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Updated Approaches to Cardiac Electrical Stimulation
and Pacing in Pediatrics
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Abstract: Cardiac electrical stimulation is a rarely used but required skill
for pediatric emergency physicians. Children who are in cardiac arrest or
who demonstrate evidence of hypoperfusion because of cardiac reasons re-
quire rapid diagnosis and intervention to minimize patient morbidity and
mortality. Both hospital- and community-based personnel must have sufficient
access to, and knowledge of, appropriate equipment to provide potentially life-
saving defibrillation, cardioversion, or cardiac pacing. In this review, we will
discuss the primary clinical indications for cardioelectrical stimulation in
pediatric patients, including the use of automated external defibrillators,
internal defibrillators, and pacemakers. We discuss the types of devices that
are currently available, emergency management of internal defibrillation and
pacemaker devices, and the role of advocacy in improving delivery of emer-
gency cardiovascular care of pediatric patients in the community.
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TARGET AUDIENCE

This continuing medical education activity is intended for
physicians, physician assistants, nurse practitioners, and emer-
gency medical services providers who care for pediatric patients.

LEARNING OBJECTIVES

After participating in this activity, the reader will be better
able to:

1. Identify the indications for defibrillation, cardioversion, and
cardiac pacing in children.

2. Summarize the types of devices available for both external and
internal defibrillation and pacing.

3. Describe the role of advocacy in improving delivery of emer-
gency cardiovascular care of pediatric patients in the commu-
nity setting.

C ardiac arrest is a leading cause of death worldwide, with an
estimated 550,000 combined out-of-hospital and in-hospital
arrests occurring annually in the United States alone.! Pediatric
cardiac arrests occur 12,000 times per year in the United States,
with approximately equal distribution of in-hospital cardiac ar-
rests (IHCA) and out-of-hospital cardiac arrests (OHCA).>3
In-hospital cardiac arrest survival has improved substantially from
2001 to 2013, with rates of return of spontaneous circulation
(ROSC) improving from 39% to 77%, and survival to hospital
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discharge improving from 24% to 43%.*> In contrast, survival
from OHCA remains poor, estimated between 8.3% and
15.8%.*® Many factors contribute to the higher rate of survival
from IHCA, including the emphasis on early recognition,
high-quality cardiopulmonary resuscitation (CPR), early defibril-
lation when appropriate, and advances in postcardiac arrest care.
In contrast, the majority of patients with OHCA present initially
with asystole or pulseless electrical activity, commonly precipitated
by noncardiac causes including respiratory arrest, drowning, and
asphyxia.”® Only 10% to 15% of pediatric patients with OHCA
initially present with a “shockable” rhythm, such as pulseless ven-
tricular tachycardia (VT) or ventricular fibrillation (VF).'%!!
Though survival to discharge after pediatric cardiac arrest has been
noted to be poor overall, survival after VF or VT arrest has been
reported to be as high as 89%.'>"'* Ventricular tachycardia/
ventricular fibrillation is a more common initial presenting
rhythm in child and adolescent patients than infants and is a con-
tributing factor to improved survival in noninfant pediatric pa-
tients with IHCA and OHCA.>"

In this review, we will discuss the primary clinical indications
for cardioelectrical stimulation in pediatric patients, including the
use of defibrillation, cardioversion, and pacemakers. We will dis-
cuss the types of devices that are currently available, the emergency
management of internal defibrillation and pacemaker devices, and
the role of advocacy in improving delivery of emergency cardiovas-
cular care of pediatric patients in the community setting.

Case Scenario 1

A 15-year-old, 45-kg boy was brought to the emergency de-
partment (ED) with altered mental status. His parents found him
alone in his room approximately 30 minutes after he returned
home from school. He was noted to be confused, and multiple
empty pill bottles previously containing diphenhydramine, fluox-
etine, and ibuprofen were found near his bed. Upon emergency
medical services arrival, he was noted to have a temperature of
39.2°C, blood pressure of 145/90 mm Hg, heart rate 130/min, re-
spiratory rate of 20/min, and oxygen saturation of 96% in room
air. He was agitated and appeared to be having auditory and visual
hallucinations. Gag reflex was intact, and no respiratory distress
was present. Intravenous (IV) access was obtained, and lorazepam
4 mg was administered en-route to the ED. Upon arrival to the ED,
he immediately lost consciousness. The patient was noted to be
pulseless, and chest compressions were started immediately while
cardiopulmonary monitors and defibrillation pads were applied.
An electrocardiogram (ECG) demonstrated a wide complex
tachycardia. Defibrillation was performed at 2 J/kg with immedi-
ate conversion to sinus rhythm and ROSC.

Pathophysiology of Sudden Cardiac
Arrest/Arrhythmia in Pediatric Patients

For pediatric patients suffering cardiac arrest secondary to a
ventricular dysrhythmia, rapid defibrillation is a key factor to both
improved survival and to a favorable neurologic outcome.'®!” Re-
cent guidelines from both the American Heart Association and the
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TABLE 1. Etiologies of Sudden Cardiac Death in Children

Congenital/
Structural

Tetralogy of Fallot

Transposition of the Great Arteries
Epstein's Anomaly

Cardiac Tumors (Rhabdomyosarcoma)

Left Heart Obstructive Lesions
(Hypertrophic Obstructive Cardiomyopathy,
Left Ventricle Noncompaction)

Coronary Artery Anomalies

Valvular Disease

Collagen Vascular Disorders

Long QT syndrome

Catecholaminergic polyventricular tachycardia
Brugada

Hypertrophic

Dilated (familial or acquired)

Arrhythmic right ventricular cardiomyopathy

Infiltrative/restrictive (Chagas, sarcoidosis,
amyloidosis, hemochromatosis, scarring)

Myocarditis (viral, bacterial, rickettsial, fungal,
toxin-mediated)
Heavy metal exposure
Anthracycline
Radiation
Carnitine deficiency
Neuromuscular disorder
Mitochondrial diseases
Severe anemia
Thyrotoxicosis
Pompe disease

Electrical

Cardiomyopathy

Metabolic/Toxin
induced

European Resuscitation Council recommend defibrillation as
soon as possible, ideally within 2 minutes of recognition of car-
diac arrest with a shockable rhythm.*!®!° However, significant
barriers remain to public access defibrillation and timely recogni-
tion of cardiac arrest, both in the prehospital and in-hospital setting.

The majority of pediatric patients who suffer cardiac arrest
with an initial shockable rhythm do so because of a cardiomyopa-
thy, a congenital/structural defect, primary electrical conduction
problem, or a metabolic/drug induced arrhythmia (Table 1).22!
Sustained VT/VF in the pediatric population is rare, estimated be-
tween 2 and 8 per 100,000 patients.?>**> However, once a patient
has suffered a cardiac arrest secondary to a dysrhythmia with
shockable rhythm, defibrillation with an automatic external defi-
brillator (AED) or implantable cardioverter defibrillators (ICD)
is often required (Fig. 1). Preventative strategies for cardiac arrests,
such as use of beta blockers and implantable defibrillators, can be
used to decrease the risk of sudden cardiac death in pediatric pa-
tients with known inherited arrhythmias who have not yet suffered
a cardiac arrest. Cardiac ablations have also reduced the incidence
of cardiac arrest in children in whom the location of the abnormal
cardiac electrical signal can be located and accessed. The exact
mechanism whereby an electric shock terminates VF/VT is not
yet known, and there is significant debate about how cardiac tis-
sue responds to electric shock.?*

