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KEY POINTS

� The definition of severe asthma is still a work in progress.

� The severity of asthma is predictive of higher health care utilization.

� Cluster analysis is useful in characterizing severe asthma phenotypes.

� Airway hyperresponsiveness in severe asthma is a result of abnormal airflow, lung recoil,
ventilation, and gas trapping.

� Patients with severe asthma may have a reduced perception of dyspnea.
INTRODUCTION

Severe asthma is a characterized by a complex set of clinical, demographic, and
physiologic features. In this article, we review both the epidemiology and pulmonary
physiology associated with severe asthma.
DEMOGRAPHICS OF SEVERE ASTHMA

Asthma has long been recognized as a worldwide noncommunicable disease of
importance. Within the population of individuals with asthma, there is a subgroup of
individuals at high risk for complications, exacerbations, and a poor quality of life.
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These individuals are classified with severe asthma and they account for 5% to 15% of
individuals with asthma in the United States and the world.1,2 Severe asthma, as
defined by the American Thoracic Society and European Respiratory Society (ATS/
ERS) clinical practice guidelines, is asthma requiring treatment with high-dose inhaled
corticosteroids (ICS) and a second controller during the prior year, and/or oral steroids
for at least half of the prior year to prevent symptoms from becoming uncontrolled.1

Severe asthma also can be described as uncontrolled despite reliance on ICS or
frequent oral steroid use.3 Most of these population numbers are based on question-
naires investigating reported symptoms, particularly the presence of wheezing to
assess global asthma burden. Wheezing notoriously overdiagnoses asthma, so may
create a slightly higher prevalence than the population truly represents. According
to information from the Centers for Disease Control and Prevention (CDC) and Envi-
ronmental Protection Agency, in 2011, there were 25.9 million individuals in the United
States, including 7.1 million children, diagnosed with asthma.4 In a similar effort in
2013, the CDC found asthma prevalence of 7.3% in America with 8.3% prevalence
in children and 7% prevalence in adults. In the black population in the United States
there was an almost 50% increase in asthma diagnoses over the past 10 years. Epide-
miologic research is ongoing to investigate environmental and social influences on
race patterns in asthma prevalence.5 Evidence also shows that although poverty level
does not significantly affect the frequency of asthma attacks among children, adults
with incomes less than 250% of the federal poverty level were more likely to report
asthma attacks than those with incomes over 450% of the poverty level.6 Asthma
also accounts for a significant number of deaths both in the United States and world-
wide. In 2007 alone, there were 3447 deaths in the United States attributed to
asthma.7 Data collected in 2010 as part of the National Hospital Ambulatory Medical
Care Survey identified asthma exacerbations as the primary visit diagnosis for more
than 15 million office visits and outpatient medical center visits along with 2 million
emergency department (ED) visits.8

In The Epidemiology and Natural history of asthma: Outcomes and treatment Reg-
imens (TENOR) cohort of patients with severe asthma, gender was distributed differ-
ently between older and younger populations.9 For the adult patients, 71% were
women compared with 43% of adolescents and 34% of children. This is similar to
the findings of Zein and colleagues,2 who observed that after adolescence there is
a shift from male-predominant severe asthma to female.
COHORT CHARACTERISTICS OF SEVERE ASTHMA

Over the past 20 years, there have been large cohorts constructed to observe trends in
therapies and patient outcomes related to asthma. These were created to better un-
derstand high-risk individuals and what traits may contribute to more severe asthma
or difficult to control asthma. The 2 largest studies in the United States are the previ-
ously mentioned TENOR cohort,9 and the Severe Asthma Research Program
(SARP).10 In both studies, most patients were enrolled by specialists rather than by
identifying asthma based on questionnaires completed by the patient.
The TENOR cohort demonstrated that the presence of a recent exacerbation within

3 months of introduction to the study was the strongest predictor of future asthma
exacerbation in individuals older than 12.9 This remained high when adjusted for pa-
tient demographics. Recent exacerbation was defined as an ED visit or overnight hos-
pitalization. Increased risk also remained significant if patients required oral
corticosteroids in the 3 months preceding baseline evaluation (Box 1). Other factors
suggesting high risk included prior pneumonia, intubation, and postbronchodilator



Box 1

Predictors of asthma severity as demonstrated in Severe Asthma Research Program (SARP) and

The Epidemiology and Natural history of asthma: Outcomes and treatment Regimens (TENOR)

cohorts

� Emergency visit or hospital stay within prior 3 months

� Use of oral corticosteroids within prior 3 months

� Prior pneumonia or intubation

� Postbronchodilator forced vital capacity (FVC) less than 70% predicted

� Prebronchodilator FEV1 diminished

� Lower than normal level of blood basophils

� Asthma symptoms with routine physical activity

� Fewer number of positive skin tests

Children

� Nonwhite

� More than 3 allergic triggers
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forced vital capacity (FVC) less than 70% predicted. Additional predictors of exacer-
bations in children included nonwhite ethnicity and presence of more than 3 allergic
triggers.11

In adults older than 65, the older patients had lower health care utilization, better re-
ported quality of life, and fewer control issues despite the presence of worse lung
function when compared with those younger than 65. In this study, it was unclear if
this was related to better compliance and more extensive medication regimens. Over-
all, the severe asthma classification primarily included adults older than 18 years,
those with weight gain over time, black race, persistent airflow limitation, and
aspirin-sensitive asthma.9

