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Introduction

Asthma remains as one of the most common
chronic, noncommunicable diseases in child-
hood, generally associated with variable respira-
tory symptoms from variable limitations in
airflow. Asthma manifests as the consequence of
complex genetic and environmental interactions,
presenting with extreme heterogeneity in the
clinical signs and symptoms, their frequency and
severity, as well as significant heterogeneity in
the types and extent of airway inflammation and
airway remodeling over time. Historically, the
prevalence of asthma in children (and adults) has
been under recognized. Our understanding has
improved in the last 40 years through survey-
based prevalence studies that estimate asthma
affects as many as 334 million people worldwide
[1, 2]. With the current global prevalence esti-
mated at 4.85%, asthma remains the 14th leading
cause of years lived with disability (YLDs) [1].
The Global Asthma Network formed in 2012
plans to continuously monitor the global burden
of asthma to better understand how it is changing,
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improve diagnosis, and reduce risk factors for its
occurrence [3].

Asthma prevalence has generally remained
the highest in developed countries (e.g., 21% in
Australia) and lowest in developing countries
(e.g., 0.2% in China) [4], although its prevalence
is increasing in developing countries as they
modernize and may be substantially underesti-
mated in some resource-poor countries. Children
show greater variability in asthma symptoms, in
early childhood ranging from 2.8% in Indonesia
to 37.6% in Costa Rica, and in early adolescence,
ranging from 3.4% in Albania to 31.2% in Isle of
Man [2, 5]. The CDC reported increases in the
prevalence of asthma among US children from
5.8% in 2003 to 9.6% in 2007, currently affecting
more than seven million US children [6]. Asthma
prevalence is much higher in boys than in girls,
but it changes around puberty such that preva-
lence is almost 20% higher in adult women than
in men [7]. This pattern is likely related to gender
differences in airway development — male chil-
dren have smaller airways relative to lung size as
compared to female children, while adolescent
females have smaller airways relative to lung size
as compared to adolescent males. Therefore,
remission in childhood asthma is more likely
among boys than in girls, except in patients with
severe asthma or those with sensitization to fur
[8]. Gender differences in obesity, cigarette
smoking, or environmental exposures may also
increase the prevalence of asthma [9].
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Asthma exacerbations not only produce fre-
quent symptoms and increase medical resource
utilization but are also associated with substantial
disability, impaired quality of life, and avoidable
deaths in children. Surveys from the International
Study of Asthma and Allergies in Childhood
(ISAAC) found positive correlations between the
prevalence of wheezing in childhood (6-7 years
of age) with national mortality rates (r = 0.32,
p < 0.05) and hospital admission rates (r = 0.73,
p = 0.003) among 13-14-year-old children,
whereas severe wheezing at 67 years of age had
stronger  correlations  with  mortality at
13-14 years (r = 0.42, p < 0.025) [10]. Given the
strong positive correlations between asthma
symptom prevalence, hospital admissions, and
mortality, it is not surprising that status asthmati-
cus is a leading source of critical illness in chil-
dren and the most common medical emergency
[6]. While evaluating these patients, clinicians
must maintain a high index of suspicion and
greater vigilance, since 13% of patients with
near-fatal asthma present with their first-ever
attack of status asthmaticus [11]. Among those
with a previous history of asthma, 63% had no
prior hospital admissions for asthma in the year
preceding their presentation with near-fatal status
asthmaticus, and 86% had no prior admissions to
the pediatric intensive care unit (PICU) [11].

Pathophysiology: A Brief Précis

The National Institutes of Health (NIH) define
asthma as a chronic inflammatory disorder of air-
ways in which many cells including mast cells
and eosinophils contribute to symptoms associ-
ated with variable airflow obstruction that is
reversible either spontaneously or with medica-
tions [12]. Although the detailed immunology of
asthma is beyond the scope of this chapter, clini-
cians must recognize that eosinophilic asthma
may include patients with allergic and non-aller-
gic eosinophilic inflammation, whereas non-
eosinophilic asthma may include patients with
paucigranulocytic and neutrophilic inflamma-
tion. Some patients may also present with a

mixed granulocytic inflammation, carrying fea-
tures of eosinophilic asthma and non-eosino-
philic asthma (see recent reviews [13, 14]).

The key pathophysiologic feature of status
asthmaticus is inflammation of small airways
leading to increased airway resistance and dra-
matically extending the time required for full
exhalation. Residual air remains “trapped” in
alveoli at the time of the next inhalation, thus
alveolar volumes may increase progressively
with each breath and lead to increased end-alveo-
lar and intrathoracic pressures. Consequently, the
end-expiratory alveolar pressures are often two-
to threefold higher than normal, increasing the
required changes in pressure to reach the negative
alveolar pressures necessary to generate airflow
by the patient [15, 16]. For example, continuous
positive airway pressure (CPAP) functionally
normalizes this gradient and has been shown to
reduce the respiratory load in the spontaneously
breathing asthma patient [15]. Although changes
in the respiratory system mainly reduce dynamic
lung compliance due to increased airway resis-
tance [17, 18], atelectasis develops around the
overdistended alveoli to reduce static lung com-
pliance as well. Greater resistance to airflow
increases work of breathing, presenting initially
as increased distress and expiratory effort. Later,
worsening lung hyperinflation limits full dia-
phragmatic relaxation, thus reducing the effi-
ciency of diaphragmatic function and calling into
play the use of accessory respiratory muscles
with increased work of breathing during inhala-
tion and exhalation [19, 20].

The progressively increasing lung volumes
seen in status asthmaticus can also affect cardiac
ventricular function. Alveolar hyperinflation-
associated airway obstruction, increasing micro-
atelectasis, hypoxia-induced pulmonary
vasoconstriction in atelectatic areas, P-agonist
and/or dehydration-induced metabolic acidosis,
and respiratory acidosis from impending respira-
tory failure all contribute to increases in right
ventricular afterload. Moreover, spontaneously
breathing patients during an asthma exacerbation
can have peak inspiratory pressures as extreme as
—35 cm H,O [21]. This negative intrathoracic
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pressure directly accentuates left ventricular
afterload, with increasing likelihood of
pulmonary edema and worsening gas exchange
[22]. Pulsus paradoxus is a physiological mani-
festation of the exaggerated variation in systolic
blood pressure associated with high intrathoracic
pressures during inspiration [23, 24]. Therapy
with p,-agonists increases heart rate, contributing
to progressively diminished ventricular filling
time and consequently lower cardiac output.
Switching from negative pressure ventilation to
positive-pressure ventilation in patients who
require intubation is likely to result in acute
hypotension secondary to decreased venous
return [22]. In addition, many of the sedative
agents used for intubation also have vasodilatory
and myocardial depressant effects, particularly
among children, further affecting cardiac output
and increasing the risks of cardiac arrest during
or immediately after tracheal intubation.

Clinical Assessment

Patients suffering from status asthmaticus require
rapid and frequent assessments, watching for
signs of respiratory distress or impending respi-
ratory failure. A focused approach both for posi-
tive and negative findings on the physical exam
will ensure that children are treated with the
required escalation of care as necessary. The
level of alertness is particularly important in their
neurological assessment, since lethargy may be
due to fatigue or due to hypercarbia, and this
observation may be confused with their natural
sleep cycle during nighttime hours. Children who
are lethargic due to fatigue or hypercarbia very
likely have impending respiratory failure and
warrant close attention in the PICU.

Children may also exhibit profoundly
increased work of breathing as demonstrated
with retractions or paradoxical thoracoabdominal
breathing. A prompt evaluation of the patients’
general appearance, airway patency, effective-
ness of respiratory effort (including both inhala-
tion and exhalation), adventitious breath sounds,
and adequacy of circulation form the foundations

of their clinical assessment. The most vital aspect
of clinical assessment in asthmatic patients is
serial physical exams by bedside clinicians at
least hourly or every couple of hours to appreci-
ate changes in their clinical trajectory.

Presenting symptoms usually include a his-
tory of cough, increased respiratory rate,
increased work of breathing and disordered
breathing patterns. Auscultation of the chest will
demonstrate turbulent airflow with diffuse
wheezing and a prolonged expiratory phase due
to air trapping by their hyper-reactive small bron-
chial airways. Children with mild-to-moderate
status asthmaticus present with wheezing during
the expiratory phase only, those with moderate-
to-severe status asthmaticus manifest wheezing
during both inhalation and exhalation phases, and
patients with critical status asthmaticus may
present with a “silent chest” since wheezing is
only appreciated if there is adequate airflow in
the small bronchi [24]. All patients with status
asthmaticus must be monitored closely in a pedi-
atric ICU, with serial physical exams being sup-
plemented with continuous cardiorespiratory
monitoring and intermittent arterial blood gas
sampling.

Diagnostic Evaluation

The evaluation of children with status asthmati-
cus is mostly based on clinical findings, biplanar
chest radiographs, an arterial blood gas to evalu-
ate gas exchange, a complete hemogram to
exclude eosinophilia or other abnormalities,
tests to exclude viral or atypical pneumonitis,
and a basic metabolic profile to rule out dehydra-
tion or P,-agonist-induced hypokalemia. More
advanced testing is rarely required but may be
indicated to exclude parasitic, toxic, or environ-
mental triggers for status asthmaticus. Bedside
asthma scores may facilitate communication
between members of the pediatric ICU team,
though most clinical asthma scores lack suffi-
cient validation and are limited by the subjective
evaluation of the variables comprising these
scores [25, 26].



