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Chapter

Noninvasive Acquisition of the
Aortic Blood Pressure Waveform

Mart Min, Hip Koiv, Eiko Priidel, Ksenija Pesti
and Paul Annus

Abstract

Blood pressure reflects the status of our cardiovascular system. For the mea-
surement of blood pressure, we typically use brachial devices on the upper arm,
and much less often, the radial devices with pressure sensors on the wrist. Medical
doctors know that this is an unfortunate case. The brachial pressure and even more,
the radial pressure, both are poor replacements for the central aortic pressure
(CAP). Moreover, the devices on the market cannot provide continuous measure-
ments 24 h. In addition, most of the ambulatory and wearable monitors do not
enable acquisition of the blood pressure curves in time. These circumstances limit
the accuracy of diagnosing. The aim of this chapter is to introduce our experiments,
experiences and results in developing the wearable monitor for central aortic
blood pressure curve by using electrical bioimpedance sensing and measurement.
First, electronic circuitry with embedded data acquisition and signal processing
approaches is given. Second, finding appropriate materials, configurations and
placements of electrodes is of interest. Third, the results of modelling and simula-
tions are discussed for obtaining the best sensitivity and stability of the measure-
ment procedures. Finally, the discussion on the provided provisional experiments
evaluates the obtained results. The conclusions are drawn together with the need for
further development.

Keywords: blood pressure waveform, central aortic pressure, cardiovascular system,
medical indications, diagnosing, electrical impedance, bioimpedance-based
sensing, modelling, simulation, signal processing, transfer function,
noninvasive measurements, electrodes, wearable devices

1. Introduction

Hypertension, one of the most common medical disorders, “silent killer” and
tremendous global burden, is often overlooked until otherwise healthy individual
has a regular health check and the doctor discovers that the blood pressure (BP) is
too high. What does it mean? Typically, it means that the systolic blood pressure
(SBP) is over 140 mmHg and diastolic blood pressure (DBP) is over 90 mmHg. This
probably implies that the heart is under huge load and it can soon wear out causing
cardiovascular diseases (CVD). Systolic pressure indicates how much pressure the
blood is exerting against artery walls when the heart beats. Diastolic blood pres-
sure shows how much pressure is exerted while the heart is in a resting condition
between the beats. As large arteries start to stiffen with age, it is normal that SBP
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rises; but for every 20 mmHg systolic or 10 mmHg diastolic increase in BP, there isa
doubling of mortality from ischemic heart disease and stroke [1].

1.1 Why an aortic pressure?

Brachial cuff sphygmomanometer is widely used to assess the pressure parameters
for both, diagnosis and treatment decisions. This is unfortunate, as we have known
for over a half a century that brachial pressure is a poor surrogate for central aortic
pressure (CAP), which is invariably lower than corresponding brachial values [2]. It is
quite logical that CAP represents the true load imposed on the heart and large arteries
rather than the brachial [3], but there are many reasons why we are still so stuck in old
methods. For example, lack of proper guidelines for alternative technologies (nonin-
vasive and nonocclusive) which are not standardised as brachial pressure assessment
with oscillometric devices are. This makes it hard to trust the new ones. In addition,
the cuff method is easy and quick for the doctors to execute. There is still a lot of
work to do to prove that the cardiovascular (CV) risk stratification and monitoring
response to therapy are better when based on central rather than brachial pressure [2].

Profound study on accuracy of cuff-measured blood pressure was conducted in
2017, and they found that, on average, cuff BP underestimates intraarterial brachial
systolic BP by 5.7 mmHg and overestimates diastolic systolic BP by 5.5 mmHg [4, 5].
This means that the real load on the heart is often unknown and wrongly evaluated
causing questionable treating decisions. In addition, the systolic and diastolic pres-
sures shown only as two numbers do not reflect the situation of the patient as well as
areal-time and continuous aortic pressure waveform. Continuous aortic waveform
provides important information about derived parameters, which are intrinsically
created by the pulse pressure profile, like left ventricular stroke volume, cardiac
output, vascular resistance and pulse pressure variations in real time [6].

