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ABSTRACT

Cardiac manifestations are the effects of an electrical injury that could be life-threatening. Although it is rare, arrhythmias and myocardial tissue
injuries are the two major cardiac complications that can happen after electrical injury. Lack of recommendation and review makes it confusing
to physicians in managing electrical injury patients with cardiovascular complications. This article provides an overview of electrical injuries, the
cardiac manifestations that can occur, and management of electrical injuries that focus on cardiac effects.
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1. INTRODUCTION

Electrical injury is one of the mechanical traumas, resulting from lightning and low to high voltage injury. It can create a wide
variety of clinical manifestations, starting from skin burns until cardiorespiratory arrest. Cardiac manifestation itself is one of
the rare but serious clinical manifestations. It has been known that electrical injury causes 0.54 deaths per 100,000 people per
year, and the mortality rates range from 3% to 15%, resulting from cardiac arrest and arrhythmias. The universal mortality rate
of electrical injuries ranges from 1% to 9.1%. There are about 1000 deaths per year in the United States caused by an electrical
injury. Four hundred of them are due to high voltage injury, and 50 to 300 were caused by lightning. There are another 30,000
shock incidents per year that are not fatal. This injury usually happens in an occupational setting, and it becomes the fourth-
leading cause of workplace-related traumatic death. This review aims to explain the clinical cardiac manifestations of electrical
injury and its management [1-3].

2. CARDIAC CONDUCTION SYSTEM

The cardiac conduction system is a group of specialized cardiac cells that generate electrical impulse responsible for heart
contraction. It consists of sinoatrial (SA) node as the heart pacemakers, followed by atrioventricular (AV) node, bundle of His,
the branches, and Purkinje fibers (Figure 1). The depolarization and repolarization of these cellular levels are caused by influx
and outflow of calcium, potassium, and sodium across the membrane. The cells contain more concentration of potassium while
at rest. Depolarization occurs with the rapid influx of sodium and calcium ions, transmitting the movement of an action potential
across myocardium, from epicardium down to the endocardium. The restoration of resting potential or repolarization happens
from endocardium to epicardium, where potassium and sodium outflows from the cell to maintain the negativity of the interior
cell wall. The impulse of normal heart contraction was initiated by SA node, located at posterior wall of right atrium. SA node
establishes 70 to 100 beats per minute of sinus rhythm. The electrical impulse travels down to AV node located near the interatrial
septum, through the bundle of His, down the bundle branches, and through the Purkinje fibers, maintaining the synchronization
in contraction of the ventricles. This electrical impulse activity can be seen from electrocardiography [4, 5].

3. PRINCIPLES AND DETERMINANTS OF ELECTRICAL INJURY

Current, measured in Ampere (1), is the flow of electrons through a potential gradient between two physical points. The differences
of potentials, the gradients from high to low concentration, are stated in voltage (V). Resistance is an obstacle in the flow of
electrons, measured in ohms (R). Resistance in the human body is divided into low resistance and high resistance. Blood
vessels, neurons, and muscles are excellent conductors, while bone, fat, and skin are poor conductors of electricity. The higher
the resistance, the greater damage it will get as a result of electrical injury. Ohm’s law described the relationships of current,
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Figure 1: Conduction systems of the heart [5].
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voltage, and resistance as follows: |=V/R. Impact of electric current on the human body creates a set of pathophysiological
events, called electric shock. Lightning is the excessive form of electrical injury, whereas electrocution is the term used when the
electrical injury results in death. The injury can also occur by direct and indirect mechanisms, where the direct injuries are caused
by close contact of the victim with the electrical energy and indirect injuries are linked to secondary trauma due to flash or flame.
No current travels into the skin in flash injury, while current may or may not pass the skin in flame injury [2, 6].