Methods of Delivery of Electricity

Delivery of electricity to the heart occurs using two primary
mechanisms: defibrillation and cardioversion. Defibrillation is the
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therapeutic administration of electricity to depolarize the myocardium
so that coordinated contractions can occur. It is used to terminate a
nonperfusing rhythm, such as pulseless VF/VT. Cardioversion is
the application of electricity to terminate a perfusing rhythm to al-
low normal sinus rhythm to restart. By this definition, cardiover-
sion is a less urgent procedure compared with defibrillation,
although the patient requiring cardioversion may be hypotensive
or hemodynamically unstable, rather than in cardiac arrest.?>

Defibrillation

Defibrillation in pediatric patients is indicated for pulseless
VF or VT. The first documented successful resuscitation using de-
fibrillation for VF in a human was performed in 1947 on a
14-year-old boy who was ultimately discharged home neurologi-
cally intact after the resuscitation.?® Electricity delivered via defi-
brillation does not account for phase of cardiac rhythm, and it is
not synchronized with the patient's intrinsic QRS complex, when
present. It is not indicated for asystole, pulseless electrical activity,
on in a patient with a pulse. However, when applied appropriately,
defibrillation can be lifesaving. Defibrillation in patients who
have a witnessed cardiac arrest with an initial shockable rhythm
have consistently improved rates of ROSC with favorable neuro-
logic outcomes.**?”*® Ventricular fibrillation is the initial recorded
rhythm in 5% to 24% of pediatric cardiac arrests, and it is much
more common in children with congenital heart defects.®%2832
The 2015 American Heart Association (AHA) guidelines suggest
an initial energy dose of 2 to 4 J/kg, and in cases of refractory
VE, increased energy levels may be considered up to 10 Jkg** A
recent systematic review revealed that ROSC is frequently achieved
when the initial presenting rhythm is pulseless VF/VT with energy
dosing ranging from 2 to 7 J/kg, with the higher energy levels re-
quired more frequently in infants.2® Patients who receive defibrilla-
tion for either IHCA or OHCA do so via an AED, an ICD or a
wearable cardioverter defibrillator (WCD).

Automated/Manual External Defibrillators

The first successful use of an alternating-current external de-
fibrillator on a human was reported in 1956, and the first portable
defibrillator in the United States was commercially available in
1968 (LifePak 33; Physio Control, Inc., Redmond, WA).>*3> Au-
tomatic external defibrillators have the ability to independently
analyze the heart rthythm to determine whether a shock should
be applied. If the device determines a shock is required, the battery
charges the internal capacitor to deliver the shock through the
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FIGURE 1. Defibrillator showing ventricular tachycardia.
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chest. Electrical current flows from the cathode (negative elec-
trode) to the anode (positive electrode), and each shock moves
in an opposite polarity between the electrode pads.>> The shock
is then delivered through pads that are applied the bare chest of
a patient in cardiac arrest. Modern AEDs use a biphasic waveform
to deliver a shock at a lower voltage than the previously common
monophasic AEDs. As a result, modern biphasic AEDs have a
much lower risk for skin and soft tissue injuries, including burns,
than did earlier versions of the device. Additionally, most modern
AEDs provide point-of-care CPR performance feedback for com-
pression depth, rate, and pauses in compressions. CPR feedback
devices have been consistently shown to improve CPR perfor-
mance; it is recommended that AEDs with the ability to provide
CPR quality feedback should be universally adopted by health
care facilities.*** AEDs manufactured for use in the hospital set-
ting have visible ECG tracings that hospital personnel use to iden-
tify shockable rhythms when the AED is placed in manual mode.
Most AEDs have multiple utilities including defibrillation, cardio-
version, pacing, and CPR feedback. Automatic external defibrilla-
tors approved for use in hospital and community settings are listed
in Table 2.

Implantable Cardioverter Defibrillator

The primary indication for ICD placement is for prevention
of cardiac arrest. Between 2010 and 2016, there were 3461 ICD
placed in pediatric patients in the United States. Of these, 39%
were placed for nonischemic dilated cardiomyopathy, 17% were
placed for hypertrophic cardiomyopathy, and 13% were placed

for long QT syndrome. Pediatric patients with ICDs are more
likely to have structural heart disease, hypertrophic cardiomyopa-
thy, and channelopathies when compared with adult patients.*

Implantable cardioverter defibrillator placement is rare in
children, and indications for placement remain controversial *+*
Complications of ICD placement are higher in the pediatric popu-
lation than in adults. This is likely secondary to the growth and in-
creased activity level in children.*® According to the National
Cardiovascular Data Registry, pediatric patients are more likely
to have an out-of-hospital complication related to ICD placement
if they have a lower weight, Ebstein anomaly, worse New York
Heart Association severity class, absence of beta-blocker therapy,
or presence of a dual chamber ICD. However, the overall inci-
dence of in-hospital complications is not different between adult
and pediatric patients at 2.3%.*> The most common complication
is inappropriate shocks, which have a reported incidence as high
as 17% to 50%, most often triggered by sinus tachycardia, supra-
ventricular tachycardia, and lead failure.***® Mechanical compli-
cations from ICD placement include lead breaks, burns, and
infections, all of which have been noted to be higher in pediatric
patients than in adults.*®

Wearable Cardioverter Defibrillators

Some pediatric patients at risk for sudden cardiac death are
not considered suitable candidates for ICD placement. This is usu-
ally due to contraindication of immediate placement of ICD (eg,
infected device or awaiting cardiac transplantation), or in patients
who are at risk but may improve over time, obviating the need for

TABLE 2. AEDs Approved by the United States Food and Drug Administration

Pediatric Pads Provides CPR Feedback Provides
Manufacturer Device Name AED Type Available (Rate and Depth) Visible EKG
Cardiac Science Corporation ~ Powerheart G3 Plus Public Access Yes Yes Yes
Powerheart G5 Public Access Yes Yes No
Powerheart G3 Pro Professional Use Yes No Yes
Defibtech, LLC Lifeline AED Public Access Yes No No
Lifeline View AED Public Access Yes No No
Lifeline Auto Public Access Yes No No
Lifeline ECG AED Public Access Yes No Yes
HeartSine Technologies, LLC HeartSine SAM 350P Public Access Yes No No
HeartSine SAM 360P Public Access Yes No No
HeartSine SAM 450P Public Access Yes Yes No
Phillips Medical Systems HeartStart FR3 Public Access Yes No No
HeartStart OnSite Public Access Yes No No
HeartStart FRx Public Access Yes No No
Physio-Control, Inc LIFEPAK CR Plus Public Access Yes No no
Defibrillator
LIFEPAK CR2 Defibrillator Public Access Yes No No
LIFEPAK 15 Monitor/ Professional Use Yes Yes Yes
Defibrillator
LIFEPAK 20E Defibrillator/  Professional Use Yes Yes Yes
Monitor
LIFEPAK 1000 Defibrillator Professional Use Yes No Yes
Zoll Medical Corporation AED Plus and Fully Public Access Yes Yes No
Automatic AED Plus
X Series Defibrillator Professional Use Yes Yes Yes
R Series Defibrillator Professional Use Yes Yes Yes
AED Pro Defibrillator Professional Use Yes Yes Yes
AED 3 BLS Defibrillator Professional Use Yes Yes No
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long-term ICD therapy. For the latter, a WCD can be considered.
The Food and Drug Administration has approved WCD use in
children weighing at least 41 pounds and with a chest size of at
least 26 in.*® There were 455 inpatient and outpatient WCDs placed
in the United States from 2009 to 2016 on pediatric patients ranging
from 3 to 17 years. These patients used the WCD for a median of
33 days, and approximately 8% of the patients sustained an arrhyth-
mia that was aborted while wearing the device.*

