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Abstract

Hypertension is a major risk factor of stroke, myocardial infarction, heart failure and organ

damage. Although hypertension is currently defined based on the pressure measured in

the brachial artery, a number of studies have shown that central aortic blood pressure is

a better predictor of cardiovascular events. Central aortic pressure can only be measured

invasively, which is undesirable for a patient. It is preferable to measure central blood

pressure non-invasively with the same diagnostic efficacy since it is much simpler method

that does not require as much expertise.

Aortic pressure waveform, measured invasively in patients, is used as an input into nu-

merical one-dimensional model of the arterial network to generate brachial pressure wave-

forms. Modelled brachial pressure waveforms are compared with those measured invasively

(with a pressure wire) and non-invasively (with a cuff-based device). An unpredicted os-

cillatory behaviour of the pressure waveform in the brachial artery due to the occlusion of

the artery during the cuff inflation is observed.

Disagreement in systolic and diastolic pressures between invasive and non-invasive mea-

surements led to a study of the propagation of the pressure waveform from the brachial

artery through the soft tissue to the surface of the skin, where it is commonly measured. A

simplified upper arm model (consisting of one artery and a bone surrounded by soft tissue)

of the pressure propagation from the artery to the skin is built in the Comsol Multiphysics

software using poroelastic theory to describe the material properties. The brachial pres-

sure is approximated with a sinusoidal wave of varying frequency and used as an input in

the upper arm model. The results of this model show small fluctuations in the cuff pres-

sure. Since our hypothesis that the pressure waveform is being damped when propagating

through the soft tissue has not been confirmed, some ideas for model improvement are also

presented.
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Chapter 1

Introduction

1.1 Motivation

Cardiovascular diseases remain a leading cause of death worldwide. Early detection is

essential for disease prevention or treatment. High blood pressure, hypertension, is a

major risk factor of stroke, myocardial infarction, heart failure and organ damage (Roman

et al., 2009; Tsioufis et al., 2002; Neutel et al., 1999; Rebbeck et al., 1996; Volpe et al.,

2004; Cohuet and Struijker-Boudier, 2006; Johansson, 1999). Therefore, early detection of

hypertension is an important public health issue.

Although hypertension is defined based on the systolic and diastolic pressures measured

in the brachial artery, a number of studies have shown that central aortic blood pressure is

a better predictor of cardiovascular events than the pressure in the brachial artery (Huang

et al., 2011; Pini et al., 2008; Roman et al., 2007; Agabiti-Rosei et al., 2007). Central (aor-

tic) pressure waveform is the pressure waveform measured in the ascending aorta through

the cardiac cycle. It is obvious that there is more information in any pressure waveform

than just the two numbers of the systolic and diastolic pressures; for example, to calculate

the true mean pressure, augmentation index and reservoir pressure the information of the

entire pressure waveform is required (Davies et al., 2010). Central aortic pressure can only

be measured invasively, which is not just a costly procedure, but also can be painful, very
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Chapter 1. Introduction

stressful and risky for a patient. It would be more desirable to measure blood pressure

using a non-invasive method that is much simpler and quicker, does not require expertise

and is not painful for a patient.

Over the years, a number of non-invasive devices have been developed for systolic and

diastolic pressure measurements in the brachial artery using either auscultatory or oscil-

lometric methods. A number of cuff-based devices such as SphygmoCor (AtCor Medical,

Sydney, Australia), PulseCor (PulseCor Ltd, Auckland, New Zealand), Mobil-O-Graph

(IEM GbmH, Stolberg, Germany) can derive a central pressure of the patient based on

brachial artery pressure measurements using their embedded algorithms. In the case of the

Omron BP-203RPE (Omron Healthcare, Kyoto, Japan) measuring device, four cuffs are

used: two are positioned on the upper arms and another two on both ankles of the patient,

the pulse wave velocity, which is a measure of arterial stiffness, can be derived from these

measurements taken simultaneously. All these devices have been tested in many studies

against the in-vivo measurements and among each other (Ding et al., 2011; Weiss et al.,

2012; Jatoi et al., 2009). For example, Ding et al. (2011) reported that the error in estima-

tion of the central pressure for ShpygmoCor device was 15 mmHg for systolic pressure and

0 mmHg for the diastolic pressure, whereas for Omron device the error in systolic pressure

was only 2 mmHg. Both devices overestimate the invasively measured pressure.

1.2 Central pressure, pressure waveform, wave prop-

agation

The interest in measuring central pressure (Fig. 1.1) is obvious since that is the pressure

that the heart sees and therefore determines the hydraulic work done by the ventricle.

When the heart ejects the blood from the left ventricle into the aorta, the pressure in the

aorta increases rapidly, then the flow in the aorta begins to decelerate, eventually reversing

10



Chapter 1. Introduction

Figure 1.1: An example of a central pressure waveform. (Mills et al., 2008)

and closing the aortic valve. After the valve closes, the blood continues to flow out of the

aorta to the more distal systemic arteries and the pressure in the aorta drops. When a

wave encounters a bifurcation it generates three waves, two transmitted waves and one

reflected wave. The magnitude of the transmission/reflection coefficients depends upon

the admittances of the three vessels. As the diameter of the arteries in the arterial system

become smaller when closer to the periphery, the wave speed in the artery becomes higher.

Other factors that influence the wave speed are the vessel wall thickness and the compliance

of the arteries. The relationship between them is described by Moens-Korteweg equation

(Eq. 2.5).

The waveform changes in shape when propagating from the ascending aorta to the

periphery (O’Rourke, 1967; Murgo et al., 1980). As shown in Fig. 1.2, there are distinct

differences in the magnitude of the pulse pressure, increase in systolic pressure, the timing of

the dicrotic notch in the cycle and the steepness of the systolic upstroke when comparing

the waveforms at a different sites in the arterial system. Some changes in shape can

be explained by non-linearity introduced by the pressure dependence of the wave speed,

but the effect of the wave reflections has probably a stronger effect. Comparison of the
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Chapter 1. Introduction

Figure 1.2: Propagation of the pressure waveform in the large arteries. (Caro et al., 2012)

pressure waveforms in the ascending aorta and the brachial arteries (Fig. 1.3) shows distinct

differences during systole. When the wave gets closer to the periphery, the reflected waves

arrive earlier in systole causing an increase in systolic pressure and subsequently the pulse

pressure. The timing of the dicrotic notch or inflection point changes as well. Generally,

the mean and diastolic pressures measured along the arterial system from the ascending

aorta to the peripheral elastic arteries remain relatively constant, while there is a significant

increase in the systolic pressure. The pattern can change in the normal circulation, for

example in response to exercise and it can change even more with the disease. Therefore,

it is beneficial for diagnostic purposes to have the information about the entire pressure

waveform.

Clinicians, for example, use the augmentation index (AI) as an important factor in

clinical research as an important marker for cardiovascular events (Nuernberger et al.,
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Chapter 1. Introduction

Figure 1.3: Measured aortic (top panel) and brachial (bottom panel) pressure waveforms.
R indicates the reflection wave and x indicates the augmentation pressure. Adapted
from (O’Rourke and Seward, 2006)

2002). The augmentation index is defined as the ratio of the augmentation pressure (also

called shoulder pressure) and the pulse pressure (see Fig. 1.1 for definitions) and is generally

seen as an addition of the reflecting wave to the central pressure. It is argued that, with age,

the stiffness of the aortic walls increases, which leads to an increase in the pulse velocity.

This means that the wave travels faster to the peripheral reflecting site and returns to

the heart during early systole, rather than in early diastole (O’Rourke and Nichols, 2005).

However, the idea that the reflected waves arrive in diastole has been challenged by Hughes

et al. (2013); Baksi et al. (2009); Segers et al. (2007); Kelly et al. (1989).

1.3 Measuring blood pressure: invasive versus non-

invasive

There are two distinct ways of measuring blood pressure: invasive and non-invasive. When

measuring blood pressure invasively, a pressure transducer on a catheter is put into the
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Chapter 1. Introduction

artery and the pressure change through the cardiac cycle is recorded, whereas there are

many non-invasive techniques to measure the blood pressure that have been developed and

improved over the years (Beevers et al., 2001). Although invasive pressure measurement

is generally accepted as the most accurate way to measure blood pressure, it has many

drawbacks as it requires a clinical setting and expertise. Invasive pressure recordings are

usually done as part of a more complex procedure in a catheterisation unit, in the surgical

theatre or in an intensive care unit for critically ill patients. Generally, the pressure catheter

is inserted into an artery via a puncture in the brachial, radial or femoral arteries and

advanced to the site where the pressure is measured. Commonly, a hollow catheter with

a pressure transducer outside the body is used for the pressure measurements. Putting

the transducer further away from the point of pressure detection introduces an error in

estimation of the high frequency signals due to compliance and viscous dicipation in the

catheter. For research purposes, catheter mounted transducers are used. These are more

accurate when detecting the high frequency changes in the signal. The advantage of the

invasive method of measuring the blood pressure is the accurate continuous recording of

the pressure waveform, but the disadvantages are obviously the discomfort to the patient,

high costs involved and the skills of the clinicians required, together with possible risk of

bleeding due to puncture of the artery, dislodging material from the arterial wall to form

emboli, endothelial damage and infection for the patients.

The conventional non-invasive method of measuring systolic and diastolic blood pres-

sure is using Riva-Rocci/Korotkoff techniques. In 1896, Riva-Rocci introduced a method

to measure the blood pressure in the brachial artery of the arm. Initially, the method was

used to measure only the systolic blood pressure; however, in 1905, Korotkoff introduced an

ascultatory technique to measure both systolic and diastolic pressures. In brief (Fig. 1.4),

a cuff is placed around the upper arm and it is inflated with air until the artery is occluded.

The valve in the cuff is then opened to slowly reduce the pressure in the cuff. When the
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Chapter 1. Introduction

Figure 1.4: Schematic representation of the Korotkoff technique. Dashed line represents
the pressure in the sphygmomanometer cuff (SC) when it is inflated above the systolic
pressure and its deflation controlled by rubber bulb (RB). The Korotkoff sounds (shown
in the bottom panel) are audible with the stethoscope when the pressure in the cuff varies
between systolic and diastolic pressure in the brachial artery. (Levick, 1991)

pressure in the cuff is slightly smaller than the pressure in the artery, the artery starts

to open, and blood flowing though the previously occluded region of the artery causes

Korotkoff sounds, which can be heard with a stethoscope by a clinician. These sounds,

which are subdivided in five types, are caused by the chaotic interaction between the blood

flow and the artery wall at small transmural pressures. When the pressure in the cuff is

further lowered to the point where it is equal to the diastolic pressure in the artery, the

murmurs disappear, which means that the artery is fully open again. The reading of the

pressure when the Korotkoff sounds appear and disappear can be taken from the pres-

sure transducer measuring the cuff pressure (traditionally this was a mercury manometer,

and this is the reason that the blood pressure is still measured in millimetres of Mercury,
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Chapter 1. Introduction

mmHg). This technique is still considered as a standard technique of blood pressure mea-

surement for diagnosis of hypertension and is still used for calibration of more modern

automated devices. However, over the years, the safety of using mercury and the accuracy

of this technique have been questioned. The accuracy of the blood pressure measurement

is highly desirable in case of diagnosing hypertension. However, it has been noted that

an increased blood pressure might be caused by various factors, such as intrinsic accuracy

of the devices and uncertainties linked to the biological variability of the blood pressure,

which would affect even a perfect device, which a cuff is not. One of such biological uncer-

tainties is, for example, when the pressure is measured in the clinic, when a patient having

a condition, known as ’white-coat hypertension’, would have an elevated blood pressure if

measured by a clinician or in a clinical setting, and much lower pressure is measured in

normal surroundings. Therefore, a need for accurate self-measurement and monitoring has

increased.

A number of the currently available automatic devices are based on the oscillometric

measuring technique. This technique implies the use of the sphygmomanometer cuff with

a built-in transducer that detects the pressure fluctuations in the cuff. The cuff is initially

inflated to the pressure higher than patient’s systolic pressure and deflated to a pressure

lower than the diastolic pressure. When the artery is completely occluded or fully open the

pressure in the cuff is constant, in other cases, the pressure changes in the brachial artery

throughout the cardiac cycle causes pressure oscillations in the cuff. These oscillations are

detected by the built-in transducer. The software embedded in the electronics attached to

the cuff, amplifies the oscillations to fit them to the measured systolic and diastolic pressure

and produces and estimate of the pressure waveform in the brachial artery. The advantage

of this method is that it only requires some training in cuff placement and arm position,

which can be a source of a measurement error, but does not require a clinical setting to

be used. The accuracy of the many available devices is still being assessed, and they are
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continuously being improved. Some of these devices use various algorithms based on the

transfer functions to derive a central pressure waveform from the measured pressure in the

cuff. Since this method involves using linear transformations of the non-linear relationship

between two waveforms, the validity of this approach has been questioned and researched

by many (Chen et al., 1997; Gallagher et al., 2004). Many hypertension societies, notably

British Hypertension Society and European Hypertension Society have formal certification

processes for new blood pressure measuring devices and advise that only devices which

have passed the tests should be used (O’Brien et al., 2003). Some other automated devices

are used in research notably for measurement of the blood pressure during the exercise,

where movement artifacts can make oscillometric devices unreliable (Griffin et al., 1997;

Glasser and Ramsey, 1981).

Another technique that measures the pressure waveform is arterial tonometry (applana-

tion tonometry) (Drzewiecki et al., 1983). The pressure waveform is commonly measured

at the radial artery, and is transformed into the aortic pressure waveform by using different

transfer functions. Also photoplethysmography is used to measure a blood volume changes

in microvasculature (Allen, 2007). One of the devices, based on this technique and used

for blood pressure monitoring is Finapres (Finapres Medical Systems, Amsterdam, The

Netherlands), but it will not be described in this thesis.