Some factors that affect the severity of this trauma are voltage, resistance to the current flow, type of current, the pathway,
and duration of contact. Types of current are divided into alternating (AC) and direct current (DC), where AC is found to be more
dangerous as it can cause tetanic muscle contraction as the victim cannot release the energy source. The current intensities are
linked to both voltage and resistance. Voltage is one of the markers used in categorizing the electrical trauma, where less than
1000 V is categorized as low voltage injury and more than 1000 V is categorized as high voltage injury. The higher voltage is more
dangerous. Resistance also has an important role, as it can result in fatal complications if the resistance is low. Longer duration
leads to worse injury. The path of entry is usually found in a hand, and the most common ground is usually a foot. Organ that
usually gets affected by the common entry and ground is the heart, which may result in fatal arrhythmias. The example of entry
and exit pathway of electrical injury is shown in Figures 2 and 3. Central nervous system can be damaged if the current passes
through head. Electrical injury can cause damage to many organ systems other than central nervous systems, such as skin burns,
musculoskeletal effects, respiratory arrest, kidney failure, and other cardiac manifestations that are presented in Table 1 [2, 6-8].

Figure 2: Entry wound of electrical injury [9].
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Figure 3: Exit wound of electrical injury [9].

Table 1: Manifestations of electrical injury based on organ damage [8].

Systems Manifestation
Skin Cutaneous burn
Cardiac Arrhythmias, cardiac arrest
Respiratory Respiratory arrest due to central nervous system or muscle tetany
Vascular Aneurysm formation, tissue ischemia
Neurologic Loss of consciousness, transient paralysis or paresthesia, peripheral
neuropathy, or spinal cord injury
Musculoskeletal Fractures or dislocations secondary to muscle spasms or falls,
muscle necrosis, or compartment syndrome
Renal Myoglobinuria, renal failure
Other Cataracts, neuropsychological effects

4. CARDIAC MANIFESTATIONS OF ELECTRICAL INJURY

Cardiac manifestations usually occur if the current travels from hand to hand or hand to foot. It can also occur because the
currents travel through the lowest resistance part of the body, such as nerves and blood vessels [7]. An exposure to low voltage
AC is the most probable cause of cardiac consequences after electrical injury. Cardiac arrest, arrhythmias, and myocardial
injury are the most frequent cardiac manifestations that occur after an electrical injury. Vascular injury, hemorrhagic pericarditis,
transient autonomic dysfunction, and transient arterial hypertension are also some other cardiac manifestations after the
electrical trauma. Cardiac arrest is frequently seen in high voltage electrical injury and associated with arrhythmia, particularly
ventricular fibrillation [3, 6, 8, 10, 11].

4.1. ARRHYTHMIAS

Disruption of heart rhythm might be caused by relatively low current. The mechanism of how arrhythmia occurred still remains
unclear and is believed to be multifactorial. The alterations of electrolyte concentration, necrosis, and change of permeability of
myocyte membranes are some of the possible mechanisms that can lead to arrhythmias in electrical injury. Biopsies reported
that arrhythmogenic foci in patchy myocardial fibrosis were found with the increasing Na* and K* pumps. It is believed to be
associated with transient and localized alterations in potassium and sodium transport and also concentrations with resultant
changes in membrane potential. This heterogeneity of repolarization areas triggered arrhythmias, with possible abnormal
enhanced automaticity or after depolarization, and triggered activity several hours after the injury [6, 12].

Arrhythmias usually occur immediately after electrical injury. Ventricular fibrillation occurs if the current reaches the heart
in vulnerable timing, which is the most frequent cause of death after electrical injury. High voltage electric injuries cause asystole,
and low voltage was found to cause ventricular fibrillation. Some of the arrhythmias may be caused by physiological reaction to
pain or anxiety such as sinus tachycardia. Other arrhythmias reported are sinus bradycardia, premature atrial contraction (PAC),
and premature ventricular contractions (PVC). Conduction dysfunctions, such as atrioventricular blocks and bundle branch
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Figure 4: Atrial fibrillation after electrical injury [17].

blocks, are also common. Atrial fibrillation is also reported. Delayed arrhythmias frequently occur in patients who had a rhythm
disturbance on presentation [3, 12—14].