66
Fiberoptic Bronchoscopy

Bronchoscopy may be indicated to rule out for-
eign body aspiration and bilateral bronchoma-
lacia or diffuse bacterial bronchitis, but the
vast majority of patients can be managed with-
out bronchoscopy. The risks versus benefits of
bronchoscopy must be weighed carefully
because instrumenting hyper-reactive and
inflamed airways may lead to significant clini-
cal deterioration, life-threatening hypoxemia,
and cardiac arrest. In a single-center case series
of 44 ventilated asthmatic patients, bronchos-
copies revealed thick mucus plugs, secretions,
and bronchial casts. Saline lavage of obstruc-
tive airways was well tolerated with demon-
strable improvements in pulmonary
compliance, reduced duration of mechanical
ventilation, but no differences in the PICU
length of stay [27]. Occasionally, fiberoptic
bronchoscopy can be used to instill human
recombinant DNase or other mucolytic agents
into plugged airways, but this practice is not
routine at most centers [28].

Xenon Ventilation Computed
Tomography

Recent studies have examined the usefulness of
xenon ventilation computed tomography in asth-
matic patients [29]. This technique is a relatively
new method to evaluate pulmonary functions and
ventilation defects in asthmatic patients by exam-
ining alteration in xenon trapping following
administration of methacholine and salbutamol
[30]. Although this testing may potentially
unmask airway abnormalities contributing to
ventilation-perfusion mismatch, its application to
pediatric patients with status asthmaticus remains
controversial. The potential usage of xenon is
considered relatively benign since it is nonreac-
tive in the body and disposed of from the lungs
without any systemic effects in critically ill
patients [29, 31].
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Exhaled Nitric Oxide

Inhaled nitric oxide is not indicated for the treat-
ment of status asthmaticus [32], but measure-
ments of exhaled nitric oxide may estimate the
extent of inflammatory airways in asthmatic
patients. An increase in exhaled nitric oxide is
known to accompany eosinophilic inflammation
[32]. Although measured concentrations of
exhaled nitric oxide may help gage the patho-
physiologic trajectory of patients with status
asthmaticus, the accuracy and prognostic value
of this investigational test has not been estab-
lished in clinical studies as of yet [33]. Exhaled
nitric oxide is increased in steroid-naive asth-
matic subjects during status asthmaticus,
although this returns to baseline after appropriate
anti-inflammatory treatment is administered [33].
Additional studies are needed before testing for
exhaled nitric oxide demonstrates its effective-
ness to bedside clinicians.

Case Scenario

An 11-year-old female with a history of
moderate-to-severe asthma presents to a
local emergency department with wheezing
progressing to severe respiratory distress
over the previous 24 h. Her respiratory rate
is 40 breaths per min, her heart rate is 125
breaths per minute, and her oxygen satura-
tion as determined by pulse oximetry is
96%. She receives three consecutive alb-
uterol nebulization treatments (2.5 mg
each), one nebulization treatment with
ipratropium bromide (500mcg), and one
dose of intravenous methylprednisolone
(1 mg/kg). One hour later, she is assessed
by a pediatric intern, who notes that her
vital signs and her respiratory effort have
not improved, and persistent prolonged
expiration and wheezing are apparent on
auscultation of her chest. After this assess-
ment, the pediatric intern asked her attend-
ing physician what the next best step in the
management would be.
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Pharmacological Management

In a study including 13,552 children critically ill
with asthma, marked clinical variability in phar-
macological management and mechanical sup-
port was noted (21% were treated in Collaborative
Pediatric Critical Care Research Network
(CPCCRN) PICUs, 79% were treated in non-
CPCCRN PICUs). Wide variations occurred in
the frequency of medication use in CPCCRN
centers — ipratropium bromide 41-84% patients,
terbutaline 11-74% patients, magnesium 23—-64%
patients, and methylxanthines 0-46% patients —
implying a lack of consensus with regard to the
pharmacological management of children with
status asthmaticus [34]. We present the following
sections recognizing that different clinicians may
choose different elements from this menu based
on the clinical features of specific patients, local
institutional practices, resource availability, and
personal preference. We have also summarized a
suggested algorithmic approach to the manage-
ment of status asthmaticus in Fig. 4.1.

Status Asthmaticus:
A Stepwise Approach

Mechanical Ventilation

IV Terbutaline

Noninvasive Positive Pressure
Ventilation (NIPPV)

IV Aminophylline

IV Magnesium Infusion

Continuous Albuterol

IV Magnesium Bolus

Albuterol and Ipratropium
nebulization treatments,

IV Corticosteroids

Fig. 4.1 An algorithmic approach to status asthmaticus

Inhaled p-Adrenergic Agonists

B-Agonists cause smooth muscle relaxation by
activating the f,-adrenergic receptor and increas-
ing cyclic adenosine monophosphate (cAMP)
concentrations in smooth muscle cells, which
inhibits the release of calcium ion from intracel-
lular stores and reduces the membrane calcium
entry and its intracellular sequestration [35].
Albuterol is a racemic mixture of R-albuterol
and S-albuterol. The R-enantiomer is pharmaco-
logically active, and the S-enantiomer is inactive.
Levalbuterol is the pure R-enantiomer available
as a preservative-free solution. In comparative
trials, the use of equivalent doses of levalbuterol
was not superior to albuterol [36]. Albuterol
remains the drug of choice for treatment of status
asthmaticus. Depending on different variables,
approximately 10-20% of the albuterol dose will
reach the lungs. The National Asthma Expert
Panel recommends nebulized albuterol doses for
asthma exacerbations in children younger than
12 years of 0.15 mg/kg (minimum dose 2.5 mg)

Bolus dose 10 mcg/kg IV over 10-20 min; continuous infusion: typical

starting dose 1 mcg/kg/min (max 4 mcg/kg/min); titrate by 0.5
mcg/kg/min every 15 min as needed

High Flow Nasal Cannula — Continuous positive airway pressure (CPAP) —
Bilevel Positive Airway Pressure (BiPAP)

Load 5.7 mg/kg over 20 min followed by continuous infusion: < 9y: 1 mg/kg/h;
9-12 y: 0.89mg/kg/h; 12-16 y: 0.63 mg/kg/h; >16 yrs: 0.51 mg/kg/h
Check aminophylline level 1 hr after load; therapeutic goal: 10-15 pg/ml

Continuous infusion < 30 kg: 25-30 mg/kg/h; > 30 kg 15-20 mg/kg/h.
Target serum Mg levels: 3.5-4.5 mg/dL (1.44-1.85 mmol/L)

Recommended dosing range: 0.5-1.5 mg/kg/h: < 20 kg: 10-20 mg/h;
20-30 kg: 10-30 mg/h; > 30 kg: 15-45 mg/h

Dosing: < 30 kg: 50-75 mg/kg/dose; > 30 kg: 25-50 mg/kg/dose, infused over 30-45 min

All patients should have received these therapies in the ED prior to PICU admission
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every 20 min for three doses, followed by 0.15—
0.3 mg/kg (maximum 10 mg) every 1—4 h.

For patients not showing clinical improve-
ment, continuous albuterol nebulization at 0.15—
0.5 mg/kg/h is recommended. Larger doses, up
to 30 mg/h, can be used for critical or near-fatal
asthma. Existing evidence supports the use of
continuous albuterol nebulization in pediatric
patients with status asthmaticus and impending
respiratory failure, leading to faster clinical
improvement and decreased duration of hospital
stay when compared with intermittent albuterol
nebulization and decreased hospitalization rate
when continuous albuterol regimen is used in the
emergency department. Additionally, continuous
albuterol treatment at these doses is safe and
well tolerated [37]. Reported doses of albuterol
used in pediatric patients often exceed the expert
panel recommendations [38]. Data on the effec-
tiveness and safety of these higher doses com-
pared to traditional recommended doses are
sorely needed.

Anticholinergic Agents

The parasympathetic nervous system contributes
to airway resistance via acetylcholine-mediated
airway smooth muscle contraction; regulation of
mucus secretion, ciliary beat frequency, and
mucus clearance via mucosal glands and epithe-
lial cells; vasodilation by smooth muscle relax-
ation in blood vessels; and modulation of
inflammation [39]. There are five subtypes of
muscarinic receptors (M1-M5), which belong to
the larger group of G protein-coupled receptors.
Acetylcholine  stimulates these  receptors.
M3-receptors located on the airway smooth mus-
cle mediate bronchoconstriction, and
M3-receptors located on the submucosal cells
regulate glandular secretion. M2 muscarinic
receptors are also on the bronchial smooth mus-
cle, which indirectly cause smooth muscle con-
traction by reducing p-adrenoceptor-mediated
relaxation through inhibition of adenylate
cyclase. Blockade of both M2 and M3-receptors
on airway smooth muscle should therefore inhibit
bronchoconstriction.

On the other hand, parasympathetic nerves
supplying the lungs also have muscarinic recep-
tors. M2-receptors on postganglionic parasympa-
thetic nerves limit acetylcholine release by a
negative feedback mechanism. Thus, blocking
the M2-receptors on parasympathetic nerves with
muscarinic antagonist will increase acetylcholine
release and potentiate vagally induced broncho-
constriction. Parasympathetic neuronal
M2-receptors are susceptible to viral infections
and exposure to ozone (which decreases their
function) and are less functional in patients with
asthma. The mechanism for this latter reduction
in neuronal M2-receptor functions in multifacto-
rial and involves the downregulation of receptor
expression and blockade by endogenous antago-
nists [40]. Anticholinergic drugs block M2 and
M3 muscarinic receptors on the airway smooth
muscle, glands, and nerves with similar affinity,
thereby impairing smooth muscle contraction
and decreasing airway secretions while simulta-
neously augmenting acetylcholine release, sup-
porting the rationale to develop selective
M3-receptors medications [41].