The SARP cohort was created after the 2000 National Heart, Lung, and Blood Insti-
tute workshop on severe asthma to investigate characteristics of those with severe
asthma and create more succinct diagnostic criteria.10 This study enrolled patients
from major sites in the United States and from 1 European site. The analysis of this
cohort revealed various patterns based on objective (pulmonary function, skin prick
testing, and immunoglobulin [Ig]E levels) and self-reported questionnaire assess-
ments. The characteristics that independently increased the likelihood of having se-
vere asthma were the presence of diminished prebronchodilator forced expiratory
volume in 1 second (FEV1), which carried a 36% increase in likelihood of severe
asthma with every 5% decrease in percent predicted FEV1, history of pneumonia,
lower number of blood basophils, asthma symptoms during routine physical activity,
and lower numbers of positive skin allergy tests. In the population younger than
12 years old included in SARP, the duration of asthma, baseline lung function, and
the number of controller medications required were most consistently predictive of
the asthma phenotype.12

The most frequently reported symptoms among the severe asthma group in the
SARP cohort were cough and shortness of breath. This cohort did show that daily
cough, chest tightness, and nighttime symptoms were associated with higher health
care utilization, suggesting greater impact on individuals’ lives than those with
different symptoms.10
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FINANCIAL IMPACT

Severe asthma accounts for a greater proportion of costs and health care utilization
compared with controlled asthma. The TENOR data demonstrated that costs increase
directly with number of control issues.13 This mimics a prospective study done in 1996
in France for 1 year following costs related to asthma and severity of asthma.14 In the
3 months before enrollment in TENOR cohort, 10% of individuals had at least 1 hos-
pitalization or ED visit for asthma for adults, adolescents, and children. Also reported
was 50% of adults and 40% of adolescents had oral corticosteroid bursts and un-
planned primary care appointments in that time frame for asthma symptoms. High-
dose ICS were used in 56% of children and 26% of adolescents at onset of this study.
There were consistently high rates of reliance on the health care system despite use of
high-dose ICS in these patients. In the TENOR cohort, 53% of adults and 44% of ad-
olescents who were on long-term controllers required oral corticosteroid (OCS) bursts
in the 3 months before study initiation.11 In this same cohort, patients with controlled
asthma had fewer work and school absences, and asthma costs increased directly
with number of control problems. In the TENOR group, the average cost throughout
the 3-year study for uncontrolled asthma was $14,212 compared with $6452 for
controlled asthma per patient.11 Additionally, according to the CDC, asthma
accounted for $56 billion in medical costs including lost school and work days, and
early death in 2007; $50 billion of that was accounted for by direct medical costs.
Over the span of 2002 to 2007, cost was estimated at $3300 per person per year in
health care expenses.7

DISEASE HETEROGENEITY OF SEVERE ASTHMA

Asthma is a heterogeneous disease with many potential targets for improvement in
control. One set of variables related to severity and control involves environment
and exposures. Sheehan and Phipatankul15 completed a review looking at asthma
control and environmental factors. This review showed that children with comorbid se-
vere allergic rhinitis were more likely to have uncontrolled asthma. Additionally, this re-
view highlighted the growing argument that exposure and sensitization to mouse
allergen is more predictive of severe asthma than cockroach antigen.16 It is also inter-
esting to note that although the public limitation of tobacco use has translated to some
decreases in childhood hospitalizations related to tobacco exposure, there is also a
trend toward increased indoor pollutants as homes become more insulated to pro-
mote energy efficiency.15 Otherwise, tobacco use and exposure are related to more
severe symptoms and worse control along with diminished response to ICS.15 Addi-
tional trends shown to be associated with more severe asthma include smoking and
second-hand smoke exposure. It is found that those with severe sinus disease,
gastroesophageal reflux disease, and obstructive sleep apnea also have a tendency
to experience more severe asthma exacerbations. Adults with sensitization to asper-
gillus have an association with more severe asthma onset as adults.1

Because of the heterogeneity across this disease category, clusters of similar char-
acteristics are becoming identified as more descriptive phenotypes to guide manage-
ment. This may prove to be more helpful in guiding therapy than classification based
on level of control alone. From the SARP data set, 5 clusters of asthma were identified
as having similar characteristics.17 The first 2 clusters involved individuals with atopic
asthma. Atopic or eosinophilic asthma is currently one of the most commonly recog-
nized asthma phenotypes. As many as 50% to 60% of asthma cases can be attributed
to atopy.18 IgE mediates the allergic response in asthma, and individuals with asthma
have higher levels of IgE than their counterparts without asthma. In the TENOR cohort,



Epidemiology and Pulmonary Physiology of Asthma 429
IgE levels were found to be higher in men compared with women and in children and
adolescents compared with adults and correlated to severity of asthma in younger in-
dividuals.11 IgE levels were also higher in smokers compared with former or never
smokers and adults with childhood-onset asthma compared with the adult-onset
asthma population. IgE levels were also higher in nonwhite individuals compared
with white individuals. When corrected for education level only, there remained a sig-
nificant difference in IgE levels between black and nonblack groups. Among African
American participants in SARP, there was an increase in number of mast cells with
higher IgE levels bound to these mast cells.19 Atopic asthma was divided into younger,
mostly female individuals with childhood-onset atopic asthma and normal lung func-
tion and older subjects, 66% of whom were women with primarily childhood-onset,
atopic asthma. In the older subjects there is a trend of predominantly normal prebron-
chodilator lung function or lung function that had reversed to normal over the course of
the study period. These individuals relied more onmedications than the group younger
at diagnosis.17 This phenotype was also described by Haldar and colleagues20 in a
subset of individuals with refractory asthma and poor medication compliance. The
early-onset atopic group in this descriptive study also required high doses of cortico-
steroid therapy similar to the SARP cluster 2.
The third SARP cluster of individuals was predominantly female, older age, and

