shadows keep moving, even if the horse model does not. The situation seems impossible: how can the slaves know if the horse is moving if any movement could either be real or just from the defects of the fire as our instrument. As we will see later, there is much that can be done with these measurements. First, large movement cannot be due to the fire, they must be the horse. Additionally, we can learn about the characteristics of the flickering. The fire, while random, moves in typical ways. With a knowledge of these patterns, we can better filter flickering from real movement (Chapter 19).

The previous section characterized this instrument using the first meaning of sensitivity, instrument output/input. However, the effect of blur and flickering is best understood in the second sense – the ability to make correct predictions. We may wish to determine which horse has saddle bags; if the blurring and flickering were reduced, then our guesses would be more accurate, and our instrument would have higher sensitivity.



1.5 Discussion

7Plato’s cave is a profound philosophical analogy, and it may at first seem unrelated to medical data and its interpretation. Nevertheless, it is a useful introduction to many of the key concerns we consider later.


	Measurements vs measurand: We almost never have access to the information we want, but instead have an instrument that gives us partial information. Understanding the defects of the instrument is vital to correct interpretation.

	Partial sensitivity: Instruments are sensitive to some aspects of the world, but less or not at all sensitive to others. Additionally, some changes lead to distortions (movement to magnifications), which are then mixed with other measurements.

	Calibration and trending: It is not always possible to get an absolute calibration (we may never know the size of the horse) but often what we want is the changes over time (trending).

	Blurring and noise: Instruments have inaccuracies. Blurring makes it difficult to detect small features, and noise (flickering) means measurements change over time. These inaccuracies decrease our ability to make predictions using the instrument (the second sensitivity).



A note on the terms “real” and “truth”. Of course there is no such easy-to-describe thing. Full information would only come from a quantum-level uncertainty model of each atom in the horse. We will never have the full information; we need to settle for less – perhaps the outline of the body.

When we discuss instruments and their errors, we will be interested in how close the reported value is to the correct one. Various terms are used for the correct value: the “ground truth”, a “gold standard” (Chapter 5).

This chapter illustrates a key theme of this book: we don’t have access to the “true” information, but rather to our measurements of it, which are typically distorted in various ways. The challenge is twofold: first, we want to learn as much as possible from the distorted measurements we have, and second, we want to be aware of the ways in which we might still be wrong.

This quantity is a model, a substitute, for the real thing, which hopefully tells us enough to answer the questions we care about. “All models are wrong, but some are useful”[14]. This issue is an important one: can we know when our models are so wrong that they are no longer useful?



1.6 Summary


	Three key inventions in 1895–1901 changed medicine by allowing non-invasive investigation of the body: X-rays, blood pressure cuff, and electrocardiogram.

	Current innovations in sensors and computer processing are leading another era of big changes in medical instruments and interpretations.

	8Plato’s allegory of the Cave describes slaves who can only see the flickering shadows of real things. It is a profound metaphor for human attempts to learn. The main interpretation is that what we can see and measure is a “pale reflection” of what is real.

	Sensitivity has two meanings: the rate of change of a measurement with respect to the quantity of interest, and the true-positive rate of a decision.

	A given measurement may have different sensitivity to different aspects of the quantity of interest; it may also be subject to perturbations and interference.

	By knowing the details and limitations of our measurement instrument, we are able to make better inferences and estimates about the quantities of interest.





Notes


	For a small movement Δdi, the magnification change is dMddo×Δdo, where dMddo=-12di∕do2. Return to text.⏎
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Finite element models (FEMs) look very “sciency”. In Figure 2.1, we show one example of a human torso and the heart and lungs. The finite elements in the model are shown as the triangles in (a) and (c). Each element is a triangular pyramid (tetrahedron). Any shape can be divided into these elements, and the accuracy of the fit to the shape improves as we use more elements. Even better, the approximation can be refined in regions where we need high accuracy. In (c), one can see a much finer triangular mesh near the boundaries of organs. This model uses 6.9 M elements, but would need a million times more if all elements were as small as the finest ones.

An Fem looks visually impressive. It contains real-world information overlayed with fancy computer-graphics effects (note the shading and reflective illumination). The original data for our figure comes from an Mri of a healthy 22-year-old, 65 kg man, which was segmented and made available for exactly the kind of modelling we 10
will do in this book. Segmentation is the process of finding the boundaries and then labelling each tissue type; here we use the lungs, heart, and major blood vessels.


