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INTRODUCTION

Stroke volume (SV) is one of the important hemodynamic 
parameters for assessing the function of the heart as a 
pump. The accurate measurement of this parameter and its 
changes in response to physiological or pharmacological 
stimuli is an important factor in evaluation of the heart 
mechanical efficiency, especially for hemodynamic 
management of critically ill patients and evaluation of 
postoperative treatment progress in the intensive care 
units.[1,2] In addition, reliable measurement of SV during 
transient events (e.g., in atrial fibrillation or the presence of 
extrasystole) could allow quantitative estimation of cardiac 
performance when it is difficult or even impossible to apply 
well established, classical methods.[1]

Techniques such as thermodilution, dye dilution, and those 
based on the Fick principle provide accurate results on 
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Measurement of the stroke volume (SV) and its changes over time can be very helpful for diagnosis of dysfunctions in the blood circulatory 
system and monitoring their treatments. Impedance cardiography (ICG) is a simple method of measuring the SV based on changes in the 
instantaneous mean impedance of the thorax. This method has received much attention in the last two decades because it is noninvasive, 
easy to be used, and applicable for continuous monitoring of SV as well as other hemodynamic parameters. The aim of this study 
was to develop a low-cost portable ICG system with high accuracy for monitoring SV. The proposed wireless system uses a tetrapolar 
configuration to measure the impedance of the thorax at 50 kHz. The system consists of carefully designed precise voltage‑controlled 
current source, biopotential recorder, and demodulator. The measured impedance was analyzed on a computer to determine SV. After 
evaluating the system’s electronic performance, its accuracy was assessed by comparing its measurements with the values obtained 
from Doppler echocardiography (DE) on 5 participants. The implemented ICG system can noninvasively provide a continuous measure 
of SV. The signal to noise ratio of the system was measured above 50 dB. The experiments revealed that a strong correlation (r = 0.89) 
exists between the measurements by the developed system and DE (P < 0.05). ICG as the sixth vital sign can be measured simply and 
reliably by the developed system, but more detailed validation studies should be conducted to evaluate the system performance. There 
is a good promise to upgrade the system to a commercial version domestically for clinical use in the future.
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the measurement of SV. However, they are invasive, and 
recently, their use has been increasingly criticized due to 
uncertain risk to benefit ratio and costs.[3]

Doppler echocardiography (DE) and CO2 breath analysis 
are widely used as noninvasive techniques for evaluating 
the SV although their accuracy during exercise remains 
debatable.[4] Unfortunately, either invasive or noninvasive 
methods mentioned demand a highly skilled investigator to 
measure SV and furthermore, are not suitable for long-term 
continuous monitoring of cardiac activity.[3]
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About 70 years ago, Kubicek et al.[5,6] proposed impedance 
cardiography (ICG) as a noninvasive technique for 
continuous measurement of SV, cardiac output, and other 
hemodynamics for aerospace applications. In this method, 
pulsatile changes in the impedance of thorax are measured, 
which are mainly caused by the variation of aorta blood 
volume.[7] Other tissues in the thorax region either have 
almost constant volume or have at least 2 times higher 
resistivity than of the blood.[8] ICG is a simple and low-cost 
technique for noninvasive and continuous measurement of 
SV, which does not need a highly skilled examiner.

In ICG systems, a high-frequency sine wave current, 
I, is applied between two electrodes on the thorax 
and the resulted voltage signal, V, is recorded from 
the same electrodes (bipolar method) or two other 
electrodes (tetrapolar method) on the chest. The impedance 
information, V/I, consists of a baseline component, Z0, and 
a time varying component, ΔZ. The latter is in the order 
of 0.5% of the former, and it is challenging to measure it 
precisely. The first derivative of ΔZ is known as ICG signal 
[Figure 1]. Many useful hemodynamic parameters can 
be determined from ICG signal including pre-ejection 
period (PEP), left ventricular ejection time (LVET), SV, and 
thoracic fluid content (TFC).

Furthermore, ICG method has been used in many research 
and clinical trial studies, including for explanation of 
orthostatic syncope mechanism,[9] monitoring the cardiac 
rehabilitation process,[10] optimization of Atrioventricular 
(AV) node delay in multi-chamber pacemakers,[11] 
monitoring of hemodynamics during hemodialysis,[12] and 
in pharmacological,[13] physiological,[14] and sleep[15] studies.