obese, with a body mass index (BMI) higher than 30 kg/m2. These individuals had
late-onset asthma and were less likely to be atopic. Although they have shorter dura-
tion of their asthma history, they were more likely to have diminished pulmonary func-
tion at baseline.17 This phenotype has been an increasingly important focus of
research and characterized elsewhere. These individuals tend to have worse control,
poor response to controller medication, and disease complicated by presence of
obesity-related comorbidities and metabolic issues.21 Obesity-related asthma has
also been described to have decreased airway inflammation suggesting adipokines
play a role in mediating disease.22 The exact mechanism of how obesity influences
asthma remains unclear but is an important research area.
An additional cluster consisted of individuals with a long duration of disease and a

severe reduction in baseline pulmonary function. This was divided into 2 groups
based on ability to reverse lung function after bronchodilator, as well as different de-
grees of atopy and age of onset of disease. Nearly half also required 3 or more OCS
bursts over the prior year, with 70% of this cohort having some aspect of daily symp-
toms and poor quality of life.17 Additionally, in the TENOR cohort, it was observed
that black patients had a higher frequency of ED visits and more problems with
asthma control. There was also a pattern of worse quality of life and more reliance
on 3 or more control medications. This did not change statistically when adjusted
for socioeconomics, disease severity, BMI, allergen sensitivity, or medication adher-
ence. This suggests there is a genetic component trending data this way. As of yet,
the exact mechanism remains unclear, but IgE levels and TH2-related alleles are both
areas of investigation.9,23
PULMONARY PHYSIOLOGY OF SEVERE ASTHMA

Severe asthma includes asthma phenotypes of a wide variety. Although much has
been learned about severe asthma from studying large cohorts of patients, we also
need to investigate the pathophysiology of severe asthma to help discriminate among
the various phenotypes and better understand and address this large public health
issue. These physiologic abnormalities can be categorized as alterations in airflow,
airway resistance, lung recoil, gas trapping, ventilation heterogeneity, airway
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hyperresponsiveness, and perception of dyspnea (Fig. 1). In the following sections we
examine each of these areas as they relate to severe asthma.

AIRFLOW

The most important hallmark of the physiologic definition of asthma is variable and
reversible airflow limitation. Of all the pulmonary function tests, FEV1 is the most reli-
able indicator of the severity of airflow limitation, but it correlates poorly with severity of
disease.24 Although asthma is characterized as severe when FEV1 is less than 60%
predicted,25 other criteria can define severe asthma even with normal lung func-
tion.10,26 Patients with severe asthmamay have incomplete or poorly reversible airflow
limitation,27 and reversibility does not appear to influence survival.28 When reversibility
does occur, it appears to be due mainly to an increase in FVC, suggesting a reduction
in gas trapping.29 A recent study has shown that gas trapping (elevated residual vol-
ume/total lung capacity (RV/TLC)) was present in 48% of patients with poorly
controlled asthma.30 Severe asthma is also characterized by reduced fluctuations in
low lung function (peak flow), suggesting less ability of the airway tree to respond to
therapy.31 Patients with severe asthma have accelerated loss of lung function over
time compared with patients with mild to moderate asthma and healthy controls,
which is related to increased airway wall thickness by computed tomography (CT)
imaging.32
Fig. 1. Physiologic abnormalities in severe asthma. Multiple physiologic abnormalities occur
in severe asthma. Like all asthma, severe asthma is characterized by airflow limitation that
may be reversible. Airflow limitation is caused by variable contributions of increased airway
resistance and reduced lung elastic recoil. In addition, airway narrowing results in ventila-
tion heterogeneity throughout the lung, which may become extreme and result in airway
closure with consequent gas trapping. All of these factors may contribute to the develop-
ment of airway hyperresponsiveness. In addition, patients with severe asthma or poorly
controlled asthma that have had near fatal events also have a reduced perception of dys-
pnea, making it extremely dangerous for them to develop severe lung dysfunction without
sufficient awareness in time to seek medical care.
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AIRWAY RESISTANCE

The fundamental mechanisms behind airflow limitation are loss of elastic recoil and
increased airway resistance upstream from the equal pressure point that occurs dur-
ing forced expiration.33,34 Airway resistance (Raw) is increased by any process that
narrows the airway lumen, which may include airway smooth muscle constriction,
airway wall thickening, luminal mucus and inflammation, and loss of elastic recoil.
Raw is usually measured clinically during body plethysmography; however,

measuring overall Raw may not detect subtle abnormalities in the lung periphery,
where the total cross-sectional area of the airways is so large that this area only con-
tributes approximately 10% of total airway resistance.35 One method that may yield
insight into this “silent zone” is the forced oscillation technique (FOT), which, because
it probes the lung across different frequencies of imposed airflow, is able to differen-
tiate proximal from distal contributions to lung mechanics and measure the contribu-
tions to lung impedance by resistance and reactance.36

The FOT has revealed that small airway dysfunction plays a crucial role in the path-
ophysiology of severe asthma.26,37 For example, Lutchen and colleagues38 showed
that the response to methacholine in asthma results in a heterogeneous constriction
pattern, which derives from airway closure that is poorly responsive to deep inflation.
Alfieri and colleagues39 evaluated the response to methacholine in patients with
asthma by using FEV1 and FOT. Small airway dysfunction by FOT was more associ-
ated with excessive bronchoconstriction (fall in FVC), than with sensitivity to metha-
choline (fall in FEV1), implicating small airway closure in the response. Shi and
colleagues40 showed that indexes of peripheral airway dysfunction by FOT are more
common in children with poor asthma control, and may predict loss of control. In
adults, asthma control is associated with changes in lung reactance, reflecting resid-
ual peripheral airway dysfunction related to ventilation heterogeneity, airway closure,
and gas trapping.41