[image: A three-panel illustration of a computational human torso model, focusing on the heart.]
Go to Extended Description
Figure 2.1 (a) Fem based on segmented Mri data [76], using 6.9 m tetrahedral elements: (b) shows the heart; main arteries (red) and veins (blue); (c) shows a slice through the central plane, including the element boundaries. Return to text.⏎

Once you have a model, you can make predictions. We have built a tool to place electrodes (green dots) onto the model and then to simulate (i.e., predict) how electricity propagates in the body [3]. The theory of FEMs is complicated [95], but the basic concept is not too difficult (Section 2.3). However, as with much of science, there are now many tools (as free software or proprietary) which will solve FEMs efficiently. For the interested reader, the software to reproduce the calculations and images in this book is available.1

First consider a single, triangular element and choose as parameters the voltage at each corner (node). We assume constant electrical properties (conductivity) on the finite element. This is reasonable if the segmentation was good, and the element represents one tissue type. The electrical current that flows depends on the voltages and conductivity and can be represented as a resistor network. This allows us to represent the physics of electricity onto each element, and then we solve it by algebra.


2.1 Anatomic And Physiological Models

Anatomy studies the internal structure of organisms and their parts. It is often contrasted with physiology which studies the functions and mechanisms. We use these terms extensively in this book, but they aren’t independent. This book takes the perspective that the function (physiology) is what’s important to a body; the structure (anatomy) matters because it helps achieve that function.

Models help us take this functional perspective. They can clarify the way in which structure influences function. The next sections show two models: a detailed model used to understand the propagation of electricity in the body, and a simpler model of pressures and flows of blood. What unifies these two models is the concept of flow, a quantity moving over time. In some cases, such as electricity, flow has a special unit, Coul/s = Amps, while in others, such as flow of blood through a vessel or the heart (mlblood/min) no special unit is used. In many biological functions, flow is the key to understanding function, such as in Chapter 3 where we consider oxygen transport.



2.2 Blood Flow

Figure 2.2 illustrates blood flow through tissues (a quantity also called perfusion). Blood in arteries (at a pressure Pa) travels through increasingly smaller vessels until it reaches a capillary network, after which it travels through larger vessels to reach the veins (pressurePv). The capillaries have thin walls, and it is here that the nutrients and oxygen in blood are delivered to the tissues, while waste is collected.

The model simplifies this complexity, by representing pressure in arteries and veins by a single, uniform pressure. This simplification is actually fairly accurate for real flows and pressures. Here, the complex network of capillaries is represented 11 by a flow resistance, R. Given blood flow, Q, through the narrow vessels, we have


Pa-Pv=ΔP=QR.(2.1)


[image: An illustration shows the anatomical structure of a capillary bed, with blood flowing from an artery through capillaries to a vein.]
Go to Extended Description
Figure 2.2 A capillary network with resistance R, between an artery and vein (pressuresPaandPv) and the direction of blood flow (Q). A single-compartment model of the network is shown below. Return to text.⏎

For example, a study of blood flow to leg muscles during intense exercise measured 5.7 L/min at a difference in blood pressure of 130 mmHg [6], so flow resistance would be R=130mmHg5700mL∕min=23mm Hgml∕min.

What is the value of this model? First, it allows us to understand observations. If blood pressure drops, so will blood flow. This can explain many effects. For example, rapidly standing after sitting can decrease blood pressure in the brain. Our model predicts reduced perfusion to brain tissue, helping explain the feelings of faintness.

We can also make predictions. To optimize muscle performance, we need to deliver lots of oxygen and thus lots of blood. The equation shows that Q will increases if P increases or if R falls. It turns out that bodies do both: the heart pumps blood harder and blood vessels open up. The blood vessels which open are the small arteries which open as the smooth muscle which surrounds them relaxes.



2.3 Electrical Models

The Fem of Figure 2.1 is designed to model electricity in the body. In the first application, electrically active tissues, such as the heart muscle, generate an electrical signal and these signals propagate to the body surface where they can be picked up at electrodes (Chapter 11). The other application is to understand how electrical energy applied to the body surface travels within the body (Chapter 13).