Ipratropium bromide is a synthetic quaternary
ammonium derivative with an isopropyl group at
the N-carbon atom of atropine that limits its sys-
temic absorption. Inhaled ipratropium targets the
muscarinic receptors in the bronchial airways
without the systemic effects of atropine, such as
tachycardia. The low oral absorption of ipratro-
pium is beneficial, since up to 90% of an aerosol-
ized dose may be swallowed. Ipratropium is a
nonselective muscarinic receptor inhibitor, which
produces bronchodilation by the inhibition of
acetylcholine-mediated bronchospasm without
affecting the mucociliary clearance. Ipratropium
has no impact on intraocular pressure or pupil-
lary size even when up to four times the recom-
mended dose is used; nevertheless, it can produce
prolonged pupillary dilatation when sprayed
accidently into the eyes [42]. The half-life of
ipratropium is 3—4 h, the onset of action is 15 min,
peak effects occur at 1-2 h after administration,
and duration of action is 4-6 h.

Early administration of three or more repeated
doses of inhaled ipratropium with ,-agonists has
been shown to decrease the rate of hospital
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admission for pediatric and adult patients with
moderate-to-severe status asthmaticus by 30%
[43]. Improvements in spirometry and clinical
scores have also occurred with the use of multi-
dose protocols, without increasing side effects
[43]. A double-blind, randomized study in adults
with severe asthma found that those receiving
ipratropium for 36 h or longer were discharged
home earlier than those that receiving ipratro-
pium for 12 h [44]. In another study, patients
using fenoterol/ipratropium versus fenoterol or
ipratropium alone were found to have greater
bronchodilator effects in children with acute
asthma [45].

Intermittent ipratropium therapy is recom-
mended in hospitalized patients with acute
asthma because of its high safety profile and doc-
umented beneficial impact [46]. The effect of
ipratropium is dose-dependent, with the recom-
mended dose range from 250 to 500 mcg [47]. In
one case report, a 13-year-old patient with status
asthmaticus refractory to f,-agonist treatments
showed improvement after starting continuous
ipratropium at 1000 mcg per hour [48]. Despite
this report, however, continuous ipratropium
therapy has not been systematically investigated.

Anti-inflammatory Drugs

Corticosteroids are a cornerstone for both acute
and long-term asthma management, as airway
edema and inflammation are the most prominent
pathological features of the disease. Indeed, use
of systemic corticosteroids to treat status asth-
maticus is not controversial and will therefore be
discussed briefly. Methylprednisolone, dexa-
methasone, prednisone, and hydrocortisone are
the traditional corticosteroids used for critically
ill patients, but they differ in glucocorticoid
potency, duration of onset, and mode of adminis-
tration. For patients with mild-to-moderate
asthma exacerbations, oral prednisone is the most
common therapy prescribed. Oral dexametha-
sone has also been used to treat patients with
asthma in the acute care setting. Dexamethasone
is a long-acting corticosteroid that has tradition-
ally been used for children with croup. In one

study of patients 2—18 years of age who presented
to the emergency department with mild-to-mod-
erate acute asthma exacerbations, Qureshi et al.
evaluated the efficacy of oral prednisone versus
oral dexamethasone [49]. Compared to oral pred-
nisone, oral dexamethasone did show similar
efficacy with improved compliance and fewer
side effects when compared with oral predniso-
lone [49]. The authors hypothesized that the
improved compliance was observed because
dexamethasone is more palatable than oral
prednisone with shorter prescription duration.
Hydrocortisone, a short-acting corticosteroid
with relatively less anti-inflammatory potency
than the other corticosteroids, is not commonly
used for acute asthma exacerbations.

Corticosteroids that are highly potent with a
fast onset are the most desirable for patients with
status asthmaticus. Systemic corticosteroids are
preferred and have also been shown to be supe-
rior to inhaled corticosteroids for status asthmati-
cus, with reduced need for hospitalization [50].
Intravenous methylprednisolone is the most com-
monly recommended due to its potent glucocorti-
coid effects and limited mineralocorticoid effects
[51]. Patients presenting with status asthmaticus
should receive intravenous methylprednisolone
2 mg/kg (maximum dose 80 mg) early in the
course of their management, as its onset of action
occurs approximately 4 h after administration.
There are no significant added benefits from sys-
temic corticosteroids at doses above 80 mg/day
or 2 mg/kg/day with regards to pulmonary func-
tion, rate of hospital admission, or hospital length
of stay [23].

Magnesium

Magnesium sulfate acts in the airway by blocking
voltage-sensitive calcium channels, inhibiting
calcium uptake and calcium-myosin interactions,
thus producing smooth muscle relaxation [52].
Magnesium also stabilizes T-cells and inhibits
mast cell degranulation, consequently decreasing
histamine release and inflammatory mediators.
Other mechanisms of action include inhibition of
acetylcholine release by the cholinergic motor
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terminals and stimulation of nitric oxide and
prostacyclin production. When intravenous mag-
nesium sulfate is added to P,-agonists and sys-
temic corticosteroids, it improves pulmonary
function in children and adults and reduces hos-
pital admissions by 30% in children and in a
lesser degree in adults [53].

Magnesium has a rapid onset of action and its
duration of action is limited by renal clearance.
As serum magnesium concentrations increase,
renal excretion of magnesium increases linearly,
potential hindering achievement of goal serum
concentrations. Specifically, serum magnesium
concentrations of up to 4 mg/dL are thought to
be required for airway smooth muscle relax-
ation. In a cohort study of children with status
asthmaticus, using continuous magnesium infu-
sions at 40 mg/kg/h for 4 h after a loading dose
of 50-75 mg/kg was safe and attained magne-
sium levels of 4.4 mg/dL at the end of the infu-
sion [54]. Pediatric patients receiving magnesium
sulfate in this study improved clinically, with
reductions in tachycardia and tachypnea. The
optimal dose of magnesium sulfate is currently
unclear, with recommended dose ranges of
25-100 mg/kg to a maximal dose of 2,000 mg,
independent of weight. In obese patients, mag-
nesium dose should be based on their ideal
body weight. We recommend an initial bolus
dose of 50-75 mg/kg for children weighing
<30 kg and 25-50 mg/kg for those weighing
>30 kg, infused over a period of 30—45 minutes
to improve acute respiratory symptoms and
avoid hypotension. In cases of life-threatening
status asthmaticus refractory to standard treat-
ment, a continuous infusion of 25-30 mg/kg/h
for children <30 kg and 15-20 mg/kg/h for
children weighing >30 kg, up to a maximum
dose of 40 mg/kg/h can be added. Titration to
the desired clinical effect should be based on
target serum magnesium concentrations of 3.5—
4.5 mg/dL and tolerability [55]. On the other
hand, there is limited evidence that intravenous
magnesium is beneficial in asthma exacerba-
tions of less severity (i.e., moderate-to-severe
asthma presentations) [56].

Nebulized inhaled magnesium sulfate has
also been trialed as a therapeutic agent for

asthma exacerbations. In a systematic review
study including adult and pediatric patients,
inhaled magnesium has shown some clinical
benefit in patients with acute severe asthma
attacks with no apparent serious adverse effects
[57]. In another study containing adult asthma
patients, treatment with nebulized magnesium
sulfate improved pulmonary functions and
reduced hospital admissions in adults by 37%
[53]. In contrast, a study of pediatric patients
with moderate-to-severe asthma using 800 mg
of nebulized magnesium failed to reduce their
time to discharge [58]. Similarly, a recent
Cochrane review reported minimal clinical
improvement and no reduction in hospital
admissions when nebulized magnesium was
used concomitantly with f3,-agonists and ipratro-
pium therapy [59].

In conclusion, intravenous magnesium sulfate
should be used in children, especially those with
life-threatening critical asthma and those not
responding to initial treatments, with low risk for
severe adverse effects. Nebulized inhaled magne-
sium therapy, however, cannot currently be
recommended.

Methylxanthine Drugs

The most commonly used methylxanthine in
acute asthma exacerbation is theophylline.
Theophylline brings relief to asthmatic patients
due to its direct bronchodilator effect [23].
Parenteral form of theophylline is aminophylline,
which is a 2:1 complex of theophylline and ethyl-
enediamine (aminophylline is converted to the-
ophylline systemically, such that 1 mg
aminophylline = 0.8 mg theophylline).
Aminophylline is FDA approved as an adjunctive
treatment for acute asthma exacerbations in all
age groups, including children older than 1 year.

Theophylline pharmacokinetics are age-
dependent, which affects its pediatric dosing rec-
ommendations. The elimination half-life of
theophylline gradually decreases during the first
year of life from ~ 24 h in term neonates to
between 2 and 10 h (mean 4 hs) in children 1 to
9 years old and between 3 and 16 h (mean 8 h) in
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adults [60]. Theophylline’s primary actions are
dose-dependent, as lower serum concentrations
result in anti-inflammatory and immunomodula-
tory effects, whereas higher serum concentra-
tions show greater bronchodilator effects [61].
Due to potential toxicity, serum theophylline
concentrations should be followed at least every
12 h, and repeated bolus doses or infusion rates
should be adjusted based on the target steady-
state serum concentrations, with a traditional
goal range of 10-15 p/mL. Obese patients should
have their ideal body weight used for dosage cal-
culation [23]. Theophylline dosing is summa-
rized in Fig. 4.1.