1.4 Non-invasive measurement of the blood pressure

Although there are a number of different techniques to measure the blood pressure non-

invasively, we focus on the key features of measuring the blood pressure using cuff-based

devices. During such a measurement, a cuff, fitted with a bladder, is applied to the

upper arm of the patient. When the cuff is inflated, the bladder expands, compressing

the skin and subsequently the muscles, which in turn occlude the artery. It is important
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to choose a cuff size suitable for a patient. If the cuff is too narrow, the pressure in the

cuff has to be much higher in order to occlude the artery and the blood pressure tends

to be overestimated. If the cuff is too wide, the error could be relatively small. Over

the years, it has been shown that the cuff size has an influence on cuff-based systolic and

diastolic blood pressure measurements (Jones et al., 2001; Croft and Cruickshank, 1990;

Karvonen et al., 1964; Ng and Small, 1993; Geddes and Whistler, 1978; Simpson et al.,

1965). The recommendations for suitable cuff sizes (Table 1.1) have been approved by the

American Heart Association Council (Pickering et al., 2005) (these differ slightly from the

recommendations of the European Society of Hypertension (O’Brien et al., 2003)) and are

widely used by manufacturers.

1.4.1 Arterial collapse

When the cuff is inflated, the pressure in the cuff compresses the soft tissue in the arm,

which subsequently collapses the brachial artery. It has been shown that the artery does

not collapse symmetrically, moreover, it cannot be fully closed (Foran and Sheahan, 2004).

Naili et al have shown the change in the circular cross-sectional area of the artery when

the pressure in the cuff is increasing (Naili and Thiriet, 2005). The elliptic shape (Fig. 1.5)

of the cross-sectional area change can be explained by the forces acting on the vessel wall

and the response of its structure to the pressure applied. In-vitro, the negative transmural

pressure causes the dumbbell shape of the cross-sectional area. Kamm and Shapiro (1979)

have described the changes of the cross-sectional area in the collapsible tubes with changes

Patient (arm circumference) Recommended cuff size
22 to 26 cm 12 × 22 cm (small adult)
27 to 34 cm 16 × 30 cm (adult)
35 to 44 cm 16 × 36 cm (large adult)
45 to 52 cm 16 × 42 cm (adult thigh)

Table 1.1: Recommended Cuff Sizes for Accurate Measurement of Blood Pressure.
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in the transmural pressure (Fig. 1.6).

Over the years, extensive research to model the geometry of arterial collapse has been

done by many researchers and the non-linear relationship in the cross-sectional area of

the brachial artery with the changes in transmural pressure (Fig. 1.7) has been seen in-

vivo (Drzewiecki and Pilla, 1998; Foran and Sheahan, 2004) and in the studies on collapsible

tubes (Naili and Thiriet, 2005).
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Figure 1.5: Ultrasound images showing the collapse of the brachial artery when the cuff

pressure is applied. The dotted lines indicate the cross-sectional area of the brachial

artery. The vertical arrows indicate the points at which the transmural pressure signals

are measured (Foran and Sheahan, 2004)
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Figure 1.6: The relationship between transmural pressure (P ) and cross-sectional area
(A/A0) in collapsible tubes. P = p−pe

Kp
, where pe is external pressure and Kp is the gradient

of the circumferential bending and is proportional to EI, with E is the Young’s modulus
and I is the dimensionless bending moment. Adapted from (Kamm and Shapiro, 1979)

1.4.2 The PulseCor measuring device

Over the years a number of non-invasive devices have been used for systolic and diastolic

pressure measurements in the brachial artery using either auscultatory or oscillometric

methods.

The pressure measuring device (PulseCor R6.5 Monitor, PulseCor Ltd, Auckland, New

Zealand) that will be used in this research is based on the oscillometric method. It consists

of a cuff connected by a flexible tube to a box housing a pump used to inflate the cuff

and a pressure sensor to measure both the mean cuff pressure and oscillations about this

mean pressure in the cuff due to changes in the arterial blood pressure. The box also
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Figure 1.7: The relationship between transmural pressure and cross-sectional area of the
human brachial artery, measured in ten subjects (Drzewiecki and Pilla, 1998)

contains a computer that is used to control the inflation and deflation of the cuff and to

calculate the systolic and diastolic pressure from the oscillations in the cuff. The algorithm

to test the device conforms to the norms of British Society of Hypertension using an

oscillometric method when the cuff is inflated for the first time (Jones et al., 2001; Lowe

et al., 2009). The cuff is then deflated for a few seconds and inflated again to a pressure

∼ 30 mmHg above the measured brachial systolic pressure and kept constant while the

pressure changes in the cuff are recorded for about 10 seconds, after which the cuff is

deflated. Calculations of the peripheral augmentation index, which is based on the pressure

waveform measured in the brachial artery (El-Aklouk et al., 2008) and central pressure

waveform using in-built software occur immediately after the measurement is finished and

the cuff is deflated. The details about the device and calibration algorithm have been

previously published (Lowe et al., 2009). In this thesis, the pressure fluctuations in the

cuff are taken for further analysis; also the calculated central aortic pressure is compared
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with the invasively measured pressure waveforms in the ascending aorta.

1.5 Modelling pressure waveform: use of one-dimensional

models

One-dimensional models are practical for the study of pressure waveforms in arteries where

invasive or non-invasive measurements are not possible. A model of arterial network in

humans was reported as early as 1963 by Noordegraaf et al (Noordergraaf et al., 1963).

Throughout the years, a number of models of the arterial tree have been introduced, with

and without the heart, cerebral network and coronary arteries (Formaggia et al., 2006;

Fitchett, 1991; Avolio, 1980; Reymond, 2009; Segers and Verdonck, 2000). The main goal

of these models is to model the propagation of the pressure waveform through the arteries

and to use it in clinical studies where the real data are not available. In our research, the

model developed by Alastruey et al (Alastruey et al., 2009a) is used. It is a one-dimensional

model, which has been validated (Matthys et al., 2007; Alastruey et al., 2009b) and consists

of the 55 major arteries, the coronary and cerebral arteries are not included. The input

in the model is a prescribed pressure or flow waveform. One aspect of the research is to

establish whether the standard model can be used to generate patient specific data. The

increase of the arterial stiffness with age, that has been reported previously (O’Rourke and

Nichols, 2005; Nichols et al., 1985), can be changed in the model by changing the elasticity

parameter. The height of the patient, which influences the lengths of the arteries and

therefore the travel time of the waves and reflections, can be easily adjusted as well.
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1.6 How accurate is a non-invasive measurement: in-

troduction of the poroelastic model

As the blood pressure is commonly measured in the brachial artery with a cuff-based device,

it is necessary to understand how the pressure waveform propagates from the artery to the

cuff and whether the variable intra-personal parameters, such as the arm circumference,

the thickness of the muscle and fatty tissue, the position of the artery and the properties of

the vessel wall, have an important influence on the measurement. It has been established

that when the cuff pressure is applied, the changes in transmural pressure will change the

cross-sectional area of the artery (Fig. 1.7), but how that affects the measurement of the

pressure is also interesting. To build a model for this, poroelastic theory is used to describe

the properties of the soft tissue and the relationship between pressure in the artery and

displacement of the skin. Poroelastic theory was introduced by 1925 in the context of

soil mechanics (Biot, 1941; Wang, 2000). The theory is based on a description of a porous

elastic media with pores being filled with a fluid, which is a good description of living tissues

since the soft tissues consist of approximately 70−75% water. Therefore, any forces acting

on the material will cause volumetric changes in the pores and movement of the fluid

relative to the solid component of the material. The relevant equations are described in

detail in Chapter 4. The advantage of this theory is that the deformation caused by forces

applied, will lead to movement of the fluid, which subsequently will lead to viscous losses

and phase changes. These cannot be described with purely elastic theory. However for

small displacements, the viscous losses might be negligible and no phase change might be

observed.
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1.7 Aims and solution approach

The aims of this research are to investigate the changes in the pressure waveforms due to

occlusion in the brachial artery and to model the pressure waveform detection at the skin

surface using poroelastic theory.

To complete our aims, the study is carried out in a few simple steps. Ideally, having

invasive measurements in the ascending aorta simultaneously with the invasive pressure

measurements in the brachial artery together with the non-invasive measurement of the

pressure in the brachial artery is desirable. However, in reality this is difficult to achieve.

Therefore, first the relationship between invasively measured central pressure waveform

and non-invasively measured pressure waveform in the brachial artery is studied and de-

scribed in Chapter 2, section 2.1. This will help to establish whether the central pressure

invasively measured and calculated by the cuff-based device agree. The next step is to

investigate whether the use of the one-dimensional models can help to relate the pressure

waveforms in the brachial artery modelled using the measured aortic pressure with the

pressure waveforms measured non-invasively with the cuff-based device. Comparison of

the modelled pressure waveforms with the invasively measured pressure waveforms in the

brachial artery is described in Chapter 2, section 2.2 in detail. Further comparison of the

pressure waveforms modelled and measured invasively and non-invasively in the brachial

artery is presented in Chapter 3. The final step is to model the propagation of the inva-

sively measured pressure waveform in the brachial artery through the soft tissue in the arm

to the surface of the skin and compare them with the non-invasively measured pressure

waveforms. These findings are presented in Chapter 4. General discussion and suggestions

for further work are described in Chapters 5 and 6 respectively.
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Comparison of invasively measured

aortic and non-invasively measured

brachial pressure waveforms

Since non-invasive blood pressure assessment is preferred to any invasive procedure by

both patients and doctors, the investigation of the accuracy of the non-invasive measuring

methods has been the focus of widespread research (Ding et al., 2011; Weiss et al., 2012). In

this chapter, the relationship between invasive and non-invasive measurements is studied.

The data were collected at the Cardiac Catheterisation Unit at the Hammersmith Hospital

using a cuff based device for non-invasive measurements and guided pressure wires for

invasive measurements in patients undergoing routine coronary angiography. The most

frequently accessed site for invasive measurements during angiography (except coronary

arteries) is in the aortic root, where the central pressure is defined. The invasive pressure

recordings were made in the ascending aorta at the end of scheduled diagnostic coronary

artery angiography when the catheter was pulled back from the coronary arteries, causing

little discomfort to the patient. The non-invasive measurements are routinely done on the
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upper arm, i.e the blood pressure is measured in the brachial artery. In our study all non-

invasive measurements were made on the left arm. As discussed in Chapter 1, the pressure

waveform changes in shape while propagating through the arterial network. Therefore,

to compare pressure waveforms recorded at two different sites, two different methods are

used. The first method is based on transformation of the non-invasively measured brachial

pressure waveform into a central pressure waveform, using the algorithms supplied with the

cuff device, which is then compared with the invasively measured aortic pressure waveform.

The second method is to calculate the pressure waveform in the brachial artery from the

invasively measured aortic pressure waveform using the 1-D model of the arterial network

and compare it to the non-invasively measured one. These two methods are used on the

data measured simultaneously at two measuring sites in the group of patients and presented

in the following sections.

2.1 Transforming brachial pressure waveform into the

aortic pressure waveform

2.1.1 Clinical data acquisition and processing

6 patients (age 65 ± 20.4 yrs, range between 52 to 76 years, 4 male) undergoing routine

diagnostic coronary artery angiography in the Cardiac Catheterisation Unit in the Ham-

mersmith Hospital, London, UK participated in this invasive study. Exclusion criteria

included significant valvular pathology or significant impairment of left ventricular systolic

function. The protocol was approved by the Hammersmith, Queen Charlotte’s and Chelsea

local research ethics committee and met with the requirements of the Research Governance

Framework (RGF) and written informed consent was obtained from all patients. Invasive

and non-invasive blood pressures were measured simultaneously over a period of 7–10 car-
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diac cycles. Invasive aortic pressure measurements were recorded using a pressure catheter

(Combowire XT Guidewire, Volcano Corporation, USA), with wires being calibrated prior

to each measurement. Data were recorded with a sampling rate of 200 Hz. The raw data

were passed from the transducer into a Wavemap console where the analogue signal was

converted into a digital signal by a 12 bit analogue-to-digital converter. Aortic pressure

signals were post-processed in Matlab (The MathWorks Inc., MA, USA). Non-invasive es-

timates of central blood pressure were derived using the PulseCor software embedded in

the device. For the non-invasive measurements, a cuff based device, PulseCor 6.5 Monitor

(PulseCor Ltd, Auckland, New Zealand) was used. With this device the recording proce-

dure (which includes inflation of the cuff, recording the blood pressure, deflation of the cuff

and repeating the measurement for suprasystolic pressure) took 60 seconds in total, and

produced 10 seconds worth of pressure fluctuations in the cuff (sampling rate of 200 Hz),

from which the ensemble average of the brachial and central pressures were derived. Un-

fortunately, it is not possible to know precisely when the 10 seconds of data are obtained

during the 60 second recording, and it is therefore not possible to know directly which

beats correspond to those measured invasively. Moreover, the pressure fluctuations in the

cuff, which correspond with fluctuations of the brachial pressure during measurement, are

of a much smaller amplitude than true brachial pressure. To overcome these problems,

first, the invasive measurements were started a few seconds before cuff inflation and lasted

slightly longer than 60 seconds, i.e they were stopped just after the non-invasive procedure

finished. Second, in order to ascertain the correspondence of the beats between the two

recordings, cross correlation of the signals was performed. Since the pressure waveforms

in the cuff and in the aorta also differ in shape, an algorithm, based on the time difference

between systolic peak pressures, was developed as follows:

• each peak systolic pressure is detected in both the invasive and non-invasive data;
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• the time differences between successive peaks is calculated in both data sets to create

two arrays: RINn (invasive) and RNINn (non-invasive);

• cross correlation is performed and the correlation coefficient is calculated according

to the following formula:

Correlation Coefficient =
1
N

∑
nRINn ·RNINn√
R2
IN ·

√
R2
NIN

where RIN = 1
N

∑
nRINn and RNIN = 1

N

∑
nRNINn, where 1 ≤ n ≤ N .

