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Abstract 

Disorders of the heart and blood vessels are the leading cause of health problems and death. Early detection of 

them is extremely valuable as it can prevent serious incidents (e.g. heart attack, stroke) and associated 

complications. This requires extending the typical mobile monitoring methods (e.g. Holter ECG, tele-ECG) by 

introduction of integrated, multiparametric solutions for continuous monitoring of the cardiovascular system. 

In this paper we propose the wearable system that integrates measurements of cardiac data with actual estimation 

of the cardiovascular risk level. It consists of two wirelessly connected devices, one designed in the form of a 

necklace, the another one in the form of a bracelet (wrist watch). These devices enable continuous measurement 

of electrocardiographic, plethysmographic (impedance-based and optical-based) and accelerometric signals. 

Collected signals and calculated parameters indicate the electrical and mechanical state of the heart and are 

processed to estimate a risk level. Depending on the risk level an appropriate alert is triggered and transmitted to 

predefined users (e.g. emergency departments, the family doctor, etc.). 
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1. Introduction 

 

Disorders of the heart and blood vessels are the leading cause of health problems and 

death. Cardiovascular complications increase with age. In the USA, approximately nine 

hundred thousand people die every year of complications from cardiovascular diseases, 

representing 38% of the overall mortality in this country [1]. In the industrialized world, 

mortality caused by cardiovascular diseases causes 16.7 million cases annually. Therefore, 

early detection of physiological changes is extremely valuable as it can prevent more serious 

symptoms (e.g. heart attack, stroke) and associated complications. This requires extending the 

typical mobile monitoring methods (e.g. Holter ECG, tele-ECG) by introducing integrated, 

multiparametric solutions for continuous monitoring of the cardiovascular system [2]. 

There have been many attempts to assess the state of the heart or blood vessels at home. 

Recently, a relatively sophisticated approach was proposed by Yan and co-workers [3]. A low 

power high resolution Thoracic Impedance Variance (TIV) device and a electrocardiographic 

(ECG) monitoring System on a Chip (SoC) package was developed and incorporated into a 

compact housing for wearable low-cost cardiac healthcare. Other approaches are less 

complicated as they deal with a particular activity or signal, e.g. blood pressure or ECG.  

Of particular interest, is a non-invasive and continuous blood pressure measurement [4]. 

These attempts so far most rely on measurements of the transit time between two selected 

points of the cardiovascular system [5, 6].  

It seems that measurement of a patient’s ECG is the most popular solution and devices for 

personal measurement are already widely available on the market [7]. However, these type of 

devices are not suitable for complex monitoring purposes. The problem of continuous, 
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complex monitoring of the cardiovascular system is still an open issue [8, 9]. The heart, or 

more generally, the cardiovascular system is a complicated one and needs simultaneous 

monitoring of the electrical, mechanical and biochemical conditions.  

The heart consists of two pumps working in series and each consists of two chambers. 

Anatomically they are divided into the right and left heart. However, there is only one system 

of volume-pressure regulation. It is a biochemically powered and electrically activated organ. 

An action potential (AP) is generated, in the physiological state, by the sinoatrial node 

(Fig. 1). This pacing impulse propagates through the atria causing their contraction. The atria 

and ventricles are electrically isolated, i.e. propagation of AP is not possible between atria and 

ventricles. However, there is a small path electrically connecting the right atrium and 

intraventricular septum. The AP propagates through it and it does reach the ventricles. This 

phenomenon is observed on a thorax as ECG.  
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Fig. 1. A schematic presentation of the cardiovascular system, considered in this paper, AP – action potential, 

ECG – electrocardiogram, HCBP – heart chambers blood pressure, AT – arterial tree, vp – velocity of 

propagation, ABP – artery blood pressure, DSB – diastolic blood pressure, SBP – systolic blood pressure. 

The ventricles contract in response to the propagated AP and the blood pressure rises in 

both ventricles and blood starts to flow into the aorta (AT). The aorta accumulates in-flowing 

blood due to its expansion. At the same time the pressure pulse starts to propagate, with 

velocity vp, through the arterial network down to small arterioles. The venous system and its 

associated blood flow are omitted here, as they are not considered in this paper.  