If we are talking about different devices and methods to assess BP, the invasive
intraarterial catheterization (“gold standard”) is undoubtedly the most accurate
and reliable technique to consider, providing continuous and beat-by-beat reading
of blood pressure variations. During cardiac catheterization to diagnose CV condi-
tion and at the same time to measure the pressure directly in the aorta, a thin tube is
inserted into an artery (radial, femoral or brachial) and threaded to the heart. Albeit
major complications are uncommon, the procedure can cause infections, nephropa-
thy, cholesterol emboli, local vascular injury, hematoma and arteriovenous fistula
[7]. Unfortunately, this procedure is not feasible for daily use, as it is technically
demanding and costly, requiring well-trained personnel. Preventing hypertension
would be much more efficient if we could observe the BP during people’s everyday
life. When a doctor has a suspicion that the patient has hypertension, they do the
ambulatory BP monitoring. The patient gets the brachial sphygmomanometry
device for 24-h home monitoring to measure the blood pressure by inflating the cuff
multiple times per day and during the night. In addition to the fact that cuff mea-
surement variably under- or overestimates SBP at the aorta [5], the measurement is
very uncomfortable for long-time recording due to pressing the blood flow shut.

1.2 What are the alternatives?

Karamanoglu et al. presented in 1993 that it is possible to use transfer function
between the ascending aorta and the brachial or radial artery to estimate central
(aortic) blood pressure (CAP) [8]. This work opened the door for noninvasive
method called applanation tonometry. Currently it has the widest application in
devices that perform pulse wave analysis and assessment of aortic pressure waveform
[9]. Tonometry sensor probe flattens the artery so that transmural forces within the
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vessel wall are perpendicular to the arterial surface to measure pressure transmit-
ted through the skin [10]. Preferred measuring site is often the radial artery, as the
measurements are more easily reached when there is a firm base under the soft artery
(radius bone under radial artery). One of the earliest arterial tonometry apparatus
on the market that is clinically approved by the US Food and Drug Administration
(FDA) is SphygmoCor by AtCor Medical, Sydney, Australia [11]. SphygmoCor was
also the first device that used the general transfer function to estimate CAP wave-
form from peripheral arteries [12]. It uses pencil-like sensor that is pressed against
the artery by trained healthcare professional, but a number of limitations occur.
Firstly, due to manual positioning of the tonometer over the artery, the readings can
be operator dependent. Secondly, it can be difficult to obtain high-quality pulse in
some subjects with lower blood pressure or with obesity. Thirdly, tonometry requires
calibration with brachial cuff technique, and finally, the blood vessel is flattened
against the bone and possibly disturbing the blood flow [11, 13].

There are not many reliable ambulatory devices that could measure the aortic
pressure or aortic pressure waveform in 24 h. Operator-independence would be a
tremendous step forward in assessing patients with prehypertension, as evaluating
patient’s BP change during the day and night gives a good insight into the scope of the
disease. BPro (HealthSTATS International, Singapore) is a wristwatch-type BP sensor
that has come strongly into the market lately. It acquires radial pressure waveform
through automated radial tonometry, and the software estimates aortic pressure
values using N-point moving average method, but it does not provide an aortic
waveform [14]. This wearable device is not fully accepted in regular clinical work as
the accuracy and reliability are still unclear. Study by Harju et al. discovered inaccu-
rate readings [15] when comparing the BPro device with standard invasive monitor-
ing, based on recommendations by the Association for the Advancement of Medical
Instrumentation (AAMI). On a Bland-Altman plot, the bias and precision between
these two methods was 19.8 + 16.7 mmHg [15]. So there is a room for development,
especially in the world of wearables that measure blood pressure. Even though there
are numerous different methods established already;, it is not an easy task to tackle.

2. Bioimpedance-based sensing

Another, less known technique to derive a blood pressure-related waveform
from the radial artery is bioimpedance. Small current is applied to the interested site
through electrodes, and a voltage difference is measured (Figure 1). Bioimpedance
is calculated from the exerted current and measured voltage, which gives us the
change of the impedance during cardiac cycle. With each heartbeat, the volume of
the blood changes under the electrodes, and it reflects in impedance curve which
corresponds to blood pressure waveform. The measurement site is often the radial
artery, because the signal source is closest to the skin. Our workgroup has discov-
ered that similarly with tonometer, applying the developed general transfer func-
tion to the measured signal, we can assess central aortic blood pressure at least as
well as with tonometry device.

