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Status asthmaticus (SA) is a severe, refractory form of

asthma that can result in rapid respiratory deteriora-

tion and death. Treatment of SA with inhaled anes-

thetics is a potentially life-saving therapy, but

remarkably few data are available about its mechanism

of action or optimal administration. In this paper, we

will review the clinical use of inhaled anesthetics for

treatment of SA, the potential mechanisms by which

they dilate constricted airways, and the side effects

associated with their administration. We will also

introduce the concept of ‘targeted’ delivery of these

agents to the conducting airways, a process which may

maximize their therapeutic effects while minimizing

associated systemic side effects. Such a delivery regi-

men has the potential to define a rapidly translatable

treatment paradigm for this life-threatening disorder.

Introduction

Status asthmaticus (SA) is a severe, refractory exacerbation of

asthma that can result in rapid respiratory deterioration and

death. Inhaled volatile anesthetics, such as halothane, iso-

flurane, sevoflurane, and desflurane, are known to be potent
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bronchodilators, and have been used for several decades as

potentially life-saving therapy for the treatment of SA [1–6].

However, remarkably few data are available about its mechan-

ism of action or optimal administration. In this paper, we will

review the clinical use of inhaled anesthetics for treatment of

SA, the potential mechanisms by which they dilate con-

stricted airways, and the side effects associated with their

administration. We will also introduce the concept of ‘tar-

geted’ delivery of these agents to the anatomic deadspace,

which is the selective delivery to the conducting airways in

order to maximize their therapeutic effects while minimizing

their associated systemic side effects. We hypothesize that in

vivo inhaled anesthetics exert their bronchodilatory action

primarily through direct, diffusion-mediated mechanisms,

and that ‘targeted’, selective delivery to the conducting air-

ways will maximize therapeutic effect while minimizing

systemic side effects. We will then illustrate how anesthetic

delivery to a branching airway network may be further

refined and optimized using computational modeling.

Finally, we will present promising experimental results using

a prototype anesthetic delivery system in a canine model of

severe bronchoconstriction.
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Asthma and status asthmaticus

Asthma is a chronic disease characterized by a hyperrespon-

siveness of the airway smooth muscle (ASM). Exacerbations

may be provoked by a variety of stimuli such as allergens, cold

air, and exercise, resulting in airflow obstruction and

increased resistance. This leads to reduced ventilation relative

to perfusion [7,8]. The disease is distinguished by hypertro-

phy and inflammation of ASM and bronchial mucosa, which

may cause exacerbations of sustained bronchospasm [9]. Air-

way plugging may also be present due to increased mucus

production. For the patient with asthma, these pathophysio-

logic features result in increased energy expenditure to main-

tain adequate gas exchange.

Asthma produces heterogeneous constriction of the airway

tree, especially in smaller airways [10]. This corresponds to

increases in airway and parenchymal tissue resistance, as well

as lung elastance [11]. Studies utilizing positron emission

tomography (PET) and magnetic resonance imaging with

hyperpolarized gases have also demonstrated the presence

of so-called ‘ventilation defects’, suggesting that regions of

hypoventilation may be due to partial closure of large

bronchi [12–14]. By assuming that terminal airways are bi-

stable (i.e., existing as either fully opened or nearly closed

[15]), computational modeling studies have demonstrated

that small airway constriction may lead directly to partial

closure of large bronchi [14,16]. This ultimately results in a

positive feedback mechanism, by which ventilation defects

are clustered within specific regions. Interdependent effects,

in which tethered airways expand with surrounding parench-

yma, maintain positive transmural pressure across the airway

wall and keep airways open. However, this can create a

paradoxical feedback mechanism promoting airway closure

in large clusters [17]. This phenomenon was recently demon-

strated by Venegas et al. [14] using an imaged-based modeling

approach in which uniform smooth muscle activation with a

small imposed heterogeneity resulted in catastrophic closure

of large volumes of lung, with airway closure potentially

occurring at the level of the small bronchioles.

