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v

Precision medicine is rooted in the principle of individual variability and the 
design of diagnostic, preventive and therapeutic strategies to address the 
needs of each person. The commoditization of high-throughput assays for 
many types of biological data coupled with advances in imaging, sensors, 
data science and computing has enabled studies that seek to better understand 
the molecular basis underlying diseases. Most notably, such approaches are 
helping to redefine diseases based on the identification of groups of patients 
with similarities in molecular pathways that lead to common symptoms and 
presentations of what are increasingly recognized as heterogeneous condi-
tions, including asthma, chronic obstructive pulmonary disease (COPD), 
interstitial lung disease (ILD) and lung cancer. As molecular similarities in 
groups of patients are identified, tailored preventive and therapeutic 
approaches can be designed. Inspired by the recent progress and transforma-
tive potential of precision medicine, this textbook presents its current state in 
pulmonary, critical care and sleep medicine.

Leading clinicians and researchers with expertise in precision medicine 
contributed valuable insights on various related topics, including genetics, 
molecular biomarkers, imaging, sensors, mobile health, phenotyping and 
therapeutics. With Springer’s help, we assembled contributions on these key 
themes as applied to pulmonary, critical care and sleep medicine, and we 
edited this book to summarize related advances and knowledge gaps. The 
intended audience is healthcare providers and researchers who specialize in 
one or more pulmonary, critical care or sleep-related discipline(s). Both train-
ees and established clinicians and investigators will gain insights, as the top-
ics presented are current.

Precision medicine will have an increasing impact on the practice and sci-
ence of medicine, and we hope that this book will serve as a central resource 
for the implementation of precision medicine in pulmonary, critical care and 
sleep disorders for years to come. We are also hopeful that progress in preci-
sion medicine will become more symmetric and inclusive of all to decrease 
health disparities.

New Haven, CT, USA Jose L. Gomez, MD
Philadelphia, PA, USA Blanca E. Himes, PhD
New Haven, CT, USA Naftali Kaminski, MD 
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Introduction

Jose L. Gomez, Naftali Kaminski, 
and Blanca E. Himes

The goal of precision has been at the center of 
medicine for centuries. Hippocrates’, and more 
broadly Greek medicine’s, contribution to the 
practice of medicine ca 460–370  BC was the 
realization that diseases arise from natural causes 
rather than via divine curse [1]. Based on this 
principle, diseases were subject to scientific 
study and observations made via physical exami-
nation became a centerpiece in the practice of 
medicine [1]. Centuries later, Vesalius’s anatomi-
cal studies summarized in the publication De 
Humanis Corporis Fabrica (On the Structure of 
the Human Body, Fig. 1.1) transformed medical 
knowledge by propagating insights obtained 
through human dissection [1]. These two early 
examples, first, of how a conceptual shift can lead 
to changes in practice and second, how new 
methods and dissemination of knowledge can 

transform a field, are foundational concepts that 
apply to precision medicine.

Thomas Sydenham (1624–1689) brought 
additional conceptual changes to the medical sci-
ences through his foundational work in nosology, 
a term derived from the Greek roots nosos, mean-
ing ‘disease’ and logia, meaning ‘study of’. 
Nosology is the branch of medical science that 
deals with the concept, definition, classification 
and nomenclature of diseases [1], and one of 
Sydenham’s principles remains at the center of 
modern medicine: ‘the manifestations that are 
constant in each patient with a particular disease 
should be distinguished from other phenomena 
that could be due to the age, constitution, or treat-
ment of the patient’. Thanks to incremental con-
ceptual and technical advances in the modern 
period of Western civilization, including the 
development of the stethoscope by Laennec and 
growth of medical schools with subsequent 
global dissemination of knowledge, medicine 
transitioned from a descriptive, observational 
practice into a discipline centered on the investi-
gation of causes of disease using experimental 
approaches [1]. This conceptual shift that experi-
mental methods should be used to study disease 
and health established the scientific foundation of 
medicine of the past 150 years.

The first half of the twentieth century saw 
important diagnostic developments that arose 
from research in the physical sciences, such as 
X-rays [2], and therapeutic developments that 

J. L. Gomez (*) 
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Fig. 1.1 Vesalius’s anatomical studies summarized in the 
publication De Humanis Corporis Fabrica (On the 
Structure of the Human Body) transformed medical 

knowledge by propagating insights obtained through 
human dissection. (Courtesy of Yale University, Harvey 
Cushing/John Hay Whitney Medical Library)

J. L. Gomez et al.
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arose from research in microbiology, such as anti-
biotics [3]. These transformative advances led to 
the recognition that the medical sciences could not 
grow in isolation, but rather, medicine could ben-
efit from advances in other scientific disciplines. 
Under this principle, the medical sciences in the 
second half of the twentieth century borrowed 
heavily from rapid advances in genetics, including 
the use of recombinant DNA for the synthesis of 
insulin [4] and the identification of genetic varia-
tion leading to diseases such as cystic fibrosis [5]. 
The integration of medicine and genetics has 
grown even stronger during the past two decades, 
following the completion of the Human Genome 
Project [6, 7]. More broadly, medicine has increas-
ingly become interdisciplinary in nature and tech-
nology has more rapidly been developed for, and 
integrated into, the practice of medicine.

Advances in high-throughput biotechnologies 
have enabled the collection of an unprecedent-
edly large number of so-called omics datasets by 
biomedical researchers. Starting with DNA 
microarrays in the 1990s and expanding to next- 
generation sequencing (NGS) in the 2000s, omics 
approaches capture a wide variety of biological 
measurements, including DNA variation and 
modifications, expression of transcripts and lev-
els of proteins and metabolites [8–10]. As the 
repertoire of available omics approaches contin-
ues to expand to include single-cell technologies 
and measures of 3D configuration of DNA, the 
full characterization of biological systems at 
ever-increasing resolutions is possible [11–13]. 
Early successes in the use of omics technologies 
to understand disease and enable drug develop-
ment [14, 15] have resulted in optimism that 
many more effective diagnostic tests and treat-
ments tailored to a person’s genetic, environmen-
tal and lifestyle factors will be developed. 
Concurrently, there is increased recognition that 
the molecular mechanisms driving complex dis-
eases differ among patients as does response to 
therapy and predisposition to adverse effects. 
Precision medicine, also referred to as personal-
ized medicine, is a vision of medicine that incor-
porates person-specific genetic and molecular 
information to guide the prevention of disease 
and therapeutic strategies [15, 16].

In addition to benefiting from advances in 
genetics and other omics technologies that enable 
the collection of large datasets representing lay-
ers of biological data, precision medicine is made 
possible by developments in computing [17] and 
the creation of sophisticated algorithms to ana-
lyze single modality data as well as integrate het-
erogeneous datasets [18–20]. The exponential 
growth in computational processing power pre-
dicted by Moore’s law [21] has led to changes 
across many aspects of modern life, including 
medicine (Fig.  1.2). Some specialties, such as 
radiology, stand out as having benefited from the 
early integration of computing in their practice 
[22]. The consulting firm Frost & Sullivan esti-
mated that by 2016 medical imaging alone had 
generated 1 exabyte (i.e., 1 billion gigabytes) of 
data [23]. Omics data also requires advanced 
computing resources for its storage and analysis 
to enable the generation of insights that impact 
our knowledge of biology and disease [24–26]. 
The increasing salience of this need is evidenced 
by the exponential growth of human genomic 
data that has followed the decreasing costs of 
DNA sequencing (Fig. 1.3) [27].

Important ethical and social challenges arise 
in precision medicine [28]. For medicine to be 
precise, the preferences, health behavior and 
social determinants of each person must be taken 
into account [29]. Although clinicians and 
researchers are often aware of this well- 
established aspect of medicine [30], careful con-
sideration for how it applies to precision medicine 
is warranted. For example, the development of 
precision medicine must include input and par-
ticipation of diverse populations to ensure preci-
sion medicine will work for all, including those 
who are at peak risk for various diseases. Another 
concern regarding the proliferation of precision 
diagnostics and therapies is that individuals of 
the lowest socioeconomic groups will not be able 
to afford them, rendering them unable to advance 
health for all.

The impact of precision medicine is recog-
nized across all medical specialties, including 
pulmonary, critical care and sleep medicine [31–
39]. Using Collins and Varmus’s definition of 
precision medicine as ‘prevention and treatment 

1 Introduction
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Fig. 1.2 The exponential growth in computational pro-
cessing power predicted by Moore’s law has led to 
changes across many aspects of modern life, including 

medicine. (Reproduced under Creative Commons License 
CC-BY4.0: https://creativecommons.org/licenses/by/4.0/
deed.en_US)

Fig. 1.3 The cost of DNA sequencing has decreased dra-
matically over the last decade, enabling the generation of 
large amounts of data in a cost-efficient manner to power 

the big data revolution in medicine. (Reproduced under 
Creative Commons License CC-BY4.0: https://creative-
commons.org/licenses/by/4.0/deed.en_US)

J. L. Gomez et al.
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strategies that take individual variability into 
account’ [15], we can build a framework that 
includes use of technology, science and the 
humanities to guide our understanding, develop-
ment and implementation of precision medicine. 
We have adhered to this framework across the 
book, and each chapter provides specific details 
on how to integrate different strategies to solve 
clinical problems in pulmonary, critical care and 
sleep medicine. The chapters also provide an 
overview of how to account for individual vari-
ability through improved phenotyping, molecular 
and imaging characterization as well as clinical 
practice to improve disease outcomes. As ongo-
ing research efforts provide insights by integrat-
ing multi-omics datasets, and these insights 
enable the discovery of novel drug targets and 
preventive strategies, a major shift in pulmonary 
precision medicine that benefits all people will 
occur.
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 Introduction

Through the past several decades, there has been 
dramatic progress in defining genetic risk for a 
wide variety of lung diseases. These advances 
have led to remarkable insights into disease 
pathobiology, facilitated biomarker development, 
provided prognostic information to clinicians, 
and are now rapidly being translated into preci-
sion therapies.

While a decade ago the role of genetics in the 
evaluation of pulmonary disease was largely 
restricted to the research realm, the development 
of massively parallel next-generation sequencing 
technologies [1–3] has led to a rapid increase of 
recognized genetic causes of a variety of pulmo-
nary diseases: mutations in more than 50 differ-
ent genes have been linked to lung diseases. 
These studies have also revealed the complexity 
of genetic risk mechanisms; in particular, this 
work has demonstrated that mutations in a given 
gene may lead to multiple distinct phenotypes of 
pulmonary disease.

With growing understanding of discreet 
genetic risk mechanisms, there has been a rapid 
proliferation of commercially available pulmo-
nary gene panels and other genetic tests. Below, 
we review the current state of genetic testing and 
evaluation in lung diseases and summarize how 
established genotype-phenotype relationships 
can inform the use of genetic information in the 
evaluation of patients with select diffuse pulmo-
nary disorders.
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Key Point Summary
• In multiple clinical scenarios, establish-

ing a genetic diagnosis of a pulmonary 
disease can impact clinical care of 
affected patients and their relatives.

• Genetic evaluation of patients with pul-
monary diseases should be performed in 
coordination with genetic counselors 
with disease-specific experience.

• Interpretation of genetic information in 
a clinical context remains challenging, 
particularly because of the frequent 
identification of ultra-rare, novel vari-
ants of uncertain significance.

• Genotype-driven precision therapies are 
available or under study for patients 
with cystic fibrosis, pulmonary alveolar 
proteinosis, pulmonary Langerhans cell 
histiocytosis, and alpha-1 antitrypsin 
disease.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31507-8_2&domain=pdf
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 Overview of Genetic Testing

“Genetic testing” is a broad term that refers to 
medical tests that evaluate for alterations in 
DNA sequence or structure that may be associ-
ated with risk for one or more diseases. Genetic 
testing can evaluate for mutations acquired in an 
individual (i.e., somatic mutations, most com-
monly tested for in the setting of cancer) or 
inherited (i.e., germline) mutations. In the con-
text of evaluating for pulmonary diseases, test-
ing for germline mutations is typically the 
relevant approach. The Genetics Home Reference 
(available at http://ghr.nlm.nih.gov) is an excel-
lent resource that  provides in-depth discussion 
of a variety of considerations related to genetic 
testing, including risks, benefits, costs, utility, 
and protections from genetic discrimination. 
Most authorities strongly recommend that 
patients undergo genetic counseling prior to per-
forming any genetic test.

In the event that a genetic test is recom-
mended, there are several different methods of 
genetic testing that can be performed: single 
gene sequencing/genotyping, targeted “panel” 
testing focused on relevant genes for a certain 
disease or phenotype, and whole-exome/whole-
genome sequencing. Currently, panel-based 
testing is the most commonly used platform in 
most settings. A large number of laboratories 
currently offer different pulmonary-related 
gene panels, and their components change rap-
idly. In most cases, when a gene panel is 
requested, the DNA sample undergoes whole-
exome sequencing, but only a targeted set of 
genes are analyzed to identify clinically rele-
vant sequence variation. These gene panels 
generally have high sensitivity for detection of 
single-nucleotide variations (SNVs) and small 
insertions/deletions in the coding region of 
genes but, for technical reasons related to short- 
read sequencing methodology, have limited 
ability to detect structural variation (e.g., large 
insertions, deletions, or copy-number varia-
tions) and will not detect deep intronic or inter-

genic variants. Thus, in general, a “positive” 
finding on a genetic test is informative, but a 
“negative” test does not exclude the possibility 
of genetic variants contributing to a given 
disease.

The American College of Medical Genetics 
has established a framework for reporting of 
results from genetic tests that assigns a likeli-
hood of pathogenicity based on a variety of fac-
tors, including frequency of the variant in the 
general population, the effect of a variant on the 
protein sequence/structure, whether a given 
variant has been previously associated with the 
same phenotype, and, where available, func-
tional studies of a given variant [4]. In general, 
variants that are novel or have very low fre-
quency in the general population are more likely 
to be pathogenic. Variants that introduce frame-
shifts, premature termination codons, or alter 
splice donor/acceptor sites are generally consid-
ered pathogenic or likely pathogenic. Missense 
variations (i.e., those leading to a change in the 
amino acid sequence of the protein) are classi-
fied based on previous association with disease 
and/or functional studies and frequently are 
reported as “variants of uncertain significance.” 
The interpretation and communication of find-
ings for variants of uncertain significance 
remains one of the most challenging aspects of 
genetic testing today.

As the average individual carries approxi-
mately 200 monoallelic loss-of-function variants 
across the genome, and 2–3 de novo loss-of- 
function variants in the coding region of the 
genome (i.e., the exome) [1], in most cases, a 
Bayesian approach to genetic testing is advisable. 
By using clinical criteria to select cases in which 
a genetic cause is likely and specifically interro-
gating the genes most relevant for the given clini-
cal scenario, the yield and positive predictive 
value of a genetic test can be maximized [5]. 
Next, we discuss genetics findings corresponding 
to diffuse pulmonary disorders that aid in the dif-
ferential diagnosis of pediatric (Table  2.1) and 
adult (Table 2.2) patients.

J. A. Kropski
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 Neonatal Respiratory Distress 
Syndrome (RDS) and Diffuse Lung 
Disease in Childhood

Neonatal RDS is characterized by physical signs 
of impaired lung function (e.g., tachypnea, retrac-
tions) combined with a compatible chest radio-
graph demonstrating reticular infiltrates and/or 

air bronchograms [6]. Neonatal RDS is most fre-
quently observed in preterm infants and in the era 
before surfactant replacement therapy had high 
morbidity and mortality. In premature neonates, 
risk for RDS is related largely to the stage of lung 
developmental maturation, and in term infants, 
RDS is uncommon [6]. The development of RDS 
in a term infant should prompt consideration of a 
potential genetic etiology. Mutations in a number 
of different genes have now been implicated in 
cases of neonatal RDS, including de novo muta-
tions as well as those with autosomal dominant 
and recessive inheritance patterns.

Most of the mutations associated with neona-
tal RDS occur in genes related to surfactant bio-
synthesis, trafficking, or function [7]. The first 
locus linked to neonatal RDS was SFTPB [8], 
which encodes for surfactant protein B (SPB). 
SPB disease follows a recessive inheritance pat-
tern, and biallelic mutations lead to low or absent 
levels of SPB protein. SFTPB mutations leading 
to SPB deficiency appear to be exceedingly rare 
(<1:100,000) and are associated with failure of 
trafficking of surfactant protein C (SPC) and 
functional surfactant deficiency [9]. SPB defi-
ciency is almost uniformly fatal in the first year 
of life, although now a small number of cases, 
typically those in which one allele retains some 
SPB function, have been described as surviving 
beyond infancy [7].

Mutations in SFTPC, the gene encoding SPC, 
have also been identified in infants with RDS 
[10]. In contrast to SPB disease, SFTPC muta-
tions are typically monoallelic and associated 
with a toxic gain-of-function mechanism [11–
16]. The clinical presentation of SPC disease is 
substantially more variable than SPB disease; 
while neonatal RDS/childhood interstitial lung 
disease (ILD) is the typically presentation, there 
are reports of initial presentation in adults with 
pulmonary fibrosis [17, 18]. De novo and autoso-
mal dominant inheritance patterns have been 
observed for SPC disease.

Mutations in the ATP binding cassette sub-
family A member 3 (ABCA3) gene are the most 

Table 2.1 Genes with variants that are known to cause 
neonatal and pediatric diffuse pulmonary disorders

Gene 
symbol Associated clinical features
SFTPB Neonatal RDS, PAP
SFTPC Neonatal RDS, PAP, adult ILD
ABCA3 Neonatal RDS, PAP
NKX2.1 Neonatal RDS, hypothyroidism, 

seizures, neuroendocrine hyperplasia of 
infancy

COPA Autoantibodies, pulmonary hemorrhage, 
arthritis

TMEM173 Cutaneous vasculopathy, ILD, 
autoantibodies

RDS Respiratory distress syndrome, PAP Pulmonary alve-
olar proteinosis, ILD Interstitial lung disease

Table 2.2 Genes with variants that are associated with 
diffuse pulmonary disorders in adults

Disease Gene symbols
PAP CFSR2A, CFSR2B, MARS, GATA2
Cystic lung 
disease
  LAM TSC1, TSC2
  PLCH BRAF (Somatic)
  BHD FCN
Bronchiectasis
  Cystic 

fibrosis
CFTR

  PCD Over 35 genes
  A1AD SERPINA1
ILD TERT, TERC, RTEL1, PARN, 

TINF2, NAF1, HPS1, HPS2, HPS4, 
SFTPC, SFTPA2, ABCA3

PAP Pulmonary alveolar proteinosis, LAM 
Lymphangioleiomyomatosis, PLCH Pulmonary 
Langerhans cell histiocystosis, BHD Birt-Hogg-Dube, 
PCD Primary ciliary dyskinesia, A1AD Alpha-1 antitryp-
sin deficiency, ILD Interstitial lung disease

2 Differential Diagnosis of Diffuse Pulmonary Disorders Using Genetics
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prevalent genetic cause of RDS [7, 19–21]. 
Similar to SPB disease, RDS-associated ABCA3 
mutations are biallelic loss-of-function and con-
tribute to disease by impairing surfactant pro-
cessing and trafficking. Estimates based on 
population carrier rates suggest the prevalence of 
ABCA3 disease could be as high as 1 in 3000 live 
births [7]. There is good evidence that ABCA3 
genotypes influence biochemical and clinical 
phenotypes [22]. Studies using heterologous cell 
lines suggest there may be a critical threshold of 
ABCA3 function that is required for alveolar 
type II (AT2) cell homeostasis, and the disease 
phenotype may be related to retained ABCA3 
activity [23]. For example, biallelic null muta-
tions are almost uniformly fatal in the first few 
months of life, whereas survival into adolescence 
and beyond has been reported for genotypes with 
partially retained ABCA3 activity [7, 24].

Neonatal RDS has also been described in 
infants with “brain-thyroid-lung” syndrome, 
which results from mutations in NKX2-1 [25, 
26], the gene encoding thyroid transcription fac-
tor 1 (TTF-1), a homeobox transcription factor 
that is critical in lung development. NKX2-1 
mutations described to date have been monoal-
lelic; it is not yet clear whether these mutations 
function primarily through a haploinsufficiency 
mechanism or gain-of-function. In contrast to 
SPB and ABCA3 disease, there is considerable 
heterogeneity of disease phenotype associated 
with NKX2-1 mutations: neonatal RDS is com-
mon and often associated with hypothyroidism, 
but later onset disease has also been reported. 
NKX2-1 mutations have also been described in 
families with a rare pulmonary disorder known as 
“neuroendocrine hyperplasia of infancy” [27], 
which is characterized by a dramatic increase in 
numbers of cells expressing neuroendocrine 
markers in distal airways. The mechanisms 
explaining these diverse presentations remain 
uncertain.

Mutations in several other genes have been 
linked to rarer pulmonary disorders of the neona-
tal period. Mutations in the transcription factor 
Forkhead Box F1 (FOXF1) have been reported in 
children with alveolar capillary dysplasia, a 
developmental disorder that may be associated 

with misalignment of the pulmonary veins [28]. 
The FOXF1 locus appears subject to paternal 
imprinting [28, 29] and somatic mosaicism [30]; 
phenotypic variability within a given family car-
rying the same mutation has been reported [28]. 
Autoimmune arthritis, alveolar hemorrhage, and 
high-titer autoantibodies have been reported in 
children with mutations in the Coatomer Protein 
Complex Subunit Alpha (COPA) gene [31]. 
COPA syndrome is rare, but pulmonary involve-
ment appears nearly ubiquitous and presents 
from the neonatal period to early childhood [32]. 
Mutations in TMEM173, encoding the stimulator 
of interferon genes protein (STING), have also 
been reported in children with a cutaneous vascu-
lopathy and pulmonary involvement [33].

Together, these data suggest that an accurate 
genetic diagnosis may provide important prog-
nostic information that can inform considerations 
around prolonged mechanical ventilation and 
lung transplantation. It is frequently most infor-
mative to perform sequencing of both an affected 
child and both parents to evaluate for de novo 
variants and enable phase determination when 
multiple variants are detected in a given gene. A 
key question for the field is when to integrate 
genetic evaluation in critically ill neonates, as 
despite advances in sequencing technology, cost 
remains considerable and results often take 
weeks to obtain.

 Pulmonary Alveolar Proteinosis 
(PAP)

PAP is a syndrome characterized by progressive 
accumulation of surfactant within alveolar 
spaces, leading to gas exchange defects and char-
acteristic “crazy-paving” patterns on chest com-
puted tomography (CT) [34]. A breakthrough in 
understanding the biology of PAP occurred in the 
early 1990s when it was discovered that mice 
deficient for granulocyte-monocyte colony- 
stimulating factor (Gm-csf) developed a sponta-
neous pulmonary phenotype that closely 
resembled PAP [35]. Subsequent work demon-
strated that there are multiple mechanisms con-
verging on the GM-CSF pathway that can lead to 

J. A. Kropski
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the clinical phenotype of PAP.  A diagnosis of 
PAP is made by bronchoscopy or bronchoalveo-
lar lavage with lung biopsy in most cases [36]. 
After a diagnosis of PAP is established, it must be 
determined whether the patient has “primary” or 
“secondary” PAP [34]. In adults, an autoimmune 
mechanism is the most common cause of primary 
PAP wherein autoantibodies to GM-CSF lead to 
ineffective signaling. Secondary PAP can develop 
after a variety of pulmonary insults, including 
toxic inhalational exposures and bone marrow 
transplantation. In children and, occasionally, 
adults with primary PAP, biallelic (recessive) 
mutations in the genes encoding for the GM-CSF 
receptor (CSF2RA and CSF2RB) have been iden-
tified [37–39]. Much less commonly, mutations 
in the solute transporter SLC7A7 [40], the tRNA 
synthetase MARS [41], and transcription factor 
GATA2 [42, 43] have been associated with PAP 
phenotypes. In neonates, PAP can also be seen in 
the setting of SFTPB, SFTPC, and ABCA3 muta-
tions [7].

PAP treatment approaches are driven by 
understanding of the underlying mechanism of 
disease. Autoimmune PAP is typically treated 
with GM-CSF supplementation and immune sup-
pression. In patients with a genetic form of PAP, 
immunosuppression and GM-CSF replacement 
are not effective, and supportive therapy in the 
form of whole-lung lavage remains the primary 
treatment. In many cases, supportive therapy is 
sufficient for long-term management, and spon-
taneous disease remission occurs in some 
patients. In severe or refractory cases of genetic 
PAP, hematopoetic stem-cell transplantation [44] 
has successfully repopulated the lung with func-
tional alveolar macrophages.

 Pulmonary Vascular Disease

Pulmonary hypertension is a syndrome defined 
by detection of elevated mean pulmonary artery 
pressure >25  mmHg. Pulmonary hypertension 
can occur in isolation, referred to as pulmonary 
arterial hypertension (PAH), and in the setting of 
an underlying chronic disease [45]. The current 
guidelines define five classes of pulmonary 

hypertension. Group I pulmonary hypertension 
(i.e., PAH) is characterized by a primary pulmo-
nary vasculopathy and elevated pulmonary vas-
cular resistance. The clinical phenotype of PAH 
can be observed in patients with connective tis-
sue disease, heritable pulmonary arterial hyper-
tension (hPAH), congenital heart disease, and 
idiopathic PAH (iPAH) [45].

Heritable PAH typically has an autosomal 
dominant inheritance pattern with incomplete 
penetrance; thus, in evaluating patients with 
PAH, obtaining a thorough family history is cru-
cial [46]. A family history of early-onset heart 
failure or unexplained sudden death in a young 
individual raises suspicion of previously unrec-
ognized hPAH.  In hPAH, heterozygous muta-
tions in the gene encoding for bone morphogenic 
protein receptor 2 (BMPR2) are found in approx-
imately 75% patients [47, 48]. Some reports sug-
gest up to 20% of patients with “idiopathic” PAH 
also carry pathogenic BMPR2 mutations, pre-
sumably due to de novo mutations or low- 
penetrance alleles [49].

While BMPR2 mutations are the predominant 
cause of hPAH, mutations in a potassium channel 
(KCNK3) and caveolin 1 (CAV1) have also been 
reported in families with hPAH [48]. The preva-
lence of these mutations in hPAH and iPAH has 
not yet been reported from large cohorts. More 
recently, mutations in transcription factor TBX4 
have been reported in hPAH families and may be 
more common in pediatric pulmonary hyperten-
sion. TBX4 mutations have also been associated 
with “small patella syndrome.” The observation 
of patellar abnormalities in a patient with unex-
plained dyspnea or pulmonary hypertension 
should prompt consideration of TBX4 mutations 
as an underlying diagnosis [50, 51].

PAH has also been observed in patients and 
families with hereditary hemorrhagic telangiec-
tasia (HHT). A personal or family history of fre-
quent epistaxis, unexplained anemia, or 
arteriovenous malformations should prompt 
more comprehensive evaluation for HHT.  The 
etiology of pulmonary hypertension in HHT is 
complex and may be related to both high cardiac 
output and a primary pulmonary vasculopathy. 
PAH associated with HHT has been reported in 
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patients with mutations in other TGF-β super-
family receptors, including ALK1, Endoglin, and 
SMAD9. Within a given family, the manifesta-
tions of HHT can vary significantly [52].

Pulmonary venoocclusive disease (PVOD) 
and pulmonary capillary hemangiomatosis 
(PCH) are extremely rare pulmonary disorders 
that are often not correctly diagnosed until the 
time of lung transplantation or after death. 
Several groups have recently reported biallelic 
(recessive) mutations in EIF2AK4 [53], a kinase 
related to initiation of protein translation, as lead-
ing to PVOD. In contrast to PAH, patients with 
PVOD and PCH typically have poor responses to 
pulmonary vasodilator therapy (i.e., phosphodi-
esterase inhibitors, endothelin antagonists, pros-
tacyclin analogs), and, in some cases, clinical 
deterioration after initiation of pulmonary vaso-
dilator therapy in a patient with suspected PAH 
has been observed in patients ultimately recog-
nized to have PVOD [54].

To date, there are limited data with regard to 
genotype-phenotype relationships in terms of 
disease progression, outcomes, and treatment 
responses for patients with pulmonary vascular 
disease. While the evidence for a genetic etiology 
of many cases of PAH is considerable, the 
 penetrance of mutations in a family varies sub-
stantially with estimates as low as 20%. Thus, 
while genetic testing and counseling can be per-
formed in patients and families with PAH, the 
low penetrance of a disease-associated mutation 
limits the clinical value of a positive genetic test, 
and its value beyond a known family history has 
not been clearly established. As such, the primary 
role of genetic evaluation for hPAH is for unaf-
fected family members to decide whether they 
should undergo testing and/or more frequent 
screening for PAH by echocardiography.

 Cystic Lung Disease 
and Spontaneous Pneumothorax

Diffuse cystic lung diseases are a broad group of 
disorders that share the common characteristic of 
thin-walled, radiolucent cystic structures on chest 
imaging. The clinical features and manifestations 

include high prevalence of spontaneous pneumo-
thorax and, in some cases, progressive lung 
parenchymal destruction and respiratory failure. 
Cystic lung diseases may be a feature of systemic 
disorders, and an accurate genetic diagnosis can 
aid in defining the scope of evaluation for extra-
pulmonary disease features.

The differential diagnosis of cystic lung dis-
ease is broad, including neoplastic, autoimmune, 
infectious, genetic, developmental, and other 
conditions [55, 56]. In patients with diffuse cystic 
lung disease, the primary genetic considerations 
center around patients with lymphangioleiomyo-
matosis (LAM) and Langerhans cell histiocyto-
sis. LAM is believed to be a benign neoplastic 
process that occurs almost exclusively in women 
[57]. LAM can occur sporadically or in patients 
with tuberous sclerosis complex (TSC). The cys-
tic structures found in chest imaging are typically 
round, <2 cm in size, and randomly distributed 
throughout both lungs [56]. Pathologic examina-
tion of explanted lung tissue from patients with 
LAM demonstrates expansion of HMB-45+ 
LAM cells. Patients with tuberous sclerosis carry 
germline mutations in TSC1 or TSC2, two tumor 
suppressor genes. In patients with sporadic LAM, 
somatic mutations in TSC genes are found in the 
cystic lung lesions. Patients with TSC are at risk 
for the development of angiomyolipomas 
(AMLs), most commonly in the kidney, as well 
as brain tumors, seizures, and skin cancers [58]. 
Patients with sporadic LAM also appear to be at 
increased risk for renal AMLs but not other sys-
temic manifestations of TSC.  Germline genetic 
testing for TSC can inform both heritability risk 
and the risk of extrapulmonary disease.

Pulmonary Langerhans cell histiocystosis 
(PLCH) is a cystic lung disease that occurs 
almost exclusively in adults who are active or 
former tobacco users. In children, PLCH can 
occur more frequently in the setting of systemic 
histiocytosis (termed Erdheim-Chester disease). 
In contrast to LAM, PLCH occurs in men and 
women and is characterized by irregularly 
shaped cysts that are found more commonly in 
the lung apex and only rarely involve the lung 
base [56]. Histopathologically, PLCH is charac-
terized by CD1a Langerhans cells. Up to 50% of 
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PLCH cases are found to have somatic mutations 
in B-Raf Proto-Oncogene, Serine/Threonine 
Kinase (BRAF) [59], which can be detected in 
circulating peripheral blood [60]. A potential 
role for targeted therapies for BRAF-mutant 
PLCH is an area of ongoing investigation; at 
present there are case reports and series of dis-
ease stabilization and/or improvement with 
BRAF and MEK inhibitors [61–64], but no 
large-scale studies have yet determined efficacy 
of these targeted therapies in patients with 
PLCH.

While LAM and PLCH can lead to progres-
sive lung parenchymal destruction and respira-
tory failure, isolated cystic lung disease can also 
present with primary spontaneous pneumotho-
rax. Several genetic disorders, including Birt- 
Hogg- Dube (BHD), as well as connective tissue 
disorders, including Ehlers-Danlos Syndrome, 
Marfan’s Synrome, and Loeys-Dietz syndromes 
have been recognized as causes of primary 
spontaneous pneumothorax [65]. BHD is char-
acterized by subpleural cysts, dermal fibrofol-
liculinomas, and risk of renal tumors, and is 
caused by autosomal dominant inheritance of 
mutations in Folliculin (FLCN), a tumor sup-
pressor gene [66]. In contrast to LAM and 
PLCH, pulmonary cysts in patients with BHD 
resemble emphysematous cysts, and the mecha-
nism of their development is not well under-
stood [67]. Establishing a genetic diagnosis as 
cause of primary spontaneous pneumothorax 
has direct therapeutic implications for patients; 
as the recurrence risk is >75% among BHD 
patients with a first pneumothorax, pleurodesis 
is recommended in the initial management of 
these patients [68]. Patients with BHD are at 
increased risk of renal tumors, and periodic 
screening is recommended if a diagnosis of 
BHD is established [69].

 Bronchiectasis and Obstructive 
Lung Disease

Bronchiectasis is a clinical syndrome character-
ized by clinical symptoms of a persistent produc-
tive cough and evidence of dilated, thickened 

airways on chest imaging. The differential diag-
nosis of bronchiectasis includes immunodefi-
ciencies, postinfectious etiologies, autoimmune 
disease, and genetic disorders, including cystic 
fibrosis (CF), primary ciliary dyskinesia (PCD), 
and alpha-1 antitrypsin deficiency (A1AD).

CF is a systemic disease caused by biallelic 
loss-of-function mutations in a chloride ion 
transporter gene called Cystic Fibrosis 
Transmembrane Conductance Regulator (CFTR). 
In the lungs, loss of CFTR function leads to 
impaired mucociliary clearance, recurrent infec-
tions, mucous impaction, bronchiectasis, and 
progressive respiratory failure. CF-associated 
CFTR mutations are grouped into six classes 
based on the mechanism of dysfunction (e.g., 
null, mistrafficking, gating, reduced protein lev-
els/impaired stability), and mutation-class driven 
precision therapies are available for many patients 
with CF [70, 71]. Consequently, CFTR genotyp-
ing is recommended for all patients with CF. It is 
becoming increasingly recognized that some CF 
phenotypes are relatively mild and may present 
in adulthood as isolated bronchiectasis. Sweat 
chloride test values may be near the upper limits 
of normal in these individuals; thus, an equivocal 
sweat chloride test with appropriate clinical sus-
picion should prompt CFTR genotyping.

PCD is a syndrome of impaired ciliary assem-
bly and/or function that leads to abnormal muco-
ciliary clearance and bronchiectasis [72]. 
Evaluation of ciliary ultrastructure by electron 
microscopy (EM) can aid in the diagnosis of 
PCD, but considerable experience is required for 
proper processing and evaluation of ciliary 
EM.  Elevated nasal nitric oxide (NO) can be 
observed in many patients with PCD, although 
some genetic causes of PCD have been associ-
ated with normal nasal NO levels [73]. PCD typi-
cally follows an autosomal recessive inheritance 
pattern, and biallelic variants in >35 genes encod-
ing for components of the inner dynein arm, outer 
dynein arm, and those related to axonemal disor-
ganization have been reported; mutations in sev-
eral PCD genes do not appear to affect ciliary 
ultrastructure [72]. PCD can be associated with 
Kartagener’s syndrome and other malrotation 
disorders.
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A1AD is a syndrome characterized by bial-
lelic mutations in SERPINA1, the gene encoding 
for the antiprotease alpha-1 antitrypsin [74]. 
There are several different classes of SERPINA1 
mutations that lead to different A1AD pheno-
types as detected by gel electrophoresis, includ-
ing the M allele (normal), S allele (low protein), 
and Z allele (null) [74]. In the lung, loss of anti-
protease activity in patients with ZZ genotypes is 
associated with early onset and severe emphy-
sema, dramatically exacerbated by tobacco 
smoking. Individuals with SZ genotypes are also 
at increased risk for developed emphysema [75]. 
In total, it is estimated that 1–3% of all patients 
with COPD have A1AD, but this is likely signifi-
cantly underrecognized in clinical practice. The 
Current Global Initiative for Chronic Obstructive 
Lung Disease (GOLD) guidelines recommend 
testing for A1AD in all patients newly diagnosed 
with COPD [75]. The clinical spectrum of A1AD 
includes both pulmonary and liver disease. 
Misfolding of mutant alpha-1 antitrypsin in the 
liver leads to a toxic gain-of-function and chronic 
hepatocyte injury, leading to chronic liver disease 
that progresses to cirrhosis in some patients [76]. 
In the lung, while emphysema is the primary 
clinical manifestation, isolated bronchiectasis 
can also be observed. As both the S and Z alleles 
have low frequency in the general population, 
despite need for biallelic mutations to develop 
disease, A1AD can run in families with complex 
inheritance patterns, including different primary 
disease manifestations in different individuals. 
Genetic testing for A1AD is widely available 
through the alpha-1 foundation (available at 
https://www.alpha1.org). For patients with low 
alpha-1 antitrypsin levels and disease-associated 
genotypes, alpha-1 antitrypsin replacement ther-
apy is available and has been demonstrated to 
slow loss of lung function [77].

 Adult Interstitial Lung Disease

There are more than 150 reported causes of dif-
fuse parenchymal lung disease, also termed inter-
stitial lung disease (ILD) in adults, including 

occupational, environmental and toxic exposures, 
autoimmune conditions, inherited/genetic syn-
dromes, and idiopathic interstitial pneumonias 
(IIP) [78]. Among the IIPs, idiopathic pulmonary 
fibrosis (IPF) is the most common and most 
severe [78], and the role of genetic risk in IPF is 
most clearly defined [79]. More than 20 common 
genetic variants have been associated with risk of 
IPF [79–82], including a striking association 
with a promoter polymorphism in the gene 
encoding for the airway mucin MUC5B, which is 
associated with a four- to six-fold increased risk 
for IPF in patients of European ancestry [83]. 
More recent studies have suggested this locus 
confers disease risk in patients with rheumatoid 
arthritis-associated ILD with usual interstitial 
pneumonia (UIP) disease patterns [84] and also 
in patients with chronic hypersensitivity pneu-
monitis [85]. While the MUC5B promoter poly-
morphism is associated with an unusually large 
effect size on disease risk for a common genetic 
variant, among IPF patients, risk (T) allele carri-
ers have better outcomes than patients homozy-
gous for the major (G) allele [86]. Given the high 
background prevalence (18–20%) of the MUC5B 
promoter SNP in populations of European ances-
try, and the recognition that this variant is associ-
ated with multiple forms of ILD, testing for this 
variant is not recommended in the evaluation of 
patients with ILD; in the future, it may be 
explored as a prognostic marker [5].

Upon careful ascertainment, studies from 
multiple groups indicate that approximately 20% 
of patients with IIP have a family history of IIP 
[87]; this syndrome is termed familial interstitial 
pneumonia (FIP). The inheritance pattern of FIP 
is autosomal dominant with incomplete pene-
trance [79]. Consistent with the phenotypic het-
erogeneity seen in other genetic pulmonary 
syndromes, within a single family, several differ-
ent IIP radiologic/histopathologic patterns can be 
observed [88]. Among FIP kindreds, mutations in 
genes related to telomere biology, including 
TERT [89, 90], TERC [89, 90], RTEL1 [91–93], 
PARN [93, 94], TINF2 [95], NAF1 [96], and 
DKC1 [97, 98] have been implicated. Within 
these families, other features of short-telomere 
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syndromes are frequently present, including bone 
marrow dyscrasias (e.g., macrocytosis, MDS, 
aplastic anemia), and chronic liver disease (e.g., 
cryptogenic cirrhosis). In patients with telomere 
pathway mutations, limited available data sug-
gest that genetic risk, rather than radiologic/
pathologic disease pattern, is the primary deter-
minant of disease course [99]. Most FIP- 
associated telomere pathway mutations are 
ultra-rare or novel; thus, there are limited data on 
genotype-phenotype relationships and variant- 
specific disease penetrance. As described in brief 
above, in a small proportion of families with sur-
factant pathway mutations, delayed presentation 
into adulthood occurs in few individuals. 
Compared to other forms of adult ILD, the dis-
ease course of patients who present in adulthood 
with surfactant pathway mutations may have 
early onset but slower disease progression, 
although there are cases of adults with surfactant 
protein mutations progressing to lung transplan-
tation in the fifth to sixth decades of life. To date, 
there are no formal guidelines for genetic testing 
in patients with FIP, although emerging evidence 
suggests that a specific genetic diagnosis may 
inform considerations around lung transplanta-
tion [100–104].

In addition to short telomere syndromes, pul-
monary fibrosis is a prevalent feature of 
Hermansky-Pudlak syndrome (HPS), an 
 autosomal recessive disorder characterized by 
oculocutaneous albinism, platelet dysfunction, 
and highly penetrant pulmonary fibrosis in some 
subtypes [105]. The current standard for diagno-
sis of HPS is demonstration of absent dense gran-
ules in platelets by EM. Once a diagnosis of HPS 
is established, genetic evaluation for HPS muta-
tions is recommended. Ten HPS subtypes have 
been identified as associated with mutations in 
different components related to biogenesis of 
lysosome-derived organelles with mutations in 
HPS1 (HPS subtype 1), AP3B1 (HPS subtype 2), 
and HPS4 (HPS subtype 4) having associations 
with pulmonary fibrosis [105]. As is the case in 
scenarios described above, a positive result of a 
genetic test is informative whereas a negative test 
does not exclude a diagnosis.

 Challenges and Future Directions

As genetic testing and evaluation is more fre-
quently performed, there will be an increasing 
opportunity to refine understanding of genotype- 
phenotype relationships across lung diseases. 
This will have implications for both patients with 
chronic lung disease and, in many situations, will 
inform disease risk for other family members. 
Currently, there are several major barriers to inte-
gration of genetic information into the clinical 
evaluation of patients with chronic lung disease, 
largely centered around cost of testing, limited or 
absent insurance coverage for testing, and access 
to genetic counseling. The implication of hetero-
geneous disease phenotypes associated with 
mutations in a single gene suggests understand-
ing of fundamental disease mechanisms needs 
further refinement. Although much more work 
remains to be done, one can imagine a future sce-
nario for pulmonary diseases analogous to what 
has occurred in the field of oncology where dis-
ease classification and corresponding therapeutic 
approaches are directed by the genetic drivers of 
disease.
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 Introduction

Asthma, a chronic lung disease characterized by 
variable airflow limitation, affects 22 million 
Americans and costs $81.9 billion annually [1]. 
Episodes of worsening asthma symptoms requir-
ing the use of systemic corticosteroids or other 

treatments to prevent serious outcomes, termed 
exacerbations, are a major cause of asthma mor-
bidity and health care costs that in severe cases 
lead to death [1–4]. While there is no cure for 
asthma, providing treatment according to exist-
ing clinical guidelines successfully controls 
symptoms, prevents exacerbations, and improves 
lung function in most patients [5]. Bronchodilator 
and glucocorticoid medications are commonly 
used drugs in the treatment of asthma [4]: short- 
acting bronchodilators (β2-agonists) are used to 
provide quick symptom relief; inhaled glucocor-
ticoids that act directly in the lung are prescribed 
to individuals with persistent asthma to decrease 
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Key Point Summary
• Several genetic variants have been asso-

ciated with asthma and asthma-related 
traits, including highly replicated loci. 
The most notable is at 17q21, spanning 
genes that include ORMDL sphingo-
lipid biosynthesis regulator 3 
(ORMDL3) and gasdermin B (GSDMB).

• Fewer asthma pharmacogenetic loci 
have been identified and widely repli-
cated due in part to the limited number 
of large cohorts with appropriate and 
similarly captured drug response 
measures.

• Genetics may contribute to observed 
racial/ethnic and sex disparities in 
asthma prevalence and severity, and, 
thus, asthma genetics studies must 
include diverse groups to inform 
precision medicine efforts.

• Although the exact mechanisms via 
which asthma-related variants confer 
susceptibility to asthma are not yet 
understood, genetic discoveries are the 
subject of ongoing functional studies to 
understand the role of novel molecular 
pathways in disease pathogenesis, 
which may ultimately improve asthma 
precision medicine.
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inflammation, and some individuals with severe 
disease require long-term use of oral glucocorti-
coids. Thus, the goal of asthma clinical therapy is 
to prevent lung damage and control symptoms so 
that these do not interfere with daily activities.

Asthma is one of the most common diseases 
of childhood, and some patients continue to man-
ifest symptoms, or develop asthma, as adults. 
Disparities in asthma prevalence and severity by 
race/ethnicity and socioeconomic status are a 
well-known problem in the United States [6–9] 
where childhood asthma prevalence is highest 
among Puerto Ricans (36.5%), intermediate 
among African Americans (13.4%), and lowest 
among European Americans (7.6%) and 
Mexicans (7.5%) [10], while asthma mortality is 
four-fold higher in Puerto Ricans and African 
Americans compared to Mexican Americans and 
European Americans [11]. In addition, studies 
have found that African American and Puerto 
Rican children have lower drug response to the 
most commonly used asthma therapies, broncho-
dilators [12, 13] and glucocorticoids [14], consis-
tent with trends observed for asthma morbidity 
and mortality. Similar disparities by race/ethnic-
ity are observed among adults in the United 
States with additional disparities arising by sex: 
women have 1.7  times greater prevalence of 
asthma than men and have 30% greater asthma 
death rates [11, 15, 16].

Beyond increased airway responsiveness to 
specific exposures or exercise, characteristics 
exhibited by patients with asthma are variable, 
but they often include elevated serum total IgE 
levels, increased Th2 cells, eosinophils, mast 
cells and lymphocytes, and in the case of 
persistent and/or severe disease, airway 
remodeling (i.e., increased airway smooth muscle 
mass, epithelial goblet cell hyperplasia) [17]. 
Accordingly, asthma is recognized as being 
composed of several endotypes that have been, 
and continue to be, identified via linkage of 
precise phenotypes to molecular signatures [18, 
19]. Further, specific characteristics of asthma 
are increasingly being used to identify biomarkers 
for specific disease subtypes and provide therapy 
tailored to them. For example, biologics like 

mepolizumab (an anti-IL5 monoclonal antibody) 
are now indicated for patients with eosinophilic 
asthma [20].

Asthma has long been recognized as a herita-
ble condition [21–26] for which genetic varia-
tion influences risk [27]. It is estimated that 
genetic factors explain 35–95% of asthma 
heritability, 35–84% of total serum IgE levels 
heritability, 24–41% of blood eosinophil count 
heritability, and 30–60% of bronchodilator 
response heritability [28–30]. For the past two 
decades, genetics studies of asthma and asthma- 
related traits, such as IgE levels and eosinophil 
count, have been pursued to identify genetic loci 
that may clarify the complex mechanisms that 
lead to what is currently broadly labeled as 
asthma [31].

Early asthma genetic studies took a candidate 
gene approach whereby investigators selected 
single-nucleotide polymorphisms (SNPs) within 
genes for which there was a biological rationale 
they be involved in asthma based on disease 
knowledge at the time, and subsequently, mea-
sured the association between these genotyped 
SNPs and asthma. Although several nominally 
significant associations were reported in candi-
date gene studies, very few were independently 
replicated [27]. Starting in 2005, as commercially 
available genome-wide genotyping microarrays 
became available, investigators sought to relate 
common SNPs (defined as those with minor 
allele frequency >1–5%) to diseases via genome-
wide association studies (GWAS) [32]. Since 
then, over 3955 GWAS have been completed for 
a wide range of phenotypes [33, 34]. With the 
advent of next generation sequencing (NGS) in 
the late 2000s, attempts to relate DNA sequence 
variants to diseases have extended to whole-
exome and whole-genome sequencing, expand-
ing the genome-wide association approach to 
include rare and structural variants [35]. In this 
chapter, we review genetic loci that have been 
associated with asthma (Fig.  3.1) and asthma 
drug response (Fig.  3.2) using genome-level 
studies, and we summarize some of the pathobio-
logical and treatment insights gained via func-
tional studies of these loci (Table 3.1).
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Fig. 3.1 Summary of asthma-associated loci across the 
human genome. Asthma-related GWAS association 
results with p-value <10−6 were downloaded from the 

GWAS Catalog [33, 34]. Figures were generated with 
PhenoGram (available at: http://visualization.ritchielab.
org/phenograms/plot)

a b

Fig. 3.2 Summary of asthma pharmacogenetic loci. (a) 
Bronchodilator response (BDR) and (b) glucocorticoid 
response GWAS association results with p-value <10−6 

were downloaded from the GWAS Catalog [33, 34]. 
Figures were generated with PhenoGram (available at: 
http://visualization.ritchielab.org/phenograms/plot)
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 Genetics of Asthma

Several asthma GWAS have been conducted 
over the past decade, providing researchers with 
a relatively solid understanding of which find-
ings are generalizable, which require further 
verification to determine whether statistical 
associations truly represent a biologically 
significant process related to disease, and how 
GWAS are limited in explaining the heritability 
of asthma and its related traits [28, 31]. After ini-
tial GWAS were completed, investigators noticed 
that most complex trait associations had rela-
tively small effect sizes, and, hence, cohorts of 
100s or 1000s of subjects were inappropriately 
powered to detect associations [36]. Accordingly, 
the asthma GWAS that have provided the most 
consistent results are large meta-analyses of 

pooled cohorts gathered by different groups of 
investigators around the world. The first such 
efforts in asthma were the GABRIEL consor-
tium [37], consisting of 10,365 European per-
sons with physician-diagnosed asthma and 
16,110 European controls, and the EVE consor-
tium [38], consisting of 3246 cases with asthma, 
3385 non-asthmatic controls, 1702 asthma case- 
parent trios, and 355 family-based cases and 468 
family-based controls, comprising European 
American, African American and African 
Caribbean, and Latino subjects. Larger meta- 
analyses that followed include the Trans-
National Asthma Genetic Consortium (TAGC), 
consisting of 23,948 asthma cases and 118,538 
controls without asthma of diverse ancestries 
from 75 independent asthma GWAS, and the 
Consortium on Asthma Among African Ancestry 
Populations (CAAPA), consisting of 7645 

Table 3.1 Summary of main findings of asthma genetic and pharmacogenetic studies

Phenotype Main findings
Asthma Prominent asthma-associated loci are 17q21 locus (including ORMDL3 and GSDMB), HLA 

region, TSLP, IL33, IL13, and IL1RL1 [28, 37–39]
Robust asthma loci identified in persons of African descent include 17q21, IL33, RORA, and 
STAT6 [40]
There are more significant loci for childhood-onset versus adult-onset asthma. Shared loci 
across age-of-onset include IL1RL1, IL33 and the HLA region while 17q21 is specific to 
childhood-onset asthma [58, 59]

Asthma severity Loci associated with early- childhood severe asthma include CDHR3 and other asthma loci 
(17q21, IL33, IL1RL1, RAD50) [62]
Loci associated with severe-to- moderate asthma include GATA3, MUC5AC, and KIAA1109 and 
other asthma loci (17q21, TSLP, IL1RL1, IL33, HLA-DQB1) [64]

IgE levels Loci associated with IgE levels include IgE level-specific ones (FCER1A) and some overlapping 
with asthma risk (RAD50, STAT6, and HLA-DQB1) in European populations [66, 68]
Loci associated with IgE levels in non-European populations include HLA-DQA1 (Latinos) and 
HLA-C (Japanese) [69, 70]

Eosinophil count A rare loss-of-function variant in IL33 was associated with lower blood eosinophil counts and 
reduced asthma risk [72]

Allergic diseases 
(asthma, allergic 
rhinitis, atopic 
dermatitis)

Loci associated with allergic diseases include known asthma loci (17q21, IL1RL1, SMAD3, 
TSLP), and a hay fever locus CLEC16A [74, 75]

Bronchodilator 
response

BDR-associated loci include SPATS2L [78], COL22A1 [79], and ASB3 [80]
ZNF432 was associated with BDR via interaction with inhaled corticosteroid treatment [81]
BDR-associated loci in minority children with asthma include genes related to lung capacity 
(DNAH5), immunity (NFKB1 and PLCB1), and β-adrenergic signaling (ADAMTS3 and 
COX18) [90]

Glucocorticoid 
response

A GLCCI1 SNP that was nominally associated with glucocorticoid response in patients treated 
with inhaled glucocorticoids was in high linkage disequilibrium with a variant that was 
associated with decreased GLCCI1 expression in B cells [91]
No genetic variants met pre-specified genome-wide significant statistical criteria in the largest 
published GWAS of glucocorticoid response to date [96]
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asthma cases and 7009 controls without asthma 
of African ancestry [39–42].

The most well-known and highly replicated 
asthma association signal, which appears to be 
specific to childhood-onset asthma [43], is within 
the 17q21 locus [37, 38, 44]. Many functional 
studies have sought to understand which gene(s) 
and variant(s) in this region modify asthma sus-
ceptibility. Four genes, IKAROS family zinc fin-
ger 3 (IKZF3), gasdermin B (GSDMB), ORMDL 
sphingolipid biosynthesis regulator 3 (ORMDL3), 
and zona pellucida binding protein 2 (ZPBP2), 
were proposed as functional candidates in early 
studies based on their proximity to the associa-
tion signal and results from expression quantita-
tive trait loci (eQTL) studies, which found that 
the asthma-associated SNPs were also associated 
with these genes’ mRNA expression levels in 
various tissues [45–48]. More detailed experi-
mental studies lend support to ORMDL3 and 
GSDMB as being the genes that are relevant to 
asthma: overexpression of either ORMDL3 or 
GSDMB in bronchial epithelium in mice leads to 
increased airway remodeling and responsiveness 
[49–51]. A study by Panganiban and colleagues 
found that GSDMB protein induces pyroptosis of 
airway epithelia cells during inflammation and 
that a GSDMB splice variant abolishes its pyrop-
totic activity, thus hypothesizing that this variant 
contributes to the protective association signal 
observed in asthma [52]. The 17q21 locus asso-
ciations have also been observed in Puerto Rican 
children [53] and admixed African populations in 
CAAPA [40], suggesting the signal is not limited 
to people of European ancestry, although the 
linkage disequilibrium patterns at this locus dif-
fer across populations and their relationship with 
asthma is not fully characterized. Further, there is 
inconsistent evidence of association in some 
studies of African American people with asthma 
[54–56], underscoring the need for a better 
understanding of how genetic ancestry influences 
this locus. In asthma GWAS conducted in adults, 
it is not always clear whether subjects had 
childhood- onset asthma; thus, some lack of repli-
cation may reflect type of asthma rather than 
racial/ethnic differences. For example, in GWAS 
among Asian and Hispanic adults [54, 55] where 

the 17q21 locus was not associated with asthma, 
it is unclear whether this was due to differences 
in genetic ancestry or the fact that few cases had 
childhood-onset asthma. Ongoing GWAS and 
functional studies may shed further light on this 
association signal and one day lead to clinically 
useful insights.

Other robust asthma associations have been 
discovered in European cohorts within and near 
the genes coding for thymic stromal lympho-
poietin (TSLP) (5q22), interleukin 33 (IL33) 
(9q24), and interleukin 1 receptor like 1 
(IL1RL1) (2q12), and the human leukocyte 
antigen (HLA) regions (6p21) [37, 38]. These 
genes represent pathways in which epithelial 
cell-derived cytokines promote the differentia-
tion and activation of T helper 2 (Th2) cells 
[28], and unlike the 17q21 association, they are 
consistent with what is known about asthma 
biology. However, the fact that SNPs in/near 
these specific genes arise via GWAS, while 
those of other cytokine-related genes do not, 
points to the ability of unbiased approaches to 
identify the most promising disease loci. Fewer 
consistent asthma GWAS results specific to 
non-European populations have been observed, 
partly because there are fewer non- European 
GWAS cohorts, and those that do exist are of 
limited sample size [57]. For example, the EVE 
study found that SNPs near pyrin and HIN 
domain family member 1 (PYHIN1) were asso-
ciated with asthma in subjects of African 
descent [38], a finding that has not been defini-
tively observed in subsequent GWAS of African 
Americans. GWAS of non-European persons, 
however, have served to validate trans-ethnic 
loci: the TAGC meta-analyses of multi-ancestry 
populations replicated GWAS findings at IL33, 
IL1RL1, RAR related orphan receptor A 
(RORA), SMAD family member 3 (SMAD3), 
and signal transducer and activator of transcrip-
tion 6 (STAT6), which were initially discovered 
in European populations [39], while CAAPA 
found that asthma associations among individu-
als of African descent included variants at/near 
the 17q21 locus, IL33, RORA, and STAT6 [40].

The majority of subjects in asthma GWAS have 
been children or persons with childhood- onset 
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asthma, but more recent studies have been able to 
formally search for genetic factors specific to 
childhood- versus adult-onset asthma. UK 
Biobank studies have found that there are more 
loci associated with childhood- versus adult- onset 
asthma [58, 59]. Specifically, Ferreira and col-
leagues conducted GWAS of childhood-onset 
asthma (13,962 affected individuals; 300,671 con-
trols) and adult-onset asthma (26,582 affected 
individuals; 300,671 controls) and identified 123 
independent associations for childhood-onset 
asthma and 56 for adult-onset asthma with 37 
overlapping [58]. Attempted replication of these 
findings in an independent study of 262,767 sub-
jects found that 98 and 34 loci replicated for child-
hood- and adult-onset, respectively [58]. Pividori 
and colleagues, using data for 376,358 British 
white individuals (9433 adults with childhood 
onset asthma; 21,564 adults with  adult- onset 
asthma), identified 23 childhood-onset specific 
loci, one adult-onset specific locus, and 37 shared 
loci [59]. Genes that were shared across age-of-
onset in both of these UK Biobank studies included 
the known asthma-associated genes IL1RL1, IL33, 
and the HLA region while the 17q21 locus was 
specific to childhood-onset asthma, consistent 
with results of previous asthma GWAS. Overall, 
these studies suggest that genetic variation con-
tributes more strongly to childhood-onset asthma 
while non-genetic risk factors (e.g., environmental 
factors) are more prominent in adult-onset asthma 
[58, 59].

Sex is a non-modifiable risk factor related to 
genetics, and, thus, considering sex in GWAS 
may help clarify the pathobiological mechanisms 
that lead to observed asthma sex disparities. A 
meta-analysis of sex-specific GWAS was con-
ducted in 2653 male and 2566 female asthma 
cases versus 3830 pooled non-asthma controls 
from EVE found six loci with a p-value <10−6. 
Two loci were male-specific: interferon regula-
tory factor 1 (IRF1) in European Americans and 
RAB11 family interacting protein 2 (RAB11FIP2) 
in African Americans, while four loci were 
female-specific: long intergenic non-protein cod-
ing RNA 1931 (LINC01931) in African 
Americans, and Erb-B2 receptor tyrosine kinase 
4 (ERBB4), chromosome 6 open reading frame 

118 (C6orf118) and RAB11 family interacting 
protein 2 (RAB11FIP2) in Latinos [60]. This sex- 
specific study was limited by the reduced power 
resulting from diminished sample size inherent 
when restricting analysis by sex, and no major 
sex-specific asthma GWAS have been published 
with genome-wide significant findings.

Rare variants do not appear to confer much 
risk for asthma based on studies published thus 
far, suggesting that rare variants are unlikely to 
account for a significant proportion of asthma 
heritability. An exome study by Igartua and col-
leagues based on some of the EVE cohorts 
reported evidence of population-specific low- 
frequency variants being associated with asthma 
in/near the general receptor for phosphoinositi-
des 1 associated scaffold protein (GRASP) and 
GSDMB among Latinos, and methylenetetrahy-
drofolate reductase (MTHFR) among African 
Americans/African Caribbeans [61].

 Genetics of Traits Related to Asthma

Genetic studies of people selected via a more spe-
cific asthma definition than “doctor’s diagnosis” 
and of secondary quantitative phenotypes related 
to asthma have been performed in an attempt to 
increase power to detect associations and clarify 
the potential functional role of associated loci. 
This approach has been successful in some cases. 
A GWAS of early-childhood severe asthma, 
defined on the basis of repeated acute hospitaliza-
tions, consisting of 1173 cases and 2522 controls, 
identified several known asthma susceptibility loci 
such as the 17q21 locus, IL33, IL1RL1, and 
RAD50 double-strand break repair protein 
(RAD50), but additionally, it identified a locus that 
had not been observed using broader asthma defi-
nitions: cadherin-related family member 3 
(CDHR3) [62]. A GWAS of childhood acute 
asthma exacerbations, defined on the basis of hav-
ing a 5-day course of oral steroids, found promis-
ing variants in/near catenin alpha 3 (CTNNA3) and 
semaphorin 3D (SEMA3D), two genes with poten-
tial roles in immune response and airway remodel-
ing, respectively [63]. The SNP near CTNNA3 
reached genome-wide significance while a SNP 
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near SEMA3D was significant in a replication 
cohort; however, further support for these associa-
tions has not yet been published. A more recent 
GWAS of moderate-to- severe asthma from the UK 
Biobank, where patients were selected based on 
medications used and doctor diagnosis, identified 
novel asthma- associated loci at the GATA binding 
protein 3 (GATA3) gene, which encodes a tran-
scription factor related to T-cell response in asthma 
and eosinophilia, mucin 5 AC, oligomeric mucus/
gel- forming gene (MUC5AC), and uncharacter-
ized protein KIAA1109 (KIAA1109) [64]. 
Additionally, this study replicated previously iden-
tified asthma GWAS loci such as 17q21, TSLP, 
IL1RL1, IL33, and HLA-DQB1 [64].

GWAS of immunoglobulin E (IgE), an anti-
body that mediates allergic diseases and is 
 elevated in some persons with asthma [65], have 
found robust genetic associations that are specific 
to IgE levels, such as variants in/near Fc fragment 
of IgE receptor Ia (FCER1A), as well as associa-
tions that are shared with asthma susceptibility 
(e.g., STAT6, RAD50, and HLA-DQB1) [66–68]. 
IgE GWAS of non-European populations have 
identified variants in/near the major histocompat-
ibility complex, class II, DQ Alpha 1 (HLA- 
DQA1) as associated with IgE levels in Latinos 
[69] and the major histocompatibility complex, 
class I, C (HLA-C) in Japanese individuals [70]. 
Genetic studies of count of eosinophils, effector 
cells activated by Th2-type cytokines such as 
IL33 [71], include a whole-genome sequencing 
study that identified a rare loss-of-function vari-
ant in IL33 as associated with lower blood eosin-
ophil counts and reduced asthma risk [72].

 Shared Genetics of Asthma 
and Allergic Diseases

Allergic asthma shares some of its genetic origin 
with other diseases, such as allergic rhinitis (hay 
fever) and atopic dermatitis (eczema) [73, 74]. 
GWAS in which cases include persons with at 
least one allergic disease have been pursued to 
detect associations that underlie shared biologi-
cal pathways that lead to allergic diseases [74, 
75]. Ferreira and colleagues conducted such a 

GWAS with 180,129 cases with self-reported or 
doctor-diagnosed asthma and/or hay fever and/or 
eczema and 180,709 controls of European ances-
try in which they identified 99 independent asso-
ciations with allergic disease, most with similar 
effects in individual allergic diseases [75]. Zhu 
and colleagues performed a GWAS using 76,768 
controls from the UK Biobank and restricting 
cases to 33,593 subjects with a doctor-diagnosed 
allergic disease, and they identified 38 genome- 
wide significant loci including seven novel shared 
loci [74]. Both of these studies identified promi-
nent asthma GWAS loci (i.e.,17q21, IL1RL1, 
SMAD3, TSLP) as well as some novel loci with 
suggestive associations such as the C-type lectin 
domain containing 16A (CLEC16A) gene that 
was previously associated with hay fever among 
asthma patients [76]. Functional annotation of 
allergic-disease-associated loci revealed enrich-
ment of immune/inflammatory pathways, sug-
gesting that variants in/near several genes 
contribute to the co-existence of allergic diseases 
[74, 75].

 Genetics of Bronchodilator 
Response

Bronchodilator response (BDR), measured as 
the percent change in forced expiratory volume 
in 1 second (FEV1) following administration of a 
β2-agonist (usually albuterol) according to rec-
ommended guidelines [77], has been used as a 
quantitative and dichotomous outcome for 
GWAS of β2-agonist response. Early genome- 
wide efforts to study BDR include a study by 
Himes and colleagues in which the primary 
cohort consisted of 1644 white asthma subjects 
from six clinical trials, and replication was per-
formed in two independent populations [78]. 
The top association signal was near the 
spermatogenesis- associated serine rich 2 like 
(SPATS2L) gene with a combined p-value <10−6; 
further evidence that this gene of unknown func-
tion was involved in BDR was provided by 
experiments in which SPATS2L mRNA knock-
down in airway smooth muscle, a target tissue of 
bronchodilators, resulted in increased levels of 
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β2-adrenergic receptor, the receptor via which β2- 
agonists exert their airway relaxation effect [78]. 
Duan and colleagues performed a BDR GWAS 
based on 403 white trios with asthma children 
from the Childhood Asthma Management 
Program (CAMP) and applied five different sta-
tistical approaches to determine that the most 
robust associations were within the collagen 
type XXII alpha 1 (COL22A1) gene [79]. A BDR 
GWAS study in 724 white subjects, including 
the CAMP cohort, used two distinct measures of 
BDR to screen SNPs for replication in an attempt 
to control for phenotypic variability in β2-agonist 
response [80]. This study by Israel and col-
leagues found that a novel locus near the ankyrin 
repeat (ASB3) gene was associated with 
BDR.  While the three BDR GWAS discussed 
thus far used subjects from clinical trials in 
which BDR was measured while no other medi-
cations had been taken (i.e., after a “wash-out” 
period), most people with persistent asthma are 
treated with both inhaled corticosteroids (ICS) 
and β2-agonists, and the effects of these two 
drugs are synergistic. To account for this, a BDR 
GWAS that included interactions with ICS treat-
ment in 581 white asthmatic children from 
CAMP was performed by Wu and colleagues 
[81]. After combining primary and replication 
cohort results, a genome- wide significant locus 
was found near the zinc finger protein 432 
(ZNF432) gene [81]. BDR loci that had been 
identified via candidate gene studies, including 
the adrenoceptor beta 2 (ADRB2), adenylate 
cyclase 9 (ADCY9), corticotropin- releasing hor-
mone receptor 2 (CRHR2), and arginase 1 
(ARG1) genes [82–87], have not been identified 
in BDR GWAS, again demonstrating that most 
results from candidate gene studies are not gen-
eralizable. BDR GWAS, however, have been 
limited relative to asthma GWAS by smaller 
sample sizes and the lack of convenience cohorts: 
BDR tests are not readily available via Biobanks 
or studies that rely on self-reported outcomes.

Differences in response to albuterol have been 
observed between racial/ethnic groups: Puerto 
Rican and African American children with 
asthma are significantly less responsive to alb-
uterol than Mexican children [12, 13], and, thus, 

studies of BDR in diverse populations have been 
performed as they may shed light on asthma dis-
parities. Drake and colleagues performed a BDR 
GWAS in 1782 Latino children with asthma and 
identified rare variants in SLC22A15, SLC24A4, 
and IGF2R genes as associated with BDR [88]. 
More recently, BDR studies have been conducted 
as part of the Trans-Omics for Precision Medicine 
(TOPMed) Program of the National Heart, Lung, 
and Blood Institute [89]. Specifically, a whole- 
genome sequencing study performed in 1441 
minority children (i.e., Puerto Ricans, Mexicans, 
and African Americans) with asthma used a 
dichotomous BDR outcome based on the tails of 
the continuous BDR distribution (i.e., high vs. 
low responder status) and found several promis-
ing loci near genes previously associated with 
lung capacity (dynein axonemal heavy chain 5 
(DNAH5)), immunity (nuclear factor kappa B 
subunit 1 (NFKB1), phospholipase C beta 1 
(PLCB1)), β-adrenergic signaling (ADAM metal-
lopeptidase with thrombospondin type 1 motif 3 
(ADAMTS3), cytochrome C oxidase assembly 
factor COX18 (COX18)) [90]. Functional evi-
dence that a variant near NFKB1 influences tran-
scription of this gene was provided, resulting in 
the strongest evidence for this locus. Due to the 
unavailability of additional cohorts for replica-
tion, however, these findings have not been fur-
ther tested. As the TOPMed program grows, the 
identification of robust BDR-associated loci may 
increase.

 Genetics of Glucocorticoid 
Response

Asthma glucocorticoid response studies have 
addressed the question of whether patients’ 
symptoms improve with ICS use. Unlike BDR, 
which refers to a more clearly defined acute out-
come measured in a laboratory setting, response 
to ICS is assessed over the course of weeks to 
months, and specific outcomes measured are 
variable although usually involving the number 
of asthma exacerbations and/or improved lung 
function (e.g., improved baseline FEV1). Because 
glucocorticoid response outcomes are related to 
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asthma severity and medication adherence, it is 
difficult to ensure that the same actual outcome is 
being assessed across patients. This is particu-
larly the case when using cross-sectional data to 
assess glucocorticoid response, and it is thus not 
surprising that most glucocorticoid response 
GWAS are based on clinical trials cohorts. 
Tantisira and colleagues performed one of the 
first GWAS of glucocorticoid response using 181 
white asthma-proband trios from CAMP and four 
independent clinical trial cohorts for attempted 
replication. In a discovery stage, the quantitative 
outcome selected was residuals of the difference 
between FEV1 following months of budesonide 
treatment after adjustment for age, sex, and 
height. Of the 13 top variants from this stage that 
were selected for replication, SNP rs37972, near 
glucocorticoid induced 1 (GLCCI1), was nomi-
nally associated with glucocorticoid response 
(p < 0.05). Functional analysis showed that SNP 
rs37973, which was in high linkage disequilib-
rium with rs37972, was associated with decreased 
GLCCI1 expression in B cells, suggesting that 
rs37973 leads to decreased response to glucocor-
ticoids in patient with asthma via changes in 
GLCCI1 expression [91]. The GLCCI1 associa-
tions have not been replicated in some indepen-
dent studies [92, 93]. A GWAS of glucocorticoid 
response defined as the change in percent FEV1 
after 4  weeks of treatment with ICS was per-
formed in 189 Korean subjects with asthma 
found that the top SNPs (p-value <10−6) mapped 
to allantoicase (ALLC) [94]. A GWAS of changes 
in asthma symptom scores after ICS treatment 
(i.e., average asthma symptom score from the last 
week of ICS treatment minus average asthma 
symptom score from the week before ICS treat-
ment was initiated) was performed in 124 white 
children from CAMP. Three SNPs near rhabdo-
myosarcoma 2 associated transcript (RMST), 
long intergenic non-protein coding RNA 2140 
(LINC02140), and F-box and leucine rich repeat 
protein 7 (FBXL7) were nominally replicated in 
children, but not adults, from independent clini-
cal trial cohorts [95].

Most glucocorticoid response GWAS results 
published thus far have not been replicated in 
independent studies, partly because the GWAS 

studies have been based on small sample sizes. 
The largest published GWAS of glucocorticoid 
response to date was conducted using data from 
2675 asthma subjects who were part of GSK clin-
ical trials of fluticasone furoate and fluticasone 
propionate [96]. This study by Mosteller and col-
leagues found that no genetic variants met pre- 
specified genome-wide significant statistical 
criteria, and while GLCCI1 variants were nomi-
nally associated with change in FEV1, the authors 
concluded that common genetic variants are 
unlikely to serve as biomarkers of steroid respon-
siveness [96]. With the advent of inhaler-based 
sensors and health information technologies that 
permit convenient and remote tracking of ICS 
use in many individuals, larger pharmacogenetics 
studies of asthma may be possible in the near 
future [97].

 Conclusion

Asthma genetics and pharmacogenetics studies 
have identified numerous genetic loci associated 
with asthma and asthma-related traits, including 
drug response. Associations at some loci, most 
notably the 17q21 region with asthma, have 
been replicated in several independent studies, 
leaving little doubt the associations reflect true 
disease pathways. Nonetheless, linking specific 
alleles to asthma pathobiology has been a slow 
process due, in part, to the difficulty in deter-
mining what experimental assays should be 
used to validate associations representing the 
complex trait that is asthma. Based on BDR and 
glucocorticoid response GWAS results thus far, 
it is unlikely that pharmacogenetic tests for 
commonly used asthma drugs will be useful at 
the point of care. Results of asthma pharmaco-
genetic studies are valuable, however, to iden-
tify novel loci involved in asthma drug response 
pathways. Ongoing efforts such as the TOPMed 
Program will provide insights via larger and 
more diverse whole- genome sequencing studies 
of asthma that link multi-omics data to genetics, 
leading to the discovery of novel drug targets 
and preventive strategies for improved asthma 
precision medicine.
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Genetics and Pharmacogenetics 
of COPD

Yohan Bossé and Michael H. Cho

 The Era of Precision Medicine 
Needs in COPD

Chronic obstructive pulmonary disease (COPD) 
is a non-curable disorder characterized by irre-
versible airway obstruction caused by airway 
and/or parenchymal abnormalities. It is associ-
ated with persistent respiratory symptoms and 
characterized by a heterogeneous clinical presen-
tation. COPD is ranked among the top global 
causes of death, reaching a staggering figure of 
nearly 3 million deaths in 2016 [1]. Projections 
estimate that the total number of diagnosed 
COPD patients will increase by more than 150% 
from 2010 to 2030, giving rise to an escalating 
burden of COPD on the healthcare system [2]. 

Just in United States, medical costs attributable 
to COPD exceeded $32 billion in 2010 and were 
projected to reach $49 billion in 2020 [3]. In 
Canada, the average annual excess direct costs of 
COPD were estimated at nearly $5500 per patient 
compared to a matched cohort of subjects with-
out COPD [4]. Novel prevention and treatments 
strategies must be rapidly developed and imple-
mented to stem the progression of this disease.

Cigarette smoking is the main risk factor for 
COPD.  However, only 20–25% of smokers 
develop clinically significant airflow obstruction 
[5]. In addition, COPD susceptibility and lung 
function decline vary considerably among indi-
viduals with similar smoking exposure. 
Interventions to prevent smoking initiation and 
use for all are of paramount importance to 
decrease the burden of COPD.  The age- 
standardized COPD morbidity and mortality con-
tinue to rise despite declining rates of smoking in 
most high-income countries [6, 7] and never- 
smokers accounted for up to one-quarter of all 
COPD cases [8]. Thus, we must understand the 
determinants of COPD susceptibility beyond 
smoking.

Other than eliminating noxious particles or 
gases exposure (such as cigarette smoking), the 
current management of patients with COPD is 
based on therapeutics that alleviate the symp-
toms, improve lung function, or reduce exacerba-
tions. However, there are no treatments available 
to stop or reverse the underlying disease 
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 processes  – no pharmacologic therapies have 
 convincingly been shown to alter decline in lung 
function or reduce mortality [9], and several 
recent clinical trials in COPD enrolling large 
numbers of patients failed their therapeutic tar-
gets [10, 11]. In addition, there is substantial het-
erogeneity in patient response [12, 13].

A deeper understanding of the disease is 
essential to develop new therapeutics and achieve 
greater therapeutic precision. Genomic research 
holds promise to reveal host susceptibility to 
develop COPD, discover new therapeutic targets, 
and find new biomarkers to refine disease classi-
fication and guide therapies [14, 15]. In this chap-
ter, we describe recent progress to elucidate the 
genetic factors underlying COPD susceptibility 
and response to pharmacotherapy. We also dis-
cuss the translation of this new knowledge into 
clinical applications highlighting successes, 
promises, challenges, and failures.

 The Evolving Genetic Map of COPD

For more than half a century, we have known that 
alpha-1 antitrypsin deficiency (AATD) is a 
genetic determinant of COPD. AATD is caused 
by inherited variants in the SERPINA1 gene 
located on chromosome 14q32.13, which encodes 
an antiprotease called alpha-1 antitrypsin. 
Previous studies suggested that AATD occurs 
only in 1–5% of COPD cases [16–19]. SERPINA1 
is thus the first and still the most well-proven 
genetic risk factor for COPD but only explains a 
minority of cases. Studies based on twins, fami-
lies, and population-based studies, many exclud-
ing known AATD, have demonstrated a 
substantial contribution of genetic factors to 
COPD, with estimates of heritability – the pro-
portion of susceptibility from genetic factors  – 
ranging from 35 to above 50% [20–24]. Thus, 
AATD and SERPINA1 do not account for the 
strong genetic component to COPD and lung 
function phenotypes predicted from genetic epi-
demiology studies [25], which implies there are 
additional genes to be discovered.

Elucidating COPD genes is key to understand 
the underlying pathobiological processes giving 
rise to this disease. During the pre-genome-wide 
association study (GWAS) era, investigators 
relied on candidate gene and genome-wide link-
age studies to identify the genetic factors of 
COPD. A large number of candidate gene studies 
were performed focusing on genes governing 
molecular processes involved in the current 
understanding of COPD pathogenesis, namely 
protease-antiprotease balance, inflammation, 
xenobiotic metabolism, immune response, and 
oxidative stress. In 2009, the genetic map of 
COPD contained 57 susceptibility genes derived 
from candidate gene studies [26]. Three years 
later, this number grew to 144 genes associated 
with COPD or related-phenotypes [27]. Although 
we need to appreciate the worldwide and intense 
effort from the COPD research community to find 
the responsible genes, unfortunately, most candi-
date genes were not replicated. In 2012, seven 
genes were supported by at least 10 genetic asso-
ciation studies: ADRB2, TGFB1, TNF, GSTM1, 
GSTP1, SERPINA1, and EPHX1. However, many 
studies were flawed by poor phenotype definition, 
small sample size, publication bias, and low 
genetic coverage, among others. Subsequent stud-
ies found rather inconsistent results and the global 
outcome from candidate gene studies is largely 
negative, a phenomenon echoed in many other 
diseases [28]. As of today, excluding SERPINA1, 
none of the other genes reported by candidate 
gene studies are well- proven susceptibility gene 
for COPD. Compared to candidate gene studies, 
fewer genome-wide linkage studies were per-
formed as they required recruitment of families. 
More thorough reviews on genome-wide linkage 
studies in COPD and related-phenotypes have 
been reported [26]. Briefly, these studies revealed 
the multilocus nature of COPD, i.e., many genetic 
loci potentially harboring susceptibility genes for 
COPD.  However, linkage loci consist of very 
large intervals with several putative genes. Fine 
mapping studies identified several genes, but sim-
ilar to candidate gene studies, many have not been 
subsequently replicated in larger studies [29].
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In retrospect, earlier studies had failed to 
fully appreciate the complex and polygenic 
architecture of COPD. Advances in genotyping 
and sequencing technology and statistical meth-
odology led to the era of GWAS.  For COPD 
research, as for other fields of medicine, the pre-
GWAS era will be known as the period where 
geneticists were learning how to find genes of 
complex diseases. To date, GWAS have been the 
most successful approach to identify the genetic 
determinants of COPD. During the last decade, 
GWAS have been progressively more successful 
by enlarging sample sizes and improving SNP 
coverage. Figure 4.1 shows landmark GWAS in 
COPD and depicts their sample sizes as well as 
the number of discovered genomic loci and their 
effect sizes. There is a clear correlation between 
the sample size and the number of discovered 
COPD loci. Early COPD GWAS identified, and 
consistently replicated, one to few associations 
and suggested many others that the studies were 
underpowered to demonstrate. It is well known 
that GWAS needs to reach a certain threshold 
sample size above which the rate of locus dis-
covery accelerates [30], and this threshold has 
recently been achieved in COPD research 
(Fig.  4.1). The latest of these GWAS was per-
formed combining resources from the 
International COPD Genetics Consortium and 
the UK Biobank [31]. The allele frequencies of 

35,735 COPD cases defined by moderate to very 
severe airflow limitation were compared to 
222,076 controls for more than 6 million genetic 
variants. Figure 4.2 summarizes the findings of 
this study. At genome-wide significance, 82 loci 
were identified, of which 60 were clearly repli-
cated, and the remainder had varying levels of 
replication evidence. Conditional analyses then 
revealed secondary associations in 50 of these 
loci, indicating independent variants associated 
with COPD in the same loci. The nearest genes 
to all independent variants are illustrated in 
Fig. 4.2. Odds ratio of the 82 genome-wide sig-
nificant variants vary from 1.06 to 1.21 and 
explained 7.0% of the COPD phenotypic vari-
ance. As is typical with other complex diseases, 
most important COPD loci have small effect 
sizes (OR  <  1.3). As sample sizes of GWAS 
increase, more loci are detected at a correspond-
ing lower effect sizes. It should also be empha-
sized that this large COPD GWAS did not 
identify the SERPINA1 Z allele, even though this 
was identified in a previous, smaller GWAS of 
more specific phenotypes [32, 33]. Thus, the 
absence of identification by GWAS of some of 
the most robust candidate genes associated with 
COPD including SERPINE2 [29], MMP12 [34], 
FGF7 [35], TGFB1 [36], GSTM1 [37], XRCC5 
[38], and SOX5 [39] does not necessarily refute 
their involvement in COPD.

Fig. 4.1 Landmark GWAS on COPD.  The x-axis 
denotes the name of the first author, journal, and year of 
publication of GWAS on COPD. The left y-axis shows 
the number of COPD loci identified and corresponds to 
the blue line. The right y-axis shows the sample size and 
corresponds to the red line. Only COPD loci reaching 

genome- wide significance were considered (p < 5 × 10−8). 
A histogram showing the distribution of odds ratios (OR) 
of COPD loci for each GWAS is illustrated. Note that 
ORs lower than 1 were converted into their reciprocal (1/
OR) for illustration purpose
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Fig. 4.2 Summary of the largest genome-wide associa-
tion study on COPD including 35,735 cases and 222,076 
controls [31]. Ideograms of the 22 autosomal chromo-
somes are illustrated. A total of 82 genome-wide signifi-
cant loci were identified. These include 47 loci previously 
reported to be associated with COPD or lung function 
depicted in blue and 35 novel loci depicted in red. Thirteen 
out of 35 novel COPD risk loci were associated with lung 
function in the SpiroMeta cohort (79,055 individuals) and 
are highlighted by a red asterisk. The boundaries of each 
locus were defined by 500 kb up and downstream of the 
sentinel SNP. The nearest gene to the lead GWAS SNP is 
indicated on the right side of each locus. By conditional 
analysis, secondary signals were observed at 50 loci. For 

these loci, the boundaries were adjusted by adding 500 kb 
downstream of the most 5′ SNP and 500 kb upstream of 
the most 3′ SNP.  The nearest genes to all independent 
SNPs at each locus are indicated. Candidate target genes 
revealed by integrative genomics are illustrated in 
magenta. Only the single gene with the most supportive 
evidences at each locus is illustrated. The candidate target 
genes that are also the nearest genes to the GWAS SNPs 
are in italics. The alternating grey and white colors on the 
chromosomes have been used to distinguish cytogenic 
bands from the adjacent ones and do not correspond to the 
band colors observed on giemsa-stained chromosomes. 
Information to construct the ideogram was obtained from 
the UCSC Genome Browser (hg19)
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 Overlapping Loci with Lung 
Function, COPD-Related 
Phenotypes, and Other Diseases

The most common respiratory phenotypes that 
have generated the largest GWAS in terms of 
sample size are derived from spirometry, which is 
the gold standard method for the diagnosis of 
COPD.  The most common lung function mea-
surements are the volume of air that can be maxi-
mally expired after a full inspiration or forced 
vital capacity (FVC) and the volume of air that 
can be expired in the first second of the same 
breathing maneuver or forced expiratory volume 
in the first second (FEV1). Recommendations 
from guidelines defined COPD based on an FVC/ 
FEV1 lower than 0.7, which is an indication of 
airway obstruction [40]. FEV1 grades disease 
severity as mild, moderate, severe, and very 
severe in patients with FEV1 ≥80%, <80%, 
<50%, and <30% of predicted values, respec-
tively. This relationship between the diagnosis of 
COPD and lung function, and the potentially 
greater statistical power that results from study-
ing a quantitative trait, explains the relevance of 
studying the genetic determinants of lung func-
tion to study COPD and vice versa.

The latest GWAS on lung function measures 
was conducted in 400,102 individuals of 
European ancestry [41]. A total of 279 replicated 
distinct signals of association were identified 
with four lung function traits, namely, FVC, 
FEV1, FEV1/FVC, and peak expiratory flow 
(PEF). These include 139 new signals not 
reported in previous GWAS on lung function. 
Globally, these 279 signals explained 9.3%, 
6.7%, 13.1%, 7.8% of the estimated heritability 
of FEV1, FVC, FEV1/FVC, and PEF, respec-
tively, and a risk score constructed using these 
variants was strongly associated with COPD (see 
below). Among these signals, 107 putative causal 
genes were identified using integrative genomic 
approaches (see below).

Apart from COPD affection status and base-
line lung function measurements, a range of respi-
ratory phenotypes has been investigated to study 
the genetics of COPD. So far, GWAS have been 
performed on lung function decline [42–44], 

 airway responsiveness [45], chronic bronchitis 
[46], cachexia-related phenotypes [47], chronic 
mucus hypersecretion [48], circulating biomark-
ers (CC16, SP-D, and inflammatory markers) [49] 
as well as many phenotypes derived from com-
puted tomography imaging including qualitative 
emphysema [50], percent emphysema [51], 
emphysema patterns [52], airway wall thickness 
[53], emphysema, and airway quantitative imag-
ing phenotypes [33]. Table  4.1 summarizes the 
results of these studies. In all scenarios, investiga-
tors have tried to balance sample size and pheno-
type measurements to produce GWAS of the 
highest possible quality. In general, the more 
refined the phenotype, the smaller the sample 
size. Deep phenotyping is clearly a promising 
avenue to increase the yield of genetic studies. 
The main challenges are data harmonization 
across cohorts and to have studies of sufficient 
sample size.