Bioimpedance sensing does not need strong pressure on the artery, as it is with
tonometry, only a permanent electrical contact is required. Therefore, the worry of
affecting the blood circulation with the measurement procedure falls off in a large
extent—the measurements become more passive. The first papers that suggested
the viability of bioimpedance measurements for pressure assessment circulated
already in the 1980s. Herscovici and Roller [16] proposed in 1986 a possibility to
determine the mean arterial pressure with impedance plethysmography by attaching
four conductive Velcro electrodes to the regular blood pressure cuff. The algorithm
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Figure 1.
Four electrodes placed on the radial artery and the cross-section of the wrist.

applied to find the central pressure value showed a good correlation between direct
measurement of intra-aortic pressure curve and indirect impedance signal. In 1994,
Rudolf A. Hatschek [17] patented a blood pressure measuring device and method,
which allows to make measurements in a noninvasive manner. He explains that the
blood pressure can be determined relatively accurately by obtaining two different
values: blood volume, as a variable that changes periodically over time in the rhythm
of the pulse beat, and a pulse wave velocity. By linking these two values together, it
is possible to form at least one blood pressure value or its change (systolic pressure,
diastolic pressure or the average blood pressure). Among other proposed possibilities
as light waves, ultrasonic waves and magnetic/electrical induction, Hatschek sug-
gests to configure the device so that it determines the changing blood volume in the
measuring region of a body part with the electrical impedance. Japanese workgroup’s
patent application [18] was published in 2010 for a device that measures the pulse
wave of aradial artery and among other parameters as cardiac load and hardness

of artery, also a blood pressure value derived from the pulse wave of the artery. The
device consists of four electrodes placed on a cuff, and it detects the blood volume
fluctuation of the radial artery as the variations in electrical bioimpedance (EBI) to
acquire the volume pulse wave. Sola et al. presented in 2011 a pilot study [19], where
they provided first experimental evidence that electrical impedance tomography
(EIT) is capable of measuring pressure pulses directly within the descending aorta.
Their research measures the impedance on the thorax, not on the arm or wrist, but
the study supports, nevertheless, the idea of central aortic pressure assessment with
bioimpedance. Recently, He et al. published a promising paper [20] in 2016, which
discusses pulse wave detection method based on the bioimpedance of the arteria
radialis. The aim of this paper is to analyse the impedance pulse wave to obtain

the pulse rate, but refers also to the central aortic pressure waveform. A number

of researchers have had analogs thoughts and promising results, and a number of
scholars have had practical results in improvement of the EBI-based measurements
of aortic pressure curve. At the same time, the development of corresponding
devices for clinical practice is still not significant. Nevertheless, the interest to get a
blood pressure measurement device that relies on bioimpedance is still very topi-
cal. Especially, when the big corporate, Microsoft Technologies, got their patent
published in 2018 for a wearable system that determines a pulse waveform based on
bioimpedance measurement device together with pressure transducer [21].

2.1 Bioimpedance measurement device
For the measurement of bioimpedance variations (bio-modulation) at the wrist on
top of the radial artery, a wearable device was designed. The work principle consists

of generating a single-frequency sinewave from an excitation current source through
the impedance and detecting the voltage response to it synchronously with excitation
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current (lock-in demodulation). A 12-bit digital-to-analog converter (DAC) generates
the constant value excitation current in the frequency range from 1 to 100 kHz from a
digital waveform, and a differential input instrumentation amplifier picks up the voltage
response from the impedance. A two-phase (o and 90°) synchronous rectifier demodu-
lates and separates the response voltage Vggs into real (Re) and quadrature (Im) com-
ponents. Two 32-bit analog-to-digital converters (ADC) digitise both the components
for further signal processing and communication. The simplified block diagram of the
device is given in Figure 2. Figures 3 and 4 show a photo of the prototyped solution.

Experimental circuitry uses the state-of-the-art linear technology/analog devices
LTC2508-32 32-bit over-sampling ADC, which is reasonably low-noise and low-power
micro device, containing embedded configurable filter for digital averaging and noise
smoothing. Direct conversion of the impedance signal is not possible anymore, since
the high-resolution 32-bit ADC’ are relatively slow. Classical synchronous demodula-
tors were introduced in the path, and only the slowly varying bio-modulation AZ(t)
was left for the ADC instead of the high-frequency measurement signal.