The segment of the data in the invasive data file where the correlation coefficient is the

highest is selected as the simultaneous pressure recording. Further, the invasive signal is

filtered using a Savitzky-Golay smoothing filter (a second order polynomial with a win-

dow size of 5 points) (Savitzky and Golay, 1964). The ensemble average of the invasive

pressure trace is calculated over 7-10 cardiac cycles using the maximum derivative of the

pressure curve during the upstroke (dP/dtmax) (Abel, 1981) as the reference point in each

cardiac cycle. The ensemble average of the invasive pressure traces is then compared to

the corresponding ensemble average of the central pressure waveform calculated by the

PulseCor software. In order to quantify the agreement in the pressure waveforms the

cross-correlation coefficient between these waveforms over the cardiac cycle is calculated.

For further comparison, both pressure waveforms are normalised according to:

Pnormalised(t) =
P (t)− Pd
Ps − Pd

,

where P (t) is the ensemble average of the measured pressure waveform, Pd and Ps are

diastolic and systolic pressures, respectively.

Another possibility to quantify the shape of the acquired waveforms, is to calculate the
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form factor (FF) (Segers et al., 2009; Chemla et al., 2002), according to:

FF =
P − Pd
Ps − Pd

,

where P is the mean pressure of the ensemble average of the measured pressure waveform.

It is a fraction of the pulse pressure to be added to the diastolic pressure in order to obtain

the mean pressure.

From the calculated ensemble averages of the invasively measured pressure waveforms

the maximum value of the curve is taken as the systolic pressure and the minimum value

as the diastolic pressure of each patient. The mean pressure is calculated over the cardiac

cycle in Matlab. For the non-invasive measurement, the values for systolic and diastolic

pressures are taken as a maximum and minimum values from the central pressure waveform

calculated by the PulseCor software embedded in the device. The data is presented as mean

± standard deviation. A paired t-test is performed to calculated the p values (Armitage

and Berry, 1995).

2.1.2 Results

The results of the data analysis are shown in this section. As the results in all the patients

are similar, only data from one patient is used as an example.

The original recording of about 85 seconds of the invasive pressure is shown in Fig-

ure 2.1, with simultaneously recorded non-invasively measured brachial pressure, shown in

Fig. 2.2. Red circles indicate detected maxima and minima in each trace. This method for

maxima and minima detection only fails in two beats in the invasive measurement, i.e. in

case of irregular or ectopic heart beat, but neither of them occurs during the non-invasive

measurement. The corresponding segments of data are shown together in Fig. 2.3. Fig-

ure 2.4 shows the calculated ensemble average of the part of the invasive pressure that best
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corresponds with the non-invasive pressure recording. Error bars represent the standard

deviation of the ensemble average within the cycle, which indicates a small variability of the

pressure waveform. Figure 2.5 is the ensemble average of the invasive pressure waveform

and non-invasive pressure waveform acquired by PulseCor software from the same patient.

There is a disagreement in both the systolic (less than 5 mmHg) and diastolic (about 10

mmHg) pressures.
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Figure 2.1: Invasively recorded pressure waveform in the ascending aorta with detected
systolic and diastolic pressures (red dots) in one patient.

Figure 2.6 shows the normalised pressure waveforms from the same patient. The non-

invasively acquired PulseCor pressure waveforms correlate with the invasively acquired

waveform with a mean correlation coefficient 0.97±0.02 within the population of 6 patients

studied.

The average results for the 6 patients are presented in Table 2.1. The average difference

between directly measured and derived systolic blood pressure is −4.94± 7.99 mmHg and

diastolic blood pressure is 8.16 ± 2.47 mmHg. The mean aortic pressure difference over
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Figure 2.2: Non-invasively recorded cuff pressure, when cuff is placed over the brachial
artery with detected maximum and minimum values (red dots) of the same patient as
Fig. 2.1.
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Figure 2.3: Corresponding segments of invasive aortic (solid line) and non-invasive brachial
(dashed line) pressure waveforms as determined by the maximum cross-correlation coeffi-
cient between the peak-to-peak times in the two signals.
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Figure 2.4: Calculated ensemble average of the segment of the invasively obtained data in
the ascending aorta, which corresponds with the non-invasive measurement in the brachial
artery. The error bars indicate the standard deviation of the ensemble average, showing
the beat-to-beat variation of the pressure waveform.

the cardiac period between the non-invasive and invasively measured data is −0.66± 3.17

mmHg. The form factor is higher for the invasive pressure waveforms (0.47 ± 0.05) than

for the non-invasively measured ones (0.39 ± 0.01). After normalisation, the shape of the

invasively and non-invasively acquired waveforms agree with a high correlation coefficient.

The agreement of the waveforms at the dicrotic notch is not as good; this is due to the

increased ability of the high-fidelity catheters to detect high frequency changes in the

Non-invasive Invasive ∆ (Non-invasive - Invasive) P-value
SBP, mmHg 121.09 ± 15.58 126.03 ± 22.93 -4.94 ± 7.99 0.193
DBP, mmHg 82.71 ± 11.50 74.56 ± 10.37 8.16 ± 2.47 <0.001
MAP, mmHg 97.80 ± 13.34 98.46 ± 15.78 -0.66 ± 3.17 0.612

FF 0.30 ± 0.01 0.48 ± 0.05 x x

Table 2.1: Comparison of non-invasively measured and invasively acquired central blood
pressure measurements (n=6). All data are mean ± SD; SBP, Systolic blood pressure;
DBP, Diastolic blood pressure; MAP, Mean aortic pressure; FF, Form Factor.
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Figure 2.5: Ensemble average of the invasively measured pressure waveform (red dashed
line) in the ascending aorta and central pressure waveform calculated by PulseCor software
(blue solid line) over the period of the non-invasive measurement (∼ 10 s).

pressure wave reflections caused by closing of the aortic valve; the non-invasive techniques

fail to achieve the same level of accuracy. Despite this limitation, the main features of the

central pressure waveforms, such as rapid upstroke, diastolic decay and time of the systolic

peak estimated by PulseCor software agree reasonably well with the invasively measured

pressure waveforms. The disagreement in systolic and diastolic pressures will be discussed

later in the thesis.
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Figure 2.6: Normalised ensemble average of the invasively measured pressure waveform in
the ascending aorta (red dashed line) and central pressure waveform calculated by PulseCor
software (blue solid line). Original pressure waveforms are shown in Fig. 2.5

2.2 Estimating brachial pressure waveforms from in-

vasively measured aortic pressure waveform with

a one dimensional model

One-dimensional (1-D) models are useful to study pressure and flow waves in large arteries

in cases where clinical measurements are not available. In this method, the aortic pressure

waveforms recorded invasively need to be transformed into brachial pressure waveforms,

in order to be compared with the non-invasively recorded brachial pressure waveforms.

To generate the pressure curves in the brachial artery from measured pressure into the

aorta, a simplified 1-D model of the arterial network developed by Alastruey et al. is

used (Alastruey et al., 2009a). Since the data collected have no age, weight or gender

exclusions, first the sensitivity of the model output to the changes of certain key parameter
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values was investigated. Furthermore, the effect of the occlusion of the artery on the

changes in pressure waveforms was studied.

The occlusion of the brachial artery occurs whenever blood pressure is measured non-

invasively using cuff-based pressure measuring devices. In the 1-D model, arteries are

treated as long, tapered segments with elastic walls, and the flow in each vessel is uniform

across the cross-sectional area of the artery. Mass and momentum conservation are used,

leading to:

∂A

∂t
+
∂(AU)

∂x
= 0, (2.1)

∂U

∂t
+ U

∂U

∂x
+

1

ρ

∂P

∂x
=

f

ρA
, (2.2)

where A(x, t) is the cross sectional area of the lumen, U(x, t) is the average axial velocity,

P (x, t) is the average internal pressure over A(x, t) and f is a friction force per unit length,

x is distance and t is time (Alastruey et al., 2009a). A third equation, generally knowns

as the tube law, relates pressure P and the cross sectional area A:

P =
β

A0

(
√
A−

√
A0), (2.3)

with A0 being a cross-sectional area of the artery at the reference point (where pressure

and velocity are both zero) and

β(x) =
4

3

√
πh(x)E(x), (2.4)

where h is a wall thickness and E is Young’s modulus. The system of equations is hy-

perbolic, and solution by the method of characteristics shows that information propagates

along the vessels with the wave speed U ± c in both directions, where the wave speed c is
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given by the Moens-Korteweg equation,

c2 =
4Eh

3ρ

d

d2
0

, (2.5)

where ρ is the density of the blood, E is the Young’s modulus, h is the wall thickness, d is

the luminal diameter and d0 is the diameter d at the arbitrary reference pressure (Alastruey

et al., 2009b). The solution also enables the separation of the measured waveforms into

their forward and backward components. Applying mass and momentum conservation at

each bifurcation, which relate the waves in the parent and daughter arteries, allows us to

obtain effective reflection and transmission coefficients.

The 1-D model is implemented as a program with an anatomical model consisting of

55 of the major arteries in the body and the normal connections between them. The

parameters of this model are for each vessel: the length, the diameter, the compliance, and

the tapering of the diameter (Alastruey et al., 2009a). In addition, the ends of the terminal

vessels are modelled using a 3-element Windkessel model, to model the smaller arteries and

microcirculation downstream. A prescribed flow or pressure waveform is applied at the root

of the aorta, which drives the dynamics of the model.

The changes in the brachial pressure waveform that arise due to its occlusion are studied

using this model. The occlusion of the artery causes local changes in cross-sectional area

of the artery (Alastruey et al., 2009a; Drzewiecki and Pilla, 1998) and pressure, which

lead to the changes in the wave speed. Due to the non-linearity of the problem, first,

the sensitivity of the model to the changes of several model parameters are investigated,

including the lengths of vessels in the arterial network, the compliance of the vessel walls,

and the position of the point of occlusion. In this case, the occlusion is modelled by

prescribing zero flow at the occlusion site in the brachial artery (i.e total reflection of

the flow, which corresponds with total occlusion of the artery). However, as the artery
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probably cannot be completely occluded under physiological range of cuff pressures (Foran

and Sheahan, 2004), a small fraction of the flow will pass through the partial occlusion

into the arteries of the left lower limb. Therefore, to investigate influence of the partial

occlusion on the pressure waveforms, the cross-sectional area of the brachial artery at the

occluding site (which is taken at approximately the midpoint of the artery, 26 cm from

the proximal end of the artery) is reduced. The cross-sectional area of the artery at the

occluding site is varied between 5% and 25% of the cross-sectional area for a non-occluded

artery.

2.2.1 Method

Figure 2.7: Left: Schematic representation of the 55 arteries in the model of Alastruey et
al (Alastruey et al., 2009a) and their connections. Right: Schematic representation of the
same model when the brachial artery is occluded. 1 - Ascending aorta, 15 - Left Common
Carotid artery, 19 - Left Subclavian artery, 20 - Left Vertebral artery, 21 - Left Brachial
artery.
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First, to model the effect of the cuff on the brachial artery, the 1-D model has been

adapted by setting the velocity of the blood to zero at the point of occlusion in the artery

(thus total occlusion of the brachial artery is assumed and the distal blood vessels in the

left lower arm are excluded from the model). The model pressures calculated in this case

are compared with those calculated in the model without occlusion.

The following model parameters are varied:

• Position of the occlusion, modelling different cuff positions. The brachial artery is

occluded at 12 cm, 26 cm and 36 cm and 48.5 cm (the length of the artery in the

model) from its proximal end (Fig. 2.7).

• Lengths of all the arteries, modelling different heights of the patients. We consider

the case in which the arteries are all increased in length by 10% and the case in which

they are decreased by 10%.

• Arterial compliance, modelling different age groups. We consider both increasing the

compliance by 10 % throughout the network and also decreasing the compliance by

10%.

Second, the effect of partial occlusion on the pressure waveforms in the brachial artery

and aorta was also investigated. By partially occluding the brachial artery, the arteries

in the lower arm remain in the model. The cross-sectional area at the occluding site is

varied between 5% and 25% of the cross-sectional area of the non-occluded artery (thus

representing occlusion varying between 75% and 95%). The occlusion is set at 26 cm from

the proximal end of the brachial artery, the lengths and compliances of the vessels are set

to the original values of the non-occluded model. This allows us to study the effect of only

cross-sectional area reduction on the local changes in the pressure waveforms.

Finally, to compare the invasively and non-invasively measured patient data, the fol-

lowing procedure is used. The invasively obtained pressure is cross-correlated with the
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corresponding non-invasively obtained pressure waveform to find the simultaneously mea-

sured beats and an ensemble average of the invasive pressure trace is calculated as described

previously. This ensemble average is used as an input into the partially occluded 1-D model

in order to calculate a pressure waveform in the brachial artery near the occluding site.

For this part of the study, the cross-sectional area of the brachial artery at the occluding

site is reduced to 10% of its normal area (90% occlusion). The calculated pressure is used

for comparison with the ensemble average of the non-invasively recorded pressure. Power

spectra from the pressure waveforms are calculated for the comparison of the pressure

waveforms where appropriate.