In the last two decades, many research-based and several 
commercial ICG systems have been introduced. Nakagawara 
and Yamakoshi[16] developed a portable polyphysiograph 
for noninvasive monitoring of hemodynamics based on 
measurement of electrical admittance and a specific 
volume-compensation technique. Willemsen et al.[17] 

have developed an ICG monitoring system named Vrije 
Universiteit Ambulatory Monitoring System (VU-AMS) to be 
used in psychophysiological laboratories. Cybulski et al.[18] 
constructed a Holter-type ICG device called ReoMonitor. 
Panfili et al.[19] explored the possibility of implementation of a 
low power wearable system for continuous monitoring of SV 
based on ICG. Pinheiro et al.[20] developed a contactless ICG 
system using embedded sensors in a wheelchair backrest. 
Skin-electrode coupling in this design was capacitive. 
Ulbrich et al.[21] developed an ICG system with integrated 
textile electrodes and textile wiring, as well as with 
portable, miniaturized hardware named IMPACT (IMPedAnce 
Cardiography Textile) shirt. Weyer et al.[22] developed a 
wearable multi-frequency ICG system. The impedance phase 
relative to the applied current also includes information 
about the hemodynamic parameters and can be used to 
estimate the SV. This is usually called as “Bioreactance.”[23]

The commercially available devices include BioNex 
Impedance Cardiograph (Mindware Technologies LTD, USA), 
BioZ (CardioDynamics, USA), NICO 100C (BIOPAC Systems, 
USA), Niccomo (Medis, Germany), Hotman System (Hemo 
Sapiens Medical Inc., USA), IQ2™ (Noninvasive Medical 
Technologies Inc., USA), NICOM (Cheetah Medical, Inc., 
Israel), and Task Force® Monitor (CNSystem, Austria).

Several studies have compared the results from ICG 
technique with other techniques for estimating the SV.[24-27] 
In some studies, ICG is suggested as a reliable method to 
determine both the value of SV and its changes over time 
or in different conditions.[3,28-30] While in the others, the 
validity of ICG has been approved only for measuring the 
changes in the value of SV.[31-33]

In this paper, development of a simple but carefully designed 
ICG system for precise, noninvasive, and continuous 
measurement of SV is described. The system is evaluated by 
measuring SV in several participants and comparing these 
measurements with the results from DE. A discussion is also 
provided on the possible sources of error in SV estimation 
using ICG method.

METHODS

In this study, a portable, high-performance ICG system 
is developed. The top view of the proposed system is 
illustrated in Figure 2. It consists of six major blocks.
1. Waveform generator (WG) includes the microcontroller 

and a direct digital synthesizer (DDS)
2. Precise voltage-controlled current source (VCCS) 

converts the generated waveform to a current-controlled 
stimulus

3. Precise biopotential recorder includes a fast 
instrumentation amplifier (IA) and a band-pass filter

4. Demodulator includes a sensitive envelope detector 
and an antialiasing filter

Figure 1: Left: Electrocardiography, impedance variation (ΔZ), and 
impedance cardiography signals. Right: Waves, notches, and intervals of 
impedance cardiography signal and corresponding events
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5. One-lead electrocardiography (ECG) recording unit
6. Transmission unit insulates the ICG signal from ECG 

signal, converts them into digital, and transmits them 
via a Bluetooth link to a computer or laptop.

For recording the ICG signal, different electrode 
configurations have been proposed in the literature.[34] In 
this study, the tetrapolar method for injecting current and 
recording potential is used as shown in Figure 2.[35] The 
current source injects a 50 kHz, 2 mA sine wave through 
electrodes #1 and #2 to the thorax area. Electrodes #3 
and #4 pick up the modulated voltage using an IA.