Cardioversion

The primary indication for cardioversion in pediatric patients
is for supraventricular tachycardia (SVT) with cardiovascular in-
stability and/or altered mental status.* Because pediatric patients
often tolerate significant tachycardia without hemodynamic com-
promise, it is important to distinguish between sinus tachycardia,
often associated with fever, dehydration, or sepsis versus supra-
ventricular tachycardia. Supraventricular tachycardia more consis-
tently has ventricular rates greater than 220 in infants, and greater
than 180 in children older than 1 year with minimal variability.
Supraventricular tachycardia frequently responds to nonelectrical
treatment, including vagal maneuvers or pharmacologic therapy.
Candidates for cardioversion are hemodynamically unstable with
evidence of poor perfusion, such as heart failure (pulmonary
edema, peripheral edema, or other indications of volume overload),
cerebral hypoperfusion (altered mental status), or end-organ dam-
age (kidney, liver, or intestinal injury). Direct-current cardioversion
can promptly restore hemodynamic stability and prevent myocar-
dial ischemia in children with cardiac tachyarrhymias.

In children with reentrant ventricular and supraventricular
tachyarrhythmia with distinct R or S waves, synchronized shocks
can restore sinus rhythm by depolarizing the excitable myocar-
dium to terminate reentrant pathways. With cardioversion, the
shocks are synchronized with the QRS complex to avoid the risk
of triggering ventricular fibrillation if energy is delivered during
the myocardial repolarization.>! Cardioversion is painful for the
patient and pretreatment sedation should be used when possible.
However, electrical cardioversion in a hemodynamically unstable
patient should not be delayed for sedative administration.

When performing cardioversion, the conducting pads should
be placed according to the manual provided by the manufacturer
of the device. Recommended electrical dosing for cardioversion
in pediatric patients is 0.5 to 1.0 J/kg for both monophasic and bi-
phasic AEDs, though exact dosages provided varies between the
various devices available. If the device does not provide the de-
sired dose of electricity, the next highest available dose should
be chosen. For instance, if a 13-kg patient requires synched car-
dioversion, and the device only provides electricity at 10 or 15 J,
then 15 J should be selected. If cardioverting patients with im-
planted cardiac pacemakers and/or defibrillators, it is important
to ensure that the vector of delivered energy is perpendicular to
the axis formed by the pulse generator, and that defibrillator pads
avoid interference with, or damage to, the implanted device. All
pacemakers and ICDs have shielding from the effects of cardio-
version, but device interrogation after the procedure is prudent.>

Case Scenario 2

A 10-year-old boy presented to the ED with fever and mal-
aise. The patient had a history of coarctation of aorta repaired in
infancy, with subsequent development of sick sinus syndrome.
He underwent placement of transvenous Atrium Inhibit pace-
maker system 3 months ago. Upon arrival, he was noted to be
awake and alert with temperature of 39°C, heart rate of 120/min,
blood pressure of 80/30 mm Hg and saturation of 91% on room
air with respiratory rate of 32/min. Physical examination revealed
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a pale, diaphoretic child with nontender left infraclavicular pace-
maker site without redness or purulent drainage. Intravenous access
was established. Blood cultures were obtained, ECG showed atrial
paced rhythm. Chest radiograph was obtained and showed intact
atrial lead. Echocardiogram showed normal left ventricular
function and no valvular vegetations. The patient was given
IV fluids and antibiotics with improvement in blood pressure.
A cardiologist was consulted, and the patient was admitted to
the hospital. Subsequently, blood cultures grew methicillin sus-
ceptible Staphylococcus aureus.

Pacemaker Background

Pacemaker technology has improved dramatically since the
first pediatric pacemaker was implanted in 1956.%% Current pace-
makers can be placed percutaneously, have longer battery lives
and have diverse programming capabilities when compared with
early pacemakers. Pediatric patients comprise less than 1% of
the recipients of pacemakers, but the demand for implantable
pacemakers in children continues to increase.>* It is important
for pediatric emergency care providers to be familiar with pace-
makers and their associated implications for patient care.

Pacemaker Systems

Pacemakers consist of a pulse generator and electrode leads.
A pulse generator creates the impulse, whereas the electrode leads
deliver the impulse to the myocardium.>® Typical pulse generators
have a lithium iodide battery with an 8- to 12-year lifespan.>®
Leads are typically placed in the right or left ventricle (single
chamber pacemaker), right atrium and right ventricle (dual cham-
ber pacemaker) or right atrium, right ventricle, and left ventricle
(biventricular pacemaker).’” Epicardial systems are generally
used in younger children and those with complex cardiac anatomy.
In epicardial pacemakers, the pulse generator is placed in the ab-
domen and leads are attached surgically to the epicardium
(Fig. 2). Endocardial (transvenous) systems are preferred in older
children, though they have also been successfully implanted in in-
fants.>® In transvenous pacemaker systems, the pulse generator is
placed in the axillary region or anterior chest wall on either left or
right side (Fig. 2). Endocardial leads are placed percutaneously
via axillary, subclavian, or cephalic veins.”>® Leadless cardiac
pacing systems have been available since 2016, but these devices
are still undergoing long-term safety and efficacy evaluation.5!

Pacemaker Indications

Indications for pediatric pacemakers are complex and sum-
marized in the 2012 American College of Cardiology Foundation,
American Heart Association and the Heart Rhythm Society joint
practice guideline (Fig. 3). Common indications for pacemaker
placement include sinus node dysfunction, acquired or
congenital heart block, long QT syndrome, and hypertrophic
cardiomyopathy.®?

Pacemaker Nomenclature

Pacemaker types are described by a S-position code devel-
oped by the North American Society of Pacing and Electrophysi-
ology and the British Pacing and Electrophysiology Group
(Table 3).5 The first 3 positions are the most commonly used de-
scriptors and are listed in Table 3. Patients with pacemakers are
given identification cards which list their pacemaker type and
baseline settings. Emergency care providers need to have a basic
understanding of pacemaker type and nomenclature to communi-
cate with consultants and to appropriately interpret EKGs and
chest radiographs of paced patients.
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FIGURE 2. Epicardial pacemaker.

Pacemaker Complications

Complications From Pacemaker Device Malfunction

Complications involving pacemaker devices include (a)
problems with pulse generator function (battery failure, damage,
loose connection to the leads, rotation of pulse generator (also
known as Twiddler's syndrome); and (b) problems with lead func-
tion including fracture, detachment, breakdown in insulative coat-
ing, myocardial fibrosis. (Table 4) In the emergency setting, cause

FIGURE 3. Right infraclavicular endocardial pacemaker.
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TABLE 3. Nomenclature of Common Cardiac Pacemakers