LOSS OF ELASTIC RECOIL

In addition to increased Raw, airflow limitation may also be due to loss of elastic recoil.
This has usually been associated with emphysema, but the loss of lung recoil has been
noted in previous studies of patients with asthma.42,43 Typically, the pressure-volume
curve of the lung in individuals with asthma is shifted up, but has a normal slope,
reflecting that the elastic properties of the lung are normal.43 Yet some studies have
shown that patients with asthma have a loss of elastic recoil when compared with
healthy subjects.44 This is in the absence of any abnormalities by CT imaging or
diffusing capacity of the lung for carbon monoxide (DLCO) to suggest the presence
of emphysema, and has been dubbed “pseudophysiologic emphysema.”42 The
mechanism for the loss of recoil is unknown, but recently autopsy examination has
revealed mild centrilobular emphysema not apparent by CT.45 Loss of recoil would
have profound consequences for airway narrowing, as the loss of interdependence
between airways and parenchyma would allow excessive airway narrowing during
bronchoconstriction.44 This has been seen in near-fatal asthma44 and in patients
with asthma–chronic obstructive pulmonary disease overlap syndrome.45 The mech-
anism of the loss of interdependence is unknown, but may be due to peribronchial
inflammation,46 remodeling of the outer airway wall,47 or loss of surrounding alveolar
attachments,48 all of which may uncouple the airway wall from the tethering forces of
the lung tissue and allow unopposed airway narrowing or closure.
Another interesting aspect of lung function in asthma related to lung recoil is the

response to deep inhalation. Healthy subjects and individuals with asthma exposed
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to an acute bronchoconstricting stimulus typically bronchodilate in response to a deep
breath.37 However, in spontaneous obstruction of patients with asthma, a deep breath
results in bronchoconstriction.37 The mechanisms involved in these effects are un-
clear, but may relate to relative hysteresis of airway and lung parenchyma, airway
smooth muscle contractile properties, and altered forces of interdependence.49 The
ability to bronchodilate in response to a deep breath is less with increasing severity
of asthma,50 and failure of a deep breath to protect against bronchoconstriction is
associated with airways hyperresponsiveness.51 The failure to bronchodilate in
response to a deep breath may be a fundamental defect in severe asthma that inhibits
the ability of deep breaths to defend against severe airway narrowing.52

GAS TRAPPING

In addition to the FEV1 being a key indicator of airflow limitation, the FVC also is impor-
tant in asthma. First, because the FVC is measured during a forced expiration, it may
be reduced by gas compression and early airway closure. In severe asthma, Wenzel
and colleagues53 showed that there is a reduced FVC/slow vital capacity (SVC) ratio in
a group of individuals with severe asthma with persistent eosinophilia who were at
higher risk for near-fatal events, suggesting a higher propensity to airway closure dur-
ing forced expiration. Gibbons and colleagues54 described how falls in FVC following
methacholine reflect excessive bronchoconstriction, reflecting extreme airway nar-
rowing or airway closure in the lung periphery. Sorkness and colleagues29 further
developed this concept, evaluating the FVC as a surrogate for gas trapping, and the
FEV1/FVC ratio as a marker of airflow limitation in individuals with severe and nonse-
vere asthma. They found that compared with individuals with nonsevere asthma, indi-
viduals with severe asthma had lower FEV1, lower FVC, and higher RV/TLC, even if no
airflow limitation was seen on spirometry, reflecting a higher degree of gas trapping in
the severe asthma group. Using the single breath nitrogen washout technique, airway
closure has been shown to be associated with recurrent exacerbations in severe
asthma.55 In addition, airtrapping on CT imaging is also associated with severity of
asthma, asthma-related hospitalizations, and need for mechanical ventilation among
patients with severe asthma.56

In addition to an elevated RV/TLC and consequent lower FVC, patients with severe
asthma may have an elevated functional residual capacity (FRC),30 which may be due,
in part, to gas trapping. In addition, as FRC relates directly to the balance of recoil
forces between lung and chest wall, the mechanism may also relate to a prolonged
respiratory system time constant from increased airway resistance, with a consequent
reduction in the time available for the lungs to empty.57 There is also evidence for
increased inspiratory muscle activity during expiration, resulting in a higher FRC
that allows for tidal breathing at a lower airway resistance.57,58

VENTILATION HETEROGENEITY

Ventilation heterogeneity refers to the unevenness of ventilation seen by gas distribu-
tion tests, frequency dependence of resistance or reactance by the FOT, and by im-
aging studies. Ventilation heterogeneity likely contributes to severe asthma because
of the increased work of breathing expected, the derangements in gas exchange,
and its association with airway hyperresponsiveness (AHR).59,60 Increased ventilation
heterogeneity, as reflected by an elevated Phase III slope during a single breath nitro-
gen washout, is seen in patients with poorly controlled asthma.61 Studies performing
multiple breath nitrogen washout (MBNW) have revealed that severe asthma is char-
acterized by ventilation heterogeneity in the lung periphery measured by abnormalities
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in the convection (conducting airways) and diffusion-dependent (acinar airways) com-
ponents of the Phase III slope. In severe asthma, Thompson and colleagues62 found
that FEV1 correlated with acinar ventilation heterogeneity. However, neither acinar
nor conductive ventilation heterogeneity was associated with gas trapping, which
the investigators hypothesized was therefore due to widespread airway closure in
many parts of the lung. Similarly, Farah and colleagues63 showed that poor asthma
control is associated with small airways disease by MBNW and treatment with ICS im-
proves these abnormalities and asthma control.
Imaging studies also evaluate ventilation heterogeneity in the lung. Xenon ventilation