One of the striking findings from genetic asso-
ciation studies is the identification of multiple 
phenotypes affected by genetic loci. In COPD, 
FAM13A was independently discovered as a 
locus for COPD and for pulmonary fibrosis [54, 
55]. Subsequent papers identified four additional 
loci shared between COPD and pulmonary 
fibrosis [31, 54]. For all of these loci, the COPD 
risk variant appears to decrease risk of fibrosis. In 
addition, these papers first identified an overall 
genetic correlation between COPD and asthma 
and identified individual loci shared between 
COPD and asthma.

 Integrative Genomic Approaches

GWAS identify a locus, not the causal variant, and 
the function of most variants in the human genome 
is unknown. Post-GWAS analyses using orthogo-
nal data sources are now standard to leverage the 
outcomes and facilitate biological interpretation of 
genetic association results. Thus, one of the key 
issues in follow-up of genetic associations is iden-
tifying the causal variant, gene, and cell type. Most 
GWAS variants appear to be non-coding, i.e., they 
are not known to directly alter the structure or 
function of genes but instead are suspected to 
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affect gene regulation. Mapping of expression 
quantitative trait loci (eQTL) has thus become a 
major method of post- GWAS analyses [56]. In a 
disease-relevant tissue, eQTL can enhance GWAS 
findings in two major ways: (1) identify the 

 putative causal gene underlying the GWAS signals 
and (2) delineate the direction of effect, i.e., deter-
mine whether the risk allele increases or decreases 
the expression of the gene of interest in the rele-
vant tissue. For COPD, these extensions of GWAS 

Table 4.1 Susceptibility loci for COPD-related phenotypes identified by GWAS

Phenotype Study Loci (possible gene)
Lung function decline Imboden et al. [42] 13q14 (DLEU7), 8p22 (TUSC3)

Hansel et al. [43] 10q21.2 (ANK3, CDK1, RHOBTB1, TMEM26), 14q21.1 
(FOXA1)

Tang et al. [44] 15q25.1 (IL16, STARD5, TMC3), 11q14.2 (ME3)
Airway responsiveness Hansel et al. [45] 9p21.2 (LINGO2), 6q21 (PDSS2), 5q33 (SGCD), 3q13.1 

(DZIP3, MYH15, RETNLB)
Chronic bronchitis Lee et al. [46] 4q22.1 (FAM13A), 11p15.5 (EFCAB4A, CHID1, AP2A2), 

1q23.3 (RPL31P11, ATF6)
Cachexia- related 
phenotypes

Wan et al. [47] 16q12 (FTO)

Chronic mucus 
hypersecretion

Dijkstra et al. [48] 3p24.3 (SATB1)

Circulating biomarkers Kim et al. [49]
CC16 11q12.3 (SCGB1A1, AHNAK, ASRGL1), 11p13 (APIP, EHF)
SP-D 10q22.3 (SFTPD, ANXA11), 16q24.1 (ATP2C2), 6p21.33 

(CCHCR1, HLA-C
FGFR3P, PSORS1C1)

Qualitative emphysema Kong et al. [50] 12p11 (BICD1)
Percent emphysema Manichaikul et al. [51] 12q23.1 (SNRPF, CCDC38), 6p21.32 (PPT2, AGER)
Upper-lower lobe ratio 
in Hispanic

19p13.13 (MAN2B1)

Upper-lower lobe ratio 
in Chinese

4p15.2 (DHX15), 17q25.2 (MGAT5B)

Emphysema patterns Castaldi et al. [52]
Emphysema 
pattern – normal

15q25 (CHRNA5), 4q31 (HHIP), 1q41 (TGFB2), 11q22 
(MMP12)

Emphysema pattern – 
moderate centrilobular

15q25 (CHRNA3), 19q13 (CYP2A6), 11q22 (MMP12), 1q41 
(TGFB2)

Emphysema pattern – 
severe centrilobular

15q25 (AGPHD1), 17q11 (MYO1D)

Emphysema 
pattern – panlobular

15q25 (AGPHD1), 13q14 (VWA8)

Airway wall thickness Dirkstra et al. [53] 10q26.2 (C10orf90, DOCK1), 7q21 (MAGI2), 17q21.2 
(NT5C3B), 15q21.2 (TNFAIP8L3), 2q36.1 (SCG2, AP1S3, 
WDFY1, MRPL44, SERPINE2), 14q32.2 (RPL3P4, BCL11B), 
10p13 (FAM107B)

Emphysema and airway 
quantitative imaging 
phenotypes

Cho et al. [33]

Emphysema (% 
LAA-950)

4q31 (HHIP), 15q25 (CHRNA3, CHRNA5, IREB2), 6p21.32 
(AGER), 8p22 (DLC1), 14q32.13 (SERPINA10)

Emphysema (Perc15) 8p22 (DLC1), 4q31 (HHIP)
Wall area percent 4q28.1 (MIR2054)
Gas trapping 6p21.32 (AGER), 21q22.11 (LINC00310, KCNE2)

% LAA-950: percentage low attenuation area, using a threshold of −950 Hounsfield units; Perc15: the 15th percentile 
of the density histogram
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findings were attempted using lung eQTL [57–59]. 
In addition, the field has also progressed based on 
the development of new bioinformatics approaches 
that integrate GWAS and eQTL data [60, 61]. As a 
result, integrative genomic approaches are becom-
ing more sophisticated owing to progressively 
larger GWAS and eQTL datasets as well as new 
and more powerful bioinformatics methods. 
Recently, the largest lung eQTL mapping study 
[62] and the GWAS results from the International 
COPD Genetics Consortium (ICGC) [54] were 
combined to map new candidate causal genes for 
COPD and gain biological insights about COPD 
risk loci derived from the GWAS literature [63]. 
First, the results of 36 published GWAS on COPD 
and related-phenotypes were summarized into 129 
non-overlapping genetic risk loci. Three methods 
were then used to integrate the GWAS summary 
statistics from ICGC and the lung eQTL dataset 
using a transcriptome-wide association study 
(TWAS) [61], colocalization [60], and Mendelian 
randomization- based (SMR) approaches [64]. 

Applied at the genome-wide level, 12 new candi-
date causal genes residing outside of the literature-
based COPD risk loci were identified and six of 
them were replicated using an independent lung 
eQTL dataset from the Genotype-Tissue 
Expression (GTEx) dataset [65], namely 
CAMK2A, DMPK, MYO15A, TNFRSF10A, 
BTN3A2, and TRBV30. For previously established 
COPD risk loci, putative causal genes were identi-
fied in 60 out of the 129 non- overlapping risk loci 
derived from the literature. Figure 4.3 provides an 
example of the contribution of the integrative 
genomic approach to refine the COPD risk locus 
on chromosome 6p24. For this locus, two genes 
were suspected from GWAS, namely BMP6 [66, 
67] and DSP [54]. Integrative analyses were able 
to determine that the SNPs most strongly associ-
ated with COPD in the ICGC GWAS were also 
those associated with the expression of DSP in 
lung tissues (with a posterior probability of shared 
GWAS and eQTL  signals of 1.0). This example 
demonstrates how integrative genomics can 

Fig. 4.3 DSP as the top candidate causal gene for COPD 
on chromosome 6p24. The upper left panel shows the 
genetic associations with COPD in ICGC. The bottom left 
panel shows the lung eQTL statistics for DSP. The loca-
tion of genes at this locus is illustrated at the bottom. The 
upper right panel shows boxplots of DSP gene expression 
levels in lung tissues by genotyping groups for SNP 
rs2076295 (the lead GWAS SNP) in the eQTL datasets 
from three academic sites, Laval University, University of 
British Columbia (UBC), and University of Groningen. 
The number of individuals is indicated in parentheses. 

The risk allele identified in the ICGC GWAS is shown in 
red. Box boundaries, whiskers, and center mark in box-
plots represent the first and third quartiles, the most 
extreme data point which is no more than 1.5  times the 
interquartile range, and the median, respectively. The 
table shows the top GWAS SNP in ICGC and then the 
most likely causal gene(s) based on TWAS, colocaliza-
tion, and SMR combining summary statistics at this locus 
from the ICGC GWAS and the lung eQTL study. 
(Reproduced from Lamontagne et al. [63], with permis-
sion from Oxford University Press)
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 narrow down the putative causal genes underneath 
GWAS loci. Similarly insightful, the COPD risk 
allele for the lead GWAS SNP in ICGC was asso-
ciated with higher expression of DSP in the lung 
eQTL dataset, thus revealing the direction of 
effect. Together these results suggest that the SNPs 
associated with COPD on 6p24 confer susceptibil-
ity by increasing the mRNA expression levels of 
DSP in lung tissue. These insights represent major 
steps forward to understand the genetic basis of 
COPD and provide important information to pri-
oritize follow-up functional studies.

A similar post-GWAS analysis using the sum-
mary statistics from the largest GWAS on lung 
function was also conducted using integrative 
genomic approaches [41]. In this case, the 
authors focused on the presence of QTL vari-
ants; eQTLs in lung, blood, and nine tissues 
known to contain smooth muscle; and protein 
QTLs in plasma, to identify a total of 107 puta-
tive causal genes. Pathway analyses revealed 
that these 107 genes are enriched in pathways 
governing elastic fiber, extracellular matrix orga-
nization, cilia development, and TGF-β super-
family signaling.

In the latest COPD GWAS described above 
[31], candidate target genes were investigated 
by combining the GWAS results with several 
data sources in addition to gene expression, 
including gene regulation (open chromatin 
and methylation data), chromatin interaction, 
co-regulation of gene expression with gene 
sets, and coding variant data. A total of 156 
genes meeting criteria of statistical signifi-
cance were identified. These target genes are 
located in 69 out of the 82 GWAS loci. The 
single gene with the most convincing func-
tional evidence of being the putative causal 
gene underlying these 69 GWAS signals is 
illustrated in magenta in Fig. 4.2. Again, these 
analyses confirmed DSP as the target gene on 
chromosome 6p24. The different integrative 
genomic methods also converged consistently 
for ADAM19 on 5q33.3, ADAMTSL3 on 
15q25.2, EML4 on 2p21, and RIN3 on 
14q32.12. These studies and others highlight 
multiple integrative approaches used in dis-
secting genetic association signals.

 Translating New COPD Genetics 
Knowledge into Clinical 
Applications

Finding genetic factors robustly associated with 
COPD provides valuable etiological insights with 
the hope that this will lead to new medical 
treatment. It is already clear that genetic 
discoveries have transformed the research 
activities of many laboratories in the world. Genes 
identified are prioritized for functional studies and 
are crucial to generate relevant cell and animal 
models based on human genetic etiology. 
However, actionable outcomes are yet to be 
experienced by COPD patients. Promises include 
new biomarkers for early detection of susceptible 
individuals, prediction and stratification of disease 
risk, drug target identification, and custom-
tailored future medical treatments. Recent 
progress suggests that we may soon have the 
ability to turn some of these promises into reality.

One key insight from genetic studies is the 
role of early life factors and lung development in 
COPD pathogenesis [68]. This conclusion is 
based on the strong correlation between genetic 
risk of COPD with lung function in the general 
population, a lack of association of COPD loci 
with lung function decline, and overlap of COPD- 
associated loci with regulatory regions in fetal 
lung [54, 66, 69]. This genetic evidence is sup-
ported by epidemiologic observations, including 
a recent study showing that approximately half of 
older adults with COPD exhibit low lung func-
tion in early adulthood [70], suggesting that 
reduced maximal attained lung function caused 
by abnormal lung growth and development may 
be the etiology of half of COPD cases while the 
other half develop the disease owing to an accel-
erated decline of lung function.

The most near-term clinical application is 
likely in assisting with risk prediction. A genetic 
risk score based on the combination of 279 
genetic variants associated with lung function 
was recently shown to predict the risk of COPD 
[41]. Figure 4.4 shows the gradation in suscepti-
bility to moderate-to-severe COPD across deciles 
of the genetic risk score. The risk of COPD was 
nearly five times higher in the top decile than it 

Y. Bossé and M. H. Cho



47

Fig. 4.4 Odds ratios (OR) for COPD according to mem-
bership of deciles 2–10 of the weighted genetic risk score, 
with decile 1 as the reference group (the 10% of individu-
als with the lowest genetic risk score). Each point repre-
sents a meta-analysis of results for a given comparison 
(i.e., decile 2 vs reference, decile 3 vs reference … decile 

10 versus reference) in five external European-ancestry 
study groups (COPDGene, ECLIPSE, GenKOLS, 
SPIROMICS, NETT-NAS). Deciles were calculated and 
models were run in each group separately. Points repre-
sent odds ratios, and error bars correspond to 95% confi-
dence intervals. (Reproduced from Shrine et al. [41])

was in the bottom decile (OR  =  4.73). 
Interestingly, this genetic risk score derived from 
European ancestry individuals alone was also 
associated with COPD across other ancestry 
groups including African, South Asian, and 
Chinese. In contrast to most COPD risk factors, 
genetic markers can be obtained from birth and 
thus have great potential to facilitate early diag-
nosis. How useful would this genetic risk score 

be for a largely preventable disease like COPD? 
Obviously more studies are needed to answer this 
question, but new concrete options for the man-
agement of COPD patients are now emerging 
from the outcomes of genetic research. It should 
also be noted that further improvement is 
expected. The strength of association of this 
genetic risk score to predict COPD risk 
(OR  =  4.73) is remarkable considering that the 
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total heritability explained by the 279 signals 
vary from 6.7% to 13.1% depending on the lung 
function trait. A more comprehensive under-
standing of the genetic factors of COPD and lung 
function as well as disease heterogeneity is, thus, 
likely to generate more powerful predictors.

Ensuring translation all the way to point-of- 
care implementation is likely to be very 
challenging. This is demonstrated in the field of 
COPD by the case of AATD. AATD is still the 
only non- syndromic single gene disorder causing 
emphysema. This discovery made in the 1960s 
has transformed our molecular understanding of 
human emphysema, setting the protease/anti- 
protease imbalance hypothesis as a pathobiological 
hallmark of COPD. In addition, this discovery has 
led to prevention strategies as well as the 
development of new therapies (e.g., augmentation 
therapy) that are now available to prevent, or at 
least alleviate, serious lung and liver diseases 
associated with this condition. Clear guidelines 
about appropriate patients suitable for targeted 
testing for AATD have been published [18, 71]. 
Unfortunately, most patients with AATD are 
undiagnosed, and under-recognition of the 
disorder is a persistent problem [72]. The 
diagnosis is also potentially complex, consisting 
of multiple steps including the measurement of 
serum or plasma levels of alpha-1 antitrypsin, 
targeted genotyping, protease inhibitor 
phenotyping, and direct DNA sequencing. The 
results of these diagnostic algorithms are now 
apparent. In Canada, for example, there is a 
marked regional variation in the rate of diagnosis 
and the number of patients receiving augmentation 
therapy [73]. Accordingly, patient diagnosis and 
care vary by province. Recent technical advances 
have reduced the cost and improved availability of 
DNA diagnostics. There are now examples that 
demonstrated that DNA sequencing of SERPINA1 
to detect AATD is more precise (provide a 
definitive diagnosis), faster, and cheaper than 
existing diagnostic algorithms [74]. However, 
progress in genetic technologies has not always 
been appropriately translated into the clinical 
setting. The AATD case serves as an example that 
clinically valuable COPD genetic findings are not 
readily adopted in clinical practice and raises an 

important consideration for implementation of the 
other aforementioned genetic findings. Education 
and advances in regulatory processes are critical if 
we want to witness the full promise of precision 
medicine in COPD and other diseases.

 COPD Pharmacogenetics

One area where recent developments in genetics 
have the potential to quickly improve patient care 
is pharmacogenetics. Wide interindividual 
variability is observed in response to COPD 
drugs. This is true for all phenotypes examined as 
outcomes in pharmacogenetics studies including 
bronchodilator responsiveness, lung function, 
exacerbation, extent and distribution of 
emphysema, adverse effects, and others. While 
the fraction of variability in drug response that is 
attributable to genetic factors is difficult to assess 
and remains largely unknown, the effect of 
individual genetic variants for drug response may 
be higher than those for disease risk [75]. The 
ultimate goal of pharmacogenetics-based 
tailoring of therapy is to maximize therapeutic 
benefits, define optimal drug dosage, and 
minimize adverse effects. The most common 
COPD medications are inhaled bronchodilators 
and inhaled corticosteroids (ICS). Different 
classes of bronchodilators include short- and 
long-acting β-agonists (SABA and LABA) and 
short- and long-acting muscarinic antagonists 
(SAMA and LAMA) as well as methylxanthines. 
Other anti- inflammatory agents include oral 
glucocorticoids, phosphodiesterase-4 inhibitors, 
antibiotics, and mucolytics/antioxidants. Many 
compounds within each class of medication exist. 
Combination therapies (e.g. SABA/SAMA, 
LABA/LAMA, ICS/LABA) are also frequently 
used and triple therapy (LABA/LAMA/ICS) is 
also an option.

Table 4.2 shows a summary of COPD phar-
macogenetic studies. There are many limitations 
associated with these studies that parallel those 
described for COPD susceptibility, e.g., limited 
sample size, poor genetic coverage, and lack of 
consistent replication. In most cases, the genetic 
influence on drug response was evaluated using 
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Medication Genes

Class Drug

A
D
R
B
2

H
C
K

E
P
H
X
1

C
Y
P
1A

2

P
D
G
F
D

C
R
H
R
1

G
W
A
S

SABA salbutamol (76, 98-101)

isoproterenol (102) (80)

albuterol (103)

LABA formoterol (77)

indacaterol (78)

salmeterol

ultra -LABA vilanterol (84) (84)

SAMA oxitropium bromide (99)

LAMA tiotropium (104, 106)

umeclidinium (84) (84)

Methylxanthines theophylline (82)

ICS fluticasone (85)

budesonide (77)

A ntioxidant agents N-acetylcysteine (81)

budesonide (77)

A ntioxidant agents N-acetylcysteine (81)

Combinations salmeterol/fluticasone (98) (83)

formoterol/budesonide (77)

vilanterol/umeclidinium (84) (84)

(103)

(104, 105)

Table 4.2 Summary of pharmacogenetic studies in COPD

Reference numbers are indicated in cells. The color of the background illustrates whether the genetic association is 
negative (white), conflicting (grey), or positive (black)
ICS inhaled corticosteroid, LABA long-acting β-agonist, LAMA long-acting muscarinic antagonist, SABA short-acting 
β-agonist, SAMA short-acting muscarinic antagonist

only specific polymorphisms in candidate genes, 
and the overall results are conflicting. This point 
is illustrated from the outcomes of studies that 
evaluated the impact of functional polymor-
phisms (Gly16Arg and Gln27Glu) in the ADRB2 
gene, which is the target for β-agonists and by 
far the gene most studied in COPD pharmacoge-
netics. Earlier studies demonstrated that these 
polymorphisms are associated with bronchodila-
tor response to inhaled β-agonists in patients 
with COPD [76]. However, larger studies have 
not replicated these results [77, 78]. A recent 
systematic review and meta-analysis concludes 

no con sistent associations between ADRB2 gen-
otype and treatment response [79].

Other genes previously associated with geno-
type by response effects to COPD therapies 
include an insertion/deletion polymorphism in 
the HCK gene associated with bronchodilator 
response [80], a genotype affecting the enzyme 
activity of EPHX1 associated with change in 
FEV1 and symptom scores after a 1-year inter-
vention with antioxidant N-acetylcysteine [81], a 
polymorphism in CYP1A2 associated with 
plasma theophylline levels [82], and an intronic 
variant in CRHR1 associated with change in 
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FEV1 following 12-week treatment with ICS 
combined with a LABA [83]. These studies have 
the merit of hypothesis-driven research focusing 
on functional polymorphisms in relevant candi-
date genes, but all these findings at this point 
require further replication. Similar to the ADRB2 
example, these studies only investigated a tiny 
portion of possible genetic effect. More compre-
hensive genetic studies are needed, i.e., we need 
to move from pharmacogenetics to pharmacoge-
nomics. In this regard, a recent study showed that 
no variants were associated with treatment 
response to umeclidinium (LAMA) and vilanterol 
(LABA) in monotherapies or in combination at 
genome-wide significance [84]. Although nega-
tive, this study exemplified the minimum genetic 
coverage required to discover pharmacogenetic 
effects. More studies of this type are needed to 
identify robust genetic variants associated with 
treatment response. Genome-wide approaches 
may also be used to identify adverse drug effects. 
A recent GWAS identified an intronic SNP within 
the PDGFD gene associated with the risk of 
adrenal suppression in asthma and COPD patients 
using ICS [85]. Progress made and lessons 
learned in genetics of complex diseases are thus 
likely to be transferred into the field of pharma-
cogenomics and generate more of these promis-
ing results.

To date, these early pharmacogenetic studies 
have failed to deliver medically actionable 
results. In comparison to complex disease genet-
ics, pharmacogenomics faces extra challenges 
[26, 86]. Drug development is a dynamic process 
where new or modified preparations are being 
produced continuously and with various modes 
of deliveries (inhaler, nebulizer, oral, injection). 
It may be important to study the inherited basis of 
therapeutic response to novel preparations and 
combinations that undergo full assessment as 
part of COPD clinical trials. This would identify 
pharmacogenetic effects during the clinical 
development stage and generate data to justify 
genotype-guided clinical trials. Clearly, future 
studies are needed to determine the pharmacoge-
netic determinants of COPD therapies. This also 
applies to other treatment modalities available to 
COPD patients including smoking cessation ther-

apies, influenza and pneumococcal vaccinations, 
exercise and education programs, pulmonary 
rehabilitation, ventilator support, and oxygen 
therapy as well as surgical and bronchoscopic 
interventions. Given this large investigational 
space, identifying COPD patients most likely to 
respond to pharmacotherapy and nonpharmaco-
logic interventions will require major and well- 
orchestrated research efforts by the COPD 
research community.

 Future Directions

While the majority of discoveries in COPD genetics 
have been in common variants, rare variants are also 
likely important contributors. Rare, coding variants 
of large effect have the potential to directly implicate 
genes important for treatment [87]. Connective 
tissue pathway genes [88] are part of Mendelian 
syndromes which include emphysema, and, more 
recently, evidence has emerged implicating 
telomerase genes [89, 90]. Genome-wide 
approaches to rare variants – either through whole 
exome or whole genome sequencing  – show 
promise but likely will require larger sample sizes 
or more specific phenotypes [91, 92]. In addition to 
rare variants, the relative importance of other types 
of variation, such as structural or somatic variants 
[93], in COPD remains to be seen.

The vast majority of COPD genetic studies 
has also been performed in subjects of European 
ancestry. While it is likely that a substantial por-
tion of COPD genetic risk loci is shared between 
ancestries, studies of other ancestries may iden-
tify new loci, improve risk prediction, and allow 
refinement of association signals through fine 
mapping. Studies to date have demonstrated the 
potential promise of multiethnic approaches [51, 
94], and larger studies with diverse people are 
clearly needed.

While larger studies will likely continue to 
increase the number of COPD-associated loci, 
COPD is a highly heterogeneous disease, and 
different genetic risks may underlie different 
phenotypes [95]. While some phenotype-specific 
investigations discussed above have made some 
progress, identifying specific subsets of  disease 
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processes (‘endophenotypes’) will be important 
for identifying new genetic loci or elucidating the 
impact of existing variants [96].

Finally, translating associations to disease 
understanding remains a major challenge as the 
number of loci outpaces the ability of functional 
studies to identify mechanism. Efforts to identify 
cell types using single-cell methods (such as the 
Human Cell Atlas), identifying not only expres-
sion and protein but other molecular QTLs (e.g. 
splicing, histone modification) across various con-
ditions and performing high-throughput assays to 
annotate variant effect [97], will greatly facilitate 
the understanding of genetic associations.

 Conclusions

Projections of COPD prevalence and associated 
mortality and morbidities as well as costs for 
management and treatment are alarming. Recent 
progress made in genetics of COPD provides 
some hope to counteract its large and 
underestimated socio-economic burden. We are 
currently living in a time period where the genetic 
basis of COPD is being unlocked. We now know 
dozens of risk loci, have an improved 
understanding of how genetics contributes to 
disease susceptibility, can identify subjects at 
highest genetic risk, and have many genes that 
give new insight into disease. However, “Knowing 
is not enough; we must apply – Goethe.” Major 
challenges remain to apply new COPD genomic 
knowledge in a clinical setting. The difficulties of 
implementing DNA sequencing of a single gene 
to definitively detect AATD exemplify real-life 
resource and expertise barriers. Education is key 
to train the next-generation of clinicians, but all 
health-care providers must be willing and active 
in educating themselves about genomic medicine. 
Scientists must also find solutions to incorporate 
genomics in clinical practice without further 
stressing a health care system that is already out 
of breath. In terms of COPD pharmacogenetics, 
only a limited number of studies have been 
conducted, and so far, these have failed to reach 
results that are ready for clinical applications. 
The investigational space is particularly wide in 

this area considering all treatment modalities 
(pharmacologic or not), the dynamic process of 
drug development (continuous development of 
new drugs and preparations), and the spectrum of 
possible phenotypes to monitor benefits and 
adverse effects. An orchestrated international 
effort is warranted.
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The Evolution of Precision 
Medicine in Cystic Fibrosis
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Cystic Fibrosis (CF) is a life-shortening, multi- 
organ autosomal recessive disease that affects 
approximately 75,000 patients world-wide. CF is 
the most common fatal genetic disease in the US, 
affecting over 33,000 patients [1, 2]. CF is caused 
by a mutation in the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene lead-
ing to abnormal chloride and bicarbonate 
transport on epithelial surfaces of the respiratory 
and gastrointestinal tracts. The disease was first 
described in 1938, when affected children were 
clinically characterized as having high mortality 
due to nutritional failure and pancreatic insuffi-
ciency [3–6]. The introduction of pancreatic 
enzyme replacement therapy changed the natural 
history of CF, making way for lung disease as a 
defining characteristic that eventually became its 
major cause of morbidity and mortality [7–9].

Improvements in CF diagnosis have helped 
uncover previously unidentified populations with 
milder presentations of CF later in life, while devel-
opments in the treatment of CF manifestations 

improved life expectancy. As a result, the adult CF 
population has exceeded the pediatric CF popula-
tion since 2015 [2, 9]. There has been considerable 
improvement in CF survival since its original 
description, with a median predicted survival of 
46.2 years in 2017 [2]. These remarkable gains can 
be largely attributed to effective disease manage-
ment strategies ranging from early diagnosis to 
standardized clinical care guidelines. Despite the 
broad spectrum of clinical presentations of CF and 
a multitude of disease- causing CFTR mutations, 
CF has been historically treated as a single clinical 
entity, using a common approach to improve muco-
ciliary clearance, nutritional management, antimi-
crobial therapy, and addressing multi-organ 
manifestations. Thanks to the introduction of novel 
diagnostic technologies and CFTR-specific thera-
pies, personalized approaches that integrate genetic 
differences and clinical manifestations are becom-
ing increasingly available in CF care.

 From Clinical Phenotyping 
to Personalized Molecular 
Diagnosis

 Standardized Approach 
to CF Diagnosis

A key breakthrough in CF diagnosis was the dis-
covery of the disease-causing genetic defects on 
chromosome 7q31.2  in the mid-1980s [10, 11]. 
The entire CFTR gene was sequenced in 1989 
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[12, 13] and since then over 2000 disease- causing 
mutations have been identified. This information 
has allowed clinicians to stratify disease by 
CF-causing mutation severity, anticipate out-
comes, and take steps beyond symptom manage-
ment to target the basic molecular defects caused 
by specific CFTR mutations [14]. In this way, CF 
was perhaps one of the first lung diseases to adopt 
a personalized medicine approach to diagnosis 
and treatment.

Since the 1980s newborn screening has been 
the preferred approach to diagnose CF in the 
United States. This is typically a two-tier test. 
First, immunoreactive trypsinogen (IRT), a pan-
creatic enzyme precursor normally present at 
very low concentrations, is measured in the 
infant’s blood. If IRT is increased, follow-up test-
ing for CFTR mutations is ordered with a panel 
of 25 mutations accounting for >80% of CF 
alleles in the pan-ethnic US population with CF 
[15, 16]. The screening is considered positive if 
the IRT remains increased 7–14  days after the 
initial testing, or if two CFTR mutations are con-
firmed [17, 18]. However, it is predicted that 
more than one-third of all US CF diagnoses in 
2014 were not a result of newborn screening, and 
rather included patients with residual-function 
CFTR mutations that manifested later in life, or 
as a milder phenotype [19].

In older children and adults, a diagnosis of CF 
requires a clinical phenotype consistent with CF 
and the presence of two disease-causing CFTR 
mutations on separate alleles. The diagnosis is 
often confirmed by high chloride sweat test con-
centrations or evidence of CFTR dysfunction on 
nasal potential difference measurements [20]. 
The pilocarpine iontophoresis sweat test mea-
sures sweat chloride concentrations, usually ele-
vated in CF, and the range of increase can give 
insight into the degree of ion transport dysfunc-
tion [21–23].

The genotypic criteria for CF diagnosis 
require identifying two disease-causing muta-
tions on the CFTR gene in distinct chromosomes 
with each mutation meeting one of the following 
conditions: CFTR sequence alteration that affects 
protein structure and/or function, introduction of 

a premature stop codon, intron splice site altera-
tion, or the existence of a novel amino acid 
sequence that does not occur in normal CFTR 
genes of an individual’s ethnic group [24, 25]. 
Since commercial laboratories initially only test 
for the most prevalent CFTR gene mutations, this 
may delay diagnosis and appropriate treatment in 
patients with rare mutations. This is particularly 
relevant in non-Caucasian ethnic groups whom, 
while less frequently affected by CF, often carry 
uncommon CFTR gene mutations that drive their 
disease [26]. For these rare mutations, whole 
exome sequencing of the CFTR gene is necessary 
to establish the diagnosis of CF.

 Diagnostic Approaches to CFTR 
Mutations

Identification of the CFTR gene and its associ-
ated mutation classes improved disease stratifica-
tion and prognostication at the time of diagnosis. 
Mutations in the CFTR gene can be categorized 
based on the primary abnormality resulting from 
the mutation: Class I) no functional CFTR pro-
tein production, Class II) CFTR trafficking 
defect, Class III) Defective CFTR channel regu-
lation, Class IV) Decreased channel conductance, 
Class V) Reduced synthesis of CFTR protein, and 
Class VI) Decreased CFTR stability. Class I, II, 
and III are associated with profoundly impaired 
CFTR function and generally have a more severe 
clinical phenotype compared to Class IV, V, and 
VI mutations, where residual CFTR function is 
retained [9, 27, 28].

There are some challenges to the clinical 
application of specific CFTR mutations as tools 
for personalized medicine. First, of over 2000 
CFTR mutations identified to date, only about 
250 have well-documented disease-causing 
effects. Further, only a much smaller fraction of 
these mutations occurs at a worldwide frequency 
greater than 0.1%, making the rest of the known 
mutations extremely rare and difficult to charac-
terize clinically [24]. The Clinical and Functional 
Translation of CFTR (CFTR2) Project is a global 
endeavor to tackle this challenge by creating a 
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database of functional and clinical data associ-
ated with each CFTR mutation to better under-
stand mutation–phenotype relationships. For 
each identified CFTR mutation, this publicly 
available database contains information includ-
ing sweat chloride measurements, lung function 
scores, pancreatic function, and microbiology, as 
reported in clinical cases associated with each 
mutation [29].

Another challenge in the clinical application 
of CFTR mutations as tools for personalized 
medicine is the functional overlap of CFTR 
mutations in different mutation classes. Many 
CFTR variants have properties of more than one 
mutation Class. For example, the most common 
mutation of the CFTR gene is F508del, an in-
frame deletion leading to loss of a phenylalanine 
residue. F508del occurs in 86.4% of US patients, 
of which 46.5% are homozygous and over 40% 
carry the mutation in at least one allele [2]. This 
Class II mutation causes improper processing of 
protein, which leads to CFTR misfolding, and 
subsequent degradation of the protein by protea-
somes, preventing proper CFTR expression on 
the apical membrane [30, 31]. However, this 
mutation also results in characteristics of Class 
III mutations, as it results in impaired CFTR 
regulation with higher inactivation rates even 
when the channel is present in the apical mem-
brane [32, 33]. On one hand, having multiple 
mechanisms of channel dysfunction due to a 
single mutation poses a challenge for prognosti-
cation and makes recovery of channel function 
complex. On the other hand, a treatment that can 
correct the effects of one mutation class may 
also treat many more mutations than originally 
expected based on mutation type, because of 
this overlap. The application of this concept in 
the selection of CFTR modulator drugs is dis-
cussed below. A third caveat to consider when 
applying CF mutation knowledge to clinical 
management is the presence of environmental 
exposures, comorbidities, ongoing therapy, and 
adherence to therapeutic interventions, as these 
factors may significantly change the overall 
clinical phenotype of individuals sharing similar 
genotypes.

 From Disease Management 
to the Rise of Precision Medicine 
Therapies in CF

The current management of CF lung disease 
focuses on slowing disease progression by treat-
ing clinical manifestations and preventing pul-
monary exacerbations [34]. Treatment regimens 
can be intensive, sometimes taking hours daily in 
order to maintain lung health in those with severe 
clinical presentations. The main components of 
treatment include daily airway clearance therapy, 
mucolytics and airway hydrators to improve 
mucus clearance, antibiotics, and anti- 
inflammatory drugs [9]. Airway clearance tech-
niques include manual chest percussion, use of 
hand-held devices that provide oscillatory posi-
tive expiratory pressure, and high-frequency 
chest compression vests [35]. The recombinant 
human DNAse dornase alfa (mucolytic) and 
hypertonic saline improve mucus clearance and 
reduce the incidence of pulmonary exacerbations 
[36–42]. Anti-inflammatories can limit the 
chronic airway inflammation present in CF that 
contributes to the progressive lung parenchymal 
injury [8]. Antibiotics are an essential part of the 
regimen to treat acute and chronic airway infec-
tions. For example, colonization with 
Pseudomonas aeruginosa is associated with an 
accelerated decline in pulmonary function [43, 
44], which has led to development of inhaled 
antibiotic formulations targeting this pathogen 
[45–49]. Although treatment choices may have 
been influenced by an individual’s genotype, they 
have been traditionally guided by the severity of 
disease manifestations. The incorporation of per-
sonalized medicine adds another layer of com-
plexity that is rapidly changing our approach to 
clinical decision-making in CF.

 Precision Medicine Approaches 
to CF Therapy

Over the past decade, there have been at least 
two approaches to implement precision medi-
cine in CF therapy: (1) Direct targeting of the 
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CFTR gene mutation and dysfunctional CFTR 
protein and (2) Seeking alternative targets in 
non-CFTR genetic variations or non-CFTR 
channels that modify the CF phenotype. The 
fundamental defect in CFTR can be addressed 
by gene therapy approaches to repair the CFTR 
gene or pharmacotherapy to correct abnormal 
CFTR protein function. While there have been 
breakthroughs with these strategies, twin/sibling 
studies of CF patients have demonstrated that 
less than 50% of variation in CF lung disease 
severity is reflected by CFTR gene variation. 
There is now growing interest in identifying 
non-CFTR genetic variations and environmental 
factors that influence CF lung disease pheno-
types [50]. Examples of these genetic variations 
include small nucleotide polymorphisms (SNPs) 
identified through large-scale genome-wide 
association studies (GWAS), and associated 
gene variants such as T-polymorphisms within 
the CFTR gene. Further, other ion channels on 
the lung epithelium (e.g. the epithelial sodium 
channel ENaC) work in conjunction with CFTR 
to regulate ion transport and fluid balance across 
epithelial surfaces, providing potential therapeu-
tic targets for addressing these non- CFTR contri-
butions to clinical phenotypes [51].

 Gene Therapy

After the CFTR gene was sequenced, developing 
gene therapy to repair the abnormal CFTR gene 
or mRNA through delivery of normal DNA 
became a goal of CF therapy research. However, 
throughout the 1990s there was limited progress 
in this field due to several setbacks [52–55]. Early 
clinical trials attempted oligonucleotide delivery 
with adenovirus or adeno-associated virus vec-
tors which that were complicated by interactions 
with the innate immune defense mechanisms of 
the lung [56]. It was also found to be extremely 
difficult to deliver repair oligonucleotides into 
the lung epithelium of a patient with CF through 
thick mucus secretions and extensive lung paren-
chymal damage [57].

A novel approach to gene therapy developed 
in the early 2000s is the use of peptide nucleic 

acids (PNAs), synthetic DNA analogs which can 
bind to DNA or RNA, for targeted gene editing 
[58]. Genome modification is performed by 
using PNAs and a donor DNA containing the 
correct base pairs for the target mutation. The 
PNAs bind to target mutation sequences and 
induce recombination and repair of the mutation 
by endogenous DNA repair factors using the 
donor DNA [59]. Delivery of the PNAs and 
donor DNAs to target cells is accomplished 
using bio-degradable nanoparticles [60, 61]. 
Thus, because PNAs do not have any inherent 
nuclease activity, PNAs have emerged as a safe 
method of gene editing with very low off-target 
mutation frequencies [62]. In recent years prog-
ress has been made in cystic fibrosis with 
attempts to correct the F508del mutation using 
PNAs. In vitro experiments resulted in approxi-
mately 10% correction of CFTR function, and 
in vivo experiments using intranasal treatment in 
mice yielded approximately 6% CFTR mutation 
correction in the nasal epithelium without evi-
dence of an inflammatory response [63]. A simi-
lar method using microRNAs instead of PNAs 
has also been used for targeted gene therapy in 
CF [64]. While this gene editing method has yet 
to make it to clinical trials in CF patients, it will 
likely play an important role in gene therapy for 
CF [65].

In addition to PNAs, there are several other 
methods for gene editing including zinc-finger 
nucleases (ZFNs) [66] and clustered regularly 
interspaced short palindromic repeats (CRISPR)/
CRISPR-associated (Cas) systems [67]. Both are 
now common methods used in bench research for 
gene modification in  vitro with the hopes of 
developing these techniques into clinical treat-
ments. Efforts have also been made in the realm 
of CF with attempts to correct the F508del muta-
tion with ZFNs and CRISPR/Cas [68–70], and 
while there has been success at the cellular level, 
they have not yet been translated into clinical tri-
als due to higher rates of off-target effects seen in 
animal models [68]. While the gene therapy 
approach did not yield the expected results early 
on, recent developments in gene editing technol-
ogies may hold promise for a resurgence in years 
to come.
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 CFTR Modulators

CFTR modulators are small molecules that can 
correct functional abnormalities of CFTR protein 
and partially restore CFTR activity. While this 
does not eliminate the existing gene mutation or 
reverse the disease, it can greatly alter the trajec-
tory and overall health of the patient. There are 
two main types of modulators: potentiators and 
correctors. Potentiators target gating mutations 
(Class III) by increasing the channel opening 
probability, allowing increased chloride secretion 
[71]. Correctors modify target protein misfolding 
and defective trafficking to increase cell surface 
expression of CFTR [72, 73].

Ivacaftor, a potentiator approved by the FDA 
in 2012, was the first medication developed as a 
personalized treatment based on a specific CFTR 
mutation. This molecule was identified by high- 
throughput screening as an agent to restore CFTR 
function in the mutation G551D, a Class III 
mutation characterized by aberrant ATP- 
dependent gating which reduces the open proba-
bility by nearly 100-fold compared to wild-type 
CFTR [74, 75]. In clinical trials there was a dras-
tic improvement in lung function, weight, quality 
of life, and reduction in pulmonary exacerbation 
frequency [76–78]. It was later revealed that 
Ivacaftor potentiates other CFTR gating muta-
tions, Class IV mutations such as R117H, as well 
as F508del to a minor degree [72, 79]. The 
KONNECTION trial demonstrated that ivacaftor 
is effective in a variety of other Class III gating 
mutations leading to FDA approval for eight 
additional gating mutations [80]. At this time 
there are close to 40 approved mutations in the 
target group for Ivacaftor [73]. Although the effi-
cacy of Ivacaftor varies by patient and mutation, 
Ivacaftor can help attain up to 35–40% of normal 
CFTR activity, enough to have comparable func-
tion level to wild-type CFTR [81, 82]. Ivacaftor is 
well tolerated in children as young as 2 years of 
age with at least one Class III mutation [83]. It is 
now approved in the US, the EU, and Canada for 
patients with CF aged 2 years and older. While 
these are still new medications, studies thus far 
show a sustained effect with a good safety profile 
[72]. The use of Ivacaftor based on CFTR 

 mutation data in asymptomatic children is a 
prime example of how personalized medicine 
could change the natural history of a disease 
before clinical manifestations develop.

Lumacaftor was the first CFTR corrector 
approved for use in patients with at least one 
F508del mutation. By targeting F508del, this 
medication could treat almost the entire CF pop-
ulation. In initial in  vitro studies, lumacaftor 
restored chloride transport close to 15% of wild- 
type CFTR levels, and phase 2 studies revealed 
no significant effect on lung function at 28 days 
[84]. Overall the improvement at the molecular 
and clinical level was much less robust compared 
to the effect of Ivacaftor on its target gating muta-
tions [85]. Ivacaftor on its own was also studied 
in subjects homozygous for F508del, showing 
limited clinical effects on FEV1 and sweat chlo-
ride [86]. Subsequently Ivacaftor was combined 
with Lumacaftor as a first combination regimen 
[57]. Together, they increased CFTR function in 
F508del to nearly 30% [71]. The Lumacaftor/
Ivacaftor combination therapy in patients with 
two F508del mutations was studied in TRAFFIC 
and TRANSPORT, two large phase III trials, 
[87]. In these 24-week, randomized, placebo- 
controlled trials of patients over 12 years of age, 
the drug combination led to significant improve-
ments in FEV1, decreased pulmonary exacerba-
tions, and was associated with significant weight 
gain. The Ivacaftor/Lumacaftor combination is 
now approved for patients with two F508del 
mutations in the CFTR gene [24].

In addition to the Lumacaftor/Ivacaftor com-
bination therapy, there are numerous ongoing 
clinical trials for triple therapy combinations 
especially targeting F508del homozygous or het-
erozygous patients [88]. Due to the complexity of 
the F508del mutation, further correction of mis-
folding of the CFTR protein with an additional 
corrector can increase stability of the protein and 
enhance function [89]. There are several phase II 
and III trials for triple combination therapy con-
sisting of Ivacaftor, Tezacaftor (a corrector 
already approved for use in combination with 
Ivacaftor), and new CFTR corrector molecules 
that have shown improvement in FEV1 at 30 days 
compared to Ivacaftor/Tezacaftor alone [90–92]. 
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These triple therapy combinations now have the 
potential to treat up to 90% of CF patients [88].

With the influx of new modulators, mounting 
evidence for combination therapy, and increas-
ingly sophisticated screening methods for pre-
dicting drug efficacy, there is a great opportunity 
to develop individualized treatment regimens 
informed by a subject’s biological data. A novel 
approach in this field is the use of nasal epithelial 
culture specimens from a single individual to test 
the effects of CFTR modulators on ion transport 
in vitro (e.g. electrophysiological measurements 
of CFTR activity, evaluation of ion transport). 
This personalized approach can predict a patient’s 
response to these drugs regardless of their actual 
mutation Class [93, 94]. Bronchial epithelial cul-
tures and rectal tissues from individual patients 
are also being tested in a similar manner [95, 96]. 
This technique will be crucial not only to screen 
candidates for existing medications but also in 
the development and approval of future modula-
tors, many of which are already being tested in 
Phase II and III clinical trials [88]. This, along 
with the development on novel modulators and 
triple-drug combinations will continue to expand 
the reach of personalized medicine from a candi-
date group of individuals based on their mutation 
type, to further benefit individuals that may not 
have an identifiable CFTR mutation but do have a 
chloride transport defect susceptible of correc-
tion or modulation.

 Evolving Concepts in CF Precision 
Medicine: Going Deeper 
and Beyond the CFTR Gene

Advances in human genomics have driven the 
development of precision medicine for numerous 
diseases, including CF. We are now able to look 
beyond the primary genetic mutation in the CFTR 
gene and find non-CFTR genetic variations that 
contribute to its clinical phenotype. With the 
advent of high-throughput genotyping, this field 
shifted focus from family-based studies of geno-
type–phenotype relationships to large studies of 
unrelated individuals, namely Genome-Wide 
Association Studies GWAS [97]. GWAS is a 

 general term for a study design or statistical 
method which identifies genetic variants associ-
ated with a disease phenotype on a genome-wide 
scale [98]. In a case–control study, the allele fre-
quency of the genetic variant of interest is com-
pared with that in the target group (e.g. CF 
patients) compared with a control group. Before 
GWAS, research progressed from candidate SNP 
studies to gene studies of single-gene variants, 
and then to the study of multiple genes in a com-
mon biologic pathway [97]. Thus, in the case of 
CF we are now able to identify target genes that 
affect CF lung disease through mechanisms that 
do not involve a CFTR mutation.

Large-scale GWAS have made it possible to 
explore millions of polymorphisms as potential 
genetic determinants of phenotypic variation in 
CF. Earlier studies had been limited by the rela-
tively small sample sizes and lack of consistency 
on phenotyping CF lung disease. However there 
have now been several large-scale GWAS in CF 
that have successfully overcome these challenges 
[99–102]. One example is the International CF 
Gene Modifier Consortium, a meta-analysis of 
GWAS [103]. By creating a standardized lung 
disease phenotype definition to use as an outcome 
phenotype, a large database was generated across 
international cohorts. Five loci were found to be 
associated with severity of lung disease, although 
ultimately GWAS only accounts for a small per-
centage of expected genetic influence [104]. 
These associated loci contain genes expressed in 
the lung, known to affect lung disease manifesta-
tions in CF [105, 106]. Examples include mucins 
that play a role in host defense and airway clear-
ance, a crucial part of current airway management 
techniques [107], and ion channels like the cation 
proton antiporter 3 (NHE 3) that regulates pH via 
epithelial ion transport [108]. These studies also 
detected variation in HLA Class II region on chro-
mosome 6  in CF individuals. This variation has 
been previously associated with asthma severity 
[109], lung function decline, and susceptibility to 
allergic bronchopulmonary aspergillosis in non-
CF populations [110]. In CF, these pathways have 
been recently associated with CF lung disease and 
age of onset of persistent Pseudomonas aerugi-
nosa colonization [111]. Functional analysis of 
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associated SNPs and genes at each modifier locus 
could identify novel targets for treating CF [99].

Deep sequencing of the CFTR gene has 
revealed other associated gene variants such as 
T-polymorphisms that can provide insight into 
likely clinical phenotypes or response to treat-
ment. An example is the R117H-CFTR mutation, 
a unique mutation in that phenotypic expression 
differs depending on the number of thymidine 
repeats within the introns of the CFTR gene [112, 
113]. 5 T genotype (five repeats) correlate with a 
more severe disease phenotype, whereas 7 T and 
9 T genotypes have a milder phenotype (aberrant 
gene splicing in 5 T). Investigation of Ivacaftor in 
this mutation has shown increased efficacy in 
R117H patients with the 5  T modifier despite 
being a non-Class II mutation [112].

In lung epithelial cells of CF patients, defi-
cient CFTR-mediated chloride secretion leads to 
abnormal activity in other channels involved in 
electrolyte and pH balance, including the epithe-
lial sodium channel ENaC [114, 115]. ENaC 
plays an essential part in the regulation of sodium 
and water transport across epithelial surfaces. 
Increased ENaC activity as a result of CFTR dys-
function causes airway dehydration and impaired 
mucociliary clearance. ENaC inhibitors have 
been pursued to improve airway surface, but this 
has yet to come into clinical practice [73]. 
Amiloride, a classic ENaC blocker was one of the 
first drugs trialed for this purpose; however, it 
failed to improve lung function due to its short 
half-life, low potency, and poor side effect profile 
[116]. New small-molecule ENaC inhibitors are 
being developed to overcome these problems and 
are now in early-phase clinical testing [51, 117].

 Future Directions

Although the initial trials of gene therapy for CF 
in the 1990s were not successful, research in this 
area has been revived in recent years. The great-
est advantage of gene therapy over CFTR modu-
lating therapies is that it should be effective 
independently of mutation Class. A recent phase 
II trial by the UK Cystic Fibrosis Gene Therapy 
Consortium used a novel lipid-based, non-viral 

vector complexed with plasmid CFTR 
cDNA.  Results stratified by lung function indi-
cate improvement in those with severe respira-
tory disease and stabilization of lung disease (no 
progression of disease) in patients with less 
severe clinical presentations [56, 118]. There are 
also ongoing efforts to create novel viral vectors 
without the immunogenic components that can 
trigger lung inflammation as seen in the earlier 
trials with adenovirus [119, 120]. As mentioned 
above, PNAs and CRISPR technologies are being 
optimized to become viable treatments for 
humans that can be tested in clinical trials. If suc-
cessful, gene therapy would limit the need for 
CFTR modulating therapy. More practically, this 
may be the solution for patients with rare muta-
tions associated with a severe disease phenotype 
for whom targeted therapies are not available or 
in development. In regards to CFTR modulator 
therapies, in addition to next generation correc-
tors and potentiators that may be used in triple 
combination therapies, there are drugs with new 
mechanisms under development to enhance the 
effects of modulators, including ‘amplifiers’ that 
increase the total amount of CFTR protein made 
in the cell [89, 121]. Finally, other treatment 
modalities using oligonucleotides to repair 
CFTR-encoded mRNA in phase 1 proof-of- 
concept studies are also underway [122].

As CF becomes a disease of adulthood with 
increased survival, the ultimate treatment for CF 
would be correction of the CFTR mutations 
before birth to prevent CF as a disease altogether. 
Research in the use of gene therapy in utero to 
correct gene mutations is currently being investi-
gated for many hereditary diseases including CF 
[123]. Nanoparticle-based delivery of PNAs and 
the newer, safer viral vectors have been used to 
test this concept of in-utero gene mutation cor-
rection for CF [124, 125].

 Summary

Since the first description of CF in 1938, the pro-
gression of CF research studies involving the clini-
cal, molecular, and functional characterization of 
CF has reshaped our understanding of disease 
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pathogenesis and informed our approach to diag-
nosis and treatment. Recent advances in personal-
ized medicine and the establishment of 
international collaborations for the CF population 
have enabled the generation and sharing of infor-
mation on a large scale, defining the disease truly 
at an individual level. The new technologies for 
individualized drug efficacy screening and combi-
nation therapies have opened treatment opportuni-
ties for those with the most prevalent CF-causing 
mutations, but importantly also for others with 
rare mutations that have functional responses these 
drugs. As we progress toward increasingly early 
applications of these technologies in a patient’s 
life, we look forward to the prospect of treating 
individuals before clinical manifestations develop, 
to yet once more change the natural history of cys-
tic fibrosis.
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Genetics of Idiopathic Pulmonary 
Fibrosis

Susan K. Mathai and David A. Schwartz

 Introduction

For decades, the cause of Idiopathic Pulmonary 
Fibrosis (IPF) had been a mystery. Patients often 
presented after the insidious onset of progressive 
dyspnea and cough to be diagnosed with extensive 
irreversibly scarred lungs. However, evolution of 
genetics and genomics high-throughput technolo-
gies over the last two decades have led to rapid 
growth in our understanding of this enigmatic dis-
ease. Indeed, IPF is increasingly being seen as a 
genetic disease, and novel genetic loci are increasing 
our understanding of pathophysiology, as well as 
being identified as therapeutic targets. This chapter 
summarizes our current understanding of the genet-
ics of IPF and identifies potential avenues for genetic 
findings to inform precision therapy in this disease.

 Clinical Presentation of IPF

Patients with IPF generally present late in the 
course of their disease—indeed, it is not uncom-
mon for patients to present to specialty centers 
having spent months or years attempting to find 
answers as to why their symptoms of shortness of 
breath and cough have persisted despite courses 
of therapy for more common pulmonary diseases 
such as asthma, pneumonia, or bronchitis 
(Fig.  6.1). The symptoms of pulmonary fibrosis 
are nonspecific, and therefore, diagnosis can be 
delayed; patients’ symptoms often start with a 
cough, shortness of breath, and fatigue that persist 
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Key Point Summary
• Common and rare genetic factors play a 

significant role in IPF disease risk.
• Biological pathways implicated by find-

ings from IPF genetics studies include 
those related to surfactants, mucociliary 
function, cell–cell adhesion, and telo-
mere maintenance.

• Distinct genotypes found in IPF patients 
may determine clinical phenotypes, 
although prospective clinical trials are 
required to translate retrospective obser-
vations into findings that can be used in 
clinical practice.
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despite treatment for infection and work-up for 
non-pulmonary causes of exercise limitation. 
Often, until a careful physical exam is performed 
revealing inspiratory crackles, or a chest X-ray is 
performed revealing interstitial abnormalities, the 
cause of patients’ symptoms remains a mystery.

Chest X-ray findings are themselves nonspe-
cific. In patients presenting with a significant bur-
den of disease, radiographs will reveal evidence of 
volume loss and interstitial abnormalities. These 
findings often prompt the use of computed tomog-
raphy (CT) to further characterize the patients’ 

a b

c d

Fig. 6.1 Clinical findings of patients with pulmonary 
fibrosis. (a) Patients with pulmonary fibrosis often present 
with digital clubbing, as pictured here. This finding is not 
specific to pulmonary fibrosis and can be seen in other heart 
and lung diseases. (b) Early graying of the hair is often 
reported in patients with familial forms of pulmonary fibro-
sis. This patient with familial pulmonary fibrosis had white 
hair by the time he was early in the fourth decade of life but 
did not present with pulmonary fibrosis until his seventh 
decade. (c) Axial image from a CT scan of the chest of a 

patient with Idiopathic Pulmonary Fibrosis (IPF), illustrat-
ing some characteristic findings, including peripheral and 
basilar predominant reticular abnormality, traction bronchi-
ectasis, and honeycombing (arrow). (Courtesy of Dr. 
Christopher J.G.  Sigakis, Radiology Partners, Dallas, 
Texas, USA.) (d) High power image of histopathology from 
a patient with familial pulmonary fibrosis illustrating sig-
nificant collagen deposition (pink, acellular areas) and 
characteristic honeycomb change (arrow)
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lungs. High resolution computed tomography 
(HRCT) of the chest is the ideal modality with 
which to image the chest of patients with Interstitial 
Lung Diseases (ILDs) like IPF.  Classic HRCT 
findings include peripheral and basilar predomi-
nant reticular  abnormality with traction bronchiec-
tasis and honeycombing [1] (Fig. 6.1c). Pulmonary 
function testing pursued to characterize a patient’s 
disease will show decreased total lung capacity 
(TLC) and residual volume (RV), often with 
decreased diffusing capacity of the lungs for car-
bon monoxide (DLCO), indicating a loss in lung 
volume and a gas exchange impairment.

 Clinical Evaluation, Diagnosis, 
and Treatment of IPF

Diffuse parenchymal lung diseases, also known 
as interstitial lung diseases (ILDs), are a diverse 
set of more than 200 parenchymal lung diseases, 
many of which are rare [2]. The ILDs can present 
with varied radiologic and clinical findings and 
have varying etiologies, from autoimmune dis-
eases to environmental exposures, and some of 
them lead to irreversible scarring of the lung 
parenchyma known as pulmonary fibrosis. A sub-
set of ILDs have no identifiable cause and are 
frequently termed idiopathic interstitial pneumo-
nias (IIPs). IPF is the most widely studied and 
most common IIP and ILD [2]. As a result, many 
of the breakthroughs in terms of genetic risk and 
novel therapeutic approaches in ILD have focused 
on IPF cohorts. Furthermore, the diagnosis of 
IPF has specific therapeutic implications as cur-
rently available anti-fibrotic therapies have been 
studied and approved for IPF patients, but not for 
patients with other fibrosing IIPs [3–5].

Therefore, distinguishing IPF from other ILDs 
is a primary step in the evaluation of a patient pre-
senting with the appropriate radiologic and clini-
cal findings. Radiologic findings on HRCT 
consistent with the Usual Interstitial Pneumonia 
(UIP) pattern (i.e., honeycombing, traction bron-
chiectasis, and peripheral and basilar predominant 
reticular abnormality with a paucity of ground 
glass abnormality) are required for an HRCT-
based diagnosis of IPF [6] (Fig. 6.1c). When radio-
logic findings are not specific enough to make this 
diagnosis, in the appropriate clinical context, lung 

biopsy is often pursued. Histopathologic findings 
of the UIP pattern (i.e., fibroblastic foci, micro-
scopic honeycombing, and a relative paucity of 
cellular infiltrate) would be consistent with a diag-
nosis of IPF (Fig. 6.1d). However, ultimately, IPF 
is a diagnosis of exclusion: Because other condi-
tions can also present with UIP pattern on HRCT 
or pathology, rheumatologic diseases and environ-
mental/occupational exposures must be ruled out 
before a diagnosis of IPF can be made [3, 6, 7]. 
Because there is no simple blood test for the dis-
ease, ILD diagnoses, including IPF, are best made 
in the setting of an experienced center with multi-
disciplinary conferences where experts in pulmo-
nary medicine, radiology, and pathology discuss 
individual cases and come to consensus [3, 6–9].

Despite recent advances in approved medical 
therapies, the prognosis for IPF remains poor. Prior 
epidemiological studies suggest that the median 
survival after diagnosis is 3–5 years [10, 11]. Anti-
fibrotic medical therapies (i.e., nintedanib and pir-
fenidone) that slow the rate of progression of 
fibrotic change in the lungs now exist, but none are 
able to reverse existing changes [4, 5]. Additionally, 
although pooled data from clinical studies suggests 
that existing therapies have an overall mortality 
effect, if it does indeed exist, it is small [12, 13]. 
The differentiation of IPF from other ILDs is criti-
cal because in the case of other ILDs, especially 
those related to systemic autoimmune disorders, 
immunosuppression is indicated; however, in the 
case of IPF, analyses of large clinical trial data sug-
gest that immunosuppression is harmful and should 
be avoided [14]. Lung transplantation remains the 
only curative therapy for end-stage ILD, including 
IPF; however, lung transplantation is not available 
to many patients diagnosed with IPF, and it can 
itself be a major cause or morbidity and mortality, 
with a median survival of 5.8 years [15].

 Rare Genetic Variants Associated 
with IPF

 Surfactant Proteins

Decades ago, it was observed that cases of pul-
monary fibrosis appeared to cluster in families, a 
clue that there was inherited risk in this disease. 
As others would argue, one of the most important 
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risk factors for the development of IPF is a family 
history of pulmonary fibrosis [16]. Studies per-
formed in Europe indicated that familial pulmo-
nary fibrosis accounted for 2–4% of IPF cases 
[17, 18]. In later years, investigators published 
data from cohorts suggesting a higher percentage 
of familial cases [19, 20]. Although familial pul-
monary fibrosis cases tended to present younger 
than their sporadic counterparts, and some 
cohorts showed evidence of a heterogeneity of 
radiologic and pathologic findings [21–23], in 
almost all cases the clinical presentation of famil-
ial IPF was indistinguishable from nonfamilial or 
sporadic presentation of IPF [18, 24].

Geneticists took advantage of familial clusters 
of pulmonary fibrosis cases to study IPF by uti-
lizing a candidate gene approach. An early 
hypothesis was that abnormalities in genes 
encoding surfactant proteins, specifically 
Surfactant Protein C (SFTPC), would be associ-
ated with IPF because surfactant proteins, which 
are expressed in the alveoli by Type 2 alveolar 
cells and prevent alveolar collapse, are critical to 
normal pulmonary physiology. In 2001, Nogee 
and colleagues utilized samples from an infant 
with a diagnosis of ILD at 1 year of age, as well 
as samples from multiple family members with 
respiratory deficiencies, and sequenced SFTPC 
[22]. The investigators identified a coding muta-
tion in SFTPC that segregated in an autosomal 
dominant fashion with disease, as well as 
decreased surfactant levels in the affected 
patient’s lungs [22]. Numerous subsequent stud-
ies identified additional coding and noncoding 
mutations in SFTPC and rare coding mutations in 
SFTPA associated with pulmonary fibrosis in 
adults [25–28] and with pediatric interstitial lung 
diseases [29–32] (Fig. 6.2c, d). Other surfactant- 
related proteins implicated in pulmonary fibrosis 
risk and pathogenesis include ATP-binding cas-
sette transporter A3 (ABCA3), whose mutations 
have been found in small familial studies to be 
associated with pediatric disease, though none 
have linked the gene to adult IPF [33–35].

The mechanism through which surfactant pro-
tein mutations may be related to pulmonary 
fibrosis is aberrant intracellular processing of 
abnormal pro-proteins [36, 37]. Some SFTPC 

mutations lead to the production of precursor 
proteins that cannot be processed by the endo-
plasmic reticulum of the Type 2 alveolar cell, 
leading to endoplasmic reticulum (ER) stress, 
cellular injury, and apoptosis [38–40].

 Telomerase Pathway Genes

Chromosomes are capped on either end by 
regions of repetitive noncoding nucleotide repeat 
segments known as telomeres, which protect 
coding regions of the chromosomes from deterio-
ration during mitosis. Telomeres are added to 
chromosomes by the telomerase complex, a 
group of proteins and RNA sequence, that 
includes the telomerase reverse transcriptase 
(TERT) and an RNA component (TERC). 
Shortened telomeres are associated with a variety 
of clinical manifestations, including hematologic 
abnormalities, liver dysfunction, and pulmonary 
fibrosis; subjects with numerous affected organ 
systems are referred to as having “telomeropa-
thies” [41].

Telomerase-pathway genes were recognized 
as important in pulmonary fibrosis through the 
study of dyskeratosis congenita (DKC), a syn-
drome characterized by abnormal skin pigmenta-
tion, nail dystrophy, and oral leukoplakia, but 
which can also affect other organ systems such as 
bone marrow, and cause pulmonary fibrosis [42]. 
While X-linked versions of the disease are linked 
to DKC1 mutations [43], other forms of disease 
are linked to mutations in TERT and TERC [42, 
44–46]. Given this mutation–phenotype associa-
tion, candidate gene studies examining TERT and 
TERC were pursued.

An analysis of 73 familial interstitial pneumo-
nia (FIP) families (defined as those in which there 
were two more cases of IIP) identified coding 
mutations in TERT and TERC that were associ-
ated with members affected by pulmonary fibro-
sis, and further analysis revealed both decreased 
telomerase activity and shortened telomeres in 
those carrying the mutations [47]. Tsakiri and col-
leagues reported similar findings in a distinct FIP 
cohort, for which linkage analysis identified a 
region of interest on chromosome 5 containing 
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TERT [48]. Subsequent sequencing of this gene in 
these families revealed missense and frameshift 
mutations in two families. Follow-up analysis of 
44 additional FIP families identified more TERT 
and TERC mutations, and mutation carriers again 
showed decreased telomerase activity and short-
ened telomeres [48]. These initial findings sug-
gested that TERT or TERC mutations may be 
responsible for up to 10% of FIP cases (Fig. 6.2).

The disease-associated coding mutations in 
telomerase genes led investigators to question 
whether telomere length itself was a risk factor 
for IPF. Subjects with FIP and IPF were recruited, 

and it was found that regardless of TERT or 
TERC mutation status, about one-quarter of those 
with FIP or IPF had evidence of telomere short-
ening [47, 49]. Indeed, in a study by Adler and 
colleagues that examined 100 cases of sporadic 
IPF, none of the subjects had TERT mutations, 
one had a TERC mutation, but the majority of 
them had telomere lengths shorter than the 
median in age-matched healthy controls [50]. 
Additionally, the authors examined type 2 
alveolar cells from diseased lung tissue and, 
using in situ hybridization, determined that telo-
meres were shorter in those with disease [50].

a b

c d

Fig. 6.2 Imaging findings in familial pulmonary fibrosis. 
(a) Axial image from a CT scan of the chest from a patient 
with subtle reticular abnormality (arrow). This patient was 
from a family carrying a TERT mutation. (b) Image of CT 
scan of the chest from a patient with more advanced 
fibrotic change, including honeycombing (arrow). This 
patient also carried a TERT mutation. (c) This image illus-
trates a ground glass abnormality and tree-in-bud abnor-

mality (arrow) seen in a patient with a surfactant protein A 
(SFPTA1) mutation. (d) This CT image illustrates radio-
logic changes of ground glass abnormality (black arrow) 
and pulmonary cysts (white arrow) in a patient who car-
ried an NKX2-1 gene mutation. (Images courtesy of Dr. 
Raphael Borie, Hôpital Bichat  – Claude-Bernard 
(Hôpitaux Universitaires Paris Nord Val de Seine, Paris, 
France))
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More recent studies have utilized newer tech-
nologies, such as exome sequencing, to find rare 
variants in other telomere-related genes. 
Regulator of telomere elongation helicase 1 
(RTEL1) and poly(A)-specific ribonuclease 
(PARN) are two genes in which  exome- sequencing 
has led to rare-variant discovery [51–53]. As with 
TERT and TERC mutations, those with rare vari-
ants in RTEL1 and PARN also showed evidence 
of shortened telomeres [51–53]. Exome sequenc-
ing also identified rare TINF2, NAF1, and novel 
DKC1 mutations in FIP cohorts [54–56]. 
Interestingly, pulmonary fibrosis patients that 
have hepatic or bone marrow abnormalities are 
more likely than those without extrapulmonary 
involvement to have telomerase pathway muta-
tions [57, 58] (Figs. 6.1 and 6.2).

The precise reason that short telomeres lead to 
the clinical finding of pulmonary fibrosis is not 
known; however, mouse model-based studies 
suggest that impaired telomerase function and 
short telomeres hamper the normal epithelial 
response to injury [50]. At this time, it is not 
known whether elongating telomeres would 
restore appropriate responses to lung injury.

 Common Genetic Variants and IPF

Many of the rare variant studies described above 
utilized candidate-gene sequencing approaches. 
As genome-wide genotyping technologies 
evolved, genome-wide association studies 
(GWAS) of IPF were conducted to examine the 
role of common variants, often defined as those 
with a minor allele frequency (MAF) >0.05, in 
disease risk.

The first IPF GWAS in 2008 identified a com-
mon intronic TERT variant as a risk factor for IPF 
[59]. In 2011, a larger study was done utilizing a 
linkage analysis approach followed by fine map-
ping that identified a gain-of-function variant 
(rs35705950) in the promoter region of the Mucin 
5B, Oligomeric Mucus/Gel-Forming (MUC5B) 
gene as a strong risk factor for both familial pul-
monary fibrosis and sporadic IPF [60]. This was 
an unexpected finding in that there had been no 
reason prior to this study to suspect mucin abnor-
malities would be related to pulmonary fibrosis. 
MUC5B encodes for Mucin-5B, a major compo-
nent of mucus in many mucosal surfaces includ-
ing saliva, cervix and lung, and it is critical to the 
immune function of the lung [61] (Fig. 6.3). The 
rs35705950 variant is associated with increased 
MUC5B gene expression in the lungs of normal 
and IPF subjects [60, 62]; when IPF subjects 
were compared to controls, there was signifi-
cantly higher MUC5B gene expression in IPF 
subjects regardless of genotype [60].

The MUC5B risk variant is common in non- 
Hispanic whites—approximately 19% of them 
will carry one or more copies of the risk allele 
(i.e., T) [60]. Those that were heterozygous (GT) 
and homozygous (TT) had increased odds ratios 
(ORs) for pulmonary fibrosis—6.8 (95% confi-
dence interval [CI], 3.9–12.0) and 20.8 (95% CI, 
3.8–113.7) for FIP, respectively, and 9.0 (95% 
CI, 6.2–13.1) and 21.8 (95% CI, 5.1–93.5) for 
IPF, respectively [60]. The rs35705950 minor 
allele frequency (MAF) was 0.338  in familial 
pulmonary fibrosis subjects and 0.375  in spo-
radic IPF groups, indicating that the risk allele 
was important in familial and sporadic cases 
[60]. The high frequency with which rs35705950 

Fig. 6.3 Localization of Mucin-5B in human lung tissue. 
(a) 3,3′-Diaminobenzidine (DAB) staining for Mucin 5B 
(MUC5B) in human lung tissue from a patient with IPF 
shows strong staining (brown) for the protein in cells lin-
ing the airways as well as within the airways themselves 
(arrow). (b) Immunofluorescence (IF) for MUC5B (blue), 
club cell secretory protein (CCSP) (red), and surfactant 
protein C (SPC) (green) shows the locations of these pro-
teins in normal human lung tissue. Areas where CCSP and 

MUC5B are co-expressed, predominantly in the airway 
epithelia, appear violet. (c) IF for MUC5B (blue), CCSP 
(red), and SPC (green) in fibrotic lung tissue from an IPF 
patient illustrates extensive MUC5B in the airway spaces 
as well as co-localization of CCSP and MUC5B in airway 
epithelia (violet). (Images courtesy of Mr. Avram Walts, 
Dr. Yasushi Nakano, and Dr. Evgenia Dobrinskikh, 
University of Colorado School of Medicine, Aurora, 
Colorado, USA)
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was found in a general non-Hispanic white popu-
lation suggests that the MUC5B variant is neither 
necessary nor sufficient for the development of 
IPF—other genetic or nongenetic (e.g., environ-
mental) factors are likely to be at play in deter-
mining an individual’s disease risk [63].

The association of the MUC5B variant with 
IPF has been replicated numerous times in inde-
pendent cohorts [60, 64–70], illustrating the 
strength and reproducibility of these findings. In 
addition, rs35705950 has been examined in 
cohorts with other forms of pulmonary fibrosis 
with differing results. Case–control studies of 
systemic sclerosis-ILD [64, 66], asbestosis, sar-
coidosis [64], chronic obstructive pulmonary dis-
ease, and asthma have not shown significant 
associations between rs35705950 and disease 
[71]. However, recently, a study of two separate 
cohorts with chronic hypersensitivity pneumoni-
tis (HP) revealed that rs35705950 was associated 
with this condition with MAFs similar to what 
has been described in IPF cohorts [72]. Also, a 
recent study of rheumatoid arthritis (RA)-related 
ILD revealed a strong association between 
rs35705950 and RA-ILD [73, 74]. Therefore, 
while the MUC5B promoter polymorphism is not 
associated with all forms of ILD or with other 
advanced lung diseases, it is associated with 
chronic HP and RA-ILD, two progressive fibros-
ing ILDs that share common histopathologic and 
radiologic patterns (i.e., UIP) with IPF [73]. 
Therefore, it may be the case that the MUC5B 
variant is associated with the UIP fibrosing 
response to lung injury itself—not just with what 
physicians have clinically diagnosed as IPF.

The mechanism through which the MUC5B 
promoter polymorphism causes pulmonary fibro-
sis is hypothesized to be related to impaired 
mucociliary clearance and subsequent aberrant 
response to recurrent injury (Fig.  6.3). Data to 
support this hypothesis was recently published 
with in vivo and in vitro experiments that illus-
trated decreased ciliary function in airway cells 
of Muc5b-overexpressing transgenic mice [75]. 
While the mice expressing excess Muc5b in their 
lungs did not develop spontaneous fibrosis, they 
exhibited greater fibrosis in response to a com-
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monly utilized model of fibrotic lung injury: 
intratracheal bleomycin [75]. Use of a mucolytic 
agent in these mice was shown to ameliorate the 
fibrotic response to injury, suggesting that the 
mucus itself could be a target of antifibrotic 
therapy [75].

A GWAS study published in 2013, examining 
1616 fibrotic ILDs versus 4683 controls, con-
firmed previously identified disease-associated 
loci (i.e., chromosome 5p15 containing TERT; 
11p15 containing MUC5B; 3q25 near TERC), 
but also identified seven new risk loci, including 
FAM13A (4q22), DSP (6p24), OBFC1 (10q24), 
ATP11A (13q4), DPP9 (19p13), and regions on 
chromosomes 7q22 and 15q14–15 [76]. An 
imputation-based follow-up study also identified 
the HLA region as strongly associated with dis-
ease [77]. These loci and genes are varied in 
terms of their implicated pathways and biological 
functions. In general, they can be categorized 
roughly into host defense (MUC5B, ATP11A, 
HLA-region), cell–cell adhesion (DSP, DPP9), 
and DNA repair (TERT, TERC, OBFC1) [63, 76, 
78, 79]. These loci, along with the MUC5B vari-
ant, may account for up to one-third of disease 
risk [76, 79].

A separate GWAS with similar study design 
confirmed the MUC5B association, but also iden-
tified loci in Toll-interacting protein (TOLLIP) 
and peptidase-like 2C (SPPL2C) as disease- 
associated variants [65]. Intriguingly, this manu-
script not only described risk variants, but also 
presented evidence that specific variants (i.e., 
rs5743890) in TOLLIP were associated with dif-
ferential mortality from disease [65, 80]. More 
recently, a GWAS performed in a European 
cohort confirmed DSP and MUC5B variants’ 
associations with IPF and identified a novel com-
mon variant in AKAP13 that was also associated 
with differential gene expression in lung tissue 
[70]. AKAP13 is a particularly intriguing target 
for future investigation because it is known to be 
involved in profibrotic signaling processes, and it 
localizes to alveolar epithelial cells and lymphoid 
follicles in IPF patients [70].

Consistent with the association results of the 
MUC5B variant with IPF reported in 2011 [60], 
the ORs for loci identified by the 2013 GWAS by 

Fingerlin and colleagues did not differ between 
FIP and sporadic IPF cases [76], suggesting that 
genetic risk factors for fibrotic IIPs, whether rec-
ognized as “familial” or not, are similar [63, 81]. 
The findings described thus far, summarized in 
Table  6.1, have focused on individual variants 
and their implications for disease risk, but have 
not considered the implications of having numer-
ous common and/or rare risk variants. Future 
studies should examine the interactions between 
different disease-associated variants and 
 determine the functional relationships between 
individual variants and disease phenotypes.

 Genetic Variants and Clinical 
Management of IPF

The findings presented above regarding genetic 
risk and IPF have described potential therapeutic 
targets and hypotheses regarding disease patho-
genesis, but the diversity of biological pathways 
implicated begs further questions: (1) Are there 
genetically determined IPF disease endotypes? 
(2) What are the clinical implications in terms of 
treatment and prognosis of having specific 
genetic risk variants? The clinical course of IPF 
has long been noted to be heterogeneous and 
unpredictable, yet relentlessly progressive, mak-
ing these questions central to clinicians. Table 6.2 
summarizes the associations of genetic variants 
with clinical outcomes in IPF described next.

 Clinical Phenotypes

To address these critical questions in terms of the 
common MUC5B genetic variant most strongly 
associated with IPF, a retrospective analysis of 
clinical trials data was performed by Peljto and 
colleagues, who found that the MUC5B minor 
allele conferred increased survival [82]. The risk 
variant in the TOLLIP gene associated with IPF 
was also associated with mortality [65]. Clinical 
manifestations for pulmonary fibrosis patients 
with telomerase-pathway gene mutations are het-
erogeneous—indeed, many do not necessarily 
carry the clinical diagnosis of IPF, and have been 
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noted to have other forms of fibrosing ILD, 
including pleuroparenchymal fibroelastosis, 
chronic HP, and connective tissue disease-related 
ILD [83]. Based on observational studies of large 
groups of mutation carriers, those with TERC 

mutations tended to be diagnosed at an earlier 
age relative to those with TERT, RTEL1 or PARN 
mutations, and they were more likely to have 
hematologic abnormalities [83]. Additionally, the 
rate of decline in lung function (as measured by 

Table 6.1 Genetic variants associated with IPF

Genes
Gene product 
functions

Common 
variants, rare 
variants, or 
both? Type of studies Key references

Surfactant-related genes
SFTPC
SFTPA1
NKX2-1
ABCA3

Lung surfactant 
and surfactant 
processing

Rare 
variants

Targeted 
sequencing, 
linkage analysis, 
targeted 
sequencing

Nogee et al. [22], Thomas et al. [95], 
Lawson et al. [26], Van Moorsel et al. 
[35], Ono et al. [96], Wang et al. [27], 
Hamvas et al. [97], Campo et al. [98], 
Epaud et al. [99]

Telomere-related genes
TERT
TERC
PARN
RTEL1
DKC1
OBFC1

DNA-repair 
and senescence

Both Targeted sequencing, 
exome sequencing, 
and genome-wide 
association studies 
(GWAS)

de Leon et al. [100], Armanios et al. [44], 
Armanios et al. [47], Tsakiri et al.  [48], 
Fingerlin et al.  [76], Wei et al. [67], Stuart 
et al. [84], Cogan et al. [52], Kropski et al. 
[56]

Host defense-related genes
MUC5B Mucin Common 

variant
Linkage analysis; 
GWAS

Seibold et al. [60], Zhang et al. [101], Stock 
et al. [64], Borie et al. [66], Noth et al. [65], 
Fingerlin et al. [76], Wei et al. [67], 
Horimasu et al. [68]

TOLLIP Toll-interacting 
protein

Common 
variants

GWAS Noth et al. [65]

ATP11A ATPase Common 
variant

GWAS Fingerlin et al. [76]

Cell–cell adhesion
DSP Major 

component of 
desmosome

Common 
variant

GWAS Fingerlin et al. [76], Mathai et al.  
[102], Allen et al. [70]

Protein cleavage
DPP9 Serine protease Common 

variant
GWAS Fingerlin et al. [76]

SPPL2C Intramembrane 
protease

Common 
variant

GWAS Noth et al. [65]

Pro-fibrotic mediator
AKAP13 RhoA guanine 

nucleotide 
exchange factor

Common 
variant

GWAS Allen et al. [70]

Unknown function
FAM13A Unknown Common 

variant
GWAS Fingerlin et al. [76]

chromosomal 
region 7q22

Unknown Common 
variant

GWAS Fingerlin et al. [76]

Chromosomal 
region 
15q14–15

Unknown Common 
variant

GWAS Fingerlin et al. [76]
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absolute FVC) noted for telomerase-mutation 
carriers was higher than the rate of decline 
observed for IPF patients in general, suggesting 
that the prognosis for these patients may be 
poorer than for all-comers diagnosed with dis-
ease [83]. Additionally, telomere length, inde-
pendent of age, sex, and baseline disease severity, 
was a predictor of transplant-free survival in IPF 
but not in non-IPF ILD, despite a low prevalence 
of actual TERT mutations in the subjects studied 
[84]. This finding underscores the evidence that 
telomerase dysfunction may be central to disease 
even in subjects with no identifiable coding muta-
tion in telomerase-related genes.

 Therapeutic Implications

Prospective clinical trials utilizing genotype- 
based stratification have not yet been performed 
in IPF; however, retrospective studies suggest 
that existing drugs have differential efficacy 
based on genotype. Retrospective analysis of the 
PANTHER-IPF trial indicated that patients in the 
N-acetylcysteine (NAC) treatment group with 

TOLLIP rs3750920 TT genotype had increased 
survival versus those with other genotypes, while 
those with the CC genotype had worse outcomes 
[80]. While NAC has not been shown in all- 
comers with IPF to be an effective treatment [85], 
these observational findings suggest that thera-
pies may have differential effects based on 
TOLLIP rs3750920 genotype. Recent retrospec-
tive analyses of patients with TERT and TERC 
mutations treated with pirfenidone suggested that 
the medication may not have affected the rate of 
decline in FVC among those with mutations, 
although the study is limited by its small sample 
size (given how rare these coding mutations are) 
and its retrospective design [86]. Currently, there 
are also limited data to suggest that the approved 
IPF-specific antifibrotic therapies nintedanib and 
pirfenidone have differential efficacy based on 
genotype or coding mutations in telomerase path-
way genes. Clinical trials need to be designed and 
analyzed with these results in mind to determine 
whether more precise approaches increase clini-
cal effectiveness of existing IPF drugs [79].

Due to the limited availability of medical ther-
apies for IPF, many patients either undergo, or 
are at least evaluated for, lung transplantation. 
Post-lung transplantation care involves signifi-
cant and indefinite immunosuppression that can 
have toxic effects on other organs, including the 
bone marrow. Given the extrapulmonary 
manifestations observed in telomerase-pathway 
mutation-carrying pulmonary fibrosis patients, 
cohorts of such patients have been examined for 
 posttransplantation outcomes. Retrospective 
studies reviewing posttransplant survival in 
patients with telomerase mutations illustrate a 
higher incidence of posttransplant complications, 
driven primarily by hematologic abnormalities 
and bone marrow dysfunction [87], as well as 
renal dysfunction and lower respiratory tract 
infections [88], with telomerase-pathway muta-
tion carriers compared to historic controls [87, 
89]. These complications frequently require 
adjustments to immunosuppressive regimens for 
posttransplant patients; however, telomerase 
mutations are not at this time considered a con-
traindication to lung transplantation [88]. A more 
recent study of telomere length in posttransplant 

Table 6.2 Genetic variants and markers associated with 
clinical outcomes in IPF

Genetic variant/
marker Affected outcome

Key 
references

MUC5B promoter 
polymorphism 
genotype, 
rs35705950 (minor 
allele)

Improved 
survival

Peljto et al. 
[82]

TOLLIP genotype, 
rs5743890 (minor 
allele)

Increased 
mortality risk

Noth et al. 
[65]

TOLLIP genotype, 
rs3750920 (TT 
genotype)

Clinical 
response to oral 
N-acetylcysteine

Oldham 
et al. [80]

Telomerase-related 
rare variant

Poor prognosis Newton 
et al. [83], 
Borie et al. 
[57]

Telomerase-related 
mutation

Post-transplant 
complications

Silhan et al. 
[89]

Telomere length Transplant-free 
survival

Stuart et al. 
[84]

Telomere length Post-transplant 
survival

Newton 
et al. [90]
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patients also argues that telomere shortening may 
be a marker of poor survival and decreased time 
to lung allograft dysfunction, a poor clinical out-
come [90]. Interestingly, though the patients with 
< 10th percentile telomere length had higher 
rates of primary graft dysfunction, they did not 
show higher rates of acute rejection, cytopenias, 
infection, or renal dysfunction [90].

Our poor ability to prognosticate for our 
patients diagnosed with a progressive but unpre-
dictable disease, and to know which antifibrotic 
medication might be better for any given patient, 
limits our ability to personalize care. Furthermore, 
at this time, genotyping, especially for common 
variants, is not part of routine clinical care. The 
above findings suggest that as genotype informa-
tion becomes increasingly incorporated into clin-
ical trials and clinical outcomes research, bedside 
care could be transformed in IPF, allowing clini-
cians to use genotypes as biomarkers to better 
understand patient phenotype and to tailor thera-
peutic choices to the individual [91].

 Early Detection of Pulmonary 
Fibrosis

The fact that there are no existing therapies that 
reverse established pulmonary fibrosis makes 
the area of early disease detection an urgent clin-
ically relevant one, particularly because patients 
are often diagnosed late in the course of their 
disease, after having been symptomatic for a 
long period of time. Review of imaging from 
large cohorts, such as the Framingham Heart 
Study, have provided evidence that early intersti-
tial abnormalities (ILAs) are common [92]. 
Specifically, Hunninghake and colleagues found 
evidence of ILAs in 7% of subjects over 50 years 
of age without any known ILD, while definitive 
fibrosis was noted in nearly 2% of all those 
screened [92], rates higher than had been 
observed in other studies [79, 92]. Critically, 
ILAs have been shown in numerous cohorts to 
progress radiologically in the majority of cases 
and to be associated with increased all-cause 
mortality and respiratory-disease-related mortal-
ity [93, 94]. In addition, the IPF-associated 

MUC5B promoter polymorphism has been asso-
ciated with ILAs, raising the possibility that 
common genetic variants could be utilized to 
counsel patients or to risk-stratify individuals for 
potential radiologic or other clinical screening 
[79, 91, 92].

 Conclusion

The rapid growth in the field of IPF genetics and 
the development of novel antifibrotic therapies 
over the past few decades has led to a sea change 
in the field. Where once the etiology and progno-
sis of IPF remained mysterious, and patients 
were told that they had no real options for effec-
tive medical therapies, we are now beginning to 
appreciate the profound clinical heterogeneity of 
IPF and can offer patients evidence-based medi-
cal therapies. Genetic factors play at least some 
role in the clinically observed heterogeneity of 
IPF, and further study will allow us to move 
known associations and observations into data 
that can inform shared decision-making with 
patients. Furthermore, the variety of biological 
pathways implicated by the genetics of IPF, 
including pathways related to surfactants, mucus, 
mucociliary function, and telomere maintenance, 
raise the possibility that distinct genotypes 
require specific treatments. Though there are 
hints of these treatment implications in the litera-
ture, prospective clinical trials are required to 
inform our clinical practice.

Acknowledgments The authors would like to thank Dr. 
Raphael Borie, Dr. Christopher J.G. Sigakis, Mr. Avram 
Walts, Dr. Yasushi Nakano, and Dr. Evgenia Dobrinskikh 
for their assistance in preparing figures for this 
manuscript.

References

 1. Lynch DA, Sverzellati N, Travis WD, Brown KK, 
Colby TV, Galvin JR, et  al. Diagnostic criteria for 
idiopathic pulmonary fibrosis: a Fleischner Society 
White Paper. Lancet Respir Med. 2017;6(2):138–53.

 2. Cottin V, Hirani NA, Hotchkin DL, Nambiar AM, 
Ogura T, Otaola M, et  al. Presentation, diagnosis 
and clinical course of the spectrum of progressive- 

6 Genetics of Idiopathic Pulmonary Fibrosis



82

fibrosing interstitial lung diseases. Eur Respir Rev. 
2018;27(150):180076.

 3. Raghu G, Remy-Jardin M, Myers JL, Richeldi L, 
Ryerson CJ, Lederer DJ, et  al. Diagnosis of idio-
pathic pulmonary fibrosis an official ATS/ERS/JRS/
ALAT clinical practice guideline. Am J Respir Crit 
Care Med. 2018;198(5):e44–68.