The device was designed to have very low energy consumption, small footprint
and good connectivity, all essential parameters for the wearable use. Bluetooth
Low Energy (BLE) Version 4.0+ was used for the connectivity with host devices,
and the power was supplied from the lithium-ion (Li-ion) battery. USB connection
switches on only during charging the internal energy source. AVR microcontroller
ATXMEGA256A3U with low energy consumption handled all the computing and
communication tasks on the module.

2.2 Design consideration for a measurement system

The value of the measured bioimpedance Z is varying, but the base value of it,
Zy, is huge compared to the information carrying modulation AZ(t) (see Eq. (1)
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Figure 2.
Block diagram of the measurement device.
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Figure 3.
The prototyped version of a wearable impedance measurement device.
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Figure 4.
Image of the 32-bit impedance acquisition system prototype.
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Figure 5.
Measured bioimpedance values on top of the radial artery on the Nyquist diagram [23].

in Chapter 3.1). Several observations can be drawn from the generalized measure-
ment results in Figure 5. The first observation is that the greyish, slightly smeared
information carrying signal, AZ(t), is tiny compared to the base value Z, of the
acquired bioimpedance. Next, the imaginary part Im Z of the impedance vector Z

is nearly 10 times smaller than the real part Re Z. Third, the modulation is roughly
in the direction of the vector of the impedance base value Z,. The conclusion is that
the role of Im Z is low, and less attention can be paid into the accuracy of the vector
measurements when designing the device, especially the synchronous detector of it.
A root problem in designing a suitable electronics is whether to use analog or digital
realisation of the synchronous detector.

2.3 A novel solution measurement of differences

Certified medical bioimpedance measurement device CircMon BT101, which we
have been using so far during the clinical studies, employs a carrier (base value Z)
compensation method [22]. The biggest drawback of this solution is the complexity
of both, electronic circuitry and algorithms, for adjusting the compensation signal.
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Figure 6.
Block diagram of the derivative bioimpedance signal acquisition system.
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The differenced bioimpedance signal dZ(t) measured by 10-bit ADC in numberic value range from —128 to
+256. The measured waveform is smoothed by the thivd-order Savitzky-Golay filter within 10 sidepoints.

Increased energy consumption is a penalty for improvements. The conclusion is that
a new, more effective solution should be developed.

The difference method has been introduced recently for achieving the same
result [22, 23]. The main idea behind it lies in digitising of the difference between
two consecutive samples instead of direct digitalisation of all the samples. It cor-
responds to taking a derivative, mathematically. Since the derivative of the constant
is zero, the base value Z of the impedance Z is eliminated, but the informative
variations AZ(t) are upraised.

The novel test device in Figure 6 contains AVR ATXMEGA microcontroller
together with BLE 4.0+ module, but instead of high-quality external 32-bit ADC, an
internal rather noisy low-quality 10-bit-embedded ADC was used.

The acquired signal presents now a derivative of the original biological imped-
ance depicted in Figure 7. The original signal is restored by digital integration
(Figure 17), which brings in an additional smoothing effect improving the resulting
signal-to-noise ratio (SNR). At the same time, this integration may well be unneces-
sary in some cases.

Occasionally, one of the signal processing steps after acquiring the impedance
signal is differentiation for finding certain peculiar points in the waveform. The first,
second and even higher derivatives are used to find and calculate relevant cardiovascu-
lar parameters. In that sense, the acquired impedance signal in Figure 7 is well suited
without the integration step. The CAP waveform can also be derived directly from the
derivative of the AZ(t). The experiments showed the presence of significant noise and
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disturbance when making provisional experiments with simple stainless steel elec-
trodes [24], and the role of movement artefacts was highly troubling. This implies that
the electrode design must be considered more seriously in further research.