In a prospective, randomized, controlled trial
by Ream et al. published in 2001, 47 children
admitted to a pediatric ICU with status asthmat-
icus receiving traditional B-agonist, anticholin-
ergic, and corticosteroid therapy were
randomized to receive IV theophylline or pla-
cebo [62]. Twenty-three patients who received
theophylline were compared with 24 controls,
with cohorts having similar clinical asthma
scores (i.e., Wood-Downes score [63]) prior to
study enrollment. Faster recovery times (defined
by clinical asthma scores <3) were noted in
both non-intubated and intubated patients
receiving theophylline as compared to con-
trols — 19 + 3 h versus 31 + 5 h for non-intubated
patients and 66 + 10 h versus 191 + 33 h for
intubated patients. Four years later, Wheeler and
coworkers examined the effects of intravenous
theophylline and terbutaline in a randomized
controlled trial in 36 patients with status asth-
maticus receiving traditional f-agonist and cor-
ticosteroid therapy [64]. More specifically, they
randomized patients to receive adjunctive ther-
apy with intravenous theophylline plus placebo,
intravenous terbutaline plus placebo, or intrave-
nous theophylline plus terbutaline. The authors
observed no differences in clinical asthma score
over time, length of pediatric intensive care unit
stay, or incidence of adverse events between the
three groups, with the exception of a higher
incidence of nausea in children who received
both theophylline and terbutaline. Importantly,
in a cost analysis that included the cost of both
drugs and the cost of theophylline levels, median

hospital cost was significantly less in patients
who received only theophylline: $280 US dol-
lars compared to ~$4000 in each of the other
two cohorts.

Prior to these two small but important trials,
several studies were published suggesting lack of
benefit from theophylline therapy for patients
with acute asthma exacerbations. Most of the
patients in these studies however were not criti-
cally ill [65-68]. Recently, a meta-analysis of 52
study arms from 42 trials involving theophylline,
some of which included adults and others
included  children, involving intravenous
theophylline concluded that, when given with
bronchodilators and corticosteroids, theophylline
can be helpful and represents a cost-effective and
safe choice for patients with status asthmaticus
[69]. We recommend initiation of intravenous
aminophylline in patients who are not improving
or worsening despite inhaled [(-agonists, sys-
temic corticosteroids, ipratropium bromide, and
intravenous magnesium.

As previously concluded by Mahemuti et al.
given the low cost of theophylline, and its similar
efficacy and rate of side effects compared with
other drugs, we suggest that theophylline, when
given with bronchodilators and corticosteroids, is
a cost-effective and safe choice for acute asthma
exacerbations [69].

Intravenous Albuterol

One study examined the advantage of combining
intravenous albuterol (salbutamol) to inhaled alb-
uterol in children during the initial management
of severe acute asthma in the emergency depart-
ment. Children receiving a single dose of 15 pg/
kg intravenous albuterol over 10 min with inhaled
albuterol had a shorter recovery time and earlier
discharge compared with a group of children who
received inhaled albuterol alone. The intravenous
albuterol cohort had increased incidence of trem-
ors, but no other notable side effects [70]. These
data support the use of a single-dose intravenous
albuterol in addition to inhaled albuterol in the
emergency department in children with severe
asthma.
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Intravenous Terbutaline

Use of intravenous albuterol in contemporary
pediatric ICU is rare. Rather, terbutaline is typi-
cally used as an intravenous p-agonist for chil-
dren with status asthmaticus who are failing
traditional therapy. Terbutaline can be given as a
subcutaneous dose of 10 mcg/kg, with a maxi-
mum dose of 250 mcg, and can be repeated every
20 min for a total of 3 doses. The recommended
intravenous loading dose is 10 mcg/kg over
10-20 min, followed by continuous infusions of
0.1-10 mcg/kg/min. The usual starting dose is
I mcg/kg/min, with an average maximum dose of
~4 mcg/kg/min [71]. Frequently reported side
effects are tachycardia, arrhythmias, diastolic
hypotension, tremors, and hypokalemia (which
results from upregulation of sodium-potassium
pumps on cell membranes, resulting in shifting of
potassium from extracellular to intracellular
space [71]).

The postulated failure of inhaled albuterol to
enter through constricted airways led to the rec-
ommendation for intravenous f,-adrenergic ago-
nists in children with severe asthma exacerbation.
Regardless of this rationale, there is little evi-
dence showing clear benefits to support the use of
intravenous [,-agonists as a substitute for or in
addition to inhaled p,-agonists. One retrospective
study found that early administration of intrave-
nous terbutaline in the emergency department
might decrease acute respiratory failure and the
need for mechanical respiratory support in pedi-
atric patients [72]. On the other hand, a prospec-
tive, randomized, double-blind,
placebo-controlled trial in pediatric patients with
status asthmaticus found no differences between
patients randomized to receiving terbutaline and
those receiving placebo infusions in clinical
asthma severity scores, need for continuous neb-
ulized albuterol, or length of stay in the
PICU. Additionally, more patients who had
received terbutaline had elevated serum troponin
levels at 12 and 24 h, suggesting possible cardio-
toxicity, compared to those who received placebo
[73]. Three different meta-analyses have also
failed to show a clinical advantage with
intravenousp,-agonists compared to other

therapies for status asthmaticus [74-76]. Based
on these data and the aforementioned work by
Wheeler and colleagues [64], there is not suffi-
cient evidence supporting routine use of intrave-
nous f},-agonists. On the other hand, because of
the conflicting nature of the available data and the
sound physiologic rationale for its use, we con-
sider a trial of terbutaline in patient’s refractory
to standard therapy and at risk for progressing to
fulminant respiratory failure and mechanical
ventilation to be reasonable.

Anesthetic and Other Gases
Helium

Helium-oxygen (heliox) is a gaseous mixture
commonly utilized for patients with airway
obstruction because of its lower density as com-
pared to oxygen alone or room air [77]. The
lower density of inhaled gas improves flow
through high-resistance airways by reducing the
degree of turbulent flow. As gas flow becomes
less turbulent in the affected airways, the flow
velocity is reduced, and the flow pattern may
transition from turbulent to more laminar.
Additionally, heliox can improve removal of car-
bon dioxide (CO,), as CO, will diffuse into heliox
four times as rapidly than in oxygen or room air
[24]. The reduction in turbulent airflow may also
aid with the delivery of aerosolized medications
into distal lung segments [24]. Heliox is most
commonly applied as a mixture of at least 70%
helium (i.e., 70% helium/30% oxygen, 75%
helium/25% oxygen, etc.), with mixtures con-
taining lower concentrations of helium being
relatively ineffective at improving airflow.
Heliox has been recommended by some as a
means of avoiding endotracheal intubation in
patients with status asthmaticus [78-80]. Several
pediatric studies examining the use of heliox for
acute asthma exacerbations or status asthmaticus
however have failed to demonstrate consistent
benefits, including its use as a carrier for alb-
uterol nebulization [81-84]. At most, heliox may
improve clinical asthma scores, but it has not
been associated with a reduced rate of
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hospitalization or other important clinical out-
comes [78, 85]. Its role in mechanically venti-
lated asthmatics is also likely limited. In a very
recent prospective study of 13 adults with severe
asthma or chronic obstructive pulmonary disease
exacerbations requiring mechanical ventilation,
use of heliox led to only modest reductions in
peak inspiratory pressure and partial pressure of
CO, measurements and had little effect indices of
dynamic hyperinflation (e.g., plateau pressure
and total positive end-expiratory pressure) [86].

Use of heliox therapy is costly, has limited
utility in patients with hypoxemia, and can be
technically difficult to provide, especially in
mechanically ventilated patients [§7]. Many ven-
tilators are not equipped to deliver heliox safely
[88], and for mechanical ventilators that are
capable of administering heliox, delivery of the
appropriate fractional oxygen component, vol-
ume measurements, and valve functioning can
also be adversely affected [87]. Routine use of
heliox for patients with status asthmaticus can
therefore not be recommended, and its use in
mechanically ventilated patients should be
avoided. On the other hand, it may be useful in
select patients, such as children with status asth-
maticus without significant hypoxemia, though
clinicians should be prepared for endotracheal
intubation and intervene quickly if no improve-
ment or clinical worsening is noted.

Isoflurane

Inhaled isoflurane, a gaseous anesthetic, has been
used outside of the operating room in some cen-
ters for status asthmatics and other conditions.
Isoflurane is a potent bronchodilator and particu-
larly attractive as a therapy for status asthmaticus
due to its rapid onset and absence of cumulative
toxicity [89]. Trained anesthesiologists have used
inhaled anesthetics successfully in pediatric
patients with life-threatening asthma exacerba-
tion with favorable outcomes [89-93].
Unfortunately, its use is technically challenging
in many facilities because of limited air scaveng-
ing systems. Cost, variability in physician and
nursing credentialing and comfort with this class

of drugs, and the logistical issues of administer-
ing an inhaled anesthetic gas for long periods of
time outside of the operating room setting have
also prevented widespread use. If the capabilities
to administer inhaled isoflurane are available,
close monitoring including invasive arterial pres-
sure measurement is mandatory, as observational
studies have described frequent side effects, the
most common of which is hypotension requiring
vasoactive infusions (77%) [74]. Other reported
side effects include arrhythmias, neurologic
abnormalities, accumulation of inorganic
fluoride, tolerance during therapy, and abstinence
syndrome after discontinuation [89, 94, 95].

Respiratory Support
Oxygen Therapy

The goals of treatment as outlined by the
National Asthma Education and Prevention
Program (NAEPP) are to treat significant hypox-
emia, reverse the airflow obstruction, and reduce
the likelihood of future episodes [96]. Oxygen
should undoubtedly be applied to treat hypox-
emia, but high inspired oxygen concentrations
are infrequently required for patients with status
asthmatics. Thus, the need for higher inspired
oxygen concentrations should raise concern for
other respiratory insults, most important and
life-threatening of which are pneumothoraces
[97, 98].