Position | 11 I
Description Chamber paced Chamber sensed Response to sensing
Options A (atrium) A (atrium) I (inhibit)
V (Ventricle) V (Ventricle) T (trigger)
DA +V) D(A+V) DI+T)
O (none) O (none)

of the malfunction is not as important as the resulting malfunction
itself. The most common pacemaker malfunctions include: failure
to pace, failure to capture, and failure to sense.**

a. Failure to pace: Failure to pace occurs when a pacemaker
does not trigger the myocardium to depolarize. ECG tracings
do not show pacer spikes, or any pacemaker-generated QRS
complexes. Instead, they show the native rhythm of the pa-
tient. Causes for failure to pace include: lead malfunction,
battery, and trauma to the device itself.%’

b. Failure to capture: Failure to capture occurs when a pace-
maker impulse is generated but is unable to depolarize myo-
cardial tissue. Electrocardiograms demonstrate the native
rthythm with noncaptured pacemaker generated spikes.>®
Causes of failure to capture include: lead malfunction, car-
diac scarring, battery problems, electrolyte abnormalities
(most commonly hyperkalemia), or supratherapeutic drug
levels leading to changes in depolarization threshold.®>®

c. Failure to sense: Failure to sense can produce oversensing or
undersensing of the paced rhythm. Oversensing occurs
when the pacemaker inappropriately interprets a native car-
diac rate as being too fast and pacing is inhibited. Electrocar-
diogram shows absent pacer spikes. If the pacemaker is
inappropriately inhibited, a patient may become hemody-
namically unstable due to an inadequately perfusing
thythm.? If pacemaker oversensing is suspected, a magnet
can be placed over the pacemaker pocket, which changes
the pacemaker to prefixed, asynchronous pacing mode and
eliminates the need for sensing. Removal of the magnet will
return the pacemaker to programmed mode.®’ In contrast,
undersensing occurs when a pacemaker incorrectly inter-
prets native cardiac activity as too slow and inappropriately
sends an impulse to the myocardium to stimulate ventricular
contraction. In this case, an ECG may show inappropriately
placed pacer spikes with or without capture. Patients with an
undersensing pacemaker may have palpitations. Causes of
pacemaker sensor abnormalities include lead malfunction,
cardiac fibrosis or scarring, battery failure, and electrolyte
abnormalities. %3686

TABLE 4. Types of Pacemaker Device Malfunction

Location of Malfunction Type of Malfunction

Pulse generator Battery failure

Damage

Loose connection to the leads
Rotation (Twiddler syndrome)
Fracture

Detachment

Insulation breakdown

Myocardial fibrosis

Leads
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13% of pediatric patients with transvenous leads.”””® Typi-
cal symptoms of acute thrombosis include extremity, facial

Complications Resulting From Pacemaker Placement
a. Pneumothorax: Pneumothorax or hemothorax is an early

complication of lead placement and occurs in about 2.2%
of pediatric patients.>* Patients typically present within the
first 48 hours after lead placement and may have respiratory
distress, chest pain, hypoxia, and subcutaneous emphysema.
A chest radiograph usually reveals the diagnosis, and in se-
vere cases, chest tube placement maybe required.”®”!
. Infection: Generator pocket infections may occur early or
late after pacemaker implantation and are often associated
with lead or battery replacement, dental care or with other
medical procedures. Patients may have purulent drainage,
induration or fluctuance at the pacemaker site as well as fe-
ver or other signs of sepsis. Common bacterial etiologies of
pacemaker infection include commensal skin flora such as
Staphylococcus aureus and Staphylococcus epidermidis.
Treatment of pacemaker infection includes IV antibiotics;
in many cases surgical removal of the pacemaker is indi-
cated.” Pacemaker lead infections tend to occur later after
implantation. Patients may present with signs of sepsis, en-
docarditis and septic pulmonary emboli. Staphylococcal
species are often the causative bacterial. Appropriate [V an-
tibiotics should be initiated rapidly. Definitive treatment in-
cludes lead removal.”*7*7

. Pericardial Effusion: Pericardial effusion from perforation
of the myocardium is a rare complication of pacemaker
placement, occurring in 0.06% of patients.”* While most pa-
tients present in the first 24 hours after implantation, delayed
presentations have been reported.”® Patients may be asymp-
tomatic or present with signs of cardiac tamponade includ-
ing chest pain, dyspnea and hypotension.”® Chest
radiography should be obtained to visualize pacemaker
leads. Echocardiography is useful to visualize pericardial ef-
fusion.”® Emergency pericardiocentesis should be consid-
ered in those patients presenting in extremis.”

. Thrombosis: Venous thrombosis and occlusion, sometimes
leading to superior vena cava (SVC) syndrome and pulmo-
nary embolism, can be an early or late complication of pace-
maker placement. Patients with endocardial pacemaker
systems are at particularly high risk of development of
thromboses. Vascular occlusion is reported in about 7%—

and neck swelling as well as dyspnea and hypotension. Ul-
trasonography maybe helpful in diagnosis. Treatment of
pacemaker related thrombosis most commonly includes
anticoagulation.”

. Pacemaker syndrome: Pacemaker syndrome is a constella-

tion of symptoms including fatigue, confusion, headache,
shortness of breath, chest pain and palpitations. It is thought
to be related to loss of atrioventricular synchrony. This is a
diagnosis of exclusion in patients with pacemakers; other
causes of these symptoms should be fully evaluated before
attribution to pacemaker systems. Supportive care is indi-
cated in the acute care setting.”*”°

Emergency Evaluation and Management of
Patients With Pacemakers

Pacemaker malfunction may lead to hemodynamic instabil-

ity. A thorough history and physical examination, as well as a com-
plete set of vital signs are indicated in all patients. Common
symptoms of pacemaker malfunction include fatigue, presyncope/
syncope, dizziness, palpitations, and shortness of breath.®” The
pacemaker site location should be examined for signs of infection,
trauma and migration. Additional physical examination signs such
as jugular vein distention and new heart murmurs or rubs should be
noted.%° Pacemaker type and setting information should be re-
viewed, when available. Pacemaker manufacturer symbol maybe
visible on a chest radiograph.®' Diagnostic evaluation should in-
clude an ECG to evaluate the cardiac thythm and pacer activity
(Fig. 4). Chest radiography should be obtained and compared to
previous films, if available, to evaluate for lead fracture, displace-
ment, or rotation of pulse generator.®? Patients also should be
assessed for metabolic abnormalities such acidosis, hypokalemia,
hypoxia, and hypothyroidism because these may alter pacemaker
function by changing depolarization threshold®® Transcutaneous
pacing pads should be placed on the patient if pacemaker malfunc-
tion is suspected. In rare cases, transvenous pacing might be neces-

sary. Urgent cardiology consultation is required in all cases.
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Advocacy/Future Research

Improved survival from pediatric [HCA and OHCA has been
associated with multiple factors. These include presence of
witnessed arrest, immediate provision of high quality chest com-
pressions, and early defibrillation for shockable rhythm.'!#48°
THCA are more likely to occur in the intensive care unit, to be
witnessed, and to be monitored, and this results in improved sur-
vival of patients who suffer IHCA.'*%3% ED and ICU teams
who undergo regular performance and simulation training are
more likely to provide optimal care of pediatric patients in cardiac
arrest. 3% In contrast, the majority of children who suffer
OHCA have an unwitnessed arrest, do not receive CPR, and do
not receive defibrillation.”' Barriers to public access defibrillation
and provision of bystander CPR have been identified in prior stud-
ies. The main barriers noted include acquisition and maintenance
of the defibrillation device itself, public knowledge and awareness
of the device location, training, medicolegal issues, and layperson
willingness to use the device.”* %%

Multiple solutions have been recommended to overcome
these barriers, with varying levels of success. Telephone-CPR
(TCPR) is one method of increasing early need for CPR by lay by-
standers. Using TCPR, emergency dispatchers recommend CPR
when a patient is either not responsive or not breathing normally.
While TCPR has been shown to improve recognition of cardiac arrest,
it does not necessarily improve the rate at which bystanders actually
provide CPR.!"®” One known barrier to bystander conventional CPR
is the need for rescue breaths; for this reason hands-only CPR is
recommended in adult patients with cardiac arrest. While pediat-
ric patients have better outcomes from OHCA with conventional
CPR than they do with hands-only CPR, children who receive
any form of CPR have better outcomes than those who do not.”®%