2.2.2 Results

Total occlusion

Figure 2.8: Calculated pressure waveforms in the brachial artery every 2 cm from the inlet
to the site of complete occlusion, 26 cm along the artery, and the pressure waveform (in
red) at the inlet for a non-occluded artery.
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Figure 2.9: Power spectra of the difference between the calculated pressure waveforms in
the occluded brachial artery for different positions (12 cm, 26 cm, 36 cm and 48.5 cm from
the inlet) of the occlusion and non-occluded brachial artery.

Figure 2.8 shows the pressure waveforms generated by the 1-D model when the standard

model parameters are used and the occlusion site is 26 cm from the proximal end of the

brachial artery. The most apparent change in the pressure waveform from the case of an

non-occluded artery is the superposition of an additional oscillations with a frequency of

approximately 6 Hz. The calculated pressure waveform at the bifurcation (Fig. 2.8, blue

dotted line) has no additional oscillations and has a similar shape to the pressure waveform

at the same position with no occlusion (Fig. 2.8, red dotted line), whereas the pressure

waveforms closer to the occlusion (Fig. 2.8, black dotted line) have additional oscillations at

a frequency similar to other pressure waveforms in the occluded artery, but with increasing

amplitude. The amplitude of the the oscillation is largest during systole.

Looking at similar results with the occlusion at different sites, the amplitude of the

oscillations also increases significantly as the site of occlusion is moved closer to the distal
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Figure 2.10: Calculated pressure waveforms in subclavian, vertebral and brachial arteries
for a fully occluded (solid lines) and non-occluded (dashed lines) brachial artery.
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Figure 2.11: Calculated pressure waveforms in ascending aorta for a fully occluded and
non-occluded brachial artery.
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end of the vessel, whereas the frequency of these oscillations decreases. Fig. 2.9 shows

the power spectra of the pressure waveforms calculated in the occluded brachial artery for

different positions of the occlusion. For simplification of the analysis, the pressure waveform

calculated in the non-occluded brachial artery is subtracted from the pressure waveform

calculated at the occlusion site. This enables us to eliminate the ground frequency of

the pressure waveform and gives a better comparison of the occlusion-induced oscillatory

behavior of the waveform. If the occlusion is set to 12 cm from the proximal end the

frequency of the additional oscillations is about 11 Hz, whereas if the occlusion site is

moved closer to the distal end of the artery, the frequency of these oscillations is much

lower, for example, about 6 Hz at 26 cm. When the occlusion is set at 26 and 36 cm, two

distinct frequencies of the additional oscillations are observed. The oscillations are either

much smaller or not observable in the neighbouring or any more proximal arteries: no

changes from the non-occluded case can be seen in the left subclavian artery (Fig. 2.10),

ascending aorta (Fig. 2.11) or common carotid arteries, while only slight oscillations are

observed in the left vertebral artery (Fig. 2.10). There is, however, an increase of about

5 mmHg in the mean pressure throughout the system from the non-occluded case, which

is due to the increase in the total resistance of the arterial system when the vessels of the

arm are removed from the model.

In order to test the effect of the tapering of the brachial artery and viscosity of the

blood, the simulation is also run both without the tapering of the brachial artery and

with the viscosity of the blood set to zero. The results, shown in Figure 2.12, indicate that

the oscillations remain, and their amplitude increases and becomes approximately constant

through the cardiac cycle. This shows that the oscillations are not caused by either arterial

taper or viscosity of the blood.

In Figure 2.13 the sensitivity of the results to the change of the lengths of the arteries

in the model is shown. In both the occluded and non-occluded cases the most significant
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Figure 2.12: Calculated pressure waveforms in the brachial artery in the case when the
brachial taper and blood viscosity are both set to zero. The occlusion is at 26 cm from the
proximal end.

effect of the lengths of the arteries is during diastole. The frequency and the amplitude of

the oscillations remain the same for different lengths. The small differences in phase of the

oscillations observed during diastole are proportional to the length change in the model.

In Figure 2.14 the sensitivity of the results to the change in arterial compliance is

shown. The behaviour is similar to the previous case, when the lengths of the arteries were

changed. However, since the relationship between wave speed and compliance is non-linear

(Eq. 2.5) the differences in the pressure waveforms between the cases when compliance is

increased/decreased by 10% are non-linear as well.

Partial occlusion

Partial occlusion of the brachial artery is modelled as the reduction of the cross-sectional

area of the artery at 26 cm from the proximal end of the artery. Pressure waveforms
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Figure 2.13: Calculated pressure waveforms in the brachial artery at the occlusion site in
both occluded and non-occluded cases for 10% longer, standard length and 10% shorter
vessels in the model. The occlusion if it exists is at 26 cm.

throughout the brachial artery are plotted in Fig. 2.15, and compared with the pressure

waveforms when the occlusion is removed (red dotted line). The pressure waveform in the

brachial artery at the bifurcation with the subclavian and vertebral arteries for partially

occluded (in green) and non-occluded (in red) artery show little differences in either shape

or systolic and diastolic pressures. Further along the partially occluded brachial artery,

the pressure waveforms show oscillatory behavior during systole, but none during diastole.

Some oscillations of a smaller amplitude around the dicrotic notch are observed. The

frequency of the additional oscillations during systole in a partially occluded artery is

much lower than in a totally occluded artery (Fig. 2.8) and the oscillations during diastole

are not present in a partially occluded artery. Pressure waveforms in the aorta for the

partially occluded case are shown in Fig. 2.16. The differences in pressure waveforms

between partially occluded (dashed line) and non-occluded (solid line) cases are much
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Figure 2.14: Calculated pressure waveforms in the brachial artery at the occlusion site in
both occluded and non-occluded cases for 10% higher comliance, standard compliance and
10% lower compliance in the model. The occlusion if it exists is at 26 cm.

smaller than between the totally occluded and non-occluded brachial artery (Fig. 2.11).

The pressure waveforms in the brachial artery near the occlusion site for different degrees

of occlusion (from 5% to 30% of the original cross-sectional area, which corresponds with

the occlusion varying from 95% to 70%) are presented in Fig. 2.17. The magnitude of

the oscillations increases in a regular but nonlinear way when the cross-sectional area of

the vessel decreases. During diastole the oscillations are only observed when the occlusion

is 95%, but they are of a much smaller amplitude than those in the completely occluded

artery (Fig. 2.8). Small oscillations around the dicrotic notch are observed in all cases.
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Figure 2.15: Calculated pressure waveforms at several sites in the brachial artery when the
artery is partially (90%) occluded at 26 cm along the artery, and a pressure waveform (in
red) near the bifurcation for a non-occluded artery.

Using measured patient specific aortic pressure waveform as an input in the

1-D model

To compare the non-invasively measured pressure in the brachial artery with the pressure

measured in the aorta in patients, the 1-D model of the arterial network is used to predict

the pressure waveforms in the brachial artery using the measured pressure in the ascending

aorta. The ensemble average of the invasively measured aortic pressure trace is used as an

input in the 1-D model. The occlusion of the brachial artery is modelled as 90% reduction

of the cross-sectional area (to 10% of the original cross-sectional area) at 26 cm from the

proximal end of the artery. The modelled pressure waveform in the brachial artery is

compared with the corresponding ensemble average of the brachial pressure measured by

the PulseCor device. As expected, the results (Figure 2.18) show that the pressures

are clearly not identical. However, there are some similar features in both curves. Both
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Figure 2.16: Calculated pressure waveforms in ascending aorta when the brachial artery is
partially (90%) occluded at 26 cm along the artery.

waveforms have similar shape and the additional oscillations are present during systole,

but no oscillations are observed during diastole. There is a difference of about 10 mmHg

in diastolic pressures between both measurements. The power spectra of both pressure

waveforms are presented in Fig. 2.19. Mean pressures are subtracted from the waveforms

before the power spectra were calculated. The frequency of the additional oscillations

for the modelled pressure waveform can be seen at about 6.5 Hz, but the same peak is

considerably smaller (about 60% smaller) in the spectrum from the non-invasively measured

pressure.

2.3 Discussion

In this chapter, clinical data measured at two different sites in several patients and analysed

in two different ways is presented. If the data are compared at the aortic site, both ensemble
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Figure 2.17: Calculated pressure waveforms in the brachial artery when the artery is
partially occluded at 26 cm along the artery. The degree of occlusion is varied from 70%
to 95%.
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Figure 2.18: Non-invasively measured and modelled patient pressure waveforms in the
brachial artery. The artery is partially occluded (90% occlusion) at 26 cm along the artery.
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Figure 2.19: Power spectra of the non-invasively measured (solid line) and modelled
(dashed line) pressure waveforms in the brachial artery, shown in Fig. 2.18. Mean pressures
are subtracted from the waveforms before the power spectra were calculated.

averages from invasively measured and non-invasively derived pressure waveforms correlate

with a high correlation coefficient for all patients participating in the study. The difference

between invasively measured and non-invasively estimated diastolic (P < 0.001) pressures

is significant, but the mean pressures (−0.66±3.17 mmHg) and the shape of the waveform

agree quite well with a correlation coefficient 0.97 ± 0.02 between both waveforms. The

form factor was higher for the invasive pressure waveforms (0.47 ± 0.05) than the non-

invasive pressure waveforms (0.39 ± 0.01) across the population of the study. The form

factor for both invasive and non-invasively acquired waveforms is higher than 0.33 which is

widely used to calculate the mean arterial pressure clinically. However, in our mean aortic

pressure estimates, the mean pressure is calculated throughout the cardiac cycle, and not

just using systolic and diastolic values for pressure.

When the same data set is compared at the brachial site, the sensitivity of the 1-D

model has been tested first. In the case with no occlusion, the brachial pressure waveforms
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calculated by the model have a similar shape to those found in other studies either measured

invasively (O’Rourke and Seward, 2006), calculated by using pulse wave analysis (Wilson

et al., 2001) or using Doppler ultrasound (Shau et al., 1999).

For a given aortic pressure, a 10% increase or decrease in the lengths of all the vessels,

to model a tall or short patient, respectively, has only a small effect on brachial pressure in

both the cases of non-occlusion and occlusion (less than 5 mmHg) (Fig.2.13). Oscillations

of the same frequency remain in all occluded cases. The amplitude of the oscillations

is greater during systole and gets smaller toward the end of diastole. Similarly, for a

given aortic pressure input, increasing/decreasing the compliance of all the vessels by 10%,

modelling young or old patients, increases/decreases the pressure by less than 5 mmHg,

respectively, but does not significantly affect the shape of the waveform.

When the artery is only partially occluded, the pressure waveforms in the brachial

artery change their shape during systole, but not during diastole for different degrees

of occlusion. The additional oscillations in the pressure waveforms, which are observed

during systole, vary in amplitude, but not in frequency with variation of the degree of

occlusion. Oscillatory behavior of the pressure waveforms during diastole disappears when

the occlusion is lower than 95%.

The ensemble average of the invasively measured aortic pressure waveform of the patient

is used as an input in the 1-D model, when the brachial artery is partially occluded. The

pressure waveforms predicted by the model in the brachial artery near the occlusion site

have some similarities to the ones measured non-invasively. The oscillatory behaviour of

the waveform during systole is observed in both traces. Although the frequency of the

oscillations is the same, the measured and predicted amplitudes differ significantly. The

shape of the waveforms during diastole, such as the rate of the diastolic decay, is similar

in both pressure waveforms. There is also an offset error for the systolic and diastolic

pressures. Since the 1-D model is not patient specific and its sensitivity to the changes of
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certain parameters is fairly small, the agreement between the predicted pressure waveform

and the non-invasively measured one can be considered to be surprisingly good; however,

the disagreements between them should be studied further.

2.4 Conclusion

As expected, acute occlusion of the brachial artery leads to a slightly raised average pressure

throughout the arterial system, including the brachial artery itself because of the increase in

net resistance to blood flow. Unexpectedly, we discovered that occlusion leads to relatively

large local oscillations in blood pressure that are superimposed on the pressure in the

model. These oscillations were present in all cases considered in this study: with or without

arterial taper, with or without viscosity, with changes in the height or arterial compliance

of the patient, for different cuff positions on the upper arm and for different degrees of

occlusion. The main difference is in the amplitude and frequency of the oscillations; when

the artery is occluded completely, they are present throughout the cardiac cycle, whereas

when the artery is only partially occluded the oscillations are only present during systole.

They are also observable to a smaller degree in the non-invasively measured pressure trace.

We therefore conclude that the local oscillations in pressure are a general result of the

occlusion and are likely to be present whenever a brachial artery is occluded. These

oscillations, the mechanical causes underlying them, and in particular their effect on cuff-

based measurements, will be investigated further.
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Comparison of the simultaneous

invasive and non-invasively measured

brachial pressure waveforms

The results from the previous chapter showed discrepancies in the shape of the brachial

artery waveform measured non-invasively and modelled using the 1-D model. Also, addi-

tional oscillations in the waveform, either only during systole when the brachial artery is

only partially occluded or throughout the cardiac cycle when the artery is fully occluded,

were observed. We concluded that these oscillations are present whenever the pressure is

measured non-invasively, i.e when the artery is occluded, but they cannot be seen in the

arteries proximal to the occlusion site. Further to these findings, another study was carried

out to investigate the effect of the occlusion of the artery in-vivo, and to verify whether

the non-invasively obtained pressure waveforms correspond with those measured invasively.