 4. Richeldi L, du Bois RM, Raghu G, Azuma A, Brown 
KK, Costabel U, et al. Efficacy and safety of nint-
edanib in idiopathic pulmonary fibrosis. N Engl J 
Med. 2014;370(22):2071–82.

 5. King TE, Bradford WZ, Castro-Bernardini S, Fagan 
EA, Glaspole I, Glassberg MK, et al. A phase 3 trial 
of pirfenidone in patients with idiopathic pulmonary 
fibrosis. N Engl J Med. 2014;370(22):2083–92.

 6. Lynch DA, Sverzellati N, Travis WD, Brown KK, 
Colby TV, Galvin JR, et  al. Diagnostic criteria for 
idiopathic pulmonary fibrosis: a Fleischner Society 
White Paper. Lancet Respir Med. 2018;6(2):138–53.

 7. Castillo D, Walsh S, Hansell DM, Vasakova M, 
Cottin V, Altinisik G, et  al. Validation of multidis-
ciplinary diagnosis in IPF.  Lancet Respir Med. 
2018;6(2):88–9.

 8. Walsh SLF, Maher TM, Kolb M, Poletti V, Nusser 
R, Richeldi L, et al. Diagnostic accuracy of a clini-
cal diagnosis of idiopathic pulmonary fibrosis: 
an international case-cohort study. Eur Respir J. 
2017;50(2):1700936.

 9. Wells AU. Any fool can make a rule and any fool 
will mind it. BMC Med. 2016;14(1):23.

 10. Ley B, Collard HR, King TE. Clinical course and 
prediction of survival in idiopathic pulmonary 
fibrosis. Am J Respir Crit Care Med. 2011;183(4): 
431–40.

 11. Ley B, Collard HR. Epidemiology of idiopathic pul-
monary fibrosis. Clin Epidemiol. 2013;5:483–92.

 12. Richeldi L, Cottin V, du Bois RM, Selman M, 
Kimura T, Bailes Z, et al. Nintedanib in patients with 
idiopathic pulmonary fibrosis: combined evidence 
from the TOMORROW and INPULSIS®trials. 
Respir Med. 2016;113:74–9.

 13. Nathan SD, Albera C, Bradford WZ, Costabel U, 
Glaspole I, Glassberg MK, et  al. Effect of pirfeni-
done on mortality: pooled analyses and meta-analy-
ses of clinical trials in idiopathic pulmonary fibrosis. 
Lancet Respir Med. 2017;5(1):33–41.

 14. Raghu G, Anstrom KJ, King TE, Lasky JA, 
Martinez FJ.  Prednisone, azathioprine, and 
N-acetylcysteine for pulmonary fibrosis. N Engl J Med. 
2012;366(21):1968–77.

 15. Thabut G, Mal H. Outcomes after lung transplanta-
tion. J Thorac Dis. 2017;9(8):2684–91.

 16. García-Sancho C, Buendía-Roldán I, Fernández-
Plata MR, Navarro C, Pérez-Padilla R, Vargas MH, 
et  al. Familial pulmonary fibrosis is the strongest 
risk factor for idiopathic pulmonary fibrosis. Respir 
Med. 2011;105(12):1902–7.

 17. Hodgson U, Laitinen T, Tukiainen P.  Nationwide 
prevalence of sporadic and familial idiopathic 
pulmonary fibrosis: evidence of founder effect 

among multiplex families in Finland. Thorax. 
2002;57(4):338–42.

 18. Marshall RP, Puddicombe A, Cookson WO, Laurent 
GJ. Adult familial cryptogenic fibrosing alveolitis in 
the United Kingdom. Thorax. 2000;55(2):143–6.

 19. Lawson WE, Loyd JE. The genetic approach in pul-
monary fibrosis: can it provide clues to this complex 
disease? Proc Am Thorac Soc. 2006;3(4):345–9.

 20. Loyd JE.  Pulmonary fibrosis in families. Am J 
Respir Cell Mol Biol. 2003;29(3 Suppl):S47–50.

 21. Steele MP, Speer MC, Loyd JE, Brown KK, Herron 
A, Slifer SH, et al. Clinical and pathologic features 
of familial interstitial pneumonia. Am J Respir Crit 
Care Med. 2005;172(9):1146–52.

 22. Nogee LM, Dunbar AE, Wert SE, Askin F, Hamvas 
A, Whitsett JA. A mutation in the surfactant protein 
C gene associated with familial interstitial lung dis-
ease. N Engl J Med. 2001;344(8):573–9.

 23. Kropski JA, Pritchett JM, Zoz DF, Crossno PF, 
Markin C, Garnett ET, et al. Extensive phenotyping 
of individuals at risk for familial interstitial pneu-
monia reveals clues to the pathogenesis of inter-
stitial lung disease. Am J Respir Crit Care Med. 
2015;191(4):417–26.

 24. Lee H-L, Ryu JH, Wittmer MH, Hartman TE, Lymp 
JF, Tazelaar HD, et  al. Familial idiopathic pulmo-
nary fibrosis: clinical features and outcome. Chest. 
2005;127(6):2034–41.

 25. Fernandez BA, Fox G, Bhatia R, Sala E, Noble B, 
Denic N, et  al. A Newfoundland cohort of famil-
ial and sporadic idiopathic pulmonary fibrosis 
patients: clinical and genetic features. Respir Res. 
2012;13(1):64.

 26. Lawson WE, Grant SW, Ambrosini V, Womble KE, 
Dawson EP, Lane KB, et  al. Genetic mutations in 
surfactant protein C are a rare cause of sporadic 
cases of IPF. Thorax. 2004;59(11):977–80.

 27. Wang Y, Kuan PJ, Xing C, Cronkhite JT, Torres F, 
Rosenblatt RL, et  al. Genetic defects in surfactant 
protein A2 are associated with pulmonary fibrosis 
and lung cancer. Am J Hum Genet. 2009;84(1):52–9.

 28. Maitra M, Wang Y, Gerard RD, Mendelson CR, 
Garcia CK. Surfactant protein A2 mutations associ-
ated with pulmonary fibrosis lead to protein instabil-
ity and endoplasmic reticulum stress. J Biol Chem. 
2010;285(29):22103–13.

 29. Hamvas A, Nogee LM, White FV, Schuler P, Hackett 
BP, Huddleston CB, et al. Progressive lung disease 
and surfactant dysfunction with a deletion in sur-
factant protein C gene. Am J Respir Cell Mol Biol. 
2004;30(6):771–6.

 30. Nogee LM, Dunbar AE, Wert S, Askin F, Hamvas A, 
Whitsett JA.  Mutations in the surfactant protein C 
gene associated with interstitial lung disease. Chest. 
2002;121(3 Suppl):20S–1S.

 31. Tredano M, Griese M, Brasch F, Schumacher S, 
de Blic J, Marque S, et  al. Mutation of SFTPC in 
infantile pulmonary alveolar proteinosis with or 
without fibrosing lung disease. Am J Med Genet A. 
2004;126A(1):18–26.

S. K. Mathai and D. A. Schwartz



83

 32. Cameron HS, Somaschini M, Carrera P, Hamvas A, 
Whitsett JA, Wert SE, et al. A common mutation in 
the surfactant protein C gene associated with lung 
disease. J Pediatr. 2005;146(3):370–5.

 33. Shulenin S, Nogee LM, Annilo T, Wert SE, Whitsett 
JA, Dean M. ABCA3 gene mutations in newborns 
with fatal surfactant deficiency. N Engl J Med. 
2004;350(13):1296–303.

 34. Young LR, Nogee LM, Barnett B, Panos RJ, Colby 
TV, Deutsch GH.  Usual interstitial pneumonia 
in an adolescent with ABCA3 mutations. Chest. 
2008;134(1):192–5.

 35. Van Moorsel CHM, Van Oosterhout MFM, Barlo 
NP, De Jong PA, Van Der Vis JJ, Ruven HJT, et al. 
Surfactant protein C mutations are the basis of a 
significant portion of adult familial pulmonary fibro-
sis in a dutch cohort. Am J Respir Crit Care Med. 
2010;182(11):1419–25.

 36. Beers MF, Mulugeta S. Surfactant protein C biosyn-
thesis and its emerging role in conformational lung 
disease. Annu Rev Physiol. 2005;67:663–96.

 37. Whitsett JA, Weaver TE.  Hydrophobic surfactant 
proteins in lung function and disease. N Engl J Med. 
2002;347(26):2141–8.

 38. Bridges JP, Wert SE, Nogee LM, Weaver 
TE.  Expression of a human surfactant protein C 
mutation associated with interstitial lung disease 
disrupts lung development in transgenic mice. J Biol 
Chem. 2003;278(52):52739–46.

 39. Mulugeta S, Nguyen V, Russo SJ, Muniswamy M, 
Beers MF.  A surfactant protein C precursor pro-
tein BRICHOS domain mutation causes endoplas-
mic reticulum stress, proteasome dysfunction, and 
caspase 3 activation. Am J Respir Cell Mol Biol. 
2005;32(6):521–30.

 40. Mulugeta S, Maguire JA, Newitt JL, Russo SJ, 
Kotorashvili A, Beers MF.  Misfolded BRICHOS 
SP-C mutant proteins induce apoptosis via caspase-4- 
and cytochrome c-related mechanisms. Am J Physiol 
Lung Cell Mol Physiol. 2007;293(3):L720–9.

 41. Armanios M, Blackburn EH.  The telomere syn-
dromes. Nat Rev Genet. 2012;13(10):693–704.

 42. Vulliamy T, Dokal I. Dyskeratosis congenita. Semin 
Hematol. 2006;43(3):157–66.

 43. Knight SW, Vulliamy TJ, Heiss NS, Matthijs G, 
Devriendt K, Connor JM, et al. 1.4 Mb candidate gene 
region for X linked dyskeratosis congenita defined 
by combined haplotype and X chromosome inactiva-
tion analysis. J Med Genet. 1998;35(12):993–6.

 44. Armanios M, Chen J-L, Chang Y-PC, 
Brodsky RA, Hawkins A, Griffin CA, et  al. 
Haploinsufficiency of telomerase reverse tran-
scriptase leads to anticipation in autosomal dom-
inant dyskeratosis congenita. Proc Natl Acad Sci 
U S A. 2005;102(44):15960–4.

 45. Vulliamy TJ, Marrone A, Knight SW, Walne 
A, Mason PJ, Dokal I.  Mutations in dyskerato-
sis congenita : their impact on telomere length 
and the diversity of clinical presentation. Blood. 
2006;107(7):2680–5.

 46. Vulliamy T, Marrone A, Szydlo R, Walne A, Mason 
PJ, Dokal I. Disease anticipation is associated with 
progressive telomere shortening in families with dys-
keratosis congenita due to mutations in TERC. Nat 
Genet. 2004;36(5):447–9.

 47. Armanios MY, Chen JJ-L, Cogan JD, Alder JK, 
Ingersoll RG, Markin C, et al. Telomerase mutations 
in families with idiopathic pulmonary fibrosis. N 
Engl J Med. 2007;356(13):1317–26.

 48. Tsakiri KD, Cronkhite JT, Kuan PJ, Xing C, Raghu 
G, Weissler JC, et al. Adult-onset pulmonary fibrosis 
caused by mutations in telomerase. Proc Natl Acad 
Sci U S A. 2007;104(18):7552–7.

 49. Cronkhite J, Xing C, Raghu G.  Telomere shorten-
ing in familial and sporadic pulmonary fibrosis. Am 
J Respir Crit Care Med. 2008;178(7):729–37.

 50. Alder JK, Barkauskas CE, Limjunyawong N, 
Stanley SE, Kembou F, Tuder RM, et al. Telomere 
dysfunction causes alveolar stem cell failure. Proc 
Natl Acad Sci. 2015;112(16):201504780.

 51. Stuart BD, Choi J, Zaidi S, Xing C, Holohan B, 
Chen R, et  al. Exome sequencing links muta-
tions in PARN and RTEL1 with familial pulmo-
nary fibrosis and telomere shortening. Nat Genet. 
2015;47(5):512–7.

 52. Cogan JD, Kropski JA, Zhao M, Mitchell DB, Rives 
L, Markin C, et al. Rare variants in RTEL1 are asso-
ciated with familial interstitial pneumonia. Am J 
Respir Crit Care Med. 2015;191(6):646–55.

 53. Kannengiesser C, Borie R, Menard C, Reocreux 
M, Nitschke P, Gazal S, et  al. Heterozygous 
RTEL1 mutations are associated with familial pul-
monary fibrosis. Eur Respir J. 2015;46(249816): 
474–85.

 54. Alder JK, Stanley SE, Wagner CL, Hamilton M, 
Hanumanthu VS, Armanios M.  Exome sequencing 
identifi es mutant TINF2 in a family with pulmonary 
fibrosis. Chest. 2015;147(5):1361–8.

 55. Stanley SE, Gable DL, Wagner CL, Carlile TM, 
Hanumanthu VS, Podlevsky JD, et  al. Loss-of- 
function mutations in the RNA biogenesis factor 
NAF1 predispose to pulmonary fibrosis-emphy-
sema. Sci Transl Med. 2016;8(351):351ra107.

 56. Kropski JA, Mitchell DB, Markin C, Polosukhin VV, 
Choi L, Johnson JE, et al. A novel dyskerin (DKC1) 
mutation is associated with familial interstitial pneu-
monia. Chest. 2014;146(1):e1–7.

 57. Borie R, Tabèze L, Thabut G, Nunes H, Cottin V, 
Marchand-Adam S, et  al. Prevalence and char-
acteristics of TERT and TERC mutations in sus-
pected genetic pulmonary fibrosis. Eur Respir J. 
2016;48(6):1721–31.

 58. Parry EM, Alder JK, Qi X, Chen JJ-L, Armanios 
M. Syndrome complex of bone marrow failure and 
pulmonary fibrosis predicts germline defects in 
telomerase. Blood. 2011;117(21):5607–11.

 59. Mushiroda T, Wattanapokayakit S, Takahashi A, 
Nukiwa T, Kudoh S, Ogura T, et  al. A genome-
wide association study identifies an association 
of a common variant in TERT with susceptibility 

6 Genetics of Idiopathic Pulmonary Fibrosis



84

to idiopathic pulmonary fibrosis. J Med Genet. 
2008;45(10):654–6.

 60. Seibold MA, Wise AAL, Speer MCM, Steel MP, 
Brown KKK, Loyd JE, et  al. A common MUC5B 
promoter polymorphism and pulmonary fibrosis. N 
Engl J Med. 2011;364(16):1503–12.

 61. Roy MG, Livraghi-Butrico A, Fletcher AA, 
McElwee MM, Evans SE, Boerner RM, et  al. 
Muc5b is required for airway defence. Nature. 
2014;505(7483):412–6.

 62. Helling BA, Gerber AN, Kadiyala V, Sasse SK, 
Pedersen BS, Sparks L, et al. Regulation of MUC5B 
expression in idiopathic pulmonary fibrosis. Am J 
Respir Cell Mol Biol. 2017;57(1):91–9.

 63. Mathai SK, Schwartz DA, Warg LA.  Genetic sus-
ceptibility and pulmonary fibrosis. Curr Opin Pulm 
Med. 2014;20(5):429.

 64. Stock CJ, Sato H, Fonseca C, Banya WA, Molyneaux 
PL, Adamali H, et  al. Mucin 5B promoter poly-
morphism is associated with idiopathic pulmonary 
fibrosis but not with development of lung fibro-
sis in systemic sclerosis or sarcoidosis. Thorax. 
2013;68(5):436–41.

 65. Noth I, Zhang Y, Ma S-F, Flores C, Barber M, Huang 
Y, et al. Genetic variants associated with idiopathic 
pulmonary fibrosis susceptibility and mortality: a 
genome-wide association study. Lancet Respir Med. 
2013;1(4):309–17.

 66. Borie R, Crestani B, Dieude P, Nunes H, Allanore 
Y, Kannengiesser C, et  al. The MUC5B variant is 
associated with idiopathic pulmonary fibrosis but 
not with systemic sclerosis interstitial lung disease 
in the European Caucasian population. PLoS One. 
2013;8(8):e70621.

 67. Wei R, Li C, Zhang M, Jones-Hall YL, Myers JL, 
Noth I, et al. Association between MUC5B and TERT 
polymorphisms and different interstitial lung disease 
phenotypes. Transl Res. 2014;163(5):494–502.

 68. Horimasu Y, Ohshimo S, Bonella F, Tanaka S, 
Ishikawa N, Hattori N, et al. MUC5B promoter poly-
morphism in Japanese patients with idiopathic pul-
monary fibrosis. Respirology. 2015;20(3):439–44.

 69. Peljto AL, Selman M, Kim DS, Murphy E, Tucker L, 
Pardo A, et al. The MUC5B promoter polymorphism 
is associated with idiopathic pulmonary fibrosis in a 
Mexican cohort but is rare among Asian ancestries. 
Chest. 2015;147(2):460–4.

 70. Allen RJ, Porte J, Braybrooke R, Flores C, Fingerlin 
TE, Oldham JM, et  al. Genetic variants associated 
with susceptibility to idiopathic pulmonary fibrosis in 
people of European ancestry: a genome-wide associ-
ation study. Lancet Respir Med. 2017;5(11):869–80.

 71. Yang IV, Schwartz DA.  Epigenetics of idiopathic 
pulmonary fibrosis. Transl Res. 2015;165(1):48–60.

 72. Ley B, Newton CA, Arnould I, Elicker BM, Henry 
TS, Vittinghoff E, et  al. The MUC5B promoter 
polymorphism and telomere length in patients with 
chronic hypersensitivity pneumonitis: an obser-

vational cohort-control study. Lancet Respir Med. 
2017;5(8):639–47.

 73. Juge P-A, Lee JS, Ebstein E, Furukawa H, 
Dobrinskikh E, Gazal S, et  al. MUC5B promoter 
variant and rheumatoid arthritis with interstitial lung 
disease. N Engl J Med. 2018;379:2209.

 74. Juge P-A, Borie R, Kannengiesser C, Gazal S, Revy 
P, Wemeau-Stervinou L, et  al. Shared genetic pre-
disposition in rheumatoid arthritis-interstitial lung 
disease and familial pulmonary fibrosis. Eur Respir 
J. 2017;49(5):1602314.

 75. Hancock LA, Hennessy CE, Solomon GM, 
Dobrinskikh E, Estrella A, Hara N, et  al. Muc5b 
overexpression causes mucociliary dysfunction 
and enhances lung fibrosis in mice. Nat Commun. 
2018;9(1):5363.

 76. Fingerlin TE, Murphy E, Zhang W, Peljto AL, 
Brown KK, Steele MP, et al. Genome-wide associa-
tion study identifies multiple susceptibility loci for 
pulmonary fibrosis. Nat Genet. 2013;45(6):613–20.

 77. Fingerlin TE, Zhang W, Yang IV, Ainsworth HC, 
Russell PH, Blumhagen RZ, et  al. Genome-wide 
imputation study identifies novel HLA locus for 
 pulmonary fibrosis and potential role for auto-
immunity in fibrotic idiopathic interstitial pneumo-
nia. BMC Genet. 2016;17(1):74.

 78. Yang IV, Fingerlin TE, Evans CM, Schwarz MI, 
Schwartz DA.  MUC5B and idiopathic pulmo-
nary fibrosis. Ann Am Thorac Soc. 2015;12(Suppl 
2):S193–9.

 79. Mathai SK, Yang IV, Schwarz MI, Schwartz 
DA.  Incorporating genetics into the identification 
and treatment of idiopathic pulmonary fibrosis. 
BMC Med. 2015;13(1):191.

 80. Oldham JM, Ma SF, Martinez FJ, Anstrom KJ, 
Raghu G, Schwartz DA, et  al. TOLLIP, MUC5B, 
and the response to N-acetylcysteine among individ-
uals with idiopathic pulmonary fibrosis. Am J Respir 
Crit Care Med. 2015;192(12):1475–82.

 81. Mathai SK, Schwartz DA.  Taking the “I” out of 
IPF. Eur Respir J. 2015;45(6):1539.

 82. Peljto AL, Zhang Y, Fingerlin TE, Ma SF, Garcia 
JG, Richards TJ, et  al. Association between the 
MUC5B promoter polymorphism and survival in 
patients with idiopathic pulmonary fibrosis. JAMA. 
2013;309(21):2232–9.

 83. Newton CA, Batra K, Torrealba J, Kozlitina J, Glazer 
CS, Aravena C, et al. Telomere-related lung fibrosis 
is diagnostically heterogeneous but uniformly pro-
gressive. Eur Respir J. 2016;48(6):1710–20.

 84. Stuart BD, Lee JS, Kozlitina J, Noth I, Devine MS, 
Glazer CS, et  al. Effect of telomere length on sur-
vival in patients with idiopathic pulmonary fibrosis: 
an observational cohort study with independent vali-
dation. Lancet Respir Med. 2014;2(7):557–65.

 85. Idiopathic Pulmonary Fibrosis Clinical Research 
Network, Martinez FJ, de Andrade JA, Anstrom KJ, 
King TE, Raghu G. Randomized trial of acetylcyste-

S. K. Mathai and D. A. Schwartz



85

ine in idiopathic pulmonary fibrosis. N Engl J Med. 
2014;370(22):2093–101.

 86. Justet A, Thabut G, Manali E, Molina Molina M, 
Kannengiesser C, Cadranel J, et  al. Safety and 
efficacy of pirfenidone in patients carrying telom-
erase complex mutation. Eur Respir J. 2018;51(3): 
1701875.

 87. Borie R, Kannengiesser C, Hirschi S, Le Pavec J, 
Mal H, Bergot E, et  al. Severe hematologic com-
plications after lung transplantation in patients 
with telomerase complex mutations. J Heart Lung 
Transplant. 2015;34(4):538–46.

 88. Tokman S, Singer JP, Devine MS, Westall GP, Aubert 
JD, Tamm M, et al. Clinical outcomes of lung trans-
plant recipients with telomerase mutations. J Hear 
Lung Transplant. 2015;34(10):1318–24.

 89. Silhan LL, Shah PD, Chambers DC, Snyder LD, 
Riise GC, Wagner CL, et al. Lung transplantation in 
telomerase mutation carriers with pulmonary fibro-
sis. Eur Respir J. 2014;44(1):178–87.

 90. Newton CA, Kozlitina J, Lines JR, Kaza V, Torres 
F, Garcia CK.  Telomere length in patients with 
pulmonary fibrosis associated with chronic lung 
allograft dysfunction and post–lung transplanta-
tion survival. J Hear Lung Transplant. 2017;36(8): 
845–53.

 91. Mathai SK, Newton CA, Schwartz DA, Garcia 
CK. Pulmonary fibrosis in the era of stratified medi-
cine. Thorax. 2016;71(12):1154.

 92. Hunninghake GM, Hatabu H, Okajima Y, Gao W, 
Dupuis J, Latourelle JC, et  al. MUC5B promoter 
polymorphism and interstitial lung abnormalities. N 
Engl J Med. 2013;368(23):2192–200.

 93. Araki T, Putman RK, Hatabu H, Gao W, Dupuis 
J, Latourelle JC, et  al. Development and pro-
gression of interstitial lung abnormalities in the 
Framingham Heart Study. Am J Respir Crit Care 
Med. 2016;194:1514.

 94. Putman RK, Hatabu H, Araki T, Gudmundsson G, 
Gao W, Nishino M, et al. Association between inter-
stitial lung abnormalities and all-cause mortality. 
JAMA. 2016;315(7):672.

 95. Thomas AQ, Lane K, Phillips J 3rd, Prince M, 
Markin C, Speer M, et  al. Heterozygosity for a 
surfactant protein C gene mutation associated with 
usual interstitial pneumonitis and cellular nonspe-
cific interstitial pneumonitis in one kindred. Am J 
Respir Crit Care Med. 2002;165(9):1322–8.

 96. Ono S, Tanaka T, Ishida M, Kinoshita A, Fukuoka J, 
Takaki M, et al. Surfactant protein C G100S muta-
tion causes familial pulmonary fibrosis in Japanese 
kindred. Eur Respir J. 2011;38(4):861–9.

 97. Hamvas A, Deterding RR, Wert SE, White FV, 
Dishop MK, Alfano DN, et al. Heterogeneous pul-
monary phenotypes associated with mutations in the 
thyroid transcription factor gene NKX2-1. Chest. 
2013;144(3):794–804.

 98. Campo I, Zorzetto M, Mariani F, Kadija Z, Morbini 
P, Dore R, et al. A large kindred of pulmonary fibro-
sis associated with a novel ABCA3 gene variant. 
Respir Res. 2014;15:43.

 99. Epaud R, Delestrain C, Louha M, Simon S, Fanen P, 
Tazi A.  Combined pulmonary fibrosis and emphy-
sema syndrome associated with ABCA3 mutations. 
Eur Respir J. 2014;43(2):638–41.

 100. Diaz de Leon A, Cronkhite JT, Katzenstein AL, 
Godwin JD, Raghu G, Glazer CS. Telomere lengths, 
pulmonary fibrosis and telomerase (TERT) muta-
tions. PLoS One. 2010;5(5):e10680.

 101. Zhang Y, Noth I, Garcia JG, Kaminski N. A variant 
in the promoter of MUC5B and idiopathic pulmo-
nary fibrosis. N Engl J Med. 2011;364(16):1576–7.

 102. Mathai SK, Pedersen BS, Smith K, Russell P, 
Schwarz MI, Brown KK, et al. Desmoplakin variants 
are associated with idiopathic pulmonary fibrosis. 
Am J Respir Crit Care Med. 2016;193(10):1151–60.

6 Genetics of Idiopathic Pulmonary Fibrosis



87© Springer Nature Switzerland AG 2020 
J. L. Gomez et al. (eds.), Precision in Pulmonary, Critical Care, and Sleep Medicine,  
Respiratory Medicine, https://doi.org/10.1007/978-3-030-31507-8_7

Genetics of Lung Cancer

Katrina Steiling and Joshua D. Campbell

 Introduction

Lung cancer is the leading cause of cancer-related 
deaths worldwide [1]. Lung cancer is classified, 
treated, and studied based on the morphologic 
appearance of cancerous cells. The two major 
types of lung cancer are non-small cell lung can-
cer (NSCLC) and small cell lung cancer (SCLC). 
NSCLC is the most common type, accounting for 
approximately 85% of all cases [2]. NSCLC is 
further subdivided into the subtypes adenocarci-
noma and squamous cell carcinoma, with adeno-
carcinoma being the most common [3]. While 
both squamous cell carcinoma and adenocarci-
noma are strongly associated with cigarette 
smoking, only a subset of cigarette smokers (10–
20%) develops lung cancer [4]. Furthermore, 
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Key Point Summary
• Lung cancer is primarily caused by 

environmental exposures, such as 
tobacco smoke, that cause non-inherited 
somatic mutations. However, other 
genetic factors may influence individual 
response to these environmental expo-
sures and risk for lung cancer, and heri-
table genetic factors may play a direct 
role in a minority of lung cancer cases.

• Testing of specific mutations that drive 
lung tumorigenesis is recommended in 
cases where there is a chemotherapeutic 
drug available to target cells that harbor 
that mutation. Examples include muta-
tions of EGFR, ALK, and ROS1 genes.

• Lung tumors evolve over time through 
the accumulation of new mutations, and 
even early stage lung tumors show a 
high level of intratumor heterogeneity 
that may drive response to therapy and 
risk for recurrence. More studies are 
needed to determine how to integrate 
measures of tumor evolution into preci-
sion approaches to therapy for patients 
with lung cancer.
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approximately 10–15% of nonsmokers develop 
adenocarcinoma [4]. These observations together 
suggest that both environmental and genetic fac-
tors influence susceptibility to lung cancer. 
Specific molecular alterations that occur in lung 
tumors form the basis of precision therapy for 
select subsets of patients with lung cancer whose 
tumors harbor drug-targetable mutations.

 Role of Mutations in Lung Cancer

Different types of genetic factors play important 
roles in susceptibility to lung cancer, tumorigen-
esis, tumor progression, and response to therapy. 
For other lung diseases, such as cystic fibrosis, 
inherited genetic variation is a major factor that 
influences the risk of disease. In contrast, lung 
cancer is a disease primarily caused by environ-
mental exposures or errors in DNA replication 
that induce non-inherited somatic mutations [5]. 
Somatic mutations are mutations that are 
acquired by cells and that can be passed on to 
progeny cells. In the United States, 90% of lung 
cancer cases are attributable to tobacco smoke 
[5], an exposure which induces somatic muta-
tions. However, heritable genetic variants are 
thought to influence individual variability in the 
 susceptibility to environmental perturbagens, 
and a heritable genetic risk alone may be the pre-
dominant factor in a small number of lung can-
cer cases [5].

Lung cancer development, or tumorigenesis, 
is the process whereby a somatic mutation alters 
a molecular pathway and causes a cell to grow 
and proliferate in an unregulated manner [6]. 
Driver mutations alter key cellular pathways that 
give a cancer cell a survival advantage compared 
to normal cells. Driver mutations differ from pas-
senger mutations, that is, mutations in cancer 
cells that do not confer a growth or survival 
advantage. When a single cell with a driver muta-
tion proliferates, it forms a clone of cells that 
share that driver mutation. Over time, the prog-
eny of that original cell may accumulate addi-
tional somatic alterations, acquire new cancer 
hallmarks, and expand into a novel cancer clone 
[7]. In the right environment, these clones of cells 

can proliferate sufficiently to form a lung tumor 
[6]. The key cellular pathways that comprise the 
hallmarks of cancer are resistance to cell death, 
sustained proliferative signaling, evading of 
growth suppressors, enabled replicative immortal-
ity, invasion and metastasis, induced angiogenesis, 
deregulated cellular energetics, avoidance of 
immune destruction, genome instability, and 
tumor-promoting inflammation [3, 8]. Detection 
of mutations that contribute to lung cancer devel-
opment and progression has been enabled by high-
throughput next-generation sequencing (NGS) 
[9]. Hundreds to thousands of mutations occur in 
most cancers [7], but only a small number of these 
mutations are driver mutations.

 Types of Genomic Alterations 
in Lung Cancer

Several types of genetic alterations can be 
detected in lung tumors (Fig. 7.1). Mutations are 
frequently divided between those that are smaller 
(≤1  kilobase) and larger (>1  kilobase) in scale 
[10]. There are several types of smaller-scale 
mutations observed in lung cancer. Single base- 
pair changes compared to a reference genome are 
called single nucleotide variants (SNVs). Another 
type of mutation termed insertions or deletions 
(indels) are sites at which one or more nucleo-
tides are added to, or subtracted from, the DNA 
sequence compared to a reference genome [11]. 
A third type of genetic alteration called a copy 
number variation (CNV) occurs when a large 
segment of the genome is either deleted or dupli-
cated [12]. When the number of copies increases, 
this is called a “gain.” When the number of copies 
decreases, it is called a “loss.”

Larger-scale chromosomal and structural 
abnormalities (>1  kilobase) can also occur in 
lung tumors (Fig.  7.2). When one portion of a 
chromosome fuses with a portion of another 
chromosome, this is called a translocation or 
rearrangement mutation [12]. Similarly, a dupli-
cation may occur, where a large portion of a chro-
mosome is duplicated one or more times [12]. If 
the entire chromosome is present in an abnormal 
number, this is called aneuploidy, while poly-

K. Steiling and J. D. Campbell



89

ploidy is an abnormal copy number of all the 
chromosomes. Deletions of entire chromosomes 
are also possible, leading to the loss of all genes 
on that chromosome. In cancer cells, these abnor-
malities can arise during mitosis if there is abnor-
mal chromosomal segregation.

 Causes of Somatic Mutations That 
Lead to Lung Cancer

Much of lung cancer is environmental in etiol-
ogy, and the primary risk factor for developing 
lung cancer is cigarette smoking [5]. Cigarette 
smoke contains more than 7000 chemicals, many 
of which are carcinogens [13]. The mechanism 
by which cigarette smoke causes lung cancer is 
the introduction of somatic mutations in key cel-
lular pathways that drive tumorigenesis, a link 
that has been well established [14]. Smoking 
increases the risk of lung cancer by 15–30 fold 
[13]. The persistent risk of lung cancer in indi-
viduals that have quit smoking may be a result of 
accumulated somatic mutations during the time 
when they smoked.

Other environmental exposures also increase 
the rate of mutations in the respiratory tract and 
lung tissue, and, thereby, also increase the risk of 
lung cancer. For example, it has been well estab-
lished that exposure to environmental tobacco 
smoke (ETS) increases lung cancer risk [5, 15]. 
ETS contains numerous carcinogenic and geno-
toxic compounds that are also found in main-
stream cigarette smoke [16, 17]. These include 
tar and other particulate matter, nicotine, volatile 
hydrocarbons, aromatic compounds, and nitrosa-
mines [16, 17]. Constituents of tobacco can be 
found in the blood and urine of nonsmokers, 
including the carcinogen 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol (NNAL) [18]. Heavy 
exposure to ETS in childhood and adolescence 
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doubles the risk of lung cancer [19]. Nonsmokers 
with heavy secondhand smoke exposure from 
their spouse have a 1.27-fold increased risk for 
lung cancer [20]. In addition to ETS, other expo-
sures that increase lung cancer risk include radon, 
outdoor air pollution, exposure to occupational 
carcinogens such as asbestos, and exposure to 
metals such as arsenic, chromium, and nickel [5]. 
Multiple exposures can have synergistic effects 
in terms of risk for lung cancer. For example, 
individuals with both tobacco smoke exposure 
and exposure to either asbestos or silica have a 
substantially higher risk of lung cancer than indi-
viduals with either exposure alone [5, 21].

Beyond inhaled exposures, other medical con-
ditions may increase the rate of lung cancer by 
promoting mutagenesis via chronic inflamma-
tion. Among these conditions is HIV infection, 
which increases the risk of lung cancer by 
approximately 2–3.5-fold [22, 23]. Prior expo-
sure to radiation therapy, for example, during 
treatment for breast cancer, increases lung cancer 
risk by over tenfold [24]. Pulmonary fibrosis 
increases lung cancer risk by over sevenfold even 
after adjusting for smoking status [25]. The 
 presence of COPD and emphysema also are inde-
pendent risk factors for lung cancer [5]. 
Environmental exposures and comorbid medical 
conditions, combined with individual suscepti-
bility and genetic risk, together create the condi-
tions necessary to establish a lung tumor via 
introduction of a driver mutation [6].

 Genetics of Lung Cancer

Although the primary risks for lung cancer are 
related to environmental exposures that lead to 
somatic mutations, individual susceptibility to 
these mutagens is thought to be influenced by 
inherited genetic variants. While cigarette smok-
ing is the cause of >90% of lung cancers, only 
10–20% of cigarette smokers ultimately develop 
lung cancer [26], suggesting that genetic back-
ground contributes to individual susceptibility to 
the carcinogens in tobacco smoke. In addition to 
the many cases of lung cancer linked to cigarette 
smoking, approximately 300,000 lung cancer 

cases per year are not attributable to tobacco 
exposure [21]. This corresponds to an incidence 
of lung cancer in nonsmokers of 4.8–20.8 per 
100,000 [21], a risk that may be related to indi-
vidual differences in the susceptibility to other 
environmental exposures or to heritable genetic 
factors. Relatives of patients with lung cancer are 
at a 1.7–2-fold increased risk of lung cancer com-
pared to those without relatives with early-onset 
lung cancer [21, 27, 28]. Risk of lung cancer in 
nonsmokers with a family history of lung cancer 
is related to the number of affected relatives and 
early age of diagnosis [29]. This risk may be fur-
ther elevated in African Americans [27]. Familial 
risk is challenging to interpret because it is 
unclear whether having first-degree relatives with 
lung cancer increases an individual’s risk due to 
shared genetics or shared environmental expo-
sures [29]. However, the above observations sug-
gest a possible genetic basis for lung cancer risk 
and/or susceptibility to environmental 
carcinogens.

 Candidate Gene Studies

Candidate single-nucleotide polymorphism 
(SNP) studies evaluate a small set of SNPs for 
association with a trait of interest, such as lung 
cancer. SNPs are usually selected based on prior 
knowledge of gene function or from hypothesis- 
generating studies using SNP arrays that measure 
thousands of SNPs but that are potentially limited 
by high false discovery rates. Candidate SNP 
approaches have identified several gene candi-
dates that may modulate the risk of lung cancer 
(Table  7.1). For example, SNPs in colony- 
stimulating factor (CSF1R), tumor protein p63 
(TP63), and a corepressor that interacts with reti-
noblastoma protein J1 (RBPJ1) were signifi-
cantly associated with lung cancer in nonsmoking 
women [30].

Polymorphisms in genes involved in detoxifi-
cation or mismatch repair might also be important 
in lung cancer risk. In one study, suboptimal DNA 
repair capacity in nonsmokers was associated with 
a 1.92-fold increased risk of lung cancer [31]. 
Lung cancer risk is further increased in individuals 
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with both secondhand smoke exposure and subop-
timal DNA repair capacity [31], suggesting that 
the ability to metabolize and neutralize the chemi-
cals and carcinogens in cigarette smoke is an 
important factor that contributes to lung cancer 
risk. Specific genes involved in DNA mismatch 
repair, such as mutL homolog 1 (MLH1) and mutS 
homolog 2 (MSH2), have been linked to lung ade-
nocarcinoma in nonsmokers [32], with polymor-
phisms in MSH2 associated with lung cancer risk 
[33]. Other genes involved in drug metabolism, 
such as the members of the cytochrome P450 oxi-
dase family CYP1A1 [34–36] and CYP1B1 [35], 
are also associated with elevated lung cancer risk 
in never smokers. Genes involved in detoxification 
of polycyclic aromatic hydrocarbons found in cig-
arette smoke, such as glutathione S transferases 
[37], have also been linked to lung cancer risk. 
Homozygous carriers of the glutathione 
S-transferase mu 1 (GSTM1) null allele had a 2.3-

fold increased risk of lung cancer in the context of 
long-term exposure to ETS [37] though this asso-
ciation has not been replicated in other studies 
[36]. Lung cancer risk was further elevated in non-
smokers with both the GSTM1 null allele in addi-
tion to a polymorphism in another glutathione 
S-transferase gene (GSTP1val allele) [37]. These 
observations suggest that individual polymor-
phisms together with environmental exposures, 
such as ETS, work together to increase suscepti-
bility to lung cancer and that multiple polymor-
phisms have a synergistic effect.

While candidate SNP studies have provided 
valuable insights into the possible mechanisms 
by which genetic factors influence the response 
to environmental exposures to increase lung can-
cer risk, none of these polymorphisms have been 
sufficiently studied and validated in order to rec-
ommend routine testing in patients. Furthermore, 
the relative contributions of these polymorphisms 
to lung cancer risk compared to environmental 
exposures such as tobacco smoke are small. 
Routine testing for these polymorphisms is not 
currently recommended for patients with lung 
cancer, or for relatives of patients with lung 
cancer.

 Genome-Wide Association Studies 
of Lung Cancer Risk

Genome-wide association studies (GWAS) eval-
uate the association of thousands or millions of 
SNPs with a trait such as lung cancer. These stud-
ies are challenged by the absence of a large num-
ber of environmental variables and comorbidities 
(e.g., COPD) that may additionally influence 
lung cancer risk but are often not included in 
GWAS as well as the large sample sizes needed 
to reliably detect associations at a genome-wide 
scale. Despite these limitations, GWAS have 
been successful in identifying several chromo-
somal regions that might be important determi-
nants of lung cancer susceptibility though results 
have been inconsistent across populations 
(Table 7.1) [21].

A series of studies identified a region on the 
long arm of chromosome 15 (15q24–25.1) to be 

Table 7.1 Genes and loci associated with lung cancer 
risk

Type of study
Genes/loci associated with lung  
cancer risk

Candidate gene CSF1R
TP63
RBPJ1
MLH1
MSH2
CYP1A1
CYP1B1
GSTM1
GSTP1

GWAS 15q24–25.1
5p15
6q
6q23–25
6p22.1
6p21.33
18p11.22
12q13.13

Pedigree analysis HER2
EGFR

A number of individual genes and genetic loci have been 
found to be associated with lung cancer risk. Study 
designs used to identify these lung cancer risk loci include 
candidate gene studies, genome-wide association studies, 
and pedigree analyses of familial lung cancer syndromes. 
While these candidates provide important insights into 
possible factors that might influence lung cancer risk, 
none have been adequately validated and, therefore, are 
not recommended for routine clinical testing
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associated with heritable lung cancer risk [21, 38, 
39], an association that was particularly strong 
for individuals diagnosed with lung cancer at an 
early age [38]. However, other studies did not 
replicate this finding [40]. Loci on 5p15 have 
been associated with lung cancer in both white 
and Asian populations [38, 41] and never smok-
ers [39, 40]. Two SNPs on chromosome 5 have 
been associated with lung cancer although this 
association was diminished after accounting for 
the effect of COPD [42]. A locus on the long arm 
of chromosome 6 may be associated with lung 
cancer risk in light smokers and never smokers 
[43]. However, other studies have not replicated 
this association [38, 40]. A germline susceptibil-
ity locus on 6q23-25 was also identified from 
analysis of high risk family pedigrees [21] 
although the causative gene was unclear. Other 
groups have described loci on the short arm of 
chromosome 6 (6p21.33 and 6p21.1) as being 
associated with lung cancer risk [39, 44]. Other 
potential regions of interest that have not been 
validated include a locus on the short arm of 
chromosome 18 (18p11.22), which is associated 
with lung cancer in Korean never smokers [45] 
and a SNP at 12q13.13 associated with lung can-
cer risk in Asian populations [44].

 Familial Lung Cancer Syndromes

Another approach to identifying genetic suscepti-
bility loci for lung cancer is to examine families 
in which multiple members develop lung cancer. 
While heritable lung cancer represents an 
extremely small proportion of total lung cancer 
cases, this unique population provides a window 
into identifying and understanding driver muta-
tions that influence heritable lung cancer risk. 
Many of the germline mutations described using 
pedigree analyses occur in genes that frequently 
also have somatic mutations in lung cancer 
(Table 7.1). For example, the germline mutation 
in the human epidermal growth factor receptor 2 
(HER2) gene associated with lung cancer risk has 
been identified in a family of Japanese descent 
[46]. Germline mutations in the epidermal growth 
factor receptor (EGFR) have also been described, 

including the T790M mutation, which is associ-
ated with lung cancer risk and also confers resis-
tance to EGFR tyrosine kinase inhibitors [47, 
48], and the V843I mutation, which is associated 
with multicentric adenomatous hyperplasia and 
lung adenocarcinoma, as well as familial lung 
cancer [49, 50]. The EGFR-activating mutation 
R776H has been linked to NSCLC with squa-
mous differentiation in a mother and daughter 
with NSCLC [51].

 Genetics of Lung Cancer Survival

Beyond its role in lung cancer susceptibility, 
genetics may also play a role in lung cancer sur-
vival. The SNP rs4324798 has been identified as 
an independent prognostic factor for overall sur-
vival in SCLC [42]. SNPs located at the locus 
4q12 have been associated with progression free 
survival in NSCLC [52]. Interestingly, these 
SNPs were associated with EGFR expression but 
not with EGFR mutation status, suggesting a 
mechanism via which they influence survival 
[52]. Two additional SNPs (rs4237904 and 
rs7976914) were associated with overall survival 
in NSCLC, although the function of these SNPs 
is not known [53]. Further study is needed to 
identify and validate the association of SNPs 
with lung cancer prognosis and survival.

 Driver Mutations in NSCLC

While surgical resection is the mainstay of treat-
ment for early-stage NSCLC, the majority of 
lung cancers are diagnosed at a later stage where 
chemotherapy is used either alone or in addition 
to surgical resection. Significant progress has 
been made in personalized cancer therapy owing 
to the identification of driver mutations and drugs 
that selectively target cells that harbor these 
mutations (Table  7.2). For patients with lung 
tumors who are candidates for chemotherapy, 
therapies targeted at specific molecular altera-
tions have improved treatment options for 
patients with advanced disease [54]. Many of 
these mutations occur in genes in the Ras/Raf/
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RTK pathway. However, the majority of lung 
tumors harbor mutations that are not yet targeta-
ble and, thus, are treated with conventional che-
motherapy [54].

 Epidermal Growth Factor  
Receptor (EGFR) Mutations

EGFR encodes a tyrosine kinase target in the 
ERBB family and exists as a monomer on the cell 
surface [52]. Mutations in this gene activate 
phosphoinositide 3-kinase (PI3K)/AKT signal-
ing through the ERBB3 receptor tyrosine kinase 
[55]. Activating EGFR mutations lead to sus-
tained proliferative signaling and cellular growth, 
which are a hallmark of cancer. EGFR mutations 
are found in ~15% of lung adenocarcinomas in 
the United States [3, 56] and are more common in 
Asian populations [57], never smokers [56], and 
women [56]. EGFR mutations, which are gener-
ally found in adenocarcinomas rather than 
 squamous cell carcinomas [3], include exon 19 
deletions and exon 21 (L858R) mutations [58].

EGFR mutations are clinically important 
because tumors harboring these mutations can be 
targeted with EGFR tyrosine kinase inhibitors 
(TKIs) such as erlotinib, gefitinib, or afatinib 
[59]. Guidelines recommend prioritizing testing 
for EGFR mutations over other molecular tests 
because of the availability of precision therapies 
targeted to this mutation [60]. Patients receiving 
EGFR TKIs can develop resistance to them. A 
common mechanism for resistance to EGFR 

TKIs is the development of a T790M mutation 
[61–63], which consists of a substitution of a 
methionine for threonine at position 790 of the 
EGFR gene. This mutation occurs in as many as 
half of lung tumors that develop resistance to 
first-line EGFR TKIs [62, 64]. Another mecha-
nism of resistance to EGFR TKI therapy is ampli-
fication of the MET oncogene, which occurs in 
5–20% of tumors that progress on an EGFR TKI 
[55, 63–65]. A third mechanism of resistance to 
EGFR TKI therapy is transformation of the 
NSCLC tumor into a high-grade large cell neuro-
endocrine tumor [66] or SCLC [67].

 Anaplastic Lymphoma Kinase (ALK) 
Fusion Mutation

The ALK translocation mutation is an inversion 
that occurs on chromosome 2 [68] and results in 
the joining of the echinoderm microtubule- 
associated protein-like 4 (EML4) gene to the ana-
plastic lymphoma kinase (ALK) gene [69]. This 
creates the fusion oncogene EMR4–ALK, which 
causes upregulation of ALK expression and 
unregulated cell growth [68]. This mutation is far 
more common in adenocarcinomas and rarely 
seen in squamous cell carcinomas [68]. Like 
EGFR mutations, the ALK fusion mutation is 
more commonly detected in lung tumors from 
never smokers [69]. ALK fusions, which are pres-
ent in 3–5% of lung adenocarcinomas in the 
United States [68, 70–72], can be treated with 
targeted medications such as crizotinib [73], ceri-
tinib [74], and alectinib [75]. Guidelines recom-
mend prioritizing testing for ALK fusions, in 
addition to testing for EGFR mutations, because 
of the availability of precision therapies targeted 
to the mutation [60].

Progression of a lung tumor being treated with 
the ALK inhibitor crizotinib may indicate devel-
opment of a secondary mutation conferring resis-
tance. One such mutation is G1202R, which is 
located at the front of the ALK gene’s kinase 
domain [75]. Another such mutation is F1174V, 
which is an activating substitution mutation at the 
phenylalanine residue at position 1174 [75]. The 
F1174V mutation is thought to decrease the size 

Table 7.2 Lung cancer driver mutations

Lung cancer type Genes with known driver mutations
NSCLC EGFR

ALK
ROS1
BRAF
NTRK
HER2/ERBB2
MET
RET
KRAS

SCLC TP53
PTEN
MYC
RB1
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of the side chain involved in the hydrophobic 
core next to the activation loop of the ALK pro-
tein, which favors an active conformation of the 
protein [75].

 ROS Proto-Oncogene 1, Receptor 
Tyrosine Kinase (ROS1) Mutations

ROS1, located on the long arm of chromosome 6 
(6q22) [72], is a transmembrane tyrosine kinase 
receptor [69]. Little is known about the function 
of the extracellular domain of this protein, but it 
is thought to be tied to multiple downstream sig-
naling pathways involved in cell proliferation and 
cell cycle [69]. Like ALK fusion events, ROS1 
mutations are more commonly observed in lung 
tumors from patients who are younger and never 
smokers [69]. ROS1 mutations, observed in 0.7–
2% of NSCLC tumors [69, 71, 76], can be gene 
fusion events or point mutations. ROS1 fusions 
observed in NSCLC, which lead to constitutive 
activation of ROS1, include CD74–ROS1, 
SLC34A2–ROS, CD74–ROS1, and FIG–ROS1 
[71]. Similar to ALK fusion events, ROS1 fusion 
events promote cellular proliferation [72]. 
Because the ROS1 kinase domain has a high 
degree of homology with the ALK kinase domain 
[69], tumors with ROS1 mutations can be tar-
geted by treatment with medications such as 
crizotinib [72, 76] or other ALK inhibitors [69].

 B-Raf Proto-Oncogene, Serine/
Threonine Kinase (BRAF) Mutations

BRAF, one of three RAF isoforms [77], is a ser-
ine/threonine kinase that is part of the MAPK 
pathway [78]. Activating mutations of BRAF pro-
mote cellular proliferation [78]. BRAF mutations 
occur in 1–3% of lung adenocarcinomas [77–80] 
and are much more common in lung tumors from 
patients with a history of heavy smoking [80, 81]. 
As such, these mutations are usually mutually 
exclusive of EGFR or ALK mutations [78, 81]. 
Patients with lung tumors harboring BRAF muta-
tions frequently develop second primary lung 
tumors with KRAS Proto-Oncogene, GTPase 

(KRAS) mutations [81]. BRAF mutations, which 
seem to occur with equal frequency in men and 
women [80], are usually point mutations. 
Genotypes described, along with their estimated 
frequencies, include V600E (30–57%) [77, 79–
81], G469A (22–39%) [77, 79, 81], K601E 
(15.4%) [77], D469V (13%) [81], D594G 
(6–11%) [79, 81], and V600M (2%) [81]. 
Mutations in BRAF can be targeted with RAF 
inhibitors such as vemurafenib [82] or dabrafenib 
plus trametinib [78, 83] although lung tumors 
with non-V600 mutations may be less sensitive 
to them [81].

 Neurotrophic Receptor Tyrosine 
Kinase (NTRK) Gene Fusions

There are three NTRK genes which encode the 
three tropomyosin receptor kinases (NTRK1, 
NTRK2, NTRK3) [84]. While expression of these 
genes is usually limited to the nervous system, 
fusion events can occur that cause the proteins to 
be expressed as a chimeric protein in a variety of 
cancers [84]. Mutations in these genes occur in 
approximately 1% of all solid tumors [84], 
including lung cancers [85]. Gene fusions 
described include MPRIP–NTRK1 and CD74–
NTRK1, which cause constitutive activation of 
NTRK1 (a.k.a., TRKA) [85]. Tumors with these 
fusions can be treated with the oral TRK-inhibitor 
larotrectinib [84].

 MET Proto-Oncogene, Receptor 
Tyrosine Kinase (MET) Amplification 
and Mutation

MET is receptor tyrosine kinase [64, 65] proto- 
oncogene [55] located on chromosome 7q21-31 
[65]. The ligand for MET is hepatocyte growth 
factor (HGF) [65]. Perturbation of the HGF- 
MET pathway leads to cellular proliferation, 
angiogenesis, and metastasis [65] via multiple 
downstream pathways including PI3K/AKT and 
ERK [65]. MET was first identified as a potential 
novel target in a large study of matched tumor 
and normal tissues profiled using whole exome 
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sequencing [54]. Overall, about 5% of lung ade-
nocarcinomas harbor MET mutations [86]. 
Dysregulation of MET can occur via amplifica-
tion of the receptor or by mutations that affect its 
function [65]. MET amplification leads to first- 
generation EGFR TKI resistance [55, 63–65]. 
MET/EGFR co-mutations occur in approximately 
5–20% of EGFR-mutated tumors with resistance 
to EGFR TKIs [67]. Higher MET copy number 
has been associated with worse prognosis [87]. 
MET has a juxtamembrane domain whose dele-
tion leads to MET activation [86]. Mutations in 
this domain may involve skipping of exon 14 and 
subsequent activation of MET [54, 88, 89], a 
mutation that occurs in approximately 3–4% of 
lung adenocarcinomas [86, 88, 90], and is associ-
ated with older age [88]. MET mutations can be 
targeted with MET inhibitors such as crizotinib 
and cabozantinib [88, 90].

 Erb-B2 Receptor Tyrosine Kinase 2 
(ERBB2) Mutations

ERBB2, also known as human epidermal growth 
factor receptor 2 (HER2), is a receptor tyrosine 
kinase in the ERBB family [91, 92]. Its activation 
results in downstream activation of several path-
ways involved in cellular proliferation, cellular 
differentiation, migration, and survival [91, 92]. 
HER2/ERBB2 mutations in lung cancer, which 
were initially identified in a large study of 
matched lung tumor and normal tissue profiled 
using whole exome sequencing [54], are esti-
mated to occur in 1.7–4% of NSCLC [91–93]. 
When a HER2/ERBB2 mutation is present in a 
lung tumor, there are rarely other targetable 
driver mutations [93]. Mutations in this gene are 
more common in lung tumors occurring in never 
smokers [91, 93] and women [93] and are almost 
exclusively described in adenocarcinomas [54, 
92, 93]. Therapies targeting HER2/ERBB2 are 
commonly used in breast cancers, another tumor 
which commonly harbors HER2/ERBB2 muta-
tions. These drugs might also be used to target 
HER2/ERBB2 mutations in lung tumors [93], but 
further investigations are needed to determine 
their efficacy.

 Ret Proto-Oncogene (RET) Fusions

The RET (also known as Rearranged during 
Transfection) gene is a cell surface receptor 
tyrosine kinase [94] located on the long arm of 
chromosome 10 [95]. RET can be fused with 
KIF5B (located on the short arm of chromo-
some 10) via a genomic inversion event or with 
CCDC6 via a translocation [96]. These fusions 
lead to abnormal activation of RET [97], which 
results in increased downstream signaling of 
the RAS–ERK and PI3K/AKT pathways that 
regulate cell proliferation and survival [96]. 
RET fusion occurs in 1–2% of lung adenocarci-
nomas [94, 96, 97] and is associated with 
tumors that are less well differentiated [94]. 
RET fusions are more likely to be observed in 
tumors from patients that are younger [94] and 
never smokers [94, 98]. Patients with tumors 
that harbor this mutation may respond to tar-
geted therapies such as cabozantinib [98] or 
vandetanib [99].

 KRAS Proto-Oncogene, GTPase 
(KRAS) Mutations

KRAS is part of the RAS family of oncogenes 
[100]. RAS proteins are small GTPases involved 
in downstream signaling through multiple path-
ways involved in cellular proliferation, differen-
tiation, and survival, including PI3K/AKT, 
RAF–MEK–ERK, RAL–GEF [100]. KRAS is a 
downstream signaling molecule of the EGFR 
pathway [58]. KRAS mutations are commonly 
found in lung tumors of individuals who have 
smoked cigarettes and are rarely seen in never 
smokers [56]. A higher frequency of KRAS muta-
tions is associated with greater smoking history 
and higher body mass index [56]. KRAS muta-
tions are also associated with a poorer prognosis 
[100]. KRAS mutations are present in 15–20% of 
lung adenocarcinomas but rarely in squamous 
cell carcinomas [58, 100]. In theory, KRAS 
inhibitors could be used to target lung tumors 
with these mutations, and although clinical trials 
to test them are ongoing, there are currently no 
such approved therapies.
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 Other NSCLC-Related Mutations

While several individual NSCLC driver muta-
tions have been identified that can lead to dra-
matic responses to specific therapies targeted at 
cells harboring these mutations (i.e., EGFR, 
ALK, ROS1), only a minority of tumors harbor 
such mutations. Recent efforts have attempted to 
more broadly profile tumors to identify new driv-
ers of cancer initiation and progression that might 
also serve as targets for new therapies. This 
approach has been facilitated by advances in 
NGS, and the creation of consortiums able to 
acquire large study sample sizes necessary to 
reach the statistical power required to differenti-
ate driver mutations from passenger mutations.

In a large comparison of adenocarcinoma and 
squamous cell carcinoma lung tumors, there were 
distinct patterns of gene mutations and somatic 
copy number alterations [101]. This study identi-
fied several new focal amplifications in protein 
coding genes as well as multiple mutations in the 
RTK–Ras–Raf pathway [101]. One example is 
the novel driver gene SOS1, a guanine nucleotide 
exchange factor (GEF) that catalyzes the 
exchange of GDP for GTP, resulting in activation 
of Ras [102]. Recurrent SOS1 mutations were 
observed in lung adenocarcinomas without other 
mutations in the RTK–Ras–Raf pathway. Further, 
these mutations could transform cells in vitro and 
were sensitive to MEK, but not EGFR, 
inhibition.

Squamous cell carcinomas have a high overall 
mutation rate with a near-universal mutation of 
TP53 and mutations in pathways related to cell 
cycle control, response to oxidative stress, apop-
totic signaling, and cellular differentiation, 
including CKDN2A/RB1, NFE2L2/KEAP1/
CUL3, PI3K/AKT, and SOX2/TP53/NOTCH1 
pathways [103]. EGFR and KRAS mutations 
were rare in squamous cell carcinomas and com-
mon in adenocarcinomas [103]. Some of the 
highly recurrent mutations were predicted to 
cause new epitopes to be presented on cancer 
cells [101], suggesting a potential role for cancer 
vaccine development.

Another approach to finding novel patterns of 
somatic mutations that might have implications 

for tumorigenesis, tumor progression, or therapy 
includes using NGS to identify mutational signa-
tures [104]. Over 30 distinct mutational signa-
tures have been identified [104], including one 
that was enriched for the C  >  A transversions 
caused by carcinogens in cigarette smoke. 
Besides environmental mutagens, endogenous 
biological processes can also contribute to the 
mutational load observed in lung cancers. 
Members of the APOBEC family have been 
implicated in several cancers, including lung can-
cer [7, 105, 106]. APOBEC cytidine deaminases 
convert cytosine to uracil during RNA editing 
and are hypothesized to induce mutation clusters 
in tumors [105] as well as a large proportion of 
subclonal mutations [107]. In addition to 
APOBEC, lung tumors also demonstrated muta-
tional signatures related to an elevated rate of 
spontaneous deamination of 5-methyl-cytosine 
residues, which is associated with aging, or the 
so-called molecular clock [107].

 Driver Mutations in SCLC

SCLC, which comprises approximately 15% of 
all lung cancers, is characterized by rapid growth, 
early metastasis, and a very low 2-year survival 
rate [108, 109]. The development of SCLC is 
very strongly linked to cigarette smoking [109]. 
Compared with NSCLC, SCLC has a much faster 
doubling time and higher propensity to metasta-
size early. Reflecting this clinical divergence 
between the two major lung cancer cell types, the 
genomic landscapes of SCLC and NSCLC also 
differ substantially. SCLC is highly complex at 
the molecular level and characterized by a large 
number of mutations in each tumor [109]. For 
example, one study of a SCLC cell line using 
NGS identified 22,910 somatic substitutions, 65 
indels, 334 CNVs, and 58 structural variants 
[108]. Common tumor suppressor genes that are 
inactivated in SCLC include TP53 [108–110] 
(>75–90% of SCLC) and PTEN [108] (Table 7.2). 
There can also be amplification of MYC (~20% 
of SCLC), and while the retinoblastoma tumor 
suppressor gene (RB1) is nearly universally 
mutated in SCLC [108–110] it is mutated in a 
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minority of NSCLC [110]. 3p deletion is also 
commonly observed in SCLC [109]. Less com-
monly, there are activating mutations in PIK3CA, 
EGFR, and KRAS [108]. KRAS is rarely mutated 
in SCLC although it is frequently altered in 
NSCLC [110], while MET mutations have been 
detected in SCLC cell lines and tumors [65].

 Evolution of Lung Cancer

While much progress has been made in identify-
ing driver mutations that are responsible for lung 
cancer development and can be targets for person-
alized lung cancer therapy, one of the ongoing 
challenges in treating patients with lung cancer is 
the evolution of individual lung tumors. Every 
lung tumor changes over time, a process driven by 
cell-level evolution, in which natural selection 
drives the selection of subclonal populations that 
harbor alleles conferring a survival advantage 
[111]. Similar to Darwinian evolution, lung tumor 
evolution occurs due to genetic variation com-
bined with replicative and environmental pres-
sures leading to selection of the fittest clones for 
survival and growth [112]. This branched evolu-
tion, where surviving subclones in various parts 
of the tumor are derived from a parent cancer cell, 
leads to variable intratumor heterogeneity [106]. 

Both genetic drift, or the changes in allele fre-
quencies from one generation of cells to the next, 
and the rate at which new mutations appear play 
important roles in how lung tumors change over 
time and how they respond to therapy [111].

Phylogenetic methods are often used to under-
stand tumor evolution. In these analyses, the 
tumor is depicted as a tree (Fig. 7.3) [111]. The 
trunk of the tree represents mutations that are 
shared/ubiquitous across all cancer cells within 
the entire tumor specimen that was sampled. 
Clones are cells that share a particular alteration. 
Through the process of clonal divergence, new 
genetic lesions are acquired over time, and sub-
clones with these new mutations descend from 
their common ancestor cell. A branch on the tree 
thus indicates a set of mutations present specifi-
cally in that subclone. The branch length is pro-
portional to the number of mutations, while the 
degree of intratumoral heterogeneity is propor-
tional to the number of branches and distance 
between them.

Tumor evolution is responsible for tumorigen-
esis and for the development of resistance to che-
motherapeutic agents [111, 112]. Tumors vary in 
the rates in which new clones appear and extin-
guish, and in the rate of clonal development [111]. 
Because each subclone harbors the mutations of 
ancestral clones, as well as a new set of mutations, 

a b c

Fig. 7.3 Depiction of lung tumor evolution using phylo-
genetic trees. Each dot represents a clone with a specific 
set of mutations. The start of each trunk represents the par-
ent clone, or original cancer cell, for each tumor. Each 
branchpoint represents the development of a new mutation 
that leads to a new subclone. The length of the branches 

indicates time. Compared to tumor (a), tumor (b) has a 
faster mutation rate (shorter branches) and a higher level of 
intratumor heterogeneity (more subclones present in the 
final tumor). Tumor (c) has a similar mutation rate to tumor 
(b) but has less intratumor heterogeneity
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the new mutations serve as a reservoir from which 
a growth or survival advantage might be con-
ferred. The larger the diversity of subclones within 
a tumor, the greater the capacity of that tumor to 
respond to selective pressures such as the intro-
duction of a new chemotherapeutic agent. It is this 
intratumoral heterogeneity that drives natural 
selection within the tumor itself [111]. Therefore, 
while lung tumors sampled at a single point in 
time might appear to have very similar clonal 
structures, one tumor may have accumulated its 
mutations over a long period of time, whereas a 
second tumor may have accumulated its muta-
tions over a short period of time [111]. These fac-
tors have implications for lung cancer therapy and 
the development of resistance to chemotherapy.

Lung tumor evolution is intertwined with the 
tumor’s environment. The cells and factors that 
surround the cancer help determine which muta-
tions are advantageous and confer a survival or 
growth advantage [112]. Because the tumor envi-
ronment plays an equally important role in tumor 
evolution, the diversity of a primary tumor might 
differ from the diversity of its metastases, and the 
diversity of an untreated tumor might differ from 
that of a recurrent tumor in the same patient.

The initial studies examining lung tumor het-
erogeneity suggest that understanding and profil-
ing tumor evolution is likely to play an important 
role in the future for precision lung cancer ther-
apy. For example, in an early study using multi- 
region exome sequencing and whole-exome 
sequencing of NSCLC prior to adjuvant chemo-
therapy, spatial heterogeneity was identified in all 
tumors with a median of 30% heterogeneous 
mutations [107]. Each lung tumor showed both 
ubiquitous and heterogeneous driver mutations, 
but the heterogeneous driver mutations were 
often dominant in only a portion of the tumor 
[107]. In another study, NGS demonstrated intra-
regional subclonal populations in lung adenocar-
cinomas [106], suggesting that analysis of a 
single biopsy specimen does not fully represent 
the mutational spectrum present in lung tumors. 
More recent studies using single cell sequencing 
have shown that intratumoral heterogeneity is 
present even in early stage lung cancers, which 
are usually treated with surgical resection and 

without systemic chemotherapy [113]. In fact, 
higher levels of lung tumor heterogeneity were 
associated with a higher risk of disease recur-
rence and death [113]. Chromosomal instability, 
rather than point mutations, mediated much of 
this heterogeneity [113]. Driver mutations were 
almost always clonal, and more than 75% of 
tumors had subclonal driver mutations [113].

The best way to integrate these important 
observations of tumor evolution into clinical 
practice has not yet been determined, and, thus, 
multi-region sampling is not yet routinely recom-
mended outside the context of clinical trials or 
research studies. However, it is easy to envision a 
future where lung cancer pathology reports con-
tain not only information about a tumor’s cell 
type, stage, and the presence or absence of spe-
cific targetable driver mutations, but also infor-
mation on a lung tumor’s heterogeneity and 
evolution. For example, information on the 
amount of genomic instability and propensity to 
develop new clones might impact prognostica-
tion as information on the amount of subclonal 
diversity present within the lung tumor might 
affect the propensity to develop resistance to che-
motherapeutic agents. Monitoring this in advance 
could help physicians better anticipate how an 
individual lung tumor will respond and evolve to 
therapies so that future therapies can target the 
evolving tumor.

Because current mutation testing is usually 
performed on tumor tissue, it is necessary to bal-
ance the risk of obtaining greater amount of tis-
sue or sequential biopsies with its potential 
benefit. Circulating tumor DNA (ctDNA) testing 
is a rapidly evolving technology and area of 
research [114, 115] that might have future utility 
as a less invasive method of monitoring lung 
tumor evolution and detecting residual or recur-
rent disease that will facilitate the tailoring of 
therapies to evolving tumors.

 Conclusion

Lung cancer is primarily caused by tobacco 
smoke and other environmental exposures that 
cause non-inherited somatic mutations, but it is 
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also influenced by inherited genetic factors that 
modify individual response to environmental 
exposures. Personalized therapies for lung cancer 
exist for some specific mutations that drive lung 
tumorigenesis for which chemotherapeutic drugs 
have been developed, most notably, those involv-
ing mutations of EGFR, ALK, and ROS1. Future 
efforts to improve precision medicine in lung 
cancer should focus on understanding SCLC, 
identifying a broader range of mutations in 
NSCLC, and monitoring the evolution of lung 
tumors.
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Chest Imaging for Precision 
Medicine

Samuel Y. Ash, Raúl San José Estépar, 
and George R. Washko

 Introduction

Thoracic imaging has become an integral part of 
clinical care for patients with acute and chronic 
respiratory conditions. This care includes every-
thing from population-based public health efforts 
such as lung cancer screening, to evermore 
sophisticated and individualized approaches that 
enable providers to leverage specific clinical 
images to guide a single patient’s care [1, 2]. This 
broad deployment includes an ever-growing 
number of imaging tools, developed and vali-
dated by a robust research community, that can 
be used for disease detection and risk stratifica-
tion as well as for prognostication and the moni-
toring of response to therapeutic intervention. 
The ability of medical imaging to provide a 
detailed view of an individual patient’s anatomy, 
and in some case of some modalities, their physi-
ology, makes it a key component in the advance-
ment of precision medicine, and the medical 
images themselves may yield additional insight 

into a patient’s genes, environment, and lifestyle 
[3]. More generally, imaging may help to enable 
the so-called “deep-phenotyping” and stratifica-
tion by providing information that is not readily 
available from the traditional “signs and symp-
toms” approach to medical diagnosis [4].

In the following chapter we will briefly review 
the introduction of medical imaging to clinical 
care, discuss how research efforts have shaped 
the clinical utilization of such technology and 
then provide some discussion on where imaging 
will take us in the next 10–20 years. Although it 
may be argued where “standard medical care” 
ends and “precision medicine” begins, we sug-
gest that medical imaging in general, and tho-
racic imaging in particular, is already helping to 
provide precision medicine in day-to-day medi-
cal care, and that recent and coming advances in 
imaging technologies, especially quantitative 
approaches to image post-processing, are likely 
to continue to continue to expand the role of 
medical imaging in precision medicine in the 
decades to come.

 Chest X-Ray

The discovery of the X-ray by Wilhelm Conrad 
Rontgen was first reported in 1895, and physi-
cians quickly co-opted the technology to make 
new observations in thoracic disease [5]. Reports 
soon appeared describing the change in the shape 
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of the heart with contraction, motion of the 
 diaphragms with respiration and possibly one of 
the first examples of imaging-enabled precision 
medicine, the utility of X-rays to plan the surgical 
extraction of bullets from soldiers with gunshot 
wounds [5]. As technology evolved to make X-ray 
equipment more available, X-ray imaging of the 
chest became a commonplace part of the clinical 
evaluation of disease. Although we may not 
always recognize an individual chest X-ray’s role 
in advancing personalized medical care, its role in 
providing clues as to a patient’s genes, environ-
ment, and lifestyle cannot be overstated [3].

Part of the strength of chest X-ray in particular 
is the ability to quickly identify features of mul-
tiple thoracic structures that are associated with 
underlying pathology. This includes not only the 
lungs but also the heart and the major vessels, as 
well as the bony structures and soft tissues. For 
example, a young patient with recurrent respira-
tory infections, sputum production, and shortness 
of breath may carry diagnoses that range from 
asthma to cystic fibrosis. However, a simple chest 
X-ray revealing dextrocardia suggests she is 
more likely to have a genetic disorder related to 
ciliary function than another disease with a simi-
lar phenotype (Fig. 8.1) [6]. This finding there-
fore clearly allows further evaluation and therapy 
to be tailored to that individual.

More recently, the growth of artificial intelli-
gence and advances in computer vision have led 
to exciting developments in the analysis of chest 
X-rays that may ultimately improve the precision 

with which care is provided on a large scale. For 
example, Lakhani et  al. recently developed a 
technique that enables the automated detection of 
tuberculosis on chest X-ray [7]. This approach 
utilizes deep convolutional neural networks 
(DCNN), a form of machine learning that has 
proven to be well suited to image analysis. More 
specifically, using a combination of two DCNN 
models, AlexNet and GooLeNet, the authors 
developed a network that was able to identify 
tuberculosis with 96% accuracy [7]. This work 
and similar approaches to identify other patholo-
gies on chest X-rays is an area of active investiga-
tion that many research groups are currently 
working to advance into more routine clinical 
care. This would enable clinicians and patients to 
have fast access to results and information about 
a patient’s diagnosis and exposures that might not 
otherwise be quickly available in a resource lim-
ited setting.

 Computed Tomography

One of the next great leaps in medical imaging 
came in the 1970s with the introduction of com-
puted tomographic imaging [8]. Physicians were 
no longer limited to the 2-D superimposition of 
features, and they could now obtain in-vivo 3-D 
images of solid organs in their native physiologic 
state. Not only did this enable clinicians to “see” 
structures more clearly and easily, but also because 
CT uses a relatively standardized display to repre-
sent the attenuation properties of tissues (measured 
in Hounsfield Units), the research community 
quickly appreciated that quantitative approaches to 
image processing could provide new objective 
measures to compliment visual interpretation [8]. 
Over the following sections we will discuss the 
current use of thoracic CT in enabling precision 
medicine, which primarily includes the use of qual-
itative or visual analysis of CT images, and also 
highlight several new and innovative quantitative 
approaches that have the potential to transform our 
approach to individual patients and conditions.

It is difficult to overstate the importance of tho-
racic CT imaging for providing information that 
enables the tailoring of medical care. Its utility has 
led to a ubiquity that makes it easy to forget its Fig. 8.1 Dextrocardia
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importance in patient stratification, and in fact one 
could argue that it has become a part of “standard” 
patient evaluation, and because of that, it should 
not be considered as part of deep phenotyping at 
all. Putting that argument aside, it is worth remem-
bering the incredible volume of information that it 
provides is critically important in targeting therapy 
and often not readily available from other common 
means of clinical evaluation.

As a case example, consider a patient present-
ing to the emergency department with shortness 
of breath and chest pain. Frequently even a 
detailed history and exam may not reveal the 
underlying cause, and findings from other stan-
dard studies such as electrocardiograms and lab-
oratory studies may be nonspecific or otherwise 
unrevealing. A single chest CT in such a case can 
reveal everything from a pulmonary embolism, to 
a pneumothorax, to a pericardial effusion, each of 
which leads to a different and specific targeted set 
of therapies; imaging therefore immediate distin-
guishes “a given patient from other patients with 
[a] similar clinical presentation” [9, 10].

Even in the absence of acute findings, the CT 
imaging study may show chronic findings like 
emphysema, pulmonary fibrosis, or coronary cal-
cification that help phenotype the patient and 
inform additional testing [11, 12]. In addition, 
specific features related to findings like emphy-
sema may be useful for gaining insight into an 
individual patient’s genetic risk factors for a dis-
ease and possibly even help direct therapy. For 
example, basilar predominant, panlobular 
emphysema on chest CT imaging is strongly sug-
gestive of alpha-1-antitrypsin (AAT) deficiency, 
an autosomal dominant inherited disorder the 
treatment for which includes intravenous aug-
mentation of the proteinase inhibitor AAT [13, 
14]. Thus, thoracic CT imaging may not only 
help provide clues as to a patient’s genotype, but 
also inform therapy [3, 10].

More recently, it has been recognized that 
beyond establishing a diagnosis, utilizing addi-
tional ancillary findings on chest CT may also help 
guide therapeutic decisions even within a particular 
condition. For example, not only is chest CT far 
more accurate than combined history and physical 
scores such as the Wells Score and the Revised 
Geneva Score for the diagnosis of pulmonary 

embolism, but also additional findings on chest CT 
in patients with pulmonary emboli may help with 
risk stratification and guide therapeutic decisions 
[15, 16]. For example, Piazza et al. found that cath-
eter-directed fibrinoloysis in patients with massive 
and sub-massive pulmonary emboli decreased RV 
dilation, reduced pulmonary hypertension, and 
decreased anatomic thrombus burden without 
increasing the risk of intracranial hemorrhage. The 
criteria they utilized to identify patients for their 
study included pulmonary embolism as well as an 
increased ratio of the right ventricular to left ven-
tricular size on CT [17]. Fig. 8.2 shows sample car-
diac models based on volumetric non-contrast CT 
images of the right (blue) and left (red) ventricles in 
three subjects with varying degrees of respiratory 
disease. For example, the subject on the far left is a 
smoker without COPD who has a right ventricular 
to left ventricular ratio (RV/LV) of 0.5, a right ven-
tricular systolic pressure (RVSP) of of 20 and no 
evidence of ventricular dysfunction. The middle 
image is from a subject with GOLD 3 COPD who 
has an RV/LV of 0.8, RV dilation and an elevated 
RVSP of 47. Finally, the subject on the far right has 
GOLD 3 COPD with LV dilation and an ejection 
fraction of 35%. However, recent research has 
shown that novel statistical techniques can be used 
to perform automated, volumetric measures of ven-
tricular size, even on non-electrocardiogram gated, 
non-contrast chest CT scans, potentially enabling 
these measures to become part of routine care in 
the future and providing additional insights into the 
disparate cardiac implications of a variety of chest 
diseases (Fig. 8.2) [18]. Thus, chest CT may be of 
use not only in making the diagnosis of pulmonary 
embolism but also in guiding therapy.

Perhaps one of the biggest potential areas of 
growth for precision medicine in CT imaging is 
growing recognition of the importance and power 
of “incidental” findings on chest CT. One of the 
greatest fears associated with the broader adop-
tion of large-scale CT screening programs for dis-
eases like lung cancer has been the explosion of 
incidental findings on these studies and how to 
manage them [1]. While this remains a concern, it 
also represents a significant opportunity for both 
the research and clinical communities in terms of 
deep phenotyping and patient stratification. From 
a research standpoint, the large, multicenter, lon-
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gitudinal CT databases created as part of the 
National Lung Cancer Screening Trial (NLST) 
and Nederland-Leuvens Longkanker Screenings 
Onderzoek (NELSON) are tremendous resources 
for the identification of novel imaging biomarkers 
that may ultimately inform patient stratification 
and care. Combined with studies from other large 
research cohorts, incidental findings from NLST 
and NELSON have also begun to inform clinical 
research and care [1, 19].

For example, multiple studies have now demon-
strated that up to 10% of current and former smok-
ers have subtle, high density changes in the lung 
parenchyma seen on chest CT [20, 21]. These 
changes, often termed interstitial lung abnormali-
ties, have been associated with lower lung function, 
worse exercise capacity, an increased risk of death 
and with a single nucleotide polymorphism associ-
ated with idiopathic pulmonary fibrosis [22–30]. 
Combined, these findings suggest that interstitial 
lung abnormalities may, in some instances, repre-
sent early or subtle evidence of pulmonary fibrosis. 
This is particularly exciting because pulmonary 
fibrosis is associated with extremely high mortality, 
and the only currently available pharmacologic 
treatments slow the disease’s progression but do 
not reverse damage that has already been done [31, 
32]. Thus, earlier diagnosis of the disease could be 
beneficial. Ongoing work is seeking to better define 
these interstitial lung abnormalities, and, poten-
tially in conjunction with other protein or genetic 
biomarkers, to identify those individuals with inter-

stitial lung abnormalities at the highest risk for pul-
monary fibrosis with the hope of eventually 
determining if anti-fibrotic medications are useful 
in those individuals. These incidental findings on a 
lung cancer screening chest CT may therefore ulti-
mately be of significant utility in phenotyping a 
patient and advancing precision medicine.

In addition to high density changes such as 
interstitial lung abnormalities, low density changes, 
particularly emphysema, on chest CT have also 
shown promise for personalizing medical care for 
patients. For example, the National Emphysema 
Treatment Trial (NETT) evaluated the effect of 
lung volume reduction surgery on outcomes in 
patients with COPD. [33] It found that the proce-
dure most benefitted patients with severe upper 
lobe predominant emphysema who had a decreased 
exercise capacity. Subsequent work has focused on 
the use of alternative methods for lung volume 
reduction, such as using bronchoscopically placed 
valves and coils, some of which have recently been 
approved by the Food and Drug Administration 
(FDA) for clinical use [34, 35]. Appropriate strati-
fication using CT imaging is central to the evalua-
tion of patients for both surgical and bronchoscopic 
lung volume reduction, including not only upper 
lobe predominant disease, but also, in the case of 
the bronchoscopic devices, complete fissures to 
ensure minimal collateral air flow and ensure ade-
quate deflation of the upper lobes [36, 37]. Thus 
CT imaging is key to applying these interventions 
in a suitably precise way.

Fig. 8.2 Elevated right ventricular to left ventricular size in acute pulmonary embolism. (Reprinted from Rahaghi et al. 
[18] with permission from Elsevier)
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In addition to the largely visual analysis per-
formed on the CT images as part of NETT, addi-
tional work has been done to take advantage of 
potential quantitative measurements of emphy-
sema and other lung imaging findings on 
CT.  There are several objective approaches to 
detect and quantify emphysema, and some of the 
most straightforward are based on selecting a HU 
threshold that demarcates emphysema from non- 
emphysematous tissue [38, 39]. These methods 
have been extensively benchmarked against histo-
logic investigation, and the ensuing application of 
such techniques demonstrated that emphysema 
scored by CT is related to lung function but that 
there is a broad range of emphysema present for a 
given degree of airflow obstruction [40–44].

These approaches may also allow for the pre-
cise application and monitoring of pharmaco-
logic interventions. For example, in 2016 
investigators reported the results of a multicenter 
study of augmentation therapy in patients with 
alpha-1 antitrypsin deficiency called RAPID 
[13]. Those study participants receiving augmen-
tation therapy had significantly less progression 
of emphysema than their placebo-controlled 
counterparts. There was no significant effect of 
augmentation therapy on other clinical parame-
ters such as decline in lung function. Emphysema 
progression on CT scan is now being evaluated 
by the COPD Biomarker Qualification 
Consortium for qualification as an accepted bio-
marker by the United States Food and Drug 
Administration (FDA) for use in clinical investi-
gation [13, 45, 46].

The objective detection and quantification of 
low attenuation areas on CT has also been 
expanded and applied to chronic conditions char-
acterized by cystic destruction of the lung paren-
chyma. One of the best examples of this are the 
increasing number of efforts focused on LAM. 
LAM is a chronic progressive disease character-
ized by upper lobe predominant cysts in the lung 
tissue [47]. It is believed that these cysts contrib-
ute to lung dysfunction and are therefore a target 
of pharmacologic therapy [48, 49]. Like COPD, 
the great heterogeneity of presentation and pro-
gression of LAM makes the completion of trials 
with definitive clinical outcomes challenging. 
Unlike COPD, LAM is a relatively rare disease 

and even with a highly motivated network of 
patients, physicians, and advocates, large 
placebo- controlled trials with definitive clinical 
outcomes are not feasible [50]. For this reason, 
the biomedical community is keenly interested in 
using imaging to identify subsets of disease and 
use features such as cyst size and count as inter-
mediate endpoints for interventional studies. For 
example, Argula et al. have developed a measure 
of both cyst size and number and shown that it is 
correlated with the response to treatment of LAM 
[51]. Additional work may ultimately reveal if 
certain imaging features predict treatment 
response in multiple cystic lung disease, allowing 
treatment to be tailored to the individual patient.

 Magnetic Resonance Imaging

Although not as widely employed in pulmonary 
disease as CT imaging, magnetic resonance 
imaging (MRI) has proven exceedingly useful for 
the phenotyping of other chest diseases such as 
cardiac disease [52]. The breadth of cardiac MRI 
imaging and its role in precision medicine is 
beyond the scope of this review. However, it is 
worth noting the role of cardiac MRI in one par-
ticular area with regard to disease stratification: 
sarcoidosis. Clinically, the prevalence of cardiac 
involvement in patients with systemic sarcoidosis 
has been estimated to be between 20% and 27% 
in the United States and as high as 58% in Japan 
[53, 54]. However, autopsy studies suggest this 
may be a significant underestimate of the disease 
burden [53–55]. While some patients with car-
diac involvement in sarcoidosis present with dra-
matic signs and symptoms including syncope or 
even sudden cardiac death, many others may 
have vague symptoms of dyspnea or fatigue or 
may be entirely asymptomatic [56]. Given the 
significant risk of sudden cardiac death associ-
ated with cardiac sarcoidosis and the need to 
 consider placement of an automatic internal car-
dioverter-defibrillator (AICD), identifying those 
patients with sarcoidosis who have cardiac 
involvement is of great importance [57]. Although 
due to cost and access, it has not yet become the 
primary screening tool for cardiac sarcoidosis, 
cardiac MRI has been shown to be highly accu-
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rate, with a sensitivity of likely greater than 90% 
for cardiac involvement, and if its cost were to 
improve then it may ultimately become a more 
routine part of sarcoid evaluation [58].

While, the use of MRI remains in respiratory 
care remains limited because the expansive air–
liquid interface that makes the lung so excep-
tional at gas exchange also creates an artifact 
which degrades standard proton image quality, it 
does have several potential advantages compared 
to CT imaging for certain forms of lung imaging, 
including the lack of ionizing radiation, higher 
resolution and functional information [8, 59, 60, 
61]. Investigational MRI studies using hyperpo-
larized oxygen and noble gases have leveraged 
these advantages to enable the in  vivo assess-
ments of distal airspace micro-architecture, 
regional ventilation, and microvascular perfusion 
[61]. A prime example of this and the potential 
role of MRI in precision pulmonary medicine is 
in the planning of bronchial thermoplasty. In a 
small investigational study, Thomen et  al. per-
formed both hyperpolarized (Helium 3) enhanced 
MRI and chest CT imaging of 6 healthy volun-
teers and 10 patients with severe asthma [62]. 
Seven of the patients with severe asthma then 
received bronchial thermoplasty and were imaged 
a second time. By combining the functional 
information obtained from MRI with structural 
information from CT, the investigators were able 
to measure and compare segment to segment dif-
ferences in ventilation between the groups and 
found significant differences between controls 
and those with severe asthma [62]. This use of 
multiple imaging modalities highlights not only 
the strength of MRI, but also the potential bene-
fits to combining the information gained by using 
multiple types of imaging.

 Positron Emission Tomography

Another imaging modality that has been used in 
combination with CT imaging is positron emis-
sion tomography (PET). While there are a wide 
range of radiopharmaceuticals used in PET imag-
ing, we will focus on [18F]fluorodeoxyglucose 
(FDG) PET imaging as it is the most commonly 
used in clinical imaging. FDG-PET uses radiola-

beled glucose (FDG) to provide three- dimensional 
information on glucose metabolism [63]. This 
thereby enables the evaluation of local or tissue- 
specific metabolic features. Used in combination 
with co-registered CT imaging, areas of with evi-
dence of increased glucose metabolism can then 
be precisely located within the chest or the rest of 
the body [63]. Clinically, FDG-PET is best 
known for its role in the evaluation of known or 
suspected malignancy, and in some ways this use 
can be seen as a type of precision medicine 
approach by helping to stage patients: FDG-PET 
enables them to be stratified based on pathophys-
iology not readily apparent through based on 
signs and symptoms, ultimately directly impact-
ing their planned care and clinical course [64].

From a research standpoint, these same PET 
techniques can be applied to the lung to ascertain 
the regional distribution of metabolic activity in 
parenchymal lung diseases such as emphysema 
or pulmonary fibrosis [65, 66]. This information 
may in turn provide insight into the pathobiology 
of disease or be prognostic for response to thera-
peutic intervention. As with MRI, PET is also 
amenable to the use of multiple imaging agents 
and the potential additional information that can 
be obtained from PET is best exemplified through 
its extensive application in the assessment of 
lung perfusion in health and disease [67].

