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Abstract: Sudden Cardiac Arrest (SCA) is a serious emergency disease that has increased steadily
every year. To this end, an Automated External Defibrillator (AED) is placed in a public place so
that even non-professional medical personnel can respond to SCA. However, the thoracic impedance
of patients changes due to CardioPulmonary Resuscitation (CPR) and artificial respiration during
first aid treatment. In addition, changes in chest statues due to gender, age, and accidents cause
changes in thoracic impedance in real time. The change in thoracic impedance caused by this has
a negative effect on the intended electrical energy of the automatic heart shocker to the emergency
patient. To prove this, we divided it into adult and pediatric modes and experimented with the energy
error of the AED according to the same impedance change. When the first peak current was up to
56.4 (A) and at least 8.4 (A) in the adult mode, the first peak current was up to 32.2 (A) and at least
4.8 (A), respectively, when the impedance changed, the error of the current figure occurred. In this
paper, the inverse relationship between thoracic impedance and electric shock energy according to
the state of the cardiac arrest patient is demonstrated through the results of the experiment, and the
need for an electric facility system that can revise for changes in thoracic impedance of the cardiac
arrest patient by reflecting them on electric shock energy in real time is presented.
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1. Introduction

Cardiopulmonary arrest is a phenomenon in which the heart fails to contract efficiently and the
general circulatory system of blood stops. The cardiac arrest is mostly caused by a heart attack that
causes blood flow to the heart muscle. The Golden Time of cardiac arrest is 4 min, and after 4 min the
survival rate is dramatically lowered. According to the recent “Joint Survey on Sudden Cardiac Arrest”
by the National Fire Agency and Korea Centers for Disease Control & Prevention, the number of
domestic cardiac arrest patients increased from 21,905 in 2008 to 29,262 in 2017, which corresponds to an
increase of 33.6% (7357 patients) over 10 years [1–3]. To address this, the government has mandated the
installation of Automated External Defibrillators (AEDs) in public health clinics, firefighting emergency
medical services, ambulances, airports, vessels weighing > 20 tons, public facilities, and apartments
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of more than 500 households under the Emergency Medical Service Act, since 2012. Additionally,
measures for the treatment of Sudden Cardiac Arrest (SCA) are available nationwide. As a result,
the survival rate of patients with SCA increased from 2.3% in 2006 to 8.7% in 2017, a 4-fold increase,
but SCA remains an emergency disease with a low survival rate [4–7].

Most of the AEDs currently installed and used by various institutions use 2 pads to separate the
output for adults and children while delivering electric shocks. An Electrocardiogram (ECG) analysis
is performed using 2 pads to identify the required degree of shock to the heart. However, during
basic life support procedures such as artificial respiration and CardioPulmonary Resuscitation (CPR),
thoracic impedance may change due to changes in blood flow, thoracic cavity pressure, and shape.
CPR is a first aid that supplies blood containing oxygen to the heart and brain on behalf of a stationary
heart. CPR is an essential first aid for patients with cardiac arrest, but on the contrary, when chest
compression is performed, it causes changes in thoracic impedance along with internal organ damage
such as fractures, liver and spleen damage. This change may hinder the proper transmission of electric
shock energy by the AED. This is due to a limitation in the amount of energy transferred according to
thoracic impedance. The modes are classified into adult and pediatric modes [8].

Until now, the impedance measurement function of the AED has been used to select adult and
pediatric age groups. In connection with this, researches on real-time thoracic impedance measurement
method, performance evaluation method, and the effect of CPR on bio-impedance have been conducted.
Based on these previous researches, this paper compares the difference in the amount of energy
transferred according to the change of thoracic impedance when using an AED installed in public
facilities, and the inverse relationship between thoracic impedance and electric energy is verified.
Additionally, we aimed to analyze the improvement method to accurately transfer energy to the
patient through real-time measurement of thoracic impedance along with electrocardiogram analysis
through pads.