A failure of the cardiovascular system may result in a serious threat to life. It may appear 

in a different part of the cardiovascular system and it may manifest itself in a different way. 

Furthermore, an appropriate medical response should be taken immediately after recognizing 

the disorder or susceptibility to a condition.  

In this paper we propose a wearable system that integrates measurements of functional, 

hemodynamic data with actual estimation of the cardiovascular risk level. It consists of two 

devices, one designed in the form of a necklace, while the other is in the form of a bracelet 

(wrist watch). These devices enable continuous measurement of electrocardiographic, 

plethysmographic (impedance and optical) and accelerometric signals. They communicate 

between themselves and the necklace device also serves as the node of a wireless network.  

2. Methods 

In the following subsections a brief description of the developed system and its part are 

discussed more deeply. Basic information on the theoretical backgrounds of the method 

utilized, the hardware developed and the data processing methods used, are presented below. 

 

2.1. The system 

 

The system for evaluating cardiovascular parameters is built in the form of a central 

station/smartphone and a network of sensors (Fig. 2a). Other methods and approaches are 

exploited to gain information on the person’s cardiovascular state, e.g. intelligent balance, 
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blood pressure meter (cuff method), glucometer, pulsoximeter (saturometer), and other also 

supply very useful information, however not as frequently as a wearable body sensor network 

(BSN). An appropriate combination of information obtained from different sources enables a 

more detailed picture of the monitored person to be formed. It should be underlined that the 

presented system is different from the seemingly similar one described as a Holter recorder. 

The method of assessing selected parameters of the cardiovascular system’s state, which 

are considered in this paper, are limited to the BSN which a small, but essential part of a more 

sophisticated system (Fig. 2a). 
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Fig. 2. A schematic presentation of the monitoring system, BP – blood pressure meter, a), and b) body sensor 

network, N – upper chest-neck node, W – wrist node, I1, I2, E1, E2 electrodes, BSN – body sensor network 

consisting of two sensors, WSN – communication between system and BSN. 

The body sensor network consists of two sensor nodes devoted to non-invasive information 

collection from the human body on the cardiovascular system’s state. One sensor node (the 

master) is placed on the neck (upper chest) while another (the slave) is placed on the patient’s 

wrist (Fig. 2b). The neck-sensor enables recording of the following signals: an 

electrocardiographic signal (one lead), the impedance change of the thorax (i.e. the blood 

volume changes or movements and respiration activity), and body movements using a 3D 

accelerometer. The wrist-sensor enables recording of a photopletysmogram, hand movement 

(using an accelerometer) and a pressure reading using the sensor attachment to the wrist. The 

localization of the nodes is chosen to ensure reliable measurements and minimum discomfort 

for the assisted person (e.g. by hiding the sensors from the public view).  

2.2. Theoretical principles of utilized measurement methods    

As originally developed, in spite of using some already known methods and algorithms in 

the developed system, these are used in nonstandard manner and they therefore need a 

theoretical examination. 

2.2.1. Spatial sensitivity for electrical potential measurement 

Different leads utilized in standard electrocardiography are sensitive to peculiar part of the 

heart muscle. Therefore, it is impossible to monitor processes in the whole heart using a single 

lead. However, it is possible to evaluate the heart rhythm and of course, processes in the 

region of the heart to which this lead is the most sensitive. A voltage measured between 

electrodes forming the lead can be calculated using the following relationship [10]: 

 
   dv

zyxI
V i

LE

LE

LE JJ
,,

11
, (1) 

where: iJ  - is the local electrical activity of the heart (the so called impressed current flowing 

through a cell membrane), LEJ  - the lead field determined by the electrode’s shape, 
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configuration and placement,   - the spatial distribution of conductivity. The unit current LEI  

is a hypothetical one and it flows between electrodes forming the lead.  

According to (1) the ratio  zyxS LEEC ,,J , was used as the sensitivity of the lead to 

electrical activity of the heart for the developed configuration of the electrodes. A realistic 

model of the thorax, based on CT data obtained from an examination of a 68-year-old man 

was developed using image processing methods [11]. A finite element model including the 

lungs, heart, thorax wall, liver, skeleton and other anatomical organs consisted of 212 000 

tetrahedral elements (more details in [12]). 