 Ultrasound

Similar to MRI and PET, ultrasound is another 
imaging modality that is well suited to providing 
functional information about chest diseases. It 
should be noted that cardiac ultrasound, referred 
to as echocardiography, is clearly a very well- 
established imaging modality. Although the 
breadth of echocardiography is beyond the scope 
of this review, it is difficult to overstate its impor-
tance in the phenotyping of patients with cardiac 
disease [68, 69]. From a pulmonary standpoint, 
ultrasound has found widespread clinical use in 
the evaluation of the pleura and pleural space, 
especially with identifying and localizing pleural 
effusions and pneumothoraces [70, 71]. However, 
prior and ongoing research have increasingly 
shown that ultrasonography may be useful in the 
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evaluation of the lung parenchyma itself. For 
example, specific ultrasound protocols may be 
able to help differentiate between areas of lung 
consolidation and atelectasis [72]. These tech-
niques are of particular interest because of the 
lack of ionizing radiation associated with ultra-
sound. In addition, its relatively low cost and por-
tability means that it can be used by the clinician 
at the bedside both in the developed as well as in 
the developing world, potentially improving the 
ability to sub-stratify patients in more resource 
limited settings [73].

 Conclusion and Future Directions

Over the past 125 years, advances in chest imag-
ing, including chest radiography, CT, MRI, PET, 
and ultrasound, have dramatically changed our 
practice of medicine and yielded countless insights 
into the etiology and manifestations of chest dis-
eases. In many ways chest imaging is already ful-
filling the mission of precision medicine to be able 
to target treatments to the needs of individual 
patients based on information not available from 
the traditional “signs and symptoms” approach, 
applying knowledge gained from large-scale 
research studies on diseases that include pulmo-
nary vascular disease, emphysema, and interstitial 
lung disease, to identify patients who may respond 
to particular therapies. The growth of artificial 
intelligence and computer vision raises the possi-
bility of rapidly obtaining even more information 
from medical imaging of the chest and further 
refining the phenotyping that imaging allows in 
order to identify true “deep phenotypes” with spe-
cific genetic and clinical associations. Because of 
this, imaging may ultimately become even more 
important in the care of patients with chest dis-
eases than it already is today.

References

 1. National Lung Screening Trial Research T, Aberle 
DR, Adams AM, Berg CD, Black WC, Clapp JD, 
et  al. Reduced lung-cancer mortality with low-dose 
computed tomographic screening. N Engl J Med. 
2011;365(5):395–409.

 2. Agusti A, Bafadhel M, Beasley R, Bel EH, Faner 
R, Gibson PG, et  al. Precision medicine in airway 
diseases: moving to clinical practice. Eur Respir J. 
2017;50(4):1701655.

 3. The Precision Medicine Initiative. Available 
from: https://obamawhitehouse.archives.gov/
precision-medicine.

 4. Konig IR, Fuchs O, Hansen G, von Mutius E, Kopp 
MV.  What is precision medicine? Eur Respir J. 
2017;50(4):1700391.

 5. Morgan RH, Lewis I. The roentgen ray: its past and 
future. Dis Chest. 1945;11:502–10.

 6. Knowles MR, Zariwala M, Leigh M. Primary ciliary 
dyskinesia. Clin Chest Med. 2016;37(3):449–61.

 7. Lakhani P, Sundaram B.  Deep learning at chest 
radiography: automated classification of pulmonary 
tuberculosis by using convolutional neural networks. 
Radiology. 2017;284(2):574–82. 162326.

 8. Brooks RA, Di Chiro G. Theory of image reconstruc-
tion in computed tomography. Radiology. 1975;117(3 
Pt 1):561–72.

 9. White CS, Kuo D.  Chest pain in the emergency 
department: role of multidetector CT.  Radiology. 
2007;245(3):672–81.

 10. Jameson JL, Longo DL. Precision medicine–person-
alized, problematic, and promising. N Engl J Med. 
2015;372(23):2229–34.

 11. Koo HK, Jin KN, Kim DK, Chung HS, Lee 
CH.  Association of incidental emphysema with 
annual lung function decline and future development 
of airflow limitation. Int J Chron Obstruct Pulmon 
Dis. 2016;11:161–6.

 12. Washko GR, Lynch DA, Matsuoka S, Ross JC, 
Umeoka S, Diaz A, et al. Identification of early inter-
stitial lung disease in smokers from the COPDGene 
Study. Acad Radiol. 2010;17(1):48–53.

 13. Chapman KR, Burdon JG, Piitulainen E, Sandhaus 
RA, Seersholm N, Stocks JM, et  al. Intravenous 
augmentation treatment and lung density in severe 
alpha1 antitrypsin deficiency (RAPID): a randomised, 
double-blind, placebo-controlled trial. Lancet. 
2015;386(9991):360–8.

 14. Tarkoff MP, Kueppers F, Miller WF.  Pulmonary 
emphysema and alpha 1-antitrypsin deficiency. Am J 
Med. 1968;45(2):220–8.

 15. Teigen CL, Maus TP, Sheedy PF, Johnson CM, Stanson 
AW, Welch TJ. Pulmonary embolism: diagnosis with 
electron-beam CT. Radiology. 1993;188(3):839–45.

 16. Shen JH, Chen HL, Chen JR, Xing JL, Gu P, Zhu 
BF. Comparison of the Wells score with the revised 
Geneva score for assessing suspected pulmonary 
embolism: a systematic review and meta-analysis. J 
Thromb Thrombolysis. 2016;41(3):482–92.

 17. Piazza G, Hohlfelder B, Jaff MR, Ouriel K, 
Engelhardt TC, Sterling KM, et  al. A prospective, 
single-arm, multicenter trial of ultrasound-facili-
tated, catheter- directed, low-dose fibrinolysis for 
acute massive and submassive pulmonary embo-
lism: The SEATTLE II Study. JACC Cardiovasc 
Interv. 2015;8(10):1382–92.

8 Chest Imaging for Precision Medicine

https://obamawhitehouse.archives.gov/precision-medicine
https://obamawhitehouse.archives.gov/precision-medicine


114

 18. Rahaghi FN, Sanchez-Ferrero GV, Minhas JK, Come 
CE, De La Bruere IA, Wells JM, et  al. Ventricular 
geometry from non-contrast non-ECG gated CT 
scans: an imaging maker of cardiopulmonary disease 
in smokers. Acad Radiol. 2017;24(5):594–602.

 19. Ru Zhao Y, Xie X, de Koning HJ, Mali WP, 
Vliegenthart R, Oudkerk M.  NELSON lung cancer 
screening study. Cancer Imaging. 2011;11 Spec No 
A:S79–84.

 20. Ash SY, Harmouche R, Ross JC, Diaz AA, 
Hunninghake GM, Putman RK, et  al. The objec-
tive identification and quantification of intersti-
tial lung abnormalities in smokers. Acad Radiol. 
2017;24(8):941–6.

 21. Jin GY, Lynch D, Chawla A, Garg K, Tammemagi 
MC, Sahin H, et al. Interstitial lung abnormalities in a 
CT lung cancer screening population: prevalence and 
progression rate. Radiology. 2013;268(2):563–71.

 22. Putman RK, Hunninghake GM, Dieffenbach PB, 
Barragan-Bradford D, Serhan K, Adams U, et  al. 
Interstitial lung abnormalities are associated with 
acute respiratory distress syndrome. Am J Respir Crit 
Care Med. 2017;195(1):138–41.

 23. Ash SY, Harmouche R, Putman RK, Ross JC, Diaz 
AA, Hunninghake GM, et  al. Clinical and genetic 
associations of objectively identified interstitial 
changes in smokers. Chest. 2017;152(4):780–91.

 24. Putman RK, Hatabu H, Araki T, Gudmundsson G, 
Gao W, Nishino M, et al. Association between inter-
stitial lung abnormalities and all-cause mortality. 
JAMA. 2016;315(7):672–81.

 25. Doyle TJ, Dellaripa PF, Batra K, Frits ML, Iannaccone 
CK, Hatabu H, et al. Functional impact of a spectrum 
of interstitial lung abnormalities in rheumatoid arthri-
tis. Chest. 2014;146(1):41–50.

 26. Hunninghake GM, Hatabu H, Okajima Y, Gao W, 
Dupuis J, Latourelle JC, et  al. MUC5B promoter 
polymorphism and interstitial lung abnormalities. N 
Engl J Med. 2013;368(23):2192–200.

 27. Doyle TJ, Washko GR, Fernandez IE, Nishino M, 
Okajima Y, Yamashiro T, et al. Interstitial lung abnor-
malities and reduced exercise capacity. Am J Respir 
Crit Care Med. 2012;185(7):756–62.

 28. Doyle TJ, Hunninghake GM, Rosas IO.  Subclinical 
interstitial lung disease: why you should care. Am J 
Respir Crit Care Med. 2012;185(11):1147–53.

 29. Washko GR, Hunninghake GM, Fernandez IE, 
Nishino M, Okajima Y, Yamashiro T, et al. Lung vol-
umes and emphysema in smokers with interstitial lung 
abnormalities. N Engl J Med. 2011;364(10):897–906.

 30. Lederer DJ, Enright PL, Kawut SM, Hoffman EA, 
Hunninghake G, van Beek EJ, et al. Cigarette smok-
ing is associated with subclinical parenchymal lung 
disease: the Multi-Ethnic Study of Atherosclerosis 
(MESA)-lung study. Am J Respir Crit Care Med. 
2009;180(5):407–14.

 31. Azuma A, Nukiwa T, Tsuboi E, Suga M, Abe S, 
Nakata K, et  al. Double-blind, placebo-controlled 
trial of pirfenidone in patients with idiopathic 
pulmonary fibrosis. Am J Respir Crit Care Med. 
2005;171(9):1040–7.

 32. Richeldi L, Cottin V, du Bois RM, Selman M, Kimura 
T, Bailes Z, et  al. Nintedanib in patients with idio-
pathic pulmonary fibrosis: combined evidence from 
the TOMORROW and INPULSIS((R)) trials. Respir 
Med. 2016;113:74–9.

 33. Fishman A, Martinez F, Naunheim K, Piantadosi 
S, Wise R, Ries A, et  al. A randomized trial com-
paring lung-volume-reduction surgery with medi-
cal therapy for severe emphysema. N Engl J Med. 
2003;348(21):2059–73.

 34. Herth FJ, Noppen M, Valipour A, Leroy S, Vergnon 
JM, Ficker JH, et al. Efficacy predictors of lung vol-
ume reduction with Zephyr valves in a European 
cohort. Eur Respir J. 2012;39(6):1334–42.

 35. Kemp SV, Slebos DJ, Kirk A, Kornaszewska M, 
Carron K, Ek L, et al. A multicenter randomized con-
trolled trial of zephyr endobronchial valve treatment 
in heterogeneous emphysema (TRANSFORM). Am J 
Respir Crit Care Med. 2017;196(12):1535–43.

 36. Schuhmann M, Raffy P, Yin Y, Gompelmann D, Oguz 
I, Eberhardt R, et al. Computed tomography predic-
tors of response to endobronchial valve lung reduc-
tion treatment. Comparison with Chartis. Am J Respir 
Crit Care Med. 2015;191(7):767–74.

 37. Sciurba FC, Ernst A, Herth FJ, Strange C, Criner GJ, 
Marquette CH, et  al. A randomized study of endo-
bronchial valves for advanced emphysema. N Engl J 
Med. 2010;363(13):1233–44.

 38. Muller NL, Staples CA, Miller RR, Abboud RT. 
“Density mask”. An objective method to quantitate 
emphysema using computed tomography. Chest. 
1988;94(4):782–7.

 39. Castaldi PJ, San Jose Estepar R, Mendoza CS, Hersh 
CP, Laird N, Crapo JD, et  al. Distinct quantitative 
computed tomography emphysema patterns are asso-
ciated with physiology and function in smokers. Am J 
Respir Crit Care Med. 2013;188(9):1083–90.

 40. Castaldi PJ, San José Estépar R, Mendoza CS, 
Hersh CP, Laird N, Crapo JD, et  al. Distinct 
quantitative computed tomography emphysema 
patterns are associated with physiology and func-
tion in smokers. Am J Respir Crit Care Med. 
2013;188(9):1083–90.

 41. Diaz AA, Bartholmai B, San Jose Estepar R, Ross 
J, Matsuoka S, Yamashiro T, et  al. Relationship 
of emphysema and airway disease assessed by 
CT to exercise capacity in COPD.  Respir Med. 
2010;104(8):1145–51.

 42. Haruna A, Muro S, Nakano Y, Ohara T, Hoshino Y, 
Ogawa E, et al. CT scan findings of emphysema pre-
dict mortality in COPD. Chest. 2010;138(3):635–40.

 43. Schroeder JD, McKenzie AS, Zach JA, Wilson CG, 
Curran-Everett D, Stinson DS, et  al. Relationships 
between airflow obstruction and quantitative CT 
measurements of emphysema, air trapping, and air-
ways in subjects with and without chronic obstruc-
tive pulmonary disease. AJR Am J Roentgenol. 
2013;201(3):W460–70.

 44. Wang Z, Gu S, Leader JK, Kundu S, Tedrow JR, 
Sciurba FC, et al. Optimal threshold in CT quantifica-
tion of emphysema. Eur Radiol. 2013;23(4):975–84.

S. Y. Ash et al.



115

 45. Parr DG, Dirksen A, Piitulainen E, Deng C, Wencker 
M, Stockley RA. Exploring the optimum approach to 
the use of CT densitometry in a randomised placebo- 
controlled study of augmentation therapy in alpha 
1-antitrypsin deficiency. Respir Res. 2009;10:75.

 46. Stockley RA, Parr DG, Piitulainen E, Stolk J, Stoel 
BC, Dirksen A. Therapeutic efficacy of alpha-1 anti-
trypsin augmentation therapy on the loss of lung 
tissue: an integrated analysis of 2 randomised clini-
cal trials using computed tomography densitometry. 
Respir Res. 2010;11:136.

 47. Sclafani A, VanderLaan 
P.  Lymphangioleiomyomatosis. N Engl J Med. 
2018;378(23):2224.

 48. McCormack FX, Inoue Y, Moss J, Singer LG, Strange 
C, Nakata K, et  al. Efficacy and safety of siroli-
mus in lymphangioleiomyomatosis. N Engl J Med. 
2011;364(17):1595–606.

 49. Takada T, Mikami A, Kitamura N, Seyama K, 
Inoue Y, Nagai K, et al. Efficacy and safety of long- 
term Sirolimus therapy for Asian patients with 
Lymphangioleiomyomatosis. Ann Am Thorac Soc. 
2016;13(11):1912–22.

 50. Ingelfinger JR, Drazen JM.  Patient organiza-
tions and research on rare diseases. N Engl J Med. 
2011;364(17):1670–1.

 51. Argula RG, Kokosi M, Lo P, Kim HJ, Ravenel JG, 
Meyer C, et al. A novel quantitative computed tomo-
graphic analysis suggests how Sirolimus stabilizes pro-
gressive air trapping in Lymphangioleiomyomatosis. 
Ann Am Thorac Soc. 2016;13(3):342–9.

 52. Magnetic resonance imaging of the cardiovascular 
system. Present state of the art and future potential. 
Council on Scientific Affairs. Report of the magnetic 
resonance imaging panel. JAMA. 1988;259(2):253–9.

 53. Silverman KJ, Hutchins GM, Bulkley BH.  Cardiac 
sarcoid: a clinicopathologic study of 84 unselected 
patients with systemic sarcoidosis. Circulation. 
1978;58(6):1204–11.

 54. Matsui Y, Iwai K, Tachibana T, Fruie T, Shigematsu 
N, Izumi T, et  al. Clinicopathological study of 
fatal myocardial sarcoidosis. Ann N Y Acad Sci. 
1976;278:455.

 55. Yigla M, Badarna-Abu-Ria N, Tov N, Ravell-Weiller 
D, Rubin AH.  Sarcoidosis in northern Israel; clini-
cal characteristics of 120 patients. Sarcoidosis Vasc 
Diffuse Lung Dis. 2002;19(3):220–6.

 56. Kandolin R, Lehtonen J, Airaksinen J, Vihinen 
T, Miettinen H, Ylitalo K, et  al. Cardiac sarcoid-
osis: epidemiology, characteristics, and outcome 
over 25 years in a nationwide study. Circulation. 
2015;131(7):624–32.

 57. Paz HL, McCormick DJ, Kutalek SP, Patchefsky 
A.  The automated implantable cardiac defibril-
lator. Prophylaxis in cardiac sarcoidosis. Chest. 
1994;106(5):1603–7.

 58. Smedema JP, Snoep G, van Kroonenburgh MP, van 
Geuns RJ, Dassen WR, Gorgels AP, et al. Evaluation 

of the accuracy of gadolinium-enhanced cardiovascu-
lar magnetic resonance in the diagnosis of cardiac sar-
coidosis. J Am Coll Cardiol. 2005;45(10):1683–90.

 59. Berrington de Gonzalez A, Mahesh M, Kim KP, 
Bhargavan M, Lewis R, Mettler F, et  al. Projected 
cancer risks from computed tomographic scans per-
formed in the United States in 2007. Arch Intern Med. 
2009;169(22):2071–7.

 60. Brenner DJ, Hall EJ.  Computed tomography–an 
increasing source of radiation exposure. N Engl J 
Med. 2007;357(22):2277–84.

 61. Wielputz M, Kauczor HU. MRI of the lung: state of 
the art. Diagn Interv Radiol. 2012;18(4):344–53.

 62. Thomen RP, Sheshadri A, Quirk JD, Kozlowski J, 
Ellison HD, Szczesniak RD, et al. Regional ventila-
tion changes in severe asthma after bronchial ther-
moplasty with (3)he MR imaging and CT. Radiology. 
2015;274(1):250–9.

 63. Basu S, Kwee TC, Surti S, Akin EA, Yoo D, Alavi 
A. Fundamentals of PET and PET/CT imaging. Ann 
N Y Acad Sci. 2011;1228:1–18.

 64. de Groot PM, Carter BW, Betancourt Cuellar SL, 
Erasmus JJ. Staging of lung cancer. Clin Chest Med. 
2015;36(2):179–96, vii–viii.

 65. Groves AM, Win T, Screaton NJ, Berovic M, Endozo 
R, Booth H, et al. Idiopathic pulmonary fibrosis and 
diffuse parenchymal lung disease: implications from 
initial experience with 18F-FDG PET/CT.  J Nucl 
Med. 2009;50(4):538–45.

 66. Subramanian DR, Jenkins L, Edgar R, Quraishi N, 
Stockley RA, Parr DG.  Assessment of pulmonary 
neutrophilic inflammation in emphysema by quantita-
tive positron emission tomography. Am J Respir Crit 
Care Med. 2012;186(11):1125–32.

 67. Sanders KJ, Ash SY, Washko GR, Mottaghy FM, 
Schols A.  Imaging approaches to understand dis-
ease complexity: chronic obstructive pulmonary 
disease as a clinical model. J Appl Physiol (1985). 
2018;124(2):512–20:jap 00143 2017.

 68. Popp RL.  Echocardiographic assessment of cardiac 
disease. Circulation. 1976;54(4):538–52.

 69. Woods B, Hawkins N, Mealing S, Sutton A, Abraham 
WT, Beshai JF, et al. Individual patient data network 
meta-analysis of mortality effects of implantable car-
diac devices. Heart. 2015;101(22):1800–6.

 70. Lichtenstein DA, Menu Y. A bedside ultrasound sign 
ruling out pneumothorax in the critically ill. Lung 
sliding. Chest. 1995;108(5):1345–8.

 71. Ravin CE. Thoracocentesis of loculated pleural effu-
sions using grey scale ultrasonic guidance. Chest. 
1977;71(5):666–8.

 72. Lichtenstein D, Meziere G, Seitz J.  The dynamic 
air bronchogram. A lung ultrasound sign of alveo-
lar consolidation ruling out atelectasis. Chest. 
2009;135(6):1421–5.

 73. Harvey H, Ahn R, Price D, Burke T.  Innovating for 
the developing world : meeting the affordability chal-
lenge. AJR Am J Roentgenol. 2014;203(4):835–7.

8 Chest Imaging for Precision Medicine



117© Springer Nature Switzerland AG 2020 
J. L. Gomez et al. (eds.), Precision in Pulmonary, Critical Care, and Sleep Medicine,  
Respiratory Medicine, https://doi.org/10.1007/978-3-030-31507-8_9

Biobanking for Pulmonary, Critical 
Care, and Sleep Medicine

Julia Winkler and Erica L. Herzog

 Introduction

Next-generation analytics have exponentially 
increased the application of translational medi-
cine approaches to human disease. Advances in 
genomics, transcriptomics, proteomics, and 
metabolomics have facilitated the development 
of personalized approaches to the treatment of 
many conditions including malignancies such as 
lung cancer [1], rare diseases such as cystic fibro-
sis [2], and conditions such as asthma [3]. While 
the development of associated with allergies pre-
cision medicine–based strategies for the majority 
of pulmonary, critical care, and sleep medicine 
(PCCSM) domains remains nascent, the last 
decade has seen great evolution in the under-
standing of these disorders [4–7]. Crucial to this 
progress is the study of biospecimens obtained 
from patients with the diseases being studied.

The practice of biobanking involves the sys-
tematic collection, processing, storage, and dis-
semination of various biospecimens and their 
associated clinical data [8]. These specimens, 
which form the basis for personalized molecular 

medicine, are stored for current and future stud-
ies in which they may serve as a cohort for dis-
covery or validation. The development of 
methods allowing in-depth, “omics”-based 
approaches place biobanks at that center of trans-
lational research [9]. Thus, any discussion of pre-
cision medicine requires adequate understanding 
of best practices in biobanking [10]. The follow-
ing chapter presents an overview of biobanking 
as it relates to PCCSM. Definitions and historical 
aspects will be introduced along with an over-
view of repository components, ethics, manage-
ment, regulatory aspects, and best practices. 
Considerations relevant to unique PCCSM- 
related specimen types and data are provided. We 
end with a brief discussion of emerging chal-
lenges and opportunities in this important and 
growing field.

 Biobanking: History and Definitions

Since the late 1800s, specimens obtained from 
patients have been stored at institutions around 
the world. Whereas many of these collections 
began with tissues obtained for clinical purposes, 
modern biobanks have evolved to support spe-
cific research goals such as epidemiologic stud-
ies, mechanism-based studies of disease, support 
of clinical trials, and development of precision- 
based medical interventions to improve human 
health and disease management [8]. Concomitant 
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with this evolution has been the development of a 
biobank taxonomy, with classifications aligning 
with the area of interest. In addition to the classi-
cal model of investigator-driven, single-center 
biobanking, newer approaches include those that 
are population based like the Kaiser Permanente 
Biobank [11], multi-center disease focused like 
the Lung Tissue Research Consortium [12], pri-
vately operated like the NDRI [13], nationalized, 
biobanks like the expansive UK Biobank [14], 
and most recently “virtual,” which curate data 
and specimen information from other sites to cre-
ate an electronic repository [15]. All of these 
models have their place in the PCCSM realm. For 
example, a small, investigator-driven biobank 
would likely be established to answer a specific 
question related to pathogenesis of a specific dis-
ease process. In contrast, a population-based or 
nationalized biobank might be more amenable to 
the pursuit of questions that are only answerable 
in cohorts of thousands of patients, and a virtual 
biobank would be appropriate for obtaining sam-
ples from multiple sites.

 Biobank Components

Regardless of their size and scope, biobanks 
require systematic methods for the collection, 
processing, and dissemination of specimens. All 
these components must be standardized to 
ensure operational integrity and validity of data. 
The repository design rests on the premise of a 
long- term commitment to continuous collec-
tion, storage, and maintenance and requires a 
stable organizational and financial model to 
ensure adequate function over time [16]. The 
central components of a biobank include the 
subjects and the associated legal and ethical 
issues related to participation and informed con-
sent; the plan for and implementation of mea-
sures for data protection and confidentiality; the 
involvement of the stakeholders; the procure-
ment, transport, processing, and dissemination 
of samples; and the handling of clinical data [9] 
as shown in Fig.  9.1. The unique challenges 
inherent in each component will be discussed 
below.

Fig. 9.1 Biobank components: Describes the various 
components of the biobank system. This includes gover-
nances, participants Opt In, Opt Out enrollment, standard-
ization of processing, storage and distribution of samples 
and corresponding data, stakeholders and confidentiality. 
Participants’ awareness and consent in the enrollment of a 

study are critical to the foundation of a biobank because 
the study subject is the central component and, therefore, 
the protection of subject data and medical information is a 
necessity. Stakeholders and governances’ role and contri-
bution to biobank must be determined because of their 
importance to the overall function of the biobank system
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 Participants: Opt In, Opt Out, 
and Informed Consent

The biobanking process begins with the research 
subject. Two forms of biobanks exist. One is an 
“opt-in” biobank, which requires explicit 
informed consent from the patient. In this model, 
when potential subjects are approached for entry, 
the critical process of informed consent occurs 
[17]. Potential participants are first assessed for 
their competence to make the decision to enroll. 
Once this is achieved, subjects are then informed 
of study objectives, importance of their involve-
ment, potential risks and benefits of involvement, 
and the voluntary nature of enrollment. In addi-
tion, it should be made clear as to whether sub-
jects are able to withdraw from the study. For 
enrollment into biobanks, a provision is included 
that allows the use or sharing of samples and its 
linked clinical data in future research efforts. The 
physician or researcher should be clear and 
explicit regarding the nature of the research 
study, any potential adverse events, and the 
autonomy to decline or withdraw from the study 
without repercussions/penalty [18]. The physi-
cian or researcher needs to be protective of spe-
cial populations such as minors, elderly, and 
cognitively impaired or mentally ill individuals 
[18]. Enrolled subjects are provided with a copy 
of their signed consent form, and their consent 
document is retained at the biobank.

A newer model is the “opt-out” biobank. This 
method refers to participants recruited from large 
health care or public sample collections in which 
medical records are linked to residual specimens 
collected during study visits. In contrast to the 
“opt-in” method, in which patients provide 
explicit informed consent for inclusion, the “opt- 
out” process informs patients of the study with 
the ability to actively remove themselves from 
participation. This method may allow more rapid 
and robust enrollment with less bias [6] and 
enthusiasm may be growing for this type of 
endeavor [15]. However, when compared to the 
traditional model this approach carries several 
negatives. Most importantly, it may inadvertently 
enroll subjects who do not in fact wish to proceed 
with the study. In addition, it creates logistical 

and administrative challenges given the large 
number of potential subjects to be studied. Last, 
the passive nature of enrollment may undermine 
subject retention, making serial sampling and 
longitudinal follow up more difficult [17]. It 
remains to be seen whether the opt-in or opt-out 
model is better for personalized research in the 
PCCSM domains.

 Confidentiality, Privacy, and Data 
Protection

Once the subject is enrolled in the study, the pro-
tection of privacy and confidentiality become 
paramount. Confidentiality and patient privacy 
require that no unauthorized individual will gain 
access to personal medical information in the 
biobank system [9]. Study personnel are respon-
sible for “anonymizing” or assigning unique 
identifiers to a study subject that deidentifies 
their protected health information. The master 
list of study subject numbers, or “key,” should be 
kept secure and only accessible to approved and 
necessary medical and/or research professionals 
in the biobank [19]. Maintaining patient privacy 
is a legal and ethical consideration that must be 
taken seriously to uphold trust of patients, inves-
tors and institutions [9].

 Biobank Stakeholders 
and Governance

Stakeholders The immediate stakeholders of a 
biobank include the research subjects, funding 
sources, and the researchers and ethics commit-
tee at the housing institution. All of these parties 
have an interest in biobank function and integrity 
though their levels of involvement may vary. In 
terms of the subjects, the traditional model of an 
institutional facility in which patient involvement 
is limited to specimen donation has evolved such 
that patients are now increasingly active. In fact, 
some research subjects are increasingly assuming 
a more active role in biobanking, from recruiting 
and publicity to design and operations and even, 
in some cases, to initiation and management [20]. 
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This increased awareness and involvement per-
haps reflect that the participants assume the larg-
est risk (loss of confidentiality and small potential 
for physical harm during specimen donation) 
with the smallest immediate reward. It might also 
reflect the change in how patients involved in 
research are viewed, no longer simply as passive 
“subjects” but more active “participants” [20].

Governance Governance and operational aspects 
of repositories are handled separately. Governance 
is shared between individuals of the scientific 
advisory committee at the host institution and, at 
time, the ethics committee and funding agencies 
[9, 21]. According to the 2012 ISBER Best 
Practices document [19], the governance plan 
should include provisions addressing the reposi-
tory mission, specimen types, safekeeping provi-
sions related to sample maintenance, security and 
integrity, policies regarding access and disposition 
of samples, plans regarding management of sam-
ples and their linked clinical data both during rou-
tine operation and in the event of funding lapses, 
donor withdrawal, repository closure, and natural 
disasters [19]. These governance aspects require a 
sound financial model, which will vary depending 
on the type and scope of services [16]. Despite 
these differences, adherence to a core set of prin-
ciples will help ensure financial stability and opti-
mize value. Most recommendations propose a 
5-year funding plan based on cost estimates. These 
costs might involve facilities, personnel and sala-
ries, processing and storage, equipment, inventory 
management, service contracts, and consumables 
among others. Allowances should be made for 
unforeseen changes, and costs should be reviewed 
periodically to ensure accuracy of projections and 
uninterrupted function [19].

 Operations and Management

The biobank director operates the biobank to 
execute the governance principles. These respon-
sibilities involve operational aspects related to 
regulatory compliance, SOP adherence and qual-
ity assurance, quality assurance, sample access, 
personnel management, and data management. 

This individual also serves as the link between 
the stakeholders and the repository function. 
Staffing for biobanks may involve personnel 
involved in managerial or technical tasks, admin-
istration, and various support capacities [19].

 Operational Aspects

Operational components of the biobank relate to 
the practical aspects and day-to-day functions of 
sample procurement, transport, intake, labeling, 
processing, storage, removal, and shipping. 
Quality assurance and safety are additional con-
siderations at this stage. These aspects are pre-
sented below and outlined in Fig. 9.2.

Procurement and Transport of Samples Once 
the subject agrees to participate, the next step is 
the procurement of samples. Here, strong com-
munication and coordination between the clinical 
and laboratory personnel are crucial to allow the 
appropriate and timely transfer of biological 
specimens. For the prospective drawing of blood, 
a qualified phlebotomist must follow a standard-
ized protocol for acquisition and handling of the 
specimen and prevent any changes to clinical 
environment during the study [21]. For BAL, 
pleural, and tissue samples obtained from the 
clinical setting, every effort should be made to 
deliver the specimens within a short time frame 
in order to minimize degradation of RNA, pro-
tein, and metabolites [21]. The transfer of sam-
ples from clinic to laboratory setting should 
occur by an appropriate, sample-specific trans-
port, for example, dry ice, cool pack, or ambient 
packaging [22]. The sample should be temporar-
ily stored in an environment that will best main-
tain the integrity of that sample to limit external 
exposure and avoid acute environmental changes.

Sample Intake An accurate record should be 
maintained of the acceptance, transfer, and return 
of samples that enter and leave the biorepository. 
The laboratory personnel who accept the clinical 
samples should record the type of study, subject 
identification number, sample type, date, and 
time received. Because processing variables 
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might affect sample performance, detailed 
records regarding the collection, processing, and 
storage are required. This includes the generation 
of logs with all of the relevant “times” (time of 
procurement, time delivered to the lab, time pro-
cessing began, time processed samples were ulti-
mately stored, etc.) [22]. The biospecimen 
records are best updated in real time and man-
aged using a secure database with routine backup 
[19]. Any inconsistency of sample intake, pro-
cessing, and storage may become a confounding 
factor affecting the accuracy of research out-
comes [23]. Therefore, establishing and main-
taining standard and organized processing, 
storage, and analysis of biological samples are 
essential for the expansion of biomedical and 
clinical research from biorepositories.

Sample Labeling While it sounds simple, 
specimen labeling is critical to the biobanking 

effort. If at all possible, the method used should 
minimize the chance of errors including those 
due to human error (mislabeled at the time of 
processing), label failure (label separates during 
storage), or identification failure (inability to 
read label when the specimen is retrieved) [22]. 
While older biobanks used handwritten 
approaches, newer options include computer-
generated labels or barcodes that link back to an 
informatics- based identification system [22] 
readable by both human eye and computer 
equipment (i.e., alphanumeric and bar code) 
[19]. The sample database at the very least 
should contain specimen characteristics (date, 
volume, number of aliquots, etc.) though more 
sophisticated systems may be linked to the clini-
cal database as well [21, 23]. However, the com-
plex the system the more potential for error so 
each biobank should consider their needs and 
plan accordingly.

Fig. 9.2 PCCSM procurement and transport of samples: 
The pulmonary critical care and sleep medicine (PCCSM) 
translation research process begins with the procurement 
of samples that takes place within the clinical environ-
ment. Subjects of representative disease population are 
enrolled into study and specific, protocol-driven extrac-
tion of samples is performed by a certified phlebotomist, 
pulmonologist, or thoracic surgeon [21]. The samples are 
transfer to the lab, prioritizing a timely and appropriate 
(dry ice, ice bath, ambient [22]) manner by qualified per-

sonnel. The samples are processed by a standard protocol 
or directly transferred into a biobank storage center that 
consists of controlled, sample-specific environment. The 
biospecimen can either be analyzed through various labo-
ratory techniques or disseminated to other reputable insti-
tutions for further processing. A potential goal for the 
biobank system is to utilize samples in order to determine 
biological targets such as preventative, diagnostic, and/or 
prognostic biomarkers to improve effectiveness of thera-
pies and the overall health of patient populations
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Processing Once in the laboratory environment, 
quality control is of the utmost importance 
(reviewed extensively by Grizzle and Sexton [22]). 
The laboratory personnel are trained to precisely 
adhere to a standard operating procedure to 
minimize sample variability and ensure rigor. The 
laboratory must consider other important elements 
when working with biospecimens. This includes 
maintaining a sterile working space, avoiding 
contamination, disinfecting cell culture areas, 
expiration of tubes/materials, and the usage of 
sterile reagents. Additionally, the laboratory 
personnel are also trained in the proper handling of 
biological specimen and waste complying with 
environmental health and safety standards. In the 
laboratory environment there must be up to date, 
temperature-regulated, and fully functional storage 
machines for long-term biobanking storage; this 
includes ultra-cold liquid nitrogen tanks for vapor 
phase storage, freezers, refrigerators, etc. This 
equipment should be routinely monitored to detect 
changes to the internal storage environment. The 
constant care and maintenance of laboratory 
equipment including centrifuges, cell culture, and 
chemical hoods are also required for adequate 
sample processing.

Long-Term Storage Depending on the speci-
men type, storage options are chilling/hypother-
mic (2–8  °C), low subzero (−4  °C to 0  °C), 
freezing (−20  °C to −150  °C) in mechanical/
electrical freezers, or vapor-phase liquid nitrogen 
(to a minimum of −196 °C). Repeated free–thaw 
and warm temperature exposure can stress sam-
ples and render them unsuitable for further analy-
sis. For example, failure to achieve 
sample-type-specific freezing and storage might 
allow plasma proteases to degrade essential pro-
teins and, in turn, affect proteomics or metabolo-
mics data. To maintain viability of samples 
thawed from long-term storage (−80  °C), the 
researcher must follow proper cell thawing proto-
col and avoid multiple freeze thawing cycles. 
Last, when samples are removed, the biobank 
records must be updated immediately.

Removal and Transfer The decision to distrib-
ute samples can be at times complex. The differ-

ent stakeholders in a particular biobank might 
have competing interests that affect access policy. 
For example, the institution that has invested sig-
nificant time and resources in the development of 
a biobank may require some form of compensa-
tion for use. The researchers who enrolled the 
subjects have a more personal connection to the 
samples and would likely seek academic credit. 
Biobanks that are funded by public or private 
efforts have an interest in samples being utilized 
as do the patients who enrolled in the study and 
donated their specimens and clinical data [24]. In 
order to merge these interests, most biobanks 
have a written access policy based in some way 
on the “best practices” document published by 
the International Society for Biological and 
Environmental Repositories [25, 26]. These poli-
cies weigh the scientific merit, potential value/
impact, and ethical nature of applications though 
the criteria are by no means standardized across 
disciplines [24].

Shipping Once a request for samples has been 
approved, preparation begins for transfer of sam-
ples. In noncommercial settings, the next step is the 
generation of a material transfer agreement (MTA) 
to formalize the transfer of materials and their 
linked annotation between investigators and insti-
tutions. MTAs are legal documents designed to 
clarify the rights and responsibilities of both parties 
related to the samples being transferred. They gen-
erally address proper use, indemnification, and 
restriction of third-party dissemination [22].

The actual transfer of samples between sites 
generally involves the use of couriers. These 
shipments must adhere to regulations regarding 
the use of hazardous shipping items (chemicals 
and dry ice as well safe handling of potentially 
infectious substances of human origin). Because 
the use of a courier does not absolve the sender of 
liability, the individual preparing the shipment 
must be trained in International Air Transport 
Association (IATA) requirements [22].

Quality Assurance Given their important role in 
biomedical research, biobanks are subject to high 
levels of scrutiny and quality assurance to the 
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adequate quality control. These efforts, which are 
summarized in Table 9.1, begin with the develop-
ment of standard operating procedures (SOPs), or 
highly detailed protocols that operationalize all 
aspects of the repository and its activities. The 
SOP should be written clearly and directions that 
are detailed enough to direct even a first-time 
user. Changes to the SOPs should only occur 
with the approval of the relevant stakeholders, 
and deviations should be documented clearly in 
the processing logs. As with all laboratory proto-
cols, SOPs should be maintained at the bench in 
an accessible procedure manual [22]. Personnel 
should adhere to the universally accepted stan-

dards of good laboratory practice (GLP) [27]. 
Repository activities benefit from periodic audits 
of operational aspects including adherence to 
SOPs, record keeping, equipment maintenance, 
inventory, and freezer logs [22]. They also benefit 
from regular evaluations of quality control related 
to specimens of interest. While for bodily fluids 
this might be restricted to documentation of pro-
cessing times, storage times, and temperatures, 
more sophisticated laboratories might assess 
reproducibility of assays across randomly 
selected duplicate aliquots [8, 22]. Quality con-
trol for tissues can be more complex, and it has 
been reported that up to 15% of tissue procured 

Table 9.1 PCCSM biobank: quality assurance according to ISBER best practices 

General 
operations 
level

Standard operating procedures 
(SOP) [22]

Explicit, direct protocols that can be utilized by new and 
experienced personnel

Financial plan [19] Financial plan that predicts potential cost of biobank [19]
Monitor biobanks budget and adjust accordingly [19]
Budget for maintenance and repairs for equipment

Organizational planning [19] Policies in place that apply to entire life span of the biobank [19]
Communication [19] Procedures, goals, and policies accessible to stakeholders [19]
Termination plan Establishing a trajectory for study and what to do with biobank 

samples, data, and medical information once finished
Quality 
control 
level

Good laboratory practice 
(GLP) [27]

Standard method of process, storing, and transferring samples

Regular audits [22] Inspects SOPs [22], inventory, and recorded data, equipment 
management

Facilities [19] Temperature, sufficient space for processing and storage, proper 
lighting, generators [19]

Storage and processing 
equipment [19]

Storage suits the specimen [19]
Regular maintenance and monitoring of equipment
Personnel trained to use equipment properly
Regular decontamination [19]
Temperature record [19]

Management of data [19] Secure databases containing records of samples and data
Employee 
level

Employee education and 
competency

Trained and educated personnel that adhere to SOPs [22], uphold 
GLP [27], and subject privacy

Training [19] Examples: (if applicable)
  Handling of hazardous/chemical materials and waste
  Biological safety level training
  Handling of human or animal specimen training
  HIPAA
  Good laboratory and/or clinical practice training

Packaging and shipping [19] Courier services
Air: Abide by IATA regulations [19]
Ground: Abide by national/institutional conditions for preparing 
sample shipment

Personal safety Enforce federal/institutional safety policies and protocols that avoid 
injury to subjects and personnel [19]
Personal protective equipment (PPE)
Lab emergency equipment and protocols available
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for research are unsuitable for use [28]. This fail-
ure may result from sampling of a relatively “nor-
mal” area of diseased tissues or an unacceptably 
long time between procurement and processing 
[22]. Several methods have been proposed to 
address these challenges; however, no consensus 
exists. Last, and perhaps, the most important for 
biobank function is the education and engage-
ment of employees. Personnel must be trained in 
good laboratory practice, adherence to SOPs, and 
human subjects’ protection [19, 22, 27].

Safety By virtue of collecting human specimens, 
a repository is by definition a collection of hazard-
ous material. All human samples are handled with 
universal precautions [29] with the use of personal 
protective equipment (PPE) and assumed to be 
potentially infectious, even if the donor is known 
to have tested negative for major bloodborne 
pathogens. This is critical to the safety of person-
nel working in the laboratory and receiving the 
samples. These individuals should undergo 
Hepatitis B vaccination and receive training and 
yearly recertification in work with bloodborne 
pathogens [21]. They should also be competent in 
the handling of chemical hazards as many of the 
compounds used in storage and processing are 
known to be biological and reproductive hazards. 
Shipment of these materials requires specialized 
training as does the handling of spills, contamina-
tion, and disposal of toxic waste. Last, the freezers, 
hoods, and laboratory spaces used for work with 
human specimens should be labeled as such [19].

 Types of Biobank Specimens 
in PCCSM Research

Biobanks developed using the above approaches 
may house a wide variety of biological speci-
mens that can be used in research studies. In 
addition to peripheral blood, which is an easily 
accessed specimen that is obtainable from nearly 
all subjects, PCCSM studies may also involve the 
study of sputum, bronchoalveolar lavage fluid, 
induced sputum, pleural fluid, and lung tissue. 
The importance of these samples is discussed 
briefly below and depicted in Fig. 9.3.

Peripheral Blood Due to its minimally invasive, 
time-efficient, inexpensive, and easily repeatable 
nature, peripheral blood is a key sample in 
precision- based PCCSM studies. Specimens of 
interest may include the study of fluid compo-
nents such as unseparated whole blood, plasma, 
and cellular components such as leukocytes, 
erythrocytes, and platelets.

In this method, a certified phlebotomist collects 
blood into either anticoagulant fortified tubes (for 
plasma and cells) and noncoagulating tubes (for 
serum). The needle should be at least 23 gauge to 
avoid hemolysis and the blood drawing should 
occur slowly and smoothly [21]. The plasma and 
serum can also be collected in non- gel or gel 
(polymeric) tubes [31]. The polymeric tubes pos-
sess Ficoll abilities, blood layer separation by a 
density gradient during centrifugation, that is use-
ful for the isolation of different components of 
blood such as leukocytes, monocytes, erythro-
cytes, and plasma. The tubes associated with a 
plasma draw are specified by its anticoagulant 
nature and include heparin, citrate, or potassium 
ethylenediaminetetraacetic acid (EDTA) [31]. 
Prior to initiation of sample collection, it is impor-
tant to determine the ultimate application as this 
will dictate the proper anticoagulant as some anti-
coagulants are not compatible with certain ana-
lytic methods. Anticoagulants may also alter the 
activation state of cells so it is important to under-
stand the optimal collection matrix for a given 
application [32]. Leukocytes are generally isolated 
using density gradient based methods to isolated 
peripheral blood mononuclear cells (PBMCs) 
while neutrophils, erythrocytes, and platelets 
require more specialized techniques. The cell-free 
fraction (plasma or serum) can be used for mea-
surements of soluble mediators that include pro-
teins [33], metabolites [34], nucleic acids [35] and 
are also amenable for the generation of condi-
tioned media. Similarly, once the cells are 
obtained, they are then appropriate for immediate 
use in fluorescence-activated cell sorting (FACS) 
[36], genomics and transcriptomics [37], pro-
teomics, metabolomics, and cell culture [38]. They 
may also be cryopreserved and banked for future 
studies [39]. As with the choice of anticoagulation, 

J. Winkler and E. L. Herzog



125

it is important to consider the downstream applica-
tion when choosing the storage method.

Sputum In addition to their clinical utility in 
diagnosing infections, sputum samples possess 
great value in the study of lung disorders [40]. 
Sputum induction is a noninvasive, repeatable 
method of obtaining information on the microen-
vironment of the lower respiratory tract. The 
standard protocol for sputum induction begins 
with the patient taking bronchodilators followed 
by inhaling nebulized hypertonic saline to induce 
expectoration of sputum into a collection con-
tainer. The sample can then be processed [40] and 
cells subject to classical evaluations such as 

 manual cell counts and more sophisticated stud-
ies such as mass cytometry [41] and transcrip-
tional profiling [42].

Bronchoalveolar Lavage Bronchoalveolar 
lavage refers to a procedure in which a sedated 
patient undergoes bronchoscopic sampling of 
alveolar fluid via the instillation and controlled 
removal of isotonic saline [43]. In the clinical set-
ting, aliquots extracted from the procedure are 
utilized for microbial (initial aliquot) and cellular 
examination (subsequent aliquot denote the alve-
olar space). When BAL samples are used in 
research, they are either procured under a research 
protocol or obtained from excess clinical samples 

Fig. 9.3 Commonly studied biobank specimen in 
PCCSM Research: This image illustrates the types of bio-
bank specimen utilized in pulmonary critical care and 
sleep medicine (PCCSM) research. The following speci-
mens are pleural effusion, sputum, bronchoalveolar 
lavage, lung tissue, and peripheral blood. Pleural effusion 
can be useful in order to investigate pleural pathology. 
Sputum is a noninvasive, easily reproducible sample that 
represents the microenvironment of the lower respiratory 

tract. Bronchoalveolar lavage is a more invasive but useful 
tool in sampling the alveolar fluid for cells, microbes, and 
soluble mediators [30]. Lung tissue can be utilized for 
many different types of laboratory examinations and 
assays. Peripheral blood is an important biobank speci-
men because it is minimally invasive, easily reproducible, 
and inexpensive while conveying a substantial amount of 
information about the lungs and body. (Adapted with per-
mission from Super Teacher Worksheets)
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that would have otherwise been discarded [30]. 
When this method is performed for research pur-
poses, it is important to determine the differential 
cell count of the fluid pellet, which can then be 
used for FACS-based or transcriptional studies 
[44]. The fluid, in contrast, is typically centri-
fuged and stored in aliquots for further use in 
studies of protein composition [45], metabolic 
properties [46], nucleic acid content [35], micro-
bial content [47], and lipid composition [40].

Pleural Effusions Studies of pleural pathology 
frequently involve the analysis of pleural effu-
sions obtained at the time of thoracentesis. 
Because transudates are believed to arise from an 
imbalance of hydrostatic forces that arise from 
extrapulmonary conditions, exudates  – which 
arise due to pathologies affecting the lung or pleu-
ral space mechanism [48] – are more likely to be 
studied by PCCSM investigators. The pleural 
space is easily accessible during routine clinical 
procedures, and fluid is typically removed in 
excess of the volume required for clinical analy-
sis. Multiple endpoints of interest can be studied 
in these specimens [49] including cell-based stud-
ies for flow cytometry [50], microarray or 
sequencing [51], mechanical responses [52], and 
biochemical evaluation of fluid composition using 
proteomics [53] or ELISA [54]-based methods.

Lung Tissue Surgical lung samples obtained 
through excess clinical samples obtained at lung 
biopsy, transplant, or autopsy may also be housed 
in a PCCSM biobank. These specimens, which 
are used clinically for the histologic study of the 
lung in health and disease, are also amenable for 
research purposes. For studies of bulk genomics 
such as transcriptional or proteomic work, snap 
frozen samples may be adequate [55] but for 
more complex single-cell evaluations, prepara-
tion of single-cell suspensions followed by cryo-
preservation is usually required [56]. Tissues can 
also be processed for the isolation of parenchy-
mal and immune populations [36]. Explanted or 
resected lungs can also be used for the generation 
of ex vivo mimetics of the pulmonary microenvi-
ronment such as decellularized matrices [57] and 
precision cut lung slices [58].

Other Samples As science progresses it is likely 
that additional specimens such as oral or stool 
specimens, for study of the microbiome [47], or 
the recently reported presence of lung disease–
associated biomarkers in the urine [59], will 
become more widespread.

In summary, the uniquely assessable nature of 
the lung creates multiple opportunities for the 
sampling of specimens. Proper handling and stor-
age of these specimens may yield new insights 
into both common and rare disorders affecting 
the respiratory system.

 Clinical Data Considerations 
in PCCSM Research

Another crucial factor in biobank management 
is the handling of clinical data. Because the 
samples will be used for studies of human dis-
ease, it is imperative that the linked clinical 
information be well curated and easily acces-
sible [21]. In terms of the medical history, 
demographics such as age, sex, race, weight, 
and BMI are nearly mandatory components as 
are diagnosis, comorbid conditions, medica-
tions, and smoking status. Because many pul-
monary conditions are  associated with 
exposures, occupational history may be rele-
vant. Physiology assessments such as absolute 
and percent-predicted spirometry values, lung 
volumes, and diffusion capacity are helpful 
parameters to include, especially when the 
goal is to study associations with disease sever-
ity. The results of imaging exams such as chest 
X-rays, CT scans, and echocardiograms might 
be relevant in forms of chronic lung diseases 
[60]. In some settings, the results of 6-minute 
walk testing and oxygen desaturations may be 
relevant. For longitudinal studies, serial mea-
surements of both the biomarker and its linked 
biologic parameter over time are required so 
the clinical phenotyping requires a way to 
enter serial values [4, 5, 61]. If the endpoint of 
interest is a categorical outcome such as hospi-
talization, transplantation, or death, the data 
management requires a method to both capture 
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this information and to enter it into the data-
base [62]. For studies of the critically ill, mul-
tiple clinical variables are available and the 
investigators must decide which attributes are 
most relevant [7]. It is here that a link to the 
electronic medical record might be useful [63]. 
For studies of sleep-related disorders, data 
regarding PSG results and CPAP adherence 
may be included along with comorbid condi-
tions and outcomes [6].

 Challenges

As can be seen, the optimal operation of PCCSM 
biobanks requires adherence to a set of well- 
defined criteria to optimize the ethical collection of 
specimens and data. However, even in the best situ-
ations unforeseen challenges may arise. Most of 
these issues relate to the use, relevance, and owner-
ship of specimens. A description of potential pit-
falls is outlined below and summarized in Table 9.2.

Underuse of Samples A common problem 
encountered by some biobanks is the underuse of 
samples [64]. As sample collection progresses, 
unless there is a constant outflow of specimens, the 
repository size and complexity may grow to over-
whelm the resources available for their mainte-
nance. This concern can be alleviated to some extent 
with rational design based on clear goals and peri-
odic inventory matching intake with output [22]. 
The growth of national and international efforts and 
virtual biobanking may offset these concerns.

Variability Inherent in the development of 
precision- based methods is the need for deriva-
tion and replication cohorts. This principle 
requires that a finding be reproduced in at least 
one independent cohort. Very robust findings 
might be able to withstand the lab-to-lab variabil-
ity in processing and output but some situations 
[33], particularly those related to heterogeneous 
disease situations such as cancer or fibrosis, 
might be more challenging to reproduce. Thus, 
when a repository-supplied sample cohort fails to 
confirm the original finding, it will be up to the 
investigators to determine whether technical or 
biological limitations account for the finding.

Bias A third challenge to the use and importance 
of biobanks is bias. Bias might arise in the enroll-
ment phase to result in the participants being 
unrepresentative of the intended study popula-
tion. For example, the UK Biobank which seeks 
to enroll across a spectrum of demographics and 
conditions has recently published a “healthy vol-
unteer bias,” in which enrolled subjects showed 
statistically significant differences in age, sex, 
socioeconomic status, rates of smoking, and 
alcohol use than people in the general population 
[65]. Similar forms of bias likely exist in disease- 
specific biobanks, which due to recruiting from 
academic medical centers are more likely to 
enroll complex and advanced patients than are 
followed by community practitioners. Bias may 
also arise in the laboratory-based aspects of a 
biobank where variation in day-to-day practice, 
storage, freeze–thaw, and other factors might 
influence the performance of a given sample in a 
particular analytic [21].

Table 9.2 Challenges that emerge with establishing and 
running a PCCSM Biobank

Challenge Description Potential solutions
Underuse of 
samples 
[64]

Study growth 
exceeds resources 
support

Clear goals and 
regular 
monitoring of 
sample intake 
and output [22]

Variability Reproducibility of 
samples among 
institutions

Follow 
standardized 
operational [22] 
and laboratory 
procedures

Bias Enrollment not 
representative
Accept everyone 
[65], accept no one

Subject 
enrollment is 
representative of 
disease 
population

Shortage 
and 
relevance of 
samples

Clinically based 
shortages due to 
changes in 
approaches to 
diagnosis and 
disease [66]

Constantly 
adapting to 
advancements in 
medicine and 
techniques

Ownership 
of samples

Ambiguity of 
ownership between 
institution and 
investigator

Legal and ethical 
contract 
established 
before study [8]
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Shortage and Relevance of Samples Another 
challenge faced by repositories is shortage of sam-
ples due to changes in clinical practice. One exam-
ple of this is the situation in the field of lung 
fibrosis in which excess portions of clinically indi-
cated lung biopsies were once robust of tissue 
from patients with early-stage disease. However, 
as imaging technology has progressed, lung biop-
sies are now quite rare and only performed in 
patients with a somewhat atypical presentation 
[66]. In addition, the clinical criteria for the dis-
ease have continued to evolve with a less restric-
tive diagnostic algorithm, and the introduction of 
new therapies has changed the management and 
clinical outcomes for patients with this condition 
[66]. It is the responsibility of the receiving 
researcher, and not the biobank, to deal with the 
scientific implications of the latter concern.

Ownership of Samples One little mentioned 
aspect of biobanks is that the samples belong to 
the institution and not the individuals. This con-
cept can lead to conflict when an investigator that 
founded or operated a successful banking opera-
tion leaves the institution. In such events, legal 
agreements are required to arrive at a suitable 
compromise [8]. Similar problems can arise 
when funding or approval for a biobank lapses 
and the fate of thousands of specimens is put in 
jeopardy. Here, it would be hoped that an agree-
ment with a third party can be reached to assume 
operation and ownership of the biomaterials and 
their linked clinical data. Such was the case with 
the Lung Tissue Research Consortium, which 
successfully transitioned from being managed by 
academic investigators to a third party CRO [12]. 
It cannot be stressed enough that any change in 
sample ownership must occur in a legal and ethi-
cal manner that is consistent with the consent 
form signed by the patient.

The rapidly changing nature of the scientific 
landscape renders it impossible to anticipate 
the future challenges in biobanking. Adherence 
to best practices and close communication 
between stakeholders and legal entities are the 
best approaches to support and protect reposi-
tory efforts.

 Conclusion

Biospecimens are the cornerstone of any attempt 
at precision medicine. The changing landscape of 
PCCSM research has required new approaches to 
enrollment and retention of subjects, stakeholder 
involvement, financing, specimen handling and 
storage, data transfer, and quality control, and the 
ability to face new and unforeseen challenges. 
Assiduous attention to these aspects will ensure 
the success and sustainability of current and 
future banking efforts to promote respiratory 
health for future generations.
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 Introduction

Chronic obstructive pulmonary disease (COPD) 
and asthma are the two most common obstructive 
lung diseases [1–3]. Both individually and com-
bined, these diseases have a significant impact on 
human morbidity and mortality worldwide. 
Although COPD and asthma differ in etiology 
and pathophysiology and are considered distinct 
diseases, they share clinical manifestations, such 
as airway inflammation and obstruction. 
Consequently, the therapies used to manage these 
diseases overlap as they are directed toward 
reducing airway inflammation and reversing 
bronchoconstriction. The overlap of asthma and 
COPD, referred to as asthma–COPD overlap 
(ACO), further contributes to the heterogeneity 
and the difficulty of management and treatment 
of obstructive lung diseases [4].

Early treatment approaches for asthma and 
COPD led to an initial improvement in symp-
toms, exacerbation rates, and hospitalizations. 
Unfortunately, most available pharmacotherapy 
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Key Point Summary
• Obstructive lung diseases, including 

asthma, COPD, and ACO, are well 
suited to precision medicine initiatives 
given their heterogeneous nature, the 
existence of clinically relevant pheno-
types, and the lack of therapeutic 
options specifically targeted at their 
endotypes.

• Despite some lack of standardization 
and replication across several efforts, 

omics-based biomarker studies have 
shown impressive results for the identi-
fication of endotypes and for the guid-
ance of targeted therapeutics in 
obstructive lung diseases.
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is still limited to treating airway inflammation 
and bronchoconstriction, and despite early prom-
ise, the initial decline in asthma hospitalizations 
has flattened, while COPD hospitalizations are 
on the rise [5, 6]. This, in part, reflects the fact 
that most clinical trials have not been designed to 
capture heterogeneity in response to therapy in 
large heterogeneous populations, and, therefore, 
their outcomes are driven by a subset of patients. 
Consequently, the number needed to treat often 
exceeds 10 patients for one patient to benefit. 
This underlines the need for new approaches to 
improve health benefits and limit costs for indi-
vidual patients. Precision medicine, the tailoring 
of therapies to individual patients and patient 
groups based on genetic, biomarker, and/or phe-
notypic characteristics that distinguish them from 
other patients with similar clinical presentations, 
has great potential to improve health [7]. A num-
ber of different asthma and COPD endotypes 
(i.e., subtypes of disease defined by distinct func-
tional or pathobiological mechanisms) have been 
identified, and, as such, these diseases are often 
considered a collection of disorders rather than 
single diseases. However, to date, there are few 
options for diagnostic testing to identify specific 
endotypes or targeted therapeutics to treat them.

A promising approach to precision medicine 
for obstructive lung diseases is the use of 
biomarker- defined endotypes to guide focused 
treatment as evidenced by existing applications 
of biomarkers, such as eosinophils, to predict 
therapeutic response and guide treatment in both 
asthma and COPD [8–10]. With the advent of 
high-throughput genomics, proteomics, and 
metabolomics technologies, we are now on the 
threshold of rapidly advancing endotype-specific 
biomarkers for the implementation of precision 
medicine for obstructive pulmonary diseases.

 Asthma

Asthma affects nearly 340 million people world-
wide across all age groups and is responsible for 
an estimated 1000 deaths every day [11]. Asthma 
arises from complex, and as of yet not fully 
understood, nonlinear dynamic interactions 

between genetics and the environment, with the 
vast majority of cases (~95%) estimated to begin 
in childhood. The term “asthma” derives from the 
ancient Greek to mean “short-drawn breath, hard 
breathing, or death rattle,” and it was in 1698 that 
Sir John Floyer first hypothesized that bronchial 
constriction was the cause for these symptoms. 
By the late nineteenth century, more formalized 
definitions of asthma incorporating an associa-
tion with allergy and environmental triggers were 
being developed, although treatments such as 
epinephrine, anticholinergics, methylxanthines, 
and inhaled β2-agonists were not introduced until 
the first half of the twentieth century. From this 
point onwards, there was an explosion in the 
development of treatments for asthma, including 
corticosteroids in the 1950s.

With these therapeutic opportunities came the 
realization of the heterogeneous nature of asthma. 
While for many years it was conceptualized as a 
single disease, it is now considered to be a broad 
“umbrella” for a group of distinct but related dis-
ease phenotypes, largely based on differing 
responses to the same therapeutics [12]. Initially, 
patients determined to be asthmatic were all 
treated in a similar manner, chiefly with broncho-
dilators and corticosteroids, despite variability in 
therapeutic success. Thoughts then turned to phe-
notyping as a means to guide treatment. In par-
ticular, two phenotypic characteristics of great 
importance were considered to be “age at onset” 
and atopy [13]. Although asthma continues to 
often be defined by either allergic status, or child-
hood- versus adulthood-onset, such broad group-
ings are of limited use, particularly with regards 
to the concept of precision medicine.

Despite some phenotype-driven therapeutic 
success, it has become increasingly evident that 
there are multiple characteristics of great impor-
tance for defining asthma and that even within the 
same phenotype not all cases are alike [13]. 
These characteristics include differing levels of 
severity, progression and therapeutic response. 
Furthermore, phenotypes are not mutually exclu-
sive; several phenotypes can exist within a patient 
while differing phenotypes may in fact show the 
same response to a therapeutic intervention. 
Confounding comorbidities and coexisting con-
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ditions, such as sleep apnea, obesity, pregnancy, 
vaccinations, and smoking, all contribute to this 
complexity, and there is currently no unified sys-
tem of classification [12]. Consequently, despite 
a number of attempts to identify and define the 
most prevalent phenotypes, including notable ini-
tiatives such as the global Asthma Phenotype 
Task Force, there is currently no definitive list of 
asthma phenotypes [14]. Therefore, a phenotypic 
approach is currently insufficient to predict, mon-
itor or guide the treatment of asthma [15]. Further, 
phenotypic characteristics of asthma do not nec-
essarily relate to, or provide any insight into, the 
underlying pathogenesis or biological mecha-
nisms [16]. Consequently, the field is now begin-
ning to move toward linking clinical phenotypes 
to molecular processes [13, 17, 18], in other 
words, to move from phenotype to endotype.

 Asthma Endotypes

One of the best examples of an asthma endotype 
is what was initially broadly categorized as “aller-
gic” asthma. Approximately 60% of asthma is 
considered to be allergic, and it is particularly 
common among early-onset asthma and milder 
cases [12, 19]. The allergic definition, which is 
diagnosed through testing skin prick reactivity to 
allergens and/or by measuring the serum levels of 
specific immunoglobulin E (IgE), is based on air-
way inflammation caused by antigen-presenting 
cells that promote the production of type 2  T 
helper (Th2) cells from naïve T lymphocytes. Th2 
cells then mediate an allergic cascade through 
pro-inflammatory Th2 cytokines, that is, interleu-
kin (IL)-4, IL-5, IL-9, and IL-13, which trigger 
the activation and recruitment of IgE antibody 
producing B cells and the subsequent release of 
pro-inflammatory mediators, including tryptase, 
histamine, prostaglandins, and leukotrienes [12, 
15]. As our understanding of the role of Th2 cells 
increased, the term “allergic” asthma largely gave 
way to “Th2-high expression profile” [13]. 
However, it was subsequently shown that cyto-
kines including IL-4, IL-5 and IL-13 could also be 
produced by non-Th2 cells, such as basophils, 
mast cells, and eosinophils. Consequently, this 

condition is now characterized by many as “Type 
2 asthma” to reflect its more diverse immunologic 
origin [13]. Although the terms allergic and Th2 
asthma are still commonly used, the term Type 2 
(or Th2-high) asthma more accurately reflects a 
biologically informative endotype while the 
remaining patients are characterized by what they 
are not, that is, non-Type 2 asthma [20]. 
Nevertheless, Type 2 asthma itself can, and 
should, be further subdivided into more meaning-
ful groups as it encompasses both childhood and 
adult onset asthma, high and low levels of IgE/
atopy, mild-to-severe cases and importantly, dif-
fering responses to therapeutics, ranging from 
excellent to poor, which likely implicate differing 
pathologies [21]. The complexity of the underly-
ing mechanisms of asthma, involving interac-
tions, regulatory feedback, and multiple 
competing and complementary pathways is high-
lighted in Fig. 10.1. This figure also illustrates a 
number of components involved in the manifesta-
tion of asthma that have been utilized as biomark-
ers or therapeutic targets. As the evolving concept 
of allergic asthma demonstrates, the definition of 
asthma endotypes is not trivial and remains a 
developing concept.

Accurate and reproducible endotyping would 
be of great utility for the study and management 
of asthma. One of the key reasons to define an 
endotype is to enable the development of more 
“precise” treatments that target specific pathways 
known to be dysregulated in that particular endo-
type. Biomarkers have a crucial role to play in 
every stage of this process; they can be utilized to 
predict, define or diagnose an endotype, to moni-
tor disease progression or severity, and, as has 
been most commonly done to date, to assess 
response to treatment. In fact, many of the cur-
rently used asthma biomarkers have been pro-
posed to fill several of these roles.

Interestingly, two of the first biomarkers of 
asthma, that is, blood levels of IgE and eosino-
phils, which correlate with the presence and 
severity of asthma [20], continue to be among the 
most widely used biomarkers and have driven the 
development of biologics like omalizumab, 
which prevents the interaction of IgE with the 
high-affinity receptor FcεRI on mast cells, eosin-
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ophils, basophils, and dendritic cells [22]. 
However, the way in which these biomarkers are 
used has evolved as the understanding of asthma 
endotypes has increased. In particular, blood 
eosinophilia has been crucial in the identification 
of Type 2 immune response–driven inflammation 
in asthma patients as well as in the response to 
the anti-IL-4/IL-13 and anti-IL-5–targeted treat-
ments (e.g., mepolizumab) [15]. However, eosin-
ophil levels alone cannot identify a single distinct 
endotype: in addition to the eosinophilic inflam-
mation endotype, there is a mixed granulocytic 

endotype that is characterized by elevated levels 
of both eosinophils and neutrophils, as well as a 
neutrophilic inflammation endotype, and a pauci-
granulocytic inflammation endotype that is char-
acterized by normal neutrophil and eosinophil 
levels [15]. Furthermore, it has been noted that 
there is little correlation between systemic blood 
eosinophilia with local sputum or bronchial 
eosinophilia. Therefore, the eosinophil levels in 
these differing biosamples cannot be used inter-
changeably as they may reflect further subdivi-
sions of the Type 2 endotypes [12, 15].
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Fig. 10.1 Pathways involved in the pathogenesis of 
asthma and the constituent variables within them that have 
been utilized to guide therapeutics or define endotypes. B 
Basophil, CCL CC chemokine ligand, DC Dendritic cell, 

E Eosinophil, F Fibroblast, IgE Immunoglobulin E, IL 
Interleukin, ILC2 Type 2 innate lymphoid, N Neutrophil, 
Th T Helper, TGF Transforming growth factor, TNF tumor 
necrosis factor, TSLP thymic stromal lymphopoietin

R. S. Kelly et al.



135

As alluded to above, neutrophils have also 
been commonly used as biomarkers in asthma. 
Neutrophils are triggered by IL-8 and contribute 
to eosinophilic activity; however, they have been 
reported to have some independent biomarker 
ability, related to FEV1 and response to metha-
choline challenge [15]. Other commonly used, 
“classic” biomarkers of disease, severity and 
therapeutic response include fractional exhaled 
nitric oxide (FeNO), leukotrienes and lipoxins, 
which can act as markers of inflammation. 
However, as with eosinophils and neutrophils, 
there is some contradictory evidence regarding 
their clinical utility [23, 24].

Despite the uncertainty surrounding Type 2 
endotypes and their appropriate biomarkers, 
progress is still far beyond that for non-Type 2 
asthma [17]. This largely stems from the fact that 
the pathological pathways that contribute to non- 
Type 2 asthma are more complex and less well- 
understood [13]. As such, there are less existing 
precision medicine initiatives, and to date no 
endotype-driven interventions have been proven 
effective for non-Type 2 asthma [13]. Non-Type 
2 asthma, with prevalence estimates that range 
from 10–33%, tends to develop later in life, to be 
more common in women, and to be associated 
with obesity and infection [25]. Importantly, it 
also appears to correlate with more severe asthma 
and a lower responsiveness to standard therapy 
[15]. Therefore, new precision approaches to bet-
ter characterize, understand, and treat non-Type2 
asthma are urgently needed.

Moving beyond classic biomarkers, most of 
which fall along the inflammatory cascade, novel 
biomarkers have an important and growing role 
in the era of precision medicine. In particular, the 
use of omics technologies for the high- throughput 
profiling of genetic variation, gene transcripts, 
proteins, and metabolites to identify biomarkers 
are beginning to come to the fore. The most 
prominent of these are genome-wide gene expres-
sion studies. A number of genes including chlo-
ride channel, calcium-activated, family member 
1 (CLCA1), periostin (POSTN), and serpin fam-
ily B member 2 (SERPINB2) have all been found 
to be upregulated in people with asthma and 
downregulated by corticosteroid treatment, while 

increased expression of CLCA1, periostin, and 
SERPINB2 have been associated with good clini-
cal response to corticosteroids, and FK506- 
binding protein 51 (FKBP51) with a poor 
response [13, 26, 27]. Similarly, dipeptidyl pepti-
dase 4 (DPP4) expression has been indicated as a 
biomarker of response to anti-IL-13 therapies 
[28]. Thus, gene expression signatures offer diag-
nostic, endotyping, and therapeutic guidance and 
response biomarker potential [26]. MicroRNAs 
(miRNAs), small noncoding single-strand RNA 
chains that are involved in post-transcriptional 
regulation processes, are also of particular inter-
est due to their effects in the immune system. 
They have demonstrated utility in the diagnosis 
and characterization of asthma, while also reveal-
ing new biological insights. In particular, serum 
levels of miRNA-1248 were shown to differ 
between people with and without asthma, and 
this miRNA was subsequently found to interact 
with, and increase expression of, IL-5, which was 
not previously known to be post-transcriptionally 
regulated [29]. Epigenetic mechanisms, includ-
ing DNA methylation, histone modifications, and 
noncoding RNAs, may also regulate gene expres-
sion, and epigenetic regulation has indeed been 
shown for a number of genes involved in the 
effector pathways regulating T cell activation, 
such as interferon (IFN)-γ, IL-4, IL-13, and IL-1. 
However, there is still a significant gap in the 
understanding of how epigenetic marks influence 
asthma [30].

The genetic landscape of asthma has been 
widely studied [31]. Genes such as HLA, IL13, 
IL33, thymic stromal lymphopoietin (TSLP), and 
IL-1 receptor like 1 (IL1RL1), which encode the 
receptor for IL-33, are associated with asthma 
onset, while a 17q21 locus, which contains both 
ORMDL3 and GSDML genes, remains one of the 
most replicated regions for childhood onset 
asthma. Initiatives such as the Beta Adrenergic 
Response by Genotype (BARGE) study have 
identified variants in ADRB2 that are associated 
with response to short-acting β2-agonist therapy, 
but results have been variable in other studies. 
Although genetic findings have provided crucial 
insights into asthma biology, aided with the iden-
tification of potential therapeutic targets and 
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likely play a critical role in the determination of 
asthma endotypes, they have offered little in the 
way of clinically translatable biomarker develop-
ment. This may be due to the fact that as a poly-
genic disorder, a single genetic variant is 
insufficient for prediction, diagnosis, or monitor-
ing. Rather, one would need to characterize and 
understand a large proportion of an individual’s 
genome to truly quantify and assess these factors, 
and, even then, this would not be sufficient with-
out a detailed knowledge of the exogenous and 
environmental factors that interact with this 
genome. This suggests that asthma precision 
medicine is still likely decades away from being 
achieved for the management of asthma, if indeed 
it is possible at all.

The omes that are downstream of the genome, 
including the proteome, metabolome, and micro-
biome, are often heralded for their closer rela-
tionship to phenotype, and, therefore, the 
mechanistic understanding they can impart in 
addition to their ability to act as biomarkers. 
They also have the benefit of being relatively 
easy and inexpensive to measure noninvasively. 
Results of metabolomics studies are particularly 
promising [32], with volatile organic compounds 
measured in exhaled breath arising as potential 
biomarkers for the prediction or presence of 
asthma in children [33, 34]. The focus on exhaled 
compounds has been awarded its own 
“breathomics” subspecialty. Proteomics findings 
have been similarly encouraging. For example, 
bronchial levels of Galectin-3 have been shown 
to correspond to improvement in respiratory 
function following treatment with the anti-IgE 
monoclonal antibody, omalizumab [35]. 
However, although international efforts are 
ongoing to address the issue, the lack of stan-
dardization and validation in metabolomics and 
proteomics studies has hampered the ability of 
biomarkers to reach the stage of clinical transla-
tion [32, 36]. The microbiome is in the earliest 
stages of development in terms of biomarkers 
and although it has been shown that bacterial 
diversity and burden are greater in people with 
asthma than those without it, and that the micro-
biome is critical in asthma susceptibility and 
development, there is little evidence to suggest 

that microbial taxa can play a role in asthma pre-
cision medicine [37]. In many ways omics can-
didate biomarkers reflect or confirm what is 
already known of asthma biology: candidate bio-
markers are regulators or products of pathogenic 
pathways in asthma such as immunity and 
inflammation, hypoxia and oxidative stress, and 
complement cascades. Nonetheless, they also 
offer novel insights into specific mechanisms 
and will likely play a critical role in the era of 
asthma precision medicine moving forward.

 COPD

Chronic obstructive pulmonary disease (COPD) 
is an umbrella term to describe a heterogeneous 
disease that includes multiple phenotypes and 
endotypes. These entities are unified by the com-
mon physiology of airflow obstruction that is not 
completely reversible. Since the term COPD was 
first coined in the mid-1960s [38], little has 
changed in this oversimplified method of diagno-
sis or in the characterization of the disease. While 
initial classification of COPD consisted of those 
with emphysema (termed pink puffers) or chronic 
bronchitis (termed blue bloaters), we have come 
to realize that COPD is far more complex in its 
etiology and pathophysiology. Traditionally, 
FEV1, FVC, and their ratio are used to define and 
quantify COPD severity, although this measure-
ment is inadequate in describing COPD hetero-
geneity, predicting clinical course, or directing 
therapy. Hence, there has been a drive to identify 
COPD phenotypes with unique characteristics 
that correlate with clinically meaningful out-
comes, such as symptoms, exacerbations and/or 
mortality. Ideally, these phenotypes would be 
linked to an underlying biological process and 
represent a true endotype with directed therapy. 
With the exception of COPD related to alpha1- 
antitrypsin deficiency (AAT) deficiency, no 
COPD-specific endotypes with clinically relevant 
treatments exist. Several broad clinically relevant 
phenotypes have been identified, along with 
phenotype- directed therapies, which have been 
mostly limited to long-acting bronchodilators 
and nonspecific anti-inflammatory medications. 
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Commonly recognized clinical phenotypes con-
sist of the frequent exacerbator, rapid decliner, 
asthmatic with “fixed” obstruction, and asthma/
COPD overlap. With the advent of quantitative 
computed tomography imaging, which provides 
high resolution of anatomy, we can now identify 
imaging-based phenotypes consisting of emphy-
sema and/or small airway thickness. However, 
without understanding the underlying pathobiol-
ogy of these various phenotypes, phenotype- 
specific treatments are limited.

Progress in the identification of COPD pheno-
type biomarkers has been made by recent obser-
vational studies and clinical trials. In 2010, the 
COPD Foundation with backing from the 
U.S.  FDA, established the COPD Biomarker 
Qualification Consortium (CBQC), which 
included pharmaceutical representatives and aca-
demic investigators, to identify and evaluate 
COPD biomarkers. Through their recommenda-
tions, plasma fibrinogen qualified as the first 
FDA-approved biomarker for COPD to be used 
for patient selection for enrollment into clinical 
trials to enrich for those who are at risk for 
 disease worsening [39]. While identifying ele-
vated plasma levels of fibrinogen as a biomarker 
is a step forward, fibrinogen lacks disease speci-
ficity and does not establish an endotype. 
Biomarkers best facilitate the implementation of 
precision medicine if they are endotype specific 
and have the potential to identify novel targeted 
therapies [40]. Over the last two decades, clinical 
trials focused on treating airway inflammation 
and obstruction demonstrated only incremental 
improvements in exacerbation rates with each 
additional new therapy [6]. Therefore, there is an 
urgent need to identify biomarkers for unique 
COPD endotypes to develop and direct new ther-
apies to improve symptoms, prevent decline in 
lung function, prevent exacerbations and improve 
quality of life.

 Genomic Biomarkers of COPD

Although cigarette smoking is the most common 
risk factor for COPD, there remains significant 
variation in susceptibility amongst those who 

smoke. This observation, along with the fact 
COPD often occurs in individuals without identi-
fiable risk factors, and several studies showing an 
increased prevalence of airflow obstruction in 
first-degree relatives of individuals with COPD, 
suggests that genetic factors contribute to COPD 
susceptibility [41–44].

Alpha1-antitrypsin (AAT) deficiency is a well-
described genetic disorder that predisposes indi-
viduals to develop emphysema and COPD. AAT 
deficiency results from the inheritance of two 
severe deficiency alleles encoding for the AAT 
protein and accounts for approximately 1% of 
individuals with COPD. The deficiency is fairly 
common among populations of European ances-
try with an estimated prevalence of 1 per 3000–
5000 persons born in the United States [45]. The 
diagnosis of AAT deficiency is made by measur-
ing serum or plasma AAT levels in addition to 
AAT protein phenotyping and genotyping of the 
serpin family A member 1 (SERPINA1) gene, 
which encodes AAT. The AAT deficiency endo-
type is a classic example where augmentation 
therapy is directed at the genetic defect, that is 
low circulating levels of AAT. Augmentation ther-
apy consists of injections of partially purified 
plasma enriched for AAT. Several observational 
studies suggest that AAT augmentation therapy 
slows the rate of decline in moderate-to-severe 
COPD. However, there is no definitive random-
ized trial confirming this observation, and the 
long-term impact of replacement therapy remains 
unknown [46–50]. In addition, there remains het-
erogeneity in disease presentation and in the 
response to therapy suggesting that additional 
genetic modifiers influence disease in the setting 
of AAT deficiency.

COPD is a heterogeneous disease and as such 
likely has complex genetic determinants. With 
the advent of high-throughput genotyping tech-
niques, investigators have performed genome- 
wide association studies (GWAS) on large 
populations to measure the association of single- 
nucleotide polymorphisms (SNPs) with COPD 
phenotypes. These studies require large popula-
tions with well-defined phenotypes. Although 
COPD GWAS studies have been relatively under-
powered, a number of genes have been associated 
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with COPD, and some of these associations have 
been further validated with functional studies. To 
determine if COPD phenotypic biomarkers were 
linked to genetic variants, three large cohorts 
(ECLIPSE, ICGN, and COPDGene) were com-
bined to perform a study that measured the asso-
ciation of SNPs on several lung-specific proteins 
(pneumoproteins) with systemic inflammatory 
biomarkers previously associated with COPD 
severity and exacerbations [51]. Two pneumo-
protein biomarkers, club cell secretory protein 
(CCSP) and surfactant protein D (SPD), had dis-
tant genetic loci that were associated with circu-
lating levels of these proteins; however, the link 
between their SNPs and COPD severity and 
exacerbations remains unknown [51]. 
Transforming growth factor beta-2 (TGFB2) and 
matrix metalloproteinase 12 (MMP12) have been 
strongly associated with COPD and lung func-
tion [52, 53]. Variants associated with lung func-
tion in adult smokers include a protective variant 
of MMP12, a region near the cholinergic receptor 
nicotinic alpha 3 subunit (CHRNA3) and 
 cholinergic receptor nicotinic alpha 5 subunit 
(CHRNA5) genes on chromosome 15, and hedge-
hog interacting protein (HHIP), a gene on chro-
mosome 4q31 that is essential for lung 
development and is involved in signal transduc-
tion [53–59]. Despite the statistical and biologi-
cal evidence for these associations, none has yet 
been translated into a therapeutic target or clini-
cal use.

 COPD Exacerbations

An acute exacerbation of COPD (AECOPD) is 
defined as “a sustained worsening of the patient’s 
condition, from the stable state and beyond nor-
mal day-to-day variations, that is acute in onset 
and necessitates a change in regular medication 
in a patient with underlying COPD” [60, 61]. 
This definition is challenging as it lacks specific-
ity and requires interpretation by the provider 
and/or patient. The frequent exacerbator pheno-
type has various definitions relating to number 
and severity of annual AECOPD episodes, often 
defined as two or more AECOPD per year. 

Despite not having a precise definition, the fre-
quent exacerbator phenotype has been a focus of 
multiple clinical trials, as frequent AECOPD epi-
sodes are associated with significant morbidity 
and increased mortality. The pathobiology under-
lying frequent exacerbations remains unknown, 
thereby limiting directed therapy. Hence, there 
has been significant effort to identify biomarkers 
that distinguish an AECOPD and/or are linked to 
the frequent exacerbator phenotype.

COPD is a disease characterized by inflamma-
tory changes in the small airways due to both air-
way neutrophilia and lung parenchymal T cell 
activation [62–64]. Therefore, although the best 
predictor for AECOPD is prior history of exacer-
bations [65], many studies have sought to iden-
tify inflammatory biomarkers as predictors of 
AECOPD, including white blood cell count, 
C-reactive protein (CRP) and fibrinogen 
(Table 10.1) [66–71]. Early studies revealed that 
sputum neutrophilia was associated with a rapid 
decline in FEV1, and it could act as a biomarker 
for COPD [72, 73]. Although pulmonary neutro-
philia correlates with airway disease, especially 
chronic bronchitis, the lung parenchyma in 
COPD is characterized by a predominance of 
macrophages, CD4+ and CD8+ T cells, which all 
contribute to the inflammatory state [62]. Several 
biomarker studies have thus identified cytokines 
in plasma that are linked to activated macro-
phages and T cells, such as IL-6, IL-8, IL-15, and 
TNF-α (Fig. 10.2).

Those with frequent AECOPD often demon-
strate a more rapid decline in lung function, pre-
sumably due to irreversible airway injury. 
Indicative of injury during AECOPD are elevated 
levels of matrix metalloproteinase-9 (MMP9) 
and its cognate inhibitor tissue inhibitor of metal-
loproteinase 1 (TIMP-1) [74]. Surfactant D, 
which also plays a role in innate immunity and is 
lung specific, is altered during AECOPD. Lomas 
et al. reported elevated serum levels of surfactant 
D in COPD, with the highest levels in those at 
increased risk of AECOPD. Surfactant D levels 
subsequently declined with steroid treatment, 
suggesting it could be a biomarker for AECOPD 
[75]. However, a lack of validation studies and 
contradictory findings of reduced levels of sur-
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Table 10.1 COPD biomarker candidates

Biomarker Biospecimen Family Ref
AECOPD
White blood cell Blood Inflammation [66]
CRP Blood Inflammation [66–70]
Fibrinogen Blood Inflammation [66, 68]
TNF-α Blood Inflammation [68, 159]
IL-6 Blood, sputum, exhaled breath Inflammation [68, 69]
IL-8 Blood Inflammation [68, 69]
sRAGE Blood Inflammation [160]
IL-17A Sputum Inflammation [159, 161, 162]
IL-1β Sputum Inflammation [159]
IL-10 Blood Inflammation [161]
IL-15 Lung tissue Inflammation [163]
Eosinophils Blood Inflammation [8, 9]
Serum amyloid A Blood Metabolism [70]
Adiponectin Blood Metabolism [69]
MMP 9/TIMP-1 Sputum Lung injury [74]
Surfactant D Blood Pneumoprotein [75]
COPD decline
sRAGE Blood Inflammation [6]
CRP Blood Inflammation [81]
IL-6 Blood Inflammation [77]
INF-γ Blood Inflammation [77]
MMP 9 Blood Lung injury [81]
CCSP Blood Pneumoprotein [79]
COPD mortality
CRP Blood Inflammation [68, 71]
Fibrinogen Blood Inflammation [68, 71]
IL-6 Blood, sputum, exhaled breath Inflammation [68, 71]
IL-8 Blood Inflammation [68, 71]
WBC, neutrophil Blood Inflammation [71]
CCSP Blood Pneumoprotein [68, 71]
Surfactant D Blood Pneumoprotein [71]
PARC/CCL18 Blood Inflammation, Pneumoprotein [100]
Emphysema
sRAGE Blood Inflammation [6, 83–85]
CCSP Blood Pneumoprotein [71]
Osteopontin Sputum Apoptosis [164]
COPD severity
sRAGE Blood Inflammation [64, 82, 90–92]
EN-RAGE Blood Inflammation [64]
NGAL Blood Inflammation [64]
Fibrinogen Blood Inflammation [64]
MPO Blood Inflammation [64]
TGF-β Blood Inflammation [64]
HB-EGF Blood Inflammation [64]
IL-6 Blood Inflammation [96]
TNF-α Blood Inflammation [96]

(continued)
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factant D in bronchoalveolar lavage fluid in 
smokers with and without COPD currently pre-
clude the use of surfactant D as a clinical bio-
marker [76].

 Lung Function Decline in COPD

COPD is not only heterogeneous in its presenta-
tion but also its clinical course. Some individuals 
with COPD have relatively stable to mild loss in 

lung function over time, while others experience 
a rapid decline in lung function. It would be 
advantageous to identify people with a “rapid 
decliner” phenotype and treat them with targeted 
therapies to preserve lung function. Since most 
biomarker studies have been cross-sectional 
rather than longitudinal, few biomarkers have 
been related to lung function decline (Table 10.1). 
Bhavani and colleagues performed a 5-year pro-
spective longitudinal study of 224 smokers and 
found that among active smokers, increased 

Table 10.1 (continued)

Biomarker Biospecimen Family Ref
VEGF Blood Inflammation [96]
MCP1 Blood Inflammation [96]
CCSP Blood Pneumoprotein [94, 95]
MMP-9 Blood Lung injury [96]
Desmosine Blood Lung injury [93, 97]

PARC/CCL18 pulmonary and activation regulated chemokines

Fig. 10.2 Pathways reflecting biomarkers associated with acute exacerbations of COPD. IL Interleukin, TNF Tumor 
necrosis factor
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IFN-γ and IL-6 T-cell responses were positively 
 associated with the annual rate of emphysema 
progression [77]. In a 9-year longitudinal study, 
reduced serum levels of club cell secretory pro-
tein (CCSP) were associated with an accelerated 
decline in FEV1 [78, 79]. CCSP is a member of 
the secretoglobulin family that is secreted by 
non-ciliated bronchial club cells and plays a role 
in anti- inflammatory and anti-oxidative stress 
responses. Distant genetic loci for CCSP affect 
its circulating levels but have a weak association 
with COPD [51], while morphometric analysis 
reveal decreased immunostaining of CCSP in 
endobronchial biopsies in COPD [80]. In addi-
tion to these biomarkers, inflammatory markers, 
such as CRP and soluble receptor for advanced 
glycation end products (sRAGE), have been 
associated with a rapid decline in lung function, 
along with MMP9 marking lung injury [71, 81].