High-Flow Nasal Cannula (HFNC)

High-flow nasal cannula is often used to prevent
respiratory failure by generating positive airway
pressure [99], particularly in patients with status
asthmaticus [100]. HFENC can also serve as a
delivery method for albuterol nebulization or
metered-dose inhaler (MDI) therapy and leads
to rapid improvements in blood gas and clinical
parameters within 24 h [101]. Preliminary out-
come studies reported that HFNC in status asth-
maticus resulted in equal to greater efficacy of
bronchodilator therapy, reduced work of
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breathing, less tachycardia, and shorter ED
times in children with status asthmaticus [101,
102]. Despite low-grade evidence specific to
this population supporting this modality, HFNC
as a safe and effective method of respiratory
support for patients with acute asthma exacerba-
tions is widely accepted and thus not
controversial.

Noninvasive Positive-Pressure
Ventilation (NIPPV)

For patients with acute asthma exacerbations,
NIPPV aims to prevent collapse of airways dur-
ing exhalation, reduce microatelectasis, and
unload respiratory muscle work, thereby prevent-
ing respiratory fatigue. NIPPV has been reported
to be feasible and clinically effective in improv-
ing symptoms in pediatric ICU patients with sta-
tus asthmaticus when compared to standard
therapy [103]. In a randomized crossover trial
(N = 20), NIPPV for 2 h decreased work of
breathing, respiratory rate, accessory muscle use,
and dyspnea as compared with standard therapy
[19]. Another randomized pilot study (N = 20)
found that adding NIPPV to standard care
reduced their clinical asthma scores, oxygen
requirement, and respiratory rate compared to
standard care alone [104].

Support for the use of NIPPV in acute asthma
exacerbations has also been noted in two large
registry studies. In a study from the PHIS data-
base containing 13,552 PICU patients, use of
NIPPV occurred 3—5% of children with asthma,
and sites that used noninvasive ventilation more
often appeared to have reduced rates of endotra-
cheal intubation and mechanical ventilation [34].
Similarly, a study from the VPS database noted
NIPPV use in 6% asthmatic patients, and PICU
length of stay was lower in high-utilization cen-
ters [105]. These reports suggest the potential for
NIPPV to become an important part of the man-
agement of status asthmaticus in pediatric
patients. With more study, standardization and
optimization of this mode of respiratory support
in management pathways for this patient popula-
tion should be prioritized. Currently, we support

the use of NIPPV in children with status asthmat-
icus as a stop-gap measure to prevent worsening
respiratory failure and avoid the potential com-
plications of endotracheal intubation and
mechanical ventilation [106, 107].

Tracheal Intubation

Observational studies report that 10—14% of chil-
dren admitted to the PICU for asthma require
invasive mechanical ventilation [34, 108, 109].
There is no standard protocol for when to intu-
bate a child in status asthmaticus. In one study of
51 episodes of status asthmaticus, 41% were
intubated for respiratory acidosis, 37% for clini-
cal fatigue, and 22% for cardiopulmonary arrest
[98]. While arterial or venous blood gas data can
be helpful in deciding when to intubate an asth-
matic, Newth and colleagues found that only
48% of patients with fatal or near-fatal status
asthmaticus in a multicenter cohort from the
CPCCRN (n = 260) collaborative had blood gas
data prior to intubation, with an average partial
pressure of carbon dioxide (pCO,) of 52 mmHg
[11]. Clinical intuition therefore seems to be the
major driving force leading to intubation of chil-
dren with status asthmaticus and respiratory fail-
ure. Specific indicators for intubation include
exhaustion and fatigue despite maximal therapy,
worsening mental status, refractory hypoxemia,
increasing hypercapnia, hemodynamic instabil-
ity, impending coma or apnea, increasing meta-
bolic acidosis, or upper airway compromise.
Importantly, practice varies widely across centers
too, particularly between children’s hospitals and
community centers [97]. Children managed at
community hospitals were 3.3 times more likely
to be intubated despite similar severity of illness
and with many children routinely not receiving
standard asthma therapies like corticosteroids
[110, 111].

The decision to intubate should not be taken
lightly as severe asthmatics are at high risk for
severe morbidity and mortality during intubation.
Worsening status asthmaticus is characterized by
dynamic alveolar hyperinflation with associated
diffuse microatelectasis and pulmonary hyper-
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tension, relative hypovolemia from dehydration,
-agonist-induced metabolic acidosis, hypercar-
bia from respiratory muscle fatigue, reduced left
ventricular filling from tachycardia, and increased
left ventricular afterload from negative inspira-
tory intrathoracic pressures [21]. Additional con-
cerns include instrumenting the hyper-reactive
airway for intubation, which accentuates respira-
tory obstruction; analgesic sedative drugs used
for intubation, which can cause systemic vasodi-
lation and reduce myocardial contractility; transi-
tioning to positive-pressure ventilation, which
further reduces venous return; and the risk of
barotrauma associated with mechanical ventila-
tion and hyperinflated lungs [112].

Prior to intubation, efforts must be made to
maximize management of status asthmaticus
using bronchodilators, intravenous corticoste-
roids, magnesium, aminophylline, judicious cor-
rection of hypovolemia with intravenous fluids,
and, if possible, a trial of noninvasive ventilation
[97, 113-117]. Ketamine is the first choice for
pre-intubation sedation because of its potentially
advantageous bronchodilator and hemodynamic
effects [118—121], but the use of adjunctive short-
acting sedatives like midazolam, propofol, or
dexmedetomidine can also be helpful. Strategies
for achieving sedation and analgesia must take
into account their systemic vasodilatory, respira-
tory depressant, myocardial contractility, and
other side effects [122]. Advanced airway skills
are essential, and neuromuscular blockade is
desirable to minimize the number of attempts
required for successful intubation [123].

Following intubation, chest rise and ausculta-
tion of breath sounds may be difficult to elicit in
the setting of severe airway obstruction. For this
reason, in-line end-tidal CO, monitoring is essen-
tial to the verify correct placement of the endotra-
cheal tube [124-127]. Manual ventilation
following intubation must limit the tidal volumes
and respiratory rates used, to avoid accentuating
barotrauma and allowing complete exhalation
between breaths. Attempts to normalize pH by
correcting hypercapnia are unnecessary and
potentially harmful [128]. Correction of hypox-
emia and permissive hypercapnia (i.e., pH 7.2—
7.3) are reasonable goals. Close bedside

observation of all intubated asthmatic patients is
required for the first few hours after initiating
mechanical ventilation, since the risk of life-
threatening complications and unanticipated
hemodynamic effects is highest in that period.

Mechanical Ventilation

Although there are no absolute criteria for
mechanical ventilation, clinicians should con-
sider stepwise escalation in support from inhaled
therapies to intravenous therapies and noninva-
sive mechanical support and, ultimately, culmi-
nating in invasive mechanical ventilation for
refractory or rapidly progressive respiratory fail-
ure. Mechanical ventilation, either noninvasive or
invasive, is generally designed to overcome the
dramatically increased work of breathing inher-
ent to status asthmaticus. Most clinicians agree
that a low respiratory rate, long expiratory time
ventilator strategy is optimal to permit CO, clear-
ance. The amount of positive end-expiratory
pressure (PEEP) to set on the ventilator, on the
other hand, is controversial [129-133]. After ini-
tiation of mechanical ventilation, total PEEP,,
should be measured using an expiratory pause
maneuver [134]. PEEP,, represents the sum of
the PEEP set by the ventilator and the PEEP gen-
erated by air trapping, typically referred to as
auto-PEEP. While some clinicians support mea-
suring auto-PEEP to regulate the ventilator PEEP
in order to actually reduce alveolar hyperinflation
and also recruit areas of atelectasis [133], others
do not support this concept and recommend using
minimal PEEP [112, 124]. The controversy sur-
rounding the practice of higher PEEP settings in
status asthmaticus is primarily due to reports of
paradoxical responses that lead to undesirable
increases in FRC in some patients with status
asthmaticus [129-131]. Interpretation of the data
generated from these studies however has varied,
and a consensus on optimal PEEP strategy for
status asthmaticus has yet to be reached [132].
We recommend careful titration of ventilator
PEEP close to the PEEP,,, which attempts to
maintain airway patency during expiration.
Patients must be monitored closely, and ventilator
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PEEP should be carefully weaned as clinical con-
dition improves.

The optimal mode of ventilation for status
asthmaticus is also not clear [6]. Regardless of
mode of ventilation, goals while on mechanical
ventilation should include minimizing dynamic
hyperinflation and air trapping, reduction in atel-
ectasis, and implementation of permissive hyper-
capnia to avoid ventilator-induced lung injury
and air-leak complications [119]. Lung protec-
tive strategies from close monitoring of the con-
verse dependent variables can be used with either
volume-targeted or pressure-targeted modes. For
instance, when using a volume-targeted mode,
inspiratory plateau pressures measured via inspi-
ratory pause maneuvers while the patient is
neuromuscularly blocked must be measured reg-
ularly, as high inspiratory plateau pressures
(>30 mH,0) can cause life-threatening pneumo-
thoraces [135]. For patients on pressure-targeted
modes of mechanical ventilation, tidal volumes
must be followed closely and set inspiratory pres-
sures reduced as airway resistance improves. We
most commonly utilize pressure-regulated vol-
ume control ventilation for patients with status
asthmaticus, which has the theoretical advan-
tages of offering the high initial inspiratory flow
associated with pressure-targeted modes and the
ability to set and limit tidal volumes associated
with volume-targeted modes of ventilation.