Asthma is particularly prevalent in children, and has exhib-

ited a steady increase over the past few decades [9,18]. Acute

exacerbations range from mild to severe, with the latter being

responsible for nearly half a million admissions to the pedia-

tric intensive care unit (PICU) each year [19–21]. Treatments

for severe acute exacerbations may include supplemental

oxygen to relieve hypoxia, short-acting b-agonists and/or

anticholinergics to alleviate airflow obstruction, and systemic

corticosteroids to decrease inflammation [22]. Status asthma-

ticus (SA) refers to a potentially lethal exacerbation of asthma

characterized by severe bronchoconstriction refractory to

such standard therapies. Failure to improve symptoms may

result in fulminant respiratory failure and death. Treatments

for SA may include intravenous administration of b-agonists,

magnesium sulfate, epinephrine, or corticosteroids [22].
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Endotracheal intubation and supportive mechanical ventila-

tion may be necessary, as well as inhaled helium–oxygen

(heliox) gas mixtures. Extracorporeal membrane oxygenation

(ECMO) has also been used in the most severe cases [9,23–25].

Bronchodilation with volatile anesthetics

As potent bronchodilators, inhaled volatile anesthetics are

important components in the armamentarium of the inten-

sivist who manages therapy of the critically ill asthmatic

patient. Treatment with inhaled anesthetics generally results

in improvement within 12 h, although such agents have also

been used for periods of several days in refractory cases [26–

30]. The exact mechanism of action by which these agents

relax airway smooth muscle is not completely understood

[31], and their routine clinical use is hampered by predictable

hemodynamic and sedative side effects [25]. These include

myocardial depression, arrhythmias, intrapulmonary shunt-

ing, and cerebral vasodilation [32], all of which may limit the

dose that can be administered or necessitate additional phar-

macologic treatment. Rarely volatile anesthetics may be a

trigger for malignant hyperthermia, and they have varying,

agent-specific potential for renal and hepatic toxicity

[4,26,33–35]. Withdrawal effects have been noted following

prolonged administration [26], and the possibility of long-

term neurotoxicity particularly in children has recently been

raised [36]. As sedative-hypnotics that promote muscle

relaxation and respiratory depression, their use in patients

without a secured airway imposes risk. In addition, admin-

istration requires either the use of an anesthesia machine

with limited ventilator capabilities, or the jury-rigging of an

administration system to an ICU ventilator [4], neither of

which is ideal. Moreover, the lack of any optimized devices

for delivering inhalation anesthetics to ICU patients has

resulted in a paucity of dose–response data. Several funda-

mental questions exist regarding their mechanism of action

and optimal administration [1].

Volatile anesthetics cause relaxation of airway smooth

muscle in vitro through various mechanisms that reduce

intracellular free calcium. These include inhibition of protein

kinase C, calcium release from sarcoplasmic reticulum, and

voltage-dependent calcium channels [37–39]. In vivo, such

mechanisms require that the anesthetic diffuse from lumen

through the airway wall to reach the smooth muscle layer

[40,41], as shown in Fig. 1. This process is mediated by the

relative partition coefficients for these agents, with a larger

ratio between airway smooth muscle and gas indicating a

greater likelihood of diffusion from airway lumen to ASM

[41]. Bronchial re-circulation also facilitates drug delivery to

poorly ventilated regions, as well as clearing bronchocon-

stricting substances [42–44] For example, b-agonists are effec-

tive whether they are administered intravenously or by

aerosol [45].
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Figure 1. Possible mechanisms by which inhaled anesthetics dilate

constricted airways: (A) direct action on airway smooth muscle by

diffusion from the airway lumen across the airway wall; (B) delivery

through the bronchial or pulmonary circulations, resulting in a systemic

distribution effect; and (C) central neurologic, neuroendocrine, or reflex

actions.
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(a) (b)Continuous Delivery Targeted Delivery

Figure 2. Illustrations of (A) continuous and (B) targeted delivery

methods for inhaled anesthetics (pink fill). Note that for targeted delivery,

systemic absorption of the agent into the pulmonary circulation is

assumed to be minimal.
In addition to direct relaxation effects on ASM, neurally

mediated effects may also be an important component of

anesthetic-induced bronchodilation. For example, in vivo

airway tone is modulated by a balance between parasympa-

thetic constriction, sympathetic dilation, and non-adrener-

gic non-cholinergic neural input [46–49]. Previous studies

indicate that inhaled anesthetics reduce vagal tone and

reflexes [50,51], as well as alter circulating catecholamines

and b receptor sensitivity [52]. Clinically relevant concentra-

tions of inhaled anesthetics can depress bronchoconstriction

produced by either nebulized acetylcholine or vagal nerve

stimulation [50].