During this study, invasive and non-invasive pressure recordings were made simultaneously

in the brachial artery. The analysis of the collected data and results are presented in the

following sections.
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3.1 Clinical data acquisition and processing

3 patients (age range between 61 and 75 years, aged 70.3 ± 9.9 yrs, 1 male) undergoing

routine diagnostic coronary artery angiography in the Cardiac Catheterisation Unit in

the Hammersmith Hospital, London, UK participated in this invasive study. Exclusion

criteria included significant valvular pathology or significant impairment of left ventricular

systolic function. The protocol was approved by the Hammersmith, Queen Charlotte’s and

Chelsea local research ethics committee and met with the requirements of the Research

Governance Framework (RGF) and written informed consent was obtained from all the

patients. A series of simultaneous non-invasive and invasive pressure recordings were done

in the patients participating in the study. Non-invasive pressure traces were recorded using

the cuff-based Cardioscope II pressure measuring device (PulseCor Ltd, Auckland, New

Zealand) and invasive aortic pressure measurements were recorded using a pressure catheter

(Combowire XT Guidewire, Volcano Corporation, USA), with wires being calibrated prior

to each procedure. The data were acquired according to the following protocol. First, the

tip of the pressure wire was positioned close to the upper edge of the externally positioned

blood pressure cuff, and the invasive pressure was recorded simultaneously while the non-

invasive device was measuring the brachial pressure. Then, the catheter was withdrawn

by 5 cm proximally and the invasive and cuff measurements were repeated. Identical

measurements were subsequently done in the subclavian artery and ascending aorta. The

cuff remained at the same position for the duration of the procedure, while the catheter

was moved.

The measurements in the brachial artery were done at two different sites within the

artery to study the effect of the occlusion on the local pressure waveforms, whereas the

measurements in subclavian artery and aorta were done to investigate the effect of the

occlusion on the pressure waveforms in the more proximal arteries. All invasive pressure
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recordings were started several heart cycles prior to the cuff inflation. The data were

recorded at a sampling rate of 200 Hz and post-processed in Matlab (The MathWorks Inc.,

MA, USA).

The following algorithm was developed to compare invasive pressure data recorded at

each measuring site with and without occlusion of the brachial artery: first, invasive data

from one measuring site is cross-correlated with the simultaneously recorded non-invasive

trace to identify simultaneous beats across measurements (this method is described in

more detail in the previous chapter); then, 4-5 heart cycles of data recorded prior to

the beginning of the cuff inflation were selected (this segment of data is taken as the

measurement when the brachial artery is not occluded). Ensemble averages of both the

occluded and non-occluded data segments were calculated (as described in the previous

chapter) and compared at each measuring site.

To compare invasively and non-invasively measured pressure waveforms in the brachial

artery during occlusion, the ensemble averages of the invasively measured data at two

measuring sites, recorded when the tip of the catheter was positioned at the edge of the

cuff and moved 5 cm proximally, were compared with the ensemble average of the data

measured non-invasively.

The results from the procedure on one patient are presented in the next section, the

results from the other two patients are shown in Appendix C.

3.2 Results

Occluded versus non-occluded pressure waveform comparison

As expected, invasive pressure data measured just proximal to the occlusion site in the

brachial artery show distinct differences in the shape of the pressure waveform when the

vessel becomes occluded. A 30 second segment of raw data measured invasively is shown
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Figure 3.1: 30 seconds of the invasively measured pressure waveforms in the brachial artery
showing the effect of cuff inflation (∼ 70 s) and deflation (∼ 86 s).

in Fig. 3.1, the original recording is about 100 seconds long. Fig. 3.2 shows a zoom on

two beats of the normal non-occluded pressure in the brachial artery, followed by a similar

segment of data measured during the occlusion (Fig. 3.3). Systolic pressure increases by

about 10 mmHg during the occlusion, but diastolic pressure shows no significant changes.

There is a distinct change in the shape of the waveform when the artery becomes occluded,

due to the collapse of the artery when the cuff is inflated. The shape of the pressure

waveform changes back to the normal when the occlusion of the vessel is removed (Fig. 3.4).

There is a notable change in the heart rate in each patient when the brachial artery is

occluded, the reasons for that are, however, unknown.

Ensemble averages of the pressure traces recorded before and during the occlusion in

the ascending aorta (Fig. 3.5), subclavian (Fig. 3.6) and brachial (Fig. 3.7) arteries show

distinct differences in the shape of the waveform only in the pressure waveforms recorded

in the brachial artery. In the subclavian artery the pressure waveforms are similar during
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Figure 3.2: Example of the invasively measured pressure waveforms in the brachial artery
before the occlusion of the artery.
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Figure 3.3: Example of the invasively measured pressure waveforms in the brachial artery
during the occlusion of the artery.
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Figure 3.4: Example of the invasively measured pressure waveforms in the brachial artery
after the occlusion of the artery.

diastole, but differ during systole. In the ascending aorta, the pressure measured during

occlusion is slightly higher than the one measured when the artery is not occluded, but

the waveform has a nearly identical shape.

Invasive versus non-invasive pressure waveform comparison

Invasively and non-invasively measured pressure waveforms in the brachial artery just

proximal to the edge of the cuff are shown in Figure 3.8. The main features such as

the increase of the mean pressure, the steepness of the pressure curve during the systolic

upstroke, and presence of the oscillatory components can be seen in the invasively obtained

brachial pressure curve as well as in the non-invasively measured pressure waveforms.

The additional oscillations in the waveforms recorded in the occluded brachial artery can

be observed in-vivo, but they are of a lower frequency than in the previously obtained

modelling results. Non-invasively measured pressure waveforms in the brachial artery
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Figure 3.5: Ensemble averages of the pressure waveforms measured invasively in the as-
cending aorta before and during occlusion of the brachial artery.
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Figure 3.6: Ensemble averages of the pressure waveforms measured invasively in the sub-
clavian artery before and during occlusion of the brachial artery.
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Figure 3.7: Ensemble averages of the pressure waveforms measured invasively in the
brachial artery near the occlusion site before and during occlusion of the vessel.

show oscillatory behavior of the pressure curve during systole, but not during diastolic

decay. There are observable differences in systolic and diastolic pressures, but when the

mean of the invasive pressure is set to the mean of the non-invasive pressure (Fig. 3.9),

the changes become insignificant. The mean invasive pressure is known to change with

time over the duration of the catheterisation procedure. Similar behaviour of the pressure

waveforms is observed when the tip of the catheter is pulled proximally by 5 cm (Fig. 3.10).

Interpretation of the power spectra of both invasively and non-invasively measured pressure

waveforms in the brachial artery when the catheter was positioned at the edge of the cuff

(Fig. 3.11) reveals an additional peak at the frequency of 5 Hz in the invasive data, but

the magnitude of its power at the same frequency in the non-invasively recorded data is

considerably smaller.
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Figure 3.8: Pressure waveforms measured invasively and non-invasively in the brachial

artery at the occlusion site.
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Figure 3.9: Same pressure waveforms as in Fig. 3.8. Invasive pressure waveform is shifted

so it has the same mean pressure as the non-invasive pressure waveform.
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Figure 3.10: Both pressure waveforms measured (invasively and non-invasively) in the
brachial artery. The invasive measurement is recorded when the catheter was placed 5 cm
upstream from the occlusion site. Invasive pressure waveform is shifted so it has the same
mean pressure as the non-invasive pressure waveform.

3.3 Discussion

Although the sample size of this study is rather small, the results are still quite interesting.

To our knowledge, the invasive data in the brachial artery during occlusion are rarely mea-

sured, and no data has been reported previously. Therefore, these data are very valuable,

even if limited. The results presented here show that additional oscillations are present

locally in the brachial artery as a result of the occlusion of the vessel. These oscillations

are observed in the brachial artery itself; slight differences in the waveforms are also seen in

the subclavian artery, but not in the ascending aorta. Moreover, the oscillatory behavior

of the waveform is discernible with a non-invasive device, but only during systole. The

differences observed between invasively and non-invasively measured brachial pressure in

the shape of the waveform and the systolic/diastolic pressures, as well as the differences

between modelled pressure in the brachial artery and the one measured non-invasively
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Figure 3.11: Power spectra of the invasively (solid line) and non-invasively (dashed line)
measured pressure waveforms in the brachial artery at the occlusion site. Mean pressures
are subtracted from the pressure waveform before the power spectra were calculated.

are extremely important to study as the achievement of high accuracy in measuring and

modelling of the pressure waveforms is desirable. One of the possible explanations for

differences in the invasive and non-invasive data is damping of the pressure signal prop-

agating from the brachial artery to the surface of the skin where the pressure signal is

detected by the sensors in the cuff. The soft tissue, bone and the skin can act as a low pass

filter, which might explain why the high frequencies in the invasive pressure waveform are

damped when recorded at the surface of the skin. The propagation of the pressure signal

from the brachial artery through the soft tissue in the arm to the surface of the skin will

be investigated in the next chapter.
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Given the results from the two studies previously described in Chapters 2 and 3, under-

standing how the pressure signal propagates through the soft tissue would be of interest.

The disagreements in the shape of the measured pressure waveforms and a mismatch in

systolic and diastolic pressures gives a warning about the accuracy of the non-invasive

measurements in general. For example, a disagreement in 10 mmHg in systolic or diastolic

pressure may cause misclassification of the patients condition. In order to improve exist-

ing measuring devices, better understanding of the underlying mechanisms of non-invasive

pressure detection is desirable.

In Chapter 3, the invasive and non-invasive pressure traces in the brachial artery were

recorded and compared. Although these pressure recordings look similar, they are not an

exact match. To explore the possibility that the signal is being damped during propagation

through the soft tissue in the upper arm to the skin surface, where it measured with the

non-invasive cuff-based devices, a computational model is developed in order to understand

the process of the pressure waveform propagation through the soft tissue. In this study

poroelastic theory is used to build a model of the upper arm with a cuff applied over half of

the arm, in order to simulate the pressure measuring conditions. The model development,
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assumptions, methods and results are described in the following sections.

4.1 Poroelastic theory

Poroelastic theory was introduced by Terzaghi in 1925 and further studied by Biot in

1941 (Biot, 1941; Wang, 2000). The theory is based on a description of a porous, elastic

media with pores being filled with a fluid, which is a good description of living tissues since

the soft tissues contain approximately 70− 75% water. Therefore, any forces acting on the

material will cause volumetric changes in the pores and movement of the fluid relative to

the solid component of the material. Darcy’s law relates fluid velocity (u) to the hydraulic

pressure (p) as follows:

u = −k
µ
∇p

where k is permeability and µ is fluid viscosity. Overall force equilibrium is described by

∇ · σ = −Fv

where σ is the stress tensor and Fv is the body force per unit bulk volume. The volumetric

change in the pores and also the fluid pressure due to the force is described by the fluid

conservation equation:

α
∂εvol
∂t

+ Sε
∂p

∂t
= ∇u+Q

where α is the Biot-Willis coefficient, εvol is volumetric strain tensor, Sε is a specific storage

at constant strain, and Q is the volume of fluid added from an external source per unit bulk

volume per unit time. The specific storage coefficient, Sε, is the volume of fluid released
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from the storage per unit control volume per unit pressure decline while the control volume

is constant. The Biot-Willis parameter α is the ratio of the increase of fluid content to

volumetric strain when the pore fluid remains at constant pressure. It is equal to one if

the volumetric strain is only due to volume change in pores, meaning that the solid part

is incompressible. It is less than one when the change in bulk volume is greater than

pore volume by the amount of the change in the solid volume (compressible solid). The

condition of constant fluid pressure means that the volume of fluid that goes in and out of

storage is due to the change of pore volume only.

4.2 Development of the model

Figure 4.1: Schematic cross-section of the upper arm (Gray, 1918)

A human upper arm consists of a number of elements: the bone (humerus), several

muscle groups, arteries, veins and lymphatics, all surrounded by a layer of fatty tissue and
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skin (Fig, 4.1). Every element varies between individuals; the thickness of the musculature

together with the layer of fatty tissue influences the shape of the arm and age or sex may

influence the diameter of the vessel lumen and elastic properties of the vessel walls. This

makes it challenging to develop a generic model that will be suitable for every patient as all

these parameters may influence the outcome of our simulations. Since no existing model

describing pressure waveform propagation through the soft tissue has been found in the

literature, the model is developed using non-physiological simplifications.

In this study, the geometry of the arm is described by a circular cylinder that only

consists of one artery that runs parallel to the axis of the cylinder, other arteries and veins

are not taken into account in the model. All muscle groups, fatty tissue layer and skin

are assumed to be homogeneous and described as a single soft tissue. Furthermore, the

elastic properties of the vessel wall are also assumed to be similar to the properties of the

soft tissue. Therefore, all these elements are described with one soft tissue component

of poroelastic material. The cuff is assumed to have constant volume, in the model it is

simulated as a constant pressure prescribed at the boundary. The changes in the volume of

the bladder in the cuff due to its inflation (Drzewiecki et al., 1993, 1994) are not considered

in the model.

The model is developed in several steps using the Comsol Multiphysics (Comsol AB,

Stockholm, Sweden) software package. First, a simple two element two-dimensional (2-D)

axisymmetric model consisting of one artery along the axis of the cylinder surrounded by

a layer of soft tissue with poroelastic material properties is built. This model is referred

to as the ‘two element axisymmetric model’. The cuff is modelled as a constant prescribed

pressure on the outer (skin) boundary of the cylinder. The relationship between a pre-

scribed constant pressure in the cuff and artery and the displacement of the skin boundary

of the model is studied in steady state. This displacement is used to calculate pressure

fluctuations in the cuff (the method is described in Section ‘Pressure calculations due
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to displacement of the boundary’ in more detail). The results are compared with the

outcome of the model with the same geometry but purely elastic properties of the material.