For those patients with OHCA who require defibrillation,
mobile strategies have been used throughout the world to improve
access to AEDs. These include mobile phone positioning systems
that enable trained members of the general public to be notified if
they are within 500 meters of a person suffering a cardiac arrest, as
well as mobile applications that connect bystanders emergency
dispatch centers that give the exact location of a person with
OHCA and the location of the nearest AED.'71%11 To facilitate
the most cost-effective placement of AEDs in the community,
public spaces with large numbers or circulating people have been
targeted. These include placement in transportation hubs (airports,
train stations, metro stations), casinos, stadiums, convention cen-
ters, post offices, and schools. 102-104 The American Heart Associ-
ation recommends that every school athletic program should have
access to an AED within 5 minutes of collapse. % Where this
is not feasible, drone technology has been discussed as a method
for rapid delivery of AEDs to the location of a person in cardiac
arrest. In 2016, Google patented drone technology to deliver med-
ical equipment, including AEDs, in the case of an emergency (US
Patent 9,307,383 B1). Mathematical models suggest that in rural
areas in particular, drone technology could reduce the delivery
time of an AED by 6 to 10 minutes, thus potentially improving
the time from cardiac arrest to defibrillation.!”!%”

In both the in-hospital and out-of-hospital settings, clinical
providers have an obligation to provide competent and timely care
to pediatric patients who require cardiac resuscitation. In the ED,
resuscitation teams must be prepared to provide optimal CPR
and appropriate cardioelectrical stimulation to any patient, at any
time of day or night, regardless of underlying physiology or cause
of cardiopulmonary instability. In the community setting, re-
sources must be allocated to improve both access to AEDs and
to education/training on the critical importance of bystander
CPR and AED use.

436 | www.pec-online.com

REFERENCES

1. Benjamin EJ, Blaha MJ, Chiuve SE, et al. Heart disease and stroke
Statistics’2017 update: a report from the American Heart Association.
Circulation. 2017;135:¢146-603. doi:10.1161/CIR.0000000000000485.

2. Knudson JD, Neish SR, Cabrera AG, et al. Prevalence and outcomes of
pediatric in-hospital cardiopulmonary resuscitation in the United States:
an analysis of the Kids' inpatient database*. Crit Care Med. 2012;40:
2940-2944. doi:10.1097/CCM.0b013e31825feb3f.

3. Morrison LJ, Neumar RW, Zimmerman JL, et al. Strategies for improving
survival after in-hospital cardiac arrest in the United States: 2013
consensus recommendations: a consensus statement from the American
heart association. Circulation. 2013;127:1538-1563. doi:10.1161/
CIR.0b013e31828b2770.

4. de Caen AR, Berg MD, Chameides L, et al. Part 12: pediatric advanced
life support: 2015 American Heart Association guidelines update for
cardiopulmonary resuscitation and emergency cardiovascular care. Circulation.
2015;132(18 suppl 2):S526-S542. doi:10.1161/CIR.0000000000000266.

5. Girotra S, Spertus JA, Li Y, et al. Survival trends in pediatric in-hospital
cardiac arrests an analysis from get with the guidelines-resuscitation. Circ
Cardiovasc Qual Outcomes. 2013;6:42—49. doi:10.1161/
CIRCOUTCOMES.112.967968.

6. Sutton RM, Case E, Brown SP, et al. A quantitative analysis of
out-of-hospital pediatric and adolescent resuscitation quality—a report
from the ROC epistry-cardiac arrest. Resuscitation. 2015;93:150-157.
doi:10.1016/j.resuscitation.2015.04.010.

7. Inoue M, Tohira H, Williams T, et al. Incidence, characteristics and
survival outcomes of out-of-hospital cardiac arrest in children and
adolescents between 1997 and 2014 in Perth, Western Australia. Emerg
Med Australas. 2017;29:69-76. doi:10.1111/1742-6723.12657.

8. Fink EL, Prince DK, Kaltman JR, et al. Unchanged pediatric
out-of-hospital cardiac arrest incidence and survival rates with regional
variation in North America. Resuscitation. 2016;107:121-128. doi:
10.1016/j.resuscitation.2016.07.244.

9. Atkins DL, Everson-Stewart S, Sears GK, et al. Epidemiology and
outcomes from out-of-hospital cardiac arrest in children: the resuscitation
outcomes consortium epistry-cardiac arrest. Circulation. 2009;119:
1484-1491. doi:10.1161/CIRCULATIONAHA.108.802678.

10. Hunt EA, Duval-Arnould JM, Bembea MM, et al. No Title. 2018;1:
¢182643. doi:10.1001/jamanetworkopen.2018.2643.

11. Topjian A. Shorter time to defibrillation in pediatric CPR: children are not
small adults, but shock them like they are. JAMA Netw Open. 2018;1:
¢182653. doi:10.1001/jamanetworkopen.2018.2653.

12. Donoghue AJ, Nadkarni V, Berg RA, et al. Out-of-hospital pediatric
cardiac arrest: an epidemiologic review and assessment of current
knowledge. Ann Emerg Med. 2005;46:512-522. doi:10.1016/j.
annemergmed.2005.05.028.

13. Meyer L, Stubbs B, Fahrenbruch C, et al. Incidence, causes, and survival
trends from cardiovascular-related sudden cardiac arrest in children and
young adults 0 to 35 years of age: a 30-year review. Circulation. 2012;
126:1363-1372. doi:10.1161/CIRCULATIONAHA.111.076810.

14. Hunt EA, Duval-Arnould JM, Bembea MM, et al. Association between
time to defibrillation and survival in pediatric in-hospital cardiac arrest
with a first documented shockable rhythm. JAMA Netw Open. 2018;1:
¢182643. doi:10.1001/jamanetworkopen.2018.2643.

15. Niles DE, Duval-Arnould J, Skellett S, et al. Characterization of pediatric
in-hospital cardiopulmonary resuscitation quality metrics across an
international resuscitation collaborative. Pediatr Crit Care Med. 2018;19:
421-432. doi:10.1097/PCC.0000000000001520.

16. Marenco JP, Wang PJ, Link MS, et al. Improving survival from sudden
cardiac arrest: the role of the automated external defibrillator. JAMA.
2001;285:1193-1200. doi:10.1001/jama.285.9.1193.

© 2020 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.


http://www.pec-online.com

Pediatric Emergency Care ¢ Volume 36, Number 9, September 2020

Cardiac Electrical Stimulation and Pacing

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rao P, Kern KB. Improving community survival rates from
out-of-hospital cardiac arrest. Curr Cardiol Rev. 2018;14:79-84. doi:
10.2174/1573403x14666180507160555.

Maconochie IK, Bingham R, Eich C, et al. European resuscitation council

guidelines for resuscitation 2015. Section 6. Paediatric life support.
Resuscitation. 2015;95:223-248. doi:10.1016/j.resuscitation.2015.07.028.

. Chan PS, Krumholz HM, Nichol G, et al. Delayed time to defibrillation

after in-hospital cardiac arrest. N Engl J Med. 2008;358:9—17. doi:
10.1056/NEJM0a0706467.

Hara M, Hayashi K, Kitamura T. Outcomes differ by first documented
rhythm after witnessed out-of-hospital cardiac arrest in children: an
observational study with prospective nationwide population-based cohort
database in Japan. Eur Hear J - Qual Care Clin Outcomes. 2017;3:83-92.
doi:10.1093/ehjqcco/qew040.