 

2.2.2. Spatial sensitivity for electrical impedance measurement 

 

To follow the phenomena associated with blood flow (movement) in the upper part of a 

thorax an impedance technique is utilized. Similar to the electrocardiographic method, a 

recorded signal is strongly dependent on the geometry of an object and electrode matrix 

configuration [13-15]. As a result, a similar relationship can be utilized to calculate the spatial 

distribution of the sensitivity. Assuming a four-electrode technique, the measured change of 

impedance for a given electrode configuration, geometry of the object, and spatial distribution 

of conductivity is described by the following relationship [16]: 
 

  
   








v

dv
II

zyxZ



 ,, , (2) 

 

where:  zyx ,,  - is the spatial conductivity distribution in the object,   is the potential 

distribution associated with current I  between current electrodes while   is the potential 

distribution associated with current I  (hypothetical) between voltage electrodes however, 

after conductivity change,   has appeared. 

Therefore, a scalar product, 
t

TIS  LL  , where   IL  and   It
L , could be 

utilized as the sensitivity of a given electrode configuration to conductivity changes in the 

thorax. The same model of the thorax, presented in the previous subsection, was used to 

calculate the spatial distribution of the sensitivity of the impedance measurement technique. 

 

2.2.3. Spatial sensitivity for photoplethysmographic measurements 

 

The photoplethysmographic signal reflects blood perfusion in a tissue. Since the change in 

blood volume in the tissue is synchronous with heart contraction, it may be used for 

estimation of the propagation processes. A theoretical description of the 

photoplethysmographic signal belongs to the so-called forward problem of optical 

measurements. It means that a distribution of light intensity on an object’s border is sought 

assuming that the light source placement and material properties are known. Therefore, a 

change in the recorded signal due to a change of the absorption coefficient is given by the 

relationship [17, 18]: 

       
v

dsad GGI rrrrr ,, , (3) 

where: dI  - is the change of signal recorded by the detector, a  - is the change of the 

absorption coefficient,  rrG ,  - is the Green function for the diffusion equation, and 

correspondingly for the light source and photodetector. Thus, the integrand in the relationship 

(3) allowed the calculation of the developed optical sensor’s sensitivity and its dependence on 

sensor’s construction, assuming given properties of tissue. 
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2.3. Hardware 

 

At the moment the wearable system consists of two nodes, however it would be easy to 

enlarge it with others. Nevertheless, it is assumed that the number of nodes should be as small 

as possible. It follows from the fact that an increase in the number of nodes involves a 

disproportional rise of inconvenience for the person being monitored.  

 

2.3.1. The neck node 

 

The neck node is devoted to measuring signals associated with heart activity (Fig. 3a). In 

practice, there are two types of signals to be measured, electrical and mechanical. The 

electrical activity, ECG, is measured directly while the mechanical one is measured indirectly 

using the impedance method. Both methods have to fulfil special requirements [15, 19, 20]. 
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Fig. 3. a) A block diagram of the neck node, ECG+TIV - a circuit of electrocardiogram and impedance 

measurement, QRS Detector – a circuit for the detection of the QRS complex in the ECG, tR – time marker 

indicating appearance of the QRS complex in the ECG, IC, IR, IB – cardiac, lungs, basal components of TIV 

respectively, I1, I2, E1, E2 – current and voltage electrodes respectively, b) A block diagram of the wrist sensor 

node, PPG+PG photoplethysmogram and pressure measurement circuit, LSl1,l2 - combined light source, LD – 

photodetector, Cntrl – control signal, PPG – photoplethysmogram, PP – pressure signal, RF – radio transceiver. 

 

TIV, based on a four-electrode technique, is utilized for evaluation of mechanical 

phenomena associated with heart contraction and lung activity (more details on the circuitry 

can be found elsewhere, e.g. [21]). A custom developed and made integrated circuit, IC2, 

enables simultaneous measurement of both signals using the same set of electrodes, I1, I2 and 

E1, E2. The ECG signal is sent to the microcontroller and to another circuit, developed in our 

laboratory, the hardware QRS detector. This circuit detects the QRS complex without any 

delay, during the time that the QRS complex continues to occur. Therefore, it can be utilized 

for the synchronization of the processing algorithm in both the wrist and neck nodes. 