Pilecky et al. reported that sinus bradycardia is found in 10.4% of its sample, followed by sinus tachycardia (4.4%).
One patient had newly diagnosed atrial fibrillation, and other was detected with arrhythmia (ventricular tachycardia) [13].
Akkas et al. reported nine deaths, where almost all deaths were related to cardiac complications, particularly rhythm abnormalities.
Asystole is observed in seven cases with high voltage injury, and only one ventricular fibrillation case was found with low voltage
injury [10]. Another study showed a result of 28.7% cases of pediatric arrhythmias and 24.2% cases of adult arrhythmias. Sinus
tachycardia, bradycardia, ventricular ectopic beats, isolated supraventricular, first-degree atrioventricular block, and incomplete
right bundle branch block were reported [15]. Kramer et al. in a retrospective study reported that cardiac arrhythmia was found
in 16 patients, where 14 of them were in contact with low voltage electricity [3].

First degree of atrioventricular block was described by Beton et al. after a low voltage (380 V) electrical injury. The input
pathway is found at the left hand, and the gluteal became the exit pathway of the current. The history of previous arrhythmias
or another cardiovascular disease is not known, ensuring that the electrical injury is the reason of electrocardiogram (ECG)
changes [16]. Bilik et al. reported a case of atrial fibrillation as a result of low voltage electrical injury. The patient had skin burns
on the extensor side of middle phalanx of the left hand as the entry pathway and another skin burn on the right arm as the exit.
Any other previous cardiac disease of the patient is unknown. The ECG is shown in Figure 4 [17]. Another atrial fibrillation case,
reported by Paudel et al., was of electrical injury with an entry and exit wound from hand to toe [9]. The cases are in sync with
the theories of other authors that combination of pathway cardiac damages and low voltage injury more often leads to cardiac
consequences.

4.2. MYOCARDIAL INJURY

Myocardial injury after electrical injuries can occur due to several mechanisms (Figure 5). The clinical features of myocardial injury
are concordant with the mechanism itself. Coronary spasm or thrombosis leads to clinical symptoms of myocardial infarction.
The severity of myocardial injury is mostly determined by the voltage and type of current. The manifestation will be more
serious with higher voltage and if the type is AC. This injury of the heart can be confirmed by abnormal ECG echocardiographic
finding, cardiac enzymes, coronary angiography, and magnetic resonance imaging (MRI). The frequent finding in ECG is

Figure 5: Mechanism of myocardial injury after electrical injuries [6].
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Figure 6: Myocardial infarction after electrical injury [18].
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abnormality in ST segment and QT intervals, and some cases reported pathological Q waves just like myocardial infarction
pattern. Troponin and creatine kinase-MB (CK-MB) are the cardiac enzymes that predict injury or necrosis, but the significance
still remains unknown due to lack of evaluations of troponin’s specificity in electrical injury setting, and CK-MB is often associated
with skeletal muscle necrosis too. Coronary angiography is performed to confirm the possible underlying coronary artery
disease [6, 12].

Behcet et al. described a case of 43-year-old worker with accidental contact with high voltage electricity. Both of the palms
of the patient became the entry point, while the soles were the exit point of the current. The ECG revealed ST segment elevation in
inferior leads and depression in anterior leads as shown in Figure 6, indicating myocardial infarction. Normal systolic function and
hypokinesia of left ventricular wall was found after echocardiography, and the cardiac enzymes were elevated. CK-MB level was
2177 when the normal range is 0—25 U/L, and the troponin | level was 0.366 (0—-0.01 ng/mL). Coronary angiography was performed,
and there was no occlusion within the right and left coronary arteries [18]. A case reported by Hung et al. suggested that the cardiac
biomarkers’ examination in detecting myocardial injury of electrical injury patients is important, while other author stated that there
is insufficient evidence about cardiac biomarkers being the predictive factors of myocardial injury [13, 19].