2. Materials and Methods

2.1. Principles of AED

An AED is a device that restores normal rhythm by sending an electric shock directly to the heart
or by attaching 2 pads, one under the right clavicle and the other under the axilla next to the left papilla
for a cardiac arrest, ventricular fibrillation, or ventricular tachycardia [9]. After attaching the pads,
the AED analyzes the ECG and determines whether defibrillation is necessary. Then, the impedance of
the first patient is analyzed to determine adult and pediatric ages. If required, it selects the adult or
pediatric mode, and defibrillation is performed by pressing a button, followed by CPR. A conventional
electric shock is monophasic and current is delivered once in a certain direction. However, this method
can cause side effects such as muscle loss because a large amount of energy is applied to the periphery
of the pad or the patient’s body. Recently, the biphasic method, which uses 2 pads and delivers 2
electric shocks (less than the energy transmitted by a conventional method) is used which improves
the efficiency of the electric shock and minimizes side effects such as muscle loss [10,11].

An AED is designed for easy use during an emergency by the general public who lack medical
knowledge. It can also be used to analyze the ECG for other purposes such as for the investigation of
ventricular fibrillation and arrhythmia.

2.2. Measurement Principles of Thoracic Impedance

The thoracic impedance measures changes in bio-impedance that occurs when the heart contracts
or relaxes, or during respiration. The thorax is composed of different tissues and resistance between
them changes most sensitively in response to air, in addition to breathing. This causes the greatest
change in bio-impedance with the largest change in lung capacity [12]. It is possible to measure
the change in thoracic impedance in real-time by delivering a specific frequency and measuring the
difference in the signal due to the change in impedance [13,14]. Based on these principles, it is also
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possible to identify the electrical signals due to changes in the volume of air in the thorax, blood
flow, and sternal changes during breathing by using the conventional AED pads [15]. In other words,
changes in thoracic impedance can be observed in real time [16,17].

This thoracic impedance real-time measurement technique can help correct the energy of the
AED and provide information on the patient’s body fat and lung disease. This information can enable
prompt examination and treatment during transfer of a patient to a hospital [18,19].

2.3. Changes in Impedance According to CPR

When a patient undergoes a cardiac arrest, basic life support, including CPR, is given. During this
time, the size of the thoracic impedance is determined by factors such as shape, sternum, and muscles
of the thoracic region [20]. A sternal fracture often occurs during a patient’s fall or during CPR, and if
the shape of the sternum changes due to such fractures, impedance may be reduced. In addition,
impedance is affected by the pressure applied to the chest during CPR and changes in the blood
flow [21–23].

We refer to a studies that measures the change of mechanical impedance of patients during
CPR [24–26]. In order to investigate the relationship between CPR strength and periodic changes in
bioelectrical impedance, CPR experiments were conducted on the experimental body made by applying
different modulus of elasticity of springs in the human body model. Figure 1 shows 2 graphs with
different elastic factors and the change in impedance according to frequency. In Figure 1, the horizontal
axis of the graph represents the cycle of CPR, and the vertical axis indicates the mechanical impedance
change of the human body model. Using the different elasticity modulus of the CPR equipment,
the impedance was 80 Ω when the frequency was 2 Hz in a case of 680 kgf/m and the impedance
was 100 Ω when the frequency was 2 Hz in a case of 942 kgf/m. At the same frequency, there was a
difference of about 20 Ω, depending on the elastic modulus. On comparing the impedance values of
the 2 cases, it can be seen that a larger elastic modulus is related to larger impedance, and the lower the
frequency, the larger the impedance.
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Figure 1. Impedance by elastic factor: (a) Modulus of elasticity at 680, (b) Modulus of elasticity at 942.

Here, frequency indicates the number of CPR compressions, and the change in impedance is
sensitive to the CPR cycles and intensity. This can indicate whether the CPR was performed accurately.
Based on these changes, we can observe changes in the sternum and thus detect changes in the thoracic
impedance [27].
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2.4. Experimental Methods

Based on the principles for measuring thoracic impedance (Section 2.2) and the changes in
impedance that occur during basic life support treatment such as CPR (Section 2.3), the changes in
electric shock energy transfer caused by changes in thoracic impedance were examined.

The changes in the performance of 6 items during the electric shock energy experiment were
analyzed, including: output energy, emitted energy, biphasic discharge time at 50 Ω, accuracy of energy
in the pediatric mode, accuracy of energy transfer according to thoracic impedance, and impedance
measurement range.

The AED test jig used in the experiment is a device for testing the electrical shock energy of AED.
The AED test jig can adjust the mechanical resistance applied to the electrode pad of the AED and can
verify the performance of the AED. The electrical phenomenon which generates when the AED test jig
being connected to the oscilloscope and applying the electric shock in AED can be observed.