3. Electrodes

Electrodes play a crucial role in bioimpedance measurements. The sensitivity
to tiny impedance changes, as well as stability and repeatability of measurements
depend on the quality of the electrodes. Bioimpedance variability during cardiac
cycle is usually measured with two pairs of electrodes: two current-injecting elec-
trodes and two voltage-sensing electrodes. This configuration cancels out electrode
polarisation impedances and reduces dramatically the influence of skin-electrode
contact resistance. However, quite frequently we cannot see this advantage, and
the electrode-skin contact impedance remains prominent exceeding the actual
bioimpedance of interest, which greatly affects the end signal quality [25]. This is
especially important when measuring heartbeat-associated impedance variations
from the wrist area, where they are minuscule (order of mQ). Choosing appropriate
electrodes increases the correct result probability, but the top skin layer (stratum
corneum) against the electrode is very dry and badly conductive making electrode
design extremely complicated. The main type to consider for bioimpedance mea-
surements is disposable non-polarizable and pre-gelled silver/silver chloride (Ag/
AgCl) electrodes. Pre-gelled electrodes have usually the lowest skin-electrode
impedance, low motion artefacts and low noise level [26]. Unfortunately, as they
are suitable for single use only, we do not consider them for wearable devices. Dry
electrodes are a more prospective choice, but due to lack of gel between the skin and
the electrode, there exists a significant capacitive layer, which increases the total
impedance and the probability of motion artefacts [27].

3.1 Electrode placements and materials

The total impedance Z of the wrist consists of the invariable basal impedance Z,
and a variable part AZ(t) that is caused by the pulse wave. As a result, the imped-
ance expresses as

Z(t) = Zg + AZ(b) (1)

In order to detect the cardiac activity, the interesting variable is the AZ(t),
assumedly reflecting the volume change of pulsating blood in arteries. A custom-
made flexible electrode (Figure 8a and b) was used, positioned distally (Figure 8c)
and circularly (Figure 8d) on top of the location of the radial artery.

Suitable materials for electrodes must be found and thoroughly tested for truly
unobtrusive and reliable pervasive monitoring. Easy applicability is paramount. They
should not irritate the skin; their parameters should stay reasonably unchanged dur-
ing the acquisition cycle and should be insensitive to motion-induced stress.

In order to evaluate the effect of distal and circular placement of electrodes on the
radial artery to the measured values of Z and AZ(t), the experiments were carried
out having the excitation signal with the amplitude of 500 mV in the frequency range
of 10-5000 kHz. The results are visible on Figure 9. The AZ(t) is few times higher in
the case of longitudinal placement of electrodes (Figure 9a, red line) than in the case
of transverse placement (Figure 9a, blue line). The total impedance Z is on average
about 2.7 Q higher in the case of transverse placement than in the case of longitudinal
placement. When Z is decreasing with frequency, the AZ(t) is maintaining its relative
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Figure 8.
Dimensions (a), design (b), and placement of a custom-made flexible four-electrode system in the case of a
distal (c) and circular (d) locations on the wrist, where the thick red line denotes the approximate location of

the radial avtery (reprinted from [27]).
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Figure 9.
Frequency response of measured (a) AZ(t) and (b) Z of the wrist in the cases of distal and civcular placements
of the electrodes.
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Figure 10.

Modified dimensions of the standard ECG electrodes in utilised four-electrode system (a) and the placement on
the wrist in distal (b) and civcular configuration (c and d), where the thick red line denotes the approximate
location of the radial artery (veprinted from [27]).

value regardless of the excitation frequency. We can say that the longitudinal place-
ment of electrodes possesses better results concerning the monitoring of cardiac
activity in the wrist by using the prepared flexible electrode [28].

In order to verify the results of the custom-made electrode system, a similar
research was performed by using the standard Ag/AgCl electrodes with foam tape
(Type 2228 of 3M Health Care). Electrode dimensions were reduced physically
(Figure 10a) and placed on the wrist distally (Figure 10b) and circularly (Figure 10c
and d). The results in the case of distal placement of Ag/AgCl gel electrodes confirm
the outcome of the results obtained with the custom-made electrodes.

Another custom-made electrode material was tested to try to improve the signal
acquisition. Highly conductive carbon-based fillers added to the soft and flexible
polydimethylsiloxane (PDMS) or silicone rubber matrix make a prospective dry
electrode material. These fillers can be carbon nanotubes (CNTs), carbon nanofi-
bres (CNFs), carbon fibres (CFs) and carbon black (CB). Previous researches have
shown that these composites are biocompatible, and the existence of sweat and
long-term wearing has little influence on the performance [27, 29]. We have devel-
oped a CNF/CF-PDMS material that could be used as electrodes for our wearable
bioimpedance device due to its softness and stretchability [30]. Stratum corneum
has very high impedance due to a large number of dead skin cells. Our hypothesis is
that the developed electrode material can overcome this problem because the long
fibres of carbon inside the silicone are sticking out and pressing a little bit into the
skin layer (Figure 11).