Oversampling and decimation methods are applied when processing ECG and impedance 

signals (IC, IR, and IB). Accelerometer (3D) is used for estimation of a person’s body position 

(standing or lying). Bluetooth and ZigBee interfaces are used for communication in WSN 

while the RF (ISM 868 MHz) transceiver in BSN.  

 

2.3.2. The wrist node 

 

In comparison to the neck node, the wrist one is less complicated (Fig. 3b). It enables 

measurement of a photoplethysmogram, accelerations (3D), and pressure between the body of 

the sensor and the underlying tissue. 

The photoplethysmogram is measured using a classical approach utilizing a LED - 

photodiode sensor. A special geometrical construction of the sensor has been developed to 

achieve a relatively small sensitivity to sensor displacement in relation to the radial artery.  
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The neck node detects the QRS complex and wirelessly (RF ISM 868 MHz) triggers the 

wrist node. In response, the wrist node transmits information containing status of the analysed 

signals and the calculated parameters of these signals. The neck node creates the measurement 

vector and sends it to the central station (ZigBee) or to the smartphone (Bluetooth). 

 

2.4. Data processing 

 

Data processing is distributed between measurement nodes and the decision module (the 

central station). Processing is limited in measurement nodes to reduce power consumption.  

 

2.4.1. Signal preprocessing 

 

Before parameterization of the signals is performed, they are pre-processed. In order to 

reduce the complexity of the circuitry oversampling is used and then decimation techniques 

are utilized. The measured signals are filtered according to demands specified for each signal.  

 

2.4.2. Parameterization of signals 

 

Both parameters are calculated for single signals as well as those describing relations 

between them. Based on the ECG, the heart rate (HR), and width of the QRS complex, TQRS, 

are determined. The TIV signal is used to determine the rise time of the impedance change 

associated with the ventricle contraction, TrΔZ, the rise time of impedance change rate, TrdZ, 

and amplitude of impedance change caused by the ventricles contraction, AΔZ. In turn, the 

PPG signal recorded in the wrist node is analyzed in order to assess its amplitude, APPG, rise 

time, TrPPG, and maximal rate dPGm. The modulus of both accelerometric signals (from the 

neck and wrist nodes) each consisting of three components, is also determined, Accn and Accw. 

Next, the following parameters describing the relationship between signals are calculated: 

time delay between the R wave in ECG and the beginning of impedance ejection wave, TR-E, 

time delay between the beginning of ejection wave and plethysmographic one, TE-P. 

The specified parameters allow classification of the excitation type (normal, arrhythmic, 

atrial fibrillation, etc), estimation of heart contractility (HIm – modified Heather Index, HCf – 

cardiac contractility variation related to heart rate variation, HCV-M – heart isovolumetric 

contraction time to maximum rate of contraction time ratio), continuous evaluation of the 

blood pressure (based on the understanding of TIV and PPG signal amplitudes, AvΔZ, and 

APPG, and time delay, TE-P), and physical activity of the person (accelerometric signals are 

utilized). 

The result of parameterization of the signals leads to a measurement vector: 

{,.., HR, TQRS, TrΔZ, TrdZ, AΔZ, APPG, TrPPG, dPGm, Accn, Accw, TR-E, TE-P, HIm, HCf, HCV-M,...} 

In fact, the vector of parameters is larger as it contains other parameters not discussed here, 

e.g. respiration rate and status of analyzed signals, e.g. level of noise. It can be further 

enlarged by introduction of other indicators derived from the measured signals. The 

measurement vector constitutes the input for the decision module.  

 

2.4.3. Risk assessment 

 

The developed wearable system for the evaluation of the state of the cardiovascular system 

needs to communicate with a node responsible for the processing of vectors of parameters and 

for further actions, e.g. triggering an emergency alert. This node can be the central, computer 

station (in a home environment, using ZigBee) or a smartphone (when outside home, using 
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Bluetooth). A dedicated software has been developed to enable wireless communication, and 

synchronization between the wearable system, the smartphone, and the central station. The 

common function of the central station and the smartphone is to classify the vectors of the 

parameters and perform further actions, including transmission of alerts to predefined 

recipients. However, the software on the central station can use additional parameters for 

classification and decision making collected by other sensors used at home. Also parameters 

of long-term trend analysis can be used. In this paper we focused on measurement methods 

used by the wearable system, so the software component and classification analysis is 

presented here only to illustrate the overall goal of our research.  