To summarize, the possible mechanisms by which inhaled

anesthetics dilate constricted airways are: (1) direct action on

airway smooth muscle by diffusion from the airway lumen

across the airway wall; (2) systemic distribution via delivery

through the bronchial or pulmonary circulations; and (3)

central neurologic, neuroendocrine, or reflex actions. How-

ever if inhaled anesthetics work most effectively by direct

absorption from airway lumen through the airway walls, then

timed-delivery to target the conducting airways during

inspiration may have potential to maximize bronchodilation

while minimizing systemic effects. Moreover if airways are

heterogeneously constricted and are recruited in cascades

determined by interdependent effects, then the delivery of

bronchodilators to constricted regions may be further opti-

mized by their appropriately timed-delivery to constricted

regions, at different points of the inspired tidal volume. This

raises the obvious question as to whether sufficient amounts

of agent taken from airway lumen to smooth muscle will yield

an adequate bronchodilator effect, or whether systemic

absorption is necessary for a full therapeutic effect via deliv-

ery to under-ventilated regions.
Targeted anesthetic delivery

The process of gas transport in the lung occurs via a complex,

branching airway network that exponentially increases in

cross-sectional area in order to supply a massive exchanging

surface. Across this surface, oxygen passively diffuses into the

blood, while carbon dioxide is removed. At the end of

inspiration, the volume of gas in the conducting airways

does not contribute to ventilation, and thus is referred to

as the anatomic dead space. Delivery of volatile agents con-

tinuously throughout inspiration, as they are administered

during surgical procedures, results in drug uptake in the

alveoli as well as the conducting airways (Fig. 2A). By con-

trast, ‘targeted’ delivery of inhaled anesthetics to the dead

space offers a scheme for minimizing absorption of the drug

into the pulmonary circulation. This approach requires that

the concentrations of different gas species vary at different

time points of the inspiratory cycle. The concept of selective

delivery of an anesthetic to the anatomic deadspace is sche-

matized in Fig. 2B.

Such a concept is familiar to anesthesiologists using tradi-

tional ‘Mapleson’ style semi-open breathing circuits [53].

Similar passive systems have been employed to control PaCO2

in exercise testing [54]. The feasibility of such a delivery

regime has also been demonstrated using inhaled CO2 to

modulate ventilation-to-perfusion matching in anesthetized

canines [55]. Brogan et al. [55] added CO2 to the conducting

airways exclusively via manual injection late in the inspira-

tory cycle, and demonstrated that such a technique decreases

ventilation-to-perfusion heterogeneity, with minimal

changes in arterial pH. Active systems in which aerosols

[56] or nitric oxide [57] are injected at a specific point in

the breathing cycle have also been successfully used to

improve delivery to specific lung regions, or to maintain drug

concentration during changing airway flows.

Targeted anesthetic delivery also provides a means to

distinguish between systemic versus direct bronchodilator

effects of an agent, while characterizing the extent to which
www.drugdiscoverytoday.com 45
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inhaled anesthetics diffuse across the airway wall. If volatile

anesthetics exert their bronchodilator effects primarily

through direct local action on ASM, then selective delivery

to the anatomic dead space may be an alternative therapy by

which an appropriate balance between bronchodilation and

undesirable systemic side effects may be achieved. Moreover

if severe bronchoconstriction resolves in patchy serial

cascades or avalanches that spread with the assistance of

mechanical regional interdependence effects [14,58], then

targeted anesthetic delivery has implications for optimal

drug administration. Specifically, airway constriction in a
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Figure 3. (A) Computational model used to simulate the administration of vola

consisted of a 10 generation airway tree of cylindrical tubes, terminating in hom

diameters [65] were assigned and normalized to achieve an anatomic dead spa

reducing all diameters by 30%, or (2) heterogeneously by stochastically reducing a