Then, the input boundary pressure in the artery is modelled as a time dependent sinusoidal

wave about a mean pressure. This is an approximation of the arterial pressure of a healthy

human. The input arterial pressure is compared with the pressure fluctuations in the cuff

in terms of phase shift and amplitude change between the two signals. Next, to test the

effect of frequency of the input signal on the output pressure, the frequency of the input

pressure in the artery is varied. The cuff pressure on the skin boundary is kept constant

in all simulations.

To make the model more realistic, the artery is moved from the axis, which makes

the model non-symmetrical and three-dimensional (3-D). This model is referred to as the

‘asymmetric model’. The difference in the displacement of the skin in the model due to

the non-symmetry is studied.

Finally, a fixed bone boundary is added along the axis with the artery remaining in a

shifted position. Both, the bone and the artery, are set parallel to the skin boundary of the

model. This model is referred to as the ‘three-element model’. The pressure generated by

the displacement of the skin boundary is calculated for constant (steady state) and time-

dependent prescribed input pressures at the arterial boundary. The effect of the frequency

of the input signal on the output pressure is also studied. The results for more realistic

arterial pressure waveforms can be deduced by using Fourier series, which represents a

signal as a sum of the sinusoidal functions of a given frequency and amplitude. The

difference in the skin boundary displacement in time between axisymmetric model and

three-element model when no cuff is applied is also studied. For all models, arterial pressure

is considered as an input into the model, and skin boundary displacement is considered to

be an output for a specific cuff pressure prescribed at the skin boundary.
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Geometry and boundary conditions

Figure 4.2: Development of the geometry of the model.

Simple two-element poroelastic axisymmetric model (Fig. 4.2, left) This model

is defined as a cylinder where the radius of the arm (Rarm) is 5 cm and the length is

50 cm1, consisting of a material with poroelastic characteristics (Table of parameters in

Appendix A). The artery is modelled as a cylindrical boundary with the radius rartery =

3 mm along the axis of the arm cylinder. The pressure that is prescribed at that inner

boundary corresponds to the pressure in the artery. The upper half of the outside boundary

surface has a prescribed constant pressure, representing the pressure in the cuff. Detailed

boundary conditions are described later.

Simple asymmetric poroelastic 3-D model (Fig. 4.2, middle) In this two-element

model the artery remains parallel to the axis of the cylinder, but displaced away from the

1The arm length is chosen to be unrealistically long to eliminate the effect of the edges of the model on
the region of interest, the region around the edge of the cuff
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axial position (x-coordinate of the axis of the artery xartery = 1
2
Rarm) since the location of

the brachial artery is not in the middle of the arm in humans. The dimensions, material

properties and boundary conditions are kept the same as in the two-element axisymmetric

model.

Simple three-element poroelastic 3-D model (Fig. 4.2, right) This model consists

of a bone and an artery surrounded by a soft tissue with poroelastic properties. The bone of

a diameter dbone = 3 cm is modelled as a fixed boundary along the axis. The artery remains

in the shifted position. The artery is also modelled as a cylindrical movable boundary with

a prescribed pressure.
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Figure 4.3: The pressure prescribed at the arterial boundary when f = 1, 2 and 10 Hz.

Boundary conditions in the model are set as follows. In the three-element model, the

bone boundary is kept fixed. In the models without the fixed bone along the axis, it

is necessary to fix the boundary at the bottom of the cylinder to prevent a rigid body

movement of the model when asymmetric boundary forces are applied. All boundaries

are impermeable and all unfixed boundaries are free for radial and axial movement. In
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the models where the cuff pressure is applied, the pressure at the upper half of the skin

boundary is constant. Generally, this is set to 150 mmHg, which corresponds to the

pressure that the cuff is inflated to during the clinical studies that were described in the

previous chapters. The pressure over the other half of the surface of the cylinder is zero

(gauge pressure). The pressure at the arterial boundary is set to 100 mmHg during the

steady state case. Since a typical blood pressure signal can be approximated by a sum

of the sinusoidal functions of different frequencies and amplitudes, in the time-dependent

cases it is modelled as a function of time and frequency, 100 + 20 sin(2πft) mmHg, where

f = 1, 2, .., 10 Hz (Fig. 4.3). The effect of these frequencies of an input signal is studied

separately. When f = 1 Hz this input pressure is similar to the typical blood pressure of

the healthy person (120/80 mmHg and heart rate 60 beats per minute).

Pressure calculations due to displacement of the boundary

The displacement of the material at the skin boundary surface due to the applied cuff

pressure is modelled. The steady state case shows the displacement in the model due to

applied cuff pressure, when the pressure in the artery equals to the mean pressure. In

time-dependent cases, the volume of the inflated cuff is taken to be constant at the start

of the simulation. The volume change in the cuff (∆Vcuff), assuming the outer boundary

of the cuff is fixed, is approximately

∆Vcuff(t) = L

∫
S

δ(t)dσ,

where the integral is taken over the inner surface S of the cuff (the skin), δ(t) is the radial

displacement vector of the skin, L is the length of the cuff and dσ is a surface element.

In order to relate the calculated displacement of the skin to the pressure fluctuations in

71



Chapter 4. Upper arm model

Figure 4.4: Volume in the cuff. The arrows indicate displacements of the skin due to
pressure changes in the artery. The outer boundary of the cuff is assumed to be fixed
whereas the inner boundary is free to move as a result of the pressure changes in the
artery.

the cuff, the volume of the cuff is calculated as a function of time due the time-dependent

displacement of the model boundary (Fig. 4.4). If we assume that the temperature in the

cuff is constant, the isothermal pressure is calculated using the perfect gas law:

PV = nRT,

where P is pressure in the cuff, V volume inside the cuff, n number of moles of gas, R is

Boltzman constant and T is the temperature. For time varying pressure this law can be

written as follows:

P (t) =
P0V0

V (t)
,

where P0 and V0 are pressure in the cuff and volume of the cuff at the reference point
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respectively and V (t) = V0 + ∆Vcuff(t).

Alternatively, if we assume that the changes in the cuff are isentropic, the pressure/volume

relationship is:

P (t) = P0

(
V0

V (t)

)γ
,

where the ratio of specific heat γ = 1.4 for air.

It is not clear which of the two conditions is the most accurate; therefore, both are calcu-

lated.

4.2.1 Results

Fig. 4.5 shows the radial displacement, for the poroelastic axisymmetric model, when a

steady pressure in the cuff and artery is applied. The cuff extends upwards from the

midpoint of the arm, 0.25 m. The displacement around the edge of the cuff is different

to the displacement under the cuff, which shows that the displacement of the soft tissue

under the cuff is not the same everywhere. It is smaller near the edge of the cuff. The

displacement of the material in the purely elastic model of the same geometry (Fig. 4.6)

shows similar behaviour (note the differences in the scales of the colour bars; there is about

an order of magnitude difference between them). The colour bar in both figures indicates

that the displacement is bigger in the elastic model, but of the same order of magnitude.

This may be due to the choice of the material parameters in the models. This shows that

the model with elastic properties of the material gives similar results as the same model

with poroelastic material, in the steady state, as expected.
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Figure 4.5: Radial displacement (in meters) in the poroelastic axisymmetric model, where

the cuff pressure is 150 mmHg, arterial pressure is 100 mmHg.

Figure 4.6: Radial displacement (in meters) in the purely elastic axisymmetric model,

where the cuff pressure is 150 mmHg, arterial pressure is 100 mmHg. Note the differences

in scales from Fig. 4.5
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Figure 4.7: x-displacement in the asymmetric model when Partery = 120 mmHg (systolic

pressure); Partery equals to the mean pressure; Partery = 80 mmHg (diastolic pressure) for

f = 1 Hz. The gray circles in all three figures represent the original geometry of the arm.

The x direction is defined from left to right in the radial plane.

The displacement for the asymmetric poroelastic model is shown at several time steps

in Fig. 4.7. The figure on the left is when the arterial pressure is equal to the maximum

pressure (systolic pressure), the middle figure when arterial pressure is equal to the mean

pressure and the right figure shows the displacement when the arterial pressure is mini-

mum (diastolic pressure). The top and bottom boundaries are fixed to prevent rigid body

movement. As the model is constrained on both ends, the material moves in radial di-

rection only, which can be seen in the geometry changes on the sides. Also the material
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displacement is highly irregular. If the top boundary is left free, the upper part of the

model tends to move to the side due to the asymmetry of the forces applied, which makes

it qualitatively different from the real arm where the bone prevents the rigid body motion

along the length of the arm. Therefore, this model is not considered in the further analysis.
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Figure 4.8: The pressure fluctuations in the cuff with a prescribed constant pressure of 150
mmHg calculated using isothermal and isentropic pressure/volume relationships, f = 1
Hz.

The pressure fluctuations in the cuff in the two-element axisymmetric model of the

upper arm with the pressure input of 1 Hz at the arterial boundary (Fig. 4.3) is shown

in Fig. 4.8. The prescribed cuff pressure is 150 mmHg, the pressure fluctuations for both

isothermal and isentropic, pressures are quite small with mean equal to the prescribed cuff

pressure. The amplitude of the isentropic pressure is higher than the amplitude of the

isothermal pressure for the positive pressures because γ > 1. As the behaviour of both

pressure waveforms is similar, only the isentropic pressure/volume relationship is calculated

and taken for further analysis, the quantitative differences of the pressures are not taken

into account.
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Figure 4.9: The isentropic pressure fluctuations in the cuff with a prescribed constant cuff

pressure of 150 mmHg, and input arterial pressure frequency varying between 1 and 10 Hz,

two-element axisymmetric model.
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Figure 4.10: Amplitude variation of the change in cuff pressure with frequency of the input

arterial pressure, two-element axisymmetric model.
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The isentropic pressure fluctuations in the cuff in two-element axisymmetric model

when the frequency of the input signal f is varied between 1 and 10 Hz is shown in Fig. 4.9

for f 1, 2 and 10 Hz. The behaviour is similar to the output when f=1 Hz. The time step

is kept the same for all the frequencies, therefore, for higher frequency signals the pressure

signal is less smooth compared to the lower frequency signals. The change of the amplitude

with frequency (Fig. 4.10) shows a small increase in amplitude with increasing frequency.

Slight irregularity of the amplitude with frequency can be caused by the constant time

step taken for all simulations. The higher the frequency of the waveform, the smaller the

time step should be in the simulation to capture fast changes. If the time step taken is too

large, it might be the case that the maximum value of the displacement is missed between

two time steps, which then leads to small errors in pressure calculations.

Similar results for the change in amplitude with frequency are observed for the three

element model (Fig. 4.12). Importantly, there is no significant phase shift between input

(Fig. 4.3) and output signals (Fig. 4.9, Fig. 4.11) in either model.
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Figure 4.11: The isentropic pressure fluctuations in the cuff with a prescribed constant cuff

pressure of 150 mmHg, and input arterial pressure frequency varying between 1 and 10 Hz

in the three-element model.
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Figure 4.12: Amplitude variation of the change in cuff pressure with frequency of the input

arterial pressure, three-element model.
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Figure 4.13: Comparison of the skin boundary displacement from two models when no cuff
is applied.

The displacement of the skin boundary for the two models, two-element axisymmetric

and three-element model, when no cuff is applied is shown in Fig. 4.13. The amplitude of

the displacement for the two-element axisymmetric model is much lower than the amplitude

of the displacement in the three-element model, which can be caused by a number of

differences in the model, either the position of the artery or the presence of the bone in

the model.

4.3 Comparison of models

Initially, the length of the arm is chosen to be unrealistically long to eliminate the effect

of the edges of the model on the region of interest. From the results shown in the previous

section, it can be noted that the displacement is uniform in the z-direction except in a

relatively small region around the edge of the cuff, therefore the model is shortened in
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z-direction to a more realistic arm length. The total length of the arm is now 25 cm, all

other parameters remain unchanged.

To test how sensitive the three-element model is to change in the geometry, a series of

cases are done, with one of the parameters varied in each case. First, the position of the

artery is shifted in the radial direction along x-axis (only the x-coordinate, xartery, of the

position of the artery is varied in the models), closer to the skin boundary and closer to

the bone boundary. Then, the artery is set back to the original position, but the radius

of the skin boundary (Rarm) of the model is increased to 150% and reduced to 75% of the

original diameter. Furthermore, for the three-element model the prescribed cuff pressure

is varied between 120 mmHg and 90 mmHg in steps of 5 mmHg. The pressure results are

compared and presented in the next section.

4.3.1 Results

Changing artery position and dimensions of the arm

The results of the first simulations when the position of the artery and the dimensions

of the arm are changed are presented in Fig. 4.14. The black solid line represents the

three-element model at the reference conditions (xartery = 0.5Rarm). The red lines are the

cuff pressure fluctuations when the position of the artery is closer to the skin boundary

xartery = 0.4Rarm (solid line) and closer to the bone boundary xartery = 0.65Rarm (dashed

line). The geometry of all other elements in the model remains unchanged. The results

show a decrease in the amplitude as the artery is moved away from the skin boundary. In

the second case (blue lines), the artery remains in the original place for all cases, but the

diameter of the skin boundary is varied (Rarm1 = 1.5Rarm and Rarm2 = 0.75Rarm), the

results show similar behaviour. The bigger the minimum distance between the artery and

the skin, the smaller is the amplitude of the pressure oscillations in the cuff.
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Figure 4.14: Pressure variation in the cuff for models with changed geometries.
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Figure 4.15: Pressure fluctuations in the cuff when the initial pressure in the cuff is varied,
first half of the cycle is presented.
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Changing pressure in the cuff

Fig. 4.15 shows the isentropic fluctuations in the cuff pressure over half a cycle of the

arterial pressure when the cuff pressure at the skin boundary is varied. Since cuff pressure

calculated in all cases is periodic with no difference between the positive and negative parts

of the cycle, we show only the positive, first half of the cycle. The mean cuff pressure is

subtracted from each pressure waveform in order to compare the amplitudes and the shape

of the pressure waveforms. The amplitude decreases when the initial pressure in the cuff

decreases. There is no phase shift observed in any measurements.