A block diagram of the decision taking module is presented in Fig. 4. First, the level of 

noise (e.g. outliers) in data is estimated to perform a data-cleaning operation. All parameters 

are stored, however, only those satisfying the predefined criteria are used for further 

processing.  
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Fig. 4. A block diagram of the decision module. 

For example, if there is a large break in receiving of some measurement data or there is an 

unacceptable level of noise for a longer period, an appropriate alert is generated (e.g. ECG 

data too noisy, communication problem between nodes of the wearable system, etc.). A time 

stamp marks all alerts. After the data cleaning operation three parallel operations are 

performed for the measurement vector: detection of accidents, data classification, and 

prediction.  

Detection of accidents is used for discovering unusual personal behavior (e.g. using 

activity measurements with accelerometers) and for recognizing a risk related to an individual 

parameter from the measurement vector (e.g. irregular, increased heart rate). In the home 

environment the number of possible accidents is higher, since additional parameters are 

available for analysis (e.g. from the intelligent scale sensor, from the glucometer, etc.). 

Detection of accidents is based on predefined thresholds chosen for a given, assisted person 

and tuned to his/her activity model (e.g. different criteria for a day and night). The chosen 

thresholds can be adaptively modified through the learning procedure. This requires some 

history of previous observations (measured parameters and accidents classified into true 

positive/negative and false positive/negative). In some situations individual parameters are 

within a normal, acceptable range for a given person, while a combination of them indicates 

an unusual state, dangerous situation, or can be an indicator of the incoming complication 

(e.g. the delay in the electromechanical coupling of the heart) [22]. The multiparameter 

classification can be used to detect such situations. The predictor in the decision module 

allows including the model of the monitored person (based on the prior observations) in 

classification and can be used as a source of alerts when a significant deviation of measured 

data from the predicted ones is observed. This is especially important since a fast response of 

caregivers is mostly required for cardiovascular problems. The decision module maps the 

results of the parameter evaluation blocks (detector of accidents, classifier, predictor) into 

alerts. The alert types and associated recipients are presented in Table 1. 
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Table 1. The mutual relationship between the types of alerts and typical actors of the support system. 
 

Alert priority/alert 

recipient 

Emergency 

teams 

GP/ 

Personal 

doctor 

Nurse/social 

service 

Relatives/ 

guardians 

Neighbours Assisted 

person 

0 (emergency) X X X X X X 

1 (alarm)  X X X X X 

2 (warning)   X X  X 

3 (system error)    X  X 

4 (serious problem)   X X X X 

5 (problem)      X 
 

Further discussion related to the alerts of the developed system is presented in [2]. 

3. Results 

The relationships (1-3) have been used for selecting the best configuration of the electrode 

matrix (electrical and impedance measurements) and the probe construction (optical sensing). 

Simulations were performed using the Finite Element Method [12, 14]. Exemplary results for 

each type of the sensitivity are presented in Figs 5 and 6a. 
 

a)  b)  

 

Fig. 5. Distribution of the sensitivity (arbitrary units) for electric potential a) and for impedance measurement  

b) assuming given electrode placement (E1, E2 or I1, I2, E1, E2), the thorax shape, and spatial conductivity 

distribution. Modulus of the sensitivity is presented for potential measurement. Only the sensitivity on the 

sagittal plane is presented. The dashed line indicates a drop of the sensitivity by 20% from the highest value 

marked white. 
 

The sensitivity of the measurement method to the localization of electrical dipoles in the 

thorax was calculated for different conductivity distributions in the thorax. An example of the 

results obtained is presented in Fig. 5a. As expected, according to its definition, the highest 

values were located close to electrodes. However, the source of the measured electrogram was 

located in the myocardium. Therefore, the total sensitivity was calculated separately for the 

atria Sca = (0.38÷0.55) Vm
2
, and ventricles, Scv= (0.45÷0.62) Vm

2
. 