Case Scenario Resolution

After receiving three consecutive albuterol
nebulization treatments (2.5 mg each), one
nebulization treatment with ipratropium
bromide (500mcg), and one dose of intra-
venous methylprednisolone (I mg/kg) in
the emergency department  without
improvement, continuous inhaled albuterol
therapy is initiated at 20 mg/hr (~0.5 mg/
hr), and she is admitted to the pediatric
intensive care unit for continuous monitor-
ing, hourly vital signs and hourly clinical
respiratory scores (CRS). Upon arrival at
the unit, her physical exam continued to be
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concerning, with a prolonged expiratory
phase with wheezing appreciated in all
lung fields and suprasternal and subcostal
retractions. She had difficulty in taking in
full sentences. Vital signs were remarkable
for heart rate 155 beats/min, respiratory
rate 50 breaths per minute, and blood pres-
sure 90/45 mmHg.

Intravenous magnesium of 25 mg/kg is
administered over 30 minutes, and a mag-
nesium infusion is started at 15 mg/kg/hr.
Continuous inhaled albuterol, inhaled
ipratropium bromide every 8 h, and intra-
venous methylprednisolone 1 mg/kg every
6 h also continue to be administered after
arrival to the PICU. One hour later, after
reassessment and no change in CRS, an
intravenous theophylline bolus of 5.7 mg/
kg/hr is administered, and an infusion is
initiated at 0.89 mg/kg/hr. Noninvasive
positive airway pressure is also applied.

Over the next 12 h, she slowly improves
and is transitioned to high-flow nasal can-
nula. A recommended stepwise algorithm
for the management of status asthmaticus
is included in Fig. 4.1.

Take-Home Messages

e All patients with status asthmaticus
should be immediately placed on con-
tinuous cardiorespiratory monitoring
with serial clinical assessments to deter-
mine the need for admission to the
intensive care unit.

e Inhaled B-agonist therapy and intrave-
nous corticosteroid therapy are the
mainstays of treatment for status
asthmaticus.

e Intermittent nebulization of ipratropium
bromide is also recommended as a first-
line therapy for pediatric patients admit-
ted with status asthmaticus.

e Intravenous magnesium sulfate and
aminophylline represent relatively low
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cost and safe “second-tier” therapies for
patients  with  refractory  status
asthmaticus.

Routine use of intravenous terbutaline
or heliox gas mixture cannot be recom-
mended, but these therapies may have a
role in preventing intubation and
mechanical ventilation in select patients.
Compelling but not conclusive evidence
exists to support the use of noninvasive
positive pressure for children with status
asthmaticus.

References

10.

. Vos T, Flaxman AD, Naghavi M, et al. Years lived

with disability (YLDs) for 1160 sequelae of 289 dis-
eases and injuries 1990-2010: a systematic analy-
sis for the Global Burden of Disease Study 2010.
Lancet. 2012;380:2163-96.

. Asher I, Pearce N. Global burden of asthma among

children. Int J Tuberc Lung Dis. 2014;18:1269-78.

. Ellwood P, Asher MI, Billo NE, et al. The Global

Asthma Network rationale and methods for Phase
I global surveillance: prevalence, severity, manage-
ment and risk factors. Eur RespirJ.2017;49:1601605.

. To T, Stanojevic S, Moores G, et al. Global asthma

prevalence in adults: findings from the cross-sec-
tional world health survey. BMC Public Health.
2012;12:204.

. Asher MI, Montefort S, Bjorksten B, et al.

Worldwide time trends in the prevalence of symp-
toms of asthma, allergic rhinoconjunctivitis, and
eczema in childhood: ISAAC Phases One and Three
repeat multicountry cross-sectional surveys. Lancet.
2006;368:733-43.

. Bohn D, Kissoon N. Acute asthma. Pediatr Crit Care

Med. 2001;2:151-63.

. Leynaert B, Sunyer J, Garcia-Esteban R, et al.

Gender differences in prevalence, diagnosis and
incidence of allergic and non-allergic asthma: a pop-
ulation-based cohort. Thorax. 2012;67:625-31.

. Andersson M, Hedman L, Bjerg A, Forsberg B,

Lundback B, Ronmark E. Remission and persis-
tence of asthma followed from 7 to 19 years of age.
Pediatrics. 2013;132:e435-42.

. Raghavan D, Jain R. Increasing awareness of

sex differences in airway diseases. Respirology.
2016;21:449-59.

Anderson HR, Gupta R, Kapetanakis V, et al.
International correlations between indicators of prev-
alence, hospital admissions and mortality for asthma
in children. Int J Epidemiol. 2008;37:573-82.

1.

12.

13.

14.

15.

16.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

. King GG,

Newth CJ, Meert KL, Clark AE, et al. Fatal and near-
fatal asthma in children: the critical care perspective.
J Pediatr. 2012;161:214-21 3.

Bousquet J, Michel FB. International consensus
report on diagnosis and management of asthma.
Allergy. 1992;47:129-32.

Papi A, Brightling C, Pedersen SE, Reddel
HK. Asthma. Lancet. 2017;391(10122):783-800.
Russell RJ, Brightling C. Pathogenesis of asthma:
implications for precision medicine. Clin Sci (Lond).
2017;131:1723-35.

Martin JG, Shore S, Engel LA. Effect of continuous
positive airway pressure on respiratory mechanics
and pattern of breathing in induced asthma. Am Rev
Respir Dis. 1982;126:812-7.

Martin JG, Shore SA, Engel LA. Mechanical load
and inspiratory muscle action during induced
asthma. Am Rev Respir Dis. 1983;128:455-60.

. Dunn R, Szefler SJ. Severe asthma in pediatric

patients. Pathophysiology and unmet needs. Ann Am
Thorac Soc. 2016;13(Suppl 1):S103—-4.

James A, Harkness L, Wark
PAB. Pathophysiology of severe asthma: we’ve only
just started. Respirology. 2018;23:262-71.

. Thill PJ, McGuire JK, Baden HP, Green TP,

Checchia PA. Noninvasive positive-pressure ven-
tilation in children with lower airway obstruction.
Pediatr Crit Care Med. 2004;5:337-42.

Martin J, Powell E, Shore S, Emrich J, Engel
LA. The role of respiratory muscles in the hyper-
inflation of bronchial asthma. Am Rev Respir Dis.
1980;121:441-7.

Stalcup SA, Mellins RB. Mechanical forces pro-
ducing pulmonary edema in acute asthma. N Engl J
Med. 1977;297:592-6.

Buda AJ, Pinsky MR, Ingels NB Jr, Daughters
GT 2nd, Stinson EB, Alderman EL. Effect of
intrathoracic pressure on left ventricular perfor-
mance. N Engl J Med. 1979;301:453-9.

Alangari AA. Corticosteroids in the treatment of
acute asthma. Ann Thorac Med. 2014;9:187-92.
Nichols DG, Shaffner DH. Rogers’ textbook of pedi-
atric intensive care. Philadelphia: Wolters Kluwer;
2016.

van der Windt D. Promises and pitfalls in the
evaluation of pediatric asthma scores. J Pediatr.
2000;137:744-6.

Baxt WG. Prospective application of an asthma
severity rule. Acad Emerg Med. 2002;9:868-9.
Maggi JC, Nussbaum E, Babbitt C, Maggi FE,
Randhawa I. Pediatric fiberoptic bronchoscopy as
adjunctive therapy in acute asthma with respiratory
failure. Pediatr Pulmonol. 2012;47:1180—4.

Noizet O, Leclerc F, Leteurtre S, et al. Plastic bron-
chitis mimicking foreign body aspiration that needs
a specific diagnostic procedure. Intensive Care Med.
2003;29:329-31.

Bedi A, Murray JM, Dingley J, Stevenson MA, Fee
JH. Use of xenon as a sedative for patients receiving
critical care. Crit Care Med. 2003;31:2470-7.



78

|. Federico Fernandez Nievas et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Jung JW, Kwon JW, Kim TW, et al. New insight
into the assessment of asthma using xenon ventila-
tion computed tomography. Ann Allergy Asthma
Immunol. 2013;111:90-5.e2.

Reinelt H, Marx T, Kotzerke J, et al. Hepatic function
during xenon anesthesia in pigs. Acta Anaesthesiol
Scand. 2002:46:713-6.

Ashutosh K, Phadke K, Jackson JF, Steele D. Use of
nitric oxide inhalation in chronic obstructive pulmo-
nary disease. Thorax. 2000;55:109-13.

Yates DH. Role of exhaled nitric oxide in asthma.
Immunol Cell Biol. 2001;79:178-90.

Bratton SL, Newth CJ, Zuppa AF, et al. Critical
care for pediatric asthma: wide care variability
and challenges for study. Pediatr Crit Care Med.
2012;13:407-14.

Johnson M. The beta-adrenoceptor. Am J Respir Crit
Care Med. 1998;158:S146-53.

Qureshi F, Zaritsky A, Welch C, Meadows T, Burke
BL. Clinical efficacy of racemic albuterol versus lev-
albuterol for the treatment of acute pediatric asthma.
Ann Emerg Med. 2005;46:29-36.

Papo MC, Frank J, Thompson AE. A prospective,
randomized study of continuous versus intermittent
nebulized albuterol for severe status asthmaticus in
children. Crit Care Med. 1993;21:1479-86.

Arnold DH, Moore PE, Abramo TJ, Hartert
TV. The dilemma of albuterol dosing for acute
asthma exacerbations in pediatric patients. Chest.
2011;139:472.

Buels KS, Fryer AD. Muscarinic receptor antago-
nists: effects on pulmonary function. Handb Exp
Pharmacol. 2012;208:317-41.

Moulton BC, Fryer AD. Muscarinic receptor antag-
onists, from folklore to pharmacology; finding
drugs that actually work in asthma and COPD. BrJ
Pharmacol. 2011;163:44-52.

Scott GD, Fryer AD. Role of parasympathetic nerves
and muscarinic receptors in allergy and asthma.
Chem Immunol Allergy. 2012;98:48-69.