Some myocardial injuries can be present with arrhythmias altogether. Kramer et al. reported two cases of combined
ECG changes (ST segment changes and sinus tachycardia) from a low voltage electrical injury patient [3]. Gursul et al. reported
a case of a 50-year-old male patient admitted with an AC electrical injury. The patient said that he had loss of consciousness
with radiating pain from the chest to left arm. Initial ECG shows sinus tachycardia, increasing T wave, and premature ventricular
contraction that changed to atrial fibrillation after 10 minutes. The atrial fibrillation was followed by ST segment elevation in
inferior leads and ST segment depression in leads V1-V3. Coronary angiography of the patient revealed normal coronary blood
flow, indicating that the changes of ST segment were caused by arterial vasospasm. Ejection fraction (EF) of the patient was
estimated as 58% after the echocardiography, and there was no segmental motion defect [20].

5. MANAGEMENT OF ELECTRICAL INJURY

5.1. GENERAL MANAGEMENT OF ELECTRICAL INJURY

The first and most important management of electrical injury is to separate the victim from the current source before further
damages can happen. The electrical source needs to be turned off first before rescuing the victim since he or she can be the
conductor of the current itself. The management requires basic principle of cardiopulmonary resuscitation (CPR) and acute
multiple trauma care, just like any other traumas. In case of cardiorespiratory arrest, resuscitation can be done according to
Advanced Cardiac Life Support (ACLS) and Advanced Trauma Life Support (ATLS) algorithms [8]. Complete evaluation of the
victim must be done. It is important to find the pathway of the electricity in clinical examination to consider potentially damaged
organs. The other examination is done to find another injury, such as spinal cord injury, blunt trauma of abdomen, or thorax
cavity, in addition to the laboratory examination of liver, pancreatic, and renal function. The laboratory examination aims to
determine traumatic or ischemic injury in a case of cardiorespiratory arrest. The radiology imaging can be done to exclude spinal
cord injury, blunt trauma, and fractures[6, 8, 12].
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Treatment of electrical injury victim is carried out symptomatically. In case of extensive burns, the victim must be
administered to specialized burn unit. Wound care with silver sulfadiazine is recommended because it is less likely to cause
imbalance of electrolyte. Fluid resuscitation is also important to compensate the fluid extravasation and to prevent acute
renal failure by myoglobinuria. Surgical decompression such as fasciotomy can only be performed if there is any progressive
neurological symptom such as vascular compromise, elevated compartment pressure, or suspected myonecrosis [8].

5.2. CARDIAC MONITORING

Cardiac monitoring is still controversial in management of electrical injuries. Cardiac monitoring is conducted by ECG and
cardiac biomarkers’ examination. All patients with electrical injury should get an initial ECG regardless of the voltage involved.
The duration of monitoring is not well established or mentioned in any guideline, but 24-hour monitoring is recommended by
most experts. It is aimed to identify delayed arrhythmia or myocardial injury after electrical trauma. It is suggested that the severe
cardiac manifestations happened at the time of event, and it is rare for a patient to develop delayed serious arrhythmias [10, 21].
Some researchers believed that it is important to perform cardiac monitoring of a patient who has risk factors such as unwitnessed
event, high voltage exposure, prior heart disease, and abnormal initial ECG. Cardiac biomarkers are still controversial as they
lack specificity as mentioned above [6, 12, 22, 23].

A study about ECG monitoring necessity was conducted by Pilecky et al. The authors excluded patient with normal ECG
and monitored 182 patients for 12.7+7.1 hours. Symptomatic regular supraventricular tachycardia was found in one patient,
and atrial fibrillation was documented in another patient. However, the two patients had history of cardiac manifestations even
before the monitoring, where the first patient suffered palpitations before the supraventricular tachycardia rolled out and another
patient had a history of paroxysmal atrial fibrillation [13]. Searle et al. described some new follow-up ECG changes after cardiac
monitoring in their study. The follow-up of electrical injury patient with initial abnormal ECG was done. The monitoring revealed
an incomplete RBBB with isolated supraventricular ectopic beats and ventricular couplet in pediatric patient with underlying
complex heart defect, and the ECG change into sinus bradycardia during cardiac monitoring was also traced. None of the
arrhythmias found requires treatment [15].