 Emphysema

COPD is defined by airflow obstruction due to 
varying degrees of small airway disease and 
emphysema. High-resolution chest computed 
tomography allows the quantification of 
 emphysema with a high degree of correlation to 
histopathology, but it is costly and requires expo-
sure to radiation and, thus, is not amenable to fre-
quent repeat testing to follow disease progression. 
Emphysema-specific biomarkers would be help-
ful to characterize histopathological heterogene-
ity and provide new therapeutic targets. There is 
increasing evidence that the soluble, circulating 
form of sRAGE is a useful biomarker for the 
presence and/or progression of emphysema in 
COPD [82]. RAGE is a transmembrane receptor 
that regulates inflammatory signaling through its 
interaction with ligands of the damage-associated 
molecular pattern molecules. RAGE signaling 
plays a role in lung development and structure 
while soluble forms of the receptor block signal-
ing. Genetic variants near the RAGE gene, 
AGER, have been associated with emphysema in 
the presence of airflow obstruction, and low lev-
els of sRAGE correlate with emphysema sever-
ity, suggesting the RAGE axis may be a potential 
therapeutic target [83–89].

 COPD Severity

Because quantity of emphysema is associated 
with airflow obstruction severity, the association 
of sRAGE levels with emphysema severity 
implies that sRAGE is also associated with 
COPD severity as measured by FEV1 [64, 82, 
90–92]. Similarly, because those with frequent 
AECOPD tend to have more severe COPD and 
are at risk for more rapid decline in FEV1, bio-
markers of AECOPD and rapid decline in FEV1, 
such as fibrinogen, IL-6, TNF-α and MMP9, are 
also associated with COPD severity. Potential 
biomarkers of COPD severity reflect biological 
processes that include (1) inflammation, such as 
monocyte chemotactic protein 1 (MCP1) pro-
moting neutrophil recruitment, and (2) tissue 
remodeling and destruction, such as MMP9 and 
desmosine (Fig.  10.3) [64, 93–97]. Desmosine, 
which is composed of four lysine amino acid 
residues and functions as a crosslinking molecule 
in elastin that is released upon elastin degrada-
tion, is a promising biomarker, as both urine and 
serum levels of desmosine are associated with 
diseases involving elastin degradation, including 
COPD and emphysema [98].

 COPD Mortality

C-C Motif Chemokine Ligand 18 (CCL18; also 
known as pulmonary and activation-regulated 
chemokine (PARC)) is an attractive COPD bio-
marker that is constitutively expressed at high 
levels by lung monocytes, macrophages, and 
dendritic cells and is measurable in serum [99]. 
Combining two large longitudinal cohorts, 
Evaluation of COPD Longitudinally to Identify 
Predictive Surrogate Endpoints (ECLIPSE) and 
Lung Health Study (LHS), Sin and colleagues 
found that CCL18 levels were elevated in COPD 
and tracked clinical outcomes, including risk of 
cardiovascular hospitalization and mortality 
[100]. This is particularly important since 
AECOPD episodes are associated with increased 
risk of cardiovascular events [101]. Other pneu-
moproteins, such as CCSP and surfactant D, 
along with inflammatory markers are also associ-
ated with mortality outcomes (Table  10.1) [68, 
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71]. To date, none have been validated suffi-
ciently to establish their utility for clinical use.

 Future Omics-Based COPD Biomarker 
Studies

Recent advances in spectrometry and chromatog-
raphy have enabled investigators to measure hun-

dreds to thousands of metabolites and/or proteins 
in biological samples simultaneously. Approaches 
include global profiling of metabolites and/or 
proteins, and a targeted measurement of multiple 
species simultaneously. Both untargeted and tar-
geted metabolomic studies of ECLIPSE partici-
pants’ serum identified lipoproteins and amino 
acids that are differentially observed in people 
with COPD compared to healthy smokers [102, 

TNF

IL-6
TNF

MMP9 MCP1

Neutrophil
recruitment

Proteases

Inflammatory
cytokines

Desmosine

Matrix
remodeling

Fig. 10.3 Pathways reflecting biomarkers associated with severity of COPD. IL-Interleukin, TNF Tumor necrosis fac-
tor, MMP Matrix metalloproteinase, MCP Monocyte chemoattractant protein
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103]. Lipids, particularly sphingolipids, have 
been implicated in the pathobiology of 
COPD. Sphingolipids play a role in lung inflam-
mation, while ceramide (a sphingolipid metabo-
lite) upregulation leads to emphysema in a murine 
model and its increased levels associate with 
emphysema in humans [104–106]. Sphingolipids, 
however, are complex, and multiple species are 
detectable in plasma. Bowler and colleagues per-
formed sphingolipid profiling on 69 sphingolipid 
species in COPDGene participant plasma and 
identified five sphingomyelins associated with 
emphysema and several ceramide species associ-
ated with AECOPD [107].

Proteolysis is a hallmark of COPD, particu-
larly emphysema, and elevated levels of peptides, 
along with elastin degradation products, have 
been reported in COPD [108]. One novel peptide, 
N-acetyl Pro-Gly-Pro (PGP), is a product of 
extracellular matrix breakdown and is elevated in 
sputum and plasma of people with COPD [109, 
110]. Interestingly, PGP functions as a CXCR 
ligand and, thus, participates as a neutrophil 
 chemoattractant. Elevated levels of PGP correlate 
with AECOPD, and its levels drop with effective 
treatment [111]. Thus, PGP functions both as a 
biomarker of AECOPD and as a potential thera-
peutic target. The metabolite tryptophan is an 
essential amino acid whose depletion is found in 
those with AECOPD [112]. Tryptophan metabo-
lism occurs through the enzyme indoleamine 
2,3-dioxygenase (IDO) that produces metabolites 
of the kynurenine pathway. The accumulation of 
kynurenine and its metabolites lead to both 
immune tolerance and anti-inflammatory effects. 
Activation of IDO as depicted by increased kyn-
urenine/tryptophan levels is observed in 
AECOPD [112] and has also been linked to lung 
cancer [113].

The microbiome is in its earliest stages of 
development regarding its role in COPD patho-
genesis and serving as a technique to identify 
endotype biomarkers. No unique COPD microbi-
ome has been identified, but it is clear that the 
microbiome in COPD is altered compared to 
healthy controls, is influenced by steroids and 
antibiotics, and becomes less diverse with severe 
disease [114–118]. Microbiome and other ongo-

ing omics studies are encouraging and suggest 
that future investigations will define pathobio-
logical pathways and give insight into targeted 
treatment approaches for newly defined COPD 
endotypes.

 Asthma–COPD Overlap (ACO)

Asthma–COPD overlap has a reported prevalence 
that ranges from 15% to 55% and represents a 
particularly clinically challenging problem 
because it is ill-defined, as it comprises elements 
of asthma and COPD that progress disproportion-
ately over time in any given patient [119]. While 
COPD is more common than asthma in adults, 
COPD patients, particularly older COPD patients, 
can manifest asthmatic symptoms. ACO has been 
reported to be associated with lower health-related 
quality of life, more frequent exacerbations and 
higher mortality rates compared with COPD [120, 
121]. These differences were not explained by 
patient demographics, lung function or the pres-
ence of emphysema on CT.  The complexity of 
ACO is illustrated by a range of recent descrip-
tions and criteria from the Global Initiatives for 
Asthma (GINA; ginasthma.org) and COPD 
(GOLD; goldcopd.org) [122], the American 
Thoracic Society (ATS) [123] and COPDGene 
[124] (Table 10.2). While a consensus definition 
does not exist, it is generally accepted in practice 
that ACO consists of a similar number of features 
of asthma and COPD [4, 125].

The Precision Medicine Initiative, launched 
by President Obama in 2015 with the intent to 
more fully understand mechanistic underpin-
nings of disease heterogeneity and advance drug 
discovery, has renewed interest in ACO [126]. 
However, like asthma and COPD, ACO is a het-
erogeneous illness. Absence of definitive diag-
nostic criteria has hindered ACO biomarker 
discovery and the identification of targeted phar-
macotherapy. In particular, biomarkers to direct 
treatment are absent in ACO and there are no bio-
markers that capture the underlying biological 
mechanisms [126]. As is the case for asthma and 
COPD, there are different ACO endotypes that 
include predominant neutrophilic or eosinophilic 
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inflammation, a mix of both, or neither [127]. 
Based on these findings, assessment of sputum 
cellularity or use of biomarkers of Th2 inflamma-
tion (e.g., sputum and/or blood eosinophils, 
FeNO, IgE) have been proposed as strategies to 
distinguish these groups [123, 128, 129].

 Candidate ACO Biomarkers

ACO patients often meet exclusion criteria for 
clinical trials of asthma and COPD, so the effec-
tiveness of therapeutic interventions in this group 
of patients is unclear [130]. Even fewer bio-
marker discovery studies have been performed 
that include distinct asthma, COPD, and ACO 
groups [131]. Evidence that a shared genetic pre-
disposition exists for COPD and asthma has been 
established, but genetics studies, such as GWAS, 
have not been performed specifically for ACO 
[41, 44]. The strongest evidence for the existence 
of an ACO phenotype are airway epithelial cell 
gene expression data showing that a Th2 signa-
ture score obtained from people with asthma was 
correlated with asthma-related features and dif-
ferential response to corticoisteroids among peo-
ple with COPD [132]. Specifically, the epithelial 

gene expression changes that best reflected ACO 
were evident in both the large and small airway 
epithelium and were associated with markers of 
Th2 inflammation, increased airway wall, blood 
eosinophils and bronchodilator responsiveness, 
and improvement in hyperinflammation with 
inhaled corticosteroid treatment [132]. To date, 
however, there are no definitive biomarkers of 
ACO. Interestingly, a number of biological path-
ways such as tryptophan and sphingolipid metab-
olism have been identified as dysregulated in 
both asthma and COPD [112, 133–135], suggest-
ing that technologies such as proteomics and 
metabolomics will provide a compelling avenue 
beyond genetics to explore ACO endotypes.

FeNO, which has been used to gauge the 
extent of airway inflammation, particularly 
eosinophilic inflammation [136], has been stud-
ied as a potential biomarker to differentiate ACO 
from COPD [137]. Although FeNO levels have 
been observed to be higher in ACO than COPD, 
rigorous studies testing range of specificity and 
sensitivity have not been conducted, and FeNO 
alone has not been shown to adequately distin-
guish ACO.

Sputum is the biofluid that has provided the 
most differentiating information about ACO, 

Table 10.2 Asthma–COPD overlap (ACO) definitions

GINA/GOLDa ATS Roundtable Diagnostic Criteriab COPD gene
1.  ACO is characterized 

by persistent airflow 
limitation with several 
features usually 
associated with asthma 
and several features 
usually associated with 
COPD

2.  ACO includes several 
different phenotypes 
that are likely driven by 
different underlying 
mechanisms

Major
1.  Persistent airflow limitation (post- 

bronchodilator FEV1/FVC <0.70 or LLN)
2.  At least a 10-pack year history of tobacco 

smoking OR equivalent indoor or 
outdoor air pollution exposure

3.  Documented history of asthma before the 
age of 40 or BDR >400 ml in FEV1

Minor
1.  Documented history of atopy or allergic 

rhinitis
2.  BDR of FEV1 ≥200 mL and 12% from 

baseline values on 2 or more visits
3.  Peripheral blood eosinophil count of 
≥300 cells·uL−1

1.  A history of asthma or hay fever, 
evidence of obstructive lung disease 
noted on spirometry (FEV1/FVC, 0.7) 
with improvement in FEV1 greater 
than 200 ml and greater than 12% 
following bronchodilator 
administration, and less than 15% 
emphysema on HRCT

2.  Evidence of obstructive lung disease 
noted on spirometry with improvement 
in FEV1 greater than 400 ml and 
greater than 15% following 
bronchodilator administration, 
regardless of history of asthma or hay 
fever; and less than 15% emphysema 
on the basis of HRCT

FEV1 forced expiratory volume in 1 s, FVC forced vital capacity, BDR bronchodilator response using 400 ug of alb-
uterol/salbutamol (or equivalent), LLN lower limit of normal, HRCT high-resolution computed tomography
aGINA/GOLD advises that “syndrome” not be used to describe ACO since it implies a single disease
bThe presence of all three major criteria and at least on minor criterion is recommended for diagnosis
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asthma and COPD. In an exploratory study of five 
pre-selected markers, sputum concentration of 
neutrophil-gelatinase-associated lipocalin 
(NGAL) was the only candidate biomarker that 
differentiated ACO from either asthma or COPD 
[138]. This study was limited as it focused only on 
sputum IL-13 (selected for its potential role in 
asthma), myeloperoxidase and NGAL (selected 
for their potential role in COPD) and chitinase- 
like protein and IL-6 (selected for their potential 
role in ACO). Similar results for NGAL were 
obtained in a smaller, separate cohort of patients 
by this same group [139]. Larger prospective vali-
dation studies are needed to determine whether 
NGAL is a predictive biomarker for ACO.

 Lung Function Decline in ACO 
and Implications 
for Pharmacotherapy

In a subgroup of asthma patients, disease pro-
gression includes worsening irreversible airway 
obstruction, while in some COPD patients, dis-
ease progression includes reversible airway 
obstruction. Notably, both COPD and asthma are 
characterized by accelerated age-related decline 
in lung function, but the extent of this decline 
does not differentiate the diseases. Asthma 
patients who develop ACO are more likely to be 
patients with a prolonged history of asthma or 
those with severe asthma, and COPD patients 
that develop ACO are more prone to bronchial 
hyperresponsiveness that contributes to increased 
airway inflammation [4]. Because the prevalence 
of ACO increases with age, it may represent a 
more progressive and severe form of obstructive 
lung disease than either COPD or asthma alone.

The stepwise approaches to therapeutics used 
for COPD and asthma do not apply to 
ACO. Because there have not been any random-
ized clinical trials of pharmacotherapy specific to 
ACO, there are no ACO-specific therapeutic 
guidelines. Given the heterogeneous nature of 
ACO, including variability in airway inflamma-
tion type (e.g., neutrophils, eosinophils), treat-
ment is aimed at symptoms and clinical 
observations that include, for example, the extent 

of irreversible airway obstruction, frequency of 
exacerbations, and blood levels of eosinophils. 
Treatment may include use of an anti-IL-5 anti-
body (e.g., mepolizumab) that targets eosino-
philic airway inflammation as well as traditional 
therapies of asthma and COPD (i.e., glucocorti-
coids, β2-agonists, long-acting muscarinic antag-
onists) [4, 140].

In summary, ACO is prevalent in patients with 
obstructive lung disease, but its etiology remains 
incompletely understood. To determine whether 
genetic factors predispose asthma or COPD 
patients to ACO or how the duration and severity 
of asthma predisposes asthma patients to ACO 
requires further study. As basic features of ACO 
become clearer, the identification of predictive 
and prognostic biomarkers may be possible. This, 
in turn, would enable the discovery of drug tar-
gets to bring precision medicine to ACO.

 Future Directions

Biomarker studies of asthma and COPD have 
made evident that no single gene or molecular 
biomarker will be sufficient to differentiate endo-
types of these complex and multi-factorial dis-
eases. In fact, biomarker panels incorporating 
multiple markers in combination have shown 
increased efficacy over single biomarkers. For 
example, in asthma, a composite biomarker 
including blood eosinophils, periostin, and FeNO 
outperformed its single constituent parts in the 
identification of anti-IgE omalizumab responders 
[141]. In the large COPD ECLIPSE cohort, white 
blood cell count, along with levels of IL-6, CRP, 
IL-8, fibrinogen, CCL18, and surfactant protein 
D, significantly improved the ability to predict 
mortality [71]. Similarly, it is likely that the opti-
mal strategy to identify endotypes is to consider 
multiple variables, both omics-based and more 
traditional (e.g., interleukins).

In addition to the technological developments 
required to measure these biomarkers, novel sta-
tistical methodologies are required to analyze 
and interpret them. To this end, data-driven 
machine learning and clustering approaches that 
are objective by design are becoming increas-
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ingly popular. For example, the Severe Asthma 
Research Program (SARP) identified six biologi-
cally and clinically meaningful asthma patient 
clusters using over 100 variables, including both 
phenotypic and molecular data [141]. Similarly, 
the Unbiased BIOmarkers in PREDiction of 
respiratory disease outcomes (U-BIOPRED) 
project used clinical and physiological variables 
to identify four asthma patient clusters that shared 
some overlapping clinical and biomarker features 
with the SARP clusters [142, 143]. Integrated 
omics data are ideal for defining endotypes as the 
natural interactions and structure of the data can 
help to identify subtype-specific processes and 
pathways. In numerous cancer types, integrated 
omics data have been shown to improve the defi-
nition of clinically relevant tumor subtypes [144], 
and similarly promising results are emerging for 
respiratory diseases [145]. In a proof of principle 
experiment, nine omics datasets were integrated 
by similarity network fusion (SNF), an iterative, 
unsupervised approach, that yielded 100% cor-
rect classification of certain COPD phenotypes 
[145]. Although the few asthma studies utilizing 
purely omics data to derive clusters have had 
small sample sizes, intriguing results support the 
existence of multiple heterogeneous subtypes 
with differing omics profiles and pathophysio-
logical pathways, including differences in atopic 
status, eosinophil count, and cytokine count [142, 
146–151]. The choice of variables to be included 
in such analyses is critical and should ideally 
include classic and omics markers in diverse pop-
ulations as well as demographic and environmen-
tal factors, such as age, diet, and BMI [152].

While unsupervised clustering approaches 
have been the method of choice to identify poten-
tial asthma and COPD endotypes, a number of 
other approaches are being applied as investigators 
try to make sense of highly complex and multidi-
mensional data. These include latent class analy-
sis, multivariate regression splines, topological 
data analysis, which has shown to be particularly 
well suited to the definition of endotypes [153], 
and Bayesian networks [154, 155]. Whether these 
approaches can identify biologically and clinically 
meaningful endotypes that, crucially, can be vali-
dated is as yet unknown. As with the biomarkers 

themselves, it is likely that a variety of comple-
mentary analytical approaches will be required to 
achieve the identification and understanding of 
endotypes, a step that would represent a vital leap 
forward for precision medicine.

 Challenges for Precision Medicine 
in Obstructive Pulmonary Diseases

Increasing evidence suggests that treatment and 
disease management strategies based on underly-
ing pathobiological mechanisms, rather than a 
“one-size-fits-all” approach, are more effective to 
improve outcomes and optimize use of healthcare 
resources for obstructive lung diseases. However, 
developing and enacting precision medicine 
poses a large number of challenges.

A key issue in the development of biomarkers, 
and thus in precision medicine, is not only their 
validation, but also establishing their practicality, 
availability, and cost-effectiveness. It has been 
stated that “the practicality of a biomarker test is 
inversely proportional to its invasiveness” [12]. 
Therefore, a key factor is the bio-sample in which 
the biomarker is measured. With a few notable 
exceptions, including blood eosinophils, many 
biomarkers for lung-related diseases require spe-
cialized equipment, training or assays. For exam-
ple, bronchoscopy/biopsy and bronchoalveolar 
lavage are well suited for the detection of lung- 
related biomarkers; however, despite their dem-
onstrated safety, the invasive nature of these 
procedures renders them of little use for regular 
and ongoing monitoring. Biomarkers in exhaled 
breath are entirely noninvasive and have a proxi-
mal relationship to the lung. Technologies such 
as the electric nose (eNose) potentially offer new 
opportunities for dynamic monitoring of asthma 
and ACO via exhaled breath; however, there are 
still a number of breath-specific challenges to 
overcome, including the absence of a valid dilu-
tion factor for exhaled breath, that have hampered 
large-scale translation [156]. Induced sputum is 
similarly noninvasive, but is associated with high 
costs and a large technical demand [12].

Another challenge to address is the lack of 
knowledge regarding the temporal stability of 
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either endotypes or most measured candidate 
biomarkers identified thus far. Omics studies are 
likely to play an increasingly important role to 
address this issue, as the cost of such studies has 
decreased. To date, relatively few omics studies 
have been truly integrative or multi-omic in 
nature, but this is another necessary next step that 
will increase our understanding of obstructive 
lung diseases. Furthermore, multiple large-scale 
studies that capture both multiple endotypes and 
diverse patients are required to generate data nec-
essary to develop and validate integrative bio-
marker panels. Finally, there is a particular need 
for studies focused on non-Type-2 asthma, COPD 
as a whole, and ACO to help bridge understand-
ing in the management and treatment of  endotypes 
of these conditions that have distinct underlying 
pathobiological processes yet lead to overlapping 
clinical features.

 Conclusion

Obstructive airway diseases remain a significant 
hazard to human health. Despite this threat, a full 
understanding of the mechanistic and biological 
underpinnings that explain the heterogeneity of 
asthma, COPD and ACO has not yet been 
achieved. As such, biomarkers that reliably iden-
tify specific endotypes of these diseases for 
which targeted pharmacotherapy could be pro-
vided remains elusive. Nevertheless, progress is 
being made. The definition of asthma has evolved 
over the last decade and is being pushed beyond 
phenotypes to endotypes. This is evidenced by 
distinct differences attributable to Th2 inflamma-
tion among some people with asthma and the 
advancements made by using composite bio-
markers (e.g., blood eosinophils, periostin, 
FeNO) to identify emerging asthma endotypes. 
This has fueled the development of biologic ther-
apeutics for Th2 asthma, including the anti-IL-5 
monoclonal antibody mepolizumab. In targeted 
studies, asthma patients with a severe eosinophil 
endotype derived greater benefit from mepoli-
zumab than other asthma patients [157]. In the 
eosinophilic endotypes of asthma, IgE has been 
shown to be a viable and effective drug target for 

anti-IgE antibodies like omalizumab. In fact, 
since the eosinophilic endotype spans all obstruc-
tive airway diseases, including ACO, it may fos-
ter redirection of how obstructive airway disease 
is characterized and diagnosed and fuel the devel-
opment of drugs aimed at other specific biologi-
cal targets. In COPD, the AAT endotype has the 
potential to direct the development of targeted 
gene-modifying therapies while phosphodiester-
ase- 4 inhibitors (e.g. roflumilast) may be effec-
tive as targeted treatment for the frequent 
exacerbator phenotype. In aggregate, while much 
work remains to be done, there are promising 
signs that precision medicine can be achieved in 
obstructive airway disease. Continued progress 
will require robust research efforts in systems 
biology, pharmacology and statistics to drive bio-
marker and drug target discoveries. A large initia-
tive aimed at driving precision medicine is the 
U.S. National Heart, Lung, and, Blood Institute’s 
Trans-Omics for Precision Medicine (TOPMed) 
Program. The early phase of this program 
includes the generation of whole-genome 
sequencing data for patients with well-defined 
clinical phenotypes and outcomes from earlier 
NHLBI-funded studies [158]. As the program 
advances, it is expected that its results, along with 
those of other biomarker discovery efforts, will 
lead to the validation of endotypes for asthma, 
COPD, and ACO.
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Biomarkers in Interstitial Lung 
Diseases

Isis E. Fernandez and Oliver Eickelberg

 Introduction

Diffuse parenchymal lung diseases (DPLD) are a 
diverse group of clinical entities, where revers-
ible or irreversible scarring and interstitial fibro-
sis of the lung occurs. So far, more than 150 
causes of DPLD are recognized. For the majority 
of patients, it is possible to identify a DPLD trig-
ger, such as mold, bird exposure, or an underly-
ing autoimmune disease. However, when no 
cause is identified, the diagnosis of idiopathic 
interstitial pneumonia (IIP) is considered. 
Idiopathic pulmonary fibrosis (IPF) is the most 
common and lethal type of all IIPs [1–3]. Other 
types of DPLD that are not IIP, broadly called 
interstitial lung disease (ILD), include disorders 
with known causes of fibrosis associated with 
collagen tissue disorders and autoimmune dis-
eases, granulomatous diseases, and other forms 
of ILD [4]. DPLD affect the interstitium of the 
lung, distort pulmonary architecture, and alter the 
gas exchange ability of the lung. Whether or not 
associated causes of ILD are identified, once 
scarring of the lung occurs, it is irreversible. The 
heterogeneity of ILD is extremely complex, with 
multiple common features and high overlap in 
clinical, radiological, and pathological patterns, 
requiring a multidisciplinary team for diagnosis, 
and in some cases, open surgical lung biopsy, a 
procedure with relatively high mortality risk [5]. 
Thus, there is an urgent need to identify molecu-
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Key Point Summary
• There is an urgent need to identify and 

validate ILD biomarkers for early diag-
nosis, and monitoring of disease pro-
gression and outcomes.

• Pivotal fibrosis pathophysiology path-
ways for which biomarker candidates 
exist are epithelial and immune dys-
function, and ECM remodeling and 
fibroproliferation.

• Analysis of genomic, proteomic, and 
other omics data will drive discovery of 
ILD subphenotypes and enable the 
development of tailored, pathway- 
driven therapeutic approaches.
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lar fingerprints and corresponding biomarkers to 
improve diagnostic accuracy in ILD.

Idiopathic pulmonary fibrosis (IPF) is a devas-
tating and lethal disease, with a median survival 
of 2–3  years after diagnosis. It is chronic, pro-
gressive, and occurs predominantly in middle 
aged and older adults. The direct cause of IPF is 
unknown. People with genetic susceptibility and 
life-long exposure to known risk factors account 
for up to a third of all patients [6]. To date, while 
the key initiating triggers are unidentified, it is 
known that pulmonary fibrosis develops as an 
abnormal response to various lung insults that 
trigger aberrant wound-healing [7], epithelial 
apoptosis and senescence [8, 9], uncontrolled 
fibroblast proliferation and activation [10], exces-
sive extracellular matrix deposition [11], and a 
fibrotic-related immune reaction [12]. Several 
environmental risk factors and life-long expo-
sures contribute to initiate microinjuries in the 
lung, including familial susceptibility [13, 14], 
cigarette smoking [15] and other environmental 
exposures [16], chronic silent microaspiration 
[17], and chronic viral infection [18], especially 
by herpes virus [19, 20].

Despite advances in understanding the molec-
ular mechanisms, genetic factors, and clinical 
features of IPF, there are several unmet needs. 
Currently, the two drugs available for IPF treat-
ment, pirfenidone and nintedanib, slow lung 
function decline and disease progression, but 
they are unable to cure IPF.  As is the case for 
non-IPF ILD of idiopathic origin, lung transplan-
tation is the only curative IPF treatment, although 
it has a median survival of approximately 5 years 
and is accessible only to a highly selected patient 
population. Furthermore, there are no clinically 
approved prognostic or predictive biomarker 
tests to guide patient care.

Because IPF is a disease that primarily 
affects older individuals with severely compro-
mised respiratory function, the quest for bio-
markers has focused on easily accessible 
peripheral blood biomarkers, rather than inva-
sive measurements in bronchoalveolar lavage 
(BAL) or lung tissue. Nevertheless, obtaining 
samples to detect invasive biomarkers may sig-

nificantly improve our understanding of the 
pathogenesis of fibrotic lung diseases, and thus, 
should not be discounted.

Biomarkers are by definition objective, quan-
tifiable characteristics of biological processes. 
They may, but do not necessarily, correlate with a 
patient’s experience and sense of well-being. 
There are several types of biomarkers, including 
diagnostic and prognostic, which help to discrim-
inate between those with and without a particular 
disease, and predict disease severity or outcomes, 
respectively [21]. Predictive biomarkers can help 
determine responsiveness to pharmacological 
therapy, and thus, be used to stratify patients for 
clinical trials. Ideally, biomarkers should have an 
additive value to well-established clinical or 
functional disease criteria, or serve as a substitute 
for invasive diagnostic or prognostic procedures 
(Fig. 11.1) [22].

To date, there are no molecular biomarkers in 
widespread use for IPF or non-IPF ILD. Although 
several exciting candidates are under study, none 
of them have reached clinical practice. For both 
IPF and non-IPF ILD, there is an urgent need to 
identify and validate biomarkers to predict dis-
ease diagnosis, progression and outcomes [23]. 
Currently, detection of interstitial lung abnormal-
ities via imaging is the best, albeit limited, 
approach for early detection of fibrosis [24, 25]. 
Recent studies of subclinical interstitial lung 
abnormalities detected by computed tomography 
(CT) scans in large cohorts have provided inde-
pendent and reproducible evidence that intersti-
tial lung abnormalities are present in the general 
population [25–28], are more common in smok-
ers [25], are associated with MUC5B promoter 
polymorphisms and pulmonary function decline 
[27], progress into a definitive fibrotic disease 
over time [26], and are associated with increased 
risk of mortality [28]. Therefore, it is hypothe-
sized that interstitial lung abnormalities could 
represent the preclinical form of IPF.  More 
broadly, these findings support the feasibility of 
identifying early biomarkers to aid in the diagno-
sis of idiopathic forms of fibrosis.

IPF is a highly complex molecular disorder, 
where multiple lung structural cell types (e.g., 
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epithelial, fibroblast, mesenchymal) interact 
with innate and adaptive immune cells to 
impair organ function, increase extracellular 
matrix (ECM) deposition, and ultimately, 
destroy the lung architecture. To comprehen-
sively cover different pathways involved in the 
pathogenesis of IPF, and the diverse nature of 

molecules involved in disease, we next present 
candidate biomarkers categorized according to 
the compartment and processes they are related 
to epithelial dysfunction, ECM remodeling and 
fibroproliferation, and immune dysfunction 
observed in peripheral blood and lung 
(Table 11.1) [23].

Fig. 11.1 Biomarker analysis of ILD patients. 
Comprehensive compartmental biomarkers analysis 
includes clinical data, functional lung parameters, imag-

ing, as well as biological components as, e.g., RNA, epi-
thelium-, fibroblast-, ECM-, and immune-derived targets. 
(Adapted from Greiffo et al. [22])

Table 11.1 Potential biomarkers in IPF

Compartment Biomarker Predisposition Diagnosis Prognosis
Therapy 
monitoring

Alveolar epithelial cell SP-A + SP-D − − + −
KL-6 − − ++ +
Telomere shortening ++ − − −
Compiled signature − + + −

Extracellular matrix 
and fibroproliferation

MMP7 − + ++ −
Neoepitopes − − + −
Fibrocytes − − + −

Immune dysregulation/
inflammation

YKL-40 − − + ±
CCL18 − − + −
52 gene signature − − ++ −

Notes: Markers are rated as follows: ++ denotes relatively strong evidence for the biomarker based on multiple studies 
or on large single studies; + denotes small single-study evidence for biomarker utility; ± denotes candidate biomarkers 
with equivocal evidence; − denotes candidate biomarkers without data
Abbreviations: SP surfactant protein, KL-6 Krebs von den Lungen 6, MMP7 matrix metalloproteinase-7, CCL18 che-
mokine (C-C motif) ligand 18, IL-8 interleukin-8, ICAM-1 intercellular adhesion molecule-1
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 Epithelial Dysfunction Candidate 
Biomarkers

 Surfactant Proteins

Surfactant proteins (SPs), which are synthesized 
and secreted by alveolar epithelial type II (AEC 
II) cells, facilitate the transport and function of 
surfactant lipids that reduce alveolar surface ten-
sion and prevent lung collapse, as well as serve as 
host defense against infectious agents in the ter-
minal airways [29]. Levels of surfactant proteins 
A (SP-A) and D (SP-D) were elevated in serum 
and BAL of patients with IPF and other ILDs 
[30–32]. Increased serum SP-A and SP-D levels 
predicted mortality in a cohort of IPF patients 
[33], and SP-D levels were associated with dete-
riorating lung function values [34, 35] and acute 
exacerbations [36]. A meta-analysis studying the 
use of SP-A and SP-D as biomarkers for the diag-
nosis and prognosis of IPF reported that patients 
with IPF had higher levels of SP-A compared to 
patients with other ILDs, and that SP-D was asso-
ciated with the prognosis and frequency of acute 
exacerbations. Additionally, genetic variants of 
the surfactant protein A2 (SFTPA2) and surfactant 
protein C (SFTPC) genes were associated with 
the development of lung fibrosis [37], while vari-
ants of the gene encoding SP-A1 (SFTPA1) and 
SFTPA2 were associated with a disease pheno-
type of IPF that coexisted with lung cancer [38]. 
Thus, surfactant proteins may serve as biomarkers 
of abnormal function, injury, apoptosis, or prolif-
eration of type II AECs, although their ability to 
reflect disease activity over time and their clinical 
utility have not yet been established.

 Krebs von den Lungen-6 (KL-6)

KL-6 is a mucin-like high-molecular-weight gly-
coprotein expressed on the surface membrane of 
alveolar epithelial cells. It is released into the 
bloodstream when alveolar epithelial cells prolif-
erate, are activated, or are injured. Increased 
serum levels of KL-6 have been observed in peo-
ple with IPF [39], as well as other forms of inter-
stitial lung fibrosis and malignancies [40]. 

Interestingly, KL-6 levels are also increased in 
IPF patients with coexistent emphysema or 
Chronic Obstructive Pulmonary Disease (COPD) 
[41], implying that it broadly reflects epithelial 
damage. Serum concentrations of KL-6 above 
1000 U/mL were also associated with increased 
mortality [42, 43] and acute exacerbations of IPF 
[44]. In two recently published retrospective 
studies of IPF patients, serial increase in serum 
concentration of KL-6 in 6-month intervals was 
associated with increased mortality, even after 
adjustment for lung function parameters and 
KL-6 concentration at baseline [45]. Increased 
levels of KL-6 have been also reported in BAL 
[46] and in sputum of patients with IPF [47].

 Telomeres

Telomeres are repetitive noncoding nucleotide 
sequences at the end of chromosomes that protect 
them from progressive shortening during the nor-
mal cell replication process [48]. Activation of 
apoptosis occurs when telomeres reach a critical 
length, and telomere truncation characterizes cell 
senescence. In IPF, telomere shortening is associ-
ated with cell death of airway epithelial cells and 
could explain the occurrence of disease in older 
individuals [49]. Telomerase reverse transcrip-
tase (encoded by the TERT gene) and telomerase 
RNA (encoded by TERC) are the two major com-
ponents of telomerases, ribonucleoproteins that 
restore telomere length. Mutations in TERT and 
TERC that lead to abnormal telomere shortening 
have been observed in 8–15% of patients with 
familial pulmonary fibrosis [50, 51], and up to 
3% of sporadic cases of IPF [52]. Apart from 
variants in TERT and TERC, variants in genes 
responsible for telomere stabilization (e.g., 
RTELI, PARN, and DKC1) have also been impli-
cated in the pathogenesis of familial and, to a 
lesser extent sporadic, fibrosis [53, 54]. IPF 
transplant patients with telomerase mutations 
have an increased risk of hematologic complica-
tions [55]. Short telomeres have also been found 
in leucocytes of 25% of sporadic IPF and 37% of 
familial pulmonary fibrosis cases in the absence 
of known telomerase mutations [56].
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 Other Proteins Reflecting Epithelial 
Damage

Serum samples from subjects with IPF participat-
ing in the Prospective Observation of Fibrosis in 
the Lung Clinical Endpoints (PROFILE) study, a 
prospective, multicenter, observational cohort 
study of treatment-naïve, incident cases of 
fibrotic ILD, were collected at baseline and at 
multiple time points up to 3 years. Using a two- 
stage approach and based on protein measures 
obtained with a multiplex platform, the authors 
identified ten proteins that were associated with 
increased mortality in IPF.  Of the ten proteins, 
four had the highest discriminatory ability for 
important clinical outcomes: SP-D and matrix 
metallopeptidase 7 (MMP-7) could best discrimi-
nate between IPF patients and controls; Cancer 
Antigen 19-9 (CA 19-9) could best discriminate 
between progressive and stable disease; and 
Cancer Antigen 125 (CA-125) could best dis-
criminate between death and survival [57]. Tissue 
localization of CA 19-9 and CA-125 by immuno-
chemistry showed that they were abundant in the 
metaplastic IPF epithelium, suggesting they are 
involved in IPF pathogenesis. In a validation 
cohort, SP-D, CA 19-9, and CA-125 could dis-
criminate between stable and progressive dis-
ease. For example, in patients with progressive 
IPF, serum concentration of CA-125 increased 
significantly after 3  months compared to base-
line. Taken together, markers of epithelial dam-
age may reflect ongoing injury and are promising 
biomarkers for disease monitoring in IPF.

 ECM Remodeling 
and Fibropoliferation Candidate 
Biomarkers

 Matrix Metallopeptidase 7 (MMP7)

Matrix metallopeptidases (MMPs) play an impor-
tant role in the pathogenesis of organ fibrosis by 
regulating ECM turnover. MMP7 is the most stud-
ied and validated biomarker in IPF [58–62], and its 

elevated levels are associated with disease in multi-
ple compartments (e.g., BAL, serum, lung tissue). 
In a cohort of 74 patients, Rosas and colleagues 
described for the first time the elevation of MMP7, 
along with MMP1, in plasma, serum, and BAL in 
people with IPF [58]. Other studies reported that 
MMP7 levels were associated with progression and 
mortality among IPF patients [59, 60, 63]. For 
example, the Bosentan Use in Interstitial Lung 
Disease (BUILD-3) study found that baseline levels 
of MMP7 could predict early lung function decline, 
and that its increases over time reflected worsening 
of lung function [59]. Interestingly, increased 
MMP7 levels have also been reported in early dis-
ease [58, 64]. In participants of the multi- ethnic 
study of atherosclerosis (MESA), baseline MMP7 
levels were associated with reduced lung function, 
future development of interstitial lung abnormali-
ties, and increased all-cause mortality [64]. Thus, 
MMP7 measures may be helpful for early ILD 
detection. Despite all the promising data that sup-
ports MMP7 as a potential biomarker in IPF, its use 
in the clinic has been challenged by the lack of uni-
form cut-off points used in different studies, and 
consistent protocols to measure its levels, which 
include different collection matrices (e.g., serum, 
EDTA, and heparin plasma). Future studies to 
determine its clinical utility are now warranted.

 Combined Protein Biomarkers

Combined biomarker approaches with multiple 
variable scoring systems have also shown promise 
[61]. Richards and colleagues measured levels of 
92 proteins in plasma from 241 IPF patients (140 
for derivation and 101 for validation cohort) and 
found that high levels of MMP7, ICAM1, IL-8, 
VCAM1, and S100A12 were predictive of poor 
overall survival in the derivation cohort. Although 
ICAM1 was the only predictor of poor survival in 
the validation cohort, all five proteins were corre-
lated with poorer transplant-free survival. White 
and colleagues reported that a biomarker index 
based on three plasma proteins was able to distin-
guish IPF from other forms of ILD [62]. 
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Specifically, using a 35-protein multiplex panel, 
the authors found that plasma levels of 
SP-D >31 ng/ml, MMP-7 >1.75 ng/ml, and osteo-
pontin >6  ng/ml each significantly distinguished 
patients with IPF from patients with other forms of 
ILD, both individually and in a combined index.

 ECM Neoepitopes

During ECM turnover, MMPs cleave collagen 
fibers and thereby generate neoepitopes, soluble 
fragments of ECM that are released into the sys-
temic circulation. In the PROFILE study, the larg-
est IPF biomarker cohort studied globally, authors 
showed that in 189 prospectively recruited, and 
longitudinally followed patients with IPF, serum 
concentrations of neoepitopes were associated 
with IPF progression and survival rate [65]. In par-
ticular, the 3-month change in serum levels of six 
neoepitopes was associated with progressive dis-
ease and increased risk of subsequent mortality.

 Fibrocytes

Circulating fibrocytes are bone marrow-derived 
cells that express hematopoietic (CD45, CD34) 
and mesenchymal markers (Col-1, fibronectin) that 
are hypothesized to provide a fibroblast pool to tis-
sues needing repair [66]. They are thought to par-
ticipate in the pathogenesis of lung fibrosis because 
they have been observed in the lungs of people with 
IPF, but not in healthy lungs, and they are recruited 
via CXCL12 by alveolar epithelial cells [67]. 
Elevated numbers of circulating fibrocytes have 
been found in patients with stable IPF, with further 
increases in IPF patients with acute exacerbations; 
additionally, having >5% of circulating fibrocytes 
was associated with worse survival [68, 69].

 Immune Dysregulation Candidate 
Biomarkers

It has become evident that immune dysregula-
tion is a key contributor to fibrogenesis in a num-

ber of organs, including the lung. The innate and 
adaptive immune system can enhance the secre-
tion of pro-fibrotic factors that direct the healing/
scarring response toward a fibrotic outcome 
[12]. The recent literature has provided increas-
ing evidence for a pro-inflammatory signature in 
peripheral blood and lung tissue of IPF patients, 
including aberrantly activated cellular popula-
tions, supporting a driver immunopathogenic 
mechanism [70].

 Chitinase 3 Like 1 (CHI3L1)

CHI3L1, also known as YKL-40, is a chitinase- 
like protein produced by alveolar macrophages 
and AEC II that regulates proliferation in dif-
ferent cell types. Increased YKL-40 levels 
have been reported in numerous ILD, such as 
asbestos- related lung disease, hypersensitivity 
pneumonitis, polymyositis-dermatomyositis 
ILD, and idiopathic interstitial pneumonia 
[71–74]. In IPF and in hypersensitivity pneu-
monitis, increased serum levels were also 
associated with worse functional status and 
survival [72, 75].

 C-C Motif Chemokine Ligand 18 (CCL18)

Levels of CCL18, a chemoattractant produced 
by alveolar macrophages, were found to be 
predictive of outcome in a 6-month follow-up 
study of 72 patients: Its increased levels were 
associated with forced vital capacity (FVC) 
and total lung capacity (TLC) decline [76]. 
Additionally, CCL18 concentration above 
150 ng/ml was associated with increased mor-
tality and disease progression among patients 
with IPF [76]. More recently, in the Clinical 
Studies Assessing Pirfenidone in IPF: Research 
of Efficacy and Safety Outcomes (CAPACITY) 
1 and 2, and Assessment of Pirfenidone to 
Confirm Efficacy and Safety in IPF (ASCEND) 
trials, plasma concentrations of CCL18 were 
the most consistent predictor of disease pro-
gression [77].
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 Immune-Related Gene Expression 
Signatures

Genome-wide gene expression profiling of 
peripheral blood from IPF patients has been 
recently performed. Yang and colleagues demon-
strated that the peripheral blood transcriptome in 
IPF patients differed from that of normal individ-
uals, specifically, 1428 and 2790 genes were dif-
ferentially expressed in mild and severe IPF, 
respectively, compared to controls [78]. Extending 
this observation, Herazo-Maya and colleagues 
showed that gene expression profiles in peripheral 
blood mononuclear cells (PBMCs) predicted out-
comes in IPF patients: A gene signature composed 
of 52 differentially expressed genes effectively 
categorized patients as having high versus low 
mortality risk over a 4-year follow- up period, and 
the gene expression signature was a better out-
come predictor than clinical data alone [79]. Their 
findings have been validated in multiple cohorts 
in the U.S. and Europe [80]. Because many of the 
genes that are part of the signature are critical to 
immunologic activation, their results suggest that 
dysregulation of the immune response contributes 
to IPF progression.

 Conclusion

Rapid advances in our understanding of IPF and 
ILD pathogenesis and the identification of clini-
cally useful biomarkers are expected over the 
next few years, as the analysis of genomic, pro-
teomic, and other omics data will drive discovery 
of ILD subphenotypes and enable the develop-
ment of tailored, pathway-driven therapeutic 
approaches. We anticipate that genotyping and 
biomarker testing will soon become routine for 
patient stratification and personalized treatment 
of IPF and other ILD, following the conduct of 
clinical trials and studies demonstrating the 
effectiveness of the most promising biomarker/
therapy candidates. Based on our current knowl-
edge, the three pivotal fibrosis pathophysiology 
pathways that will correspond to such candidates 
are epithelial and immune dysfunction, as well as 
ECM remodeling and fibroproliferation.
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 Illustrative Case (See Fig. 12.1)

A 45-year-old actively smoking male presents to 
the emergency department with a 3-day history 
of high fevers, cough productive of greenish spu-
tum, and shortness of breath (SOB). In the emer-
gency department, he is found to be hypoxemic 
and a portable chest X-ray shows a right lower 
lobe opacity read as infiltrate versus atelectasis. 
He is started on ceftriaxone and doxycycline per 
community-acquired pneumonia (CAP) guide-
lines and admitted to the medicine service. Five 
days into the hospitalization, the patient decom-
pensates and ultimately requires intubation for 

hypoxemic respiratory failure. Blood and sputum 
cultures are unrevealing. Urinary antigens for 
Streptococcus pneumoniae and Legionella pneu-
mophila are negative. While in the intensive care 
unit, the patient continues to spike fevers. Blood 
cultures are obtained again but remain negative. 
The antimicrobial coverage is broadened to van-
comycin and piperacillin-tazobactam. Eventually, 
the patient is extubated and transferred back to 
the general medical floor. He is eventually nar-
rowed to amoxicillin/clavulanate. He is dis-
charged to a short-term rehabilitation facility still 
requiring two liters of oxygen.

 The Traditional Approach 
to Diagnosing Pneumonia: History, 
Physical Exam, and Basic Diagnostics

Confirming or refuting a suspected diagnosis of 
pneumonia has long depended on history-taking, 
physical examination, general laboratory studies, 
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and basic radiologic studies including chest 
X-ray. A dichotomous approach aimed at defin-
ing both host and pathogen is generally taken. 
Important host-defining historical features 
include any degree of immunosuppression (e.g., 
neutropenia, chronic corticosteroid use, malig-
nancy, liver or kidney disease, diabetes mellitus, 
immunosenescence), underlying structural lung 
disease (e.g., obstructive lung diseases, bronchi-
ectasis), risk of aspiration (due to altered senso-
rium, bulbar muscle weakness, dysphagia, 
esophageal disorders), and relevant exposures 
(i.e., travel, sick contacts, animals). Regarding 
the pathogen, one probes the clinical history for 
susceptibilities and characteristic syndromes—
for example, a background of chronic alcoholism 
or poorly treated HIV will point to aspiration 
pneumonia and opportunistic infections, respec-
tively. The patient’s clinical course is also closely 
observed in-house for clues to an etiology, for 
example, rapid response to empiric antibiotics 
indicating infection.

While these historical subtleties will provide 
important guidance for the seasoned, sophisti-
cated clinician, simpler heuristics more often 
determine diagnostic decision-making. In the 

case of pneumonia, the basic defining features 
include a radiographic infiltrate, systemic signs 
of infection (e.g., fever), and pulmonary symp-
toms of infection (e.g., productive cough, SOB, 
and occasionally pleuritic chest pain) [4]. 
Unfortunately, in practice, these historical fea-
tures may be insufficient and potentially mislead-
ing as they may manifest in completely different 
disease processes, many of which do not require 
antibiotics. These include decompensated heart 
failure (SOB), pulmonary embolism (pleuritic 
chest pain), COPD exacerbation (SOB and 
cough), and even allergic rhinitis (fatigue, mal-
aise, productive cough). Furthermore, studies 
have shown that history has poor interobserver 
reliability in the ability to record symptoms in 
patients with suspected pneumonia. For instance, 
the classic amalgam of fever, cough, tachycardia, 
and crackles has a sensitivity of less than 50% for 
the diagnosis of acute pneumonia, and no other 
constellation of historical and physical findings 
has performed better [5].

For the most part, microbiological diagnosis 
of bacterial pneumonia has remained unchanged 
since the 1800s, as we continue to rely on tradi-
tional sputum gram stain and culture. Its longev-

Fig. 12.1 Current approach to the workup of suspected pneumonia. This approach includes obtaining a careful clinical 
history and physical exam, sputum and blood cultures, and chest X-ray
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ity, however, belies its relatively dismal diagnostic 
performance. This was starkly illustrated by a 
landmark study in 2015, which showed that in 
more than 60% of the cases, no bacterial or viral 
organism could be identified [6]. Equally poor 
results are seen in patients with ventilator- 
associated pneumonia, in whom only 50% of 
pathogens are identified [7]. In addition to poor 
sensitivity, traditional culture suffers from slow 
turn-around time, as they take on average 
36–48 hours to result [8].

Chest radiography has long been considered 
essential in the diagnosis of pneumonia. However, 
the sensitivity of chest radiography for pneumo-
nia is less than 50%, and the positive predictive 
value is only 30% [9]. Furthermore, chest X-rays 
are of variable quality and often difficult to inter-
pret due to underlying cardiopulmonary disease, 
obesity, etc. Finally, initial studies may be falsely 
negative, due to a phenomenon known as “blos-

soming infiltrate,” which has been observed in up 
to 7% of patients in one study [10].

Given these many shortcomings of traditional 
diagnostics for pneumonia, the development of 
advanced tools is clearly needed. Excitingly, 
novel ways to diagnose pneumonia are rapidly 
emerging, with some already folded into prac-
tice. This section will cover these newer tech-
niques, which run the technological gamut from 
protein biomarkers to whole genome sequencing 
and proteomic profiling.

 Pathogen-Associated Biomarkers 
(See Table 12.1 for Summary)

An important component of the diagnostic arma-
mentarium in pneumonia is a family of assays 
aimed at detecting bacterial antigens in bodily 
fluids (e.g., serum and urine). This approach is 

Table 12.1 Summary of pathogen diagnostics

Test name Test description

Sensitivity and 
specificity, 
approximate Advantages and disadvantages Availability

Selected 
references

Genomic profiling of pathogen
RT- PCR Real-time 

polymerase chain 
reaction to 
identify and 
quantify pathogen

Sensitivity 
90%
Specificity 
100%

+ Simple and fast
+ Can quantify pathogen load
+ Allows identification of 
resistance genes
− Inadequate sensitivity for 
lower respiratory samples

Commercially 
available

[3, 
11–13]

Nucleic acid 
amplification 
test

Amplification of 
specific nucleic 
acids sequences 
followed by 
hybridization of 
probe

+ Fast diagnosis of TB 
(24–48 hours)
+ More sensitive than AFB 
smear
+ Works with low 
concentration samples
+ Fast test of drug resistance 
with high sensitivity and 
specificity
− Less sensitive than culture

[19–25, 
30]

Multiplex 
PCR

Amplification of 
many nucleic acid 
targets within one 
reaction

+ Allows diagnosis of 
multiple pathogens at once
+ Can quantify viral load
− Lower sensitivity due to 
primer–primer interaction
− May detect viruses not 
related to pathogenic process.

Commercially 
available

[13, 15, 
19, 27]

Mass spectrometry for proteomic profiling

(continued)
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already in widespread practice given its relatively 
low cost, high specificity, rapid processing times, 
and ready accessibility to samples. The principal 
disadvantage derives from the indirect detection 
of pathogen through an antigen rather than isola-
tion of the organism, which is necessary for 
assessing antibiotic susceptibility [11, 12].

A common example is the assay for S. pneu-
moniae urinary antigen (the C-polysaccharide), 
which has a sensitivity and specificity of 72% and 
96%, respectively, in patients with non- bacteremic 
pneumonia. Importantly, initiation of antibiotics 
does not impair test characteristics, as antigens 
remaining positive for at least 3 days after receiving 
appropriate therapy [13]. Another example is the 
urine immunoassay for detecting Legionella pneu-

mophilia serogroup 1, which causes between 50% 
and 70% of Legionella infections. This test has 80% 
sensitivity and greater than 99% specificity [14].

 Genomic Profiling of Pathogen

 Multiplex PCR
Polymerase Chain Reaction (RT-PCR) is a sim-
ple and rapid means of identifying bacterial and 
viral pathogens in the blood, sputum, and bron-
choalveolar lavage (BAL) fluid in order identify 
causative organisms of pneumonia. Turnaround 
is typically on the scale of just a few hours.

Multiplex PCR allows for amplification of 
many nucleic acid targets within one reaction 

Table 12.1 (continued)

Test name Test description

Sensitivity and 
specificity, 
approximate Advantages and disadvantages Availability

Selected 
references

MALDI-TOF 
MS

Mass 
spectrometry to 
identify bacterial 
organisms by their 
proteomic profile

+ Fast (minutes)
+ Low-cost per sample
+ Detects antibiotic resistance

[32–34]

Volatile 
organic 
compounds 
(VOCs)

Mass 
spectrometry to 
analyze VOCs in 
exhaled breath 
and diagnose 
pneumonia

Sensitivity 
75%
Specificity 
73%

+ Noninvasive [35–36]

Metataxonomics and metagenomics
16S rRNA 
sequencing

Specific bacterial 
taxa are 
sequenced used 
primers to 
epitopes of highly 
conserved 
sequences of 
ribosomal RNA

+ Rapid identification of 
bacterial species
+ Provides quantification of 
pathogen abundance
+ Low-cost per sample
− Resistance and virulence 
genes are not detected
− Requires bronchial sample

[37–38]

Whole 
genome 
sequencing 
(WGS)

Wide net 
sequencing of 
sample

+ Includes resistance, 
virulence, and antimicrobial 
susceptibilities
+ Rapid detection of TB and 
drug resistance
+ Identification of mixed 
strains can help optimize 
therapies
+ Allows study of 
transmission patterns
− May sequence colonizing 
nonpathogenic organism

[40–46]
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[15], potentially enabling diagnosis of multiple 
pathogens simultaneously. There are numerous 
commercial multiplex PCR systems currently in 
use to diagnose pneumonia—mostly viral infec-
tion from nasopharyngeal sampling, but some 
bacterial pathogens as well. A downside to multi-
plex PCR is the potential for primer–primer inter-
actions, which can interfere with amplification 
and decrease the sensitivity of the test; bead-array 
and microarrays are used to combat this issue 
[15]. A second issue is the risk of false positivity, 
which can stem either from the exquisite sensitiv-
ity of the test or from coincidental detection of 
organisms that are potentially pathogenic, but not 
producing disease in a given patient.

Multiplex PCR has changed our basic under-
standing of what causes pneumonia; in a land-
mark trial by the EPIC team, among more than 
2000 patients with radiographic evidence of 
pneumonia, the majority of cases with a con-
firmed microbiological etiology were viral, and 
the most frequent pathogen was rhinovirus, 
accounting for 9% of cases [6, 16]. It should be 
noted, however, that the sampling site in this 
study was the nasopharynx, and therefore the 
recovered virus may simply represent a bystander 
and not the pathogen responsible for the lower 
respiratory tract infection (LRTI). Further com-
plicating the interpretation of viral studies is that 
15% of healthy individuals carry a respiratory 
tract pathogen at any given time [16].

 Quantitative PCR
Recent studies have highlighted the prognostic 
importance of assessing pathogen load, which is 
enabled by real-time PCR (RT-PCR). For exam-
ple, confirming an elevated S. pneumoniae DNA 
in the serum of patients with confirmed CAP was 
associated with a higher mortality, need for 
mechanical ventilation, and risk of shock [17]. 
Other studies have demonstrated a dose- dependent 
relationship, with higher bacterial DNA loads cor-
relating with more severe disease [18].

 PCR for Recognition of Genes 
Mediating Resistance or Virulence
In addition to defining the presence and quantity 
of pathogen, PCR can be used to identify genetic 
resistance determinants. The quintessential exam-

ple is identification of the mecA gene, which con-
fers methicillin resistance to Staphylococcus 
aureus species, that is, methicillin- resistant S. 
aureus (MRSA). Specifically, the gene encodes 
for penicillin- binding protein 2a, which has a 
decreased affinity for beta-lactam antibiotics that 
renders almost the entire drug class obsolete, with 
the exception of late-generation cephalosporins 
[19, 20]. Multiple iterations of tests aimed at iden-
tifying MRSA have culminated in an effective 
multiplex assay that recognizes four pertinent 
genes in only 2–6 hours [21]. These include the 
SCCmec–orfX junction (which indicates the 
Staphylococcus genus), spa (which specifies S. 
aureus), mecA (the resistance gene), and mecC (a 
mecA homolog). Additional MRSA assays have 
been developed; as a class, they perform well with 
sensitivities greater than 90% and specificities 
approaching 100% [19].

PCR tests for virulence factors in common 
bacterial LRTI pathogens such as S. pneumoniae 
and Moraxella catarrhalis have been tested, but 
with mixed success, mainly due to the frequent 
colonization of these organisms in the upper 
respiratory tract [22]. For example, tests for the 
pneumolysin gene (a highly cytotoxic and inflam-
matory virulence factor for S. pneumoniae) in 
lower respiratory samples have shown inadequate 
sensitivity and specificity, and therefore have not 
been adopted into clinical practice [23].

 PCR for Detection of Mycobacteria
An area of increasing interest is the rapid diagno-
sis of active Mycobacterium tuberculosis (MTb) 
infection. For decades, clinicians have relied on 
sputum acid-fast bacilli smears and culture, which 
have numerous drawbacks. First, the turnaround 
time is quite long—often taking months to result, 
resulting in delayed initiation of antimicrobials, 
and prolonged isolation of suspected patients. 
Second, sensitivity is quite poor, with detection 
rates estimated at 45–80% [24, 25]. Consequently, 
invasive testing may be necessary to make the 
diagnosis, including bronchoscopy and biopsy.

To address these issues, PCR assays are now 
being used in clinical practice. This technology can 
help diagnose pulmonary TB in 24–48 hours [26], 
and it has further utility in distinguishing between 
MTb and non-tuberculous mycobacteria on positive 
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AFB smears, with a positive predictive value of 
over 95%. Although still less sensitive than culture, 
the PCR test can detect MTb at a concentration of 
1–10 organisms per milliliter [27–29]. This feature 
enables detection of MTb in patients with a negative 
AFB smear, with approximate 50–80% accuracy 
[30]. PCR tests can also detect resistance against 
drugs including rifampin or isoniazid with high sen-
sitivity and specificity, can be completed in only 
2 hours, and are highly sensitive and specific [31].

 Mass Spectrometry for Proteomic 
Profiling

 MALDI-TOF MS
Matrix-assisted laser desorption ionization time 
of flight mass spectrometry (MALDI-TOF MS) 
is a technique with the capacity to identify patho-
gens through recognition of unique proteomic 
profiles [32]. In contrast to traditional cultures, 
which take 36–48 hours to result, MALDI-TOF 
MS takes minutes, with a relatively low cost per 
sample [33]. In addition to pathogen identifica-
tion, this methodology can also detect antibiotic 
resistance, for instance through recognition of 
specific proteins such as PBP2a in S. aureus, 
which indicates MRSA [34].

 Volatile Organic Compounds
Another use of mass spectrometry is in the charac-
terization of volatile organic compounds (VOCs)—
so-called “breathomics,” which has been hailed as 
a promising noninvasive method of sampling the 
respiratory tract [35]. Exhaled air contains numer-
ous VOCs, including metabolites related to both 
host and pathogen. Select VOCs have been shown 
to be associated with pneumonia. As an example, 
one study identified 12 compounds that could cor-
rectly diagnose VAP with a sensitivity and specific-
ity of 75% and 73% respectively [36], but concerns 
have been raised regarding the risk of bias in this 
and other early investigations.

 Metataxonomics and Metagenomics

Whole genome sequencing (WGS) and 16S 
rRNA gene sequencing are high-output tech-

niques that aim to comprehensively characterize 
the respiratory microbiome in a high-throughput 
manner.

16S rRNA sequencing depends on the use of 
nucleic acid primers against highly conserved 
sequences of ribosomal RNA.  This allows 
 identification of a bacterial species and some 
quantitative data on the relative abundance of the 
pathogen. Although rapid and relatively low in 
cost (per sample), it lacks the ability to detect 
genetic material outside of the ribosome, leaving 
resistance and virulence genes unrecognized.

A study using 16S rRNA sequencing on bron-
chial aspirates of mechanically ventilated patients 
with suspected VAP showed promising results. 
Compared to traditional bronchial aspirate cul-
tures, 16S rRNA sequencing matched the culture 
result in 85% of cases, but time to identification 
was significantly shorter in the 16S group [37, 
38], which is meaningful since early antibiotics 
(within 48 hours) are known to reduce mortality 
in patients with VAP [39].

Contrary to 16S, WGS fully sequences the 
respiratory microbiome, and as such can report 
on the presence of resistance and virulence genes 
[40, 41]. As discussed above, PCR-based assays 
have the capability to identify MTb and rifampin 
resistance in just 2 hours, but mutations outside 
of the probed sequence are not identified. WGS 
allows recognition of these, although the relative 
significance of such mutations may not be known 
[42, 43]. With time, this issue should be addressed 
with genome-wide association studies (GWAS), 
which aim to delineate a catalog of resistance loci 
[48–50]. This will serve as a reference for clinical 
samples and may help in creating models that 
predict future resistance to antimicrobials.

The granularity that WGS provides can also 
be used to trace transmission patterns of infec-
tion. This idea was exploited to track an out-
break of Human Adenovirus-7 (HAdV-7) 
causing ARDS at military training bases in 
Hubei Province, China. WGS helped identify a 
“super- spreader” who was not quarantined and 
had prolonged viral shedding [46]. Additionally, 
WGS can offer basic insight into the dysbiosis 
that often accompanies lung diseases such as 
chronic obstructive pulmonary disease (COPD). 
This is exemplified by a study examining 
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rhinovirus- induced exacerbation, which dem-
onstrated a significant rise in the overall bacte-
rial burden [47].

One of the recognized weaknesses of WGS is 
target specificity. Though advanced post hoc pro-
cessing methods allow for elimination of host 
genetic signal, there is no way to identify colo-
nizing nonpathogenic or commensal organisms 
[44]. Additional disadvantages of meta-omics in 
general include the risk of contamination, inabil-
ity to discriminate live from dead microbial 
DNA, and cost.

 Molecular Diagnostics—
Characterizing the Host Response

 Host Response Biomarkers (See 
Table 12.2 for Summary)

In general, clinicians are alerted to infection by 
the host’s inflammatory response to the patho-
gen. Observable manifestations of lung inflam-
mation include classic systemic signs such as 
fever, local symptoms such as cough and puru-
lent sputum, and radiographic evidence of neu-

Table 12.2 Summary of host response diagnostics

Test name Test description

Sensitivity, 
specificity, odds 
ratio, hazard ratios, 
area under curve Advantages, disadvantages Availability

Selected 
references

C-reactive 
protein (CRP)

Early acute 
phase reactant 
synthesized in 
response to IL-6

Sensitivity: 60%
Specificity 83%

+ Highly sensitive, 
elevated in Legionella as 
opposed to other 
biomarkers
+ Widely available, 
validated as point of care 
lab test
− Nonspecific

Widespread; 
also available 
as point of care 
test

[51–55]

Procalcitonin Prohormone of 
calcitonin; 
Elevates in 
response to 
PAMPs, 
DAMPs; 
Suppressed by 
type I IFN 
generated during 
viral infection

Sensitivity ranges 
from multiple 
studies: Averages 
approximately 
74–87%
Specificity 
approximately 
through numerous 
studies: 60–90%

+ Relatively widespread
+ More sensitive and 
specific in identifying 
bacterial infections
+ Not much affected by 
use of steroids
+ Validated in pneumonia, 
sepsis, shock
+ Beneficial in 
antimicrobial stewardship 
programs
− Conflicting data (though 
mostly positive) in 
antibiotic algorithms
− Elevated in renal 
disease and some 
non-specificity

Widespread 
and commonly 
available

[56–70]

Inflammatory 
cytokines 
(IL-6, IL-8, 
IL-10, among 
others)

Elevated in acute 
setting through a 
variety of 
pathways

Elevated levels of 
IL-6 and Il-10 
correspond with 
risk of death with 
hazard ratio 20.5

+ Shown to predict 
mortality in hospitalized 
patients with CAP
+ Strong association with 
disease severity
− Rapid rise/fall, on the 
order of hours

Available as 
send-out test 
but not 
commonly 
used in clinical 
care

[71–74]

(continued)
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trophilic infiltrates. Inflammatory diagnostics 
have progressed immensely from simple leuko-
cyte counts to serum biomarkers, such as 
C-reactive protein and procalcitonin, and more 
recently a wave of new biomarkers and genomic 
techniques. The sensitivity and specificity of 
these newer techniques vastly outstrips that of 
traditional pneumonia diagnostics; their imple-
mentation in clinical practice promises to 
improve not only diagnosis of infection, but also 
prediction of deterioration and tapering of ther-
apy. These improvements should help to limit 

antibiotic overuse—one of the major unsolved 
problems in pneumonia.

 C-reactive Protein

C-reactive protein (CRP) is an early acute phase 
reactant that is synthesized in the liver in response 
to IL-6 secreted by monocytes and macrophages. 
The “C” in its name derives from its reaction with 
the C-polysaccharide of S. pneumoniae as the 
first biomarker for pneumococcal pneumonia 

Table 12.2 (continued)

Test name Test description

Sensitivity, 
specificity, odds 
ratio, hazard ratios, 
area under curve Advantages, disadvantages Availability

Selected 
references

Mid-regional 
pro- 
adrenomedullin 
(MR-proADM)

A member of the 
calcitonin 
peptide family, 
widely 
synthesized and 
elevated in acute 
infection

Sensitivity: 
67–92%
Specificity: 
66–85%

+ Some studies have 
shown it to be superior 
compared with 
procalcitonin
− Still not routinely used 
in clinical practice; not as 
much data as classic 
biomarkers

Not widely 
available yet

[81–82]

Pro-
vasopressin 
(pro-VNP)
Also called 
“copeptin” for 
C-terminal 
pro-
vasopressin

Precursor to 
vasopressin, 
marker of stress, 
and fluid balance

Sensitivity 70%
Specificity 85%

+ Promising data
− Still not routinely used 
in clinical practice; not as 
much data as classic 
biomarkers

Not widely 
available yet

[79–80]

(Mid-regional) 
Pro-atrial 
natriuretic 
peptide 
(pro-ANP)

Family of 
natriuretic 
peptides, 
established for 
congestive heart 
disease but also 
elevated in high 
cardiac output, 
sympathetic 
stimulation, 
metabolism

To predict 
short-term death: 
sensitivity of 91%, 
specificity of 62%, 
positive predictive 
value of 10%, and 
negative predictive 
value of 99%

+ Promising data
− Still not routinely used 
in clinical practice; not as 
much data as classic 
biomarkers

Not widely 
available yet

[77, 
108]

Alveolar 
pentraxin 3 
(PTX3)

An acute-phase 
mediator 
produced by 
lung cells

PTX3 levels 
≥1 ng/ml in BAL 
fluid predicted 
pneumonia with 
sensitivity (92%), 
specificity (60%), 
and negative 
predictive value 
(95%)

+ Direct source—studied 
in BAL
− Invasive sampling 
method

Not widely 
available yet

[84]
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[51, 52]. It is highly sensitive, but rather nonspe-
cific as the level rises in most inflammatory con-
ditions, and therefore must be used judiciously in 
the context of bacterial pneumonia. Interestingly, 
it is especially elevated in cases of Legionella 
infection compared with other biomarkers [53]. 
Given its widespread availability, it has been vali-
dated as a point-of-care (POC) lab test to guide 
antibiotic use in primary care [54], and levels 
have been correlated to disease severity and com-
plications in community-acquired pneumonia 
[55]. Used with other inflammatory marker pro-
files, CRP may be used to pinpoint the time of 
infection: In patients who present within 3 days 
of disease onset, CRP was low, but in patients 
who present after more than 3 days of symptom 
onset, CRP levels rose significantly [56].

 Procalcitonin

Procalcitonin is the prohormone of calcitonin, 
which is expressed mostly in the C-cells of the 
thyroid during health. In response to pathogen- 
associated molecular patterns (PAMPs), damage- 
associated molecular patterns (DAMPs), and 
inflammatory cytokines during infection, how-
ever, the expression of procalcitonin is upregu-
lated in virtually every tissue and cell type [57]. 
Importantly, its expression is suppressed by type 
I interferons generated during viral infection, 
improving its specificity for bacterial etiologies. 
Serum levels elevate rapidly (within ~4  hours) 
and peak around 24–48 hours, making it an excel-
lent early marker for infection [58]. Compared 
with CRP, it has been shown to be more sensitive 
and specific in identifying bacterial infections 
[59]. Also, unlike other infectious markers, its 
level is neither decreased (as is CRP) nor 
increased (as is white blood cell count) by the use 
of steroids [60]. An important drawback, how-
ever, is its lack of sensitivity for atypical infec-
tions such as Legionella, Mycoplasma, and 
Chlamydophilia [61].

First described as a biomarker for sepsis in 
1993 [62], procalcitonin has since been validated 
repeatedly as not only a marker of bacterial infec-
tion, but also a correlate of severity in sepsis and 

septic shock [63]. A meta-analysis of 21 studies 
including over 6000 patients showed that an ele-
vated procalcitonin level was a risk factor for 
mortality (RR 4.38) [64]. A review of 1770 
patients with CAP showed that procalcitonin lev-
els had an approximately linear association with 
the need for invasive respiratory or vasopressor 
support; at levels >10 ng/mL, the risk was 22.4% 
compared to 4% in patients with procalcitonin 
<0.05 ng/mL [65].

Procalcitonin also serves as an important com-
ponent of antimicrobial stewardship algorithms, 
helping to guide the decision to withhold antibi-
otics from low-risk patients and to abbreviate 
treatment courses in high-risk patients [66–68]. 
The latter is enabled by the progressive reduction 
in procalcitonin that accompanies successful 
treatment of infection; when its value drops to 
80–90% (depending on the study) antibiotics can 
be stopped. Although numerous reports have 
shown the efficacy of procalcitonin-guided pre-
scribing strategies in decreasing antibiotic usage, 
questions have lingered regarding safety. To 
address these questions, Schuetz et al. conducted 
a comprehensive meta-analysis, including stud-
ies across a variety of clinical settings including 
primary care, emergency departments, and the 
ICU.  The study not only confirmed dramatic 
reductions in antibiotic exposure and safety, but 
in fact showed that procalcitonin-guided strate-
gies improve clinical outcomes in terms of mor-
tality and treatment failure [69].

Conflicting data, however, have been pre-
sented. Most prominently, a study in 1656 
patients randomized to procalcitonin-guided ver-
sus usual antibiotic care in the emergency depart-
ment failed to demonstrate even a reduction in 
antibiotic exposure [70]. These differences may 
have arisen due to heightened awareness of 
proper antibiotic prescribing practices and/or the 
relatively low acuity of the patients in the trial. 
Further studies will be necessary to clarify these 
issues.

Overall, procalcitonin has clear potential to 
aid in the diagnosis and management of pneumo-
nia, but, like any biomarker, it has important limi-
tations. These include its elevation in renal failure 
and relative nonspecificity for acute inflamma-
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tion, including that related to cancer and tissue 
necrosis. Consequently, its usefulness will 
depend largely on the clinical setting (e.g., pri-
mary care vs. ICU) as well as the provider’s 
knowledge of its biology and ability to integrate 
its significance within the larger clinical picture.

 Cytokines

Inflammatory cytokines (IL-1, IL-6, IL-8, TNFα, 
among others) are significantly higher in patients 
with severe pneumonia than in those with milder 
disease, and can predict mortality in hospitalized 
patients with CAP [71]. For example, a 
27- component panel was followed in 247 
patients, with IL-6, IL-8, and MIP-1β showing a 
strong association with disease severity and 
adverse short-term outcome [72]. The levels rise 
and fall rapidly though, on the order of hours, and 
are usually highest at presentation [73]. A study 
of 1886 patients with CAP demonstrated an ele-
vation of cytokine levels in 82% of patients, but 
the overall response was heterogeneous and no 
pattern clearly identified severe sepsis [74]. 
Though scientifically sensical, the optimal imple-
mentation of these cytokine panels in clinical 
practice remains unclear.

 Newer Biomarkers

An array of novel biomarkers for CAP are now 
emerging, including pro-atrial natriuretic peptide 
(pro-ANP), C-terminal pro-vasopressin (copeptin 
or pro-VNP), mid-regional pro-adrenomedullin 
(MR-proADM), and others. These have shown 
advantages compared to CRP and PCT but have 
not yet been introduced into widespread clinical 
practice.

Pro-ANP is elevated in lower respiratory tract 
infections during CAP [75], and has the potential 
to predict both 30-day and 180-day mortality 
[76]. A study of 549 patients with mild CAP 
showed that a single pro-ANP measurement was 
more accurate than CRP and PCT in predicting 
need for admission [77]. Exciting data from the 
CAPNETZ network indicate that pro-ANP and 

pro-VNP are significantly higher in fatal CAP 
and possess superior AUCs to those of WBC, 
CURB-65, CRP, and procalcitonin [78].

Copeptin has been shown likewise to be higher 
in patients with pneumonia before antibiotic 
treatment [79]; it also has been shown in a study 
of pediatric CAP to be significantly higher in 
pneumonia cases and non-survivors [80].

MR-proADM has been shown to be predictive of 
complications and mortality in patients with CAP in 
a meta-analysis of eight studies with 4119 patients 
[81]. A systematic review of 12 studies similarly 
found that elevated MR-proADM was highly asso-
ciated with an increase in short term mortality (OR 
6.8) and complications (OR 5.0) [82].

Alveolar pentraxin 3 (PTX3), an acute-phase 
mediator produced by lung cells, represents 
another promising biomarker for pneumonia. An 
examination of 82 intubated patients’ BAL fluid 
showed that elevated PTX3 levels were able to 
identify bacterial pneumonia [83]. A subsequent 
nested case–control study found that a 2.56 ng/
mL breakpoint had superb sensitivity and speci-
ficity for the diagnosis of VAP: 85% and 86%, 
respectively [84]. Finally, kallistatin, an anti- 
inflammatory kallikrein inhibitor, has been 
reported to be significantly consumed in severe 
CAP patients, and low levels early in admission 
are associated with increased mortality [85].

 Genetics

It would be of great clinical value to have meth-
ods for predicting which patients will develop 
severe respiratory disease in response to a given 
pathogen and who will have milder courses, as 
at-risk patients can be given more prompt and 
aggressive care. A number of genetic analyses 
have been undertaken to address this need. 
Notable associations have been made with poly-
morphisms in pro-inflammatory factors such as 
TNF-α, IL-6, and lymphotoxin alpha (LTA) [86]. 
Additionally, several single nucleotide polymor-
phisms (SNPs) in immune-related genes have 
been shown to confer either resistance or suscep-
tibility to Streptococcal infection; for instance, 
mutations in the toll-interleukin 1 receptor 
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domain-containing adaptor protein (TIRAP) and 
the NF-kappaB pathway have been identified as 
protective [87].

Rautanen and the ESICM/ECCRN group 
evaluated over 2500 patients and found 11 loci 
that correlated significantly with 28-day survival 
in ICU patients with severe CAP [88]. They fur-
ther found a SNP in the FER gene to be highly 
correlated with survival; mortality was 9.5% in 
patients with the CC genotype, 15.2% in the TC 
genotype patients, and 25.3% in the TT genotype 
patients [88]. A follow-up study looked at the 
FER polymorphism status in 441 patients with 
ARDS in the ICU, and again found that the TT 
genotype patients had higher mortality, with a 
90-day hazard ratio of 4.62 [89].

 Transcriptomics

In the past decade, significant efforts have been 
made to identify gene expression signatures that 
accurately identify host response to infection. 
With the increasing availability of transcriptomic 
analysis, it may soon be feasible to obtain expres-
sion profiles in high-risk patients to aid in the 
diagnosis and management of pneumonia.

Several groups have assembled gene expres-
sion microarrays to diagnose acute infections, 
with the specific goal of distinguishing viral ver-
sus bacterial pneumonia [90, 91]. In 2007, 
Ramilo and colleagues examined 131 peripheral 
blood samples and characterized 35 genes able to 
discriminate bacterial versus viral pneumonia 
with 95% accuracy [92]. Suarez et  al. analyzed 
whole blood transcriptional data from 118 
patients with lower respiratory tract infections 
and identified 3376 genes associated with bacte-
rial infection and 2391 with viral infections. 
Using the K-nearest neighbors’ algorithm, they 
identified a parsimonious ten-gene classifier that 
could distinguish between the two with 95% sen-
sitivity and 92% specificity, greatly outperform-
ing procalcitonin [93]. Scicluna’s team looked at 
blood microarray analysis of critically ill patients 
with and without CAP and defined a 78-gene sig-
nature for CAP [94]. They narrowed this down to 
a ratio of the FAIM3 (fas apoptotic inhibitory 

molecule 3) and PLAC8 (placenta specific 8) 
gene expression, leading to area under curve of 
0.845, again outperforming procalcitonin [94].

Sweeney and Khatri have derived a set of 
seven genes that discriminate bacterial versus 
viral infections, which they validated in 30 inde-
pendent cohorts [95]. Tsalik and his group looked 
at peripheral whole blood gene expression in 273 
subjects with community onset respiratory infec-
tions, and used sparse logistic regression to 
develop classifiers for bacterial infections (71 
probes) versus viral infections (33 probes) and 
noninfectious causes (26 probes); the overall 
accuracy was higher than that of procalcitonin 
and also three other published classifiers of bac-
terial versus viral infections [96].

While the foregoing studies require the use of 
multi-gene assays, Tang and colleagues recently 
used genomic analysis of 1071 patients to find a 
single gene capable of identifying viral infection, 
interferon alpha inducible protein 27 (IFI27) 
[97]. They demonstrated a considerable upregu-
lation at the transcript level in patients with influ-
enza as opposed to bacterial pneumonia, likely 
due to the specific activation of interferon signal-
ing pathways downstream of pathogen recogni-
tion receptors selective for virus.

With regards to predicting host response to 
lung infections, there have been a number of recent 
advances. Meijas et al. looked at a cohort of infants 
hospitalized with RSV, HRV, and influenza and 
identified a score calculated from RSV transcrip-
tional profiles that correlated with outcomes 
including length of hospitalization, duration of 
supplementation oxygen, and clinical disease 
severity score—an important example of the 
potential utility of transcriptomics in predicting 
the need for intensive care [98]. Banchereau et al. 
characterized whole blood transcriptional profiles 
of patients hospitalized with community- acquired 
Staphylococcus aureus infection and were able to 
generate a score they called molecular distance to 
health (MDTH), which correlated with elevated 
inflammatory markers, longer duration of hospi-
talization, and more severe disease [99].

A transcriptomic analysis of peripheral leuko-
cytes from 265 ICU patients with sepsis from 
CAP found two distinct sepsis response signa-
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tures “SRS”, which they categorized as “SRS1” 
and “SRS2”. Over 3000 genes were noted to be 
differentially expressed between the groups, with 
2260 downregulated in the SRS1 group. SRS1, 
which had lower expression of Toll-like receptor 
(TLR) signals, downregulation of human leuko-
cyte antigen (HLA) class II genes, and decreased 
T-cell activation, was associated with a higher 
14-day mortality than SRS2. They distilled out a 
set of just seven genes to classify patients into 
SRS1 or SRS2 [100]. Schaack et al. drew from 
over 900 microarray samples from public reposi-
tories from patients with sepsis and identified two 
clusters of patients according to global blood 
transcriptomes; these clusters exhibited expres-
sion of genes demonstrating a loss of monocyte 
and T-cell function, indicating a group of patients 
with higher immunosuppression that may need 
more aggressive care [101].

 Metabolomics and Lipidomics

Metabolomics is an emerging area of investiga-
tion aimed at characterizing the cellular meta-
bolic changes during infection [102]. Groups 
have found metabolic patterns specific to sepsis, 
some metabolites that potentially can identify 
severe versus less severe pneumonia, and certain 
metabolites that may predict poorer outcomes. 
For instance, To’s group found that 13 lipid 
metabolites could discriminate between CAP and 
non-CAP cases with an AUC of >0.8, and that 
trihexosylceramide levels were higher in fatal 
cases [103]. A separate group used 1D 1H nuclear 
magnetic resonance (NMR) spectra to generate 
metabolic profiles from 15 patients with pneumo-
nia; comparing the metabolic profiles using 
Orthogonal Partial Least Squares Discriminant 
Analysis (OPLS-DA) they were able to differen-
tiate cases of VAP from those without [104]. 
Finally, Ning et  al. analyzed 119 patients with 
CAP and found markedly different metabolic 
patterns as assessed by liquid chromatography- 
mass spectrometry (LC-MS) compared with con-
trol patients [105]. Sphinganine, p-Cresol sulfate, 
and DHEA-S were significantly lower, and in 
combination with lactate, this panel could dis-

criminate severe CAP from non-severe CAP with 
an impressive AUC of 0.911, better than the 
CURB-65, PSI, and APACHE II scores [105].

 Sputum, Bronchoalveolar Lavage, 
and Exhaled Breath Sampling

Numerous studies have shown that the location 
of specimen sampling importantly influences 
diagnostic yield. While the most common tests 
are those tested in the serum, sputum and airway 
fluid (BAL, non-bronchoscopic BAL, tracheal 
aspirates) should also be evaluated. A study of 
BAL fluid from 47 patients found that median 
WBC count and neutrophil percentages were sig-
nificantly higher in bacterial than viral pneumo-
nia. Furthermore, BAL WBC count was an 
independent predictor of bacterial pneumonia, 
and when combined with procalcitonin or CRP, 
the composite reached a sensitivity of 95.8% and 
a specificity of 95.7% [106]. Importantly, the 
utility of BAL leukocytosis extends to immuno-
compromised patients as well, as demonstrated 
by a study of 107 patients with either hematologi-
cal malignancy or solid organ transplant. This 
showed that BAL fluid neutrophil percentage had 
the highest AUC to predict bacterial infection; in 
contrast, neither the presence of infiltrates nor 
leukocyte count was helpful in diagnosing bacte-
rial infection [107].

Interestingly, a discordant inflammatory 
response has been demonstrated in blood versus 
sputum in patients with severe CAP. Neutrophil 
respiratory burst was increased as expected in the 
blood, but significantly diminished in the lung, 
indicating either a local failure of inflammatory 
response or possibly an adaptive immunosup-
pression to protect lung tissue from immunopa-
thology [108].

As discussed above, breathomics, or measure-
ment of (VOCs) in exhaled breath, is a noninva-
sive means of sampling host metabolites. 
Promising early studies have shown discernable 
metabolomic changes in pneumonia due inflam-
mation and oxidative stress [109]; further work 
will be necessary to understand the potential clin-
ical utility of such methods.
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 Conclusions

With ongoing advances in molecular and bio-
chemical methods, we aim for an ever-greater 
level of diagnostic detail, with the ultimate goal 
of reliably diagnosing causative pathogens in 
pneumonia, as well as predicting decompensa-
tions, complications, and resolution. In addition 
to traditional clinical evaluation, we now employ 
powerful diagnostic tools to evaluate both host 
and pathogen including biomarkers and PCR; the 
advent of technologies such as mass spectros-
copy and WGS promises further improvements 
in diagnostic clarity. In addition, the impressive 
(but potentially overwhelming) amount of data 
available through electronic medical records and 
multi-omics modalities including sequencing 
data may necessitate machine learning algo-

rithms to further optimize pneumonia diagnosis 
and management.

Incorporating these techniques, we can re- 
envision the case presented at the outset of this 
chapter (see Fig.  12.2). The same 45-year-old 
patient presents with fever and cough. WGS is 
performed on a sputum sample and reveals influ-
enza B infection with no bacterial superinfection. 
Antibiotics are withheld, and he initially improves 
on neuraminidase inhibitor therapy. However, 
5 days later he has recurring fevers and worsen-
ing hypoxia. Analysis of his exhaled volatile 
compounds reveals a profile consistent with S. 
aureus pneumonia; mass spectrometry analysis 
of a sputum sample rapidly confirms S. aureus 
infection and further identifies mecA, indicating 
MRSA. Vancomycin is promptly added, and the 
team considers transferring him to a higher level 

Fig. 12.2 Future application of technologies for the diag-
nosis and management of pneumonia. This approach may 
include whole genome sequencing, transcriptomics, pro-

teomics, mass spectrometry, and other methods with the 
goal of improving precision in the treatment of patients 
with pneumonia
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Fig. 12.3 A summary of local and systemic responses to 
lung infection. Using bacterial pneumonia as an example, 
pathogens access alveoli and trigger immune responses 
through the elaboration of pathogen associated molecular 
patterns (PAMPs), which activate pathogen recognition 
receptors (PRRs) and production of inflammatory cyto-
kines. Pathogens also damage lung tissue directly, in some 

cases leading to acute respiratory distress syndrome 
(ARDS). In general, procalcitonin is secreted during bac-
terial and not viral infections. Bacterial lung infections 
can also result in systemic inflammation characterized by 
acute phase response and production of C-reactive protein 
(CRP), fever, multiorgan failure, vasoplegia, and vascular 
permeability that presents as sepsis
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of care for closer monitoring. However, his pro- 
ANP and MR-pro-ADM are not elevated, and on- 
site transcriptomic analysis of peripheral 
leukocytes does not show an SRS1 pattern, reas-
suring the team that he is not a high risk for 
decompensating. He is safely sent to the general 
medicine floor, continues to improve, and is dis-
charged home after his short hospitalization.