Gross NJ. Ipratropium bromide. N Engl J Med.
1988;319:486-94.

Rodrigo GJ, Castro-Rodriguez JA. Anticholinergics
in the treatment of children and adults with acute
asthma: a systematic review with meta-analysis.
Thorax. 2005;60:740-6.

Brophy C, Ahmed B, Bayston S, Arnold A, McGivern
D, Greenstone M. How long should Atrovent be
given in acute asthma? Thorax. 1998;53:363-7.
Watson WT, Becker AB, Simons FE. Comparison
of ipratropium solution, fenoterol solution, and their
combination administered by nebulizer and face
mask to children with acute asthma. J Allergy Clin
Immunol. 1988;82:1012-8.

Aaron SD. The use of ipratropium bromide for
the management of acute asthma exacerbation in
adults and children: a systematic review. J Asthma.
2001;38:521-30.

Davis A, Vickerson F, Worsley G, Mindorff C, Kazim
F, Levison H. Determination of dose-response rela-

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

tionship for nebulized ipratropium in asthmatic chil-
dren. J Pediatr. 1984;105:1002-5.

Koumbourlis AC, Mastropietro C. Continuous
inhalation of ipratropium bromide for acute asthma
refractory to beta2-agonist treatment. J Pediatr
Pharmacol Ther. 2015;20:66-9.

Qureshi F, Zaritsky A, Poirier MP. Comparative
efficacy of oral dexamethasone versus oral pred-
nisone in acute pediatric asthma. J Pediatr.
2001;139:20-6.

Rachelefsky G. Treating exacerbations of asthma
in children: the role of systemic corticosteroids.
Pediatrics. 2003;112:382-97.

Expert Panel Report 3 (EPR-3): guidelines
for the diagnosis and management of asthma-
summary report 2007. J Allergy Clin Immunol.
2007;120:594-138.

Lindeman KS, Hirshman CA, Freed AN. Effect
of magnesium sulfate on bronchoconstriction
in the lung periphery. J Appl Physiol (1985).
1989;66:2527-32.

Shan Z, Rong Y, Yang W, et al. Intravenous and neb-
ulized magnesium sulfate for treating acute asthma
in adults and children: a systematic review and meta-
analysis. Respir Med. 2013;107:321-30.

Egelund TA, Wassil SK, Edwards EM, Linden S,
Irazuzta JE. High-dose magnesium sulfate infusion
protocol for status asthmaticus: a safety and phar-
macokinetics cohort study. Intensive Care Med.
2013;39:117-22.

Glover ML, Machado C, Totapally BR. Magnesium
sulfate administered via continuous intravenous
infusion in pediatric patients with refractory wheez-
ing. J Crit Care. 2002;17:255-8.

Griffiths B, Kew KM. Intravenous magnesium sul-
fate for treating children with acute asthma in the
emergency department. Cochrane Database Syst
Rev. 2016;4:CD011050.

Knightly R, Milan SJ, Hughes R, et al. Inhaled mag-
nesium sulfate in the treatment of acute asthma.
Cochrane Database Syst Rev. 2017;11:CD003898.
Alansari K, Ahmed W, Davidson BL, Alamri M,
Zakaria I, Alrifaai M. Nebulized magnesium for
moderate and severe pediatric asthma: a randomized
trial. Pediatr Pulmonol. 2015;50:1191-9.

Blitz M, Blitz S, Hughes R, et al. Aerosolized mag-
nesium sulfate for acute asthma: a systematic review.
Chest. 2005;128:337-44.

Weinberger M, Hendeles L. Theophylline in asthma.
N Engl J Med. 1996;334:1380-8.

Magnussen H, Reuss G, Jorres R. Theophylline
has a dose-related effect on the airway response to
inhaled histamine and methacholine in asthmatics.
Am Rev Respir Dis. 1987;136:1163-7.

Ream RS, Loftis LL, Albers GM, Becker BA,
Lynch RE, Mink RB. Efficacy of IV the ophylline
in children with severe status asthmaticus. Chest.
2001;119:1480-8.

Wood DW, Downes JJ, Leeks HI. A clinical scoring
system for the diagnosis of respiratory failure: pre-



4 Management of Status Asthmaticus in Critically Ill Children

79

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

liminary report on childhood status asthmaticus. Am
J Dis Child. 1972;123:227-8.

Wheeler DS, Jacobs BR, Kenreigh CA, Bean JA,
Hutson TK, Brilli RJ. Theophylline versus terbuta-
line in treating critically ill children with status asth-
maticus: a prospective, randomized, controlled trial.
Pediatr Crit Care Med. 2005;6:142-7.

DiGiulio G, Kercsmar C, Krug S, Alpert S, Marx
C. Hospital treatment of asthma: lack of benefit from
theophylline given in addition to nebulized albuterol
and intravenously administered corticosteroid. J
Pediatr. 1993;122:464-9.

Carter E, Cruz M, Chesrown S, et al. Efficacy of
intravenously administered theophylline in chil-
dren hospitalized with severe asthma. J Pediatr.
1993;122:470-6.

Strauss RE, Wertheim DL, Bonagura VR, et al.
Aminophylline therapy does not improve outcome
and increases adverse effects in children hospital-
ized with acute asthmatic exacerbations. Pediatrics.
1994;93:205-10.

Goodman DC, Littenberg B, O’Connor GT,
et al. Theophylline in acute childhood asthma: a
meta-analysis of its efficacy. Pediatr Pulmonol.
1996;21:211-8.

Mahemuti G, Zhang H, Li J, Tieliwaerdi N, Ren
L. Efficacy and side effects of intravenous the-
ophylline in acute asthma: a systematic review
and meta-analysis. Drug Des Devel Ther.
2018;12:99.

Browne GJ, Penna AS, Phung X, Soo M. Randomised
trial of intravenous salbutamol in early manage-
ment of acute severe asthma in children. Lancet.
1997;349:301-5.

Nievas IF, Anand KJS. Severe acute asthma exac-
erbation in children: a stepwise approach for esca-
lating therapy in a pediatric intensive care unit. J
Pediatr Pharmacol Ther. 2013;18:88-104.

Doymaz S, Schneider J, Sagy M. Early administra-
tion of terbutaline in severe pediatric asthma may
reduce incidence of acute respiratory failure. Ann
Allergy Asthma Immunol. 2014;112:207-10.

Bogie AL, Towne D, Luckett PM, Abramo TJ, Wiebe
RA. Comparison of intravenous terbutaline versus
normal saline in pediatric patients on continuous
high-dose nebulized albuterol for status asthmaticus.
Pediatr Emerg Care. 2007;23:355-61.

Travers A, Jones AP, Kelly K, Barker SJ, Camargo
CA, Rowe BH. Intravenous beta2-agonists for acute
asthma in the emergency department. Cochrane
Database Syst Rev. 2001;2:CD002988.

Travers AH, Milan SJ, Jones AP, Camargo
CA Jr, Rowe BH. Addition of intravenous
beta(2)-agonists to inhaled beta(2)-agonists
for acute asthma. Cochrane Database Syst Rev.
2012;12:CD010179.

Travers AH, Jones AP, Camargo CA Jr, Milan SJ,
Rowe BH. Intravenous beta(2)-agonists versus intra-
venous aminophylline for acute asthma. Cochrane
Database Syst Rev. 2012;12:CD010256.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Otis AB, Bembower WC. Effect of gas density on
resistance to respiratory gas flow in man. J Appl
Physiol. 1949;2:300-6.

Kudukis TM, Manthous CA, Schmidt GA, Hall
JB, Wylam ME. Inhaled helium-oxygen revisited:
effect of inhaled helium-oxygen during the treat-
ment of status asthmaticus in children. J Pediatr.
1997;130:217-24.

Haynes JM, Sargent RJ, Sweeney EL. Use of heliox
to avoid intubation in a child with acute severe asthma
and hypercapnia. Am J Crit Care. 2003;12:28-30.
Austan F. Heliox inhalation in status asthmaticus
and respiratory acidemia: a brief report. Heart Lung.
1996;25:155-7.

Carter LER, Webb CCR, Moffitt CDR. Evaluation
of heliox in children hospitalized with acute severe
asthma: a randomized crossover trial. Chest.
1996;109:1256-61.

Kim IK, Phrampus E, Venkataraman S, et al.
Helium/oxygen-driven albuterol nebulization in
the treatment of children with moderate to severe
asthma exacerbations: a randomized, controlled
trial. Pediatrics. 2005;116:1127-33.

Rivera ML, Kim TY, Stewart GM, Minasyan L,
Brown L. Albuterol nebulized in heliox in the ini-
tial ED treatment of pediatric asthma: a blinded,
randomized controlled trial. Am J Emerg Med.
2006;24:38-42.

Bigham MT, Jacobs BR, Monaco MA, et al. Helium/
oxygen-driven albuterol nebulization in the manage-
ment of children with status asthmaticus: a random-
ized, placebo-controlled trial. Pediatr Crit Care Med.
2010;11:356-61.

Rodrigo G, Rodrigo C, Pollack C, Rowe B. Helium-
oxygen mixtures for non-intubated acute asthma
patients. Cochrane Library. Issue 4. Oxford: Update
Software; 2001.

Leatherman JW, Romero RS, Shapiro RS. Lack of
Benefit of Heliox During Mechanical Ventilation of
Subjects With Severe Air-Flow Obstruction. Respir
Care. 2018;63:375-9.

Hashemian SM, Fallahian F. The use of heliox in
critical care. Int J Crit Illn Inj Sci. 2014;4:138.
Gainnier M, Forel J-M. Clinical review: use of
helium-oxygen in critically ill patients. Crit Care.
2006;10:241.