Figure 2.3 illustrates how an Fem is solved. First, a parameterization is chosen to represent the quantities of interest onto the model. Here we use the voltage at each node (corner). Next, the equations of physics are solved on each triangle as a function of the unknown parameters. This can be simplified so each edge is a resistor, R=(σcotθ)-1, where σ is the conductivity of the element, and θ is the 12opposite angle. The equations of flow of electrical current are very similar to fluid flow, ΔV=IR, where current I is in units of the flow of charge, Coul/s = A, and resistance R has units VoltCoul∕s=Ω. The equations on each edge are then assembled into a global matrix equation linking all the unknowns. Finally, the equation is solved taking into account known values at the boundary (the voltage or current at active nodes is set, and we impose the condition that no current flows on on insulating boundaries).


[image: An illustration shows a transformation of a complex network, where a central node has three colored connections to external points.]
Go to Extended Description
Figure 2.3 Solving a Fem. Left: a triangular mesh converted to equivalent resistors (black). At right, parallel resistors (coloured pairs) are converted into equivalent resistances and the voltage distribution on the entire mesh solved. Return to text.⏎



2.4 AC/DC

Up to this point, we have considered pressures and flows which are constant as a function of time. For electrical current, this is known as direct current (DC).

Normally, current flows in proportion to the voltage, and the relationship is described by Ohm’s law:


V=IR.(2.2)

A higher resistance means that less current will flow for the same applied voltage, just like for fluid flow (Equation 2.1), where a smaller diameter vessel will see less flow for a given pressure.

The behaviour of a system can vary dramatically from what it does at DC. Instead of considering only constant currents and voltages, we are also interested in those which vary over time. We next consider alternating current (AC) systems, in which voltages, pressures, and flows vary as a sine wave over time. For example, Figure 2.4 shows a voltage V=V0sin(2πft) with a frequency fHz=cycless and amplitude V0. Here t is time [s] and sin is a function of radians.

Figure 2.4 illustrates the flow of sinusoidal voltage and current. Two electrical elements are shown: the resistor, in which current is proportional to voltage (Ohm’s law). The other element shown is a capacitor, which blocks constant- (DC) but allows alternating current to flow. The capacitor behaves like a flexible diaphragm for fluid flow. Applied pressure will initially bend the diaphragm and a small amount of fluid will flow. Soon, the diaphragm is bent as much as the applied pressure can force it, and flow stops. But for alternating pressure, fluid will flow again when the 13applied pressure reverses, and the diaphragm bends in the other direction. This flow is a displacement current for an electrical system. This alternating flow differs from DC flow in another way; it is out of phase with respect to the applied pressure. Displacement current is maximum when the diaphragm is in the centre, and is thus 90∘ out of phase with the applied voltage (pressure).


[image: An illustration shows the relationship between alternating voltage and current in a resistor-capacitor circuit, along with phasor representations over one complete cycle.]
Go to Extended Description
Figure 2.4 Current flow in flow resistors (R, narrowed pipe) and capacitors (C, diaphragm). Flow is in-phase with ∆V in R, but out-of-phase in C. Bottom: current flow in R and C as a phasor. Return to text.⏎

The effects of in- and out-of-phase currents and voltages can be represented using complex numbers. If in response to 3 V, 4 mA flows in-phase in the resistor and 3 mA flows with a 90◦ lag in the capacitor, then current I=(4-3i)mA flows, where i=-1 is the imaginary number. We represent flows that lead the pressure as positive, and flows which lag as negative imaginary numbers. An AC value represented as a complex number is a phasor. As illustrated in lower images in Figure 2.4, it can also be described by a magnitude |I|=42+(-3)2=5mA and an angle ∠I=tan-143=53∘.

Once we use complex values for voltage and current, then the relationship between them is also a complex number, now called the electrical impedance and represented as Z = R + Xi.

In many ways, the use of complex numbers is a convenient trick: there is no “imaginary current”, only current in- and out-of-phase with respect to the driving voltage. Mathematical “tricks” are useful, but can be confusing and intimidating, since they’re so counterintuitive. Sometimes the ideas are presented as though they’re obvious: it’s worth keeping in mind the generations of scientists and mathematicians who struggled to find such tricks.

It may seem limiting to consider only sine waves; real-world signals, like the pressure generated by the heart, are complicated signals. Any signal can be 14de-composed into a sum of sine-wave components. If the system is linear, then we can calculate the response to each frequency, and then reassemble these responses to get the overall behaviour of the system. We see analysis using frequencies in Chapter 19.

A linear system is one where adding the inputs leads to an output which is the sum of the output of each input individually. Luckily, many systems are linear or almost linear. Our two flow systems, for electrical current and fluid flow, behave very linearly for biological fluids and over the range of pressures and voltages seen in bodies and non-invasive instruments.