was deposited directly onto airway luminal surfaces to elicit dose-dependent AS

poorly ventilated regions, prior to emptying into the pulmonary circulation, which

simulated via a 5-compartment model to predict local anesthetic concentrations in

a tidal volume of 350 mL, with constant inspiratory flow and passive exhalation

either: (1) continuously throughout inspiration; or (2) only during the last port

calculations, particle transport and deposition, and receptor binding kinetics we

resistance and anatomic deadspace for homogeneous and heterogeneous mod

delivery modes.
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symmetric airway tree will lead to asymmetric redistribution

of flow, with tidal volume preferentially distributed to less

constricted regions [14,59]. Under such conditions, lung

recruitment may occur in cascades of large clusters [58].

The delivery of bronchodilators to already well-ventilated

regions has the potential to exacerbate ventilation hetero-

geneity, by reducing the interdependent expansion of con-

stricted areas [14]. However the effects heterogeneous airway

constriction on inhaled drug deposition during targeting

anesthetic delivery can be explored using computational

modeling, as detailed below.
Drug Discovery Today: Disease Models
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Examples of targeted anesthetic delivery

In a previous computational modeling study, Amin et al. [60]

demonstrated how an inhaled agonist may be distributed

throughout a heterogeneously constricted airway tree, and

the implications of such convective transport on ASM activa-

tion. Under similar conditions, we compared continuous and

targeted delivery of isoflurane during simulated mechanical

ventilation of a computational model of the canine lung. The

model consisted of a 10 generation airway tree, terminating

in 1024 homogeneous parenchymal elastic units and gas

volumes. Oxygenated blood was delivered to the airway

segments and other tissues using the compartmental model

presented by Vinegar [61]. Deoxygenated bronchial blood

flow emptied into the pulmonary circulation which, after

leaving the lungs, perfused various terminal tissue compart-

ments (Fig. 3A). Homogenous constriction was then simu-

lated by equivalently reducing all airway diameters by 30%,

whereas heterogeneous constriction was imposed by stochas-

tically reducing diameters by 25–35%. After constriction was

established, the anesthetic was deposited directly onto the

airway luminal surface, which elicited dose-dependent ASM

relaxation. Perfusion via bronchial circulation allowed the

anesthetic to reach poorly ventilated regions. Blood flow

throughout the rest of the tissues was simulated via a

closed-compartment model to predict anesthetic concentra-

tions in various organs over time [61]. Airway flow, particle

transport and deposition, and receptor binding kinetics were

all simulated using the previous model of Amin et al. [60].

Fig. 3B shows example tracings of lung resistance and anatomic

dead space versus time for these various conditions during

mechanical ventilation. As these simulations demonstrate,
Drug Discovery Today: Disease Models
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Figure 4. Targeted delivery of anesthesia is achieved by controlling the

serial composition of the inspired gas. In Phase I, fresh gas (green) travels

directly to the patient through the lower bypass sub-limb. In Phase II, gas is

diverted across a drawover vaporizer (pink) to deliver the volatile

anesthetic agent at the end of inspiration.
targeted delivery achieves a greater degree of bronchodilation

compared to continuous delivery for equal within-breath

doses of isoflurane. This is due to the fact that during targeted

delivery, more drug deposits directly onto the airway surface,

as opposed to bypassing this diffusive route and being absorbed

directly into the pulmonary circulation. Targeted delivery of

anesthetic to this model also predicts slightly greater increase

in anatomic deadspace compared to continuous delivery,

although the absolute difference was minimal.