Priori SG, Blomstrom-Lundqvist C, Mazzanti A, et al. 2015 ESC
guidelines for the management of patients with ventricular arrhythmias
and the prevention of sudden cardiac death: the task force for the
management of patients with ventricular arrhythmias and the prevention
of sudden cardiac death of the European Society of Cardiology (ESC).
Europace. 2015;17:1601-1687. doi:10.1093/europace/euv319.

Iwamoto M, Niimura I, Shibata T, et al. Long-term course and clinical
characteristics of ventricular tachycardia detected in children by
school-based heart disease screening. Circ J. 2005;69:273-276. doi:
10.1253/circj.69.273.

Roggen A, Pavlovic M, Pfammatter JP. Frequency of spontaneous
ventricular tachycardia in a pediatric population. Am J Cardiol. 2008;101:
852-854. doi:10.1016/j.amjcard.2007.10.047.

Ideker RE, Fast V, Rogers JM, Pogwizd S. Mechanisms of defibrillation.
In: Ventricular Arrhythmia: From Principles to Patients. Nova Science
Publishers, Inc.; 2013:199-215. doi:10.1146/annurev-bioeng-070909-
105305, 12.

Ong Marcus, Leong Benjamin, Ng Y. Defibrillation and Electrical
Cardioversion. In: Tintinalli's Emergency Medicine. 9th ed; 2019.

Beck CS, Pritchard WH, Feil HS. Ventricular fibrillation of long duration
abolished by electric shock. JAMA. 1947;135:985-986. doi:10.1001/
jama.1947.62890150005007a.

Samson RA, Nadkarni VM, Meaney PA, et al. Outcomes of in-hospital
ventricular fibrillation in children. N Engl J Med. 2006;354:2328-2339.
doi:10.1056/NEJM0a052917.

Berg RA, Nadkarni VM, Clark AE, et al. Incidence and outcomes of
cardiopulmonary resuscitation in PICUs. Crit Care Med. 2016;44:
798-808. doi:10.1097/CCM.0000000000001484.

Mercier E, Laroche E, Beck B, et al. Defibrillation energy dose during
pediatric cardiac arrest: systematic review of human and animal model
studies. Resuscitation. 2019;139:241-252. doi:10.1016/j.
resuscitation.2019.04.028.

Meert KL, Telford R, Holubkov R, et al. Pediatric out-of-hospital cardiac
arrest characteristics and their association with survival and
neurobehavioral outcome. Pediatr Crit Care Med. 2016;17:¢543-¢550.
doi:10.1097/PCC.0000000000000969.

Michiels E, Quan L, Dumas F, et al. Long-term neurologic outcomes
following paediatric out-of-hospital cardiac arrest. Resuscitation. 2016;
102:122-126. doi:10.1016/j.resuscitation.2016.01.010.

Chan PS, McNally B, Tang F, et al. Recent trends in survival from
out-of-hospital cardiac arrest in the United States. Circulation. 2014;130:
1876-1882. doi:10.1161/CIRCULATIONAHA.114.009711.

Part 12: Pediatric Advanced Life Support: 2015 American Heart
Association Guidelines Update for Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care. https://www.ncbi.nlm.nih.gov/pme/
articles/PMC6191296/. Accessed January 6, 2020.

Zoll PM, Linenthal AJ, Norman LR, et al. Treatment of unexpected
cardiac arrest by external electric stimulation of the heart. N Engl J Med.
1956;254:541-546. doi:10.1056/NEJM195603222541201.

© 2020 Wolters Kluwer Health, Inc. All rights reserved.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Nichol G, Sayre MR, Guerra F, et al. Defibrillation for ventricular
fibrillation: a shocking update. J Am Coll Cardiol. 2017;70:1496-1509.
doi:10.1016/j.jacc.2017.07.778.

Nassar BS, Kerber R. Improving CPR performance. Chest. 2017;152:
1061-1069. doi:10.1016/j.chest.2017.04.178.

Sutton RM, Niles D, French B, et al. First quantitative analysis of
cardiopulmonary resuscitation quality during in-hospital cardiac arrests of
young children. Resuscitation. 2014;85:70-74. doi:10.1016/j.
resuscitation.2013.08.014.

Hopkins CL, Burk C, Moser S, et al. Implementation of pit crew approach
and cardiopulmonary resuscitation metrics for out-of-hospital cardiac
arrest improves patient survival and neurological outcome. J Am Heart
Assoc. 2016;5. doi:10.1161/JAHA.115.002892.

Meaney PA, Bobrow BJ, Mancini ME, et al. Cardiopulmonary
resuscitation quality: improving cardiac resuscitation outcomes both
inside and outside the hospital: a consensus statement from the American
heart association. Circulation. 2013;128:417-435. doi:10.1161/
CIR.0b013e31829d8654.

Crowe C, Bobrow BJ, Vadeboncoeur TF, et al. Measuring and improving
cardiopulmonary resuscitation quality inside the emergency department.
Resuscitation. 2015;93:8-13. doi:10.1016/j.resuscitation.2015.04.03 1.

Niles DE, Nishisaki A, Sutton RM, et al. Improved retention of chest
compression psychomotor skills with brief “rolling refresher” training.
Simul Healthc. 2017;12:213-219. doi:10.1097/STH.0000000000000228.

Lin Y, Cheng A, Grant VJ, et al. Improving CPR quality with distributed
practice and real-time feedback in pediatric healthcare providers — a
randomized controlled trial. Resuscitation. 2018;130:6-12. doi:10.1016/j.
resuscitation.2018.06.025.

Baskar S, Bao H, Minges KE, et al. Characteristics and outcomes of
pediatric patients who undergo placement of implantable cardioverter
defibrillators. Circ Arrhythm Electrophysiol. 2018;11:¢006542. doi:
10.1161/CIRCEP.118.006542.

Heersche JHM, Blom NA, Van De Heuvel F, et al. Implantable
cardioverter defibrillator therapy for prevention of sudden cardiac death in
children in the Netherlands. PACE - Pacing Clin Electrophysiol. 2010;33:
179-185. doi:10.1111/j.1540-8159.2009.02603.x.

Burns KM, Evans F, Kaltman JR. Pediatric ICD utilization in the
United States from 1997 to 2006. Heart Rhythm. 2011;8:23-28. doi:
10.1016/j.hrthm.2010.09.073.

Shah MJ. Implantable cardioverter defibrillator-related complications in
the pediatric population. PACE - Pacing Clin Electrophysiol. 2009;32
(suppl 2). doi:10.1111/.1540-8159.2009.02389.x.

Lawrence D, Von Bergen N, Law IH, et al. Inappropriate ICD discharges
in single-chamber versus dual-chamber devices in the pediatric and young
adult population. J Cardiovasc Electrophysiol. 2009;20:287-290. doi:
10.1111/5.1540-8167.2008.01322.x.

Chatrath R, Porter CBJ, Ackerman MJ. Role of transvenous implantable
cardioverter-defibrillators in preventing sudden cardiac death in children,
adolescents, and young adults. Mayo Clin Proc. 2002;77:226-231. doi:
10.4065/77.3.226.

FDA Approves Wearable Defibrillator For Children - American College
of Cardiology. https://www.acc.org/latest-in-cardiology/articles/2015/12/
18/09/48/fda-approves-wearable-defibrillator-for-children. Accessed
January 13, 2020.

Spar DS, Bianco NR, Knilans TK, et al. The US experience of the
wearable cardioverter-defibrillator in pediatric patients. Circ Arrhythm
Electrophysiol. 2018;11:¢006163. doi:10.1161/CIRCEP.117.006163.