CT and hyperpolarized xenon or helium lung MRI ventilation are 2 techniques that can
be used to quantify ventilation heterogeneity. For example, Samee and colleagues64

and Altes and colleagues65 showed that patients with severe asthma have more venti-
lation defects, as seen by hyperpolarized MRI. In an elegant correlative study, Gonem
and colleagues66 demonstrated that acinar ventilation heterogeneity by MBNW corre-
sponds to acinar ventilation defects by hyperpolarized MRI and airtrapping by CT,
especially in individuals with severe asthma.
AIRWAY HYPERRESPONSIVENESS AND PERCEPTION OF DYSPNEA

Perhaps the most important physiologic characteristic of asthma is AHR, which de-
velops as a consequence of multiple mechanisms.67 Because severe asthma is asso-
ciated with these mechanisms, including reduced FEV1, increased airway resistance,
loss of recoil, gas trapping, and airway closure, it is no surprise that patients with se-
vere asthma tend to have more AHR,68 although the relationship between severity of
AHR and asthma is variable.69

There is a subgroup of patients with severe asthma with marked AHR who are at
greater risk of fatal bronchoconstriction. This group has been described as brittle
asthma, and is often constituted by highly atopic, young, female patients with a pre-
dominant neutrophilic response, in whom symptoms appear to develop suddenly in
a matter of hours.70 Another group of patients with near-fatal asthma is characterized
by a predominant eosinophilic inflammatory response that develops over days. This
group, which constitutes 80% to 85% of patients with severe asthma, appears to
have a decreased perception of dyspnea.71 Kikuchi and colleagues72 showed that pa-
tients with a history of near-fatal asthma had a decreased perception of dyspnea to
both resistive loaded breathing and to hypoxia. Magadle and colleagues73 demon-
strated that patients with asthma with a low perception of dyspnea were older,
more often women with a longer duration of asthma, had low daily use of B2 agonist,
and more ED visits, admissions to hospital, and death. To date, different mechanisms
have been proposed for poor perception, either genetic or acquired, such as adapta-
tion to chronic hypoxic states and blunted respiratory response to hypoxemia.70,72–74

The FOT has also been used to explore the relationship between mechanical lung
impedance and the sensation of dyspnea in response to bronchial provocation. A
study performed by Antonelli and colleagues75 revealed that dyspnea to methacholine
had 2 distinctive patterns depending on the level of bronchoconstriction. With mild
bronchoconstriction, dyspnea was associated with measures of airway narrowing
and loss of bronchodilation to deep breath, whereas with moderate to severe bron-
choconstriction, it was related to ventilation heterogeneity and lung volume recruit-
ment. These responses perhaps suggest a more proximal effect of mild
bronchoconstriction, and a more peripheral effect of moderate to severe bronchocon-
striction. In support of this, Van der Wiel and colleagues76 showed that small airways
dysfunction, as assessed by FOT, was associated with an increase in dyspnea during
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methacholine challenge, and with the severity of bronchoconstriction as assessed by
the dose response slope.

SUMMARY

Asthma involves multiple abnormalities in the physiologic function of the lung. It ap-
pears that severe asthma is particularly characterized by changes in the lung periphery
that result in increased airway closure and gas trapping, loss of airway parenchymal
interdependence, and increased ventilation heterogeneity, all of which contribute to
increased AHR. In addition, severe asthma associated with near-fatal events is char-
acterized by reduced perception of dyspnea. All of these components may contribute
to not only the baseline severity of asthma, but also the propensity for loss of asthma
control and near-fatal exacerbations.

REFERENCES

1. Chung K, Wenzel S, Brozek J, et al. International ERS/ATS guidelines on defini-
tion, evaluation and treatment of severe asthma. Eur Respir J 2014;43:343–73.

2. Zein J, Dweik R, Comhair S, et al. Asthma is more severe in older adults. PLoS
One 2015;10:e0133490.

3. Thomson C, Welsh C, Carno M, et al. ATS Clinical Practice Guideline: summary
for clinicians. Ann Am Thorac Soc 2014;11:996–7.

4. National Center for Health Statistics, CDC. Environmental Protection Agency fact
sheet. National health interview survey data on lifetime asthma prevalence 2011.
Available at: www.CDC.gov. Accessed August 1, 2015.

5. Wright R, Suglia S, Levy J, et al. Transdisciplinary research strategies for under-
standing socially patterned disease: the Asthma Coalition on Community, Envi-
ronment, and Social Stress (ACCESS) project as a case study. Cien Saude
Colet 2008;13:1729–41.

6. Moorman J, Person C, Zahran H. Asthma attacks among persons with current
asthma—United States, 2001-2010. CDC health disparities and inequalities
report—US 2013. MMWR Morb Mortal Wkly Rep 2013;62:93–7.

7. Centers for Disease Control and Prevention. Vital signs asthma. 2011. Available
at: www.cdc.gov/nchs. Accessed August 2, 2015.

8. National hospital ambulatory medical care survey: 2010 emergency department
summary tables. 2010. Available at: http://www.cdc.gov/nchs/data/ahcd/
nhamcs_emergency/2010_ed_web_tables.pdf. Accessed August 2, 2015.