Demodulation unit extracts low-frequency impedance 
information from the recorded high-frequency signal. 
A standard ECG lead is also recorded through electrodes #5, 
#6, and #7 [according to Figure 2] to be used for measuring 
PEP. After isolation and digitization, the recorded signals 
are transmitted to a laptop or computer wirelessly using a 
Bluetooth module, ensuring the safety of using the battery 
powered system. On the laptop side, a program based on 
MATLAB software (Mathworks, USA) was developed to 
process the gathered data and estimate the SV.

Excitation Unit

Since ICG signal is significantly weaker than the raw 
measured impedance recorded from the body, a very 
precise and stable excitation source is required to measure 
the hemodynamics with appropriate accuracy, and this is 
the most challenging part of the system to be designed. 
In bioimpedance measurements, a current-controlled 
excitation is more commonly used than a voltage-controlled 
one because the safety can be maintained more easily with 

the current amplitude.[36] Here, the excitation system is 
comprised two parts, a WG and a Howland VCCS.

Waveform Generator

To generate high-frequency sine wave, different circuits 
have been used in the literature. This includes the use of 
voltage controlled oscillator ICs (e.g. XR2206),[37,38] analog 
WG ICs (e.g. MAX038),[39] and arbitrary WG cards.[40] 
However, DDS ICs can provide superior performance since 
the waveform can be generated with the exact parameters 
as needed.[41-43] In this design, AD9833 was programmed for 
a 50 kHz sine wave output.

Voltage‑controlled Current Source

The output impedance of the current source, as well as 
its frequency response and the voltage compliance, is 
very important specifications to achieve the desired high 
performance in impedance measurement.[44] Many types 
of current source topologies have been proposed in the 
literature, but the Howland VCCS has remained a popular 
choice.[43-46] The Howland circuit can be constructed using 
a single operational amplifier (op-amp) and a handful 
of passive components and can supply bi-directional 
currents to the load.[43,44] A well-designed Howland current 
pump (HCP) is necessary to meet the performance criteria 
for bioelectrical impedance (BEI) measuring systems, which 
includes high and stable output impedance at the high 
operating frequency used in these systems.

There are various configurations of HCP including basic, 
standard, bridge (or differential), and HCP with buffered 
feedback path.[47] According to Mahnam et al.,[47] standard 

Figure 2: Simplified block diagram of the designed impedance cardiography system
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HCP [Figure 3] shows superior performance with less 
components for BEI measuring systems because in this 
structure, load is not float, and output impedance and 
compliance of the circuit are higher.

There is an overall consensus in the use of sinusoidal 
currents with amplitudes between 1 and 5 mA and 
frequencies in the range of 20–100 kHz for ICG 
applications (at these ranges no significant electrical 
shock hazard exists).[7] The lower current amplitude limit 
is necessary to obtain sufficient signal to noise ratio (SNR) 
and at frequencies above 100 kHz, the effect of stray 
capacitances make the design difficult. On the other 
hand, the electrode-tissue impedance is reduced at higher 
frequencies, which helps reducing its disturbing impact 
on the cardiac signal.[7] In this study, a standard Howland 
circuit was designed to generate a 4 mA (peak to peak) 
50 kHz sinusoidal current [Figure 3].

In practice, two independent effects can significantly 
degrade the ideal performance of the HCP: Resistors 
tolerance that causes an imbalance between the positive 
and negative feedback paths and the op-amp’s finite 
open-loop gain. Eq. 1 models these effects on the output 
impedance of HCP:
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where T is the resistors tolerance and AOL (jω) is the op-amp’s 
open-loop gain.[47]

The parasitic or stray capacitances at the output of the 
current pump also reduces the effective output impedance 
of the pump. Appropriate design of the PCB was tried to 
reduce this effect.

Also by assuming Vin− = 0, the maximum load for a 
constant output current can be determined by: 
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where O (max)V  is the maximum output voltage of the 
op-amp. Note that RLoad(max) is improved for Vin−>0.[47]

According to Eq. 1, Zout can be improved by using tightly 
matched resistors, large R1/(R1+R2), large R2b, large resistors 
in the design, and high AOL (jω). Thus, in this design, 
R1/(R1+R2) was considered 1/3, and R2a and R2b were 6 kΩ 
with 0.1% tolerance. AD818 op-amp was used in this design 
with 70 dB open loop gain at 50 kHz. By these values, Eq. 1 
predicts Zout = 1.107 MΩ.