Franckowiak M, Nader ND. Cardioversion. 2007. doi:10.1016/B978-1-
4160-2215-2.50234-9.

Olshansky B, Chung MK, Pogwizd SM, Goldschlager N. Chapter
12—Treatment of Arrhythmias. In: Olshansky B, Chung MK, Pogwizd
SM, Goldschlager NBT-AE, Second E, eds. Elsevier; 2017:357-396. doi:
https://doi.org/10.1016/B978-0-323-39968-5.00012-3.

www.pec-online.com | 437

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.


http://www.pec-online.com

Neubrand et al

Pediatric Emergency Care e Volume 36, Number 9, September 2020

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lagergren H. How it happened: my recollection of early pacing.
Pacing Clin Electrophysiol. 1978;1:140-143. doi:10.1111/
j.1540-8159.1978.tb03451 x.

Czosek RJ, Meganathan K, Anderson JB, et al. Cardiac rhythm devices in
the pediatric population: utilization and complications. Heart Rhythm.
2012;9:199-208. doi:10.1016/j.hrthm.2011.09.004.

Elsheshtawy M, Yang F, Prabhu S. Dizziness spells: Should one suspect
the pacemaker? Am J Emerg Med. 2019;37:563.1-563.¢3. doi:10.1016/j.
ajem.2018.12.013.

Chiu-Man C. How pacemakers work and simple programming: a primer
for the non-electrophysiologist. Cardiol Young. 2017;27(suppl 1):
S115-S120. doi:10.1017/S1047951116002341.

Fortescue EB, Berul CI, Cecchin F, et al. Patient, procedural, and hardware
factors associated with pacemaker lead failures in pediatrics and
congenital heart disease. Heart Rhythm. 2004;1:150-159. doi:10.1016/j.
hrthm.2004.02.020.

Konta L, Chubb MH, Bostock J, et al. Twenty-seven years experience with
transvenous pacemaker implantation in children weighing <10 kg. Circ
Arrhythm Electrophysiol. 2016;9:¢003422. doi:10.1161/
CIRCEP115.003422.

Silka MJ, Bar-Cohen Y. Pacemakers and implantable
cardioverter-defibrillators in pediatric patients. Heart Rhythm. 2006;3:
1360-1366. doi:10.1016/j.hrthm.2006.02.009.

Burns RA, Topoz I, Reynolds SL. Tumor lysis syndrome: risk factors,
diagnosis, and management. Pediatr Emerg Care. 2014;30:571-576. doi:
10.1097/PEC.0000000000000195.

Reynolds D, Duray GZ, Omar R, et al. A leadless intracardiac
transcatheter pacing system. N Engl J Med. 2016;374:533-541. doi:
10.1056/NEJMoal511643.

Epstein AE, DiMarco JP, Ellenbogen KA, et al. 2012 ACCF/AHA/HRS
focused update incorporated into the ACCF/AHA/HRS 2008 guidelines
for device-based therapy of cardiac rhythm abnormalities: a report of the
American College of Cardiology Foundation/American Heart Association
task force on practice guide. Circulation. 2013;127:¢283—352. doi:
10.1161/CIR.0b013e318276ce9b.

Bernstein AD, Daubert J-C, Fletcher RD, et al. The revised
NASPE/BPEG generic code for antibradycardia, adaptive-rate, and
multisite pacing. North American Society of Pacing and
Electrophysiology/British Pacing and Electrophysiology Group. Pacing
Clin Electrophysiol. 2002;25:260-264.

Harper RJ, Brady W1, Perron AD, et al. The paced electrocardiogram:
issues for the emergency physician. Am J Emerg Med. 2001;19:551-560.
doi:10.1053/ajem.2001.24486.

Safavi-Naeini P, Saeced M. Pacemaker troubleshooting: common clinical
scenarios. Texas Hear Inst J. 2016;43:415-418. doi:10.14503/THIJ-16-
5918.

Chan T, Brady W, Harrigan R. Diagnosis. Emerg Med News. 2007;29:11.
doi:10.1097/01.EEM.0000264633.08274.8f.

Cardall TY, Brady WJ, Chan TC, et al. Permanent cardiac pacemakers:
issues relevant to the emergency physician. Part II.J Emerg Med. 1999;17:
697-709. doi:10.1016/S0736-4679(99)00066-9.

van Mechelen R, Hart C, de Boer H. Failure to sense P waves during DDD
pacing. Pacing Clin Electrophysiol. 1986;9:498-502. doi:10.1111/j.1540-
8159.1986.tb06605 .x.

Venkatachalam KL. Common pitfalls in interpreting pacemaker
electrocardiograms in the emergency department. J Electrocardiol. 2011;
44:616-621. doi:10.1016/j.jelectrocard.2011.07.018.

Cardall TY, Chan TC, Brady WJ, et al. Permanent cardiac pacemakers:
issues relevant to the emergency physician, part I. J Emerg Med. 1999;17:
479-489. doi:10.1016/S0736-4679(99)00025-6.

Kotsakou M, Kioumis I, Lazaridis G, et al. Pacemaker insertion.
Ann Transl Med. 2015;3. doi:10.3978/j.issn.2305-5839.2015.02.06.

438 | www.pec-online.com

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Klug D, Balde M, Pavin D, et al. Risk factors related to infections of
implanted pacemakers and cardioverter-defibrillators: results of a large
prospective study. Circulation. 2007;116:1349—1355. doi:10.1161/
CIRCULATIONAHA.106.678664.

Sohail MR, Uslan DZ, Khan AH, et al. Management and outcome of
permanent pacemaker and implantable cardioverter-defibrillator
infections. J Am Coll Cardiol. 2007;49:1851-1859. doi:10.1016/;.
jacc.2007.01.072.

Friedrich SP, Berman AD, Baim DS, et al. Myocardial perforation in the
cardiac catheterization laboratory: incidence, presentation, diagnosis, and
management. Cathet Cardiovasc Diagn. 1994;32:99-107. doi:10.1002/
ccd.1810320202.

Cheng HT, Fu YC, Wang CC, et al. Asymptomatic right ventricular
perforation by a temporary transvenous pacing lead in an infant. Acta
Cardiol Sin. 2013.

Reddy SCB, Saxena A, Iyer KS. Inadvertent but asymptomatic right atrial
perforation with epicardial pacing in a neonate: a rare complication of
temporary transvenous cardiac pacing. Pacing Clin Electrophysiol. 1997,
20:368-369. doi:10.1111/5.1540-8159.1997.tb06186.x.

Silvetti MS, Drago E Di Carlo D, et al. Cardiac pacing in paediatric
patients with congenital heart defects: transvenous or epicardial?
Europace. 2013;15:1280-1286. doi:10.1093/europace/eut029.

Bar-Cohen Y, Berul CI, Alexander ME, et al. Age, size, and lead factors
alone do not predict venous obstruction in children and young adults with
transvenous lead systems. J Cardiovasc Electrophysiol. 2006;17:
754-759. doi:10.1111/5.1540-8167.2006.00489.x.

Vos LM, Kammeraad JAE, Freund MW, et al. Long-term outcome of
transvenous pacemaker implantation in infants: a retrospective cohort
study. Europace. 2017;19:581-587. doi:10.1093/europace/euw031.

McMullan J, Valento M, Attari M, et al. Care of the
pacemaker/implantable cardioverter defibrillator patient in the ED. Am J
Emerg Med. 2007;25:812-822. doi:10.1016/j.ajem.2007.02.008.

Allison MG, Mallemat HA. Emergency care of patients with pacemakers
and defibrillators. Emerg Med Clin North Am. 2015;33:653-667. doi:
10.1016/j.emc.2015.05.001.