2.5 Bulk Purchase

So far we have considered lumped parameters. When we specify the resistance, R, that is how it behaves in an external circuit. The shape and internal configuration are irrelevant – we lump all of that together and measure its value.

At other times, we are interested in the properties of the individual regions which make up a resistor. These are the bulk parameters, which represent the characteristics within the bulk of the medium.

Figure 2.5 shows the relationship. A resistor has conductive plates of area A at each end of a uniform material with resistivity, ρ, of length, ℓ. The lumped parameter, resistance, R=ℓAρ. For electrical properties, the conductivity, σ=ρ-1 is the inverse of the resistivity, corresponding to the definition of the conductance, G=R-1, as the inverse of resistance.


[image: A rectangular prism representing a material with electrical properties, indicating its length, cross sectional area, and an equation describing resistivity.]
Go to Extended Description
Figure 2.5 CResistor with resistivity, ρ; resistance R=ρ×ℓ/A. Return to text.⏎

Each out-of-phase component (Section 2.4) has well-defined symbols for the lumped properties. Unfortunately, the bulk parameter symbols vary. We show common symbols here. We consider tissue electrical imaging in Chapter 13, where we use the term complex conductivity for the admittivity, σ* (Table 2.1).


Table 2.1 Lumped and Bulk Parameters of Resistive Materials. Return to text.⏎


	Lumped
	
	
	Bulk





	Resistance
	R
	ρ
	Resistivity



	Reactance
	X
	ρ"
	Reactivity



	Impedance
	Z = R + iX
	ρ*=ρ+iρ"
	Impedivity



	Conductance
	G
	σ
	Conductivity



	Susceptance
	B
	σ"
	Susceptivity



	Admittance
	Y = G + iB
	σ*=σ+iσ"
	Admittivity







2.6 Model Parameters

15Models like the ones shown are key to a scientific understanding of a body. They allow us to focus on some details and ignore other ones. The Fem above can predict the electrical flows in the body, and with modifications to the equations, the model can be used to predict how light, microwaves, or other electromagnetic energy travels through the body. If the frequency is extremely low, then a DC model using only resistances is accurate. If the frequency is larger, but the wavelength of the electromagnetic energy is large compared to the size of the body, then complex impedances are an accurate model. At higher frequencies, more accurate electromagnetic models are needed.

A model is thus a simplified mathematical description of system, which can be used to help make calculations and predictions. It is simplified in the sense that models ignore some details – hopefully ones which don’t affect our system. The blood pressure model assumes that blood, lungs, and tissues are homogeneous, meaning they have uniform properties throughout the tissue. Both of these assumptions are not strictly true. We hope (but need to check) that they are reasonably accurate and represent a good step toward understanding the system.

The parameters of the model are the unknowns that represent our system, the blood pressure and flow or the electrical voltage and flow. A good model is typically one that chooses relevant and easy-to-understand parameters. It’s good practice to avoid too many parameters, since that reduces the clarity. Simple models are inaccurate in simple, easy-to-understand ways. Complex models break down in hard-to-understand ways. Generally, we want to start with a simple model and add complexity as needed, reflecting the advice of Einstein: “Everything should be made as simple as possible, but not simpler”.



2.7 Summary


	Mathematical models are key to understanding and predicting systems.

	Anatomical models study the internal structures of organisms. Physiological models study the functions and mechanisms.

	Blood flow in tissue typically follows a linear equation: ∆P = QR.

	Many different pressure units are used in medicine: mmHg, cmH2O, kPa.

	Capacitance and resistance can be described by a complex-valued “impedance”.

	Model parameters are the changeable values in model. Generally, a more complicated model has more parameters.





Notes


	bitbucket.org/biomedical-instrumentation/book, using our software [3] and [43]. Return to text.⏎
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		Figure 2.4 Current flow in flow resistors (R, narrowed pipe) and capacitors (C, diaphragm). Flow is in-phase with ∆V in R, but out-of-phase in C. Bottom: current flow in R and C as a phasor.
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		Figure 13.4 A stainless-steel polarizable (left) compared to an Ag-AgCl nonpolarizable (right) electrode, including a (rough) circuit model. The non-polarizable electrode allows DC current to flow through a chemical reaction. At higher frequencies, displacement currents flow in both electrode types.



		Figure 13.5 Configuration of two Bia sensors, illustrating (in colour) the distribution of current through the body.