The supply voltage of the circuit was set to ±15 V. For an 
output current amplitude of 2 mA, the sine wave voltage 
generated by DDS was amplified to 12 Vp-p using an 
inverting amplifier based on AD844 and then was fed to 
negative input of HCP while the positive input of HCP was 
grounded. According to Eq. 2 by these parameters, the 
RLoad(max) is 660 Ω.

The designed HCP was carefully constructed on a double-layer 
printed circuit board. It was tried to keep the length of positive 
and negative feedback traces short and the same, so that 
the trace impedance become much smaller than the resistor 
tolerances (0.1% precision). The symmetrical layout was used 
to achieve excellent matching. The generated voltage by 
DDS was fed to HCP through an inverting amplifier (AD844). 
The output impedance of the AD844 (0.2 Ω at 50 KHz) was 
noted to be small enough to maintain the matching between 
positive and negative feedback loops. These considerations 
helped to achieve a practically high output impedance and, 
therefore, precise measurements.

The other factor that was considered in the design of HCP 
was that in long-term operation, the total charge injected 
to the body must be zero which means that the DC error of 
the current source must be as small as possible. To achieve 
this, a large R2b was used, and the resistors for negative and 
positive feedback loops were set equal.[47] Further, the input 
bias current and offset voltage of the op-amp was small.

Voltage Measurement

The safety standards for the patient necessitate that the 
applied current as the stimulus for measuring the thorax 
impedance is kept as low as possible. This results in a very 
low response voltage on the tissue and necessitates very 
precise and stable measurement block. IAs are usually used 
for biopotential measurements. However, the measured 
potential here is at 50 kHz which requires a very high slew 
rate for IA. Its bandwidth must also be at least one decade Figure 3: Standard Howland current pump
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higher than 50 kHz for avoiding signal attenuation. The 
other factor is the input impedance of the IA, which must 
be significantly higher than the electrode-tissue impedance.

INA111 is a high speed, FET-input IA offering excellent 
performance at kHz frequencies.[48] The high CMRR above 
60 dB at 50 kHz minimizes common mode interferences 
and eliminates the effect of any DC residual component 
that may arise. To avoid DC drift, low-frequency noise, and 
degradation of the SNR and CMRR, the output of INA111 was 
fed to a band-pass filter with a center frequency of 50 kHz. 
This filter consists of a 40 kHz second order Butterworth 
high pass filter and a 60 kHz fourth order Chebyshev1 low 
pass filter. These filters were designed in FilterPro (Texas 
Instrument, USA) software.

Demodulator and Antialiasing Filter

A precise AM demodulator (or peak detector) is needed 
to extract the ICG signal that is an amplitude-modulated 
signal on the 50 kHz carrier. The extracted signal consists of 
two important components: The constant component that 
reflects the base thoracic impedance (Z0 = V0/Iout, where V0 
is the constant component of the demodulated voltage and 
Iout is the amplitude of HCP output current), and the time 
varying component that reflects changes in the volume of 
blood mainly in the aorta (ΔZ = ΔV/Iout, where ΔV  is  the 
time varying component of the demodulated voltage). The 
typical ranges of Z0 and ∆Z are 20–35 Ω and 0.1–0.4 Ω, 
respectively.[7]

Figure 4 shows the schematic of the envelope detector 
used in this design. The circuit is a precise half-wave 
rectifier and an RC low pass filter. Since the frequency of 
Vin is high (50 kHz), diode D must be a high-speed diode. 
To remove high-frequency components and maintain the 
desired envelope, Tcarrier<<τ=RC<Tmin, heart (Tmin, heart was 
considered 300 ms, corresponding to a maximum heart rate 
of 180 beat/s).

The output of the envelope detector is a signal proportional 
to Z0+ΔZ. The Z0 component in this signal is about 
200 times greater than ∆Z which makes it difficult  for ΔZ 
to be extracted and amplified. This was accomplished by 
a 0.1 Hz second order Butterworth high-pass filter. Then, 
a 20 Hz fourth-order Butterworth low-pass filter was used 
for antialiasing. With this filter, it was insured that the error 
due to aliasing is less than −87 db for the sampling rate of 
500 samples. Both Z and ∆Z signals are then digitized and 
sent to the transmission unit.