The sensitivity of the electrode matrix to the conductivity changes in the chest (Fig. 5b) 

was similar to the sensitivity for measurement of electric potentials. The impedance method 

was sensitive to the conductivity changes observed in the chest. Contributions from the aorta, 

atria, ventricles, and lungs were correspondingly Sia = (0.4÷0.6) Ωm
2
, Sim = (0.01÷0.04) Ωm

2
, 

Siv = (0.01÷0.03) Ωm
2
, and Sil = (0.2÷0.28) Ωm

2
. It was calculated assuming 0 . The 

changes of conductivity, among others, may arise from blood displacement in the chest, 

which is characterized by the heart like dynamics. The Z  wave associated with ventricle 

contraction or aortic volume change is the most valuable in the considered application. It 

allows to determine a time point of the aortic valve opening and dynamics of the heart 

contraction. 
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a)    b)  
 

Fig. 6. a) Distribution of the sensitivity for optical measurements (green light), values on plane perpendicular to 

the tissue and containing source and detector are shown. b) The working prototype of the wearable system. 
 

Spatial sensitivity for the optical measurements was calculated for a simplified tissue 

model (Fig. 6a). The tissue model was uniform and semi-infinite with the surface described 

by the plane 0z . The penetration depth of the light depended on the wavelength. The 

following characteristic depth values were obtained: 0.8 mm for the red light, 0.5 mm for the 

green light, and 0.3 mm for the blue light.  

Noise levels were measured for the neck node. Standard deviation of noise related to the 

output was 1.4 mΩ and 2.8 mV, respectively for the TIV and the ECG measurements. Next, 

the measurements using the prototype of the wearable system (Fig. 6b) were performed. 

a)  b)  

Fig. 7. Signals recorded using the neck node a) and ECG recorded simultaneously using the neck node and the 

AsCARD b), ECG – electrocardiogram, Z - change of impedance, Z  - rate of impedance change, A  - 

modulus of signals from the three-axial accelerometer, Rt  - impulse generated by the detector of the QRS 

complex, m  -indicator of beginning of the ejection wave, x  - indicator of Z  wave maximum , E  -ejection 

wave.  

Eight healthy volunteers (av. age: 42 ± 5, 6 males, 2 females) took part in experiments 

(examples of the recorded signals are shown in Figs. 7 and 8). 

a)  b)  

Fig. 8. Signals recorded using the wrist node a) and enlarged version of PPG signals b), Az, Ay, Ax components 

of the accelerometric signal, Pf – photoplethysmogram measured on a finger, Pw – photoplethysmogram 

measured on the wrist, tR – reference signal indicating the position of the QRS complex, “1” time delay between 

PPG registered at the wrist and finger, “2”,”3” – rise time of finger’s and wrist’s signals respectively. 

Validation of electrocardiographic measurements by the neck node was performed using 

the AsCARD electrocardiograph (Fig. 7b) (lead I, AsCARD MrGrey v.201, Aspel) [23]. In 
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Fig. 8a examples of signals from the wrist node are presented. The signals were recorded for 

hand kept moving on a table surface with spontaneous finger tapping. An enlarged version of 

signals (Fig. 8b) shows more detailed relationships between them. Results of all measured and 

calculated parameters are collected in the form of measurement vectors and sent to the central 

station at each heart beat (QRS detection) (Table 2). 
 

Table 2. Examples of measurement vector data. 
 

… HR TQRS TrZ TrdZ AZ APPG TrPPG dPGm Accn Accw TRE TEP HIm HCf HCV 

 bpm ms ms ms mΩ a.u. ms a.u./s m/s2 m/s2 ms ms Ω/s2 Ω 1 

i 71 75 130 32 65 550 60 11.2k 0.0 0.0 200 60 15.6 0.14 0.25 

i+1 73 73 136 40 67 580 55 12.9k 0.0 0.3 205 66 12.4 -0.17 0.29 

i+2 70 73 128 39 62 600 58 12.0k 0.0 0.4 199 62 12.4 0.03 0.31 

 

Detection of accidents was tested using data collected for patients with disorders of the 

cardiovascular system, recorded at the Intensive Care Unit. In Fig. 9 examples of the 

variability of recorded parameters are presented (68 years male, HR=123.814.92; 

SBP=116.5321 DBP=47.93±8.7. 
 

 

Fig. 9. Detection of accidents using fixed thresholds for the values of the heart rate and the systolic/diastolic 

blood pressure. Accidents are indicated using value “1” on the lowest chart. 