		Figure 13.6 Right: a 10-day old newborn with Eit electrodes [51]. Images: Fem models of the baby’s body geometry and current flow between the indicated electrodes. Equipotential lines are shown and the changes resulting from the decrease in heart volume during systole.



		Figure 13.7 Eit images of a transverse slice of the thorax (Figure 13.6) as frames over time (top). Bottom: waveforms of pixels in the heart and lung.



		Figure 13.8 Fem Model of impedance-cardiography measurements (a & b). Trans-verse slice image shows lines of equal voltage (equipotentials) for diastole (c) and systole (d). (e) Sensitivity (darker = more sensitive) distribution to impedance changes.



		Figure 13.9 Sample of measured data, showing the Ecg, BioZ and Ppg (arbirary units) at rest (t < 310 s), exercise (320 <t < 360 s), and rest again (t > 370 s). Right columns zoom 1.2 s of data before and after exercise are shown. Parameters: are R-R interval (=HR-1), Pre-ejection period (Pep), Ventricular ejection time (Vet), Pulse-transit time (Ptt) and Zmax,=|dZmax| from which stroke volume is calculated.



		Figure 14.1 Michelangelo illustrates the divine breath of life.



		Figure 14.2 (a) Chest anatomy and breathing movements. (b) Inset of lung tissue, showing air and blow flow to alveoli. (c) Model of lungs mechanics, with separate lung and chest components.



		Figure 14.3 Lung volumes (above) and flows (below) for two tidal breaths and a maximal inspiration and expiration.



		Figure 14.4 Three ways to measure air flow: (a) pneumotach using a pressure transducer to measure the pressure drop over a flow resistance; (b) Pneumotach measuring the difference in travel time of ultrasound with and against the flow; (c) Water-filled spirometer filling an air chamber and writing on a rotating drum.



		Figure 14.5 A: Lung Volumes. B: Volume volume vs ΔPMus, and the chest-wall, PCW, lung, PL, and respiratory system, PRS=PCW∥PL, pressure. C: solid lines indicate the healthy condition (H) and dotted lines indicate pathological (P ) stiffer lungs. D: Pressures for the same tidal volume. Compared to H, P has lower Frc and requires increased breathing pressures to achieve TV.



		Figure 14.6 Dynamic lung mechanics (a) and equivalent electrical model (b). The image illustrates flow resistances in the upper and lower airways.



		Figure 14.7 Dynamic lung mechanics of healthy, obstructive and restrictive lungs. In each case, muscular pressure is generated to (in sequence) inhale at constant flow, hold the breath, and then muscular pressure is dropped to zero to exhale.



		Figure 14.8 Lung volume (in four lung quadrants, measured with Eit) in a brachysephalic dog Cpap pressure is increased from 8 to 12 cmH2O at t = 23 s. Images show the dog on its back and the distribution of tidal volume at the indicated time points [1].



		Figure 15.1 Bat echolocation of an insect. The call is 104× the echo’s amplitude.



		Figure 15.2 Propagating compression wave. (a) Illustration of separation of molecules. (b) ∆P vs time.



		Figure 15.3 Ultrasound transducers and reflections. (a) Rotating single-sensor US transducer, (b) sensor array directing a beam through staggered pulses to individual transducer elements, (c) illustration of Ultrasound reflections, where reflected signal R depends on acoustic impedances Z3 and Z4. (d) US image (right) of an eye showing (left) the amplitude waveform of a single pulse.



		Figure 15.4 Simulation of an US wave at two frequencies passing through isolated scatterers.



		Figure 15.5 (a) Signals at an angle θ travelling through an artery with blood flow velocity v; (b) Doppler ultrasound image of the carotid artery, showing blood-flow velocity vs time and the (coloured) region of maximum flow.



		Figure 15.6 Doppler waveforms for an object with velocity c and sound speed c. Tranmitted sound is at f=fT, and recieved at f=fR.



		Figure 16.1 Types of stress: psychological, physiological, and mechanical.



		Figure 16.2 Types of Mechanical stress. Left: strain for tension, σ=∆L/L.



		Figure 16.3 Representative stress-strain curves of engineering materials (steel), bone and soft tissue (tendon). At low strains bone and steel have a linear region characterized by a slope (∆σ/∆ε). Soft tissue has a toe region where deformation happens with little stress. At higher strains all materials show a yield region, an ultimate strength and finally, failure.



		Figure 16.4 Divisions of the nervous system (NS): the central NS and the peripheral NS (composed of a Somatic and Autonomic parts).



		Figure 16.5 Activation via the sympathetic nervous system and the Hpa.