4.4 Comparison with measured patient data

In order to make a quantitative comparison of the results from the upper arm model,

another small non-invasive study was carried out on 8 healthy volunteers. Only non-

invasive measurements using Cardioscope II (PulseCor Ltd, Auckland, New Zealand) were

done. First, a standard measurement was taken to determine the normal blood pressure

of the participant. Then, the pressure to which the cuff was inflated was altered based

on the normal systolic and diastolic pressure values for the subject. During a standard

measurement, the cuff was inflated to 150 mmHg. Subsequently, the pressure in the cuff was

set to be equal to the systolic pressure of the subject and the measurement was repeated.

The pressure in the cuff was then changed by a 5 mmHg decrement every measurement,

the study was carried out until the pressure in the cuff was equal to the diastolic pressure

of the subject. For the last measurement in the study the cuff pressure was set to be a

few mmHg higher than the subjects’ diastolic pressure, as the device cannot measure the

blood pressure when the cuff pressure is equal to the diastolic pressure.
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Figure 4.16: Non-invasively measured arterial pressure when the initial pressure in the cuff
is varied for one subject.

4.4.1 Results

Non-invasively measured pressure in the brachial artery in one of the subjects in our study

is presented in Fig. 4.16. The data from only one subject is shown, as the behaviour of

the pressure waveforms is consistent in all the participating subjects. The maximum of

the pressure waveform decreases with the pressure in the cuff. There was a measurement

artifact when the cuff pressure was 105 mmHg in this subject. The results from our model

shown in Fig. 4.15 are consistent with the measurements done on the subjects. There is

a decrease of the maximum pressure with the decrease in cuff pressure. However, in the

model the decrease is linear, whereas in the results observed in patients, this decrease is

irregular.
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4.5 Discussion

In this chapter, an attempt to model the common task of measuring blood pressure non-

invasively is presented. Although, the model developed here is a very simplified represen-

tation of a realistic human arm, it still gives valuable information about pressure waveform

propagation through the soft tissue in the arm. Having seen a number of true physiological

pressure waveforms and discussing true values for systolic and diastolic pressure in previ-

ous chapters, the results that are presented in this chapter might not seem comparable as

the pressure fluctuations in the cuff have much smaller amplitude than at the fundamen-

tal frequency of the pressure waveform. However, one might not realise that the pressure

waveforms that are taken as an output from the cuff-based device which is used in the

measurements are not exactly the pressure originally measured in the cuff. The pressure

transducer in the cuff records the fluctuations in the cuff about the nominal cuff pressure.

The embedded software amplifies the signal and transforms it into the brachial pressure

waveform. These results were extensively discussed in the previous chapters without a de-

tailed analysis of the data post-processing algorithms embedded in the device. The main

focus in our model is the general behaviour of the output signals given certain modifications

of either the model geometry, boundary conditions or input.

We have shown that a small step in improving model geometry, going from a very simple

two-element axisymmetric model to a three-element model by including the bone gives a

significant increase in the amplitude in the skin displacement results. The sensitivity of the

output to the frequency of the input signal is rather small, but still significant. However,

in the two-element axisymmetric model the amplitude increase is two orders of magnitude

higher than in the three-element model.

Testing the sensitivity of the model to the geometry changes reveals that the position

of the artery relative to the skin is important to the amplitude of the output signal. The
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more superficial the artery is in the model, the higher the amplitude of the displacement

of the skin and, hence, the pressure fluctuations in the cuff. In reality, the brachial artery

does not run parallel to the skin or bone, it lies deeper around the shoulder and becomes

more superficial closer to the elbow. Therefore, in order to get a better signal, it would be

beneficial to measure the blood pressure closer to the elbow. However, the biggest tissue

displacement due to pulsatile behaviour of the arterial pressure occur at the edge of the

cuff which is further removed from the elbow. According to the BP measuring guidelines

and recommendations for suitable cuff sizes based on the circumference of the patient’s

arm, the cuffs are chosen so that they cover roughly half of the upper arm. At that point

the brachial artery is highly likely to be in middle between bone and the skin, and not at

the extremes, therefore our approximation for the position of the artery in the geometry is

reasonably good.

In the model the arterial collapse due to the inflation of the cuff is assumed to be

symmetrical, which is not seen in the real arteries (Fig. 1.5). The results of the model

show that the material displacement around the edge of the cuff is not the same as the

displacement further under the cuff. Even though we assumed the geometry of collapse to

be circular, we can conclude that the artery collapses somewhere under the cuff rather than

at its edge. The area of the artery between the edge of the cuff and where there artery

collapses is the area where the blood pressure increases due to the occlusion (and as is

shown in Chapter 2, where the oscillatory behaviour of the pressure waveform originates),

which causes the increase in the artery wall displacement. This is the area where the blood

pressure is measured as the rest of the artery under the expanded cuff is occluded and no

artery wall movement should be observed.

Comparison of the pressure output signals when the pressure in the cuff is varied shows

similarities with the data collected in healthy volunteers. It should be noted that in humans

the waveform changes in shape when the pressure in the cuff gets closer to the diastolic
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pressure. The pressure fluctuation in the cuff calculated by the model is compared to the

pressure derived by the device’s software for the brachial artery since it is not possible to

retrieve the originally measured signal of pressure fluctuations in the cuff from the device.

Therefore, we can only comment on the general trend of the behaviour but not the exact

values of the systolic and diastolic pressures.

The brachial pressure is approximated by a sinusoidal wave of a certain amplitude and

frequency and the changes in output are observed for various frequencies of the input signal.

As a step for future development of the model, Fourier analysis can be used to represent

the brachial pressure waveform as the sum of the sine waves of different frequencies and

amplitudes, and then the true measured brachial pressure could be used as the input for

this model.

It is unclear which pressure/volume relationship to use, isothermal or isentropic, as it

has been reported that the pressure/volume relationship can be described better with an

isentropic relationship (Diamantopoulos and Lever, 2008). For the analysis in this chapter

the isentropic pressure is used, but the general behaviour and conclusions are the same for

the isothermal relationship.

As is expected, the results from the elastic model are comparable with the results

of the poroelastic model in steady state. However, in the poroelastic model no phase

change is observed in the dynamic calculations. Phase change would be an indicator for

non-linear changes of the signal propagation through the soft tissue. Non-linearity of the

problem arises from the viscous terms, therefore, the choice of the parameters such as µ

and κ, the viscosity and permeability respectively is important. Since the amplitude of the

displacements at the skin boundary is relatively small, the problem becomes linear to first

order.
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Discussion

Cardiovascular diseases remain the leading cause of death in the world with hypertension

being a common risk factor. Diagnosis and monitoring of high blood pressure should be

relatively easy, since there are a number of the automated devices on the market that can be

easily used, even by a medically untrained person. The accuracy of these devices has been

a subject of widespread research. However, the underlying mechanisms of the non-invasive

measurement of the blood pressure have not been investigated fully. A first attempt in

this thesis is made to understand the changes in the pressure waveform, originating in the

aortic root, as it propagates through the arterial system to the brachial artery in the arm

and how it is measured on the skin surface of the upper arm.

Ideally, having simultaneous invasive measurements in the ascending aorta and the

brachial artery, together with non-invasive measurements in the brachial artery would be

desirable in order to determine the accuracy of cuff-based measurements. In practice, this

is very difficult to achieve. Therefore, the work was carried out in a few easier steps.

Briefly: in the first clinical study described in Chapter 2, the pressure waveforms were

simultaneously measured in the ascending aorta with a catheter and in the brachial artery

with a cuff based device. The data were compared in two ways; the non-invasive data
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were transformed into the central pressure using the software embedded in the device and

compared with the pressure waveform measured invasively. This is essentially a test of

the ability of the device to predict central pressure. Another comparison of the same data

was done when the invasively measured pressure waveforms in the ascending aorta were

used as an input into the 1-D model of the arterial network to predict pressure waveforms

in the brachial artery. These brachial artery pressure waveforms were compared with the

corresponding ones measured non-invasively with a cuff-based device. This comparison

gives an indication of the ability of the device to measure the brachial artery pressure

waveform. In Chapter 3, in addition to the first experimental study, the second invasive

study was done on a small group of patients, where the pressure waveforms in the brachial

artery were simultaneously measured invasively and non-invasively. As the results of this

study showed differences in the pressure waveforms, the model described in Chapter 4

was developed in order to understand the changes in the pressure waveforms when they

propagate from the brachial artery through the soft tissue in the upper arm to the skin,

where the cuff is placed and the pressure is measured.

Since the devices used in these studies give an estimate for the central pressure based

on the measurements of the pressure in the brachial artery, it is interesting to see not

only the forward transformation of the signal, but the inverse transformation as well.

However, using the 1-D model of the arterial network to study the propagation of the

pressure waveform from the aorta to the brachial artery shows that the relationship and

the underlying processes are non-linear and highly complex. This makes the possibility of

the accurate estimation of the central pressure from the brachial pressure highly difficult.

In the automated measuring devices, a certain (linear) transfer function is used. The non-

linearity of results of the 1-D model of the arterial network suggest that the use of a linear

transfer function is, at best, an approximation.

The results of the first clinical study, where the pressure was measured simultaneously
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in the ascending aorta invasively and in the brachial artery non-invasively, were described

in Chapter 2. These results show that the central pressure estimates of the non-invasive

device highly correlate in shape with a correlation coefficient 0.97± 0.02. The form factor

was higher for the invasive pressure waveforms (0.47±0.05) than the non-invasive pressure

waveforms (0.39±0.01) across the population of the study. There is no significant difference

(P > 0.6) in the mean pressure between invasive and non-invasive measurements (−0.66±

3.17 mmHg), but there is a highly significant error in estimating central diastolic pressure

values (P < 0.001) and a negligible error in estimation of the central systolic pressures.

However, due to a small number of participants in whom the measurements were made it

is impossible to make a statistically significant comment about the accuracy and precision

of the device. Previously the form factor has been used to estimate the mean aortic

pressure (Segers et al., 2009; Chemla et al., 2002); it is a fraction that is added to the

diastolic pressure in order to calculate the mean pressure, in most clinical calculations

it is assumed to be 1/3. This coefficient originated from the mean pressure derivation

from Gauer (1960). In our case, as there is a disagreement in diastolic pressures and in the

form factors between invasive and non-invasive measurements, but because they disagree

in different directions, there seems to be a self cancellation of errors with leads to small

disagreement in mean pressure.

The agreement of the waveforms during periods of rapid change, such as at the dicrotic

notch, is not as good; this is due to the ability of the high-fidelity catheters to detect high

frequency changes in the pressure wave reflections caused by closing of the aortic valve

while the non-invasive techniques fail to achieve the same level of accuracy. Despite this

limitation, the main features of the central pressure waveforms, such as rapid upstroke, di-

astolic decay and time of the systolic peak estimated by PulseCor software agree reasonably

well with the invasively measured pressure waveforms.

A second comparison of the pressure waveforms at the brachial site, the non-invasively
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measured pressure and modelled pressure using the 1-D model of the arterial network

showed not just disagreements in systolic and diastolic pressures (Fig. 2.18), but also an

unexpected oscillatory behaviour of the pressure waveform. To our knowledge, the oscilla-

tory behaviour in the brachial artery has only been recently reported in one study (Trachet

et al., 2010) (for figures see Appendix B, Fig. B.1), but its origin has not been fully un-

derstood. This behaviour was extensively studied using the 1-D model of arterial network

and in the second invasive study, when the simultaneous pressure measurements were done

in the brachial artery invasively with a catheter and non-invasively with the external cuff-

based device. The tip of the catheter was positioned just above the proximal edge of the

externally positioned cuff. The difference in the pressure waveform in the invasively mea-

sured pressure in the brachial artery before the cuff was inflated and the artery became

occluded and during the occlusion was observed (Fig. 3.7), the differences in the systolic

and diastolic pressures were not as high as measured in the ascending aorta (Fig. 3.5).

However, the oscillatory behaviour of the waveform during the occlusion predicted by the

1-D model calculations was observed in the pressure waveform measured in the brachial

artery, but not in the ascending aorta. The corresponding non-invasive pressure in the

brachial artery showed oscillatory behaviour of the waveform as well, but the amplitude of

the additional oscillations was much smaller. The oscillatory changes in pressure around

the dicrotic notch were observed in the occluded brachial artery during the invasive mea-

surement, but not in the non-invasive measurement. There is also a visible disagreement in

systolic and diastolic pressures between these measurements. It should be noted that the

oscillatory changes in pressure around the dicrotic notch are present when the artery be-

comes occluded, in the case with no occlusion the pressure waveform only has an inflection

point, as can be seen from the invasive measurements in the brachial artery (Fig. 3.7).