Additionally, the results of the detection of accidents using fixed thresholds are shown. 

There are different thresholds levels for a day (6:00 – 24.00) and night (0:00-6:00). The 

decision module further processes the detected accidents making a decision about possible 

alert (and its priority). 

 

4. Discussion 

 

Development of wearable, mobile systems for assisting chronically ill or old people is very 

important for the aging society [24]. Proposals presented in the literature and available on the 

market are mainly focused on a selected physiological activity. Currently, most of the 

proposals and ongoing research related to the topic considered in the paper are in the 

developing stage, both hardware and software (e.g. [3, 8, 9]). 
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In this paper the wearable system for integrated measurement of the cardiovascular system 

parameters is described. The main attention is focused on measurements methods and their 

reliability and validity. The proposed methods rely on simultaneous evaluation of the 

electrical and mechanical performance of the heart and on the electromechanical coupling. 

Such approach is especially important for persons with chronicle heart failure or high risk of 

stroke [22]. 

It should be underlined that even in a case of using widely known method, however in a 

nonstandard application, serious theoretical and experimental examinations of its properties 

were required and performed. The experimental evaluation of the sensitivity approach has 

been validated in this paper and previously in [25, 26]. Thus, the methods used and results 

obtained can be considered as reliable. Moreover, the results obtained are reasonable and 

intuitively correct. The sensitivity to the electrical events in the chest is represented by a 

vector, the hypothetical current density weighted by the local conductivity. Therefore, for 

each point of the model, three components of the sensitivity should be presented. In the 

Results section only the modulus of the sensitivity is presented. Assuming that cells 

(myocytes) are cylindrical and, to some extent, uniformly oriented in different directions, the 

modulus of the sensitivity can be reasonably approximated. Furthermore, in spite of a great 

number of finite elements used in the model, their dimensions are much bigger than cellular 

ones. So, when assigning to each element a local activity (current density, 'J ), such 

approximation is justified. The sensitivity of the electrode matrix used in the study to 

depolarization current flowing in the atria and ventricles is almost similar. It is a desired 

property of the method. Enhanced sensitivity to the atria makes the method more suitable for 

detection of atrial fibrillation. 

The impedance method is widely used for estimation of blood flow induced mechanical 

events in the human body (e.g. [13, 26]). This method reflects, according to the relationship 

(2), all conductivity and volume changes undergoing in the space of nonzero sensitivity. 

Integrating the sensitivity over anatomical regions (i.e. aorta, atria, ventricles, etc.) allows the 

calculation of contribution from these regions to the measured signal. It follows from our 

examinations that the contribution from aorta dominates for the utilized electrode 

configuration. However, the relation between the contributions from the aorta to other regions 

may change interpersonally. It follows from the fact that the sensitivity and thus also the 

contribution from different regions (organs) depends on the conductivity of tissues and 

organs. These values are not fixed and each person is characterized by different set of 

conductivity values. It should be underlined that the sensitivity associated with a certain 

region/organ does not determine the value of the measured impedance change. The value of 

conductivity change,  , and its spatial volume are other important factors (see (2)). The 

derivative of the impedance signal Z  resembles blood ejection from the left ventricle 

(e.g. compare with [27]). Thus, the spatial distribution of the sensitivity is appropriate for 

detecting the conductivity changes arising from the aorta. However, further experimental 

studies are needed to prove it. 

The distribution of the sensitivity for optical measurements showed a dependence on 

wavelength of the light. We used a very simple model to calculate the Green functions and the 

resulting sensitivity. The obtained distributions and values of depth penetration were in 

agreement with those published elsewhere (e.g. [28, 29]). However, because of the simplicity 

of the model used, they can be considered only as qualitative ones. Nevertheless, it follows 

from the performed examinations that different sources of light should be used for 

transmittance and reflectance sensors. It is not shown in the paper and thus not discussed in 

detail that the optical measurements are relatively strongly corrupted by hand movements.  

The neck node allows measurement of the ECG, the impedance change and accelerometric 

signals. The quality of recorded signals is satisfactory as it is shown in Figs. 7 and 8, in spite 
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of electrode phenomena [20]. It is possible to automatically recognize and detect 

characteristic points of the signals which are essential in further processing. For comparison, 

the ECG was registered using the developed node and the commercial system. The recorded 

impedance signal, Z , enables determining a time point when the aortic valve opens. 