Aguilera AL, Volokhina YV, Fisher KL. Radiography of cardiac
conduction devices: a comprehensive review. Radiographics. 2011;31:
1669-1682. doi:10.1148/rg.316115529.

Dohrmann ML, Goldschlager NE. Myocardial stimulation threshold in
patients with cardiac pacemakers: effect of physiologic variables,
pharmacologic agents, and lead electrodes. Cardiol Clin. 1985;3:
527-537. http://www.ncbi.nlm.nih.gov/pubmed/3910236. Accessed
February 5, 2020.

Donoghue AJ, Abella BS, Merchant R, et al. Cardiopulmonary
resuscitation for in-hospital events in the emergency department: a
comparison of adult and pediatric outcomes and care processes.
Resuscitation. 2015;92:94-100. doi:10.1016/j.resuscitation.2015.04.027.

Sutton RM, French B, Niles DE, et al. 2010 American Heart Association
recommended compression depths during pediatric in-hospital
resuscitations are associated with survival. Resuscitation. 2014;85:
1179-1184. doi:10.1016/j.resuscitation.2014.05.007.

Hunt EA, Jeffers J, McNamara LA, et al. Improved cardiopulmonary
resuscitation performance with CODE ACES2: a resuscitation quality
bundle. J Am Heart Assoc. 2018;7:¢009860. doi:10.1161/JAHA.118.009860.

Kiyohara K, Nitta M, Sato Y, et al. Ten-year trends of public-access
defibrillation in Japanese school-aged patients having neurologically
favorable survival after out-of-hospital cardiac arrest. Am J Cardiol. 2018;
122:890-897. doi:10.1016/j.amjcard.2018.05.021.

Kitamura T, Kiyohara K, Nitta M, et al. Survival following witnessed
pediatric out-of-hospital cardiac arrests during nights and weekends.
Resuscitation. 2014;85:1692—1698. doi:10.1016/j.
resuscitation.2014.08.035.

© 2020 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.


http://www.pec-online.com

Pediatric Emergency Care ¢ Volume 36, Number 9, September 2020

Cardiac Electrical Stimulation and Pacing

89. Neubrand T, Cabrera N, Coss S, et al. Pushing hard: the mandate to
improve care of pediatric cardiopulmonary arrest. Acad Emerg Med.
2019;26:117-119. doi:10.1111/acem.13521.

90. Knight LJ, Gabhart JM, Earnest KS, et al. Improving code team
performance and survival outcomes: implementation of pediatric
resuscitation team training. Crit Care Med. 2014;42:243-251. doi:
10.1097/CCM.0b013e3182a6439d.

91. Bakgaard JS, Viereck S, Meller TP, et al. The effects of public access
defibrillation on survival after out-of-hospital cardiac arrest a systematic
review of observational studies. Circulation. 2017;136:954-965. doi:
10.1161/CIRCULATIONAHA.117.029067.

92. Nehme Z, Namachivayam S, Forrest A, et al. Trends in the incidence and
outcome of paediatric out-of-hospital cardiac arrest: a 17-year
observational study. Resuscitation. 2018;128:43-50. doi:10.1016/j.
resuscitation.2018.04.030.

93. Smith CM, Lim Choi Keung SN, Khan MO, et al. Barriers and facilitators
to public access defibrillation in out-of-hospital cardiac arrest: a
systematic review. Eur Hear J - Qual Care Clin Outcomes. 2017;3:
264-273. doi:10.1093/ehjqcco/qex023.

94. Holmberg MJ, Vognsen M, Andersen MS, et al. Bystander automated
external defibrillator use and clinical outcomes after out-of-hospital
cardiac arrest: a systematic review and meta-analysis. Resuscitation. 2017;
120:77-87. doi:10.1016/j.resuscitation.2017.09.003.

95. Andersen LW, Holmberg MJ, Granfeldt A, et al. Cost-effectiveness of
public automated external defibrillators. Resuscitation. 2019;138:
250-258. doi:10.1016/j.resuscitation.2019.03.029.

96. Delhomme C, Njeim M, Varlet E, et al. Automated external defibrillator
use in out-of-hospital cardiac arrest: current limitations and solutions.
Arch Cardiovasc Dis. 2019;112:217-222. doi:10.1016/j.
acvd.2018.11.001.

97. Dameff C, Vadeboncoeur T, Tully J, et al. A standardized template for
measuring and reporting telephone pre-arrival cardiopulmonary
resuscitation instructions. Resuscitation. 2014;85:869-873. doi:10.1016/
j.resuscitation.2014.02.023.

98. Fukuda T, Ohashi-Fukuda N, Kobayashi H, et al. Public access
defibrillation and outcomes after pediatric out-of-hospital

© 2020 Wolters Kluwer Health, Inc. All rights reserved.

99.

100.

101.

102.

103.

104.

105.

106.

107.

cardiac arrest. Resuscitation. 2017;111:1-7. doi:10.1016/j.
resuscitation.2016.11.010, 1.

Fukuda T, Ohashi-Fukuda N, Kobayashi H, et al. Conventional versus
compression-only versus no-bystander cardiopulmonary resuscitation for
pediatric out-of-hospital cardiac arrest. Circulation. 2016;134:
2060-2070. doi:10.1161/CIRCULATIONAHA.116.023831.

Brooks SC, Simmons G, Worthington H, et al. The PulsePoint respond
mobile device application to crowdsource basic life support for patients
with out-of-hospital cardiac arrest: challenges for optimal
implementation. Resuscitation. 2016;98:20-26. doi:10.1016/j.
resuscitation.2015.09.392.

Ringh M, Fredman D, Nordberg P, et al. Mobile phone technology
identifies and recruits trained citizens to perform CPR on out-of-hospital
cardiac arrest victims prior to ambulance arrival. Resuscitation. 2011;82:
1514-1518. doi:10.1016/j.resuscitation.2011.07.033.

Valdes SO. Public access defibrillation programs: improving outcomes
worldwide. J Am Heart Assoc. 2015;4:¢002631. doi:10.1161/
JAHA.115.002631.

Thomas VC, Shen JJ, Stanley R, et al. Improving defibrillation efficiency
in area schools. Congenit Heart Dis. 2016;11:359-364. doi:10.1111/
chd.12375.

Srinivasan S, Salerno J, Hajari H, et al. Modeling a novel hypothetical use
of postal collection boxes as automated external defibrillator access
points. Resuscitation. 2017;120:26-30. doi:10.1016/j.
resuscitation.2017.08.220.

Hazinski ME, Markenson D, Neish S, et al. Response to cardiac arrest and
selected life-threatening medical emergencies: the medical emergency
response plan for schools. A statement for healthcare providers,
policymakers, school administrators, and community leaders. Pediatrics.
2004;113:155-168. doi:10.1542/peds.113.1.155.

Nichol G, Stiell IG, Laupacis A, et al. A cumulative meta-analysis of the
effectiveness of defibrillator-capable emergency medical services for
victims of out-of-hospital cardiac arrest. Ann Emerg Med. 1999;34:
517-525. doi:10.1016/S0196-0644(99)80054-7.

Boutilier JJ, Brooks SC, Janmohamed A, et al. Optimizing a drone
network to deliver automated external defibrillators. Circulation. 2017,
135:2454-2465. doi:10.1161/CIRCULATIONAHA.116.026318.

www.pec-online.com | 439

Copyright © 2020 Wolters Kluwer Health, Inc. All rights reserved.


http://www.pec-online.com