The derivate of ∆Z is known as ICG signal [dZ/dt, Figure 1]. 
To estimate the SV, Z0 and the maximum of ICG signal 
(point C) are required.

As mentioned, ΔZ amplitude is typically in the range of 0.5% 
of Z0 (20 log 200 = 46 dB); therefore, the excitation system 
and the recording blocks must have SNRs much higher than 
46 dB to allow detection of this signal.

Electrocardiography Recording

To calculate some hemodynamic intervals such as PEP 
[Figure 1], it is necessary to record the electrocardiogram 
simultaneously with ICG.[7] The ECG electrodes are placed on 
the chest as shown in Figure 2 (electrodes #5, #6, and #7) 
and the signal is recorded by AD620 IA followed by a 
band-pass filter.

Transmission Unit

In the transmission unit, the ICG signal is isolated from ECG 
to avoid interference between them. This was performed 
by IL300 IC which is a linear photo-isolator with high 
gain stability and wide bandwidth [Figure 5].[49] Then, 
both signals are digitized and sent to a computer using a 
Bluetooth module.

The ECG, impedance variation (ΔZ), and value of the 
basic thoracic impedance (Z0) are digitized using 10 
bit A/D modules of ATmega16 microcontroller at the 
sampling frequency of 500 samples. This results in an 
SNRQ = 6 × 10 − 1.25 = 58.75 dB due to the quantization 

Figure 4: Schematic of the envelope detector used in this design
Figure 5: Isolation circuit based on IL300 to avoid interference of 
electrocardiography signal on the impedance cardiography signal
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error. The data are then transmitted to a laptop wirelessly 
at the baud rate of 115,200 bps.

Processing

The received data at the computer were processed 
offline in MATLAB software to calculate hemodynamic 
parameters. The preprocessing stage consists of 
moving average filters for smoothing Z0, ΔZ, and ECG 
signals [Figure 7]. The following Eq 3 was used to obtain 
the derivate of ΔZ signal:

∆ ∆

∆ ∆

dZ 1
(nT)= (– Z (nT – 2T) – 2 Z (nT – T)+

dt 8T
2 Z (nT+T)+ Z (nT+2T))

 (3)

which can provide a very good estimate of ideal derivative 
in the DC to 30 Hz frequency range.[50] Figure 7 shows a 
simplified diagram of the preprocessing steps.

Stroke Volume Calculation

To compute SV, Kubicek formula[6] was used which is the 
most commonly adopted relationship in the literature,

 
ρ  
 

2

0 max

L dZ
SV = × LVET ×

Z dt
 (4)

where r is the resistivity of blood in Ω.cm, L is the 
distance between the electrodes #3 and #4 in cm, Z0 
is the basic impedance in Ω, dZ/dtmax is the maximum of 
ICG signal in Ω/s, and LVET is the left ventricular ejection 
time in seconds. As seen in Figure 1, detection of C wave 
is necessary to determine dZ/dtmax, and B and X waves to 
determine LVET. C wave is the peak of the ICG curve and X 
wave is the first minimum after C wave. A simple algorithm 
was used to determine the maximum of the ICG signal at 
certain intervals and the minimum after for C and X waves. 
Detection of the B wave is more difficult, but it is considered 
in the ascending part of the ICG curve before the C wave, 
where the signal crosses the baseline.[7] The SV value was 
calculated in each beat of the recorded ICG, and then the 
average on five beats was calculated.

The proposed system can also be used to compute and 
display parameters that are listed in Table 1.[7]

Experiments

Five subjects were enrolled in this study (two males and three 
females, in the range of 25–65 years old). The experiment 
procedure was explained clearly to all participants, and the 
informed consent was obtained before their participation. 
Each subject took supine position, and electrodes were 
placed on the body according to Figure 2. Disposable ECG 
electrodes with solid gel were used for this purpose in 
accordance with previous studies.[51] For each subject, the ICG 
signal was recorded for 30 s and then immediately, absolute 
value of SV was measured by an expert physician using DE.