The results of the simulations with the 1-D model of the arterial network showed that

the acute occlusion of the brachial artery leads to a slightly raised average pressure through-
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out the arterial system, including the brachial artery itself, because of the increase in net

resistance to blood flow. In addition, occlusion leads to relatively large local oscillations in

blood pressure that are superimposed on the pressure. These oscillations were present in

all cases considered: with or without arterial taper, with or without viscosity, with changes

in the height or arterial compliance of the patient, for different cuff positions on the upper

arm and for different degrees of occlusion. The main difference in the model results is in

the amplitude and frequency of the oscillations; when the artery is occluded completely,

they are present throughout the cardiac cycle, whereas when the artery is only partially

occluded the oscillations are only present during systole. They are also observable to a

smaller degree in the non-invasively measured pressure trace as well as in the invasively

measured pressure waveforms in the brachial artery, which are extensively discussed in

Chapter 3.

Based on the results of both chapters we can conclude that the pressure waveform

in a brachial artery shows an oscillatory behaviour when the artery becomes occluded.

Moreover, it seems that this only happens in the brachial artery; the pressure waveforms

in all other arteries do not show any oscillatory behaviour when the brachial artery is

occluded. The results of similar simulations (Appendix B, Fig. B.2) were reported in a

private communication by Low and Nithiarasu, where an independent model of an arterial

network with 63 large arteries was used, show similar behaviour. The conditions studied

in this model were the same as in the 1-D model of arterial network used in our study. The

invasive measurements in the brachial artery presented in Chapter 3, with artery being

occluded and when the occlusion was removed support this conclusion.

To explain and minimise the differences in the modelled and non-invasively measured

brachial pressures, the ensemble average of the invasively measured pressure in the as-

cending aorta should be decomposed into its forward and backward traveling components

using Wave Intensity Analysis (Parker and Jones, 1990; Parker, 2009). In the 1-D model
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of the arterial network only the forward traveling wave component is taken as an input

in the model, whereas in this case the total waveform was used as an input. In order to

separate the ascending aortic pressure waveform into its forward and backward component,

the simultaneous recording of blood pressure and the velocity is necessary.

The results of the simultaneous measurements that were done in the brachial artery,

invasively and non-invasively, indicate a few possible problems about the accuracy of the

non-invasive devices, taking the invasive recording as a gold standard. It seems that the

pressure waveform in the brachial artery changes in shape and the pressure in the ascending

aorta increases when the brachial artery becomes occluded, which happens every time the

pressure is measured with the cuff-based devices. Moreover, the high frequency changes of

the signal seem to dissipate while propagating through the soft tissue in the arm, where

it is detected by the transducers in the cuff. This effect can be seen most clearly around

the dicrotic notch, since the pressure variation around the dicrotic notch is higher in the

invasive pressure trace than in the non-invasively acquired one. To test the hypothesis that

the signal is being damped while propagating through the soft tissue, the upper arm was

modelled in Comsol software. Building a model makes it easier to test certain hypotheses

and to study the effect of some parameters on the changes in the output signal by changing

one parameter at the time. This way, the complexity of the nature of the problem can be

reduced to a simplified model, which can be studied in detail. In this case, our hypothesis

has not been confirmed by the simulations from our upper arm model. We expected a

phase lag between input and output signal as well as a smaller amplitude of the output

signal in comparison to the input signal. We found no decrease in the overall amplitude,

nor a phase shift between signals. When testing the variations in the amplitude of the

pressure signals of different frequencies, a small increase in amplitude with frequency of

the output signal was observed. These findings do not support our hypothesis.

There are a few possible explanations for such behaviour. One aspect of the problem is
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that the model is very simplified in comparison with the real arm; different muscle groups,

fat tissue and more importantly, the artery vessel wall were described with single tissue of

the same parameters. It is important to realise that the effect of the transmural pressure

on the vessel wall is very significant. The arterial collapse was assumed to be circular, other

extensive studies on collapsible tubes showed that a) the artery is never fully collapsed;

b) the cross-sectional geometry of the collapsed artery has a dumbbell shape (Foran and

Sheahan, 2004; Naili and Thiriet, 2005; Pedley and Luo, 1998).

Another aspect of the problem is the post-processing of the signal detected in the

cuff by the software embedded in the device. The pressure changes measured in the cuff

detected by a transducer are amplified using an algorithm, and reported as the brachial

pressure waveform, and subsequently the central aortic pressure waveform is calculated

using another transfer function. The algorithms behind this process are not published by

the manufacturer, therefore, it is impossible to say whether the pressure fluctuations in the

cuff modelled with the three element model of the upper arm are quantitatively comparable

with the pressures acquired with the cuff-based device. Comparison of the pressure output

signals when the pressure in the cuff is varied shows similarities with the data collected in

a small study on the healthy volunteers. It should be noted that in humans the waveform

changes in shape when the pressure in the cuff gets closer to the diastolic pressure. For

the modelled pressure waveform the sinusoidal pressure waveform of the frequency 1 Hz

was taken. The decrease in pulse pressure with decrease in the cuff pressure was observed

in both modelled and measured pressure waveforms.

From both upper arm models, with and without the bone, it can be noted that the

area where the displacement of the tissue is the biggest is around the proximal edge of

the cuff. The arm geometry was made unrealistically long to avoid the boundary effects

on the region of interest. However, as it has been shown (Fig. 4.5), the region where the

cross-sectional area change is the biggest is quite small. The area where displacement of the
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tissue is the biggest is also the area where the pressure changes in the cuff are the biggest.

Therefore, this is the area where the pressure in the brachial artery is estimated. The

recommendation on which cuff size to use on the patient depends on the circumference of

the patient’s arm. It has been reported that making a cuff too narrow would influence the

accuracy of the measurement (Jones et al., 2001; Croft and Cruickshank, 1990; Karvonen

et al., 1964; Ng and Small, 1993; Geddes and Whistler, 1978; Simpson et al., 1965), but

making a cuff extremely wide would not increase the accuracy.

When the sensitivity of the model to geometry changes was tested, it appeared that

the position of the artery relative to the skin is a major influence on the amplitude of the

output signal. The more superficial the artery is in the model, the higher the amplitude

of the displacement of the skin and, hence, the pressure fluctuations in the cuff. In reality,

the brachial artery does not run parallel to the skin or bone, it lies deeper around the

shoulder and becomes more superficial closer to the elbow. Therefore, in order to get a

better signal, it would be more beneficial to measure the blood pressure closer to the elbow.

However, the biggest tissue displacement due to pulsatile behaviour of the arterial pressure

occur at the edge of the cuff which is further removed from the elbow. According to the

blood pressure measuring guidelines and recommendations for suitable cuff sizes based on

the circumference of the patient’s arm, the cuffs are chosen so that they cover roughly half

of the upper arm. At that point the brachial artery is likely to be in middle between bone

and the skin, and not at the extremes, therefore our approximation to the position of the

artery in the model geometry is reasonably good.

Although this model clearly has its limitations, we showed that it can be used for

the determination of the pressure waveform throughout the cycle. A model of a similar

geometry is used by Babbs (2012) to model only the detection of the systolic and diastolic

pressure, whereas the additional information from the pressure waveform is desirable.

Since the pressure fluctuations measured in the cuff are amplified during the post-
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processing, it is important to detect the skin displacement with high accuracy so that the

error in a measurement will not be amplified as well. Generally our results show that the

cuff based device (PulseCor) overestimates the diastolic pressure and underestimate the

systolic pressures. This could originate from an error in the measurements of the volume

fluctuations in the cuff. One of the possibilities to minimise this error is to determine

whether the pressure/volume relationship in the cuff is isothermal or isentropic. The

majority of the results given in Chapter 4 were based on the isentropic relationship, as

it has been reported to be a better description of the pressure/volume relationship in the

cuff (Diamantopoulos and Lever, 2008), but this could potentially be an important issue

to investigate further.

In conclusion, we studied the invasively measured aortic pressure and central pressure

that was derived from the pressure in the brachial artery measured non-invasively. We have

established that it is possible to use the simplified 1-D model of arterial network to derive

a patient specific pressure, however, in order to compare invasively measured aortic and

brachial pressures, the velocity in the ascending aorta needs to be measured simultaneously

with the pressure. The wave separation technique should be used to obtain pressure wave

components, as the forward pressure waveforms is the proper input waveform for the 1-D

model. In order to understand the pressure wave propagation through the soft tissue, and

to be able to explain why the signal detected with the non-invasive device is damped, the

upper arm model should be improved. A few ideas about how to improve the model and

suggestions for further study are described in Chapter 6.
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Future Work

In this thesis, the first step is made to gain better understanding in how the central pressure

waveform propagates from the ascending aorta all the way to the cuff-based pressure mea-

suring device. The relationship between the pressure waveforms measured non-invasively in

the upper arm and invasively in the central aorta and brachial artery is studied. However,

for better understanding of the propagation of the pressure waveform from the brachial

artery to the skin where it is measured, the upper arm model should be improved. The ef-

fect of the vessel wall should be added in the model, also different muscle groups, fatty layer

and skin should be described with the tissues of different parameters in the model, since

for example the fibre orientation in the muscles affects its ability to stretch. In order to

make the model more realistic, the influence of certain parameters in the model should be

studied in more detail. It seems that as the pressure fluctuations in the cuff are very small,

the relationship between the pressure in the brachial artery and the cuff measurements is

approximately linear. As it appears, the damping effect of the tissue is not described with

the model studied here. Moreover, it would be a great help if the software embedded in

the cuff-based device for amplification of the signal and its transformation to the brachial

pressure would be available for comparison of the outcome of the model with the results of
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the patient study. Knowing the algorithm for the derivation of the pressure will be helpful

in order to study of the pressure damping.

Another important aspect to study is the geometry of the arterial collapse. One of the

important and difficult problems in the study of the mechanical response of the collapsed

artery is the ability to model the change of the cross-sectional area of the brachial artery

when cuff pressure is applied, as it changes from circular to a dumbbell shape. It might be

useful to look at the effect of implementing the properties of the different muscle groups

around the vessel instead of a single tissue on the geometry of collapse. Also, the presence

of the bone in the model changes the symmetry of the geometry, and has a bigger influence

of the displacement of the skin; therefore, it is important to keep it in the model, ideally

in more realistic way.
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Appendix A

Table of the parameters of the poroelastic model

Parameter Abbr. Value Reference

Fluid density ρ 1000 kg
m3 (Kojic et al., 2008)

Porosity ε 0.7 [−] (Kojic et al., 2008)
Compressibility of the fluid χf 108 Pa (Kojic et al., 2008)

Dynamic viscosity µ 0.001 Pa· s adapted from (Ritter et al., 2005)
Permeability κ 0.5 · 10−14 m2 (Kojic et al., 2008)

Bulk elastic modulus K 2.5 · 106 Pa adapted from (Ritter et al., 2005)
Shear elastic modulus G 2.5 · 106 Pa adapted from (Ritter et al., 2005)
Biot-Willis coefficient α 1 [−] (Wang, 2000)

Table A.1: Table of parameters used in the poroelastic model. The original units from (Rit-
ter et al., 2005) were converted to SI units
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Appendix B

Results from the simulations using one-dimensional models with applied cuff
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Figure B.1: The model and the results of the brachial occlusion simulations. (Trachet et al.,
2010) On the left there is a sketch of the arteries included in the model. Top row of figures:
Calculated pressure waveform in non-occluded (left) and occluded (right) brachial artery.
Bottom row of figures: Calculated pressure waveforms in the occluded and non-occluded
brachial arteries when the compliance is set to 60%, 100% and 140%. For details on the
parameters used refer to Trachet et al. (2010)
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Figure B.2: The model and standard/normal parameters (described by Mynard and Nithiarasu
(2008) and further studied by Low (2012)) and the results of the brachial occlusion simulations
done by K.W.Q.Low (unpublished results, used with permission). On the left there is a sketch
of the arteries included in the model (solid lines). Pressure waveforms in the brachial artery:
a) when it is non-occluded and at the several points in the artery when the occlusion is set at
26 cm from the distal end; b) when the lengths of the arteries are longer/shorter; c) when the
compliance is lower/higher; d) when the taper and viscosity are set to zero.
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Appendix C

Additional patient data

The results from the other two patients who participated in the study are presented.

For Patient 1 only simultaneous measurements in the brachial artery were recorded. For

Patient 2, the invasive measurements in the brachial, subclavian arteries and ascending

aorta when the brachial artery was occluded are presented. Also the snapshots of the

invasive recording in the brachial artery (before occlusion, when the artery was occluded

and when the occlusion was removed) are shown.
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C.1 Patient 1
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Figure C.1: The invasively measured pressure in the brachial artery before the cuff was

inflated and artery became occluded.

59.8 60 60.2 60.4 60.6 60.8 61 61.2

80

90

100

110

120

130

140

Time [s]

In
va

si
ve

 B
ra

ch
ia

l P
re

ss
ur

e 
[m

m
H

g]

 

 
During occlusion

Figure C.2: The invasively measured pressure in the brachial artery during the inflation

of the cuff, the artery is occluded.
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Figure C.3: The invasively measured pressure in the brachial artery after the cuff was

removed and artery became non-occluded.
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Figure C.4: The ensemble averages of the invasively measured pressure in the brachial

artery with and without occlusion of the brachial artery.
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C.2 Patient 2
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Figure C.5: The invasively measured pressure in the brachial artery before the cuff was

inflated and artery became occluded.
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Figure C.6: The invasively measured pressure in the brachial artery during the inflation

of the cuff, the artery is occluded.
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Figure C.7: The invasively measured pressure in the brachial artery after the cuff was

removed and artery became non-occluded.
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Figure C.8: The ensemble averages of the invasively measured pressure in the ascending

aorta with and without occlusion of the brachial artery.
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Figure C.9: The ensemble averages of the invasively measured pressure in the subclavian

artery with and without occlusion of the brachial artery.
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Figure C.10: The ensemble averages of the invasively measured pressure in the brachial

artery with and without occlusion of the brachial artery.

118