Several obstacles stand in the way of realizing 
this level of diagnostic precision and therapeutic 
sophistication, however. For instance, the costs 
associated with many of these tests are prohibi-
tive, especially in smaller medical centers. 
Therefore, technological improvements will be 
necessary to decrease operating costs while clini-
cal studies must be performed to identify those 
patients best suited for such advanced and more 
expensive diagnostics. Basic and translational 
studies are also needed to more fully elucidate 
the pathophysiology and natural history of pneu-
monia to inform future clinical studies and fur-
ther explain existing data. Ultimately, a 
multidisciplinary approach involving clinical 
research, basic biology, chemical analysis, assay 
optimization, and computational science are 
needed to usher in an era where the potentially 
transformative technologies described above are 
used routinely in the diagnosis and management 
of pneumonia.
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 Introduction

The National Institutes for Health define a bio-
marker as ‘a characteristic that is objectively 
measured and evaluated as an indicator of normal 
biological processes, pathogenic processes, or 
pharmacologic responses to a therapeutic inter-
vention’ [1]. The field of biomarker research 
across the breadth of medicine is considerable 
with a 2018 Pubmed search revealing more than 
50,000 articles with ‘biomarker’ in the title. This 
work has led to the successful development of 
biomarkers across a range of clinical specialties 
and indications. Assays such as high-sensitivity 
troponin [2] and circulating d-dimer concentra-
tions [3] are widely used to identify patients at 
low risk of acute coronary syndromes or deep 
vein thrombosis, respectively. In addition, the use 
of genetic biomarkers to determine likely thera-
peutic response has become the standard of care 
in breast [4] and haematological malignancies [5]. 

One of the key challenges in critical care medi-
cine over the past few decades has been the syn-
dromic nature of sepsis and acute respiratory 
distress syndrome. Understanding of the biologi-
cal and pathogenic processes underlying these 
conditions is incomplete, and there are currently 
few efficacious pharmacotherapies, which has 
led to limited success in developing biomarkers 
that conform to the NIH definition above [6].

 Identifying Biomarkers

Regardless of the proposed application, the iden-
tification of novel biomarkers is undertaken using 
one of two broad approaches. The traditional 
model involves target-based analysis of potential 
candidates. Based upon a specific hypothesis 
derived from either basic science or clinical 
observations, this approach typically explores the 
use of a single candidate as a biomarker for 
potential utility. These have, in the majority of 
cases, been circulating proteins or cytokines 
which have been implicated in the pathophysiol-
ogy of the disease and isolated from the plasma.

In recent years, the advent of systems-based 
high-throughput technology has led to the devel-
opment of ‘-omics’ platforms that can undertake 
extensive unbiased screening and give detailed 
insights into the RNA (transcriptomic), DNA 
(genomic and epigenetic), protein (proteomic), 
and metabolic (metabolomic) status of the patient 
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using isolated cells or plasma. This allows a 
range of different potential targets to be identified 
and combined to offer greater sensitivity and 
specificity than that delivered by single candi-
dates whilst still meeting the technical require-
ments of an effective biomarker. In practice, 
these approaches are often combined to narrow 
the range of targets and increase the face validity 
of a test.

Biomarkers may be employed in a range of 
roles to guide or support clinical decision- making 
in patients and could be employed to give insights 
into specific organ function or the patient as a 
whole. This chapter will categorise biomarkers as 
diagnostic, prognostic or theranostic. Diagnostic 
biomarkers could be employed to screen patients 
at risk and differentiate between the presence and 
absence of a disease or syndrome, which may 
facilitate early identification and initial manage-
ment. A prognostic biomarker should determine 
the likely patient outcome and allow clinicians to 
stratify risk either on a population or personalised 
level. A further application of biomarkers is in 
the identification of patient populations suitable 
for a certain treatment and the measurement of 
the response to an intervention or therapy in a 
group known as theranostic biomarkers.

In this chapter the main features and roles of a 
high-quality biomarker will be explored and the 
technical approaches to their identification 
reviewed with accompanying discussion of 
potential candidates.

 Defining Sepsis and Acute 
Respiratory Distress Syndrome

Sepsis is defined as life-threatening organ dys-
function caused by a dysregulated host response 
to infection [7]. Diagnosis is based on proven or 
clinical suspicion of infection combined with 
objective biological and physiological assess-
ments. The challenge facing clinicians and 
researchers in this area is that in spite of recent 
revisions, the existing tools are neither entirely 
specific nor sensitive for diagnosing sepsis [8, 9]. 
In their 2015 study, Klouwenberg et al. [10] dem-
onstrated using their previously validated tool for 

analysis of the likelihood of sepsis [11] that in 
over 2500 patients admitted to the ICU and 
treated with antibiotics for infection, only 33% 
had a definite infection and 13% had a post hoc 
probability of infection of ‘none’. Patients with a 
post hoc probability of ‘none’ had an increased 
risk of death, leading the group to suggest that 
harm may be associated with the incorrect diag-
nosis of sepsis. Even the definitive identification 
of infection is challenging with only around 30% 
of patients treated for sepsis developing positive 
blood cultures [12]. As a consequence of these 
issues, extensive work has been focused on iden-
tifying tools that facilitate identification of 
patients with, or at risk of, poor outcome from 
sepsis [13, 14]. To date however, only one bio-
marker (procalcitonin) appears in the surviving 
sepsis guidelines for use in the management of 
sepsis, with a weak recommendation for its use in 
the cessation of antimicrobial therapy [15].

First described in 1967 [16], the acute respira-
tory distress syndrome (ARDS) did not have a 
clear definition for more than 20 years. In 1994, 
following the formation of an international con-
sensus panel, the terms ARDS and acute lung 
injury (ALI) were defined [17]. After a further 
consensus committee in 2013, the Berlin defini-
tion discarded the term ALI and described ARDS 
as ‘an acute diffuse, inflammatory lung injury, 
leading to increased pulmonary vascular perme-
ability, increased lung weight, and loss of aerated 
lung tissue … hypoxemia and bilateral radio-
graphic opacities, associated with increased 
venous admixture, increased physiological dead 
space and decreased lung compliance’ [18].

The Berlin definition of ARDS includes:

• Acute onset (onset or worsening over 1 week 
or less).

• Bilateral opacities consistent with pulmonary 
oedema must be present and may be detected 
on thoracic CT or chest radiograph.

• PaO2/FiO2 (P/F) ratio <300  mmHg with a 
minimum of 5 cm H20 positive end expiratory 
pressure (PEEP) continuous positive airways 
pressure (CPAP).

• ‘…must not be fully explained by cardiac fail-
ure or fluid overload’, in the physician’s best 
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estimation using available information  – an 
‘objective assessment’ (e.g. echocardiogram) 
should be performed in most cases if there is 
no clear cause such as trauma or sepsis [18].

ARDS is now categorised by the P/F ratio into 
three groups, which are associated with increas-
ing mortality (Table 13.1):

 Diagnostic Biomarkers in Sepsis

The detection of an infectious pathogen is at the 
heart of the diagnosis and management of patients 
with sepsis, and extensive work has been done to 
improve our ability to isolate pathogenic species 
early to facilitate rapid and focused antimicrobial 
therapy. The conduct of this work is beyond the 
scope of this chapter although several methods 
have been validated as possible tools for the rapid 
recognition of infection (Table  13.2), and these 
may become more prevalent as the technology 
becomes more widely available [19]. There is, 
however, an important distinction between iden-
tification of a potential pathogen, confirming it as 
the cause of infection and recognising the pres-
ence of the sepsis syndrome.

 Biomarkers in Existing Definitions 
of Sepsis

The use of biomarkers in the identification of sep-
sis is well established, with white cell count form-
ing part of the systemic inflammatory response 
syndrome (SIRS) criteria that were originally pro-
posed in 1992 and went on, in conjunction with 
the presence of confirmed or presumed infection, 
to constitute the diagnostic criteria for sepsis [20], 
which became a cornerstone of critical care 

research and clinical practice. Some concerns 
were identified with their use however, including 
poor construct validity [21], the of lack of sensi-
tivity and specificity [22] and the heterogeneity of 
population that was identified by these criteria, 
making comparison of studies in sepsis outcomes 
difficult to interpret [23]. The definition of sepsis 
remained unchanged until 2016, when a new defi-
nition and set of diagnostic criteria were devel-
oped and presented in the Third International 
Consensus on Septic Shock in an attempt to 
address some of these issues [7].

The revised definitions removed the SIRS cri-
teria and replaced them with ‘an increase in the 
Sequential [Sepsis-related] Organ Failure 
Assessment (SOFA) score of two points or more’. 
The SOFA score (Table  13.3) was developed 
based on expert opinion and contains six domains 
each scored from zero to four. The six organ- 
specific domains use clinical and laboratory data 
to quantify the severity of organ dysfunction or 
failure. An increase in the SOFA score is associ-
ated with increasing risk of death [24] and was 
the most widely used sepsis-specific scoring sys-
tem at the time of the development of the 

Table 13.1 ARDS is now categorised by the P/F ratio 
into three groups, which are associated with increasing 
mortality

ARDS severity PaO2/FiO2 Mortality
Mild 200–300 27%
Moderate 100–200 32%
Severe <100 45%

Table 13.2 Methods for identifying pathogenic microbes 
in sepsis

Diagnostic method
Time for pathogen 
identification

Microscopy Morphology in 
minutes

Gram stain General category 
in minutes

Culture and phenotypic 
biochemistry on/in artificial 
media (bacterial, mycobacterial, 
fungal)

Days to weeks

In vitro antimicrobial 
susceptibility

Days to weeks

Acute and convalescent 
antibody

Weeks

Monoclonal antibodies Hours
Antigen detection Minutes to hours
Real-time polymerase chain 
reaction for microorganisms and 
drug resistance genes

One to several 
hours

Mass spectrometry Seconds to 
minutes, after 
growth on/in media

Adapted from Caliendo et al. [19]
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 guidelines. The increase of two or more points in 
the SOFA score was associated with a 10% mor-
tality in patients with presumed infection and the 
revised definition proved superior to the SIRS 
criteria in terms of sensitivity and specificity in 
retrospective interrogation of a large data set 
(0.74; 95% CI, 0.73–0.76 vs. 0.64; 95% CI, 0.62–
0.66, respectively) [7].

Whilst the revised guidelines offered improved 
validity, they acknowledged that the new criteria 
were not perfect and that there was no biomarker 
available that could reliably detect sepsis. The 
authors proposed the use of these guidelines to 
improve identification of patients with sepsis 
whilst recommending continued work to better 
define the sepsis syndrome. A range of candidate 
biomarkers for the diagnosis of sepsis have been 
proposed as tools to differentiate the dysregu-
lated response to infection from other clinical 
conditions that can present with sepsis-like 
features.

 Hypothesis-Based Candidates

Over 30 years of study, numerous pathways have 
been implicated in the pathophysiology of sepsis. 
The selection of a potential biomarker based 
upon its role in the development of the target dis-
ease or syndrome has a high degree of face valid-
ity and is an appealing approach to biomarker 

discovery. It has been used successfully in other 
areas of medicine and extensive work has been 
undertaken using this strategy.

The best evaluated biomarker for the diagno-
sis of sepsis is procalcitonin (PCT). PCT has 
been explored as a potential diagnostic biomarker 
and as guide to antimicrobial cessation, an appli-
cation which is considered in a subsequent sec-
tion. PCT is a 116 peptide amino acid that is 
encoded by the CALC-1 gene [25]. Normally 
only expressed in neuroendocrine tissues, in the 
presence of bacterial infection CALC-1 is 
expressed throughout the body and the synthesis 
of PCT increases substantially. With a half-life of 
more than 25  hours, a positive PCT test result 
associated with clinical features of inflammation 
has been proposed as a diagnostic tool for sepsis. 
Of 30 studies included in their analysis, a review 
of the use of PCT to differentiate between sepsis 
and infectious inflammation demonstrated an 
area under the receiver operator characteristic 
(ROC) curve of 0.85 (95% CI 0·81–0·88) [26], 
suggesting that PCT was a potentially useful 
adjunct in making the diagnosis. One of the key 
limiting factors in interpreting the potential clini-
cal use of PCT is the threshold at which the test is 
considered positive. A range between 0.1 and 
5 ng/ml or a relative change from baseline levels 
has been considered positive with differences in 
sensitivity and specificity reported based on the 
threshold selected. In addition, PCT expression is 

Table 13.3 The SOFA score

Score 0 1 2 3 4
Respiration: PaO2/
FIO2, mm Hg (kPa)

≥400 
(53.3)

<400 
(53.3)

<300 (40) <200 (26.7) with 
respiratory support

<100 (13.3) with 
respiratory support

Coagulation: 
platelets, ×103/μL

≥150 <150 <100 <50 <20

Liver (bilirubin, mg/
dL [μmol/L])

<1.2 (20) 1.2–1.9 
(20–32)

2.0–5.9 
(33–101)

6.0–11.9 (102–204) >12.0 (204)

Cardiovascular MAP 
≥70 mm 
Hg

MAP 
<70 mm 
Hg

Dopamine <5 
or dobutamine 
(any dose)

Dopamine 5.1–15 or 
epinephrine ≤0.1 or 
norepinephrine ≤0.1

Dopamine >15 or 
epinephrine >0.1 or 
norepinephrine >0.1

Central nervous 
system (Glasgow 
Coma Scale score

15 13–14 10–12 6–9 <6

Renal: creatinine, mg/
dL (μmol/L), or urine 
output, mL/day

<1.2 
(110)

1.2–1.9 
(110–
170)

2.0–3.4 
(171–299)

3.5–4.9 (300–440) 
<500

>5.0 (440)
<200

Adapted from Singer et al. [7]
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not unique to infection with elevated levels seen 
in a range of acute conditions including trauma 
[27], pancreatitis [28], cardiogenic shock [29], 
renal failure [30], and following surgery [31], 
which may limit its application as a diagnostic 
biomarker, although the use of differing thresh-
olds may still offer promise in the identification 
of infection in these populations.

In addition to PCT, a large number of 
hypothesis- based candidates have been assessed 
in one or more clinical populations with sepsis. In 
their detailed review in 2010, Pierrakos and 
Vincent [14] identified more than 3000 studies 
exploring 178 biomarker candidates. Of the 34 
that had been specifically examined as diagnostic 
biomarkers, several had been shown to display a 
greater than 90% of sensitivity and specificity in 
neonates and paediatric sepsis. Of those examined 
in adults, only one delivered a similar perfor-
mance, the degree of CD64 expression on circu-
lating neutrophils assessed using flow cytometry. 
In those patients with a CD64 expression above a 
defined threshold, the sensitivity (96%) and speci-
ficity (95%) of this test delivered an area under the 
ROC of 0.97 in a group of 50 patients with blood 
culture positive for sepsis compared to patients 
without positive blood cultures [32].

Of other potential candidates considered for 
use as diagnostic tools, C reactive protein (CRP) 
is the most widely employed in clinical practice. 
Initially discovered in the context of acute infec-
tion with streptococcus and later with other 
microbes, CRP is an acute phase protein that is 
elevated in a range of inflammatory disorders 
including burns, trauma, and following surgery. 
As such its sensitivity and specificity for the diag-
nosis of sepsis is limited [33]. A similar challenge 
has been faced by efforts to validate other cyto-
kines as diagnostic biomarkers such as tumour 
necrosis factor-α (TNF-α), interleukin-6 and 
interleukin-1β (IL-6 and IL-1β). Biomarkers such 
as these were identified as important mediators of 
the innate immune response and have been widely 
demonstrated to play important roles in the patho-
physiology of sepsis. The value of these markers 
as diagnostics has been shown to be limited how-
ever, because these pathways are activated by a 
diverse range of stimuli and also many of these 

cytokines have a short half-life which may explain 
the variability in plasma concentrations seen in 
sepsis and control populations [34].

Other candidates include presepsin, formed by 
the solubilisation of the shed CD14/LPS complex 
[35] and include soluble triggering receptor 
expressed on myeloid cells-1 (sTREM-1) [36, 
37]. In a range of small studies undertaken subse-
quently, it has been demonstrated that biomarkers 
have shown adequate sensitivity and specificity 
in the diagnosis of infection-related inflammation 
but without significant advantage over existing 
clinical and biochemical tools, with an area under 
the ROC curve ranging between 0.75 and 0.9 in 
differentiating infectious and non-infectious 
inflammation [38].

 MicroRNAs

MicroRNAs (miRNAs) have become an area of 
considerable interest to all branches of medicine 
in recent years. They are small RNAs in the region 
of 20–25 nucleotides in length that do not code for 
proteins but regulate gene expression. miRNAs 
may cause increased or reduced translation of a 
gene target and play a role in the regulation of as 
much as 60% of the genes that code for proteins 
[39]. Because of this extensive role, numerous 
miRNAs have been implicated in the pathophysi-
ology of sepsis [40] and have also been consid-
ered as candidate biomarkers for the diagnosis or 
prognosis of the syndrome. In a small study of a 
patients with severe non- infective SIRS or severe 
sepsis, of the 116 miRNAs detected in plasma, a 
panel of six (miR-30d-5p, miR-30a-5p, miR-
192-5p, miR-26a-5p, miR- 23a- 5p, miR-191-5p) 
were considered to be potential candidates. All 
were associated with significant differences in 
expression between the two groups of patients, 
and when considered in combination, they offered 
an AUC of 0.917 for the diagnosis of sepsis [41]. 
In a subsequent study, levels of miRNA displayed 
some correlation between illness severity 
described by the SOFA score in patients with non-
infective  systemic inflammation; however, none 
of them showed a significant correlation in 
patients with sepsis [42]. Further limitations of 
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miRNA-based methods have included significant 
inter-study and inter-assay variability which has 
limited the potential utility of this approach, 
although considerable development of methodol-
ogy continues which may improve the reliability 
of studies in this area [43].

 Transcriptomics

RNA is the key intermediary between the infor-
mation storage of the genome and is the key driver 
of protein synthesis. Transcriptomics describes 
the analysis of a snapshot of patients’ RNA 
expression and approaches typically involve the 
isolation of RNA from a cellular source followed 
by global analysis or interrogation of a specific 
selection of candidates. This approach has appeal 
because the transcriptional response to critical ill-
ness is extensive and describes those pathways 
that are activated and inhibited by the stressor, 
meaning that potential candidates can be analysed 
individually or in combination.

The transcriptomic tool Septicyte™ was 
recently approved for use by the Food and Drug 
Administration as a diagnostic tool for the dif-
ferentiation of sepsis from systemic inflamma-
tion on the ICU and is based on the expression of 
RNA of four genes  – CEACAM4, LAMP1, 
PLA2G7, and PLAC8 [44]. In prospective evalu-
ation in a heterogeneous group of patients from 
the USA and Europe, Septicyte offered an 
AUROC of between 0.82 and 0.89 which was 
independent of demographic factors and the 
addition on clinical variables or PCT [45].

In an analysis of publicly available data sets, 
Sweeney et al. [46] developed the infection z score 
using an unbiased analytical approach. The z score 
offered a different panel of 11 transcriptomic 
markers in peripheral blood that differentiated 
between infection- and non-infection-related sys-
temic inflammation. Use of the panel to identify 
sepsis gave an AUROC of 0.87 in the discovery set 
and 0.83  in the validation cohort which was 
derived using isolated neutrophils and was inde-
pendent of the nature of the infective organism.

In their analysis of transcriptomic biomarkers 
from critically ill patients as a potential diagnos-
tic platform, Bauer et al. [47] considered the dys-

regulated nature of the immune response in sepsis 
and identified a panel of 7 RNA targets, three of 
which were upregulated (TLR5, CD59, CLU) and 
four of which were downregulated (FGL2, IL7R, 
HLA-DPA1 and CPVL). Using this panel and data 
sets from German and Greek populations, the 
group were able to demonstrate an AUROC of 
0.812. They also demonstrated that the process 
could be effectively transferred to a RT-PCR plat-
form to improve potential clinical utility by pro-
viding a gene expression score that displayed 
differentiation between those with either proven 
or suspected infection and those without. A fur-
ther example of the use of transcriptomic plat-
forms in the diagnosis of sepsis comes from the 
FAIM3/PLAC8 ratio, derived from a 78 gene 
expression panel and originally validated as a 
tool to diagnose community-acquired pneumonia 
in patients admitted to ICU [48]. The AUC of 
0.845 they observed in their study was recapitu-
lated in a follow-up validation of multiple cohorts 
in which the tool offered similar performance in 
a range of diseases and time points [49].

 Metabolomics

Metabolomics interrogates the cellular ‘finger-
print’ that is the product of the functional activity 
of the cell and as such has appeal in critical ill-
ness as a tool to understand the narrative course 
of a dynamic disease process in patients.

Most commonly interrogated using mass spec-
trometry techniques, metabolomic approaches 
offer an attractive potential platform for the dif-
ferentiation of patients with the sepsis syndrome 
from those with inflammation without infection. 
A range of studies have shown that metabolites 
associated with energy metabolism show consis-
tent directional changes in a range of populations 
with infection [50]. In a study of six classes of 
analyte totalling more than 180  metabolites from 
143 patients, Schmerler et  al. found two candi-
dates (acylcarnitine C10:1 and glycerophospho-
lipid PCaaC32:0) that offered an AUC of 0.831 
and 0.855 individually and 0.886 in combination 
[51]. In a retrospective study of metabolomic can-
didates, a regression model combining two ana-
lytes (the sphingolipid SM C22:3 and the 
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glycerophospholipid lysoPCaC24:0) offered an 
AUC of 0.90 and also offered some ability to dif-
ferentiate between the sources of infection [52].

 Prognostic Biomarkers in Sepsis 
and ARDS

 Survival Prognostication in Sepsis 
and ARDS

Sepsis is a syndrome that is associated with a 
mortality of more than 10% and septic shock 
with a mortality of at least 30% [7], and ARDS is 
associated with a mortality of 35–50% depending 
on severity [17, 18]. Identifying one or more bio-
markers that would allow clinicians to prognosti-
cate survival with a high degree of certainty is 
appealing as it would potentially facilitate 
improved end-of-life care for those who are not 
going to survive and efficient resource allocation 
in those whose clinical course may be modifi-
able. There has been a wealth of research with 
this end in mind, and many hypothesis-based bio-
markers have been suggested to provide some 
degree of prognostication or association with ill-
ness severity. These candidates may be divided 
into a number of categories including cytokines, 
cell surface receptors, coagulation proteins, vas-
culature derived, and circulating proteins, as well 
as physiological measurements. An exhaustive 
review of these is not within the purview of this 
chapter; however, here we highlight some exem-
plars. Whilst many of these candidates have some 
value in determining those populations of patients 
with the greatest risk of death or highest severity 
of illness, none can offer individual prognostica-
tion, making their utility limited.

With the development of transcriptomic profil-
ing, new observations have been made in studies 
of patients with sepsis. In particular, it has been 
shown that patients with the same or similar clini-
cal presentations can have extensive differences in 
their transcriptomic profiles and that they can be 
divided into distinct phenotypic groups which are 
associated with prognosis. In their study of more 
than 250 patients with community- acquired pneu-
monia and organ dysfunction admitted to inten-
sive care units in the UK, Davenport et  al. [53] 

used peripheral blood leukocyte transcriptomics 
to determine the expression profiles of these cells 
and associate them with outcome. They identified 
two groups, SRS1 found in 41% of the patients 
and expressing an immunosuppression pattern 
compared to the second group (SRS2). This 
immunosuppression phenotype was associated 
with a significantly increased hazard ratio for 
death compared to the SRS2 patients that could be 
identified by a panel of seven genes (DYRK2, 
CCNB1IP1, TDRD9, ZAP70, ARL14EP, MDC1, 
and ADGRE3). Of note, the group made the 
observation that clinical scoring systems, the tim-
ing of sample collection and expression of com-
mon pro-inflammatory activators such as IL-1, 
IL-6, or TNF did not predict membership of the 
SRS1 population.

Proteomic approaches show promise in identi-
fying the presence [54] or nature [55] of an infec-
tious insult; however, issues with reproducibility 
have meant that isolated proteomic approaches 
have proven limited. In one small study that tar-
geted plasma glycopeptides in an effort to elimi-
nate signal noise produced by more abundant 
proteins, the team identified 54 proteins unique to 
survivors and 43 unique to non-survivors of a total 
of 234. These were mapped onto a series of path-
ways which were associated with outcome [56].

In a combined protein and transcriptomic anal-
ysis, the PERSEVERE [57] and updated 
PERSEVERE XP [58] platforms were developed 
for prediction of survival status in paediatric sep-
sis. This approach used a selection of potential 
candidates based on previous genome-wide stud-
ies and predictive modelling. The PERSEVERE 
XP has shown a high degree of differentiation 
between survivors and non-survivors with an area 
under the ROC curve of 0.90 in the derivation and 
0.96 in the test cohort. In adults, the group took a 
similar approach and developed a decision tree 
with five biomarkers (granzyme B, heat shock pro-
tein 70 kDa 1B, CCL3, IL-8, IL-1a, and CCL4) 
which had some crossover with the paediatric 
model, as well as serum lactate and the presence of 
chronic disease to quantify risk [59]. This tool had 
a high degree of sensitivity, although specificity 
was poor leading to an AUROC of 0.784.

In ARDS, a different approach has led to a 
similar observation that in patients who were 
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included in randomised controlled trials of ARDS 
therapies, two distinct phenotypes of patients 
could be identified based on a range of clinical, 
biochemical and biomarkers in combination. In 
their study, Calfee et al. [60] identified a cohort 
of patients characterised by higher expression of 
pro-inflammatory biomarkers, vasopressor use, 
and the presence of sepsis, which was associated 
with significantly higher mortality and critical 
care utilisation. There was also a difference 
between these groups in response to positive end 
expiratory pressure suggesting that heteroge-
neous treatment responses within a study popula-
tion may obscure a clinically relevant benefit in 
some patients, an observation which may pro-
voke change in patient selection for studies of 
this kind.

Metabolomics approaches have also offered 
some candidate prognostic biomarkers in sepsis. 
In a study that used data from two independent 
cohorts, 12 metabolite profiles were selected based 
on previous studies or pilot data, combined with a 
series of clinical features (age, mean arterial pres-
sure, haematocrit, and temperature). This approach 
was associated with sensitivity and specificity con-
sistent with an AUC of 0.73–0.85 for the predic-
tion of survival [61]. Further work in the same 
patients identified 31 metabolites that were differ-
ent in sepsis survivors and non- survivors from two 
different patient cohorts. They also used a Bayesian 
approach to develop a metabolomic network of 
seven metabolites associated with death that 
offered an AUC of 0.74 and 0.91 [62].

A defining feature of ARDS is the presence of 
non-cardiogenic pulmonary oedema fluid within 
the alveolar space, which accumulates due to 
increased permeability of the alveolar–capillary 
barrier. Transpulmonary thermodilution tech-
niques provide an estimation of extravascular 
lung water (EVLW) [63] and pulmonary blood 
volume. The ratio between these two parameters, 
called pulmonary vascular permeability index 
(PVPI), is thought to reflect the permeability of 
the alveolocapillary barrier [64]. A thermistor 
placed into a femoral arterial catheter measures 
the downstream temperature changes induced by 
the injection of a bolus of cold saline solution into 
the superior vena cava and calculates cardiac out-
put from the thermodilution curve using the 

Stewart–Hamilton algorithm, as well as the mean 
transit time and exponential downslope time of 
the transpulmonary thermodilution curve. The 
product of cardiac output and mean transit time is 
the intrathoracic thermal volume. The product of 
cardiac output and exponential downslope time is 
the pulmonary thermal volume [65]. The EVLW 
value is deducted from the difference between the 
intrathoracic thermal volume and the estimated 
intrathoracic blood volume. The pulmonary blood 
volume is deducted from the difference between 
the pulmonary thermal volume and the EVLW.

In ARDS, it has been repeatedly observed that 
high values of EVLW indexed to predicted body 
weight (EVLWI) are significantly associated 
with mortality [66–71] and further that daily 
changes in EVLWI may be associated with sur-
vival [68, 69]. EVLWI has also been shown to be 
a good predictor of mortality [67–70]. PVPI has 
also been shown to be related to the prognosis of 
patients with ARDS [67, 71] and to predict mor-
tality in an independent manner [67]. PVPI and 
EVLWI predict mortality in an independent man-
ner, suggesting that they may indicate a different 
pathophysiological aspect of ARDS.  Whilst 
PVPI appears to characterise the degree of 
impairment of the alveolocapillary barrier, 
EVLWI may indicate the severity of the pulmo-
nary leak resulting from this injury. EVLWI has 
been successfully used in clinical trials of phar-
macotherapy in patients with ARDS [72, 73].

 Biomarkers in Survivors of Critical 
Illness

In addition to survival, there is burgeoning recog-
nition that survivors of critical illness are at sig-
nificantly increased risk of long-term 
complications including biological, physical, and 
psychological issues that extend beyond dis-
charge from hospital and often for prolonged 
periods [74]. Prognostic biomarkers in critical ill-
ness could be employed to identify those likely to 
survive their admission to hospital, but also to 
determine the population at risk of specific com-
plications arising from the syndrome. These tools 
could allow clinicians to focus interventions and 
follow-up on those patients most at risk. An 
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example of this strategy was seen in the study by 
Hughes et  al. which looked at the presence of 
persistent cognitive impairment in more than 400 
survivors of critical illness [75]. The group 
showed that higher circulating levels of biomark-
ers of brain injury and endothelial dysfunction 
(S100B and E-selectin, respectively) measured 
within 72 hours of ICU admission was associated 
with cognitive dysfunction at 3 and 12 months.

 Theranostic Biomarkers in Sepsis 
and ARDS

Theranostic approaches describes the use of one 
or more biomarkers to identify patients who may 
benefit from specific treatments. This strategy is 
well established in a number of fields of medi-
cine, with examples including elevated HER2 
receptor expression in the therapeutic treatment 
of breast cancer with trastuzumab (Herceptin™) 
[76] and the presence of gain or loss of function 
polymorphisms of the CYP2C19 gene which 
determine the effectiveness of clopidogrel as an 
anti-platelet therapy [77]. Theranostic biomark-
ers can be employed in a range of roles including 
the selection of the optimum treatment option or 
driving the initiation or cessation of a specific 
intervention. In critical care, a number of differ-
ent approaches have been validated as potential 
candidates ranging from plasma cytokines 
through to genomic strategies.

An early effort to use biomarkers as theranos-
tics came in 2001 when Reinhart et  al. trialled 
anti-TNF-α monoclonal antibody therapy in a 
population of septic shock patients who had a 
serum IL-6 concentration >1000 pg/mL using a 
point-of-care test undertaken prior to randomisa-
tion [78]. The study showed the feasibility of 
large-scale studies using biomarkers to enrich 
study populations in clinical trials of potential 
therapies. In a subsequent randomised controlled 
trial of the same agent, patients with an elevated 
IL-6 experienced a modest survival benefit from 
the therapy, whereas no benefit was seen in the 
unenriched population [79].

Of theranostic candidates, the best-evaluated 
hypothesis-based approach is the use of PCT, not 
as a diagnostic biomarker, but to provide insight 

into the appropriate time to initiate or stop antimi-
crobial therapy in patients with infection. A num-
ber of clinical trials have tested the impact of PCT 
testing on duration of antimicrobial therapy in 
patients with sepsis or septic shock. Bloos et  al. 
[80] and de Jong et el. [81] have demonstrated sig-
nificant reductions in the duration of antimicrobial 
therapy without apparent increases in treatment 
failures. Meta-analysis of randomised trials in this 
area suggests a potential benefit [82] leading to 
PCT being recommended for this indication in 
some national guidelines [83]. However, as with 
diagnostics, the threshold at which treatment is 
stopped is an important consideration and may 
impact on efficacy [84]. In addition, the applica-
tion of these tests in normal clinical practice may 
be less effective than that seen in studies, with an 
observational study of more than 20,000 patients 
reporting that in the 18% of patients in whom PCT 
was measured, there was no change in duration of 
antimicrobial therapy or other outcomes [85]. As a 
consequence of these data and the challenge of 
controlling for the prompting effect seen in trials 
of this kind [86], the 2016 iteration of the Surviving 
Sepsis guidelines offers only a weak recommenda-
tion for PCT use in patients who had previously 
displayed features of sepsis in whom there is lim-
ited clinical evidence of infection [15].

A more recent example of theranostics is the 
work by Calfee et  al. [87], where retrospective 
analysis of the HARP2 clinical trial of statin 
therapy in acute respiratory distress syndrome 
identified two subtypes of ARDS with differen-
tial responses to therapy: hyper- and hypoinflam-
matory phenotypes similar to those identified in 
earlier work [60]. Patients with the hyperinflam-
matory subphenotype treated with simvastatin 
had significantly higher 28-day survival than 
those given placebo, with a similar pattern 
observed for 90-day survival. No benefit of 
statins was seen in the hypoinflammatory sub-
phenotype. Whilst these findings need prospec-
tive validation, they support the idea that not all 
patients have similar responses to therapy and 
that identification of subpopulations who derive 
benefit (or harm) from a given intervention is an 
important aim.

Pharmacogenomics holds considerable promise 
for the identification of patients who may benefit 
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from specific treatments. Identifying those patients 
with polymorphisms that place them at increased 
risk and modulating the specific pathway may offer 
personalised treatment strategies that can over-
come the heterogeneity of response seen in clinical 
trials of the wider sepsis population.

A potential candidate for a pharmacogenomic 
approach is expression of polymorphisms of the 
PCSK9 gene. Already well established as a poten-
tial treatment for hypercholesterolaemia [88], 
Walley et  al. [89] demonstrated in patients with 
septic shock that the expression of loss or gain of 
function polymorphisms of PCSK9 was associ-
ated with significant alterations in mortality. They 
also showed that pharmacological inhibition of 
PCSK9 may be a therapeutic option in sepsis. 
Other candidates include vasopressors, where 
changes in the response to specific vasoactive 
therapies such as catecholamines, vasopressin, or 
angiotensin II [90] could be governed by receptor 
polymorphisms which may in turn make one ther-
apy preferable over another. Caution should be 
expressed in this area as polymorphisms do not 
account for all the apparent variability in response 
and subsequent failure of therapies. In a study that 
may offer a model for future trials in this area, the 
impact of four polymorphisms on the response to 
activated protein C therapy was explored in 639 
patients, compared to more than 1500 matched 
controls. Of the four single nucleotide polymor-
phisms (SNPs) identified through high-through-
put screens, the group used two ‘improved 
response polymorphism (IRP)’ groups each con-
taining two of the target SNPs [91]. No impact of 
the presence of these proposed IRPs was seen in 
the response to activated protein C therapy.

Evaluation of the response to therapy may 
also be guided in the future by platform-based 
approaches such as metabolomics. In an explor-
atory analysis of samples from a pilot randomised 
controlled trial of L-carnitine therapy in sepsis 
[92], the authors identified a responder and non- 
responder population based on their metabolomic 
profiles after initiation of treatment, with 
responders appearing to have better outcomes 
when treated with L-carnitine [93]. The authors 
suggested that this was a potential approach to 
subsequent trial design and patient selection for 
studies in critical illness.

 Conclusions

A major effort has been invested in the identifica-
tion of biomarkers that can assist clinicians in the 
diagnosis, prognostication or selection of thera-
peutic options for patients with sepsis or 
ARDS. To date, the uptake of these approaches 
has been limited to a few biomarkers in selected 
cases, and even then penetration into the real- 
world clinical environment has been incomplete. 
There are a number of reasons for this which must 
be considered as we move forward with develop-
ment and validation of candidates in this area.

The challenge of a syndrome: Both sepsis and 
ARDS are not in themselves diseases; they exist 
on a spectrum with mild features at one end and 
catastrophic organ failure at the other. The het-
erogeneity of the syndromes makes developing a 
test to confirm their presence challenging as the 
presence of the syndrome or the risk of death 
increase as the patient progresses along the spec-
trum of illness. This is true both of conventional 
diagnostic definitions and of efforts to develop 
tests to confirm their presence.

Construct validity: In a number of cases, 
across all of the proposed platforms, there is con-
siderable variability between the biomarkers/pro-
files identified. This remains the case even in 
similar populations and raises the question of 
how translatable to clinical practice the biomark-
ers are. This concern is confirmed when ‘real- 
world’ assessments of these tools are undertaken. 
In these studies, the performance of candidates is 
rarely as good as in controlled study conditions. 
Larger sample, prospective studies are necessary 
to increase the confidence that a target may be 
worthy of consideration in a real-world setting.

Analytic complexity: In order for a biomarker 
or platform to be valuable, it must fulfil the crite-
ria that are laid out in this chapter for the ideal 
biomarker. Without rapid turnaround, ease of use, 
and economic methods, clinicians will not be 
able to build a case for their use. Before compa-
nies will invest in simplifying methods to facili-
tate this approach however, a highly robust target 
must be found to justify their investment.

Precision approaches: In the face of a large 
body of evidence that delays in appropriate treat-
ment are associated with significantly increased 
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mortality, a biomarker that has even a modest 
false-negative rate would be associated with 
potentially significant harm. In contrast, the neg-
ative impacts of excessive antimicrobial therapy 
are also well documented so a test that provides a 
false positive and provokes an unnecessary inter-
vention may also cause concern. Therefore, given 
the clinical uncertainty associated with the diag-
nosis of sepsis, a biomarker or platform must 
offer more precision than is currently available 
before clinicians will accept their routine use.

The future of biomarker selection and identifi-
cation may lie in combinations of approaches 
including the use of combination platforms which 
use candidate DNA, RNA, proteins, and metabo-
lites to improve the personalisation of biomarker 
results. This, in combination with large databases 
and sample libraries, will facilitate greater suc-
cess in the next generation of diagnostic, prog-
nostic, and theranostic tests in sepsis or ARDS.
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 Introduction

Precision medicine, defined by Collins and 
Varmus as “prevention and treatment strategies 
that take individual variability into account,” has 
been the long-standing paradigm for evaluation 
and management of patients with lung cancer [1]. 
The approach to optimizing care for an individual 
with lung cancer has its original foundation in 
anatomic staging. Impressive progress in person-
alized evaluation and care has been achieved over 
the last several decades by scientific advances in 
our understanding of cancer pathobiology. These 
findings, in turn, have led to breakthroughs in 
treatment informed by more precise knowledge 
of the molecular processes that drive neoplasia.

The global burden of lung cancer morbidity 
and mortality is enormous. Lung cancer is the 
leading cause of cancer death in the world; in 
2015, the World Health Organization (WHO) 
estimated that lung cancer caused 1.69  million 
deaths worldwide [2]. Moreover, lung cancer 
burden is on the rise. In WHO low-income coun-
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Key Points
• Assessment of patients with lung cancer 

should be standardized and structured, 
with each individual assessment being 
unique and uniquely informing optimal 
personalized treatment.

• Advances in the understanding of the 
biology of lung cancer have facilitated 
precise risk assessment tools, safer and 
more efficient diagnostic algorithms, 
and individualization of treatment.

• Priorities in precision lung cancer care 
include individualized assessment of the 
patient’s stage of disease, physiology 
and ability to undergo diagnostic proce-
dures and treatment, characterization of 
the individual tumor, and an understand-
ing of the patient’s personal goals and 
preferences, supported by a comprehen-
sive current knowledge of the biology of 
neoplasia.

• The increasingly broader array of preci-
sion therapies mandates that histologic 
evaluation be performed to the level of 
tumor-specific molecular and immuno-
logic characteristics.
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tries, the most common cause of death is lower 
respiratory infections [3]. By contrast, cancer of 
the trachea and bronchus is the fourth leading 
cause of mortality in WHO high-income coun-
tries, leading to more deaths than either lower 
respiratory infections or chronic obstructive pul-
monary disease (COPD) [3]. We have witnessed 
that economic development is accompanied by a 
changing disease spectrum. It seems unfortu-
nately inevitable that lung cancer is destined to 
become an even greater cause of mortality 
worldwide.

Lung cancer is not a single entity. Among all 
cancers, lung cancers are among the most 
highly mutated, consistent with the wide array 
of known associated carcinogenic factors [4]. 
However, we recognize that this paradigm is 
not true for all lung cancers; it is increasingly 
clear that the neoplastic process is driven in 
some tumors by mutations or alterations in sin-
gle genes. The multistep process of genetic and 
epigenetic alterations that results in lung neo-
plasia generates clinical, biologic, histologic, 
and molecular heterogeneity. Recognizing this 
heterogeneity, an individualized approach is 
clearly necessary; one size will not fit all. 
Personalizing evaluation of the  individual 
requires an understanding of the characteristics 
of his/her specific lung cancer. Importantly, 
treatment decisions must take into consider-
ation all other aspects of his/her individual 
health as a whole human organism. A popula-
tion health approach reminds us that genetics is 
only part of the story. Lung cancer is a prime 
example of disease where other determinants of 
health, including behavioral patterns, environ-
mental exposures, social circumstances, and 
interaction with the medical system, play clear 
and critical roles in disease development, pre-
sentation, treatment, and outcomes [5].

To provide an understanding of how precision 
medicine has become the standard approach for 
lung cancer diagnosis and care, we feel it is use-
ful to reflect on the advances made over the past 
decade. Let us consider the following patient 
with lung cancer in 2008; we will return to this 
patient later and reconsider his case in 2019.

PM is a 67-year-old male former smoker who 
presented with several months of persistent 
cough and worsening dyspnea. A chest radio-
graph demonstrated a right lower lobe abnormal-
ity; chest CT confirmed a 3.5-cm right lower lobe 
mass and enlarged right hilar and subcarinal 
lymph nodes, without abnormalities in the liver, 
adrenal glands, or bones. Bronchoscopic biopsy 
of the mass demonstrated non-small cell lung 
cancer. PET imaging showed intense fluorode-
oxyglucose (FDG) uptake in the mass and multi-
ple mediastinal and hilar lymph nodes; brain 
MRI demonstrated an enhancing right parietal 
lesion. The clinical stage was T2N2M1 (stage 
IV). PM received chemotherapy with cisplatin, 
gemcitabine and bevacizumab, and whole brain 
radiation. His treatment course was complicated 
by anorexia, fatigue, and one episode of 
pneumonia- related sepsis requiring hospitaliza-
tion. Five months later, follow-up imaging dem-
onstrated new liver abnormalities consistent with 
metastases. PM underwent second-line chemo-
therapy with pemetrexed but without response. 
His overall status continued to decline; chemo-
therapy was discontinued, and he was referred for 
palliative care.

PM’s course followed the standard of care 
guidelines for patients with stage IV non-small 
cell lung cancer (NSCLC) in 2008 as outlined by 
the National Comprehensive Cancer Network 
(NCCN) (Fig. 14.1a). The three lessons in preci-
sion medicine for lung cancer care presented 
below will demonstrate the evolution of person-
alized lung cancer care over the past decade and 
articulate current recommendations. Lesson #1 
will highlight milestones in our understanding of 
lung cancer and the subsequent “tools” that fol-
lowed. Lesson #2 will explain how our tools 
enable individualized diagnostic evaluations and 
patient assessments. Lesson #3 will consider the 
impact of patient preferences and goals, and con-
sider how PM’s course of diagnosis and treat-
ment has changed in 2019. These lessons inform 
an individualized approach for the evaluation and 
care of the patient with lung cancer. We offer 
them as a paradigm for a precision approach that 
may be applied to many other diseases.

B. C. Bade et al.
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 Lesson #1: Precision Medicine Is 
an Iterative Process: Better Disease 
Understanding Facilitates Better 
Individualized Assessment

Precision medicine in lung cancer has been an 
iterative process over the past half century span-
ning multiple areas, including individualized risk 
assessment, more specific tissue characterization, 
refinements in staging techniques, and better 
treatments. Advances in our understanding of the 
biology of neoplasia have informed the develop-
ment of additional tools that improve evaluation 
and management. Some of the most exciting 
advances are targeted and immunologic thera-
pies, where a drug is developed based on specific 
knowledge of molecular abnormalities or immu-
nologic pathways important to the neoplastic 
process. These treatment opportunities are the 
culmination of years of scientific progress in the 
field. In this lesson, we will review several 
advances in our understanding of lung cancer 
biology as well as the relevant tools that are 
improving and personalizing lung cancer care. 
Figure 14.2 provides a timeline for several of the 
discoveries that will be discussed. How those 
tools are utilized in individualized assessments 
will be further described in Lessons #2 and #3. 
Since most advances have been made in NSCLC, 
we will focus on this group, which includes 
>80% of all lung cancer patients [6].

 Lung Cancer Is a Heterogeneous 
Disease

In a 1964 report by the Surgeon General on the 
consequences of smoking on health, tobacco 
smoking was identified as a cause of lung cancer 
in men and a probable cause of lung cancer in 
women [7]. Those early findings contributed to 
general stereotypes about lung cancer that per-
sist, including that lung cancer is predominately 
seen in older male smokers, and prognosis is very 
poor. Several recent trends have demonstrated the 
clinical heterogeneity of lung cancer. First, we 
now recognize that 10–25% of patients who 
develop lung cancer are never-smokers [8, 9]. 

Second, more recent Surveillance, Epidemiology, 
and End Results (SEER) data demonstrate that 
lung cancer incidence and mortality rates by gen-
der are converging (Fig.  14.3) [6], with recent 
work by Jemal and colleagues showing that lung 
cancer incidence rates are now higher in young 
non-Hispanic white and Hispanic women com-
pared to young men [10]. Finally, though lung 
cancer has lower 5-year survival (18.6%) than 
most other solid tumors [11], there is growing 
recognition that lung cancer can be indolent. We 
are increasingly aware of slow-growing lesions 
along the spectrum of adenocarcinoma (e.g., 
atypical adenomatous hyperplasia, adenocarci-
noma in situ, minimally invasive adenocarci-
noma), which may remain stable for many years 
[12]. How do we explain the changing trends in 
lung cancer, development of the same disease in 
very different populations, and unique clinical 
courses? Improved understanding of risk factors 
and pathobiology of lung cancer are helping us 
begin to answer these questions.

An individual’s risk of developing lung cancer 
is multifactorial. Tobacco use remains the pre-
dominant risk factor and is implicated in 80–90% 
of lung cancers [13]. However, many non-tobacco 
risk factors have been identified and contribute to 
lung cancer in diverse populations. For example, 
age, exposures to inhaled carcinogens other than 
tobacco, chronic lung injury/inflammation (e.g., 
chronic lung diseases), inherited or genetic fac-
tors, diet, and physical activity level (particularly 
in former smokers) all contribute to risk [14–16].

A more comprehensive understanding of risk 
factors has led to the development of tools 
designed to assess risk of developing lung cancer 
in specific populations. One of the earliest mod-
els was developed by Bach and colleagues in 
18,172 subjects participating in a multicenter, 
randomized, controlled study evaluating the 
potential benefit of supplementation with beta- 
carotene and vitamin A in a population at 
increased risk of lung cancer [17, 18]. Patient 
characteristics including age, sex, asbestos expo-
sure, and smoking history were included in the 
model. Two interesting findings from this study 
are important in understanding the utility of mod-
els in risk assessment. First, even among smok-
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ers, the risk of lung cancer development is widely 
variable. This finding suggests that individual 
genetic factors or other exposures lead to differ-
ential risk of developing lung cancer. Second, the 
majority of lung cancers develop in the highest- 
risk patients. In the Bach model, approximately 
50% of lung cancers developed in the quartile of 
patients with the highest model-predicted risk 
[17]. More recent risk assessment models have 
become more complex and include more patient- 
level factors. One of the most robust models is 
the PLCOM2012 [19], which was developed and 
validated in current or former smokers participat-
ing in the Prostate, Lung, Colorectal, and Ovarian 
(PLCO) cancer screening trial and the National 
Lung Screening Trial (NLST) [20, 21]. Table 14.1 
shows the patient-level components in the model. 
There is ongoing debate as to the role of 
PLCOM2012 or other lung cancer risk assessment 
tools in identifying patients at sufficiently high 
risk to be considered candidates for lung cancer 

screening, compared to the current practice of 
identification based solely on age and smoking 
history. We will address this topic further in 
Lesson #2.

A better understanding of lung cancer genet-
ics has also helped explain the clinical heteroge-

120
Rate per 100,000

100

80

60

40

20

0
1975 1980 1985 1990 1995

Year of diagnosis/death

2000 2005 2012 2015

Male delay-adjusted incidence

Male mortality

Female mortality

Female delay-adjusted incidence

Fig. 14.3 Cancer of the 
lung and bronchus 
SEER delay-adjusted 
incidence and US death 
rates, 1975–2015, all 
races, by sex. (Source: 
SEER 9 areas and US 
Mortality Files (National 
Center for Health 
Statistics, CDC). Rates 
are age-adjusted to the 
2000 US Std Population 
(19 age groups – census 
P25-1103). Regression 
lines are calculated 
using the Joinpoint 
Regression Program 
version 4.6, February 
2018, National Cancer 
Institute)

Table 14.1 PLCOM2012 model for lung cancer risk assess-
ment: Patient-level components

Components of PLCOM2012

Age
Race
Education
Body mass index
Chronic obstructive pulmonary disease
Personal history of cancer
Family history of lung cancer
Smoking status (current vs. former)
Smoking intensity
Duration of smoking
Smoking quit time
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neity that is widely described in lung cancer. 
Lung cancer development in younger, nonsmok-
ing women as well as older, heavily smoking men 
suggests distinct and different biologic processes 
in the two groups. We now recognize that classic 
lung cancer is the result of multiple sequential 
mutations that generally occur in association 
with tobacco use and chronic lung injury and 
result in uncontrolled cell growth. In contrast, 
several individual “driver” mutations and gene 
rearrangements have been identified that are typi-
cally not associated with tobacco use. Epidermal 
growth factor receptor (EGFR) mutations were 
the earliest described of these, with EGFR muta-
tions identified more frequently in never-smokers 
[8], females [22, 23], and Asian patients [24]. 
Anaplastic lymphoma kinase (ALK) rearrange-
ments, rat osteosarcoma (ROS1) rearrangements, 
and B-Raf proto-oncogene (BRAF) mutations are 
other examples of molecular alterations associ-
ated with lung cancer. These mutations and rear-
rangements also tend to follow patient clinical 
patterns. ALK-rearranged tumors are more likely 
in never/light smokers [25]. Compared to patients 
with EGFR mutations, patients with ALK rear-
rangements are younger and more likely to be 
men. ROS-1 rearrangement is also more fre-
quently seen in younger, never-smokers [26]. In 
contrast, Kirsten Ras (KRAS) oncogene and 
BRAF mutations are found more frequently in 
current or former smokers [15, 27]. The critical 
importance of identification of such driver muta-
tions is that they identify individual tumors that 
are potentially therapeutically targetable. The 
development of targeted treatments now man-
dates that molecular information be incorporated 
in diagnostic and treatment algorithms for meta-
static NSCLC (Fig.  14.1b) [28]. Additional 
details about lung cancer genetics and the mecha-
nisms of neoplasia resulting from driver muta-
tions are described in Chap. 7 (Genetics of Lung 
Cancer).

As effective targeted treatment options for 
several driver mutations have become available, 
specific identification of these mutations is 
important. Today, multiple commercial testing 
options are available to identify these mutations, 
including real-time polymerase chain reaction, 

Sanger sequencing, next-generation sequencing 
(allowing identification of multiple commonly 
mutated genes) [29], and others [28]. Such tech-
nologies have made identification of multiple 
molecular alterations easily accessible to the cli-
nician. We will further discuss mutation testing 
and molecular evaluation in lung cancer diagno-
sis in Lesson #2.

 Determining the Extent of Disease 
Predicts Outcome

One of the simplest but most important principles 
in lung cancer is that accurate assessment of 
extent of disease (i.e., staging) is associated with 
better lung cancer outcome. Furthermore, extent 
of disease is the major determinant of treatment 
[30]. The most updated staging tool is the Eighth 
Edition Lung Cancer Stage Classification, a 
monumental work performed by the International 
Association for the Study of Lung Cancer 
(IASLC) involving 94,708 lung cancer patients 
from 16 countries (Table  14.2) [31]. 
Fundamentally, stages of cancer are defined by 
differences in survival; patients with tumors of 
different combinations of T (tumor), N (nodal), 
and M (metastasis) descriptors will be grouped 
together in a single stage if they share similar 
 survival (Fig.  14.4). Sixty-four stage groupings 
currently result from combinations of T, N, and 
M, compared to 32 and 48 stage groupings in the 
sixth and seventh staging classifications, respec-
tively. This highlights the effort to “split” (as 
opposed to “lump”) individual patients into more 
specific groups for the purposes of more precise 
treatment as well as identifying eligibility for 
focused clinical trial participation. Farjah and 
colleagues showed that multimodality (i.e., com-
puted tomography [CT], positron emission 
tomography [PET], and invasive mediastinal 
staging) as compared to single modality staging 
was associated with better survival, and use of 
more modalities was associated with lower risk 
of death [32]. Vokes and colleagues reported lon-
ger overall survival and progression-free survival 
in patients with stage III NSCLC who received 
PET imaging than those who did not [33]. The 
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benefit of accurate staging is likely related to 
avoiding stage-inappropriate therapy. For exam-
ple, treating widely metastatic lung cancer with a 
local approach (surgery or radiation) due to not 
recognizing disease outside the chest is unlikely 
to be curative, may subject the patient to an 
unnecessary procedure, and potentially results in 
delivery of the wrong therapies.

The multimodality tools used in the study by 
Farjah and colleagues  – chest CT, functional 

imaging (PET), and needle-based invasive medi-
astinal staging techniques – represent significant 
technological and procedural advancements in 
lung cancer diagnostic and staging tools. Chest 
CT has the highest anatomic accuracy in measur-
ing the size of a lung cancer, determining its loca-
tion within the lungs, and identifying any enlarged 
lymph nodes or involvement of local structures 
(e.g., rib, mediastinal structures, or chest wall). 
Compared to CT alone, PET imaging has addi-

Table 14.2 Eighth Edition Lung Cancer Staging Classification: Definitions for T, N, and M descriptors

T (primary tumor) Label
T0 No primary tumor
  Tis Carcinoma in situ (squamous or adenocarcinoma) Tis
T1 Tumor ≤3 cm
  T1a(mi) Minimally invasive adenocarcinoma T1a(mi)
  T1a Superficial spreading tumor in central airwaysa T1a ss
  T1a Tumor ≤1 cm T1a ≤1
  T1b Tumor >1 but ≤2 cm T1b >1–2
  T1c Tumor >2 but ≤3 cm T1c >2–3
T2 Tumor >3 but ≤5 cm or tumor involving:

  Visceral pleurab T2 Visc Pl
  Main bronchus (not carina), atelectasis to hilumb T2 Centr

  T2a Tumor >3 but ≤4 cm T2a >3–4
  T2b Tumor >4 but ≤5 cm T2b >4–5
T3 Tumor >5 but ≤7 cm T3 >5–7

Or invading chest wall, pericardium, phrenic nerve T3Inv
Or separate tumor nodule(s) in the same lobe T3 Satell

T4 Tumor >7 cm T4 >7
Or tumor invading: mediastinum, diaphragm, heart, great vessels, 
recurrent laryngeal nerve, carina, trachea, esophagus, spine

T4 Inv

Or tumor nodule(s) in a different ipsilateral lobe T4 Ipsi Nod
N (regional lymph nodes)
N0 No regional node metastasis
N1 Metastasis in ipsilateral pulmonary or hilar nodes
N2 Metastasis in ipsilateral mediastinal/subcarinal nodes
N3 Metastasis in contralateral mediastinal/hilar, or supraclavicular nodes
M (distant metastasis)
MO No distant metastasis
M1a Malignant pleural/pericardial effusionc or pleural/pericardial nodules M1a Pl Dissem

Or separate tumor nodule(s) in a contralateral lobe M1a Contr Nod
M1b Single extrathoracic metastasis M1b Single
M1c Multiple extrathoracic metastases (1 or >l organ) M1c Multi

Reprinted from Detterbeck et al. [98] with permission from Elsevier
TX, NX: T or N status not able to be assessed
aSuperficial spreading tumor of any size but confined to the tracheal or bronchial wall
bSuch tumors are classified as T2a if >3 ≤ 4 cm, T2b if >4 ≤ 5 cm
cPleural effusions are excluded that are cytologically negative, non-bloody, transudative, and clinically judged not to be 
due to cancer
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tional advantages, including identification of met-
abolic activity in the pulmonary lesion, mediastinal 
or hilar lymph nodes, or extrathoracic sites [30]. 
Several studies have shown that use of PET imag-
ing can reduce the number of noncurative lung 
cancer surgeries [34] and more accurately identi-
fies patients with N2 (mediastinal) or N3 (supra-
clavicular or contralateral mediastinal) nodal 
disease [35, 36]. It is important to note that tissue 
confirmation of sites identified as abnormal on 
PET scanning should be pursued, as inflammation 
or infection may also be  metabolically active and 
misinterpreted as malignant. Finally, endoscopic 
needle-based techniques (endobronchial ultra-
sound [EBUS] and endoscopic ultrasound [EUS]) 
have been shown to accurately confirm or exclude 
nodal metastasis less invasively than surgical pro-
cedures in patients with abnormal radiographic 
findings [37]. Each of these tools allows clinicians 
to more precisely define disease stage, so that 
stage- appropriate treatment can be considered.

 A Patient’s Functional Status 
Influences Outcome

Advances in lung cancer diagnosis and treatment 
have not been limited to better diagnostic and 
staging techniques. Another step in precision 
lung cancer care has been the recognition that a 
given patient’s physiology also influences out-
come and should factor into decisions about 
treatment approach. We clinically observe that 
some patients may not have the physiologic 
reserve to tolerate surgical resection, even if that 
might generally be the approach with the best 
oncologic outcome. We also know that more 
extensive resections have consequences; for 
example, operative mortality is higher with pneu-
monectomy compared to lobectomy [38, 39]. 
Tools to estimate pre- and posttreatment func-
tional and physiologic capacity include perfor-
mance status, pulmonary function testing, and 
cardiopulmonary exercise testing.

Measures of individual performance status help 
predict lung cancer outcomes. The Eastern 
Cooperative Oncology Group (ECOG) perfor-
mance status score is based on simple assessment of 
a patient’s overall functional status (Table 14.3) and 
is widely accepted as a powerful predictor of out-
comes [40]. The ECOG performance status predicts 
an individual patient’s ability to tolerate treatment 
and influences his/her eligibility for participation in 
clinical trials. For patients with advanced stage dis-
ease, performance status can help determine which 
patients may be at increased risk for complications 
of systemic therapy. For example, in patients with 
metastatic NSCLC and PD-L1 expression <50%, 
no contraindications to immunotherapy, no targeta-
ble mutations, and an ECOG performance status of 
0–1, the current NCCN guidelines recommend 
treatment with combination immunotherapy and 
chemotherapy [28]. For the same group of patients 
with ECOG performance status 3–4, best support-
ive care is recommended [28]. Of note, targeted 
therapies are associated with less severe side effect 
profiles and are generally offered to patients with 
ECOG PS 0–4. Determination of an individual 
patient’s performance status is a standard consider-
ation for undergoing any therapy, particularly sys-
temic therapies such as chemotherapy.

0 24 48
Months

Stage

68 / 781
505 / 3105
546 / 2417
560 / 1928
215 / 585
605 / 1453
2052 / 3200
1551 / 2140

336 / 484
831 / 986

328 / 398

IA1
IA2
IA3
IB
IIA
IIB
IIIA
IIIB

IVA
IIIC

IVB

92%
83%
77%
68%
60%
53%
36%
26%

10%
13%

0%

97%
94%
90%
87%
79%
72%
55%
44%

23%
24%

10%

NR
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6.0
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Fig. 14.4 Overall survival by clinical stage according to the 
eighth edition using the entire database available for the 
eighth edition. MST, mean survival time. Survival is weighted 
by type of database submission: registry vs other. (Reprinted 
from Goldstraw et al. [31] with permission from Elsevier)
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Physiologic testing can include pulmonary 
function testing (PFTs) and cardiopulmonary 
exercise testing (CPET). PFTs measure volume 
and flow of air and diffusion capacity (DLCO); 
CPET measures maximal oxygen consumption 
(VO2max) as well as cardiac or ventilatory limita-
tion to exercise. Ventilation/perfusion scanning is 
typically obtained to determine the relative contri-
bution of each lung or lung zones and helps predict 
postoperative function. Bolliger and colleagues 
reported that predicted postoperative VO2max 
correlated with operative morbidity and mortality 
in patients undergoing lung resections; in their 
series, 100% mortality was observed in those 
patients with an estimated postoperative VO2max 
<10 mL/kg/min [41]. Multiple studies have dem-
onstrated that patients with better functional and 
physiologic capacities have better clinical out-
comes. Conversely, patients with worse functional 
and physiologic status are at increased risk of post-
operative complications, lower survival, and death 
if treated with more aggressive surgical resection 
[42, 43]. Estimated postoperative physiologic 
capacity is standard of care for patients being con-
sidered for surgical resection. The American 
College of Chest Physicians (ACCP) lung cancer 
guidelines offer an algorithm for physiologic 
assessment using simple exercise testing (i.e., 
walk testing or stair climbing) or CPET to estimate 
postoperative physiologic function [44].

 Lesson #2: Tools for Individualized 
Assessments: Lung Cancer Risk, 
Diagnosis, and Staging

In Lesson #1, we identified several important 
advances in our understanding of lung cancer and 
described tools that have been developed to 
improve evaluation and management. In Lesson 
#2, we will consider how those tools are utilized 
to individualize lung cancer risk assessment, 
diagnosis, staging, and tumor tissue analysis.

 Lung Cancer Screening

Lung cancer screening gives us an opportunity to 
understand how risk assessment for NSCLC is 
becoming more individualized and how that 
knowledge can be practically implemented. In 
2011, the National Lung Screening Trial (NLST) 
showed that annual screening with low-dose CT 
(LDCT) improved overall and lung cancer- 
associated mortality in asymptomatic patients at 
high risk for lung cancer [21]. “High risk” in 
NLST was defined by two patient-level factors: 
age (55–74 years) and smoking status (≥30 pack- 
year smoking history in current smokers or for-
mer smokers quitting within the last 15  years). 
Based on NLST findings and a separate modeling 
study performed by the Cancer Intervention and 
Surveillance Modeling Network for Healthcare 
Research and Quality (CISNET) [45], the United 
States Preventive Services Task Force (USPSTF) 
endorsed lung cancer screening for individuals 
ages 55–80 who are either currently smoking or 
have quit within the previous 15 years and have 
accumulated ≥30 pack-years of smoking [45, 46].

Subsequent evaluation of NLST demonstrated 
a similar pattern to that discovered from the Bach 
risk assessment model: The most benefit from 
screening is obtained by the highest-risk patients. 
Kovalchik and colleagues assigned patients in 
NLST into quintiles of risk for developing lung 
cancer based on a risk prediction model devel-
oped in an NLST study subpopulation and vali-
dated in the PLCO cancer screening trial 
population [47]. Most (88%) of the screening- 
averted deaths from lung cancer were identified 

Table 14.3 Eastern Cooperative Oncology Group per-
formance status. Developed by the Eastern Cooperative 
Oncology Group, Robert L. Comis, MD, Group Chaira

Grade ECOG performance status
0 Fully active, able to carry on all pre-disease 

performance without restriction
1 Restricted in physically strenuous activity but 

ambulatory and able to carry out work of a 
light or sedentary nature, e.g., light 
housework, office work

2 Ambulatory and capable of all self-care but 
unable to carry out any work activities; up and 
about more than 50% of waking hours

3 Capable of only limited self-care; confined to 
bed or chair more than 50% of waking hours

4 Completely disabled; cannot carry on any 
self-care; totally confined to bed or chair

5 Dead
aOken et al. [99]
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in the three highest-risk quintiles. Furthermore, 
the incidence of false-positive findings was lower 
in the higher-risk groups [47]. The number 
needed to screen (NNS) to prevent one lung can-
cer death in the highest-risk quintile was 161, 
compared to 320 in the overall NLST population 
[21, 47]. Caverly and colleagues performed a 
similar analysis in the Veterans Affairs (VA) 
Lung Cancer Screening Demonstration Project 
[48]. Again, the highest-risk quintiles had more 
lung cancers identified and a lower NNS. These 
findings suggest that individualized patient 
assessments for lung cancer screening may maxi-
mize the number of lung cancer deaths averted 
and minimize false-positive findings.

Compared to the NLST inclusion criteria, indi-
vidualized risk assessment models incorporating 
more patient-level factors may increase the accu-
racy of identifying patients who would benefit 
from lung cancer screening. Tammemagi and col-
leagues compared application of the PLCOM2012 
model to NLST criteria and observed that 
PLCOM2012 had higher sensitivity (83.0% vs. 
71.1%, p < 0.001) and positive predictive value 
(4.0% vs. 3.4%, p = 0.01) with similar specificity 
(62.9% vs. 62.7%, p = 0.54) [19]. Katki and col-
leagues similarly developed and validated risk 
models for lung cancer incidence and death using 
patients from the PLCO and NLST trials as well 
as the National Health Interview Survey (NHIS) 
[49]. Using their model, the NNS to avert one 
lung cancer death for the highest-risk group was 
162 [49]. These studies suggest that predictive 
models may be more efficient in identifying indi-
viduals who will benefit from lung cancer screen-
ing than the USPSTF criteria. Moreover, the 
models identify some patients who do not meet 
the USPSTF criteria but have high enough risk to 
benefit from screening [50]. In a recent update to 
the CHEST Guidelines for lung cancer screening, 
a PLCOM2012-calculated risk of 1.51% over 6 years 
was proposed as a potential threshold for defining 
patients at high enough risk for lung cancer to 
consider screening [51]. It is important to note 
that routine lung cancer screening in patients who 
do not meet USPSTF criteria is not recommended, 
as there is no evidence demonstrating benefit. 
However, studies to address alternative screening 

criteria will be difficult to achieve as they require 
long duration of follow- up and are extremely 
costly; the guidelines acknowledge this dilemma 
[51]. Available models do give us the opportunity 
to individualize risk assessment, and decisions 
about screening still will remain at the discretion 
of shared decision- making between a physician 
and an individual patient.

 Anatomic Staging

Personalized medicine for lung cancer has its 
foundations in anatomic staging, which has been 
the cornerstone of individualization of evaluation 
and treatment since Mountain’s seminal first revi-
sion of the lung cancer staging system in 1973 
[52]. Clinical staging is based on all information 
available short of a complete surgical specimen. 
Every patient should receive T, N, M designations 
for clinical stage. Complete pathologic staging 
should be performed for every patient undergoing 
surgical resection with intent to cure. In 2019, 
precise understanding of an individual tumor 
additionally requires histologic classification (i.e., 
adenocarcinoma, squamous cell carcinoma, small 
cell carcinoma) and subclassification when pos-
sible. Pathologic information is now routinely fur-
ther augmented by description of individual tumor 
molecular and biochemical characteristics. 
Precise staging ensures that a patient’s individual 
treatment is accurately based on stage and tumor 
factors, maximizing possible benefit and mini-
mizing risk of treatment-related complications. 
Personalization of care is further informed by a 
global assessment of patient performance and 
physiologic status (see Lesson #1). Of note, 
though presented separately here, evaluation for 
diagnosis, staging, and patient values (see Lesson 
#3) are performed concurrently in clinical prac-
tice. In this section, we will highlight how imag-
ing and procedures for NSCLC staging have 
become more precise over time. For a full review 
of staging approaches and procedures, we refer 
the reader to the ACCP and NCCN guidelines on 
lung cancer diagnosis and treatment [28, 53].

The benefit of accurate staging was discussed 
in Lesson #1. As already stated, staging evalua-
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tions are standardized but individualized using 
the above-mentioned tools. The goal of lung can-
cer staging is to identify all sites of disease and 
ideally to pathologically confirm the site of high-
est disease stage. Importantly, the least invasive 
test for the site of highest disease should be uti-
lized [30, 54]. The goal of the clinician is to 
determine the “right” test for an individual 
patient. In general, the ACCP and NCCN lung 
cancer guidelines recommend that all patients 
with known or suspected lung cancer undergo 
history, physical, chest CT (including liver/adre-
nal glands), and lab testing (blood counts and 
basic metabolic profile) [28, 55]. Further evalua-
tion, including histologic confirmation of dis-
ease, should be directed by the results of the 
baseline assessment and informed by individual 
patient characteristics.

Most patients suspected of having lung cancer 
undergo CT and PET imaging. There are several 
noteworthy examples where the extent of imag-
ing should be individually tailored. First, patients 
with less aggressive or very early disease may not 
require PET imaging. Specifically, (1) patients 
with pure ground glass opacities without other 
abnormalities on CT and (2) patients with periph-
eral stage IA tumors do not require PET imaging 
[30]. In both cases, the likelihood of identifying 
more advanced disease with additional imaging 
is low and the likelihood that abnormal findings 
are false positives is high. In contrast, patients 
with abnormal baseline clinical evaluations 
should undergo PET imaging to evaluate for dis-
tant disease in addition to focused evaluation of 
any suspicious site. The choice of imaging for a 
focal suspicious site should be directed by the 
best imaging modality for that site. For example, 
dedicated brain imaging is recommended for a 
patient with a focal neurologic abnormality on 
physical exam, with contrast-enhanced brain 
MRI the preferred diagnostic test. Similarly, 
abnormal CT or PET findings in the liver or adre-
nal glands may be best assessed by MRI of these 
areas. Finally, dedicated brain imaging is recom-
mended in all patients with stage III or IV lung 
cancer even in the absence of focal findings, as 
the likelihood of identifying asymptomatic brain 
metastasis is much higher with advanced stage 

disease [30]. The complexity of imaging recom-
mendations for patients with NSCLC reinforces 
the importance of individualization of the evalua-
tive process.

Lung cancer cannot (yet) be diagnosed with-
out tissue acquisition and pathologic confirma-
tion. Among the major advances in lung cancer 
care, the development of minimally invasive pro-
cedures has preserved or improved accuracy of 
diagnosis and staging with less risk to patients. 
Endoscopy allows tissue acquisition that, in 
many cases, avoids a surgery. Notably, endo-
scopic needle-based techniques for mediastinal, 
hilar, paraesophageal, and even adrenal lymph 
node sampling are now the preferred first tests for 
patients with radiographic abnormalities sugges-
tive of disease involvement [30]. Needle-based 
techniques utilize endobronchial ultrasound 
(EBUS) in the bronchial tree or endoscopic ultra-
sound (EUS) in the gastrointestinal tract. Both 
procedures are associated with high diagnostic 
yields due to real-time visualization of the needle 
entering the biopsy target. Ultrasound-guided 
needle-based techniques have been associated 
with high diagnostic sensitivity and with reduc-
tion in more invasive surgical procedures. For 
example, Annema and colleagues demonstrated a 
reduction in the number of unnecessary thora-
cotomies by implementing a staging strategy 
preferentially using EUS/EBUS as the initial 
approach, followed by surgical staging only if the 
needle-based approach was nondiagnostic [37].

For diagnosis of peripheral pulmonary lesions, 
the choice of the “right” biopsy technique for a 
given patient must be individualized. CT-guided 
biopsy has high yield for peripheral lesions but 
with a high rate of pneumothorax; bronchoscopic 
biopsy may have more variable yield, but has a 
lower rate of pneumothorax [54]. A meta- analysis 
of patients undergoing bronchoscopic biopsies 
for peripheral pulmonary nodules reported 70% 
pooled yield [56], whereas a multicenter study 
estimated yield between 39% and 64%, with 
higher yield associated with non-upper lobe 
larger lesions and tobacco use [57]. Technologies 
are developing to optimize yield, including “thin” 
bronchoscopes facilitating access to more distal 
airways and image guidance with radial ultra-
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sound and electromagnetic navigation. Presently, 
the discussion regarding the “right” biopsy tech-
nique must include consideration of the degree of 
invasiveness, the anticipated yield, potential 
complications, and the patient’s ability to tolerate 
the procedure.

The future of staging procedures for lung can-
cer will include even less invasive diagnostic test-
ing to diagnose lung cancer or lung cancer 
recurrence. Specifically, “liquid” biopsies hold 
the promise of a lung cancer diagnosis through 
examination of blood or plasma as opposed to tis-
sue. Liquid biopsies of peripheral blood can 
detect circulating tumor cells, tumor DNA or 
RNA, or tumor proteins [58]. At present, liquid 
biopsies can be used in clinical practice for detec-
tion of driver mutations [59]. As the technology 
improves, it is likely these noninvasive evalua-
tions will play increasingly important roles in 
lung cancer diagnosis.

 Tumor Tissue Evaluation

The complexity of accurate pathologic diagnosis 
for patients with NSCLC further highlights how 
precision medicine has become the routine 
approach. Figure 14.1a, b demonstrate the 2008 
and 2019 NCCN guidelines for treatment of stage 
IV NSCLC, respectively. Clinical staging gets us 
to the beginning of both these algorithms, and the 
individual patient’s global status will inform final 
decisions about treatment. What is immediately 
evident is that over the 10  years between these 
guidelines, a precision landscape for lung cancer 
evaluation and treatment has dramatically 
evolved, based on important advances in our abil-
ity to characterize individual tumors. Pathologic 
diagnosis is defined by the 2015 WHO 
Classification of Lung Tumors [60]. Increasingly, 
molecular and biochemical evaluation are rou-
tinely performed for NSCLC and are essential 
components of the tissue evaluation for advanced 
stage disease. Though a complete discussion is 
beyond the scope of this chapter, Reck and Rabe 
provide a helpful diagnostic pathologic algorithm 
for advanced NSCLC (Fig.  14.5). In general, 
more advanced lung cancers require more exten-

sive tissue evaluation, with particular focus on 
molecular testing.

Three important precision aspects of tissue 
diagnosis should be considered: histology, 
molecular testing, and immunologic status. With 
regard to histology, “NSCLC” as a final patho-
logic diagnosis is no longer acceptable. In the 
2008 NCCN guidelines for metastatic NSCLC 
(Fig.  14.1a), determination of NSCLC (regard-
less of histology) and stage was considered suf-
ficient evaluation to guide treatment. In contrast, 
the 2019 NCCN guidelines (Fig. 14.1b) mandate 
specific histology determination (i.e., squamous 
cell carcinoma, adenocarcinoma, large cell, or 
NSCLC not otherwise specified [NOS]); more 
precise histologic categorization enables prioriti-
zation of molecular/immunologic testing (see 
below), which is necessary for treatment deci-
sions. The 2019 guidelines assume that distin-
guishing squamous cell carcinoma from 
non-squamous cell carcinoma (i.e., adenocarci-
noma or large cell carcinoma) will occur. The 
overarching reason for separating these entities is 
the increasing evidence base that they are funda-
mentally different and will demonstrate distinct 
outcomes to treatments. For example, EGFR 
mutations, ALK and ROS1 rearrangements, and 
BRAF mutations are more frequently seen in 
non-squamous NSCLC [60]. Pemetrexed is 
effective in non-squamous NSCLC but not in 
squamous cell carcinoma [61, 62]. Bevacizumab, 
a monoclonal antibody targeting vascular endo-
thelial growth factor (VEGF), is contraindicated 
in patients with squamous cell carcinoma due to 
risk of hemorrhage and/or hemoptysis [60, 63]. 
Numerous such examples compel pathologists to 
make this first, critical distinction in major histo-
logic type. A much more granular analysis of the 
broad category of NSCLC is now required to 
facilitate appropriate treatment, particularly for 
metastatic disease.

Molecular testing of individual tumors is now 
a requirement for patients with advanced stage 
disease. The discovery that inhibitors of EGFR 
could result in dramatic benefit for patients with 
metastatic EGFR-mutant adenocarcinoma was 
an enormous leap forward in precision medicine 
for lung cancer [64, 65]. As mentioned in Lesson 
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#1, EGFR mutations, ALK and ROS1 rearrange-
ments, and BRAF mutations are all potentially 
targetable; testing for these abnormalities is rec-
ommended for all non-squamous NSCLCs 
(Fig.  14.5). Targetable alterations are infre-

quently identified in squamous cell carcinoma; 
for example, <5% of squamous cell carcinomas 
will demonstrate EGFR mutations [66]. In meta-
static squamous cell carcinoma, NCCN guide-
lines recommend consideration of EGFR and 

Diagnostic Algorithm in
Non-Small-Cell Lung Cancer (NSCLC)

Individual treatment

Squamous-cell NSCLC

MOLECULAR PROFILING

PD-L1 STAINING

Non-squamous-cell NSCLC
Adenocarcinoma
Large-cell carcinoma
Other

EGFR mutation
BRAF V600E mutation

ALK or ROS1 translocation
discovered through IHC or FISH

Next-generation sequencing in selected
patients with adenocarcinoma who
never smoked or seldom smoke

If negative or unknown

AAACATCAGCAAAGACAAGAC

Selected samples evaluable for
       molecular analysis
Not yet available for
 PD-L1 analysis

Fig. 14.5 Diagnostic algorithm in non-small cell lung 
cancer (NSCLC). The upper portion of the algorithm 
shows the morphologic classification of NSCLC based on 
histology (hematoxylin and eosin) and cytologic (Giemsa) 
evaluation. The middle portion of the algorithm shows the 
molecular analysis for the key treatable oncogenic altera-
tions: EGFR and BRAF V600E mutations and ALK and 

ROS1 translocations, as well as additional molecular anal-
yses in selected patients. The lower portion of the algo-
rithm shows the assessment of programmed death ligand 
1 (PD-L1) expression by means of immunohistochemical 
staining. FISH denotes fluorescence in situ hybridization 
and IHC analysis. (Reproduced from Reck and Rabe [9] 
with permission from the Massachusetts Medical Society)
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ALK testing in never-smokers, when biopsy spec-
imens are small, or with mixed histology; ROS1 
and BRAF testing for metastatic squamous cell 
carcinoma should be considered with small 
biopsy specimens or mixed histology (Fig. 14.1b). 
In contrast, testing for targetable mutations is 
recommended for all non-squamous tumors. 
Testing of small biopsy samples is discussed due 
to the potential for incomplete sampling and his-
tologic uncertainty [28, 67]. It should be noted 
that molecular testing is not currently recom-
mended for nonmetastatic lung cancers because 
optimal treatment for those patients is achieved 
predominantly with local therapy; in these cases, 
molecular testing would add little other than cost 
to treatment decisions.

Lastly, determining the immunologic status of 
a tumor is yet another important determinant of 
personalized treatment. The role of the immune 
system in neoplasia has long been appreciated, 
and the recent development of successful immu-
notherapies for lung cancer is dramatically and 
rapidly changing our therapeutic approach. 
Agents targeting checkpoint inhibition have been 
rapidly integrated into advanced stage lung can-
cer treatment. Immunologic tumor evaluation 
specifically relates to tumor expression of pro-
grammed death ligand 1 (PD-L1). PD-L1 on the 
surface of the tumor cell binds the programmed 
death-1 (PD-1) receptor on T-cells, resulting in 
downregulation of T-cell activity and tumor eva-
sion of immune system detection [68]. Agents 
that block the interaction of tumor PD-L1 and 
host PD-1 prevent the tumor from escaping 
immune surveillance. Nivolumab and pembroli-
zumab (antibodies targeting the PD-1 receptor on 
T-cells) were two of the first such immunothera-
pies. In 2016, Reck and colleagues showed that 
advanced squamous and non-squamous NSCLC 
with tumor PD-L1 expression ≥50% had 
improved progression-free survival and overall 
survival when treated with pembrolizumab, com-
pared to standard platinum-based chemotherapy 
[69]. Tumor PD-L1 testing is now recommended 
by NCCN for all metastatic NSCLCs.

As we consider the future role of molecular 
and immunologic testing for lung cancer, three 
trends should be highlighted. First, recent studies 

have shown clinical improvements in stage III 
and IV NSCLC with immunotherapy indepen-
dent of tumor PD-L1 status [70–72]. Therefore, 
PD-L1 may not be the ideal biomarker on which 
to base decisions about immunotherapy, and 
other biomarkers will likely be considered [73]. 
Higher tumor mutational burden may be a poor 
prognostic marker in NSCLC [74], but it is asso-
ciated with a higher likelihood of response to 
immunotherapy and is being studied as another 
possible biomarker [75]. Second, since current 
trials are studying immunotherapies in conjunc-
tion with chemotherapy and surgery in the setting 
of nonmetastatic disease [71, 76], it seems likely 
that immunotherapy use will be extended to ear-
lier stages. Third, genomic evaluation now makes 
it clear that the majority of adenocarcinomas 
have potentially targetable driver mutations. 
Since only a few of these are currently actionable 
with available therapies, broad-based genomic 
sequencing as compared to focused EGFR and 
ALK testing may not be of current benefit [77]. 
Nonetheless, identification of those potential tar-
gets opens a wide spectrum of possible new pre-
cision therapies for lung cancer.

 Lesson #3: From Individualization 
to Personalization – The Patient 
as Stakeholder

Lessons #1 and #2 have highlighted significant 
advances in our understanding of lung cancer 
biology, identified the resultant assessment tools, 
and outlined how lung cancer risk assessment, 
diagnosis, and tissue evaluation have become 
much more individualized, with the result being 
better personalized treatment with better out-
come. We have conceptualized “precision medi-
cine” primarily as “personalized medicine,” 
utilizing data specific to the patient including 
lung cancer risk modeling, individual staging, 
and more precise understanding of tumor pathol-
ogy within the context of a given patient’s 
comorbidities and functional status. These data 
permit providers to present a plan of care spe-
cific to that patient. However, we have not yet 
included the patient’s own preferences into the 
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decision- making process. This final lesson will 
emphasize the importance of utilizing data at the 
level of the individual to make personalized 
treatment decisions.

 A Precise Approach: 
From Individualized to Personalized

Once the patient’s preferences are considered, 
“individualized medicine” may become “person-
alized medicine,” in which the patient’s values 
factor into the ultimate treatment plan. In their 
evaluation of nationwide healthcare differences, 
the Dartmouth Atlas Project recognized various 
categories of medical services, including “effec-
tive care” and “preference sensitive care” [78]. 
“Effective care” describes a service wherein the 
weight of theory and evidence supports efficacy, 
and excepting unusual circumstances this service 
should be provided to all qualifying patients [78]. 
An example of effective care would be the use of 
EGFR tyrosine kinase inhibitors as first-line ther-
apy. For patients with advanced stage NSCLC 
and susceptible EGFR mutations, higher response 
rate, longer progression-free survival, and 
improved quality of life measures favor EGFR 
inhibitors such that they should be offered first 
line in virtually all cases, as opposed to treatment 
with cytotoxic chemotherapy [79]. Another 
example of effective care would be early pallia-
tive care intervention for patients with metastatic 
NSCLC.  Temel and colleagues reported that, 
compared to standard of care, early palliative 
care resulted in better quality of life, fewer 
depressive symptoms, and longer median sur-
vival, with survival benefits comparable to medi-
cal treatment with chemotherapy [80]. Routine 
early integration of palliative care into lung can-
cer care is now recommended as standard prac-
tice [81], ensuring that there is a consistent focus 
on patient symptoms and values.

“Preference sensitive care” refers to medical 
services in which valid alternative treatment strat-
egies exist, and the choice of treatment involves 
balancing risks and benefits [78]. The choice of 
the second agent in platinum-based doublet che-
motherapy for advanced stage NSCLC is an 

example of such clinical equipoise. Prior work 
has shown that there is no significant difference in 
response rates or overall survival whether the sec-
ond agent is gemcitabine, docetaxel, or paclitaxel 
[82]. Patients may have treatment preferences 
based on factors such as toxicity, convenience, 
and cost [83], with priorities varying significantly 
between patients. For example, one survey noted 
that, for female patients, concerns relating to 
infection risk or hair loss may be more prominent 
than for male patients [84].

 Shared Decision-Making

The practice of “shared decision-making” (SDM) 
has been defined as “an approach where clini-
cians and patients share the best available evi-
dence when faced with the task of making 
decisions, and where patients are supported to 
consider options, to achieve informed prefer-
ences” [85]. In SDM, clinicians present the risks 
and benefits associated with different options, 
and patients weigh in with their own values and 
preferences [85]. Having an honest and open- 
ended discussion early in the evaluation process 
ensures that patient and treatment goals are 
aligned. A review by Geerse and colleagues sug-
gests that shared decision-making may be associ-
ated with improved emotional outcomes in 
patients with lung cancer [86]. Specific mecha-
nisms for enhancing SDM include decision-aid 
tools (such as pamphlets or videos) designed to 
help patients make choices among healthcare 
options. A Cochrane review by Stacey and col-
leagues reported that use of decision aids 
increases patient knowledge and risk perception, 
enhances participation in decisions, and increases 
satisfaction with decisions, with no adverse 
effects on outcomes [87]. We will review the 
importance of shared decision-making in lung 
cancer screening and early-stage lung cancer 
management.

The role of SDM in lung cancer is perhaps 
most evident in the lung cancer screening pro-
cess. The USPSTF recommends (and the Centers 
for Medicare and Medicaid Services mandate) a 
counseling and SDM visit for lung cancer screen-

14 Lessons for Precision Medicine from Lung Cancer



218

ing; the visit includes a determination of lung 
cancer screening eligibility, SDM with one or 
more decision aids, and smoking cessation coun-
seling [88]. The SDM visit was specifically 
included by USPSTF because of the complexity 
of lung cancer screening, including the potential 
for both benefit and harm, and the importance of 
patient participation in deciding whether to 
screen. For example, the benefits of lung cancer 
screening have only been established in a select 
population, and there is additive benefit to smok-
ing cessation [89]. Further, lung cancer screening 
entails potential harms, including false-positive 
results, incidental findings, subsequent diagnos-
tic procedures, and anxiety. Lung cancer screen-
ing may also result in overdiagnosis, defined as 
detection of a cancer that would not in the future 
have resulted in clinically significant disease 
[90]. As noted in Lesson #1, in NLST the number 
needed to screen was 320 [21]; thus, the majority 
of patients do not obtain benefit from lung cancer 
screening, though all are exposed to the harms. 
One means of facilitating SDM involves perfor-
mance of screening at specialized centers with 
substantial expertise, access to enhanced 
resources, and dedicated knowledgeable provid-
ers. Mazzone and colleagues demonstrated that a 
centralized counseling and decision-making visit 
is feasible and improves knowledge surrounding 
lung cancer screening [91]. With this knowledge, 
patients have a greater chance of making deci-
sions that best reflect their goals.