Experimentally, targeted delivery of a volatile anesthetic

may be achieved using a delivery system similar to that

shown in Fig. 4. The system consists of a computer-actuated

ventilator circuit designed to divert a portion of inspired

volume either through: (1) an anesthetic drawover vaporizer

[62], or (2) a bypass limb. For targeted delivery of the anes-

thetic, only the last portion of the inspired volume is diverted

through the vaporizer, with a volume equivalent to the

anatomic deadspace. For a continuous delivery, the entire

inspired volume of gas is diverted across the anesthetic

vaporizer. Using this system, we measured lung resistance

(RL), elastance (EL), and anatomic deadspace (VD) during

targeted and continuous delivery of isoflurane in a healthy,

intubated dog during pharmacologically induced broncho-

constriction.1 The RL and EL were obtained using multiple

linear regression on sampled airway flow and transpulmonary

pressure waveforms during mechanical ventilation [63],

while VD was estimated using the technique of volume cap-

nography [64]. Fig. 5 demonstrates that both RL and EL

increase compared to baseline conditions with bronchocon-

striction, and VD decreases. Following targeted and contin-

uous delivery of isoflurane, both RL and EL were reduced

compared to the constricted state, while VD increased. These

data demonstrate that both anesthetic delivery regimens

achieve bronchodilation of constricted airways, although

continuous delivery appeared to achieve greater dilation

compared to targeted delivery. This may be due to systemic

circulation of drug and/or neurally mediated effects. None-

theless significant bronchochodilation was achieved with

targeted delivery, as indicted by decreases in RL and increases

in VD compared to the bronchoconstricted state. This sug-

gests that one important mechanism by which inhaled vola-

tile anesthetics work is via direct diffusion from the airway

lumen to ASM. Additional studies will be required to deter-

mine whether such targeted delivery may be further refined
1 Subject was a healthy, intubated 25 kg canine, with general anesthesia maintained by
continuous intravenous infusion of midazolam (0.25 mg kg�1 h�1) and fentanyl (2–
5 mg kg�1 h�1). Neuromuscular blockade was obtained using intermittent 1–2 mg boluses
of vecuronium. Ventilation was maintained using volume-cycled ventilation (Impact Instru-
mentation, Inc., Model 754 EagleTM). Airway flow was measured with a pneumotachograph,
and transpulmonary pressure was obtained as the difference between tracheal pressure
and esophageal pressure. Bronchoconstriction was induced with a continuous intravenous
infusion of methacholine (200 mg min�1) Additional experimental details can be found in
Kaczka et al. [63]. Experiment was conducted in the Animal Research Facility at Beth Israel
Deaconess Medical Center. The protocol (#048-2012) was approved by the Institutional
Animal Care and Use Committee to ensure humane treatment during the course of the
study.
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Figure 5. Lung resistance (RL), elastance (EL), and anatomic deadspace (VD) for a healthy, intubated 25 kg dog during mechanical ventilation. Data are

expressed as means � S.D. of 15–20 breaths, obtained under: (1) baseline conditions; (2) following 10 min of intravenous methacholine infusion

(200 mg min�1) to cause bronchoconstriction; (3) 10 min of targeted isoflurane delivery; and (4) 10 min of continuous isoflurane delivery. Statistical

significance was assessed via one-way analysis of variance (ANOVA), with post hoc comparisons obtained using the Tukey HSD criterion. Significance level

was P � 0.05. *Significantly different compared to all other conditions. §Significantly different compared to baseline condition. ySignificantly different

compared to bronchoconstriction condition. zSignificantly different compared to targeted delivery condition.
for a more optimal delivery pattern; for example, by adjusting

the delivered volume of anesthetic in real-time according to

breath-by-breath estimation of VD.

Conclusions

We anticipate that targeted delivery of inhaled volatile anes-

thetics to constricted airways can be optimized for patients

with severe bronchoconstriction. If clinically significant

bronchodilation can be achieved by direct absorption of

the anesthetic through the airway walls, then timed-delivery

later in inspiration may have the additional advantage of

mitigating systemic effects. If airways are heterogeneously

constricted and are recruited in cascades determined by

interdependent effects, then the delivery of bronchodilators

may be further optimized by targeted delivery of the agent to

parallel lung regions with different degrees of bronchocon-

striction. Additional challenges to selective delivery of anes-

thetics to conducting airways will include gas mixing at the

interface of alveolar gas, as well as parallel heterogeneity of

ventilation distribution which may result in short time con-

stant regions receiving agent intended for conducting air-

ways. Fundamental questions remain as to whether there can

be sufficient direct uptake of agent through airway walls to

attain an effect, or whether systemic absorption is necessary

for a full therapeutic effect. Nonetheless, such an optimized

delivery regime for inhaled anesthetics would provide a

breakthrough treatment paradigm for status asthmaticus,
48 www.drugdiscoverytoday.com
and may result in more widespread clinical use of these

agents.
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