9. Chipps B, Haselkorn T, TENOR Study Group. Key findings and clinical implica-
tions from the epidemiology and natural history of asthma: outcomes and treat-
ment regimens (TENOR) study. J Allergy Clin Immunol 2012;130:332–43.

10. Moore W, Bleecker E, Curran-Everett D, et al. Characterization of the severe
asthma phenotype by the NHLBI severe asthma research program. J Allergy
Clin Immunol 2007;119:405–13.

11. Chipps B, Zeiger R, Dorenbaum A, et al. Assessment of asthma control and
asthma exacerbations in the epidemiology and natural history of asthma: out-
comes and treatment regimens (TENOR) observational cohort. Curr Respir
Care Rep 2012;1:259–69.

12. Fitzpatrick A, Teague G, Meyers D, et al. Heterogeneity of severe asthma in child-
hood: confirmation by cluster analysis of children in the National Institutes of
Health/National Heart, Lung, and Blood Institute Severe Asthma Research Pro-
gram. J Allergy Clin Immunol 2010;127:382–9.

http://refhub.elsevier.com/S0889-8561(16)30001-7/sref1
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref1
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref2
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref2
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref3
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref3
http://www.CDC.gov
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref5
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref5
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref5
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref5
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref6
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref6
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref6
http://www.cdc.gov/nchs
http://www.cdc.gov/nchs/data/ahcd/nhamcs_emergency/2010_ed_web_tables.pdf
http://www.cdc.gov/nchs/data/ahcd/nhamcs_emergency/2010_ed_web_tables.pdf
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref9
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref9
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref9
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref10
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref10
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref10
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref11
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref11
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref11
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref11
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref12
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref12
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref12
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref12


Epidemiology and Pulmonary Physiology of Asthma 435
13. Sullivan S, Rasouliyan L, Russo P, et al. Extent, patterns, and burden of uncon-
trolled disease in severe or difficult to treat asthma. Allergy 2007;62:126–33.

14. Godard P, Chanez P, Siraudin L, et al. Costs of asthma are correlated with
severity: a 1-yr prospective study. Eur Respir J 2002;19:61–8.

15. Sheehan W, Phipatankul W. Difficult to control asthma: epidemiology and its link
with environmental factors. Curr Opin Allergy Clin Immunol 2015;15:397–401.

16. Ownby D. Will the real inner city allergen please standup? J Allergy Clin Immunol
2013;132:836–7.

17. Moore W, Meyers D, Wenzel S, et al. Identification of asthma phenotypes using
cluster analysis in the severe asthma research program. Am J Respir Crit Care
Med 2010;181:315–23.

18. Arbes S, Calatroni A, Mitchell H, et al. Age-dependent interaction between atopy
and eosinophils in asthma cases: results from NHANES 2005-2006. Clin Exp Al-
lergy 2013;43:544–50.

19. Jarjour N, Erzurum S, Bleecker E, et al. Severe asthma: lessons learned from the
National Heart, Lung, and Blood Institute Severe Asthma Research Program. Am
J Respir Crit Care Med 2012;185:356–62.

20. Haldar P, Pavord I, Shaw D, et al. Cluster analysis and clinical asthma pheno-
types. Am J Respir Crit Care Med 2008;178:218–24.

21. Lugugo N, Kraft M, Dixon A. Does obesity produce a distinct asthma phenotype?
Pulmonary physiology and pathophysiology of disease. J Appl Physiol 2010;108:
729–33.

22. Sideleva O, Suratt B, Black K, et al. Obesity and asthma an inflammatory disease
of adipose tissue not the airway. Am J Respir Crit Care Med 2012;186:598–605.

23. Gamble C, Talbott E, Israel E, et al. Racial differences in biologic predictors of se-
vere asthma: data from the severe asthma research program. J Allergy Clin Im-
munol 2010;126(6):1149–55.

24. Teeter J, Bleecker E. Relationship between airway obstruction and respiratory
symptoms in adult asthmatics. Chest 1998;113:272–7.

25. Busse WW, Camargo CA, Boushey HA, et al. Expert Panel Report 3: Guidelines
for the diagnosis and management of asthma - Summary Report 2007. Washing-
ton, DC: US Department of Health and Human Services, National Institutes of
Health, National Heart, Lung, and Blood Institute; 2007.

26. Wenzel S. Physiologic and pathologic abnormalities in severe asthma. Clin Chest
Med 2006;27:29–40.

27. The ENFUMOSA Group. The ENFUMOSA cross-sectional European multicentre
study of the clinical phenotype of chronic severe asthma. Eur Respir J 2003;
22:470–7.

28. Hansen E, Phanareth K, Laursen L, et al. Reversible and irreversible airflow
obstruction as predictor of overall mortality in asthma and chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 1999;159:1267–71.

29. Sorkness R, Bleecker E, Busse W, et al. Lung function in adults with stable but
severe asthma: air trapping and incomplete reversal of obstruction with broncho-
dilation. J Appl Physiol 2008;104:394–403.

30. Perez T, Chanez P, Dusser D, et al. Prevalence and reversibility of lung hyperin-
flation in adult asthmatics with poorly controlled disease and significant dyspnea.
Allergy 2016;71(1):108–14.