Therefore, it is possible to determine the transition time of pulse pressure between the heart 

and a selected point of the circulatory system (e.g. the wrist). This in turn may be used for 

non-invasive blood pressure estimation or at least its changes. 

A reflectance and transmittance sensors were developed for this purpose (the wrist node). 

PPG can be recorded simultaneously at the wrist and at the finger (arbitrary one) (Fig. 8a). 

The latter signal is, at the moment, used for achieving a more precise determination of the 

beginning PPG measured at the wrist. There is a difference between the signal measured at 

the wrist and at the finger (Fig. 8b). The PPG at the wrist was measured with the smallest 

force of sensor’s attachment to the skin. This force essentially influences the shape of the 

recorded signal. It is due to the “wall load” effect. On the other hand, it is also an indirect 

evidence that the source of the signal is a radial artery. Furthermore, it appears a little in 

advance and is characterized by longer rise time than that of the signal recorded at the finger 

(Fig. 8b). In fact, it is easier to record PPG at the finger than at the wrist. However, the source 

of the signal is different in these two cases. In the former one the signal arises from small 

arteries while in the latter from the big vessel. It is important, when considering these 

measurements for estimating blood pressure. 

In this work, estimation of the blood pressure changes was based on the pulse transit time 

technique [6]. Estimation of this time was made possible using RF communication between 

the neck and wrist nodes. At the time of QRS detection an RF signal was sent to the wrist 

node. The RF signal, aside from triggering an algorithm of the PPG signal analysis, was 

treated as a reference time by the wrist node.  

The neck node is powered by a battery (MinMax LP604977 LiPo cell) of 2400 mAh 

capacity. It consumes less than 80 mA in the operating mode without active communication 

(ZigBee/Bluetooth). It increases to 140 mA, when the node continuously transmits data 

packets. During the experiment, the nodes were operating in the monitoring mode. In this 

mode, a set of parameters was transmitted for each detected QRS complex and additionally 

digital ECG/TIV signals were transmitted at the time of accident/anomaly detection. It was 

found that a single battery charge lasts for at least 24 hours of continuous work of the 

wearable system. 

 
 

Fig. 10. A message sent by the system to the user and displayed on the TV set screen. 

The properties and features presented above make the developed system very useful in 

monitoring persons with heart failure or, in general, suffering from insufficiency of the 

cardiovascular system. Its value is further increased by integrating it with the multimodal 

platform (Fig. 10), and in the result, by introducing an interactive schemes in decision-making 

procedures [2]. 
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It has been shown that it is possible to design and implement the integrated, wearable 

system, which enables continuous measurements and parameterization of electrical and 

mechanical performance of the cardiovascular system and simultaneous activity of the 

assisted person. The parameter values obtained for the group of volunteers indicated full 

agreement with results measured using clinical, stationary systems. In this paper we focused 

on measurement aspects of the wearable system. Further research is required to evaluate and 

validate algorithms of the decision module for large data sets. 

 

5. Conclusions 

 

In this study we proposed a wearable system enabling the evaluation of electromechanical 

coupling of heart activity. Additionally, the system allows correlation of physical activity of 

the assisted person with the state of the cardiovascular system. 

A set of parameters describing electrical and mechanical activity of the heart is measured 

for each heart contraction. Basing on these measurements the electromechanical coupling is 

also estimated. Moreover, the velocity of pulse pressure propagation is also determined. In the 

result, the cardiovascular system is integrally examined. This approach allows the continuous 

collection of essential information about the health status. It is an invaluable feature of the 

developed system, both for assisted persons, their relatives and physicians. 

In home environment the measurements from the wearable system can be enriched with 

data from other sensors (e.g. intelligent scales, glucometers, etc.). There is also the very 

important, often not considered, advantage of long-term measurements at home. The trend 

analysis of long-term data can provide valuable indicators of health-related problems.  

Additionally, the proposed system can reduce the cost of healthcare by early detection of 

health incidents. In an aging society it also offers an assistance that cannot be supported by 

limited human resources. 
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