Management of early-stage lung cancer pro-
vides another opportunity for personalization of 
care through shared decision-making. In Lesson 
#1, we reviewed the impact of a patient’s func-
tional status on surgical decisions. The ability to 
tolerate more extensive resection is important 
because lobectomy with mediastinal dissection 
or systematic lymph node sampling for stage I 
cancer is considered standard of care. Alternatives 
to lobectomy include sublobar resection or ste-
reotactic ablative radiotherapy (SABR; also 
known as stereotactic body radiation therapy 
[SBRT]). Oncologic outcomes with lobectomy 
are superior to sublobar resection [92, 93], and 
current evidence does not support the use of 
SABR in patients who are suitable candidates for 

lobectomy [94, 95]. There is greater equipoise, 
however, when comparing sublobar resection 
(segmentectomy or wedge resection) against 
SABR in patients who are unable or unwilling to 
undergo full lobectomy. There are no large, ran-
domized, head-to-head comparative studies, but 
there are significant data demonstrating the effi-
cacy of SABR in medically inoperable patients 
with early stage peripheral cancers. For example, 
Timmerman and colleagues demonstrated that, in 
a group of 55 patients with medically inoperable 
stage I NSCLC treated with SABR and followed 
for a median of 3 years, tumor control rate was 
97.6%, 3-year tumor and lobe control rate was 
90.6%, and median overall survival was 4 years 
[96]. These 3-year outcomes are similar to those 
observed with sublobar resection, suggesting that 
SABR is a reasonable alternative for high-risk 
surgical patients who cannot undergo lobectomy 
[97]. If a patient with an early stage NSCLC is 
not a candidate for lobectomy, whether due to 
poor functional status (unacceptable risk of com-
plications) or patient preference (desire to avoid 
surgical interventions or minimize perioperative 
complications), the discussion can then proceed 
toward a shared decision-making process 
 outlining the relative risks and benefits of more 
limited surgical intervention versus radiation 
therapy. While it is important to maximize the 
chance for survival, this needs to be balanced 
against the patient’s goals and the physician’s 
concern for quality of life.

Ultimately, personalization of treatment must 
include the patient’s preferences, which may only 
be known if we remember to ask. A multitude of 
decision points will be encountered in every lung 
cancer case. Standardized evaluation to guide 
decision-making is necessary to prevent undue 
variation and ensure thoroughness and efficiency. 
Precise staging and tissue evaluation represent 
critical points in the evaluation pathway inform-
ing treatment, and we can now characterize neo-
plasms at the level of single mutations or cell 
surface ligands to determine optimal treatments. 
However, we need to remember that the patient is 
not defined by their tumor. Rather, each patient is 
a whole human person, who should be fully 
engaged and participating in decision-making 
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relating to their care. Shared decision-making 
allows us to use the tools of precision medicine to 
provide personalized care concordant with 
patient goals and values.

 Conclusion

The evolution of diagnosis, evaluation, and treat-
ment of lung cancer is an ideal model for under-
standing precision medicine and the 
personalization of care. Lung cancer research 
extends from large-scale studies providing insight 
into the epidemiology of lung cancer, permitting 
earlier identification and intervention, to molecu-
lar evaluation of single tumors. We have gained 
enormous insight into the heterogeneity of lung 
cancer and a profound appreciation that more 
precise understanding of genetic and biochemical 
differences informed by the backdrop of behav-
ioral and social characteristics should guide indi-
vidualized decisions relating to screening, 
staging, and treatment for a given patient. The 
old, nihilistic perception of lung cancer as a uni-
formly morbid disease with limited treatment 
options should be firmly rejected.

We can now return to our patient PM and com-
pare his experience from 2008 as described above 
with what he would experience today, based on 
the remarkable advances made in the field of lung 
cancer over the past decade. This comparison 
highlights multiple ways in which scientific dis-
coveries have been implemented into patient 
care, with emphasis on an individualized 
approach.

PM is a 65-year-old male current smoker with 
moderate COPD, who presented for routine 
health evaluation. His primary care physician ini-
tiated a discussion about lung cancer risk, as PM 
met USPSTF criteria for screening. PM was 
counseled about smoking cessation, and after a 
shared decision-making discussion, he elected to 
undergo screening low-dose chest CT (LDCT). 
The LDCT identified a solid 2.1-cm right upper 
lobe (RUL) nodule, without hilar or mediastinal 
adenopathy. PET-CT showed intense FDG uptake 
only in the nodule. EBUS biopsy of the nodule 
confirmed squamous cell carcinoma; biopsies of 

right hilar and mediastinal nodes were negative. 
The clinical stage was T1cN0M0. PM had com-
prehensive physiologic evaluation, which dem-
onstrated adequate predicted postoperative 
function. He underwent RUL lobectomy; patho-
logic stage was pT1cN0M0 (stage IA3). PM suc-
cessfully quit smoking and was followed for 
several years without evidence of disease recur-
rence, but was then lost to follow-up. Ten years 
after the original LDCT, PM presented with sev-
eral months of worsening cough and dyspnea. A 
chest radiograph demonstrated a right lower lobe 
abnormality; chest CT confirmed a 3.5-cm right 
lower lobe mass and enlarged right hilar and sub-
carinal lymph nodes, without abnormalities in 
the liver, adrenal glands, or bones. PET imaging 
showed intense FDG uptake in the mass and in 
mediastinal and hilar lymph nodes; brain MRI 
demonstrated two enhancing 1.0-cm lesions in 
the right parietal and temporal regions. 
Bronchoscopy with EBUS confirmed adenocar-
cinoma in the RLL mass as well as in multiple 
mediastinal nodes. The clinical stage was 
T2aN2M1c (stage IVB). Molecular testing was 
negative for EGFR or BRAF mutations or ALK or 
ROS1 rearrangements; tumor PD-L1 was >50%. 
PM indicated that, at his age of 75 and with other 
health conditions, he wanted treatment that would 
balance survival benefit while limiting adverse 
reactions. After discussions with his multidisci-
plinary team, PM started immunotherapy with 
pembrolizumab, underwent stereotactic radiosur-
gery for the brain metastasis, and initiated care 
with the palliative medicine service. PM toler-
ated immunotherapy well with measurable 
response to treatment. However, follow-up imag-
ing 18  months later demonstrated new liver 
abnormalities consistent with metastases. He was 
presented with the option of systemic chemother-
apy, but after discussion of benefits and risks, 
elected to discontinue active treatment and focus 
with his primary care and palliative medicine 
teams on quality of life.

In the words of Sir William Osler, “The good 
physician treats the disease; the great physician 
treats the patient who has the disease.” The 
advances of precision medicine in lung cancer 
increase the frequency with which cure can be 
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obtained and permit greater flexibility in promoting 
survival while balancing individual goals relating 
to aggressiveness of care and potential toxicities. 
While specific tools, treatments, and guidelines 
presented today will inevitably become obsolete, 
the general approach to precision medicine that 
guides future research will remain durable. 
Through studying disease at the most fundamental 
molecular level to the broadest population-based 
level, we aim to predict those at greatest risk, take 
steps to attenuate that risk, identify cases sooner, 
rigorously define an individual’s unique disease, 
and apply individualized therapies with greater 
efficacy and lower morbidity. Patient assessments 
should be standardized and structured, but each 
individual assessment will be unique and will 
uniquely inform optimal personalized treatment.
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AATD Alpha-1 antitrypsin deficiency
ACO Asthma COPD overlap
COPD Chronic obstructive pulmonary 

disease
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DLCO Diffusion capacity for carbon 
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FEV1 Forced expiratory volume in 1 second
FFMI Fat free mass index
FVC Forced vital capacity in 1 second
GERD Gastroesophageal reflux disease
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disease
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ICS Inhaled corticosteroid
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mMRC Modified Medical Research Council 
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HU value histogram of lung voxels
PRISm Preserved ratio impaired spirometry
RV Residual volume
SPD Surfactant protein D
sRAGE Soluble advanced glycosylation end 

products
TLC Total lung capacity

 General Considerations 
for Prevention, Diagnosis, 
and Treatment of Chronic 
Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD), 
while defined as incompletely reversible obstruc-
tion to expiratory airflow, is in reality a complex 
and heterogeneous constellation of mechanisms 
and multisystem clinical features. COPD is a 
major healthcare burden and a leading cause of 
death worldwide. Inhalational exposure to nox-
ious gases, notably tobacco and environmental 
smoke, has a causal relationship for the develop-
ment of COPD [1]. Critically, improvements in 
air quality and smoking cessation improve the 
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burden of symptoms and halt the progressive 
decline in parameters of lung function in those 
susceptible to COPD [2].

The foundation of the term COPD arose in the 
1960s through a concerted effort to physiologi-
cally define the clinically overlapping conditions 
of chronic bronchitis, emphysema, and asthma 
using forced spirometric maneuvers [3]. These 
classic COPD phenotypes were recognized over 
a century earlier to share similar origins despite 
being pathologically distinct [4]. Persistent 
obstruction on post bronchodilator spirometry is 
the cornerstone for establishing the diagnosis of 
COPD.  Bronchodilator reversibility, initially 
adopted as a distinguishing characteristic 
between COPD and bronchial asthma, is now 
recognized as prevalent among patients with both 
COPD and asthma and can be diminished or 
absent in patients with severe asthma [5, 6]. 
Further, bronchodilator reversibility is a poor 
predictor of clinical and functional outcomes, 
such as exacerbation frequency, exercise capac-
ity, and patient-reported health status. The avail-
ability of advanced pulmonary diagnostics has 
enhanced the more precise delineation of COPD 
phenotypes beyond basic spirometric airflow 
obstruction and symptomatology through the use 
of body plethysmography to define lung volume 
compartments and hyperinflation, lung imaging 
for the quantification and distribution of paren-
chymal emphysema and airway dimensions, and 
blood testing to screen for genetic risk factors 
such as alpha-1 antitrypsin deficiency (AATD) 
and other cellular and protein biomarkers of dis-
ease activity.

There remains a strong impetus to better char-
acterize individual patients at risk of COPD inci-
dence and progression so that we may develop 
novel therapies to alleviate suffering, improve 
survival, and, ultimately, reverse the course of this 
devastating illness. Our current understanding of 
clinical phenotypes in COPD reveal a mixture of 
disease endotypes that remain loosely classified 
by symptom burden, pulmonary function testing, 
and radiographic characteristics (Table  15.1). A 
key unanswered question in the field is why cer-
tain disease traits or phenotypes of COPD emerge 
among smokers while others with similar expo-
sure history remain unaffected. The recognition of 
AATD as a key genetic determinant of emphy-
sema by Laurell and Eriksson was a critical mile-
stone, promulgating our current understanding of 
the role of protease: Anti- protease balance in the 
pathobiology of COPD and leading to the devel-
opment of a disease- specific treatment for affected 
individuals [7]. Other host attributes that lead to 
COPD, in particular genetic susceptibility factors 
and early life disadvantage, are areas of interest 
being addressed within several large international 
prospective studies [8, 9].

The heterogeneous nature of COPD highlights 
the importance of precision phenotyping in clini-
cal trials whereby patient selection permits ben-
efits from therapeutic intervention to be relevant 
and applicable to the target population [5, 10]. 
Several randomized controlled trials have 
revealed clinically significant benefits in certain 
COPD phenotypes through subgroup analyses of 
secondary endpoints, for example, roflumilast 
has been shown to improve parameters of lung 

Table 15.1 Common COPD clinical phenotypes

PRISm ACO Low symptom burden Hyperinflated Frequent exacerbator
Active smoker + − − +/− +

Pack year smoking history Low Low Low High High
Airflow obstruction (FEV1/FVC 
<0.7)

− + + + +

Bronchial hyper-responsiveness − + − +/− +
Exacerbations + + − +/− +
Dyspnea + + − + +/−
Emphysema +/− − +/− + +/−
Oxygen use − − − +/− +/−
Comorbid illness + + +/− + +
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function and reduce exacerbation frequency in 
symptomatic patients with moderate to severe 
COPD and prior history of exacerbation [11]. In 
this new era of personalized medicine, such com-
plex and detailed phenotyping is not only feasible 
but can be integrated into clinical decision- 
making and applied in clinical practice.

 Current COPD Management

Smoking cessation is central to halting disease pro-
gression, improving symptom burden, and reduc-
ing healthcare utilization in COPD while the 
prevailing therapeutic paradigm includes broncho-
dilation, suppression of airway inflammation, and 
minimizing the impact of respiratory failure. The 
Global Initiative for Obstructive Lung Disease 
(GOLD) has developed guidelines to classify and 
direct treatment for COPD internationally [6]. 
Current GOLD guidelines have evolved to empha-
size pulmonary exacerbation history and symptom 
burden over the degree of airflow limitation to 
guide therapy by ABCD class [12]. Short-acting 
bronchodilators are recommended as reliever ther-
apy for all symptomatic patients with COPD, while 
long-acting beta agonists (LABA) or muscarinic 
antagonists (LAMA) alone or in combination are 
recommended as an initial approach, as mainte-
nance therapy. Exacerbation-prone patients may 
benefit from the addition of inhaled corticosteroids 
(ICS) with respect to exacerbation frequency and 
quality of life while ICS can be safely withdrawn in 
others, thereby limiting associated short- and long-
term adverse events such as pneumonia and osteo-
penia [13]. “Precision” targeting of patients with 
persistent exacerbations despite optimal mainte-
nance inhaler therapy may include the addition of a 
macrolide antibiotic, if not currently smoking, or a 
phosphodiesterase inhibitor type-4 inhibitor, such 
as roflumilast, in more severe patients with a 
chronic bronchitic phenotype. Long-term oxygen 
therapy is associated with improved survival in 
patients with resting hypoxemia (SpO2 <89%, or 
<90% in the presence of cor pulmonale) [14, 15]; 
however that benefit does not extend to patients 
with moderately low arterial oxygen at rest (SpO2 
89–93%) and desaturation only with exertion [16].

A desirable goal to lower treatment burden and 
associated healthcare costs would be through the 
precision delivery of therapies to patients with 
COPD phenotypes that derive clinically signifi-
cant benefits while avoiding indiscriminate use for 
those who do not. Non-pharmacological interven-
tions in COPD, such as pulmonary rehabilitation, 
are invariably underutilized [17] though proven to 
improve exercise capacity and quality of life in 
patients with stable COPD or following an acute 
exacerbation [18, 19]. Much debate still exists 
regarding exacerbation-prone symptomatic indi-
viduals without airflow obstruction as they fall 
outside current COPD classification criteria and 
lack evidence-based treatment options [20–22].

 General Principles of Novel 
Concepts with Relevance 
for Precision Medicine

Identification of relevant COPD phenotypes has 
shifted from the historic narrative of descriptive 
physiological manifestations, such as “pink puff-
ers” and “blue bloaters” in the context of hypoxic 
respiratory failure, to more tangible predictors of 
clinical response (Table 15.2).

 Bronchial Hyper-responsiveness

Bronchial hyper-responsiveness is reportedly 
highly prevalent in smokers, more common in 
females, and related to lower baseline lung func-
tion [23]. The presence of bronchial hyper- 
responsiveness has underlying biological relevance 
in COPD as it is associated with physiologic air 
trapping, airway inflammation, peripheral eosino-
philia, accelerated decline in lung function, and 
mortality [24–26]. In the absence of a clear delin-
eation in diagnostic parameters, together with 
shared phenotypic similarities between asthma 
and of bronchial hyper- responsiveness in COPD, 
the term asthma–COPD overlap (ACO) has arisen 
to assuage the clinical dilemma of differentiating 
this patient population [27]. Applying the expand-
ing arsenal of precision asthma therapeutics to 
patients with ACO is enticing; however, in the 
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absence of international societal guidelines or 
endorsement, standardized definition, and discern-
able evidence base it remains premature [28]. 
Further, other elements of traditional asthma such 
as bronchodilator reversibility, a history of aller-
gies or childhood asthma, and blood eosinophil 
levels are only modestly correlated in COPD.

 Exacerbations

Pulmonary exacerbation frequency is associated 
with the severity of airflow limitation and spiro-
metric GOLD stage; however, it is now recog-

nized that the most important predictor is an 
individual’s own history of exacerbations [29]. In 
the clinical context, moderate and severe pulmo-
nary exacerbations are a key driver for resource 
utilization and healthcare cost [30]. Identifying 
exacerbation-prone COPD phenotypes that may 
benefit from targeted preventative therapies, such 
as roflumilast, and the institution of early treat-
ment strategies that may diminish symptom bur-
den, treatment failure, length of hospital stay, and 
hospital readmission is desirable [31]. As an 
important healthcare metric, minimizing pulmo-
nary exacerbation frequency now influences clin-
ical trial design, drug development, and the goals 
of COPD therapy [32–36]. A limitation in using 
exacerbation frequency to define treatment is that 
the phenotype is only modesty reproduced from 
year to year [37].

 Comorbidities

Comorbidities contribute to the clinical pheno-
type in COPD and are highly prevalent, linked to 
poorer health outcomes, increased healthcare uti-
lization, and contribute significantly to all-cause 
mortality [38]. It is difficult to extricate illnesses, 
such as cardiovascular disease, lung cancer, and 
osteoporosis, as comorbid rather than non- 
pulmonary sequelae of COPD (Fig.  15.1) [39]. 
Complications of chronic hypoxia, such as cor 
pulmonale, are important to recognize in end- 
stage disease and to differentiate from primary 
cardiac etiologies [40]. Anxiety and depression 
are strongly associated with phenotypes of severe 
COPD and contribute to perceptions of well- 
being, social isolation, and correlate with mortal-
ity [41, 42]. Initially described as “pulmonary 
cachexia” [43], skeletal muscle atrophy is an 
important clinical phenotype in COPD that is 
characterized by altered muscle structure, sarco-
penia, and impaired exercise capacity [44–46]. A 
strong association exists between declining respi-
ratory function and oxidative shift in peripheral 
muscle fibers in moderate and severe COPD [47]. 
These alterations in muscle fiber type, in conjunc-
tion with decreased physical activity, result in 
reduced thigh cross-sectional area and quadriceps 

Table 15.2 Tools for precision COPD phenotyping

Clinical tools
Clinical history Exacerbations

Hospitalization
Clinical 
severity 
scoring

COPD assessment test
Modified Medical Research Council 
(mMRC) Dyspnea Scale
Six minute walk test

Pulmonary 
function testing

Spirometry
Lung volumes
DLCO
Impulse oscillometry

Radiographic Emphysema distribution
Emphysema quantitative analysis
Fissure integrity

Biomarkers Fibrinogen
Blood eosinophilia

Genetic Plasma AAT level
AAT phenotyping/genotyping

Comorbidities Cardiovascular 
disease
Lung cancer
Anxiety
Depression

Neurocognitive 
decline
GERD
Osteoporosis
Skeletal muscle 
atrophy

Research tools
Clinical history St. George’s Respiratory 

Questionnaire
Genetic Epigenetics

Whole-genome 
sequencing
Telomere length

Biomarkers Markers of 
inflammation
Proteomics
Metabolomics

Auto-immunity

Radiographic Parametric response mapping
Microbiome 16S ribosomal RNA sequencing

Shotgun metagenomics
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muscle weakness that are independently associ-
ated with increased mortality in COPD [48, 49]. 
Decreased fat free mass index (FFMI), as a mea-
sure of lean body composition, is also closely 
associated with lung function impairment and is 

an independent predictor of mortality in COPD 
[50, 51]. Pectoralis muscle cross sectional area, 
captured during CT chest imaging, is emerging as 
a promising metric of lean body mass that corre-
lates with lung function in those with and without 

Neurocognitive impairment
Depression / Anxiety

Pulmonary hypertension
Coronary atherosclerosis

Precision phenotype testing:
Alpha-1 antitrypsin deficiency

Plasma biomarkers
Genotype

Peripheral blood eosinophilia

Sarcopenia
Exercise limitation
Decreased strength

GERD
Microbiome

Emphysema
Hyperinflation

Pulmonary morbidity Systemic comorbidities

Airflow obstruction
Exacerbations

Chronic bronchitis

Lung cancer

Osteoporosis
Autoimmunity

Fig. 15.1 Chronic obstructive pulmonary disease is not only associated with lung phenotypes, including emphysema 
and chronic bronchitis, but is also associated with numerous non-pulmonary sequelae
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airflow obstruction [52, 53] and has been shown 
to independently associate with mortality risk in a 
study derived from two large COPD cohorts [54]. 
Pulmonary rehabilitation is a particularly impor-
tant intervention in those with sarcopenia as it 
improves both muscle function and exercise 
endurance [55, 56]. Pharmacological therapy to 
complement traditional rehabilitation approaches 
is an unmet need in in COPD despite substantial 
progress in the development of new therapies that 
augment muscle mass and strength [57].

It is increasingly recognized that the shared 
pathogenic mechanisms driving comorbid illness 
in COPD, such as inflammation, oxidative stress, 
and immune dysfunction, can be therapeutically 
targeted to deliver benefits that cross over organ- 
specific boundaries and may classify individual 
phenotypes to benefit from future therapies [58]. 
In this era of big data, unsupervised computer 
learning raises the opportunity to uncover new 
associations and disease pathways relevant to 
comorbidities in COPD, thereby improving our 
understanding of the complex systems biology, 
and compelling new insights for therapeutic 
intervention in this disease [59].

 Research Approaches to COPD 
Phenotype Assessment

The development of novel imaging modalities; 
high-performance platforms for protein, gene, 
and metabolite assessment; and integrative com-
putational approaches to disease classification 
have led to the characterization of numerous 
complex COPD phenotypes over the past decade. 
Although most widely used in the research 
domain, technologies such as quantitative CT 
assessment of emphysema and fissure integrity to 
inform patients of their emphysema severity or to 
target subgroups of patients appropriate for bron-
choscopic lung volume reduction are examples of 
how these novel approaches to phenotype assess-
ment are already being used clinically to deliver 
precision-based therapy in COPD. Further vali-
dation against clinical outcomes in different 
patient populations, particularly in the realm of 
biomarker discovery, as well as efforts to increase 

accessibility of these methods in clinical practice 
are crucial to the incorporation of these 
approaches into a precision-based strategy of 
COPD care delivery.

 Radiographic Phenotyping

Two decades ago, Muller and colleagues intro-
duced the density mask method as a way to 
objectively quantify emphysema using CT 
imaging of the chest [60]. With this technique, 
lung tissue voxels within a specified density 
range are highlighted and the severity of emphy-
sema defined by the quantification of areas of 
abnormally low attenuation. In this early study, 
the extent of emphysema defined by the density 
mask correlated well with pathologic grade and 
was thought to eliminate both the intra-observer 
and inter-observer variabilities that impact sub-
jective measurements. Later studies have dem-
onstrated strong correlations between 
quantitative emphysema, microscopic and mac-
roscopic morphometry [61, 62], and measures 
of lung function [63, 64]. A change in an alter-
native quantitative emphysema metric, the 15th 
percentile lung density (PD15) derived from the 
CT voxel histogram distribution of the whole 
lung transformed from Hounsfield units to den-
sity (g/L) and adjusted for lung volume, has 
demonstrated sensitivity to measure longitudi-
nal effects of augmentation therapy in severe 
AATD [65]. In parallel with the development of 
methods to quantify radiographic emphysema, 
numerous image analysis techniques have been 
developed to measure airway dimensions on CT 
imaging [66–69]. Both quantitative emphysema 
and airway measurements have been associated 
with quality of life and disease outcomes in 
COPD [70] and are routinely used in research 
studies. The development of automated soft-
ware has facilitated the transition of quantitative 
emphysema analysis from the research realm to 
clinical practice where it is now used routinely 
to evaluate emphysema distribution for lung 
volume reduction and to provide feedback on 
emphysema severity to smokers undergoing CT 
lung cancer screening.
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Image phenotyping in COPD has continued to 
evolve to determine not only the severity, but also 
the lobar distribution of emphysema, fissure integ-
rity, and the degree of small airway involvement, 
all of which hold prognostic and therapeutic impli-
cations. Increased quantitative lower lobe emphy-
sema has been associated with worse lung function 
whereas increased quantitative upper lobe emphy-
sema has been shown to correlate with greater dys-
pnea, gas trapping, and 5-year emphysema 
progression [71]. Emphysema distribution is like-
wise associated with a differential response to both 
surgical and bronchoscopic lung volume reduction 
[72, 73]. In clinical trials, lung fissure integrity on 
chest CT imaging is associated with response to 
endobronchial valve lung volume reduction with 
patients having intact fissures, a surrogate for the 
absence of collateral airflow, demonstrating a 
more favorable response to therapy [72, 73]. The 
determination of fissure integrity is now being 
used clinically to deliver precision-based broncho-
scopic lung volume reduction to a select group of 
patients with heterogeneous emphysema and 
intact fissures. Meanwhile, advances in airway 
analyses have led to greater insight into the contri-
bution of small airway disease in COPD [74]. 
Parametric response mapping, an imaging tech-
nique that pairs registered inspiratory and expira-
tory CT images to define areas of functional small 
airways disease and emphysema based on changes 
in registered voxel Hounsfield unit attenuation 
with the respiratory cycle [75], has been used to 
demonstrate associations between functional small 
airway disease and lung function decline and is a 
promising radiographic biomarker for COPD pro-
gression [76].

 Biomarker Discovery

A biomarker is broadly defined as a “measure-
ment that is associated with, and believed to be 
pathophysiologically related to, a relevant clini-
cal outcome” [77]. Although COPD-related bio-
markers may be measured in blood, sputum, or 
bronchoalveolar lavage fluid, the greatest efforts 
have focused on the identification of blood bio-
markers, given their accessibility. Such markers 

have been proposed to define disease pathogene-
sis, determine prognosis and risk of disease pro-
gression, and to further classify individuals with 
COPD in terms of phenotypic heterogeneity, 
exacerbation risk, and anticipated response to 
therapy. Numerous studies report associations of 
blood biomarkers with COPD outcomes although 
many of these investigations are limited by only 
cross-sectional measurements or lack of consis-
tency across cohorts [78], limiting translation to 
clinical practice. With the exception of fibrino-
gen, which has been qualified by the Food and 
Drug Administration as a prognostic biomarker 
to identify COPD patients at high risk for exacer-
bations and/or all-cause mortality in clinical tri-
als [77], few blood biomarkers have emerged as 
single, consistent predictors of COPD outcomes. 
Interleukin-6 has been shown to improve mortal-
ity prediction when combined with clinical pre-
dictors [79], and both surfactant protein D (SPD) 
and soluble receptor for advanced glycation end- 
products (sRAGE) have generated interest as 
potential biomarkers for emphysema severity and 
progression [80, 81]. Some studies have sug-
gested that panels of biomarkers may have greater 
predictive ability than any one biomarker in iso-
lation [79, 82]. Despite a growing body of COPD 
biomarker research and the availability of 
increasingly sophisticated genetic and proteomic 
technologies, clinical uptake has been minimal.

One biomarker that has gained considerable 
attention for its promise in guiding clinical 
management of COPD is blood eosinophil 
count, which the most recent Global Initiative 
for Chronic Obstructive Lung Disease guide-
lines recommend considering when making 
decisions on the initiation or withdrawal of 
inhaled corticosteroids [12]. Multiple studies 
have shown that responsiveness to ICS in terms 
of acute exacerbation reduction associates with 
blood eosinophil count [83–89] with levels 
<100 per cubic milliliter associated with no 
benefit from ICS and ≥300 per cubic milliliter 
predictive of the greatest response [84]. 
Likewise, withdrawal of inhaled corticosteroids 
in COPD patients with infrequent exacerba-
tions appears to be safest in those with eosino-
phil counts ≤300 per cubic milliliter [87, 89]. 
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As would be anticipated, biologic therapies tar-
geting key eosinophil cytokines, such as the 
interleukin-5 monoclonal antibody mepoli-
zumab, have been associated with reduced annual 
rates of moderate or severe exacerbations in 
COPD patients with elevated eosinophil counts 
[90]. The need for further studies establishing 
efficacy, defining the optimal eosinophil thresh-
old, and further characterizing the responsive 
patient phenotype has prevented FDA approval 
of mepolizumab therapy in eosinophilic COPD.

 Computational Approaches 
to Disease Classification

The establishment of several large, longitudinal 
COPD cohorts in recent years has provided a 
wealth of physiologic, radiographic, and biologic 
data coupled with information regarding longitu-
dinal outcomes, disease trajectory, and mortality. 

Integrative computational approaches, in some 
instances, offer an advantage over standard statis-
tical techniques when analyzing data from these 
cohorts in that they can assimilate large quanti-
ties of multimodal data and provide insight into 
the relationships between multiple, often depen-
dent, variables [91] (Fig. 15.2). Distinct clusters 
based on clinical variables and inflammatory bio-
marker levels in smokers have been associated 
with important COPD outcomes, including hos-
pitalizations and all-cause mortality [92]. 
Unsupervised clustering of blood microarray 
expression data has led to the identification of 
unique, clinically relevant molecular subtypes of 
COPD that were consistent across both the 
ECLIPSE and COPDGene study cohorts [93]. In 
an analysis by Sedgewick and colleagues, multi-
ple sources of clinical, radiographic, and biologic 
data were combined to create mixed graphical 
models to provide insight into factors associated 
with lung function decline [33] (Fig.  15.2). 
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Fig. 15.2 Integration  
of clinical data, 
environmental data,  
and blood biomarkers to 
understand how baseline 
variables are related to 
2-year longitudinal lung 
function decline. Dark 
blue = spirometry 
variables, light 
blue = smoking 
variables, 
red = comorbidities, 
green = environmental 
factors, orange = blood 
biomarkers, pink = other 
conditions. (Reproduced 
from Sedgewick et al. 
[91], with permission 
from Oxford University 
Press)
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Further understanding of the pathogenesis of 
acute exacerbations of COPD and the associated 
risk factors has been garnered from cluster analy-
ses of sputum and serum biomarkers as well as 
clinical variables [94, 95]. As computational 
approaches to rapidly accumulating epidemio-
logic data evolve, we anticipate further refine-
ment of COPD classification with the 
development of precision-based management 
strategies that match distinct phenotypes to indi-
vidualized therapy.

 Selection for Lung Volume 
Reduction: A Case of Precision 
Medicine in Clinical Practice #1

A 50-year old female with severe radiographic 
emphysema and airflow obstruction is evaluated 
in a pulmonary clinic for persistent dyspnea and 
severe activity impairment. She is optimized on 
an inhaler regimen of long-acting beta agonist, 
long-acting muscarinic antagonist, and inhaled 
corticosteroids. She is currently attending pulmo-
nary rehabilitation. Despite these therapies, she 
experiences dyspnea while performing her daily 
activities and asks if there are any further options. 
She is not interested in pursuing lung transplanta-
tion or other surgical alternatives.

The patient’s pulmonary function tests reveal 
severe airflow obstruction with an FEV1 of 
0.65 L (25% predicted). She has severe hyperin-
flation with a residual volume of 294% predicted 
and a residual volume to total lung capacity ratio 
of 0.75. Her diffusion capacity for carbon mon-
oxide is reduced at 30% predicted. A review of 
her CT scan reveals severe confluent emphysema 
of the bilateral upper lung lobes with only moder-
ate emphysema in the lower lobes. On visual 
inspection, the interlobar fissure of her left lung 
appears complete to the hilum while her right 
minor fissure is only 70% complete, and R major 
fissure 85% complete. Further evaluation for 
bronchoscopic lung volume reduction using 
endobronchial valve placement is offered.

Lung volume reduction surgery is a viable 
treatment option demonstrated to improve symp-
toms and exercise tolerance in individuals with 

severe emphysema and survival in the subset of 
individuals with upper lobe dominant emphy-
sema and low exercise capacity [38]. While an 
acceptable treatment option for some, others, 
such as this patient, do not wish to undergo surgi-
cal management of their lung disease. 
Bronchoscopic lung volume reduction with the 
placement of endobronchial valves, to com-
pletely occlude the targeted lobe, results in tar-
geted lobe volume reduction and expansion and 
better ventilation of the ipsilateral nontargeted 
lobe and is available to a select group of COPD 
patients with severe lung hyperinflation and 
 heterogeneous emphysema. The initial endo-
bronchial valve trials demonstrated a statistically, 
but not clinically, significant improvement in 
FEV1 and 6-minute walk distance [13]. However, 
subgroup analyses revealed that individuals with 
intact interlobar fissures, thought to be a surro-
gate for the absence of inter-lobar collateral air-
flow, had both a statically and clinically 
meaningful response to intervention. A subse-
quent multicenter, randomized controlled trial in 
this subset of patients showed similar improve-
ment in FEV1, walk distance, and symptoms 
scores following valve placement [14], leading to 
recent FDA approval for clinical use.

The severity of airflow obstruction (FEV1 
<45% predicted) and hyperinflation (RV >175% 
predicted), distribution of emphysema (heteroge-
neous upper lobe dominant), and presence of intact 
interlobar fissures in this patient suggests that she 
would be appropriate for bronchoscopic lung vol-
ume reduction. Should the patient have had incom-
plete fissures, indicating inter-lobar collateral 
channels, surgical lung volume reduction would 
have been the only option. This case is only one 
example of how clinical precision-based treatment 
of COPD already exists in clinical practice.

 Alpha-1 Antitrypsin Deficiency: 
A Case of Precision Medicine 
in Clinical Practice #2

A 38-year old man was referred to a pulmonolo-
gist for evaluation of COPD. He has a 2-year his-
tory of progressive shortness of breath and 
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frequent chest infections requiring multiple 
courses of antibiotics. He is a former smoker of 
one pack per day who quit 6 months ago. Post- 
bronchodilator spirometry reveals an obstructive 
FEV1/FVC ratio with an FEV1 of 43% predicted. 
On further questioning, he had a history of 
 neonatal jaundice which was uncomplicated. His 
family history was notable as his mother died of 
emphysema at 62 years of age and his maternal 
uncle uses oxygen for emphysema. A chest X-ray 
demonstrated marked hyperinflation with evi-
dence of basal predominant emphysema. Blood 
testing revealed a plasma alpha-1 antitrypsin 
level of 22 mg/dL (normal 100–220 mg/dL), and 
isoelectric focusing electrophoresis demonstrated 
a migration pattern consistent with the PiZZ phe-
notype (normal PiMM), thereby confirming the 
diagnosis of severe alpha-1 antitrypsin 
deficiency.

Identification of individuals affected by 
alpha-1 antitrypsin deficiency remains a major 
challenge as only a small proportion are 
detected in clinical practice [96]. Population-
based screening is not cost effective though 
targeted detection strategies for high-risk indi-
viduals may be feasible [97, 98]. Due to the 
identification of a major causative genetic fac-
tor to account for the patient’s presentation in 
this case, he received genetic counselling with 
regard to the autosomal dominant inheritance 
pattern of the pathogenic Z-allele, and his chil-
dren and siblings were offered screening for 
the disease. Informing affected family mem-
bers who harbor even a single disease allele is 
an opportunity to detect or prevent the later 
development of respiratory illness [99]. The 
patient was offered vaccination, commenced 
on maintenance dual LAMA/LABA broncho-
dilator therapy, and referred for pulmonary 
rehabilitation. Concurrently, he began admin-
istration of weekly intravenous human plasma-
derived alpha-1 antitrypsin protein, that is, 
augmentation therapy, a precision therapy that 
restores plasma levels above a protective 
threshold and has been shown to slow emphy-
sema progression in randomized controlled tri-
als [65, 100].

 Future Directions

The approach to characterizing COPD has 
evolved over the years from broadly classifying 
patients based on the presence of emphysema or 
chronic bronchitis to the identification of multi-
ple, clinically relevant phenotypes. We now know 
that emphysema distribution and fissure integrity 
hold clinical implications for selection for surgi-
cal or bronchoscopic lung volume reduction [73, 
101]. The use of eosinophil counts to direct 
inhaled corticosteroid therapy has been intro-
duced in the most recent GOLD guidelines for 
COPD management [12]. Fibrinogen has been 
qualified as a predictive biomarker for exacerba-
tion risk in COPD clinical trials [77]. However, 
while we have certainly made progress with 
COPD phenotyping, this area of research is in 
many ways still in its infancy as it pertains to 
clinical translation to precision-based medicine.

Future efforts should focus on further refine-
ment and validation of phenotypes leveraging 
ongoing data collection from multiple longitudi-
nal epidemiologic cohorts and increasingly 
sophisticated analysis techniques. In order to 
translate research findings into clinical practice, 
initiatives to identify clinically relevant thresh-
olds, such as the eosinophil count most respon-
sive to anti-IL5 therapy [90], should be 
undertaken. A greater understanding of specific 
disease phenotypes, for example, the frequent 
exacerbator or high comorbidity burden pheno-
types, is needed to guide future preventative or 
comorbidity screening strategies, respectively. 
The translation of research-based radiographic 
phenotyping strategies to clinical practice will 
provide the opportunity to extract important, 
clinically relevant information regarding chronic 
lung disease as well as other comorbidities from 
chest CT imaging obtained in smokers undergo-
ing lung cancer screening. Interventional trials 
are already underway and may continue to extend 
bronchoscopic approaches to include endobron-
chial amelioration of mucus production in 
chronic bronchitis. Only through these efforts 
and others can we truly achieve a precision-based 
approach to COPD management.
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 Introduction

Pulmonary hypertension (PH) is defined by an 
elevated mean pulmonary arterial pressure of 
greater than or equal to 25 mmHg at rest as mea-
sured by pulmonary arterial catheterization. 
Importantly, this hemodynamic criterion incorpo-
rates a heterogeneous group of diseases character-
ized by distinct etiologies, pathophysiologies, and 
management strategies. Currently, patients diag-
nosed with PH are subclassified into one of five 
World Health Organization (WHO) groups on the 
basis of hemodynamic measurements and medi-
cal comorbidities (Table 16.1). Regardless of the 
underlying etiology, elevated pulmonary artery 
pressures confer an increased risk of morbidity 
and mortality [1].

WHO Group 1 pulmonary arterial hyperten-
sion (PAH) is defined clinically by an elevated 
pulmonary vascular resistance and pathologically 
as a primary pulmonary vasculopathy resulting 
from a number of complex pathophysiologic pro-

cesses (Table  16.1). Despite recent therapeutic 
advances, the prognosis of PAH remains poor [2] 
which likely reflects, in part, delayed detection of 
the disease [3] and, in part, the heterogeneity of 
the underlying pathophysiology. Indeed, the cur-
rent clinical classification scheme places all PAH 
patients together into the same treatment algo-
rithm whether the cause is heritable, toxin- 
induced, or associated with connective tissue 
disease (Table 16.1). While the notion of preci-
sion medicine in pulmonary vascular disease 
dates to the recognition of the value of pulmo-
nary vasodilator testing in selection of patients 
for calcium channel blocker therapy, the future 
diagnosis and management of patients with pul-
monary vascular disease will rely on a more 
sophisticated diagnostic and treatment paradigms 
based on each patient’s disease phenotype. This 
chapter reviews the evolving approaches to sub- 
phenotype patients with PH based on clinical, 
imaging, and molecular signatures that will form 
the basis of personalized clinical classification 
schemes and management strategies.

 Resting Hemodynamic 
Phenotyping

All patients suspected of having PH should be 
referred for pulmonary arterial catheterization for 
diagnosis. Pulmonary arterial catheterization 
allows direct measurements of pulmonary artery 
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Table 16.1 Comprehensive clinical classification of pulmonary hypertension

1. Pulmonary arterial hypertension
1.1 Idiopathic
1.2 Heritable
  1.2.1 BMPR2 mutation
  1.2.2 Other mutations
1.3 Drug and toxins induced
1.4 Associated with:
  1.4.1 Connective tissue disease
  1.4.2 Human immunodeficiency virus (HIV) infection
  1.4.3 Portal hypertension
  1.4.4 Congenital heart disease
  1.4.5 Schistosomiasis
1’. Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis
1’.1 Idiopathic
1’.2 Heritable
  1’.2.1 EIF2AK4 mutation
  1’.2.2 Other mutations
1’.3 Drugs, toxins, and radiation induced
1’.4 Associated with:
  1’.4.1 Connective tissue disease
  1’.4.2 Human immunodeficiency virus (HIV) infection
1”. Persistent pulmonary hypertension of the newborn
2. Pulmonary hypertension due to left heart disease
2.1 Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular disease
2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital cardiomyopathies
2.4 Congenital/acquired pulmonary vein stenosis
3. Pulmonary hypertension due to lung disease and/or hypoxia
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4 Sleep disordered breathing
3.5 Alveolar hypoventilation disorder
3.6 Chronic exposure to high altitude
3.7 Developmental lung disease
4. Chronic thromboembolic pulmonary hypertension and other pulmonary artery obstructions
4.1 Chronic thromboembolic pulmonary hypertension
4.2 Other pulmonary artery obstructions
  4.2.1 Angiosarcoma
  4.2.2 Other intra-vascular tumors
  4.2.3 Arteritis
  4.2.4 Congenital pulmonary artery stenoses
  4.2.5 Parasites (hydatidosis)
5. Pulmonary hypertension with unclear and/or multifactorial mechanisms
5.1 Hematological disorders: chronic hemolytic anemia, myeloproliferative disorders, splenectomy
5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis, neurofibromatosis
5.3 Metabolic disorders: glycogen storage disorders, Gaucher disease, thyroid disorders
5.4  Others: pulmonary tumor thrombotic microangiopathy, fibrosing mediastinitis, chronic renal failure (with/

without dialysis), segmental pulmonary hypertension

BMPR2 bone morphogenetic protein receptor, type 2, EIFK2A4 eukaryotic translation initiation factor 2 alpha kinase 4, 
HIV human immunodeficiency virus
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pressures from which the mean pulmonary artery 
pressure (mPAP), left atrial filling pressures by 
balloon occlusion of distal pulmonary arteries 
(pulmonary artery wedge pressure [PAWP]), and 
cardiac output (CO) by thermodilution or the 

Fick equation are determined. From these param-
eters, the pulmonary vascular resistance (PVR) 
may be calculated according to the ohmic Starling 
resistor model [4]:

 

PVR
Mean pulmonary artery pressure PA wedge pressure PAWP

C
=

- ( )
aardiac output CO( )  

(a)

Pulmonary arterial hypertension (PAH) is 
defined by both an increased mPAP and an 
increased PVR >3 Wood units. Increased PVR is 
a consequence of proliferative remodeling of the 
small pulmonary arterial resistance vessels [5]. 
This remodeling process involves all three layers 
of the vessel wall (intima, media, and adventitia) 
and is the consequence of cellular hypertrophy, 
hyperplasia, inflammation, abnormal cellular 
metabolism, defects in cellular differentiation 
and apoptosis, excessive migration, and accumu-
lation of extracellular matrix components [6]. 
This pro-proliferative and anti-apoptotic pheno-
type reduces vessel distensibility and causes 
luminal narrowing, impairing the ability of pul-
monary vasculature to accommodate increases in 
pulmonary blood flow.

Once the diagnosis of PAH is made during 
pulmonary arterial catheterization study, all 
patients undergo vasoreactivity testing. This 
involves the acute administration of a short- 
acting pulmonary arterial vasodilator such as 
inhaled nitric oxide or intravenous adenosine fol-
lowed by repeat measurement of the hemody-
namic response. Patients are considered 
vasoreactive if, following acute vasodilator test-
ing, there is a reduction in mPAP by 10 mmHg to 
a value less than 40 mmHg with an increase or no 
change in cardiac output [7]. The main purpose 
of vasoreactivity testing is to identify a pheno-
type of PAH patients who are candidates for cal-
cium channel blocker therapy. The use of calcium 
channel blockers in PAH is associated with a sig-
nificant survival benefit compared to patients 
who are not vasoreactive [8].

The diagnosis of PH due to left heart disease 
(WHO Group 2) is defined by both an increased 
mPAP greater than or equal to 25 mmHg and a 

PAWP greater than or equal to 15  mmHg. 
Hemodynamic phenotyping in PH due to left 
heart disease is challenging because of the uncer-
tainty surrounding the best measure to differenti-
ate between isolated retrograde transmission of 
elevated PAWP, known as passive or isolated 
post-capillary PH (IpC-PH), and the concomitant 
development of pre-capillary pulmonary vascular 
disease, known as combined pre- and post- 
capillary PH (CpC-PH) [9–11].

Why is the distinction between Ipc-PH and 
Cpc-PH important? One of the major determi-
nants of the poor outcome observed in patients 
with PH due to left heart disease is the presence 
of RV dysfunction [12]. Patients with CpC-PH 
are more likely to have a significantly higher RV 
afterload that is comparable to patients with 
idiopathic PAH [13] and have worse RV func-
tion compared to their IpC-PH counterparts 
[14]. Therefore, the ability to distinctly pheno-
type and ascertain the relative contributions of 
PAWP (or pulsatile RV afterload) and PVR (or 
resistive RV afterload) is an intriguing prospect 
that would allow for dedicated interventions 
directed at either the left heart or the remodeled 
pre- capillary pulmonary vasculature. However, 
the use of PAH-specific therapies in PH due to 
left heart disease thus far has yielded mixed 
results [15–18].

There have been a number of hemodynamic 
parameters implemented to help distinguish 
between IpC-PH and CpC-PH. These include the 
trans-pulmonary gradient (i.e., TPG = mean pul-
monary artery pressure – PAWP) and the diastolic 
pressure gradient (i.e., DPG = diastolic pulmonary 
artery pressure – PAWP). In the setting of IpC-PH, 
the elevated PAWP can spuriously increase the 
TPG without any coexistent pulmonary vascular 
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remodeling or vasoconstriction [19]. The DPG, 
therefore, may be more preferable as it is less sen-
sitive to changes in PA compliance, stroke volume, 
and PAWP [19]. However, studies utilizing DPG 
for a diagnosis of CpC-PH have yielded mixed 
prognostic results. These discrepancies can be 
explained by inaccuracies in the measurement of 
diastolic pulmonary arterial pressure owing to 
motion artifacts, the influence of large v-waves on 
DPG values, and insufficient or excessive flushing 
of the fluid- filled catheter system [19, 20]. Previous 
studies have shown that PVR strongly predicts 
outcomes in PH due to left heart disease [21, 22]. 
Accordingly, recent guidelines have reincorpo-
rated PVR into the CpC-PH definition. In the latest 
iteration of the European Society of Cardiology / 
European Respiratory Society guidelines, CpC-PH 
was defined as DPG ≥7 mmHg, mPAP ≥25 mmHg, 
and PVR >3 Wood units (WU) [10].

 Exercise Hemodynamic 
Phenotyping

Exercise intolerance is one of the earliest mani-
festations of PAH, and reduced exercise capacity 
has important implications for prognosis and 
mortality in PAH [23]. Since the essential stress 

of exercise imposed on the pulmonary circulation 
is an increase in pulmonary blood flow, provoca-
tive testing such as the cardiopulmonary exercise 
test (CPET) is able to demonstrate early [24–28] 
and reproducible [29, 30] abnormalities seen in 
PH. Additionally, factors that contribute to exer-
cise intolerance in PAH are not simply confined 
to the central cardiopulmonary system and 
include peripheral factors such as impaired 
 mitochondrial and respiratory muscle function 
(Fig.  16.1). In fact, pharmacotherapies such as 
dicholoroacetate [31] and ranolazine [32] that 
restitute mitochondrial oxidative metabolism 
have shown promise in the management of PAH.

CPET provides a comprehensive and dynamic 
assessment, integrating the cardiovascular, pul-
monary, muscular, and cellular oxidative metabo-
lism systems during exercise. The two modalities 
of CPET are noninvasive (niCPET) and invasive 
CPET (iCPET). The former is equipped with 
continuous 12-lead electrocardiogram, cuff blood 
pressure monitoring, breath-by-breath gas 
exchange assessment, and pulse oximetry while 
the latter also includes systemic and pulmonary 
arterial catheters for continuous systemic and 
pulmonary arterial, and right ventricular (RV) 
pressure measurements as well as intermittent 
measurement of PAWP [33]. Combining exercise 

RV- PA uncoupling

RV ischemia

Reduced LV preload

Chronotropic incompetence

Functional tricuspid regurgitation

Central cardiac limit

Skeletal muscle dysfunction

Increased metabolic acidosis

Skeletal myopathy

Capillary rarefaction

Intrinsic mitochondrial dysfunction

PV dysfunction

Reduced PV distensibility

Reduced PV compliance

Increased dead space

Abnormal V/Q matching

Dynamic right to left shunt via PFO

Other factors

Iron deficiency anemia

Physical deconditioning

Fig. 16.1 Factors implicated in exercise intolerance in patients with pulmonary arterial hypertension (PAH). RV right 
ventricle, PA pulmonary artery, PV pulmonary vascular, V/Q ventilation/perfusion, PFO patent foramen ovale
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hemodynamics with CPET is gaining promi-
nence, particularly for its ability to potentially 
identify with early pulmonary vascular disease 
such as exercise PH.

Exercise PH is increasingly being recognized 
as an early phase of PH that is a potential target 
for PAH-specific therapy [34–36] (Table  16.2). 
Although further studies are needed to refine its 
diagnosis, exercise PH has been shown to be a 
major risk factor for the development of PAH in 
patients with systemic sclerosis [27, 28] and in 
healthy carriers of the bone morphogenetic 
receptor- 2 (BMPR2) mutation [38]. In addition, 
patients with systemic sclerosis and exercise PH 
have a similarly reduced transplant-free survival 
compared to patients with established PAH [26].

Exercise PH is typically diagnosed in patients 
with exertional dyspnea or exercise intolerance 
without obvious underlying pulmonary or car-
diac etiology. In patients with exercise PH, the 
data gathered from iCPET demonstrates an 
inverse relationship between the slope of mPAP-
 CO with a depressed maximal O2 uptake, sug-
gesting impaired RV adaptation to increasing 
afterload with resulting reduced aerobic exercise 

capacity [39]. Recently, cumulative evidence 
from invasive as well as noninvasive studies have 
shown that the slope of linearized mPAP–CO 
relationship should not exceed 3  mmHg.L−1.
min−1. Hence, an mPAP/CO slope of >3 mmHg.
L−1.min−1 may be used to define exercise PH 
(Fig.  16.2). Similarly, a PAWP/CO slope of 
2 mmHg/L/min can be used to define the poten-
tial contribution from left-sided heart disease 
[40, 41].

CPET can also be used to extract individual-
ized parameters related to pulmonary vascular 
remodeling. Using CPET, the ability of the pul-
monary vasculature to distend and accommodate 
the ejected RV stroke volume can be quantified by 
estimating the resistive vessel distensibility coef-
ficient, α [42]. α or pulmonary distensibility is an 
intrinsic mechanical property of the vasculature 
and is defined as the percent change in vessel 
diameter per unit mmHg increase in distending 
pressure. By including different pressure and flow 
measurements during exercise, this assessment of 
pulmonary vascular distensibility accounts for the 
significant variation in pulmonary pressures and 
flow encountered during exercise [42]:

Table 16.2 Summary of studies evaluating exercise pulmonary hypertension

Study
(Author, 
year)

Studied  
population

No. of 
patients ePH Definition Main findings

Oliveira 
et al., [37]

Borderline PH
(mPAP 
21–24 mmHg)

35 ePH
224 
non-PH

≤50 years old: peak mPAP 
>30 mmHg and peak PVR 
>1.34 WU >50 years old: peak 
mPAP >33 mmHg and peak 
PVR >2.10 WU

ePH is common in borderline PH 
(27%) and its presence 
substantially affects aerobic 
exercise capacity

Tolle et al., 
2008 [24]

Unexplained 
dyspnea who 
have ePH

78 ePH
15 PAH
16 
non-PH

mPAP >30 mmHg ePH has reduced peak exercise 
aerobic capacity compared to 
controls

Condliffe 
et al., [28]

SSc 42 ePH
259 
PAH

mPAP >30 mmHg with mPAP/
CO >3 mmHg/min/L−1 and 
PAWP <20 mmHg

14% of ePH patients died within 
3 years of diagnosis with a 3-year 
survival rate of 86%. 19% of ePH 
patients progressed to over PAH

Stamm 
et al., 2016 
[26]

SSc 17 PAH
28 ePH
27 
non-PH

mPAP >30 mmHg with mPAP/
CO >3 mmHg/min/L−1 and 
PAWP <20 mmHg

ePH associated with reduced 
survival and abnormal exercise 
hemodynamics rather than resting 
hemodynamics predicts transplant- 
free survival

PH pulmonary hypertension, mPAP mean pulmonary arterial pressure, PVR pulmonary vascular resistance, ePH exer-
cise pulmonary hypertension, PAH pulmonary arterial hypertension, SSc systemic sclerosis

16 Precision Medicine in Pulmonary Hypertension



246

 
mPAP

PAWP PVR CO
=

+( ) +é
ë

ù
û -1 5 1

5
1

5a a

a

. .

 
Invasive studies and noninvasive echocardiog-

raphy have shown that the normal value of α is 
between 1% and 2% per mmHg [39]. Reduced 
vessel distensibility has been demonstrated in 
patients with early PH (i.e., those with normal 
resting pulmonary hemodynamics who later 
evolve into resting PAH or have lung biopsy con-
sistent with pulmonary vascular disease) [43] and 
in healthy carriers of the BMPR2 mutation [44].

Another use of CPET is to quantify the 
degree of RV dysfunction which is closely 
linked to survival in patients with PH [45]. 
Exercise hemodynamics allows for dynamic 
assessment of RV contractile function (termed 
Ees, end-systolic elastance) to its afterload 
(termed Ea, arterial elastance). The matching of 
RV contractility (Ees) and RV afterload (Ea) 
describes RV–PA coupling, and a normal RV 
Ees to Ea ratio (Ees/Ea) of between 1.5 and 2.0 

allows for optimal RV functioning at minimal 
energy cost while a value of <0.8 is associated 
with RV failure [46]. RV-PA coupling can be 
determined using single-beat pressure wave-
form analysis or multi-beat pressure volume 
loop analysis (Figs. 16.3 and 16.4).

The initial response of the RV to an increased 
afterload is to increase its contractility (Ees) to 
match the increasing afterload (Ea). When the 
RV no longer is able to augment its contractility 
in the face of increasing afterload, RV–PA uncou-
pling ensues. The RV then relies on volumetric 
adaptation (i.e., Frank Starling’s mechanism) to 
sustain its flow output in response to increasing 
metabolic demand leading to RV dilatation and 
associated poor prognosis [47, 48].

Exercise hemodynamics may play an impor-
tant role in identifying early pulmonary vascular 
disease in subjects who are at risk of overt PAH 
due to established risk factors such as systemic 
sclerosis or BMPR2 mutation. It can be used to 
examine the relative contribution of pulmonary 
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Fig. 16.2 Relationship between exercise mean pulmo-
nary artery pressure (mPAP) and cardiac output (CO). 
Individual data points represent mPAP and CO reached 
at maximal exercise stratified by subjects with pulmo-
nary vascular disease (PVD), left heart disease (LHD), 
control subjects and historical healthy volunteers. It can 

be seen that the total pulmonary resistance (TPR) line 
with a slope of 3 Wood units (WU) differentiated the dis-
eased (PVD and LHD) and non-diseased groups (con-
trols and historical volunteers). (Reproduced with 
permission of the © ERS 2019: Herve et  al. [103], 
Published 31 August 2015)
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vascular remodeling and left-sided heart disease 
to exercise impairment. Additionally, it allows to 
identify maladaptive RV phenotype response 
during exercise in patients with established PAH 

and exercise PH. This may prove useful in har-
nessing therapies aimed at improving RV con-
tractility and potentially serve as endpoints for 
clinical prevention trials.
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dP/dL mindP/dt max

Ees
Ea

SV
ESV

Ea Ea

SV

RVESP
RVESP

ESV EDV
SV

ESV EDV

P
re

ss
ur

e

P
re

ss
ur

e

Ees
Ea

Pmax
ESP

1

a b

Fig. 16.3 Single-beat methods to estimate right ventricle–
pulmonary artery (RV-PA) coupling. In the (a) volumetric 
method and (b) pressure method, pulmonary arterial elas-
tance (Ea) is calculated from the ratio of RV end-systolic 
pressure (RVESP) to stroke volume (SV). The mean PA 
pressure can be used as surrogates for the RV-ESP. End-
systolic elastance (Ees) in the volume method is estimated 
by the ratio of RV-ESP to end- systolic volume. The Ees/Ea 

is, therefore, simplified as SV/ESV. In the pressure method, 
Pmax was estimated by nonlinear extrapolation of early 
and late isovolumic portions of an RV pressure curve from 
the point of maximum (dp/dt max) and minimum (dp/dt 
min) pressure derivation. End-systolic elastance is then 
determined by a tangent from Pmax to the RV-ESP point. 
Ees/Ea in the pressure method is then determined by the 
ratio of (Pmax-RVESP) divided by SV or (Pmax/ESP – 1)
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Fig. 16.4 Multi-beat method to estimate right ventricle–
pulmonary artery (RV-PA) coupling. End-systolic elas-
tance (Ees) is determined by a tangent fitted on the 
end-systolic portions of a series of pressure–volume loops 
produced by alteration in venous return or preload. 

Pulmonary arterial elastance (Ea) is calculated from the 
ratio of the RV-end systolic pressure to stroke volume. 
RV-PA coupling is then determined from the ratio of Ees 
to Ea (Ees/Ea)
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 Phenotyping by Cardiopulmonary 
Imaging

Imaging can be used to quantify structural and 
functional changes to the pulmonary circulation 
allowing for detection, classification, and moni-
toring of PH.  Thus, significant efforts have 
focused on utilizing imaging in defining individu-
alized parameters of PH that have clinical utility.

Although the initial insult in PAH implicates 
the pulmonary vasculature, the functional state, 
exercise capacity, and survival of patients with 
PAH is closely linked to RV function [45]. While 
right heart catheterization provides important 
information about the hemodynamic impact of 
PH and the ability of the heart to provide cardiac 
output in that context, RV imaging using echo-
cardiogram and cMRI provide significant infor-
mation about the structure and function of the 
heart. Echocardiography remains the most 
important tool for screening patients for PH and 
monitoring RV function in no small part because 
of its relative availability, owing mainly to low 
cost of deployment [49]. Echocardiography can 
be used to estimate RV systolic pressures and 
evaluate RV systolic function [50]. It additionally 
provides information about other structural car-
diac issues such as valvular dysfunction and left- 
sided heart failure, all of which have a very 
important impact on RV function. Beyond these 
well-established methods, current development 
is focusing on 3D reconstruction of RV geometry 
and estimation of the strain on the RV [51, 52], 
which can be combined together to aid with prog-
nostication [53].

Cardiac magnetic resonance imaging (cMRI) 
provides a versatile set of tools with which many 
structural and functional parameters of the RV 
and its interactions with the proximal pulmonary 
artery can be measured [54]. As a noninvasive 
modality, cMRI is an attractive tool for monitor-
ing patients with PAH. Standard cMRI imaging 
provides accurate information about changes in 
RV mass and volumes, RV function, as well as 
RV/LV interactions [49, 51, 54]. cMRI measures 
of ventricular volume and mass have been shown 
to be reproducible and superior to standard echo-
cardiography [55]. Furthermore, specific tech-

niques applied in the context of cMRI can provide 
information about cardiac mechanics and cardiac 
tissue remodeling. For example, the presence of 
late gadolinium enhancement can be used to 
assess degree of RV fibrosis [56] while phase- 
contrast imaging can be used to study cardiac 
output and assess PA stiffness and pulsatility 
[56–58]. Additionally, fluid dynamics models can 
utilize imaging data to study the impact of the 
remodeling of the proximal pulmonary circula-
tion on vorticity of flow [59].

Computed tomography (CT) imaging has long 
been used as a screening tool for PH. Dilation of 
the pulmonary artery has been appreciated as a 
sign of pulmonary vascular disease [60]. 
Additionally, measurements of the size and 
dimensions of the chambers of the heart from CT 
imaging have potential utility in screening for PH 
[61] and distinguishing subtypes of PH [62–64]. 
Remodeling and loss of distal vascular volume 
have been quantified as markers of disease using 
CT imaging in multiple etiologies of PH [65–68]. 
Furthermore, changes in intraparenchymal blood 
vessel volumes have been noted with  interventions 
[69]. Given the ubiquity of CT imaging in most 
patients with shortness of breath, as well as 
smokers, derived predictive models for PH are a 
promising tool for screening and evaluating 
patients prior to invasive measures [70].

Perfusion, which conceptually represents the 
flow of blood through the lung microvasculature, 
has also been the subject of great interest in PH 
given that the extent and spatial heterogeneity 
may provide insight into disease stage and phe-
notype. Nuclear imaging has been used to assess 
perfusion patterns in PH [71–73]. For example, 
utilizing 3′-deoxy-3′-[18F]-fluorothymidine posi-
tron emission tomography (18FLT-PET) imaging 
technique allows for the identification of a hyper-
proliferative PH phenotype. Unlike 2-deoxy- 2-
[18F]-fluoro-D-glucose (18F-FDG), which reports 
both inflammation and cellular proliferation, 
18FLT serves primarily as a marker of cell prolif-
eration and can be used as a direct measure of 
pulmonary endothelial cell growth and, there-
fore, can be used to assess disease activity 
directly. In fact, treatment with anti-proliferative 
agents such as dichloroacetate and the tyrosine 
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kinase inhibitor imatinib has been shown to 
attenuate 18FLT uptake on PET imaging [74].

While MRI often lacks the spatial resolution 
of CT scan in the lung parenchyma, functional 
data and the ability to distinguish between mate-
rials permit spatial quantification of perfusion. 
These properties have been used to study perfu-
sion in chronic thromboembolic pulmonary 
hypertension (CTEPH) [75] as well as in chronic 
obstructive pulmonary disease (COPD) [76]. 
Dual-energy computed tomography (DECT) uti-
lizes multiple X-ray sources to help quantify 
molecular density without significant exposure to 
additional radiation. The spatial density of iodine 
tracer can then be derived from DECT, giving a 
high-resolution spatial map related to perfusion. 
This has been deployed largely in the study of 
CTEPH [77, 78] and can be used to study impact 
of intervention [71]. Recent studies have also 
evaluated its use in the detection of parenchymal 
perfusion in PAH [79].

In summary, imaging methods have been well 
established for individualized diagnosis, subtyp-
ing, and prognostication in pulmonary hyperten-
sion. Improved resolutions, image processing, 
and quantification algorithms along with devel-
opment of new methods of marking the site of 
disease continue to expand the initial role of each 
imaging into better understanding of the entirety 
of the pulmonary circulation.

 Molecular Phenotyping

 Genetics

A “familial tendency” for the development of 
PAH was first suggested in 1954 [80] and, subse-
quently, mutations in the gene encoding BMPR2, 
a member of the transforming growth factor β 
(TGF-β) family of receptors, were linked to sev-
eral families with heritable PAH in 2000 [81, 82]. 
Approximately 70% of patients with familial 
PAH carry mutations in BMPR2, which confer 
only a 20% lifetime risk for the development of 
the disease (14% for males and 42% for females). 
Remarkably, up to 25% of patients with non- 
heritable PAH also carry somatic mutations in 

BMPR2 [83]. Since the identification of BMPR2 
mutations, approximately 20 other genes have 
been implicated in the development of PAH, 
including several additional members of the 
BMP/TGF receptor signaling family (BMPR2, 
ACVRL1, CAV1, ENG, SMAD9) [84]. More 
recently, autosomal recessive inheritance of 
EIF2AK4 mutations encoding for eukaryotic 
translation initiation factor 2 alpha kinase 4 pre-
disposes to pulmonary veno-occlusive disease 
(PVOD) / pulmonary capillary hemangiomatosis 
(PCH) [85].

PAH patients with BMPR2 mutations develop 
the disease approximately 7–10 years earlier than 
noncarriers, have more severe hemodynamic 
compromise at time of diagnosis, and are less 
likely to respond to calcium channel blocker ther-
apy [86]. Furthermore, in patients with idio-
pathic, anorexigen-associated, and heritable 
PAH, the presence of BMPR2 mutation is associ-
ated with increased risk of death or lung trans-
plantation [87]. In contrast to BMPR2 mutation 
carriers, patients with ALK1 mutations tend to be 
younger and have less severe hemodynamic 
changes at time of diagnosis. However, ALK1 
mutations are associated with poorer survival 
compared to noncarriers despite receiving similar 
treatment [88].

In the future, genetic testing in PAH may 
play an important role in guiding a phenotypic 
management strategy. In patients with heritable 
and idiopathic PAH, genetic testing allows for 
early detection of a progressive disease pheno-
type. This would allow for early implementation 
of specific pharmacotherapies, which has been 
shown to improve clinical outcomes and prevent 
deterioration in patients with PAH [89–91]. For 
example, low-dose tacrolimus, a potent BMPR2 
activator has been shown to reverse experimen-
tal PAH [92] and improve clinical and func-
tional outcomes in a small cohort of PAH 
patients with advanced disease [93]. In a Phase 
2a safety and tolerability trial, tacrolimus was 
shown to be well tolerated. Although the trial 
was under-powered for outcomes assessment, 
some patients demonstrated marked improve-
ment in functional capacity as measured by 
6-minute walk distance. Importantly, those 
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patients with improved functional capacity 
tended to have larger increases in leukocyte 
BMPR2 expression in response to tacrolimus 
[94]. This suggests that tacrolimus therapy may 
be tailored to patient subsets based on the 
recruitment of BMPR2 signaling.

Genetic testing also allows to distinguish 
PVOD/PCH from PAH in patients with pre- 
capillary pulmonary vascular disease, a distinc-
tion that is challenging given the similarities in 
clinical and hemodynamic presentation between 
these two diseases. Patients with PVOD/PCH 
have a poor prognosis compared to those patients 
with PAH, respond poorly to PAH-specific thera-
pies, and lung transplantation is the only curative 
treatment. Early diagnosis by genetic testing 
allows timely referral for patients with PVOD/
PCH [95] for lung transplant evaluation.

 Omics

The advent of omics-based technologies has pro-
vided a means to measure tens of thousands of 
parameters that can be utilized to provide a 
molecular signature of disease. While most omics 
studies in PAH have focused on identifying novel 
features of disease pathobiology or characteriz-
ing patients at-risk for developing the disease 
[96], investigators have recently begun to apply 
these technologies to address important clinical 
questions related to outcomes. For example, 
whole-exome sequencing of PAH patients with 
and without vasodilator response identified 
enrichment of vascular smooth muscle cell con-
traction pathways in vasodilator-responsive 
patients [97]. Similarly, a single-nucleotide poly-
morphism (SNP) in the G protein γ subunit 2 
gene, GNG2, was associated with functional 
improvement among patients treated with an 
endothelin receptor antagonist [98]. A recent trial 
of dichloroacetate in PAH demonstrated that a 
lack of clinical response to the drug was associ-
ated with functional variants of SIRT3 and UCP2 
[31]. In addition to providing meaningful patho-
biological insights, these three studies demon-
strate the value of genomic approaches to 
subclassifying PAH patients based on respon-
siveness to specific therapies. While genetic test-

ing is unlikely to supplant clinical vasodilator 
testing, once prospectively validated, it may be 
very helpful to tailor current medical therapy or 
guide enrollment in clinical trials of novel agents.

In addition to genomics, proteomic and 
metabolomic approaches have been employed to 
identify circulating biomarkers to aid in the diag-
nosis and prognosis of patients with PAH. Using 
an aptamer-based assay of 1129 plasma proteins, 
Rhodes and colleagues identified a panel of nine 
circulating proteins that identifies PAH patients 
with a high risk of mortality, independent of 
existing clinical assessments [99]. Similarly, 
iTRAQ proteomics identified decreases in plasma 
carbamoyl-phosphate synthetase I and comple-
ment factor H-related protein associated with 
PAH in patients with congenital heart disease 
[100]. Plasma metabolomics has also identified 
circulating small molecules that distinguish PAH 
patients from healthy subjects and prognosticate 
outcomes [101]. At the present moment, these 
findings may have more impact by directing fur-
ther investigation of novel disease mechanisms 
rather than guiding clinical management of PAH 
patients; however, as the therapeutic armamen-
tarium increases in size, these approaches will 
become invaluable for customizing treatment.

 Future Directions

As with many areas of medicine, the foundations 
are currently being poured for the implementation 
of sophisticated clinical, imaging, and molecular 
phenotyping of patients with PAH. Two limitations 
of the studies described above, however, are the 
relatively small sample sizes studied and the incor-
poration of relatively limited clinical data. Moreover, 
how these disparate datasets can be meaningfully 
synthesized is a critical issue for leveraging their 
full potential. These areas may be addressed by the 
ongoing Redefining Pulmonary Hypertension 
through Pulmonary Vascular Disease Phenomics 
(PVDomics) sponsored by the National Heart, 
Lung, and Blood Institute of the National Institutes 
of Health [102]. This clinical trial seeks to enroll 
1500 incident cases of PH who undergo a battery of 
diagnostic testing, including pulmonary artery cath-
eterization, polysomnography, pulmonary function 
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tests, exercise testing, echocardiography, cMRI, 
lung imaging, ventilation/perfusion scanning, and 
plasma omic profiling (genome, transcriptome, pro-
teome, and metabolome), the results of which are 
linked to clinical parameters such as medical his-
tory, exam, vital signs, and quality-of-life survey 
results. The goal of this program is to use all of 
these parameters to define new subclassifications of 
PH patients, leveraging the tools of systems biology 
and network medicine to facilitate earlier diagnosis, 
more targeted at-risk screening, and personalized 
approaches for intervention. Certainly, the field has 
come a long way since its first foray into personal-
ized medicine with pulmonary vasodilator testing 
with many exciting new discoveries on the 
horizon.
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Identifying Subtypes 
of Obstructive Sleep Apnea

Allan I. Pack

Obstructive sleep apnea (OSA) is an extremely 
common disorder [1]. The main risk factor is 
obesity and, as a result of increases in obesity 
rates, the prevalence of OSA is increasing [1]. It 
is a world-wide problem [2]. In Asian popula-
tions, craniofacial restriction plays a larger role 
than in Caucasian populations [3] and increases 
their vulnerability to increases in weight. With 
the increasing rates of obesity in China [4, 5], 
there could be an epidemic of OSA there. There 
has been a rapid growth of the fast food industry 
in China [6]. The infrastructure for sleep medi-
cine in China is very underdeveloped and the 
country is not well positioned to deal with this 
epidemic.

Obstructive sleep apnea has multiple adverse 
consequences. Apneas (cessation of breathing) 
and hypopneas (breathing decrements) are fol-
lowed by an arousal (sudden change in sleep 
state) and/or result in oxygen desaturation and 
resaturation. Thus, sleep apnea results in sleep 
fragmentation, loss of deep stages of sleep, and/
or cyclical intermittent hypoxia [7]. Hence, it is a 
systemic disorder [7] since all tissues are subject 
to cyclical intermittent hypoxia although the 

dynamic changes in oxygen varies between tis-
sues depending on their blood flow [8].

As a result of inadequate sleep, both in terms 
of amount of deep sleep and sleep continuity, 
OSA results in excessive sleepiness [9], impaired 
quality of life [10], and increased risk of car 
crashes [11]. The systemic effects result in OSA 
being an independent risk factor for cardiovascu-
lar disease (for reviews, see [12, 13]), including 
myocardial infarction [14, 15], stroke [16, 17], 
and atrial fibrillation [18] in both cross-sectional 
and longitudinal follow-up studies. OSA also 
leads to insulin resistance [19–22], and untreated 
patients with OSA and pre-diabetes have higher 
rates of conversion to diabetes compared to those 
on effective CPAP therapy [23]. Subjects with 
OSA have an increased incidence of cancer [24], 
more aggressive melanoma [25], and an increased 
mortality in subjects with cancer [26]. Thus, 
obstructive sleep apnea is a major public health 
problem not only in the United States but 
worldwide.

While there are many downstream conse-
quences, not all subjects with OSA develop them. 
Thus, OSA is a heterogeneous disorder. Recent 
efforts have sought to identify subtypes using 
unsupervised clustering approaches. The goal is 
to identify subgroups in which individuals are 
highly similar within a cluster but as different as 
possible between clusters. I now describe the dif-
ferent strategies that have been employed and 
what we have learned.
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 Studies Employing Cluster Analysis 
Using Data from Multiple 
Dimensions

Some approaches to investigating the heteroge-
neity of OSA have used cluster analyses based on 
data from different dimensions. Not surprisingly, 
the results of the cluster analysis depend on the 
input variables employed. A study from Greece 
utilized as input variables the severity of obstruc-
tive sleep apnea as assessed by the apnea- 
hypopnea index (AHI), BMI as a measure of 
obesity as well as substantial information about 
associated comorbidities [27]. They utilized the 
Charlson Cormorbidity Index (CCI) [28]. They 
found, using a two-step clustering strategy, that 
the optimal solution was six clusters [27]. Not 
surprisingly, the clusters had different degrees of 
severity of OSA, degrees of obesity, and different 
amounts of comorbidity.

A similar approach was employed by investi-
gators from Italy [29] who again included vari-
ables extracted from the sleep study, BMI, and 
comorbidities. The sample size was small 
(n = 198). They identified what they called three 
“communities.” Community one (the largest one) 
consisted of younger patients with severe OSA 
and high prevalence of comorbidities such as 
hypertension (64%). Community two included 
patients with moderate-to-severe OSA and lower 
risk of nocturnal hypoxia. Community three 
included older patients who were overweight or 
with mild obesity with severe OSA but a lower 
risk of nocturnal hypoxemia and less sleepy.

While the sample size in these studies from 
single sleep centers was relatively small, the 
sample size from a French study was large [30]. 

This study was based on the French National 
Registry of Sleep Apnea. They used as input 
variables data from the sleep study, age, BMI, 
OSA symptoms, Pichot fatigue and depression 
scales, subjective sleep duration, blood pres-
sure, waist circumference, and comorbidities 
(cardiovascular, metabolic, and respiratory). 
OSA symptoms included snoring, self-declared 
sleepiness, morning fatigue, nocturia, head-
aches, and near-miss accidents. Unfortunately, 
symptoms did not include symptoms of insom-
nia, e.g., difficulty staying asleep. This study 
used a hierarchical clustering approach and 
found six clusters (see Table 17.1). It is evident 
that when age and BMI are included as input 
variables they play a major role in determining 
the outcome of cluster analyses.

While these approaches are of interest, they 
have not led to definitions of subtypes that have 
provided major new insights about heterogeneity. 
The results of cluster analysis are largely deter-
mined by the choice of input variables. Including 
age, gender, BMI, and measure of sleep apnea 
severity will determine the outcomes of the clus-
tering approach.

 Using More Focused Approaches: 
Examining for Physiological 
Subtypes

An alternative strategy, and one that has proved 
more fruitful, is to do cluster analysis based on 
input variables from one specific domain. This 
leads to a more specific question that can be 
addressed by this approach. Zinchuk et  al. [31] 
asked a specific question—are there specific 

Table 17.1 Some characteristics of the six clusters that were identified

All subjects
Cluster 1
N = 1823

Cluster 2
N = 4200

Cluster 3
N = 3363

Cluster 4
N = 2715

Cluster 5
N = 3511

Cluster 6
N = 2642

Age (years) 59 48 63 66 49 56 60
Gender, male (%) 73.8 78.3 74.7 69.8 81.4 69.3 72.3
BMI (kg/mg2) 31 29 31 33 28 31 33
AHI (events/h) 35 31.6 34 40 31 34 39
Epworth Sleepiness Score 10 12 8 9 10 11 11

The six clusters were: (1) the young symptomatic, (2) the old obese, (3) the multi-disease old obese, (4) the young snor-
ers, (5) the drowsy obese, and (6) the multi-disease obese symptomatic
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physiological subtypes; if so, do they associate 
differently with cardiovascular events?

They used data from the DREAM Study—
Determining Risk of Vascular Events by Apnea 
Monitoring. This was a collaborative study with 
three Veterans Affairs Medical Centers that 
enrolled 2041 subjects [32]. They underwent 
overnight sleep studies between 2000 and 2004 
and were followed through 2012. They divided 
subjects with respect to their CPAP use into regu-
lar and non-regular users.

The investigators used a two-step variable 
reduction analysis. The input variables were all 
metrics typically derived from an overnight sleep 
study. First, principal component-based cluster-
ing was used to identify groups of variables 
highly correlated within their own cluster and 
uncorrelated with others. Second, features 
extracted from the overnight sleep study were 
selected to retain >75% of total variance within 
each domain using the least number of features 
that were judged to be “clinically interpretable.” 
They used K-mean analysis to generate clusters.

Seven clusters were found (see Table  17.2) 
[31]. Two (A and B) would be considered to 
have mild OSA (AHI <15 events/hour), one of 
which (B) had a large number of periodic limb 
movements (PLMS). Two clusters (C and D) 
would be considered to have moderate OSA 
while three (E, F and G) had severe OSA (i.e., 
AHI >30 events/hour).

There were differences between these sub-
types in the probability of no CV events based on 
a composite of acute coronary syndrome, tran-
sient ischemic attack, stroke, or death (see 
Fig. 17.1). No differences were found using the 
more accepted subtypes, i.e., mild OSA (AHI ≥5 
and <15 events/hour), moderate OSA (AHI ≥15 
and <30 events/hour), and severe OSA (AHI ≥30 
events/hour).

When they examined the impact of CPAP use 
by comparing events (again using a composite 
score) in regular CPAP users to non-regular, they 
found that CPAP use only reduced event rates in 
two of the seven subtypes, i.e., mild OSA with 
PLMS (labeled PLMS) and in the group with 
severe OSA with hypopnea and hypoxia (see 
Fig. 17.2).

This result is somewhat surprising. There are 
data that periodic limb movements are them-
selves associated with cardiovascular disease 
[33, 34]. This could explain the significantly 
increased risk of cardiovascular events but not 
the effect of CPAP therapy.

This study was based on traditional metrics 
derived from overnight sleep studies. New 
approaches to analysis of sleep study data have 
emerged. These include the following: (a) inten-
sity of arousal [35, 36]; (b) heart rate response 
to arousal [37], this trait is heritable [38]; event 
duration [39, 40], which has also been shown to 
be heritable [41]; (c) desaturation area, which is 

Table 17.2 Description of labels for the polysomnographic clusters based on distinguishing features

Cluster(n) Cluster label
Median AHIa

(events/hour)
Conventional
OSA severitya

A (533) Mild 4 None/mild
B (119) PLMS 10
C (186) NREM and poor sleep 19 Moderate
D (168) REM and hypoxia 19
E (75) Hypopnoea and hypoxia 44 Severe
F (42) Arousal and poor sleep 68
G (124) Combined severe 84

Reproduced from Zinchuk AV et al. [31], with permission from BMJ Publishing Group, Ltd
AHI apnoea–hypopnoea index, NREM non-rapid eye movement, OSA obstructive sleep apnoea, PLMS periodic limb 
movements of sleep, REM rapid eye movement
aOSA severity definitions none/mild (AHI <15), moderate (15 ≤ AHI < 30) and severe (AHI ≥30). AHI was not used in 
generating patient clusters. Median AHIs and severity categories based on median AHI for each cluster are shown for 
descriptive purposes only (mean AHIs were 7.5, 13.6, 24.0, 25.0, 47.6, 72.6 and 82.4 for clusters A, B, C, D, E, F and 
G, respectively)
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Fig. 17.1 Kaplan-Meier survival probability curves for 
risk of acute coronary syndrome, transient ischemic 
attack, stroke, or death for seven polysomnographic clus-
ters. NREM, non-rapid eye movement; PLMS, periodic 

limb movements of sleep; REM, rapid eye movement. 
(Reproduced from Zinchuk et  al. [31], with permission 
from BMJ Publishing Group, Ltd)

Fig. 17.2 Risk (odds ratio, OR) of acute coronary syn-
drome (ACS), TIA, stroke, or death for those with regular 
versus not regular CPAP use for each cluster. ACS, acute 
coronary syndrome; CPAP, continuous positive airway 
pressure; NREM, non-rapid eye movement; PLMS, peri-
odic limb movements of sleep; REM, rapid eye movement; 
TIA, transient ischemic attack. p value is for Breslow-Day 

homogeneity of ORs test. OR and 95% CI reported for 
those with regular CPAP use versus not regular CPAP use. 
In only two groups did CPAP reduce CV event rates (PLMS 
and hypopnoea & hypoxia). Cluster label same as in Fig. 
17.1. (Reproduced from Zinchuk et al. [31], with permis-
sion from BMJ Publishing Group, Ltd)
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a new measure of the total hypoxic burden 
 resulting from sleep-disordered breathing [42]. 
This measure is associated with cardiovascular 
mortality [42]; (d) odds ratio product, a continu-
ous measure of sleep depth [43]; (e) cardiopul-
monary coupling, another measure of sleep 
depth [44]; abnormalities of this measure are 
heritable in subjects with sleep apnea [45]; and 
(f) odds ratio product 9, this is the depth of sleep 
9 seconds after an arousal. It reflects sleep drive 
and the ability to return to sleep following an 
arousal [46].

Moving forward, there is the opportunity to 
determine if these new metrics provide additional 
information that is of clinical value. Moreover, 
there is the opportunity to identify the gene vari-
ants that underlie the heritability of several of 
these new metrics.

 Clinical Subtypes Based 
on Symptoms

Another more focused approach to elucidating 
heterogeneity is to assess symptoms that patients 
with OSA have. This approach was initiated in 
Iceland based on the Icelandic Sleep Apnea 
Cohort [47]. In the small country of Iceland, 
home sleep studies for diagnosis of OSA are car-
ried out at several locations around the island. 
However, all patients requiring CPAP therapy 
are referred to the University Hospital in 
Reykjavik for initiation of therapy. This is a 
wonderful opportunity for clinical research. 
These patients are enrolled in the Icelandic Sleep 
Apnea Cohort (ISAC), and all patients assessed 
are invited to be involved in research and to com-
plete questionnaires about their symptoms.

Using questionnaire data as input variables 
and based on unsupervised cluster analysis, three 
distinct subtypes emerged [48]. They are: (a) 
insomnia (32.7% of total)  – a group where the 
main symptom is difficulty initiating or maintain-
ing sleep; (b) relatively asymptomatic group 
(24.7% of total); (c) an excessively sleepy group 
(42.6% of total). This group has quite marked 
excessive sleepiness with an Epworth Sleepiness 
Score of 15.7 ± 0.6 (mean ± SE).

These three groups of patients with different 
symptoms do not differ in terms of age, gender, 
BMI, or severity of OSA. All three groups have 
on average severe OSA.  Their apnea-hypopnea 
indices are 43.8  ±  20.4, 43.1  ±  18.9, and 
46.7  ±  21.7 events/hour (mean  ±  SD), 
respectively.

While of interest, it is conceivable that these 
subtypes might be unique to Iceland and reflect 
clinical referral patterns [49]. Thus, efforts have 
been made to replicate these findings. In the 
Korean Genomic Cohort, a population-based 
cohort, the same subtypes are found [50]. 
However, the prevalence of the asymptomatic 
group is higher than in the cohort of clinical 
patients. This is not surprising. In population- 
based studies, the prevalence of sleep-disordered 
breathing is high but the symptom burden rela-
tively low [51].

The findings have also been replicated using 
data from the Sleep Apnea Global Interdisciplinary 
Consortium (SAGIC). This is an effort by clinical 
sleep centers in many countries to develop new 
approaches to diagnosis and management of 
OSA (for description, see [2]). While the three 
major subtypes found in the Iceland study are 
replicated, the optimal cluster solution had five 
subtypes [52]. The new subtypes were a group 
with excessive sleepiness but a relative absence 
of symptoms of upper airway obstruction and a 
group whose symptoms are dominated by indica-
tions of upper airway obstruction [52]. They had 
high rates of snoring, witnessed apneas, and wak-
ing up suddenly unable to breathe [52].

Not surprisingly, individuals with these differ-
ent clinical subtypes benefit differently from 
CPAP therapy. All three primary groups show 
significant improvements in Epworth Sleepiness 
scores, but the magnitude of change is much 
larger in the excessively sleepy group. The least 
symptomatic improvement is in the relatively 
asymptomatic group with the largest symptom-
atic change being in the excessively sleepy group. 
There is improvement in insomnia symptoms 
with CPAP in the “insomnia” group, but even 
with successful CPAP therapy there is still a high 
prevalence of individuals with insomnia symp-
toms [53]. This likely means that the insomnia in 
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such individuals is not related directly to their 
obstructive sleep apnea.

It is also of interest to determine whether the 
outcomes of OSA differ between the clinical sub-
types, in particular, cardiovascular disease. To 
address this, studies were done using data from 
the Sleep Heart Health Study (SHHS) [54, 55]. 
Subjects in this community-based study were 
recruited from 1995 to 1998 and the mean period 
of follow-up was 11.8  years. Subjects had full 
sleep studies, with EEG recording, conducted at 
home as part of their initial evaluation. Data on 
5804 subjects were available through the National 
Sleep Research Resource [56, 57].

Although the questionnaires used in the SHHS 
are not identical to those used in the other studies 
described above, there was sufficient information 
on symptoms to allow unsupervised clustering to 
be performed. The same three subtypes were 
identified, i.e., insomnia, relatively asymptom-
atic, and excessively sleepy. As with the SAGIC 
study, the optimal solution for clusters was higher 
than 3; in this case 4. The additional cluster was 
subjects with moderate sleepiness [58].

The incidence of cardiovascular events was 
significantly different between the four groups 
[58]. To evaluate the different risk for CV dis-
ease, analyses were done comparing the inci-
dence of different types of CV diseases in subjects 
with at least moderate OSA (i.e., apnea- hypopnea 
index >15 events/hour) in the four clinical sub-
types compared to that in controls without OSA, 
i.e., AHI <5 events/hour. Analyses were done 
unadjusted and after adjusting for age, gender, 
BMI, and other cardiovascular risk factors (see 
Fig. 17.3). There was an increased risk for coro-
nary artery disease, heart failure, and all cardio-
vascular events in the excessively sleepy group 
(see Fig. 17.3) [58]. There was no increased risk 
in the other groups (see Fig. 17.3) [58].