31. Thamrin C, Nydegger R, Stern G, et al. Associations between fluctuations in lung
function and asthma control in two populations with differing asthma severity.
Thorax 2011;66:1036–42.

http://refhub.elsevier.com/S0889-8561(16)30001-7/sref13
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref13
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref14
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref14
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref15
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref15
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref16
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref16
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref17
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref17
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref17
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref18
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref18
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref18
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref19
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref19
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref19
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref20
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref20
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref21
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref21
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref21
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref22
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref22
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref23
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref23
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref23
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref24
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref24
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref25
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref25
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref25
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref25
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref26
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref26
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref27
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref27
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref27
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref28
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref28
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref28
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref29
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref29
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref29
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref30
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref30
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref30
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref31
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref31
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref31


O’Toole et al436
32. Witt C, Sheshadri A, Carsltrom L, et al. Longitudinal changes in airway remodel-
ing and air trapping in severe asthma. Acad Radiol 2014;21:986–93.

33. Mead J, Turner J, Macklem P, et al. Significance of the relationship between lung
recoil and maximum expiratory flow. J Appl Physiol 1967;22:95–108.

34. Pride N, Permutt S, Riley R, et al. Determination of maximum expiratory flow from
the lungs. J Appl Physiol 1967;23:646–62.

35. Macklem P, Mead J. Resistance of central and peripheral airways measured by a
retrograde catheter. J Appl Physiol 1967;22:395–401.

36. Bates J, Irvin C, Farre R, et al. Oscillation mechanics of the respiratory system.
Compr Physiol 2011;1:1233–72.

37. Papa G, Pellegrino G, Pellegrino R. Asthma and respiratory physiology: putting
lung function into perspective. Respirology 2014;19:960–9.

38. Lutchen K, Jensen A, Atileh H, et al. Airway constriction pattern is a central
component of asthma severity. The role of deep inspirations. Am J Respir Crit
Care Med 2001;164:207–15.

39. Alfieri V, Aiello M, Pisi R, et al. Small airway dysfunction is associated to excessive
bronchoconstriction in asthmatic patients. Respir Res 2014;15:86.

40. Shi Y, Aledia A, Galant S, et al. Peripheral airway impairment measured by oscill-
ometry predicts loss of asthma control in children. J Allergy Clin Immunol 2013;
131:718–23.

41. Kelly V, Sands S, Harris S, et al. Respiratory system reactance is an independent
determinant of asthma control. J Appl Physiol 2013;115:1360–9.

42. Gelb A, Licuanan J, Shinar C. Unsuspected pseudophysiologic emphysema in
chronic persistent asthma. Am J Respir Crit Care Med 2000;162:1778–82.

43. Woolcock A, Read J. The static elastic properties in the lungs in asthma. Am Rev
Respir Dis 1968;98:788–94.

44. Gelb A, Schein A, Nussbaum E, et al. Risk factors for near-fatal asthma. Chest
2004;126:1138–46.

45. Gelb A, Yamamoto A, Verbeken E, et al. Unraveling the pathophysiology of the
asthma-COPD overlap syndrome. Chest 2015;148:313–20.

46. Macklem P. Mechanical factors determining maximum bronchoconstriction. Eur
Respir J Suppl 1989;6:516s–9s.

47. Dolhnikoff M, da Silva L, de Araujo B, et al. The outer wall of small airways is a
major site of remodeling in fatal asthma. J Allergy Clin Immunol 2009;123:1090–7.

48. Mauad T, Silva L, Santos M, et al. Abnormal alveolar attachments with decreased
elastic fiber content in distal lung in fatal asthma. Am J Respir Crit Care Med
2004;170:857–62.

49. Pellegrino R, Violante B, Brusasco V. Maximal bronchoconstriction in humans.
Relationship to deep inhalation and airway sensitivity. Am J Respir Crit Care
Med 1996;153:115–21.

50. Scichilone N, Marchese R, Soresi S, et al. Deep inspiration-induced changes in
lung volume decrease with severity of asthma. Respir Med 2007;101:951–6.

51. Scichilone N, Permutt S, Togias A. The lack of the bronchoprotective and not the
bronchodilatory ability of deep inspiration is associated with airway hyperrespon-
siveness. Am J Respir Crit Care Med 2001;163:413–9.

52. Skloot G, Permutt S, Togias A. Airway hyperresponsiveness in asthma: a problem
of limited smooth muscle relaxation with inspiration. J Clin Invest 1995;96:
2393–403.

53. Wenzel S, Schwartz L, Langmack E, et al. Evidence that severe asthma can be
divided pathologically into two inflammatory subtypes with distinct physiologic
and clinical characteristics. Am J Respir Crit Care Med 1999;160:1001–8.

http://refhub.elsevier.com/S0889-8561(16)30001-7/sref32
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref32
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref33
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref33
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref34
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref34
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref35
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref35
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref36
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref36
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref37
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref37
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref38
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref38
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref38
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref39
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref39
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref40
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref40
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref40
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref41
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref41
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref42
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref42
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref43
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref43
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref44
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref44
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref45
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref45
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref46
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref46
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref47
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref47
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref48
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref48
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref48
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref49
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref49
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref49
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref50
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref50
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref51
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref51
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref51
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref52
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref52
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref52
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref53
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref53
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref53


Epidemiology and Pulmonary Physiology of Asthma 437
54. Gibbons W, Sharma A, Lougheed D, et al. Detection of excessive bronchocon-
striction in asthma. Am J Respir Crit Care Med 1996;153:582–9.