RESULTS

The implemented system [Figure 6] is a portable 
battery-based system 7 cm × 20 cm × 21 cm in size and 

Figure 6: The implemented system used for its basic performance evaluation Figure 7: Simplified diagram of data preprocessing

Table 1: Hemodynamic parameters that can be computed by 
the proposed system
Parameter Description

Z0 (Ω) Basic impedance of thorax
HR (beats per minute) Heart rate
LVET (ms) Left ventricular ejection time: Time between 

the opening and closing of the aortic valve
PEP (ms) Pre‑ejection period: Sum of electromechanical 

delay and isovolumetric contraction
SV (mL) Stroke volume: Amount of blood ejected 

from the left ventricle in one cycle
CO (L/min) Cardiac output: The volume of blood pumped 

by the heart during 1 minute
STR Systolic time interval
TFC (kΩ)−1 Thoracic fluid content is the index of the 

presence of fluid in the thorax region
EPCI (Ω/s2) Ejection phase contractility index
HI Heather index: The cardiac contractility index
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1.5 kg in weight which can operate for 9 h continuously. 
Table 2 compares the dimension and weight of the system 
designed in this study with some commercial systems.

Basic performance evaluation

In this section, the performance of the designed current 
pump and the biopotential recorder, as the most important 
parts of the system, is presented. Then, the result from 
assessment of system’s accuracy is reported, and its 
measurements are compared with the values obtained from 
DE on 5 patients.

Current Pump

The output impedance of the designed HCP was measured 
in practice using drop technique[47] with a GDS-2304A digital 
storage oscilloscope. Table 3 shows the measured output 
impedance in practice at 50 kHz, compared with Eq. 1. The 
difference is mainly due to the stray capacitances at the 
output of HCP, the input capacitance of the measurement 
device probe, and the limited resolution of the available 
measurement devices. This difference is equal to 3.5 pF 
stray capacitance. About 1.7 pF of this capacitance can be 
considered the input capacitance of the measuring probe 
while the rest can be due to the tracks on the board.

With this output impedance, the error is limited to 0.08% 
in obtaining the tissue impedance (caused by finite output 
impedance of the current pump) and to 0.16% in obtaining 
the tissue impedance variations.[51]

The maximum load without distortion, RLoad(max) was 670 Ω 
in practice (which is close to the predicted value of 660 Ω 
as obtained from Eq. 2) and met the required criteria of 
>500 Ω.[51] The SNR of the designed HCP was measured 
50 dB using the FFT mode of oscilloscope while the current 
pump was driving a 50 Ω load.

Biopotential Recorder

The measured SNR of biopotential recorder was 57 dB 
at 50 kHz. Lower cut-off frequency and higher cut-off 
frequency of biopotential recorder were 19 kHz and 67 kHz, 
respectively. The overall gain of this block was 11, and the 
slew rate was 422 V/mS.

Experiments

Figure 8 shows the recorded signals by the implemented 
impedance cardiograph for one subject.

The values of SV measured by ICG and DE methods for 
five patients are illustrated in Table 4. Pearson correlation 
coefficient for data presented in Table 4 was calculated 
by SPSS software (IBM Corporation, USA). There was no 

significant difference between these two sets of data (paired 
t‑test, 95% confidence interval was (−8.26, 10.10), t = 0.28, 
P = 0.795, df = 4). In addition, the Pearson correlation 
coefficient was high (r = 0.89, P < 0.05).

Table 2: Comparison of dimension and weight of the proposed 
system with several other impedance cardiography systems
System Dimensions 

(cm)
Weight 

(kg)

BioZ (CardioDynamics, USA) 35×30.25×15 5.5
Physioflow (Manatec, France) 34×26×8 4.2
Niccomo (Medis, Germany) 29×32×14 5
IQ2TM (Noninvasive Medical Technologies, USA) 18.5×37.4×38.6 7
NICOM (Cheetah Medical, Inc., Israel) 22×26×20 4.5
Task Force® Monitor (CNSystem, Austria) 40×10×29 6.1
Our system 7×20×21 1.5

Table 3: Comparison of the output impedance of Howland 
Current Pump measured in practice, in theory with or 
without considering the stray capacitances