		Figure 16.6 Psychological and physiological stress. (From: smbc-comics.com/comic/lions).



		Figure 16.7 Stress response as a two-step appraisal [66].



		Figure 16.8 Average heart rate vs time of day. (Data from [78].)



		Figure 17.1 Eit waveform from a beached dolphin, showing impedance variations from breathing and blood flow. Dolphins have fast (≈ 1 s) breaths of expiration then inspiration.



		Figure 17.2 Ecg and breathing (from chest band) over 5 min. RR-interval (black) is calculated and shows Hrv with breathing-rate variations (Rsa) and Mayer-wave cycles. (Data [81].)



		Figure 17.3 Parameters of Hrv. (a) R-R intervals over time, from which (b) R peak times, R-R intervals, and successive differences are calculated; (c) frequency of (a), showing Vlf, LF, and HF regions; and (d) Poincaré plot from two regions of (a). (From Figure 17.1.)



		Figure 18.1 Block diagram of analog-to-digital conversion.



		Figure 18.2 Analog-to-digital quantization error, e[n]=xq[n]-x[n], is the difference between the quantized and sampled values.



		Figure 18.3 Block diagram of analog-to-digital conversion.



		Figure 18.4 Processing an Ecg signal with various data-conversion errors. Columns show: (left) Signal sample, with boxed-region expanded (centre), as well as the frequency spectrum (right). Rows show: (top) too-low Adc resolution, (middle) aliasing due to a too-low sample rate. (bottom) clipping, The sampling frequency, fs, used is shown as a red line and aliasing illustrated.



		Figure 19.1 Snowpatch spire and weeds?



		Figure 19.2 Signals as a function of (left) time and (centre) frequency. The signal in the top row has contributions at 1 and 5 Hz, while the signal below changes frequency at t = 1 s. The left panel shows the signal the signal is filtered with a high-pass (blue) and low-pass (orange) filter with a cut-off frequency at 3 Hz.



		Figure 19.3 Filter Design: The filter requirements as a function of attenuation and frequency are illustrated in hashed marks: the filter must not cross these regions. In the stopband, the filter must attenuate by at least the stopband attenuation. In the passband, the filter must pass within the passpand deviation (zoomed in above). Chebychev filters of orders 2,4,. . .,10 are shown.



		Figure 19.4 An arterial pressure waveform (blue) and with interference (red) (60 Hz noise and a disconnect at t = 0.37 s). The original signal is grey. Left: original signals. Signals filtered with a mean (centre) and median (right) filter.



		Figure 19.5 Stages of the Pan Tompkins Algorithm for Qrs detection: (a) Original signal, (b) low-pass filter, (c) high-pass filter, (d) derivative, (e) absolute value, and (f) low-pass filter. Next a threshold is selected an peaks detected.



		Figure 19.6 Ensemble averaging. A synchronization event (the Qrs peak) is identified in a signal (left) and then each occurrence of the event is time aligned (right) and the average signal taken. Averages for 6 and 60 events are shown.



		Figure 20.1 The hero fell in love with a machine in Hoffmann’s Der Sand-mann.



		Figure 20.2 Features for Qrs detection. For each 10 ms period the signal slope ∆v/∆t is calculated (bottom left). At each time, we define a feature vector (x, y) of the current- and former-period’s slope. Right: time interval features with (+) and without (o) a Qrs event.



		Figure 20.3 A classifier with two features, along with sample data and the gold-standard classification.



		Figure 20.4 (a) A neuron and artificial one. (b) Linear classification of data with one neuron.



		Figure 20.5 One way to climb: take the most direct way up at each step.



		Figure 20.6 Two-layer artificial neural network with nine parameters. Below, the value of the objective function and of each parameter as a function of training iteration number. Right: the optimized classification boundary.



		Figure 20.7 Over-, under- and appropriate-fitting.



		Figure 20.8 Recommended training schema for ML.



		Figure 21.1 A skin lesion with a ruler. Malignant?



		Figure 21.2 (a) Tissue components and (b) variation in the components of tissue attenuation over time. (c) Optical attenuation and range of values for the skin and tissue. Note that both skin thickness and attenuation vary between people.



		Figure 22.1 Stressful information?



		Figure 22.2 Galileo’s sketch of Jupiter’s moons, subset with observations Jan 10–15, 1610.



		Figure 22.3 Mortality ratio (risk of dying over the study years divided by the risk for the healthiest group) versus healthy habits.
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