As an experimental method of electric shock energy, the AED was connected to the AED test
jig and the ECG output waveform of the AED test jig was set to Ventricular fibrillation (VF). After
selecting the adult mode, the electric shock was delivered to the AED test jig, and the discharge time
and amount of discharged energy were measured. In order to verify whether the thoracic impedance
of the patient changed, the impedance was sequentially changed to 25, 50, 75, 100, 125, 150, and 175 Ω.
After changing the AED to the pediatric mode, the electric shock was delivered to the AED test jig,
and output data were again measured and the impedance was changed with the same values as in the
adult mode.

The experiment was based on the discharge of electric shock energy of 150 J for adults and
50 J for children. Figure 2 shows the actual experiment being carried out. The electric shock
energy test was conducted by applying IEC60601-2-4: 2010 (Medical electrical equipment-part 2-4
Particular requirements for the basic safety and essential performance of cardiac defibrillators.)
in Table 1. IEC is the international electrotechnical commission, an international standard for
facilitating cooperation among countries on issues and related matters concerning standardization
in the electrical and electronics sector. IEC60601 is the standard for electrical and electronic medical
devices, and IEC60601-2-4:2010 is the international standard for special requirements for basic safety
and essential performance of cardiac defibrillators.
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Figure 2. Experimental equipment and setting. ( 1O Automated External Defibrillator (AED)
2O Oscilloscope 3O AED JIG).

Table 1. Electric shock energy test application standard.

Name Description

IEC 60601-2-4:2010 Medical electrical equipment-part 2-4: Particular requirements for the
basic safety and essential performance of cardiac defibrillators.
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3. Results

The jig was connected to the AED, and changes in the electric shock energy per impedance were
experimentally tested in the adult pediatric modes. On applying ~150 J energy in the adult mode,
the maximum energy was 156 J and the minimum was 148.4 J, which was greater by 4% and smaller by
1.07%, respectively. When 50 J was applied in the pediatric mode, the maximum energy was 50.4 J and
the minimum was 49.0 J, which was 0.8% greater and 2% smaller, respectively.

Figures 3 and 4 indicate changes in the current discharge time of AEDs in adult and pediatric
modes, respectively. (a) is 25 Ω, (b) is 175 Ω, and the current discharge time is the result of experimenting.
The horizontal axis of each graph represents the discharge time when using AED, and the vertical axis
represents the peak current value generated during the electric shock of AED.
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Figure 4. Pediatric mode of peak current: (a) 25 Ω Pediatric mode of peak current, (b) 175 Ω Pediatric
mode of peak current.

Figures 3 and 4 show that the discharge time was 2.7 ms when the impedance was 25 Ω and
the discharge time was 13.2 ms when the impedance was 175 Ω in the adult and pediatric modes,
respectively. This indicates that there is a difference in discharge time when an electric shock is applied
in proportion to the impedance. An increase in discharge time indicates an increase in the time it
takes to transfer the electric energy. This shows that there is an inverse relationship between thoracic
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impedance and electric shock, which has a negative impact on the electric shock energy transferred.
This suggests that in SCA patients in which an urgency in the unit of second is required, impedance
may negatively affect resuscitation of the patient. Comparing the performances are shown in Table 2,
Table 3.

Table 2. Test result table for electric shock energy in adult mode.

Impedance
(Ω)

First Peak
Voltage

(v)

First Peak
Current

(A)

Second Peak
Voltage

(V)

Second Peak
Current

(A)

Amount of
Energy

(J)

25 1411 56.4 1044 29.8 156.0
50 1423 28.5 848 17.0 148.4
75 1467 19.6 906 12.1 153.5

100 1462 14.6 914 9.1 150.8
125 1468 11.7 925 7.4 151.3
150 1471 9.8 930 6.2 150.7
175 1474 8.4 935 5.3 150.9

Table 3. Test result table for electric shock energy in pediatric mode.