Kramer et al. conducted a retrospective study to find out whether cardiac monitoring id really necessary or not. The
authors conclude that asymptomatic patients without any risk factors need no cardiac monitoring, while the patients of electrical
injury with risk factor should be admitted to hospital or the intensive care unit for cardiac monitoring. The risk factors mentioned
are loss of consciousness, high voltage injury, pregnancy, history of cardiovascular diseases, abnormal laboratory result,
concomitant injuries, transthoracic current, and soft-tissue burns and damage. The authors recommended a management plan
as shown in Figure 7 [3]. Another initial management protocol was stated by Blackwell and Hayllar, where several sources
were used to create the protocol. Six-hour cardiac monitoring of patients with any abnormal initial ECG or relevant clinical
symptoms should be done. The monitoring should continue if the patient still develops symptoms or there is no improvement in

Figure 7: Management of electrical injury patient [3].
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ECG. Patient with no symptoms and normal ECG can be discharged [22]. Long-term follow-up is needed for some individuals
depending on initial findings after electrical injury [6].

5.3. TREATMENT OF CARDIAC MANIFESTATIONS OF ELECTRICAL INJURY

The treatment of cardiac manifestations follows the general management of electrical injury according to ACLS and ATLS principles.
Cardiorespiratory arrests require CPR [8]. Evaluation of air, breathing, and circulation is necessary. In case of ventricular fibrillation,
immediate defibrillation must be performed. Medication that can be used is amiodarone, lidocaine, or magnesium sulfate [24]. While
treatment of other arrhythmias depends on their types. Bilik et al. recommend an administration of 5 mg metoprolol IV for ventricular
rate control and enoxaparin (8000 1U/0.8 mL) for preventing thromboembolic complication in atrial fibrillation case after electrical
injury. It is observed in some cases that after oral administration of metoprolol and enoxaparin in intensive care unit (ICU), the ECG
came back normal on the first day of hospitalization [17]. There is another case of the return of sinus rhythm in atrial fibrillation after
intravenous diltiazem administration, and some cases require cardioversion [25, 26].

Paudel et al. reported a complex case of a female patient with atrial fibrillation 6 hours after injury. She was administered
metoprolol intravenously, but it failed to revert the sinus rhythm. Hence, cardioversion and administration of amiodarone were
done after, and it is only 12 to 13 hours after the cardioversion that the ECG finally reverted to sinus rhythm [9]. One case of
atrial fibrillation and spontaneous return of sinus rhythm and another case of supraventricular tachycardia that came back to
sinus rhythm after vagal maneuvers were reported by Pilecky et al. [13]. Beton et al. reported a spontaneous return of sinus
rhythm after atrioventricular block case in electrical injury, while other author reported a requirement of permanent pacemaker
for atrioventricular block caused by electrical injury [16, 27].

Myocardial injury case reported by Behget et al. documented an administration of anti-ischemic drugs, such as
acetylsalicylic acid, angiotensin-converting enzyme inhibitor, and beta blockers, to the patient with ST segment changes after
injury. The ST segment change was believed to be due to arterial spasm [18]. Celebi et al. stated that it is also challenging
to treat the myocardial injury because there is no exact guideline for managing ST elevation after electric shock. The authors
recommended that coronary angiography followed by percutaneous coronary intervention is a better initial reperfusion strategy
than the fibrinolysis, and that coronary angiography is an important aspect to predict the treatment needed [28].

6. CONCLUSION

Cardiac manifestations of electrical injury are some rare incidents that need to be examined thoroughly as they can lead to life-
threatening state. The most common manifestations are arrhythmia and myocardial injury [6]. Cardiorespiratory arrest is the
most frequent cause of death after electrical injury, while arrhythmia usually presents acutely after incident and can be diagnosed
by ECG examination. Myocardial injury is the less frequent manifestations, but it is more challenging to diagnose because of
the lack of data or study about the role of cardiac biomarkers and other diagnostic tool to exclude other cause of myocardial
injury. The management of these cardiac manifestations requires basic principles of ACLS and ATLS. Cardiac monitoring is not
necessarily needed for each patient with cardiac manifestations, and the risk factors should be evaluated [3].
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