We compared three different sets of electrodes: (a) Ag/AgCl gel electrodes, (b)
carbon nanofibre electrodes (CNF-PDMS) and (c) carbon nanofibre together with
carbon fibre electrodes (CNF/CF-PDMS). We abraded the skin slightly with a rough
cloth for a better contact and placed the material on the wrist to register impedance
variability with MFLI Lock-In amplifier (Ziirich Instruments) on the frequency of
1o kHz. The results are shown on Figure 12. Pre-gelled commercially available elec-
trodes showed good clean signal with impedance change of 0.1%. As skin-electrode
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Figure 11.
Carbon fibre strands sticking out of the base material (CNF/CF-PDMS polymer) (veprinted from [30].
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Figure 12.
Three diffevent impedance signals from the wrist with Ag/AgCl, CNF-PDMS and CNF/CF-PDMS electrodes.

contact is worse, the CNF-PDMS and CNF/CF-PDMS soft electrodes gave slightly
noisier signal, but the impedance change is clearly visible.

During these preliminary experiments, we could conclude that the CNF/
CF-PDMS electrode material gave more stable results than CNF-PDMS over longer
period of time. Further work needs to be done to establish whether silicone poly-
mer together with carbon fibre and carbon nanofibre has a prospect to be used as
electrodes for bioimpedance wearable devices. Also the question of the source of the
signal arise—in what amount the blood itself contributes to the measured AZ(t) and
in what amount it is caused by the rhythmical compression of tissues nearby [31].

4. Simulations

The development of mathematical and physical models of a haemodynamics
is of great importance for the cardiovascular research [32]. The model is a simpli-
fied approximation of the real system, which incorporates most of the features. By
using simulations, it is possible to predict the performance of the instrumentation,
optimise and minimise the design and cost.

11
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Noninvasive sensing instruments for bioimpedance measurement on the radial
artery are highly sensitive to noise, and small errors on the measured data could
turn into large mistakes in the final results [33]. In order to optimise the signal
acquisition of the approach and to understand the impact of arterial pulse propa-
gation to the results, it is reasonable to use modelling and simulation. In addition,
we can determine the highest sensitivity of bioimpedance sensing on the radial
artery.

4.1 Simulation of sensitivity distribution for EBI measurement

Sensitivity field is a frequently discussed topic in the impedance measurements.
The transfer impedance (Z) can be approximated as the ration measured between
the pick-up (PU) couple voltage (E) and the injected current (I) between the
current-carrying (CC) couple [34].

z=t (2)

As biological tissue is inhomogeneous, the total measured impedance (Z) is the
sum of all local resistivity (p) values of all small sub-volumes in the sample and can
be written as following [35]:

Z = [ffp-lecTrug 3)

Icc - Ipy

The sensitivity (S) of an impedance measurement is the scalar value representing
the CC current density lines .. projection on the PU current density lines j,, [35].

S _Jec+Jru (4)

“Iec-Ipy

S is a positive value if measured impedance Z increases and negative if measured
impedance Z decreases [35]. The sensitivity field S can be expressed by the follow-
ing equation [36]:

S :];eic']c,c (5)

where J, is current density and J,,.J.. reciprocal density.

The sensitivity field in EBI measurements depends on several parameters like
electrode number and geometry, orientation, configuration and spacing between
electrode couples. Several configuration strategies have been published and
researched for EIT applications. Some of these are neighbouring method [37], cross
method [38], opposite method [33], adaptive method [39] and focused impedance
measurement (FIM) [40].

4.2 Experimental bioimpedance sensitivity simulation

A finite element modelling (FEM) was used for simulation of four-electrode
impedance measuring on the human forearm with different setups and configura-
tions between electrode couples. The objective of the study was to describe the
spatial sensitivity field in order to optimise the bioimpedance measurement acquisi-
tion of haemodynamics [34]. Two most common approaches of electrode place-
ment for EBI measurements on the wrist are distal and circular [28] which are also
used for simulation. The sensitivity can be represented as a projection of the density
lines of current-carrying electrode couple on the voltage pick-up density lines,
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Figure 13.
Simulated curvent density lines on the wrist (veprinted from [33]).