Shankar  V,  Churchwell KB, Deshpande
JK. Isoflurane therapy for severe refractory sta-
tus asthmaticus in children. Intensive Care Med.
2006;32:927-33.

Johnston RG, Noseworthy TW, Friesen EG,
Yule HA, Shustack A. Isoflurane therapy for sta-
tus asthmaticus in children and adults. Chest.
1990;97:698-701.

Otte RW, Fireman P. Isoflurane anesthesia for the
treatment of refractory status asthmaticus. Ann
Allergy. 1991;66:305-9.

Rice M, Hatherill M, Murdoch TA. Rapid response
to isoflurane in refractory status asthmaticus. Arch
Dis Child. 1998;78:395-6.



80

|. Federico Fernandez Nievas et al.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Carrie S, Anderson TA. Volatile anesthetics for
status asthmaticus in pediatric patients: a compre-
hensive review and case series. Paediatr Anaesth.
2015;25:460-7.

Arnold JH, Truog RD, Molengraft JA. Tolerance
to isoflurane during prolonged administration.
Anesthesiology. 1993;78:985-8.

Arnold JH, Truog RD, Rice SA. Prolonged
administration of isoflurane to pediatric patients
during mechanical ventilation. Anesth Analg.
1993;76:520-6.

Camargo CA Jr, Rachelefsky G, Schatz M. Managing
asthma exacerbations in the emergency department:
summary of the National Asthma Education and
Prevention Program Expert Panel Report 3 guide-
lines for the management of asthma exacerbations.
J Emerg Med. 2009;37:S6-S17.

Carroll CL, Zucker AR. The increased cost of
complications in children with status asthmaticus.
Pediatr Pulmonol. 2007;42:914-9.

Sarnaik AP, Daphtary KM, Meert KL, Lieh-Lai MW,
Heidemann SM. Pressure-controlled ventilation in
children with severe status asthmaticus. Pediatr Crit
Care Med. 2004:;5:133-8.

Nielsen KR, Ellington LE, Gray AJ, Stanberry LI,
Smith LS, DiBlasi RM. Effect of high-flow nasal
cannula on expiratory pressure and ventilation in
infant, pediatric, and adult models. Respir Care.
2018;63:147-57.

Coletti KD, Bagdure DN, Walker LK, Remy
KE, Custer JW. High-flow nasal cannula uti-
lization in pediatric critical care. Respir Care.
2017;62:1023-9.

Baudin F, Buisson A, Vanel B, Massenavette B,
Pouyau R, Javouhey E. Nasal high flow in manage-
ment of children with status asthmaticus: a retro-
spective observational study. Ann Intensive Care.
2017;7:55.

Powell CV. Acute severe asthma. J Paediatr Child
Health. 2016;52:187-91.

Mayordomo-Colunga J, Medina A, Rey C, et al.
Non-invasive ventilation in pediatric status asth-
maticus: a prospective observational study. Pediatr
Pulmonol. 2011;46:949-55.

Basnet S, Mander G, Andoh J, Klaska H, Verhulst
S, Koirala J. Safety, efficacy, and tolerability of
early initiation of noninvasive positive pressure
ventilation in pediatric patients admitted with status
asthmaticus: a pilot study. Pediatr Crit Care Med.
2012;13:393-8.

Gupta P, Tang X, Gossett JM, et al. Association of
center volume with outcomes in critically ill children
with acute asthma. Ann Allergy Asthma Immunol.
2014;113:42-7.

Silva Pde S, Barreto SS. Noninvasive ventilation in
status asthmaticus in children: levels of evidence.
Rev Bras Ter Intensiva. 2015;27:390-6.

Rehder KIJ. Adjunct therapies for refractory
status asthmaticus in children. Respir Care.
2017;62:849-65.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Malmstrom K, Kaila M, Korhonen K, et al.
Mechanical ventilation in children with severe
asthma. Pediatr Pulmonol. 2001;31:405-11.

Bratton SL, Odetola FO, McCollegan J, Cabana MD,
Levy FH, Keenan HT. Regional variation in ICU
care for pediatric patients with asthma. J Pediatr.
2005;147:355-61.

Bratton SL, Roberts JS. Variation in the use of
mechanical ventilation for asthma: how big a gap?
Pediatr Crit Care Med. 2007;8:186-7.

Carroll CL, Smith SR, Collins MS, Bhandari A,
Schramm CM, Zucker AR. Endotracheal intuba-
tion and pediatric status asthmaticus: site of origi-
nal care affects treatment. Pediatr Crit Care Med.
2007;8:91-5.

Tuxen DV, Lane S. The effects of ventilatory pat-
tern on hyperinflation, airway pressures, and cir-
culation in mechanical ventilation of patients with
severe air-flow obstruction. Am Rev Respir Dis.
1987;136:872-9.

Carroll CL, Sala KA. Pediatric status asthmaticus.
Crit Care Clin. 2013;29:153-66.

Cox RG, Barker GA, Bohn DJ. Efficacy, results,
and complications of mechanical ventilation in
children with status asthmaticus. Pediatr Pulmonol.
1991;11:120-6.

Dworkin G, Kattan M. Mechanical ventila-
tion for status asthmaticus in children. J Pediatr.
1989;114:545-9.

Leatherman J. Mechanical ventilation for severe
asthma. Chest. 2015;147:1671-80.

Zimmerman JL, Dellinger RP, Shah AN, Taylor
RW. Endotracheal intubation and mechani-
cal ventilation in severe asthma. Crit Care Med.
1993;21:1727-30.

Denmark TK, Crane HA, Brown L. Ketamine to
avoid mechanical ventilation in severe pediatric
asthma. J Emerg Med. 2006;30:163-6.

Rock MJ, Reyes de la Rocha S, L’'Hommedieu CS,
Truemper E. Use of ketamine in asthmatic children
to treat respiratory failure refractory to conventional
therapy. Crit Care Med. 1986;14:514-6.

Jat KR, Chawla D. Ketamine for management of
acute exacerbations of asthma in children. Cochrane
Database Syst Rev. 2012;11:CD009293.

Jones BP, Paul A. Management of acute asthma in
the pediatric patient: an evidence-based review.
Pediatr Emerg Med Pract. 2013;10:1-23.

deBacker J, Hart N, Fan E. Neuromuscular blockade
in the 21st century management of the critically ill
patient. Chest. 2017;151:697-706.

Tarquinio KM, Howell JD, Montgomery V, et al.
Current medication practice and tracheal intuba-
tion safety outcomes from a prospective multicenter
observational cohort study. Pediatr Crit Care Med.
2015;16:210-8.

Leatherman J. Life-threatening asthma. Clin Chest
Med. 1994;15:453-79.

Paret G, Kornecki A, Szeinberg A, et al. Severe acute
asthma in a community hospital pediatric intensive



4 Management of Status Asthmaticus in Critically Ill Children

81

126.

127.

128.

129.

130.

care unit: a ten years’ experience. Ann Allergy
Asthma Immunol. 1998;80:339-44.

Roberts JS, Bratton SL, Brogan TV. Acute severe
asthma: differences in therapies and outcomes
among pediatric intensive care units. Crit Care Med.
2002;30:581-5.

Deho A, Lutman D, Montgomery M, Petros A,
Ramnarayan P. Emergency management of children
with acute severe asthma requiring transfer to inten-
sive care. Emerg Med J. 2010;27:834-7.

Darioli R, Perret C. Mechanical controlled hypoven-
tilation in status asthmaticus. Am Rev Respir Dis.
1984;129:385-17.

Caramez MP, Borges JB, Tucci MR, et al. Paradoxical
responses to positive end-expiratory pressure in
patients with airway obstruction during controlled
ventilation. Crit Care Med. 2005;33:1519-28.

Qvist J, Andersen JB, Pemberton M, Bennike
KA. High-level PEEP in severe asthma. N Engl J
Med. 1982;307:1347-8.

131.

132.

133.

134.

135.

Tuxen DV. Detrimental effects of positive end-expi-
ratory pressure during controlled mechanical ven-
tilation of patients with severe airflow obstruction.
Am Rev Respir Dis. 1989;140:5-9.

Stewart TE, Slutsky AS. Occult, occult auto-PEEP in
status asthmaticus. Crit Care Med. 1996;24:379-80.
Banner MJ, Downs JB, Kirby RR, Smith RA,
Boysen PG, Lampotang S. Effects of expiratory flow
resistance on inspiratory work of breathing. Chest.
1988;93:795-9.

Reddy VG. Auto-PEEP: how to detect and how
to prevent — a review. Middle East J Anaesthesiol.
2005;18:293-312.

Briassoulis GC, Venkataraman ST, Vasilopoulos
AG, Sianidou LC, Papadatos JH. Air leaks from the
respiratory tract in mechanically ventilated children
with severe respiratory disease. Pediatr Pulmonol.
2000;29:127-34.



	4: Management of Status Asthmaticus in Critically Ill Children
	Introduction
	Pathophysiology: A Brief Précis
	Clinical Assessment
	Diagnostic Evaluation
	Fiberoptic Bronchoscopy
	Xenon Ventilation Computed Tomography
	Exhaled Nitric Oxide

	Pharmacological Management
	Inhaled β-Adrenergic Agonists
	Anticholinergic Agents
	Anti-inflammatory Drugs
	Magnesium
	Methylxanthine Drugs
	Intravenous Albuterol
	Intravenous Terbutaline

	Anesthetic and Other Gases
	Helium
	Isoflurane

	Respiratory Support
	Oxygen Therapy
	High-Flow Nasal Cannula (HFNC)
	Noninvasive Positive-Pressure Ventilation (NIPPV)
	Tracheal Intubation
	Mechanical Ventilation

	References