Experiment Eq. 1 Eq. 1 || 3.5 pF

Zout at 50 kHz (kΩ) 614 1017 614

Table 4: Stroke volume values obtained from Doppler 
echocardiography and impedance cardiography measurement 
by the developed system. The latter is an average from five 
heart beats
Number of subject SVICG SVDE Accuracy (%)

1 51.72 58.22 88.80
2 56.7 52 90.96
3 68 72.2 94.18
4 49.8 38 68.95
5 72 73.2 98.36
SV – Stroke volume; ICG – Impedance cardiography; DE – Doppler echocardiography
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Figure 8: Signals recorded by the implemented impedance cardiography for 
a subject. (a) Electrocardiography, (b) impedance variation, (c) impedance 
cardiography
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The accuracy, defined as (1–|(SVDE–SVICG)/SVDE|) × 100, was 
calculated for each subject and is presented in Table 4. The 
average accuracy was 88.25 ± 11.37%.

As seen in Figure 9, SVs obtained from ICG measurements 
appropriately track the values by DE method except for 
subject number 4. In next section, possible sources of error 
seen between these methods are discussed.

CONCLUSION

After ECG, blood pressure, respiration, temperature, and 
noninvasively measured saturated oxygen, ICG is considered 
the sixth vital sign which can have an effective role in the 
prevention, prognosis, and diagnosis of cardiovascular 
diseases.[52]

The major goal of this study was to develop a precise and 
convenient system for monitoring the ICG signal. Different 
blocks of the system were designed based on the required 
SNR. The current pump was specially designed for very high 
output impedance at the high working frequency. The final 
portable battery-based impedance cardiography system 
can operate for 9 h continuously with each charge. The 
prototype system was tested on five subjects. The average 
accuracy for SV extracted from ICG method in comparison 
with SV extracted from DE method was 88.25 ±11.37%. 
There was no statistically significant difference between SV 
values obtained by the two methods.

There are some known sources of error in the measurement 
of ICG signal and calculation of SV from that. According to 
Eq. 4, the SV is directly proportional to LVET and dZ/dtmax. 
The correct detection of B, C, and X points [Figure 1] affects 
the accuracy of LVET and dZ/dtmax in turn. Noisy, distorted, 
or abnormal signals in some disease conditions (such as in 
patients with pulmonary edema)[53] cause errors in detection 

of characteristic points of ICG which results in estimation 
of significantly lower SV values. Detecting the position of 
the B point in the ICG signal is sometimes difficult because 
the characteristic upstroke that serves as a marker of this 
point is not always apparent. Lozano et al. have suggested 
a reliable method for B point identification based on 
relation between R-B interval (R wave of ECG and B wave of 
ICG) and R-C interval[54] that can be used for more reliable 
identification of B point in future studies.

Moreover, the value of blood resistivity is considered 
constant in this study equal to 145 Ω.cm whereas the 
actual value is in the range of 130–150 Ω.cm. The exact 
value can be determined as the second order or exponential 
function of hematocrit.[7] Apart from errors due to indirect 
measurement and the method’s technical limitations, other 
sources of errors are associated with the methodology 
employed, including the simplified model of the chest, the 
disturbing influence of breathing, poor electrode-tissue 
contact, and error in measurement of distance between 
electrodes. A detailed study is required on these factors to 
eliminate or compensate their effects on the measurement. 
On the other hand, hemodynamic parameters are usually 
stated as indexes by normalizing their values with the body 
surface area of the patient. It is necessary to obtain more 
information from patients in future studies including the 
height, weight, and body mass index to better evaluate and 
compare the performance of the developed system.

Hemodynamic parameters that can be derived from ICG 
method are not limited to SV and cardiac output. Other 
parameters including LVET, PEP, TFC, systemic vascular 
resistance, maximum aortic blood velocity, and left cardiac 
work can be extracted from ICG signal. Regarding this vast 
potential of ICG to provide estimation of many different 
hemodynamic parameters, it is recommended to perform 
strong research studies to enhance the precision of the 
method using more complicated models of the thorax. Such 
methods can be established as a promising technology 
for decision making in clinical management, adopting the 
treatment method, and estimating the prognosis of many 
patients with cardiovascular disorders.
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