Impedance
(Ω)

First Peak
Voltage

(v)

First Peak
Current

(A)

Second Peak
Voltage

(V)

Second Peak
Current

(A)

Amount of
Energy

(J)

25 807 32.2 420 16.8 50.4
50 829 16.5 489 9.8 49.6
75 840 11.2 513 6.8 49.4

100 844 8.4 522 5.2 49.6
125 843 6.7 525 4.2 49.0
150 846 5.6 528 3.5 49.2
175 847 4.8 532 3.0 49.0

In the adult mode, when the 1st peak current was 56.6 (A) 8.4 (A), the impedance was 25 Ω and
175 Ω, respectively. As the impedance increased by 25 Ω, the 1st peak current decreased to 27.9 (A),
8.9 (A), 5 (A), 2.9 (A), 1.9 (A), and 1.4 (A), respectively.

In addition, the second peak current was 29.8 (A), 17.0 (A), and 5.3 (A), the impedance was 25 Ω
and 175 Ω, respectively. As impedance increased by 25 Ω, the second peak current decreased by
12.8 (A), 4.9 (A), 3 (A), 1.7 (A), 1.2 (A), and 0.9 (A), respectively.

In the pediatric mode, the 1st peak current was 32.2 (A) 4.8 (A), the impedance was 25 Ω and
175 Ω, respectively. As impedance increased by 25 Ω, the 1st peak current decreased by 15.7 (A),
5.3 (A), 2.8 (A), 1.7 (A), 1.1 (A), and 0.8 (A), respectively.

When the 2nd peak current was 16.8 (A) 3.0 (A), the impedance was 25 Ω 175 Ω, respectively.
As impedance increased by 25 Ω, the 2nd peak current decreased by 7 (A), 3 (A), 1.6 (A), 1 (A), 0.7 (A),
and 0.5 (A), respectively.

4. Discussion

Figure 5 graph shows the relationship between impedance and 1st peak current in the adult
and pediatric modes. The experimental results show an inverse relationship between current and
impedance in the adult mode and pediatric mode. In other words, the higher the impedance, the lower
the output current. The low current indicates that although the total energy may not change much,
the current density is lowered due to the increase in impedance during the energy transfer process.
This means that when an electric shock is delivered to the patient, the amount of energy transferred
is inaccurate.
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5. Conclusions

This study the need to improve the energy accuracy of AED used in emergency patients such
as SCA. The results of the study showed that changes in thoracic impedance due to various factors
such as patient status and first aid process had a negative effect on the energy delivery of the AED.
The experiment was conducted based on the international standard IEC60601-2-4:2010 of medical
devices. The electric shock energy error was measured by changing the impedance of each adult mode
and pediatric mode of the AED. When the impedance is changed and set to adult mode, the first peak
current of the shock energy is set to 55.4 (A), at least 8.4 (A), and the first peak current is set to 32.2 (A)
and at least 4.8 (A) when the pediatric mode is set. Experimental results show that the change in the
thoracic impedance of the patient is inversely proportional to the decrease in the peak current of the
electric energy applied by the AED.

The AED analyzes ECG and thoracic impedance of early emergency patients through pads to
provide information on whether defibrillation is necessary and decisions of adult or pediatric mode.
However, thoracic impedance can change in the process of first aid treatment to patients. The changing
thoracic impedance can be improved by various measure such as correcting the electric shock energy
by analyzing the change of impedance by continuously applying a specific Alternating Current (AC)
signal to the human body through the pad. This can increase the survival rate of patients with cardiac
arrest by delivering accurate electric energy required for the patient.

In the Guidance for Medical Device Performance Test published by the Korea Food and Drug
administration in 2010, the test criteria for the accuracy of output energy among the performance
evaluation items of AEDs are ± 3 J or ± 15% [28]. However, most of the AEDs installed in public
places are used by non-professional medical personnel. Therefore, the test performance standards
for AEDs should be stricter. Especially in the case of children, the elderly, and pregnant women,
the performance deterioration due to the energy error for the thoracic impedance change can have a
big designation for life. Therefore, the pad of the AED is required to analyze the changes in the thoracic
impedance of the patient in real time and to revise the electric shock energy. In the case of ventricular
fibrillation emergency patients, the probability of defibrillation success is reduced by about 10% every
minute, so quick and accurate response to cardiac arrest is the most important part of protecting life.
Since the AED used in this way is a medical device developed for all the public to use, continuous
research should be conducted to demonstrate accurate performance to emergency patients even when
non-specialized medical personnel use it according to its purpose and goal performance.
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