55. in’t Veen J, Beekman A, Bel E, et al. Recurrent exacerbations in severe asthma
are associated with enhanced airway closure during stable episodes. Am J Re-
spir Crit Care Med 2000;161:1902–6.

56. Busacker A, Newell J, Keefe T, et al. A multivariate analysis of risk factors for the
air-trapping asthmatic phenotype as measured by quantitative CTanalysis. Chest
2009;135:48–56.

57. Cormier Y, Lecours R, Legris C. Mechanisms of hyperinflation in asthma. Eur Re-
spir J 1990;3:619–24.

58. Martin J, Powell E, Shore S, et al. The role of respiratory muscles in the hyperin-
flation of bronchial asthma. Am Rev Respir Dis 1980;121:441–7.

59. Chapman D, Berend N, Horlyck K, et al. Does increased baseline ventilation het-
erogeneity following chest wall strapping predispose to airway hyperresponsive-
ness? J Appl Physiol 2012;113:25–30.

60. Kaminsky D, Daud A, Chapman D. Relationship between the baseline alveolar
volume-to-total lung capacity ratio and airway responsiveness. Respirology
2014;19:1046–51.

61. Bourdin A, Paganin F, Prefaut C, et al. Nitrogen washout slope in poorly controlled
asthma. Allergy 2006;61:85–9.

62. Thompson B, Douglass J, Ellis M, et al. Peripheral lung function in patients with
stable and unstable asthma. J Allergy Clin Immunol 2013;131:1322–8.

63. Farah C, King G, Brown N, et al. The role of the small airways in the clinical
expression of asthma in adults. J Allergy Clin Immunol 2012;129:381–7.

64. Samee S, Altes T, Powers P, et al. Imaging the lungs in asthmatic patients using
hyperpolarized helium-3 magnetic resonance: assessment of response to meth-
acholine and exercise challenge. J Allergy Clin Immunol 2003;111:1205–11.

65. Altes T, Mugler J, Ruppert K, et al. Clinical correlates of lung ventilation defects in
asthmatic children. J Allergy Clin Immunol 2016;137(3):789–96.e7.

66. Gonem S, Hardy S, Buhl N, et al. Characterization of acinar airspace involvement
in asthmatic patients using inert gas washout and hyperpolarized 3helium mag-
netic resonance. J Allergy Clin Immunol 2015;137(2):417–25.

67. Berend N, Salome C, King G. Mechanisms of airway hyperresponsiveness in
asthma. Respirology 2008;13:624–31.

68. Porsbjerg C, Rasmussen L, Nolte H, et al. Association of airway hyperresponsive-
ness with reduced quality of life in patients with moderate to severe asthma. Ann
Allergy Asthma Immunol 2007;98:44–50.

69. Weiss S, VAN ML, Zeiger R. Relationship between airway hyperresponsiveness
and asthma severity in the childhood asthma management program. Am J Respir
Crit Care Med 2000;162:50–6.

70. Restrepo R, Peters J. Near-fatal asthma: recognition and management. Curr Opin
Pulm Med 2008;14:13–23.

71. in’t Veen J, Smits H, Ravensberg A, et al. Impaired perception of dyspnea in pa-
tients with severe asthma. Am J Respir Crit Care Med 1998;158:1134–41.

72. Kikuchi Y, Okabe S, Tamura G, et al. Chemosensitivity and reception of dys-
pnea in patients with a history of near-fatal asthma. N Engl J Med 1994;
330:1329–34.

73. Magadle R, Berar-Yanay N, Weiner P. The risk of hospitalization and near-
fatal and fatal asthma in relation to perception of dyspnea. Chest 2002;
121:329–33.

http://refhub.elsevier.com/S0889-8561(16)30001-7/sref54
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref54
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref55
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref55
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref55
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref56
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref56
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref56
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref57
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref57
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref58
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref58
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref59
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref59
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref59
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref60
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref60
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref60
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref61
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref61
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref62
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref62
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref63
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref63
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref64
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref64
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref64
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref65
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref65
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref66
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref66
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref66
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref67
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref67
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref68
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref68
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref68
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref69
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref69
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref69
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref70
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref70
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref71
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref71
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref72
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref72
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref72
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref73
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref73
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref73


O’Toole et al438
74. Eckert D, Catcheside P, McEvoy R. Blunted sensation of dyspnoea and near fatal
asthma. Eur Respir J 2004;24:197–9.

75. Antonelli A, Crimi E, Gobbi A, et al. Mechanical correlates of dyspnea in bronchial
asthma. Physiol Rep 2013;1:e00166.

76. van der Weil E, Postma D, van der Molen T, et al. Effects of small airway
dysfunction on the clinical expression of asthma: a focus on asthma symptoms
and bronchial hyper-responsiveness. Eur J Allergy Clin Immunol 2014;69:
1681–8.

http://refhub.elsevier.com/S0889-8561(16)30001-7/sref74
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref74
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref75
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref75
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref76
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref76
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref76
http://refhub.elsevier.com/S0889-8561(16)30001-7/sref76

	Epidemiology and Pulmonary Physiology of Severe Asthma
	Key points
	Introduction
	Demographics of severe asthma
	Cohort characteristics of severe asthma
	Financial impact
	Disease heterogeneity of severe asthma
	Pulmonary physiology of severe asthma
	Airflow
	Airway resistance
	Loss of elastic recoil
	Gas trapping
	Ventilation heterogeneity
	Airway hyperresponsiveness and perception of dyspnea
	Summary
	References