Figure 14.

Examples of calculated sensitivity maps obtained for different electrode configurations. Four electrodes ave
placed on the wrist in distal (a and c) and civcular (b) configuration. Scaling of the colour map is kept the
same within each simulation. The sensitivity is shown in the colour map: Positive values are indicated with ved
colour, and negative values are indicated with blue colour (veprinted from [33]).

and it describes how effectively different regions are contributing to the measured
signal (Figure 13) [33]. In Figure 14, the configurations A and C have regions of
both positive and negative sensitivities, but B (electrodes circularly) detects that
the radial artery have only positive (or negative) sensitivity [34]. The maximum
sensitivity is concentrated close to the surface of the forearm, near the artery.

5. Transfer function
The electrical bioimpedance-based method for central aortic pressure waveform

reconstruction allows long-term monitoring of the CAP and obtaining of haemody-
namic parameters like the augmentation index (AI) [41] (see Figure 15).
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Al=AP /PP

Forward systolic wave

CAP(t)

SP

Augmentation
Pressure (AP)

Pulse
Pressure
(PP)
Reflected wave

2
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Figure 15.
Finding of augmentation index (AI) from the CAP waveform with diastolic and systolic pressures DP and SP
accordingly, the CAP waveform is a sum of the forward (green line) and reflected (light red) pressure waves.

TF
EBI(1) CAP (1)~
{ {
Electrical Bio-Impedance Central Aortic Pressure
Cardiac Period curve Cardiac Period curve

Figure 16.
Demonstration of the CAP cycle reconstruction with transfer function (TF) from the EBI cavdiac cycle
waveform.
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Figure 17.
The impedance variation AZ(t), obtained by integration of dZ(t)/dt wave (Figure 7) using trapezoidal
method with dt = 0.0025 s and scaling the amplitude by factor of 20.

To make this possible, the measured EBI waveform is transformed into the wave-
form of CAP, and for that, the transfer function (TF) approach is used (see Figure 16
for illustration). Over 100 measurements of the EBI and invasive CAP waveforms were
provided in East-Tallinn Central Hospital (Estonia) to collect data for this research
work. In the beginning, the EBI measurements were carried out using a wireless
multichannel impedance cardiograph CircMon BT101 [22] with additional channel
for simultaneous acquiring of invasively measured CAP data using the PVB’s XTRANS
pressure sensor.

One possible algorithm for estimating a generic TF between the EBI and CAP
waveforms (Figures 17 and 18) is a period-wise estimation of individual transfer
functions for each patient and ensemble averaging to get a generic TF [42]. Another
approach is to use adaptive algorithm to find a generic TF directly by matching all
available patients’ signals [43]. Both approaches give similar generic TF between the
EBI and CAP of cardiac cycle waveforms. Despite the efforts made, the problems
related to removing the artefacts remain. This causes corruption of the recon-
structed CAP waveform due to the fact that all uncleaned artefacts are transformed
into the reconstructed CAP. Regardless of that, the EBI signal-based noninvasive
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CAP (Reconstructed)
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The CAP waveform veconstructed digitally from the radial artery impedance waveform AZ(t) given in
Figure 17 by applying the transfer function TF (Figure 16).

estimation of the central aortic blood pressure waveform is still highly promising
alternative to the applanation method.

6. Summary

Blood pressure variations inside the aorta during cardiac cycles (known also as
central aortic blood pressure curve) is an important source for diagnosing patient’s
cardiovascular system. Classical approach, catheterization, is technically demand-
ing and costly medical procedure. Therefore, different noninvasive methods have
been studied and taken into use. The present chapter discusses the possibilities to
bring in wearable techniques by sensing blood pressure variations with electrical
bioimpedance changes on the radial artery. Two versions of wearable devices were
designed and different electrode systems studied by simulations and experiments.
Provisional human experiments were carried out at the hospital in limited extent
but evidently with positive results. Further work will concentrate in developing the
generalized transfer function algorithms and electrode system.
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