This is not the first study to argue that the 
presence of excessive sleepiness in patients with 
OSA increases the risk for CV events. Studies of 
patients who had sleep studies following a myo-
cardial infarction found that subjects with at least 
moderate OSA, who were excessively sleepy as 
defined as an Epworth Sleepiness Score of >11, 
had higher re-infarction rates and significantly 
more major cardiovascular events than those with 

the same degree of OSA who were not exces-
sively sleepy [59]. Few patients in this study 
identified with OSA were treated for the 
condition.

This finding that cardiovascular risk for OSA 
occurs in excessively sleepy subjects has impor-
tant clinical and research implications [60]. It 
first raises the important question as to whether 
the relatively asymptomatic group of patients 
with OSA, who are very common in population- 
based studies [51], do need to be treated. Also, 
these results lead to a plausible hypothesis as to 
why the large multi-site randomized trial (SAVE) 
assessing effect of CPAP on CV events was nega-
tive [61]. In the SAVE study, excessively sleepy 
patients, defined by an Epworth Sleepiness 
Score >15, were excluded. Their exclusion was 
related to concerns about not treating such 
patients who are expected to be at increased risk 
of car crashes [11]. But excluding these subjects 
likely removed the very group who were at most 
risk for CV events.

This indicates that new strategies need to be 
adopted to allow excessively sleepy patients to be 
included in such clinical trials. One such strategy 
is to compare outcomes in full users of CPAP with 
those who did not use CPAP. But this approach 
raises concerns that non-users may be different in 
other ways that affect the outcomes. This can be 
addressed by propensity score matching to ensure 
equal distribution of key covariates in each group 
(full users, non-users) [62]. This necessitates 
trimming to balance groups, i.e., removal of spe-
cific patients to allow covariate matches to occur 
[62]. This approach has been used in a study of 
the effect of CPAP on levels of lipids [63].

While these observations are important, we 
also do not know the basis for these differences. 
They are not explained by severity of disease, as 
assessed by the apnea-hypopnea index, and 
degree of obesity. It could be that the physiologi-
cal response to sleep-disordered breathing could 
be different between patients in different groups. 
For example, could excessively sleepy subjects 
have more fragmented and less deep sleep? Could 
differences be genetic, epigenetic, and/or are 
there other molecular differences between 
groups? A small pilot metabolomics study found 
low levels of choline in patients with OSA who 
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were excessively sleepy compared to patients 
with OSA who were not sleepy [64].

It seems likely that it is not the excessive 
sleepiness itself that contributes to CV risk but 
rather processes that underlie CV risk in patients 
with OSA also result in excessive sleepiness.

This is likely to be a fruitful area for research 
and will require discovery strategies across mul-
tiple domains.

 Conclusions

There is no doubt that OSA is a heterogeneous 
disorder. New approaches are beginning to elu-
cidate the nature of the heterogeneity. Efforts 

based on obtaining data in large numbers of 
subjects together with unsupervised clustering 
approaches have proven to be fruitful. However, 
the value of these approaches depends on the 
input variables. Studies that have involved input 
variables from multiple sources, including age, 
gender, BMI and severity of OSA as assessed 
by the apnea- hypopnea index, have not been 
particularly fruitful. Rather, more focused stud-
ies whether based on physiological differences 
[31] or symptomatic differences [48] have been 
much more helpful. Moving forward, we can 
anticipate much more work in this area leading 
to development of a personalized approach to 
the very common disorder—obstructive sleep 
apnea [65].

Disturbed
sleep

New incident CHD vs. No OSA

Hazard ratio (95% CI)

Minimally
symptomatic

Excessively
sleepy

Moderately
sleepy

.5 .67 Null 1.5 2 3 4

Disturbed
sleep

New incident HF vs. No OSA

Hazard ratio (95% CI)

Minimally
symptomatic

Excessively
sleepy

Moderately
sleepy

.5 .67 Null 1.5 2 3 4

Unadjusted Adjusted

Disturbed
sleep

New incident CVD vs. No OSA

Hazard ratio (95% CI)

Minimally
symptomatic

Excessively
sleepy

Moderately
sleepy

.5 .67 Null 1.5 2 3 4

Fig. 17.3 The figure shows the hazard ratio (95% CI) 
compared to controls without OSA for each of the four 
symptomatic groups in the Sleep Heart Health Study. The 
data shown are for incident coronary heart disease (CHD; 
top left panel), heart failure (HF; top right panel), and 
incident all cardiovascular disease (CVD; bottom left 

panel). After adjustment, the increased risk for each of the 
three cardiovascular outcomes occurs only in the exces-
sively sleep group. Covariates in adjusted analyses: age, 
sex, body mass index, type 2 diabetes, hypertension, 
HDL, total cholesterol, triglycerides, alcohol use, and 
smoking status
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 Introduction

Sepsis and the acute respiratory distress syndrome 
(ARDS) are two syndromes causing a sobering 
proportion of deaths in the intensive care unit 
(ICU). By one estimate, sepsis was responsible 
for between one third and one half of inpatient 
deaths [1], whereas ARDS has been observed to 
complicate almost one quarter of critical care 
admissions requiring mechanical ventilation, with 
a mortality rate exceeding 35% [2]. Despite sig-
nificant advances in our understanding of the 
pathologic mechanisms contributing to each of 
these syndromes, neither sepsis nor ARDS can 
boast specific pharmacologic therapy with a con-
sistently proven effect. Numerous trials in sepsis 
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Key Point Summary
• Disease heterogeneity in ARDS and 

sepsis has challenged the conduct of 
omics studies involving these syn-
dromes, yet precision medicine 
approaches are sorely needed to improve 
outcomes.

• Genomics studies of ARDS and sepsis 
are challenged by small sample sizes 
and the difficulty in identifying appro-
priate controls.

• Gene expression studies have identified 
biologically distinct expression signa-
tures that retroactively identify differen-
tial response to routine treatments 
applied in the ICU. In sepsis, a signature 
of dysregulated adaptive immune sig-
naling has evidence to stratify patients 
according to a differential response to 
systemic steroid therapy. In ARDS, 

patients with a hyperinflammatory pat-
tern identified in plasma using targeted 
proteomics responded more favorably to 
randomized interventions including 
high positive end-expiratory pressure, 
volume conservative fluid therapy, and 
simvastatin therapy.

• Fewer ARDS and sepsis metabolomics 
and unbiased proteomics studies exist, 
but as these approaches become more 
standardized, additional biomarkers 
may be identified.
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[3–5] and ARDS [6–8] have failed to establish 
drug therapy for these deadly syndromes. One 
major factor that may contribute to this treatment 
gap is the profound heterogeneity encompassed 
by patients meeting criteria for each syndrome. A 
valid concern is that our syndromic definitions 
[9–11], although useful in identifying patients 
who share clinical factors and who may benefit 
from standardized care [12–15], may have almost 
no utility in predicting a patient’s biologic sub-
classification nor in predicting mortality, expected 
complications, or response to therapy. Precision 
medicine options for these syndromes, whereby 
the correct drug could be targeted to the patients 
most likely to be helped and least likely to be 
harmed, are sorely needed.

For complex traits such as asthma or cystic 
fibrosis, the knowledge of a patient’s biologic 
endotype provides clues about a patient’s prog-
nosis, pathophysiology, and expected response to 
therapy [16–20], yet such a breakthrough has yet 
to arrive for sepsis or ARDS. In this chapter, we 
review the contributions of genomic medicine to 
identifying potential biologic subgroups in sepsis 
and ARDS, a necessary first step for precision 
medicine. In addition, we consider specific chal-
lenges to pursuing omics approaches in each of 
these traits, as well as potential opportunities we 
envision in the near future.

 Targeted Proteomics: Laying 
the Foundation for Precision 
Medicine of Sepsis and ARDS

Increasingly, we have objective evidence that 
response to therapy is nonuniform and poten-
tially predictable by factors beyond clinical fea-
tures. In ARDS, this has been consistently 
demonstrated among clinical trial populations 
using an analytic method known as latent class 
analysis (LCA) to uncover potentially unob-
served subpopulations while remaining agnostic 
to outcomes. In analyses considering clinical 
variables including vital signs, ventilator data, 
and laboratory values in addition to exploratory 
plasma biomarkers representing inflammation, 
vascular dysfunction, or alveolar injury, a latent 

class model consistently identified two classes of 
ARDS trial subjects that differed in their plasma 
expression of inflammatory biomarkers epito-
mized by interleukin (IL-) 8 or IL-6, and by their 
degree of systemic illness, characterized by low 
blood pressure and low serum bicarbonate 
[21–24].

Not only were subjects in the “hyperinflam-
matory” subphenotype group more likely to die, 
but the LCA group assignment (hyperinflamma-
tory versus non-hyperinflammatory) exhibited 
significant statistical interaction with randomized 
treatment effects (Table 18.1) [21, 22, 24]. Thus, 
when the randomized interventions of higher 
positive end-expiratory pressure (PEEP), conser-
vative fluid strategy, or simvastatin therapy were 
analyzed in groups stratified by LCA assignment, 
each therapy seemed to have a mortality benefit 
only observed in the hyperinflammatory group, 
with no signal for improvement in the non- 
hyperinflamed group [21, 22, 24]. In each trial, 
there was no evidence for heterogeneity in treat-
ment effect by baseline severity of illness, as 
defined by the Acute Physiology and Chronic 
Health Evaluation (APACHE) score, nor by the 
severity of ARDS, as defined by the ratio of arte-
rial partial pressure of oxygen to fraction of 
inspired oxygen (PaO2:FiO2).

Reproducible biologically defined ARDS sub-
groups based on plasma protein expression pat-
terns were also reported in a population of 
sepsis-associated ARDS subjects from a prospec-
tive sepsis cohort applying a Ward clustering 
algorithm [25]. Showing remarkable similarity to 
the LCA-derived subgroups, the clustering algo-
rithm detected two classes of ARDS, one “reac-
tive” defined by high plasma concentrations of 
markers of inflammation, coagulation, and endo-
thelial activation compared to the “noninflamed” 
group, and a significantly higher mortality was 
observed for the reactive subgroup. Although the 
overlap in plasma protein signatures between the 
Calfee “hyperinflamed” and Bos “reactive” sub-
groups is striking [21–23, 25], both studies sam-
pled fairly similar candidate biomarkers that have 
previously performed well in human and animal 
studies of sepsis-associated ARDS [26, 27], so 
the overlap is less surprising than if the authors 
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had used unbiased discovery or untargeted pro-
teomics approaches.

Similarly, in sepsis, it is conceivable that het-
erogeneity of treatment effect may underlie some 
of the negative overall findings for such drugs as 
recombinant human interleukin-1 receptor antag-
onist (rhIL1RA) [28–30], antitumor necrosis fac-
tor [31, 32], or activated protein C [4, 33, 34]. In 
a subgroup reanalysis of a randomized trial of 
rhIL1RA for sepsis [29], the mortality benefit of 
rhIL1RA differed significantly between subjects 
with high baseline endogenous plasma interleu-
kin- 1 receptor antagonist (IL1RA), who seemed 
to benefit from the drug, and those without ele-
vated plasma IL1RA in whom there was no effect 
[35]. A separate subgroup reanalysis of the same 
rhIL1RA trial demonstrated a very strong signal 
for benefit among subjects with clinically defined 
macrophage activation syndrome [36]. Although 
subgroup analyses must be viewed with caution 
due to underpowering and the risk of unstable 
effect estimates [37–39], these reports nonethe-

less highlight the potential for precision applica-
tion of sepsis therapy if replicated in prospectively 
defined studies.

 What Can Be Learned from Genetic 
Approaches in Complex, Non- 
Mendelian Traits?

Neither sepsis nor ARDS is considered a classic 
monogenic or “Mendelian” trait, whereby the 
expression of the trait is easily predictable by 
parsing the inheritance of one genetic locus 
through several generations. However, multiple 
lines of evidence support a major interplay 
between genetic variation and patterned responses 
to injury and infection. Primary, or inherited, 
immunodeficiency diseases (PIDD) include over 
330 specific disorders caused by at least 320 
monogenetic changes [40, 41] and span broad 
subgroups that include defects in just one aspect 
of the immune system (e.g., antibody, innate, 

Table 18.1 Apparent heterogeneous response to therapy that may be predictable by biologic testing

Population Potential classifier Intervention Study findings
Pediatric 
sepsis

Gene expression 
subtype A vs B

Corticosteroids Subtype A with higher mortality when treated with 
steroids
Subtype B plus a high predicted mortality 
displayed a mortality benefit from steroids [117, 
118]

Adult 
sepsis

Plasma IL1RA level Recombinant IL1RA High plasma IL1RA subjects with a mortality 
benefit when randomized to rhIL1RA; low plasma 
IL1RA no benefit [35]

Adult 
septic 
shock

Gene expression 
subtype SRS1 vs SRS2

Corticosteroids SRS2 subjects with increased mortality with 
steroids; SRS1 no effect of steroids [124]

Adult 
ARDS

Latent class 
assignment (clinical 
and plasma protein 
expression)

High PEEP (positive 
end-expiratory 
pressure)

Hyperinflammatory subjects with a mortality 
benefit when randomized to high PEEP; no benefit 
in non-hyperinflammatory patients [21]

Adult 
ARDS

Latent class 
assignment (clinical 
and plasma protein 
expression)

Conservative IV fluid 
therapy

Hyperinflammatory patients with a mortality 
benefit when randomized to conservative (dry) 
fluid strategy; non-hyperinflammatory without 
benefit [22]

Adult 
ARDS

Latent class 
assignment (clinical 
and plasma protein 
expression)

Simvastatin therapy Hyperinflammatory patients with a mortality 
benefit when randomized to simvastatin; non- 
hyperinflammatory subjects with no benefit from 
simvastatin [23]

As evidence for the potential of precision medicine to better target therapy to patients, each study listed describes an 
apparent statistical interaction between an intervention and study outcome (mortality). Because these were all retro-
spective studies and many were subgroup analyses, a prospective validation study is needed before altering clinical care
SRS sepsis response signature, PEEP positive end-expiratory pressure, IV intravenous
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T-cell, natural killer cell, neutrophil) to combined 
immunodeficiencies, autoimmune diseases, or 
autoinflammatory disorders. Some syndromes 
present as an inherited susceptibility to one par-
ticular type of infection, such as mycobacteria, 
fungi, or certain bacteria, and thus, elucidation of 
the respective genetic underpinnings has helped 
to pinpoint critical host responses to specific 
pathogens [42–46]. Further, the identification of 
monogenic conditions causing auto- inflammatory 
conditions that mimic the clinical features of sep-
sis while remaining culture-negative [47–49] 
highlight the primacy of host response in driving 
shock and organ failure.

Further, there is ample evidence that historic 
infectious threats likely shaped genetic architec-
ture through natural selection [50, 51]. The single 
missense variant in the beta-globin gene respon-
sible for sickle cell anemia (rs334) persists at a 
frequency of 5–10% in genotyped African popu-
lations [52, 53], a frequency much higher than 
expected for such a deleterious mutation. 
However, because individuals who carry only one 
copy of rs334 seem to be protected from malarial 
infection [51, 54], this variant is common in popu-
lations where malaria has been, or continues to 
be, a threat. Similar examples may explain the 
striking variation in genes encoding cytokines 
[55], or genes that control activation of the com-
plement syndrome, some of which have also been 
strongly implicated in inflammatory traits like 
age-related macular degeneration [56–58].

Accepting that our genes influence response to 
infection or injury, and that such historic threats 
have in turn shaped genetic architecture, it remains 
true that most patients with sepsis do not harbor a 
single genetic variant that explains their risk for 
sepsis or sepsis death. Nonetheless, there exists 
strong evidence that sepsis death exhibits signifi-
cant heritability. In a classic study merging genea-
logic records and population health information, 
biologic parents and their children displayed a 
much stronger concordance for premature death 
from infection than did adopted parents and their 
children, suggesting that genes play a stronger 
role in response to infection than does environ-
ment [59]. The relative risk (RR) of dying prema-
turely from infection when one parent had also 

died from infection was almost 6 (95% CI 2.47–
13.7), a larger risk than was observed for cancer 
or even vascular disease [59]. Just as unraveling 
the monogenic PIDD have suggested precision 
treatment options that sometimes obviate the need 
for bone marrow transplantation [47], it may be 
that better recognition of dysregulated genes con-
tributing to sepsis outcomes suggests novel treat-
ment paradigms for this deadly disease.

Similar data do not exist to support the inher-
ited susceptibility to ARDS, in part because 
ARDS was only described with the advent of 
modern ICU care [60], but one might consider 
the syndrome of acute hypoxia and bilateral lung 
opacities following a potential insult  – ARDS 
[10]  – to be a patterned response to injury or 
infection. Although to our knowledge no pedi-
grees exist of ARDS, genetic investigations have 
suggested novel pathophysiologic processes. 
Recognizing that we are unlikely to explain a 
large proportion of the variance in the risk for 
sepsis or ARDS by one or even a small handful of 
genes, the dissection of trait-associated pathways 
may still suggest individuals predisposed to these 
syndromes via specific mechanisms and, thus, 
suggest groups who are likely to respond to spe-
cific interventions.

 Knowledge- and Discovery-Based 
Genomics Studies

In general terms, there are two major approaches 
to identify inherited variation that may influence 
a trait (Fig. 18.1). Knowledge-based approaches, 
sometimes referred to as candidate gene studies, 
select specific genes or pathways already hypoth-
esized to contribute to a disease and test for a 
higher frequency of genetic variants in disease- 
positive subjects compared to subjects without 
the disease. Advantages of the candidate approach 
include the straightforward design, typically as 
either a case-control or cohort study, low cost, 
and the fact that next steps after a positive finding 
are relatively clear. However, precisely because 
candidate gene studies are predicated on existing 
knowledge of sepsis or ARDS pathophysiology, 
these studies have a high risk of failure. For com-
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plex traits like sepsis or ARDS, the expected 
effect size of any given genetic variant is modest, 
with an odds ratio less than 1.4, and consequently 
most studies are statistically underpowered to 
detect an effect even if one exists. Further, even if 
the selected candidate gene does play a central 
role in ARDS pathophysiology, researchers still 
need to genotype the causal part of the gene 
responsible for the trait or, leveraging linkage 
disequilibrium [61], a variant in linkage with the 
causal variant. We are only beginning to under-
stand the complexities of genetic regulation 
beyond the traditional paradigm of cis regulation, 
whereby local DNA sequence dictates local mes-
senger RNA (mRNA) sequence, which in turn 
explains protein sequence. With the application 
of next-generation sequencing techniques to bet-
ter understand DNA-protein binding, noncoding 
RNA regulatory elements, epigenetic changes 
that may silence or activate gene expression, and 
the impact of three-dimensional chromatin orga-
nization [62–66], it is now apparent that early 
genotyping strategies may have been too simplis-
tic. Thus, the failure to detect associations does 
not exonerate a gene from playing a significant 
role. Finally, the candidate gene approach now 

seems highly inefficient in the era of next genera-
tion sequencing approaches.

Genome-wide association studies (GWAS) 
assay single nucleotide polymorphisms (SNPs) at 
over 500,000 loci across the genome using nano-
fabricated arrays of oligonucleotide probes specific 
for individual SNPs. Then, using knowledge of 
linkage disequilibrium between SNPs based on 
large-scale genotyping of multiple populations [52, 
67, 68], investigators can impute genotypes at loci 
that were not genotyped, allowing dense character-
ization of genetic variation for less than 100  US 
dollars per sample. However, though the array-
based GWAS does characterize DNA variation 
“across the genome” and is considered a discovery 
approach, it is not truly bias- free, as the arrays are 
built using oligonucleotide probes for known SNPs 
and imputation steps rely upon preexisting knowl-
edge of LD relationships between SNPs. The tech-
nology that yields data closest to truly bias-free 
genome sequences is next-generation sequencing 
(NGS), in which massively parallel sequencing of 
fragmented input DNA occurs. NGS is the pre-
ferred method to discover new variants or private 
variants that occur in only one family, or only one 
individual, as well as to study rare variants [69].

New biologic insight: 
new therapies

Biologically 
meaningful 
subgroups

Risk stratification

Differential treatment 
response

Targeted/personalized 
treatment

Candidate markers

mRNA 
pattern

Proteins

Metabolites
DNA variants 

Methylation pattern
miRNA

Clinical data 
Imaging features

Knowledge-based:
Candidate gene

 
PCR or multiplex PCR 

Single or multiprotein assays 
Targeted metabolite screen

Discovery methods:
GWAS 

DNA sequencing 
Microarray/ RNA-Seq 

Proteomics 
Metabolomics

Fig. 18.1 Both knowledge-based and discovery-based 
methods can identify new candidate markers that span all 
aspects of biology and clinical features. Novel analytic 
techniques can then combine clinical, genetic, transcrip-
tomic, metabolomic, and proteomic data to achieve the 

goals of precision medicine: identifying new therapies via 
refined mechanistic insight and unpacking clinical hetero-
geneity into biologically meaningful subgroups. PCR poly-
merase chain reaction, GWAS genome-wide association 
study, RNA-Seq RNA sequencing, mRNA messenger RNA
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Factors beyond the inherited genomic DNA 
sequence influence the expression of genes. 
Profiling of messenger RNA (mRNA) or, more 
broadly, entire transcriptomes (i.e., transcrip-
tomics) has enabled major advances in the under-
standing of cancer and complex traits like asthma 
[16, 70, 71]. Gene expression studies also can be 
thought of as following either knowledge-based 
or discovery-based paths. To understand the 
mRNA abundance or expression pattern of a spe-
cific transcript, one could use traditional poly-
merase chain reaction (PCR) methods using an 
oligonucleotide probe or probes complementary 
to the sequence(s) of interest. When roughly 
20–30 thousand probes are arrayed onto a single 
nanofabricated platform to assess global gene 
 expression, we term this a whole genome micro-
array, which is a discovery method, albeit based 
on probes and, thus, not bias-free. For broader 
unbiased characterization of transcriptomes, 
investigators can use RNA-sequencing (RNA-
Seq), a NGS approach that sequences a comple-
mentary DNA (cDNA) library prepared from 
input RNA. Gene expression studies have unique 
challenges compared to genomics in that the for-
mer are cell type and context specific and highly 
dynamic. Beyond mRNA, multiple noncoding 
RNA species have been identified and demon-
strated to influence transcription, translation, 
message stability, splicing, enhancing/silencing, 
epigenetic regulation, and even molecular scaf-
folding [72]. Bias-free sequencing has elucidated 
the breadth of the noncoding RNA landscape, 
and the study of noncoding RNA in critical ill-
ness remains in its infancy. Epigenetic changes, 
which describe inherited but modifiable DNA- 
protein interactions, such as histone modifica-
tions or DNA methylation patterns, also modify 
gene expression and can be assessed in targeted, 
high-throughput, or bias-free applications.

 Unique Challenges to Achieving 
Precision Medicine in Critical Care

Although the promise of omics techniques to 
contribute to precision medicine options is unde-
niable, specific challenges complicate the appli-

cation of these methods to sepsis and ARDS. Both 
syndromes are complex genetic traits, requiring 
both an extreme environmental insult like infec-
tion or exposure to a ventilator and host suscep-
tibility. This gene-by-environment interaction 
can be complex to study and poses unique barri-
ers to identifying omics signals even when 
present.

First, the genomic signature of sepsis or 
ARDS will never occur in isolation. Sepsis by 
definition is a systemic disease, and multiple 
organ dysfunction is often central to its diagno-
sis. Dissecting out the signature of sepsis from 
that of secondary kidney, lung, brain, or liver 
injury requires unique analytic tools as well as 
potentially arbitrary decisions classifying 
changes as sepsis related or not. With genomic 
material from the infecting microbe potentially 
circulating in blood, sequencing techniques 
might amplify bacterial, viral, parasitic, or fungal 
genomes rather than the patient’s cells. ARDS is 
also frequently complicated by coincident non- 
lung organ failure and frequently occurs on the 
background of sepsis, such that identifying the 
specific ARDS signature may be difficult. 
Further, liver and kidney dysfunction can alter 
the clearance of proteins and metabolites. When 
metabolic or proteomic changes seem to distin-
guish ARDS cases from non-cases, these could 
represent an important feature of the causal path-
way in sepsis or may simply reflect end-organ 
dysfunction with impaired clearance.

Second is the problem of identifying a suitable 
control population and appropriately designing 
the study. In many diseases, large convenience 
cohorts of healthy adults can be used as controls, 
and large-scale genomic resources such as the 
UK Biobank can be very powerful to detect a 
genetic signal [73]. For ICU diseases, however, 
the use of healthy controls may be problematic, 
precisely because of the gene-by-environment 
interaction that requires a severe environmental 
insult to manifest sepsis or ARDS.  A person’s 
genome may contain multiple risk variants for 
ARDS, but if she never develops sepsis, exposure 
to a ventilator, or another ARDS precipitant, she 
may never exhibit lung flooding. The presence of 
such a subject in the control group would attenu-
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ate any signal for ARDS risk, even if multiple 
ARDS cases carry the same variant. Similar 
issues arise when designing a sepsis study. In a 
case-control design, should controls be a group 
of patients who never had pneumonia or, instead, 
a group infected with pneumonia and thus at risk 
to develop sepsis, but who remained relatively 
well? For this reason, many critical care investi-
gators choose a cohort design, which alleviates 
the concern for selection bias, but comes at 
increased cost and lower efficiency. Design issues 
may complicate the analytic phase as well. A fre-
quent criticism of a potential new prognostic 
marker for sepsis or ARDS is that it merely 
reflects severity of illness, and investigators are 
asked to confirm that associations remain inde-
pendent of illness severity characterized by 
 simplified acute physiology or APACHE scores 
[74–76]. While appropriate adjusting for poten-
tial confounders has face validity for any analy-
sis, there is a counterargument that the very 
processes driving acute physiologic derangement 
and captured by such scores may be in the causal 
path influencing sepsis or ARDS risk and out-
come. Observing that an association persists 
across multiple levels of illness severity or pre-
dicted mortality can sometimes mitigate this con-
cern [77].

Third, timing of biospecimen sampling is both 
critically important and yet challenging to enact. 
For both sepsis and ARDS, genomic, proteomic, 
and metabolomic signatures change substantially 
within hours to days, and the timeframe to collect 
samples is highly compressed. Whereas genomic 
DNA samples should be stable over time and 
could be collected after the acute event, RNA, 
protein, or metabolite profiling often requires 
specific collection strategies and is only relevant 
if collected during the illness itself. At the same 
time, critically ill patients are frequently unable 
to consent for themselves, suffer from anemia 
[78], and have multiple competing clinical needs 
that may limit the ability to conduct observa-
tional research in the early hours of ICU admis-
sion. Furthermore, it is challenging to define 
“time zero” for sepsis; is it when the patient pres-
ents to the emergency room, the first low blood 
pressure, or the first fever? The importance of 

time-course analysis in sepsis was highlighted by 
gene expression work by Sweeney et al. [79], in 
which a clear sepsis gene expression signature 
emerged in early sepsis, but was later swamped 
by recovery signals. For ARDS, does the clock 
start when exogenous oxygen exceeds 4 liters per 
minute, when the chest radiograph is first abnor-
mal, or when the patient is intubated and meeting 
all consensus criteria [10, 80]? For each omics 
study, these issues should be carefully considered 
and protocolized to ensure the highest possible 
scientific rigor.

Finally, there is the issue of which tissue war-
rants profiling. Peripheral blood – easily obtained 
by a blood draw and either left whole or seg-
mented into constituent blood cells  – is conve-
nient, widely available, and relevant, as a 
potential snapshot of circulating host response. 
Buffy coat gene expression signatures reproduc-
ibly separate sepsis cases from controls [81, 82], 
and circulating inflammatory cells may be the 
critical actor in sepsis pathology. However, 
peripheral blood has numerous limitations. Genes 
that are expressed exclusively by endothelium, 
epithelium, stromal tissue, or tissue specific to 
the infected organ will not be captured by whole 
blood or leukocyte gene expression profiling. 
Though there may be strong interest to evaluate 
vascular mRNA, a vessel biopsy will remain 
highly unlikely and circulating endothelial cells 
are difficult to collect and may be fundamentally 
distinct compared to intact vasculature [83]. For 
ARDS, there is general consensus that lung tissue 
would provide the maximal utility for gene, pro-
tein, and metabolite expression. However, 
patients with ARDS are rarely subjected to lung 
biopsy due to their tenuous stability and the risk 
of the procedure [84]. Easily obtained peripheral 
blood is not a consistent surrogate for omics 
states in the lung. In ARDS, peripheral blood 
gene expression may be swamped by sepsis 
severity rather than lung injury per se [85]. Even 
when limiting analysis to only the mononuclear 
cell fraction and carefully timing blood draws to 
coincide with bronchoalveolar lavage (BAL), the 
signature of alveolar macrophages in ARDS is 
markedly distinct from synchronous peripheral 
blood monocytes [86]. Despite these formidable 
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challenges, there are numerous examples of 
incremental and occasionally transformational 
progress toward precision medicine that speak to 
tremendous potential of omics approaches in sep-
sis and ARDS (Table 18.1).

 Sepsis Genetics: Hints at 
Heterogeneous Treatment Effects

Although the promise of genetics to contribute to 
precision medicine options for sepsis remains 
strong, progress to date has been relatively mod-
est. Candidate gene association studies have 
yielded a number of variants that reliably associ-
ate with increased susceptibility to specific infec-
tions and occasionally with a higher frequency of 
hypotension or death [87–89]. As candidate gene 
studies extend from our preexisting paradigm of 
sepsis, most of the interrogated genes have been 
those influencing host response, immune regula-
tion, or vascular regulation. Genome-wide stud-
ies of sepsis outcome  – a highly heritable trait 
[59]  – have also been published and suggest 
novel pathways that merit consideration.

In one of the first published GWAS for sepsis 
survival, investigators from the Genetics of 
Sepsis and Septic Shock in Europe (GenOSept) 
consortium used a discovery population of 
approximately 1000 subjects with community- 
acquired pneumonia and replicated findings in an 
additional 1000 individuals from clinical trials or 
an ongoing pneumonia cohort. The GenOSept 
authors reported a fairly convincing LD peak on 
chromosome 5  in the FER gene encoding Fps/
Fes-related tyrosine kinase that associated with 
lower risk of death (meta-analysis odds ratio 
0.56, 95% confidence interval 0.41–0.66) with a 
p-value robust to multiple comparison testing 
(p = 5.6 × 10−8) [90]. Interestingly, the associa-
tion with death was attenuated by expanding the 
population to include septic subjects with abdom-
inal infections, suggesting that the protective 
association may be relevant only to pulmonary 
sepsis. The FER gene encodes a non-receptor 
protein tyrosine kinase implicated in actin cyto-
skeleton regulation as well as chemotaxis and 
leukocyte migration – areas already of interest in 

sepsis pathophysiology [91–93]  – thus, it is an 
attractive sepsis candidate gene. Mortality was 
25% for homozygous carriers of the dominant 
allele compared to 10% in homozygous recessive 
carriers [90], suggesting that genotype might act 
as a prognostic enrichment tool to help select a 
high-risk population [11]. However, as is often 
the case with genomic findings, replication of 
this variant has been inconsistent, and it was not 
associated with mortality in a smaller population 
of septic subjects enrolled in clinical trials in 
Germany [94]. A second GWAS found that a rare 
missense variant in gene VSP13A was associated 
with very high risk for mortality, and this VSP13A 
SNP was associated with higher sequential organ 
failure assessment score in a separate pneumonia 
study, providing possible replication. VSP13A 
encodes for vacuolar protein sorting 13 homolog 
A and has been implicated in autophagy, another 
pathway relevant to sepsis [95].

Examples of genetic studies contributing to 
precision therapy in sepsis are indirect, but a few 
do exist. Meyer et  al. identified a synonymous 
coding SNP in the gene IL1RN encoding inter-
leukin- 1 receptor antagonist (IL1RA) that associ-
ated with reduced ARDS risk in both trauma and 
sepsis populations, as well as with reduced sepsis 
mortality in the VASST septic shock trial [96–
98]. The SNP seemed to be functional, associat-
ing with increased plasma IL1RA among patients 
at risk for ARDS, lower plasma interleukin-1 
beta (IL1β) during septic shock, and as a site of 
allelic imbalance with more efficient IL1RN gene 
expression following endotoxin challenge. As 
these data suggested that more efficient plasma 
IL1RA generation might be protective in sepsis, 
Meyer and colleagues used plasma from a com-
pleted clinical trial of recombinant human IL1RA 
(rhIL1RA) for sepsis to phenotype sepsis patients 
for pre-randomization plasma IL1RA and IL1β 
expression. They detected a differential effect of 
rhIL1RA on mortality based on plasma IL1RA 
expression, such that rhIL1RA seemed to reduce 
mortality among “IL1RA-high” subjects 
[adjusted risk difference (ARD) −12%, 95% CI 
−23% to −1%], p  =  0.044, but not among 
“IL1RA-low” subjects (ARD +7%, 95% CI −4% 
to +17%), resulting in a statistically significant 
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interaction term [35]. As a subgroup analysis, the 
observation of lower mortality was insufficient 
evidence to change practice [77, 99] yet it dem-
onstrates that individualized sepsis treatment 
based on plasma biomarker expression is possi-
ble. Given numerous potential genetic associa-
tions with sepsis in pathways associated with 
drug targets (Table  18.2), testing for heteroge-
neous treatment effect by genotype or plasma 
protein expression as a routine addition to inter-
ventional trials is an approach that, if adequately 
powered, could be promising to identify preci-
sion targets.

 ARDS Genetics and the Search 
for Causal Intermediates

Numerous candidate gene studies have been 
undertaken in ARDS populations to elucidate key 
factors associated with either risk of ARDS or 
ARDS mortality [100, 101]. Among the best rep-
licated loci, genes contributing to inflammatory 

response (IL6, IL10, IL1RN, PI3, MBL2, NFKB1, 
TLR1), vascular regulation (ACE, VEGFA, 
MYLK, ANGPT2, SERPINE1), oxidant stress 
(NFE2L2, HMOX1), and lung epithelial function 
(SFTPB) are overrepresented. Discovery 
approaches have also been published [102] and 
have contributed new candidate genes such as 
PPFIA1, which encodes for liprin alpha 1, a gene 
expressed in lung and numerous tissues that plays 
a role in regulating focal adhesions and cell- 
matrix interactions. As previously mentioned, 
medium-throughput candidate gene DNA array 
studies identified risk variants in ARDS that may 
have potential therapeutic implications, as for 
IL1RN, the gene encoding IL1RA, or ANGPT2, 
the angiopoietin-2 gene that contributes to vascu-
lar permeability [98, 103].

Given results of GWAS over the past decade, it 
is usually unreasonable to expect that common 
variants will be associated with complex diseases 
with effect sizes large enough to be statistically 
significant in studies involving fewer than 2000 
cases. In complex traits where numerous relatively 

Table 18.2 Genetic associations with sepsis or ARDS with potential impact on therapeutic response

Gene
(Official gene ID) Population

Outcome associated with 
gene variant

Potential therapy with 
pharmacogenetic response

Interleukin-1 receptor 
antagonist (IL1RN)

Adult sepsis trial populations
Adult trauma cohort

Reduced sepsis death; 
reduced ARDS risk [97, 98]

Recombinant human 
interleukin-1 receptor 
antagonist (rhIL1RA)

Leucyl/cystinyl 
aminopeptidase or 
vasopressinase
(LNPEP)

Adults with septic shock Higher sepsis mortality 
[132]

Vasopressin

Protein C
(PROC)

Adults with sepsis Higher sepsis mortality, 
higher organ failure score 
[133, 134]

Drotrecogin alpha 
(activated protein C)

Pre-elafin
(PI3)

Adult at risk for ARDS ARDS [135, 136] Human neutrophil 
elastase inhibitors

Angiotensin-converting 
enzyme
(ACE)

Adults with ARDS compared 
to at-risk or healthy controls

ARDS risk
ARDS mortality [137, 138]

ACE inhibitors, 
angiotensin receptor 
blockers, or ACE2 
analogs

Surfactant protein B
(SFPTB)

Adults with ARDS compared 
to at-risk or healthy controls; 
children with pneumonia

ARDS risk [139], 
mechanical ventilation risk 
[140]

Exogenous surfactant

Angiopoietin-2
(ANGPT2)

Adult trauma at-risk ARDS
Adult sepsis

ARDS; plasma
Angiopoietin-2 level [103, 
114]

Anti-angiopoietin-2 
agent;
TIE2 agonist

In each case, a genetic association has been reported in at least one population, and drugs exist to target the gene’s 
pathway
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frequent SNPs are hypothesized to alter risk with 
modest effect sizes (odds ratio 1.1–1.5) [104], a 
well-powered study should include many thou-
sands of cases and non-cases, and no such ARDS 
population yet exists. Nonetheless, an approach by 
which genetics may help advance a precision med-
icine platform is by integrating genetic association 
results with those of other omics studies to priori-
tize candidate biomarkers. For example, plasma 
markers could be prioritized based on genetic 
results to identify those with the most direct rela-
tionships with ARDS risk or mortality. To borrow 
from a cardiology example, genetics provided 
strong inferential evidence that plasma concentra-
tion of low- density lipoprotein cholesterol (LDL) 
was the major risk factor for coronary artery dis-
ease (CAD) risk and mortality. Plasma LDL is 
strongly genetically regulated and variants that 
influence plasma LDL strongly associate with 
CAD in a consonant fashion; genetic variants that 
lower LDL associate with reduced lifetime CAD 
risk and those that elevate LDL associate with high 
CAD and mortality [105–107]. Thus, drugs target-
ing LDL are a mainstay of CAD prevention and 
treatment, and we term LDL a “causal” marker for 
CAD. Causal markers are lacking for ARDS, but if 
a causal marker were identified, it could speed 
drug development via the design of high-through-
put screens to identify compounds that alter the 
marker.

A few examples of leveraging genetics to infer 
causal ARDS intermediates are worth highlight-
ing. Recognizing that platelets contribute to both 
microvascular and immune system activation 
during ARDS and that the lung is a major site of 
platelet biogenesis [108–110], Wei and col-
leagues focused on genes shown to strongly asso-
ciate with platelet counts in healthy subjects and 
verified that variants in the gene LRRC16A also 
associate with platelet count in a critically ill 
population. Further, the same platelet-associated 
variant is also associated with ARDS risk, and a 
small but significant portion of the ARDS risk 
was mediated through platelet count, implicating 
thrombocytopenia as a causal intermediate for 
ARDS risk [111]. The same group then identified 
an independent locus in the LRRC16A gene asso-
ciated with both a falling platelet trajectory in the 

ICU and ARDS mortality [112] and statistically 
demonstrated that declining platelet count medi-
ated the association between LRRC16A and 
death. These examples of genetic mediation anal-
ysis are one demonstration of using genetic data 
to adapt causal inference methodology for the 
identification of causal disease intermediates. By 
mathematically disassembling an association 
between an explanatory variable (gene variant) 
and outcome (ARDS) into direct (gene-ARDS) 
and indirect (gene-platelet and platelet-ARDS) 
effects, one can infer the relative proportion of 
effect for the candidate mediator. The concept of 
using drugs to target platelet abundance or plate-
let trajectory to modify ARDS risk or mortality 
may seem unfamiliar, yet there was strong ratio-
nale for the LIPS-A study that tested whether 
aspirin reduced ARDS risk and found that it 
reduced ARDS risk though with a smaller effect 
size than anticipated [113]. Future work in this 
area may be fruitful.

A complementary approach termed Mendelian 
randomization (MR) leverages the association 
between genetic variants and intermediates such 
as plasma biomarkers to infer a biomarker’s cau-
sality. Each individual’s genetic variants are inde-
pendently assigned by random assortment of 
parental alleles, according to the law of indepen-
dent assortment, and alleles are distributed inde-
pendently of any potential confounder. MR 
leverages this independence and applies the 
instrumental variable method to reduce a poten-
tial predictor variable to the portion that is least 
confounded, least susceptible to measurement 
error, and least vulnerable to reverse causation. 
Reilly and colleagues used MR to infer a poten-
tial causal role for plasma angiopoietin-2 (ANG2) 
and ARDS risk following sepsis; ANG2 was 
selected as a marker based on a genetic associa-
tion between the angiopoietin-2 gene (ANGPT2) 
and ARDS they had previously identified [114]. 
Further, via mediation analysis, they found that 
plasma ANG2 mediated a substantial proportion 
(>34%) of the association between ANGPT2 
variants and ARDS risk [114], whereas no direct 
effect between ANGPT2 and ARDS was 
observed. Together, these data highlight the 
potential for drugs that block ANG2 signaling to 
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improve ARDS outcomes and the promise of 
applying a similar study design to prioritize inter-
ventions in future trials.

 Sepsis Gene Expression Studies: 
Ready for Clinical Launch?

Gene expression studies are close to yielding find-
ings that can be clinically translated into prognos-
tic and predictive biomarkers in sepsis. Much of 
the early work demonstrating the power of whole 
blood, or peripheral leukocyte, gene expression 
signatures to discriminate biologically meaning-
ful sepsis subgroups originated with Hector 
Wong’s work in pediatric populations. Using 
unsupervised hierarchical clustering, his group 
consistently identified three patterns of gene 
expression among pediatric patients with septic 
shock [82, 115, 116]: “subclass A” patients, char-
acterized by repression of adaptive immunity 
genes and glucocorticoid receptor signaling, who 
exhibited higher severity of illness, fewer ICU-
free days, and higher mortality.

Given that glucocorticoids are frequently 
administered to patients with septic shock, the 
same group then asked whether the effect of glu-
cocorticoids on sepsis mortality was associated 
with baseline gene expression patterns. They 
reported a potential interaction (p = 0.089) with 
steroids increasing mortality in subclass A patients 
with an odds ratio of 4.1 (95% CI: 1.4–12.0), but 
not in subclass B patients [117]. Further, by using 
a plasma biomarker risk stratification tool as a 
prognostic marker that reliably identified high 
risk for mortality [11], along with the glucocorti-
coid-response gene expression subclassification 
signature, Wong and colleagues established pre-
liminary proof that the gene expression signature 
could be used to identify subjects who respond 
favorably to glucocorticoids among those with 
high predicted mortality [118].

This work set the stage for a precision clinical 
trial of corticosteroids leveraging the 
PERSEVERE pediatric biomarker risk model 
[119], which is based on plasma expression of 
five biomarkers (C-C chemokine ligand 3, inter-
leukin 8, heat shock protein 70  kDa 1B, gran-

zyme B, and matrix metallopeptidase 8), to 
identify high-risk subjects. Subsequently, a 100- 
gene mRNA classifier was used to identify sepsis 
subclass and limit enrollment to subclass B 
patients. By focusing on high-risk individuals, 
the prognostic approach seeks to improve trial 
efficiency, whereas the predictive approach, in 
theory, will limit the potential for the intervention 
to harm patients predicted to do worse with corti-
costeroid treatment. The Stress Hydrocortisone 
in Pediatric Septic Shock (SHIPSS) is a phase III 
randomized double-blind placebo-controlled trial 
to test whether steroids are beneficial in refrac-
tory septic shock; the trial will use plasma and 
gene expression classifiers to determine whether 
the above approach is ready for clinical use.

Similar efforts have been undertaken in adult 
sepsis, with the results of several large, highly cited 
adult sepsis trials highlighted in Table  18.3. In 
every case, authors were able to identify a subset of 
patients at increased risk of death, though the pre-
cise method of detecting classes and the number of 
clusters varied. The UK Genomic Advances in 
Sepsis (GAiNS) group performed whole blood 
gene expression profiling by microarray on a dis-
covery cohort of 265 subjects with severe pneumo-
nia, with replication in a second pneumonia 
population of 106 [120]. Using unsupervised hier-
archical cluster analysis of the most variable 10% 
of transcript probes, they identified two dominant 
clusters which they termed “sepsis response signa-
tures 1 and 2” (SRS1, SRS2). The SRS1 subtype 
had a 27% mortality at 28 days, while SRS2 had 
17% mortality. Although SRS1 subjects were more 
likely to require vasoactive medications and had 
higher Sequential Organ Failure Assessment 
(SOFA) scores at baseline, there was no statisti-
cally significant difference in baseline APACHE II 
score, need for mechanical ventilation, or use of 
renal replacement therapy. Combinations of clini-
cal covariates performed poorly at predicting SRS 
membership with misclassification rates of 
20–40%. Thus, SRS grouping seemed to add prog-
nostic value beyond typical clinical scoring sys-
tems [120]. Investigators were able to reduce their 
classifier to seven transcripts that predicted SRS 
classification in both discovery and validation 
cohorts. In pathway analysis annotating the genes 
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that were most differentially expressed between 
SRS1 and SRS2 groups, the high-mortality SRS1 
group did not exhibit increased expression of cyto-
kine or inflammatory genes, but, rather, exhibited 
dysregulation of genes related to T-cell activation, 
cell death, apoptosis, necrosis, cytotoxicity, and 
phagocyte movement, in addition to upregulation 
of genes that characterize endotoxin tolerance 
[121, 122], suggesting a defective adaptive immune 
signature characterized SRS1 subjects.

In consonant fashion, a group from the 
Netherlands created the observational Molecular 
Diagnosis and Risk Stratification of Sepsis 
(MARS) cohort and applied slightly different 
clustering methodology to identify four clusters 
of sepsis subjects [121]. A 140-gene classifier 
reliably identified cluster membership when 
applied to two additional adult sepsis popula-
tions, and it identified three of four clusters in a 
pediatric sepsis population. Although the particu-
lar genes that best discriminated the high-risk 
cohort varied by study, this may be due to high 
correlation among many dysregulated genes, 
rather than a failure to replicate. Indeed, a meta- 
analysis by Sweeney et  al. [123] that included 
mortality data from 14 diverse datasets of bacte-
rial infection, including both adult and child 
cohorts, identified three clusters (a high- mortality 
“inflammopathic” cluster, a low-mortality “adap-
tive” cluster, and an additional “coagulopathic” 
cluster characterized by abnormal coagulation 
profiles) that could be distinguished with an 
11-gene signature. They assessed overlap of their 
signature-based clusters with the high-mortality 
clusters identified in the MARS and Wong et al. 
pediatric cohorts, and they found substantial 
overlap in patients identified by each cohort’s 
high-mortality/high-inflammation endotype.

Thus, while the specific genes selected for 
gene expression signatures vary, across numer-
ous populations, a high-mortality subset of septic 
patients with dysregulated adaptive immunity 
can be identified, and “high-risk” gene expres-
sion status enhances mortality prediction over the 
APACHE score [121]. As mentioned above, the 
PERSEVERE trial is using these methods for tar-
geted enrollment into a personalized trial of cor-
ticosteroid therapy for high-risk patients, 

demonstrating the potential such signatures have 
for personalized medicine trials. Adults with sep-
sis may also exhibit heterogeneous response to 
glucocorticoids, and one study has suggested that 
response may be predicted by whole blood gene 
expression patterns. Using a parsimonious classi-
fier based on the expression of seven transcripts 
that distinguished the high-mortality, adaptive 
immune dysregulated SRS1 group [120], 
Antcliffe et al. retrospectively assigned SRS clas-
sification to subjects with septic shock in the 
VANISH trial [124, 125]. Although there was no 
mortality benefit observed for corticosteroids in 
the overall trial, a statistical interaction was 
detected between steroid allocation and SRS 
grouping, such that SRS2 subjects exhibited a 
higher risk of death from sepsis when random-
ized to steroids [124]. As SRS2 is classically the 
low-mortality group of sepsis characterized by 
higher levels of adaptive immune signaling, it 
may be that corticosteroids disrupt an otherwise 
favorable host response to infection in some 
patients.

 Gene Expression Studies in ARDS

Four groups have published whole blood gene 
expression studies in ARDS to date (including a 
pediatric cohort of acute respiratory failure), and 
an additional two publicly available datasets 
from the GLUE grant of trauma also include 
ARDS phenotyping. Each cohort is individually 
small (13–67 cases) and heterogeneous in terms 
of timing of sampling. In each case, a unique set 
of ARDS-associated genes has been identified, 
and the ability to rigorously replicate the genes 
identified in other cohorts has been modest [126]. 
Sweeney et al. performed a meta-analysis study 
of all six publicly available datasets to attempt to 
find a common gene expression signature across 
the disparate cohorts, but in contrast to the clear 
signal found with these methods in septic cohorts 
[79, 127], no expression signature could robustly 
distinguish ARDS cases from controls [85]. 
Limiting the ARDS cohorts to more homogenous 
groups (e.g., only adults with sepsis, excluding 
those with trauma) did not enhance the classifier 
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signal. Interestingly, the top ARDS-associated 
genes in the meta-analysis are related to sepsis 
according to Gene Ontology classifiers, suggest-
ing a potential overwhelming signal from sepsis 
and severity of illness may have obscured any 
lung-specific ARDS signals.

 Metabolomics Studies in Sepsis 
and ARDS

Metabolomics is the study of all small mole-
cules in an organism or tissue, including pep-
tides, lipids, nucleic acids, and carbohydrates. 
Metabolite levels can change rapidly in response 
to cellular perturbations, such as the switch to 
anaerobic metabolism in exercise or sepsis that 
leads to lactate production. Thus, metabolites 
are particularly promising targets for personal-
ized medicine because they reflect dynamic 
changes in the host. In contrast to well-estab-
lished profiling methods for gene expression or 
SNP assessment, metabolomic profiling meth-
ods are rapidly evolving. The number of detected 
and quantified human metabolites included in 
the human metabolome database (HMDB) has 
increased from 8000 in 2010 to 18,000 in 2019, 
and the presumed number of actual metabolites 
is likely >100,000 [128]. This growth in the 
number of identifiable metabolites, and the par-
allel growth of metabolomic analytic and statis-
tical methods, makes it difficult to compare 
studies across years and cohorts.

Metabolic changes in sepsis are widely recog-
nized, as lactate, the end product of anaerobic 
metabolism, is the most widely used sepsis bio-
marker. Lactate measurement is a Centers for 
Medicare & Medicaid Services quality measure 
for patients with sepsis. Elevated lactate 
(>4  mmol/L) defines septic shock in the most 
recent sepsis guidelines, and serial lactate mea-
surement and clearance can be used to assess 
adequacy of resuscitation [9, 129]. In addition to 
lactate, numerous metabolites are measured in 
basic chemistry (e.g., serum bilirubin, creatinine) 

that are followed as part of standard ICU care and 
comprise critical elements of our ICU scoring 
systems [74, 76].

Broad profiling of the plasma metabolome in 
sepsis has shown promise for biomarker identi-
fication. Langley et  al. performed nontargeted 
profiling of plasma in 63 sepsis survivors and 31 
non-survivors and identified widespread meta-
bolic abnormalities between the two groups, 
involving pathways such as fatty acid transport, 
β-oxidation, gluconeogenesis, and the citric 
acid cycle. This group identified a biomarker 
panel of five metabolites, along with age and 
hematocrit, that outperformed lactate and 
APACHE score in mortality prediction in sev-
eral studies [130]. Interestingly, when Rogers 
et al. examined the same populations with dif-
ferent metabolomics analytic strategies, a sepa-
rate predictive biomarker panel was identified, 
likely a result of the high correlation among 
many metabolites [131] and emphasizing the 
lack of consistency among different metabolo-
mics analysis strategies.

ARDS metabolomics studies are summa-
rized in Table 18.4. These studies vary widely 
in terms of fluid studied (plasma, free edema, 
exhaled breath condensate, bronchoalveolar 
lavage), control population, and metabolic pro-
filing techniques. All are fairly small, involving 
fewer than 50 ARDS patients in any individual 
study. Although an ideal control population 
might have respiratory failure and a condition 
that mimics the hypoxia of ARDS, such as 
hydrostatic pulmonary edema or pneumonia, in 
practice, most studies used convenience or non-
critically ill controls. Not surprisingly, the 
ARDS-associated metabolites in such disparate 
populations are far from conclusive in terms of 
either pathway or individual metabolite. 
Further, given the extent of heterogeneity in 
sample type and control population, these data 
are not amenable to meta-analysis. Larger 
ARDS metabolomics studies are needed, with a 
focus on careful phenotyping and consistent 
sample preparation methods.

A. J. Rogers and N. J. Meyer
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 Conclusion

Despite unique challenges in sepsis and ARDS, 
the past 10 years have shown substantial advances 
in the prospect of precision medicine for these 
deadly diseases. Large-scale gene expression and 
targeted proteomics plasma studies are identify-
ing biologically distinct patterns of expression 
that at least retroactively identify a differential 
response to routine treatments applied in the 
ICU.  Once metabolomics and proteomics 
approaches become more standardized, investi-
gators may identify additional biomarkers for use 
in clinical trials that serve either as enrollment 
criteria to enrich for high-risk subgroups or for 

potential predictive enrichment to select a popu-
lation for whom an intervention is more likely to 
have a positive effect. Prospective randomized 
trials based on biologic classification will be a 
reality in the near future, and the era of critical 
illness precision medicine might thus begin.
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 Introduction

The omnipresence of connected mobile devices 
has great potential to transform the relationship 
between patient and healthcare provider. mHealth 
is “the use of mobile devices [...] for medical and 
public health practice” [1], and one of its compo-
nents is “the cost-effective and secure use of 
information communication technologies in sup-
port of health and health-related fields, including 
healthcare services, health surveillance, health 
literature, and health education, knowledge and 
research” [2]. mHealth not only provides access 
to health knowledge anytime and anywhere; it 
can also collect unprecedented amounts and 
types of data about patients’ daily lives. At every 
step in the treatment process, mHealth increases 
patients’ autonomy in self-assessing their health 
and acting to preserve their well-being. These 
technologies can facilitate the ability of health-
care providers to track their patients’ progress 
and modify treatments appropriately, thereby 
reducing the need for office visits and decreasing 
the burden on the healthcare system. Three key 
reasons for patients to adopt mHealth are more 
effective provider access, reduced costs of care, 
and improved health self-management. For phy-
sicians, key reasons to recommend mHealth are 
enhanced health outcomes, facilitated access for 
the care of patients, and decreased time required 
for administrative tasks [6]. According to the 
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Key Point Summary
• mHealth increases access to health 

knowledge and allows monitoring at 
any time and at any location, which can 
help enable precision medicine.

• Most of the relatively few mobile apps 
and wearables that are dedicated to 
respiratory health focus on providing 
medical information, messaging ser-
vices, diaries, lung function self- 
assessment, and educational games.

• Challenges to the widespread adoption of 
mHealth include limited access to tech-
nology by all patients, decreased adoption 
over time, and data privacy concerns.
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World Health Organization, mHealth is a central 
element to achieve universal health coverage [1].

Today, over 325,000 mobile applications, or 
apps, provide health and well-being services [3]. 
The majority of these apps are limited to sending 
information. Fitness, lifestyle, coping with stress, 
or nutrition is the focus of 65%, while 23% focus 
on treatment. Social media is a feature in 65% of 
the apps and only 2% currently connect to a 
healthcare system. While most apps are free to 
download, one third of them require purchasing a 
device, and one tenth require payment [4].

More than half of currently available apps 
have been downloaded less than 5000 times, 
while 3% have been downloaded over a million 
times, reaching a total of 3.7 billion yearly down-
loads. Only 2% of the apps recommended by 
healthcare providers focus on respiratory health, 
and this group of respiratory apps has the lowest 
fill-and-sustain rate among all apps [4]. Apps rec-
ommended by clinicians have a retention increase 
of 10–30%, and one in three physicians has rec-
ommended a mHealth app to their patients [4]. 
However, the larger system continues to fall 
short, only 2% of hospitals promote the use of 
apps [5], and apps developed by healthcare pro-
viders often fail to satisfy the functionalities 
patients seek: access to medical records, appoint-
ment management, and prescription renewals [5]. 
Less than 1% of people living with asthma use an 
asthma app [3]. Wearables are devices worn on 
the body to track bodily functions. They have 
become a part of daily life, with 232 million 
objects sold in 2015 [4]. Most wearables are 
worn on a wrist (55%) or chest (23%) [4] and 
focus on improving overall well-being by track-
ing exercise, weight loss, and sleep and coping 
with stress [7], among other functions. In the 
USA, the main users of wearables are 18–34-year- 
olds [8].

 mHealth from the Patient’s 
Perspective

The majority of mHealth apps dedicated to treat-
ment are designed to optimize self-management 
of chronic diseases by providing greater patient 

autonomy [9], reducing healthcare utilization 
[10], and improving clinical outcomes [9–11]. 
Improved self-management occurs by increasing 
a patient’s awareness of symptoms, self- 
measuring objective parameters such as pulmo-
nary function, maintaining a symptom diary, and 
proving guidance for symptom management. 
Wearables can monitor body functions, measure 
physiological changes, and capture environmen-
tal data [12]. Smartwatches and sensors worn 
daily could facilitate the embedding of biofeed-
back into diaries of a patient’s daily routine. 
Disease self-management with mHealth apps 
requires the active participation and engagement 
of the patient. It is therefore not surprising that 
the majority of studies evaluating mHealth apps 
do so from the patients’ perspective. Figure 19.1 
summarizes the major aspects of mHealth that 
are necessary for the development of successful 
tools. Next, we focus on some of these factors, 
including apps’ usability and perceived benefits 
and concerns, with a focus on research pertaining 
to chronic respiratory disease apps.

 Usability and Engagement

Usability refers to how well an app functions and 
serves its intended purposes in a target popula-
tion [13]. It includes user satisfaction and app 
operability, flexibility, ease of learning, and 
visual interface attractiveness [14]. Usability can 
be assessed through expert inspection of the app, 
user observation, surveys, and experimental eval-
uation to gather user feedback [15, 16]. Although 
international standards and frameworks for soft-
ware quality evaluation exist, namely, those from 
the International Organization for Standardization 
(ISO) (ISO/IEC 25010 [17] and ISO 9241 [18]), 
few apps are empirically evaluated for their 
usability [19]. Successful apps are first and fore-
most characterized by their ability to engage the 
user, a key element underlying user satisfaction. 
Without user engagement, user boredom and loss 
of interest quickly ensue. Apps that can sustain 
positive behavior are more likely to have sus-
tained use [20]. Attrition rates in respiratory dis-
ease app use can be as high as 28% [21]. User 
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engagement can be optimized by integrating 
game design elements (gamification), including 
using points or leveling systems, creating leader-
boards, using rewards such as badges or trophies, 
implementing challenges, and integrating social 
features so users can interact with each other [22, 
23]. A review of 38 asthma apps (up to April 
2016) demonstrated considerable differences 
between apps, and most apps used little gamifica-
tion [24]. While 74% of the tested apps allowed 
users to see and “compete” against their own 
records, a reward system was only implemented 
in 8% of them. When the apps’ quality was evalu-
ated by the standardized Mobile Application 
Rating Scale, a measure of health app quality 
using five subscales (engagement, functionality, 
aesthetics, information, and subjective quality) 
[25], asthma apps performed poorest in user 
engagement. Researchers suggested that reward 
systems, which have recognized effectiveness in 
psychology theories and can be implemented 
easily, should be integrated in future apps.

User engagement matters because integration 
of mHealth into a patient’s self-management rou-
tine requires long-term use of the technology, 

particularly for chronic lung disease care which 
requires long-term management [26]. mHealth 
apps need to be flexible and adaptable to a user’s 
changing needs. Thus, the design of apps for 
chronic diseases should consider how the patient 
interacts with their condition over time (e.g., fre-
quency and length of treatments, changes in the 
condition) [23]. Some research has demonstrated 
that most participants using health apps reduced 
or stopped using their app when they became 
familiar with the self-management techniques or 
did not learn anything further from the app [20]. 
Moreover, while long-term engagement is essen-
tial in determining an app’s value in chronic dis-
ease management, few studies have evaluated 
user engagement over time. Among those that 
did, the testing period was usually not long term 
and under 6 months [21, 27–29].

Wearables may offer improved opportunities 
for mHealth. Smartwatches have limited sensing 
and computing capability, but their location on 
the body and extensive patient contact have 
potential to transform health function monitoring 
into an automatism, increasing retention in the 
long run. Ways to improve the interactivity and 

Fig. 19.1 Factors that must be addressed for successful mHealth tools
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user experience of such devices have not been 
studied [30]. Wearables, such as clothing, seem 
currently only adapted to specific contexts in 
lung health such as chronic obstructive pulmo-
nary disease (COPD) monitoring [31–33]. 
Lighter and less constraining tattoo-like sensor 
films have some promise in extending the power 
of mHealth apps [34]. Such easy-to-carry devices 
could indeed increase patient adoption and use 
[35]. Medication trackers such as inhaler-based 
monitoring devices could also help patients log 
their treatment intakes. Combined with physio-
logical data, such trackers could help personalize 
treatment to each patient [36, 37]. Despite their 
promise, clinical research remains very limited 
regarding wearables. Most apps that have been 
clinically tested report few technological or oper-
ability issues [38]. Adults using health apps 
report an appreciation for automation of in-app 
functions such as automatic data entry via a sen-
sor or a wearable device [20].

 Perceived Benefits

A few mHealth studies documented users’ per-
ceived benefits, an important consideration for 
app users. Specifically, users reported greater 
self-awareness of their condition, improved self- 
confidence in chronic disease monitoring, easier 
integration of self-management techniques, and 
increased feelings of being “in control” [39]. 
Patients also reported decreased anxiety due to 
knowing that their health symptoms were being 
monitored [39]. A pilot study of an app encourag-
ing home-based pre-lung transplant rehabilita-
tion to treat frailty found summarily positive 
feedback from users [40]. Participants felt in con-
trol of their physical status and felt that they 
could take some action to improve their health 
rather than just waiting for their next appoint-
ment. Benefits were also perceived for apps that 
provided alert systems reminding users to take 
medications [41, 42] or informing users when 
health indicators reached a critical range and 
prompted them to call their health professional 
[42]. Specifically, in designing an app to promote 
medication adherence in adolescent solid organ 

recipients, field-test users requested the function 
of alerts and felt that the app was helpful in track-
ing their medication intake [41]. Other apps 
transmitted patients’ data to their health profes-
sionals, a feature that was valued by users because 
it avoided repeated healthcare visits [20]. The 
limited number of available studies has reported 
perceived benefits of mHealth tools although 
clinical studies are needed to determine actual 
health benefits to the user.

 Parents’ Point of View

Parents see benefits in using mHealth to manage 
their children’s chronic respiratory disease. A 
survey-based study demonstrated that a majority 
of parents believed the use of an app would help 
them better monitor and manage their child’s 
asthma. Specifically, parents ranked an app’s 
ability to generate reports for the doctor, input 
symptoms into a diary, and complete a self-check 
quiz as the most useful features [43]. Parents also 
appreciated reminder messages to their teenagers 
to take their medication or to get refills, benefits 
reiterated by the teenagers as well [44], as par-
ents felt less need to continuously remind their 
teenagers to take their medications [41], poten-
tially decreasing parent-adolescent conflict. 
Given the increasing societal concern of screen 
time in children [45], the adoption of mHealth by 
parents is an important aspect in apps aimed at 
children. Future studies should consider parental 
input in creating mHealth apps aimed at children, 
in addition to ensuring user involvement.

 Patients’ Concerns

While patients usually have a positive view of 
mHealth, some concerns remain that may affect 
acceptability of apps and wearables. Data secu-
rity is a primary concern, particularly with 
regard to transmission of sensitive information 
that may be accessed by health insurers [20]. 
Additionally, when using a short message ser-
vice (SMS) system for asthma self-manage-
ment, some patients raised concerns about the 

A. C. Wu et al.



295

lack of feedback and unnecessary medicaliza-
tion [39]. Further, while some apps offered dis-
tance support [29], most apps did not offer 
specific training on their use, which led to user 
engagement issues in some studies where tech-
nical barriers inhibited use of the apps [46, 47]. 
In addition to technical difficulties, literacy bar-
riers, language, and connectivity issues are 
potential barriers to mHealth.

 Summary

mHealth is a patient-centered means to promote 
self-management of chronic conditions, and its 
efficacy is highly user dependent. Thus, under-
standing mHealth from the patient’s perspective 
is essential. In fact, studies suggest an iterative 
design process with multiple user experience 
testing sessions in the development of mHealth 
apps optimizes user engagement of the final 
product [38, 48]. Several studies documented a 
generally high usability, acceptability, and user 
satisfaction of mHealth tools, with most users 
perceiving benefits. However, few studies have 
assessed long-term user engagement and health 
benefits. Furthermore, the theoretical framework 
behind positive behavioral change resulting from 
using mHealth is poorly understood. Integrating 
the user early in the design process will maxi-
mize user engagement and address their con-
cerns, which could in turn lead to the development 
of better apps and wearables that better meet 
patients’ needs.

 mHealth from the Healthcare 
Provider’s Perspective

 mHealth Apps

Although few studies have focused on chronic 
respiratory disease monitoring, general studies 
have reported benefits and barriers to mHealth 
apps from the viewpoint of providers. A system-
atic review of 33 studies examining factors 
influencing healthcare professional adoption of 
mHealth apps found that their adoption was 

more often seen as a benefit than a barrier [49]. 
Notable factors that led to increased adoption 
included perceived utility of app over current 
practice and ease of technology use in the work-
ing environment [49]. Benefits to providers 
include the potential saving of time, better 
patient engagement, and enhanced care. Saving 
of time is the result of healthcare providers 
being able to access patient-reported symptoms 
in electronic health records and reviewing them 
before in-person visits [50]. A study of a mobile 
portal application for hospitalized patients 
reported that providers felt the portal improved 
patient engagement in care and identification of 
errors [51]. Research on a sensor-based mobile 
intervention for asthma identified mHealth tech-
nology as enhancing the patient-centered medi-
cal home [52]. Further, in a qualitative study 
asking providers about their views of a sensor-
based mobile intervention for asthma patients, 
providers were enthusiastic for the mobile 
health technology if it could provide adherence 
to prescribed inhaler therapy and data on inhaler 
technique [52]. Providers hoped data gathered 
would be available prior to scheduled clinic vis-
its and that the app would provide inter- visit 
alerts for excessive use of rescue therapy, while 
pulmonologists were interested in inter- visit 
lung function data [52].

mySinusitusCoach
mySinusitusCoach (Fig.  19.2) is a mobile 
app that helps patients with chronic rhino-
sinusitis log their symptoms and treat-
ments, get recommendations, and learn 
about the disease. The longitudinal data 
collected can improve physician follow-up, 
such as early identification of the need for 
surgery. Initiated by the European Forum 
for Research and Education in Allergy and 
Airway diseases, the app was conceived by 
medical care professionals with input from 
patients, primary care physicians, and 
pharmacists. The app is currently available 
in three countries, and research on its health 
outcomes is ongoing [53].
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Beyond standalone apps, mHealth interven-
tions that involve remote monitoring can supple-
ment traditional care usefully. Researchers in the 
United Kingdom conducted semi-structured 
interviews with providers to learn about their 
views of a telehealth care program for patients 
with chronic conditions, including chronic heart 
disease, COPD, and diabetes [54]. This telehealth 
monitoring system included the installation of 
equipment, such as pulse oximeter and weighing 
scales, in the patient’s home; patients recorded 
their biometric readings which were transmitted 
to healthcare professionals and monitored 
remotely by nurses or community matrons. When 

parametrics were outside of normal ranges, pro-
viders contacted the patients and/or referred them 
to other healthcare professionals, such as physi-
cians. The majority of providers felt that this tele-
health monitoring system empowered patients 
and was a good supplement for traditional patient 
care [54].

mHealth offers many favorable facets to pro-
viders, yet obstacles remain, primarily regarding 
the disruption of workflow: organizations were 
not designed or created to accommodate mHealth, 
so adapting to new workflow demands can bring 
challenges [55]. Of primary concern is the 
increase in workload involved with mHealth 

a b

Fig. 19.2 (a) Screenshot of a questionnaire to assess 
one’s symptoms in the mySinusitusCoach app. (b) 
Screenshot of themes available on the mySinusitusCoach 
app. (Images from https://play.google.com/store/apps/

details?id=nl.euforea.sinusitishealth&hl=en. Used with 
permission of EUFOREA-European Forum for Research 
and Education in Allergy and Airway Diseases)
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implementation [54, 56, 57]. Undefined and 
changed roles occur when an mHealth app leads 
to different providers being responsible for a 
workflow task or no responsibilities are assigned 
[58], and providers may have to invest a signifi-
cant amount of time with patients to teach them 
how to use apps and interpret the data reported 
[59]. Additionally, workflow is disrupted as pro-
viders are unable to complete the work process in 
a linear and smooth manner [57]. Lack of align-
ment with existing clinical processes poses a bar-
rier when mHealth apps do not integrate with, or 
support, workflow systems that are in place [54]. 
Another concern for department-specific 
mHealth protocols is provider turnover: every 
time providers change departments, whether via 
rotations between departments or because they 
are short-term hires, they may need to learn new 
mHealth implementation strategies [55].

Provider concerns beyond workflow issues 
have also been identified. First, face-to-face com-
munication may be undermined as direct personal 
contact between patient and provider may 
decrease with adoption of mHealth [60]. 
Moreover, concerns exist regarding safeguarding 
protected health information, data accuracy in the 
case, for example, in which sensor-based mobile 
interventions are used by families who share 
inhalers, and lack of access to smartphones [51]. 
In the study of a mobile portal application for hos-
pitalized patients, providers worried that addi-
tional features might result in a volume and 
complexity of information that could be over-
whelming for patients, as well as a high percent-
age of false-positive tests resulting from a 
potentially high volume of tests performed, which 
could lead to unnecessary concerns, particularly 
due to patients’ limited ability to interpret results 
in the context of their acute illness [52].

 Wearables

Few studies to date have evaluated wearables for 
chronic respiratory disease management, and 
none have found evidence supporting sustained 
use of wearables or effects on health outcomes. 
Most of the existing studies have focused on 

development and feasibility of monitoring activ-
ity for pulmonary rehabilitation [61], detecting 
wheeze [62], and monitoring pulmonary edema 
in adult respiratory distress syndrome [63]. One 
study sought to improve the care of individuals 
with COPD and reduce hospitalizations by using 
smartwatches to detect early exacerbations in 
time for intervention [64]. Specifically, the smart-
watch collected sensor data, including heart rate, 
accelerometer, and gyroscope recordings. 
Researchers concluded that individuals wanted to 
actively engage with the smartwatch and receive 
feedback about their activity, heart rate, and how 
to better manage their COPD, but further work is 
necessary to improve the patient experience [64].

 mHealth from the Healthcare 
System’s Perspective

Three salient issues to address from the health-
care system’s perspective are cost-effectiveness, 
privacy, and widespread diffusion of mHealth. 
Cost-effectiveness analyses help policy makers 
decide how to allocate limited resources, and 
insurers often use cost-effectiveness analyses to 
decide whether to cover health interventions [65, 
66]. Risks to privacy with mHealth are an impor-
tant consideration by the healthcare system as 
mHealth technologies collect detailed personal 
data; communication of these risks for the pur-
poses of informed consent is critical [67]. As 
mHealth is essential to achieve universal health 
coverage [1], its widespread diffusion is critical 
yet challenged by factors such as geographic and 
financial accessibility [68].

 Cost-Effectiveness

Cost-effectiveness is a method of economic 
evaluation that can be helpful in health tech-
nology assessment and is often expressed in 
terms of the ratio of the cost associated with 
health gain divided by gain in health from a 
measure [69]. The gain in health from a mea-
sure is often calculated as quality-adjusted life 
year (QALY) so that multiple interventions can 
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be compared [65, 66]. Cost-effectiveness anal-
ysis produces the incremental cost-effective-
ness ratio in units of dollars per QALY [65, 
66]. Cost is an important component that will 
determine the success or failure of mHealth. 
On a broad level, many expect that mHealth 
will bring cost reductions, but because most 
studies report on the implementation process 
rather than measuring costs and financial ben-
efits after implementation of mHealth, most 
studies have not yet addressed actual costs 
[59]. Healthcare system representatives believe 
that costs are the most important component 
contributing to the success or failure of 
mHealth apps: a review paper concluded that 
institutional adoption of mHealth apps can be 
considered when organizations break even or 
profit, but is more difficult to consider with a 
financial loss [59]. Thus, national policy invest-
ments and health insurer reimbursement to pro-
viders for mHealth adoption and usage will 
play a critical role in their adoption [59].

While no studies specifically studied cost- 
effectiveness of mHealth and chronic respiratory 
diseases, we can learn from the general mHealth 
literature. In addition to costs related to develop-
ment and implementation of mHealth, there are 
the costs related to equipment, staffing, and com-
munication [70]. One study that assessed the 
cost-effectiveness of outpatient pulmonary sub-
specialty consultations in rural populations found 
that telemedicine was more cost-effective com-
pared to routine care when patients travel from a 
remote site to a hub site to receive care; the main 
driver of cost-effectiveness was the ability to cost 
share, as providers shared telemedicine infra-
structure while patients suffered fewer costs from 
lost productivity [71].

Studies of mHealth effectiveness are needed 
to help inform its cost-effectiveness. One review 
of mobile apps for asthma found that only two 
randomized controlled trials compared patient 
self-management asthma interventions delivered 
via smartphone apps to those delivered via tradi-
tional methods [73]. Based on these two studies, 
the authors concluded that there was not enough 

evidence to advise providers to use asthma self- 
management programs via smartphone and table 
computer apps [73]. In order for effectiveness 
studies to be conducted, participation is impor-
tant. One study that attempted to examine a 
remote clinical monitoring tool following pallia-
tive radiotherapy for lung cancer found that only 
one of 17 providers contacted agreed to partici-
pate in the study, so the benefits of the technology 
could not be assessed [74]. The lack of providers 
accepting participation in this study suggests that 
there are still uncertainties about adoption of 
mHealth.

 Privacy

The health information that can be collected via 
mHealth has great potential value, but there are 
special privacy risks that need to be addressed. 
These include the potential for discrimination 
from insurers, such as the nonpurposeful collec-
tion of data of family members [75]. In medical 
settings, the Common Rule and the Health 
Insurance Portability and Accountability Act 
(HIPAA) require high standards for the protection 
of patient and research participant data [76]. 
However, mHealth technologies used for medical 
care often come from the commercial sector; thus, 
ensuring those mHealth technologies meet the 
high standards of privacy protection is important 
and challenging [77, 78]. Commercially devel-
oped technologies usually have long informed 
consent forms, sometimes stipulating the release 
or selling of personal identifiable data. 
Furthermore, commercial data collection, trans-
mission, storage, access, and use are underregu-
lated and not standardized [76], while healthcare 
systems need to use strategies to protect privacy 
of patients.

 Widespread Diffusion of mHealth

mHealth is essential to achieve universal health 
coverage by 2030, a United Nations Global 
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Goal [69]. mHealth can widen the number of 
individuals who can access health services, 
increase the amount of services available, and 
reduce the cost of access to such services [79]. 
In 2016, 109 countries reported having at least 
one mHealth program. The most common ser-
vices offered were free calls to emergency and 
medical services, as well as appointment 
reminders—an effective means to reduce no-
shows in consultations. Only 25 countries, how-
ever, reported evaluations on the safety, quality, 
and reliability of mHealth programs. Access to 
mHealth was also difficult to assess. Indicators 
of access should thus be implemented in every 
mHealth project, with special consideration to 
priority audiences such as vulnerable and mar-
ginalized populations [1].

In addition to addressing disease manage-
ment, mHealth should encompass health promo-
tion and primary prevention. In the European 
Union alone, respiratory mHealth apps could 
help 4 million Europeans quit smoking, and 1 
million Europeans reduce the risk of developing 
COPD [80]. In Europe, mHealth could reduce the 
cost of medical care by 99 billion euros when all 
diseases are considered. Such potential remains 
theoretical until a large audience adopts and uses 
mHealth over the long term.

To ensure that mHealth provides high qual-
ity of care and meets local needs, individuals 
and communities must be involved in the con-
ception, production, and evaluation of such 
technologies [69]. Unfortunately, most proj-
ects use standard copyright licenses, which 
forbid individuals and communities to take 
ownership of the innovation. Alternative 
licenses such as the GNU Affero General 
Public License [81] or the CERN Open 
Hardware License [82] could encourage popu-
lations to engage in mHealth projects by ensur-
ing usability is high, as well as improving 
source code of apps or design of wearables. 
Projects released under fair use licenses or in 
the public domain could foster an approach 
where the individual (before and beyond their 
disease) is at the core and where medical 

experts or researchers become partners. Free 
and open source projects also increase repro-
ducibility of work, allow people from different 
countries to join their knowledge and experi-
ence to reach a common goal (crowdsourcing), 
and enable design of tools that are appropriate 
even in low resource settings. Combined with 
new ways of doing research [83], free mHealth 
apps and open source mHealth wearables could 
accelerate the pace of innovation [84], stimu-
late individuals to contribute to the respiratory 
health of their communities, democratize 

Respi Heroes
Respi Heroes is a mobile game that aims to 
make respiratory health accessible and fun 
through learning by playing (Fig.  19.3). 
The player can explore different environ-
ments (mountain, city field of pampas, 
etc.), interact with characters who provide 
cultural and health knowledge (the air, the 
lung system, nutrition, food, physical 
activity, etc.), and play different mini-
games according to their health condition 
(memorizing asthma triggers, matching 
the inhaler with the correct situation, self-
assessing one’s lung capacity, reducing 
one’s stress, etc.).

The game and game controller that 
transform the breath into data (game input 
and self-assessment of lung function) are 
developed in a participatory action 
research approach. Research is ongoing 
in Canada, France, Switzerland, and Italy 
on user experience, health outcomes, and 
the co- creation process. The game and 
reproducible controller are expected to be 
publicly available mid-2019, covering 
asthma, cystic fibrosis, and respiratory 
health promotion. Unlike most mHealth 
projects, the source code of the game and 
design of the controller are documented 
and released under fair use licenses to 
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b

Fig. 19.3 Screenshots from the Respi Heroes game. (a) 
Game scene in which the player learns how to avoid and 
manage asthma crisis in the game. (b) Game scene in 
which the player self-assesses their lung capacity (peak 
flow). (c) Game controller that can be used to play the 
games and self-assess one’s lung capacity. (Images repro-
duced with permission from Fabio Balli, Lead Coordinator, 
Breathing Games, as content under Creative Commons 
BY-SA 4.0 International license)

allow interested communities to enhance 
and adapt the work done. This open sci-
ence approach allows the reduction of 
cost of access by mutualizing resources 
across countries. The initiative is led by 
the Breathing Games commons, a partici-
pant of the Global Alliance Against 
Respiratory Diseases [72].

respiratory health knowledge, and reduce the 
burden on the healthcare system.

• Images: Reuse permitted. Credit to www.
breathinggames.net

• Legend 1: Screenshot of a region to explore in 
the game Respi Heroes

• Legend 2: Screenshot of a mini-game to self- 
assess one’s lung capacity in Respi Heroes

• Legend 3: 3D-printed enclosure with a pres-
sure sensor that is part of the reproducible 
game controller used with the games

 Conclusion

Widespread adoption of mHealth will occur over 
time. mHealth can help individuals adopt healthy 
lifestyles, deepen their knowledge about health, 
and get support to self-assess and manage dis-
eases. mHealth can help medical care providers 
improve follow-up care of their patients and 
increase their efficiency by allowing for earlier 
diagnosis and remote consultations. At the level 
of healthcare systems, mHealth can help achieve 
universal health coverage (Fig. 19.4).
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Fig. 19.4 Mobile apps and wearables in short: amount, uses, benefits
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Personal Environmental 
Monitoring

Sherrie Xie and Blanca E. Himes

 Introduction

Air pollution is a major health hazard with a 
global reach. Population-based studies that relate 
air pollution measurements to various outcomes 
have been conducted for decades, contributing to 
the incontrovertible evidence that pollutants neg-
atively affect health. Recent and continued devel-
opment of small, portable and low-cost sensors 
has resulted in a shift towards capturing pollution 
measures at finer geographic scales to better link 
pollutant exposures with individual health out-
comes. In this chapter, we discuss air pollution, 
its effects on respiratory health, and instruments 
available to measure components of air pollution 
and assess individual-level exposures, with an 
emphasis on low-cost sensors that can be 
deployed at scales not previously possible. We 
offer guidelines for successful sensor deploy-
ment, including practical tips for sensor selection 
and calibration. We end by discussing how low- 
cost sensors can support respiratory research and 
precision medicine efforts.

 Air Pollution and Respiratory 
Health

Air pollution is a dynamic and complex mixture 
of particulate matter (PM) and gaseous chemi-
cals produced by human activity and natural 

S. Xie · B. E. Himes (*) 
Department of Biostatistics, Epidemiology and 
Informatics, University of Pennsylvania, 
Philadelphia, PA, USA
e-mail: xiex@vet.upenn.edu; bhimes@pennmedicine.
upenn.edu

20

Key Point Summary
• Several air pollutants, including particu-

late matter, ozone (O3), nitrogen dioxide 
(NO2), carbon monoxide (CO), sulfur 
dioxide (SO2), and volatile organic com-
pounds (VOCs), have deleterious effects 
on respiratory health.

• Low-cost pollution sensors are becom-
ing widely available, and their ability to 
capture increasingly finer-scaled geo-
graphic differences in pollution is 
improving our ability to capture person-
alized measures of pollution.

• Low-cost pollution sensors are currently 
suitable for research studies that seek to 
understand relationships between expo-
sures and disease outcomes, but future 
applications may include their integra-
tion into health self-monitoring tools.
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processes. PM pollution is composed of airborne 
particles that are typically classified by size: 
PM10 refers to particles with diameter < 10 μm; 
PM2.5 or fine particles have diameter < 2.5 μm; 
and PM0.1 or ultrafine particles (UFP) have 
diameter  <  0.1  μm. The adverse effect of PM 
pollution is inversely proportional to particle 
size: while coarse particles (with diame-
ter  >  2.5 μm and <  10 μm) are retained in the 
nasal passages and upper airways, fine and ultra-
fine particles can penetrate deep into lung alveoli 
and may enter the bloodstream, causing increased 
local and systemic inflammation [1–3]. Gas-
phase pollutants include ozone (O3), nitrogen 
dioxide (NO2), carbon monoxide (CO), sulfur 
dioxide (SO2) and volatile organic compounds 
(VOCs). Ozone and NO2 can induce airway 
inflammation and hyper- responsiveness [4–7], 
and all pollutants can increase oxidative stress 
and damage respiratory tract tissues [8, 9].

The deleterious effects of ambient (i.e., out-
door) air pollution on respiratory health are 
well documented. Long-term exposures to 
PM2.5 and ozone, even at moderate levels, have 
been shown to increase all-cause mortality [10, 
11] and risk of acute respiratory distress syn-
drome (ARDS) [12]. Short-term exposures to 
PM2.5, ozone, NO2, SO2, and CO increase the 
risk of exacerbations among patients with 
asthma [13–15], COPD [16, 17], and cystic 
fibrosis [18] and can lead to other acute respira-
tory events [12, 19–21] and even death [16, 22]. 
Among children, early-life exposure to ambient 
PM2.5 has been associated with reduced lung 
function [23], increased emergency room visits 
[24], increased asthma medication use [25], 
higher asthma prevalence [26, 27], and higher 
rates of severe acute asthma [28]. Exposure to 
NO2 and SO2 has been associated with increased 
risk of developing asthma [29–32]. Some con-
stituents of fine particulate matter are more haz-
ardous than others, and sensors specific to these 
constituents may be preferable than those mea-
suring bulk PM2.5. For example, black carbon, 
which is sourced primarily from combustion 
engines in urban environments, has been more 
strongly associated with health outcomes (e.g., 
pediatric asthma admissions) than PM2.5 in 

some studies, making it a potentially more use-
ful indicator for the evaluation of health risks 
due to combustion-related air pollution expo-
sure [33].

Although fewer studies have investigated the 
effects of indoor than outdoor air pollution due 
to the challenges involved in monitoring indoor 
environments at scale, indoor air quality may 
have a greater impact on health, as people spend 
approximately 85–90% of their time indoors 
[34]. Some studies have indeed found that per-
sonal exposure to air pollutants is more strongly 
correlated with indoor than ambient concentra-
tions of PM and gaseous components [35, 36]. 
Several pollutants originate indoors: cooking, 
cigarettes, candles, and other combustible prod-
ucts release PM; gas and kerosene appliances 
release NO2; and cleaning agents, aerosol sprays, 
pesticides, paints, and other household products 
are a source of VOCs [37]. Pollutants from ambi-
ent air are another major source of indoor air 
pollution, as they can enter buildings through the 
processes of infiltration and ventilation [38]. 
Indoor PM and NO2 levels are associated with 
asthma morbidity among children living in urban 
environments [39], and high VOC levels in the 
home have been associated with increased prev-
alence of asthma and rhinitis [40, 41]. Among 
the elderly, presence of environmental tobacco 
smoke and PM have been associated with 
increased incidence of acute respiratory symp-
toms and decreased lung function [42].

 Regulatory Monitors

In the United States, levels of major air pollutants 
are monitored by the Environmental Protection 
Agency (EPA) to reduce their impact on human 
health in accordance with the Clean Air Act, 
which established the National Ambient Air 
Quality Standards (NAAQS) for six criteria pol-
lutants, including PM, ozone, NO2, SO2, and CO 
[43]. NAAQS compliance is assessed via a net-
work of regulatory monitors that meet Federal 
Reference Method (FRM) or Federal Equivalent 
Method (FEM) standards [44, 45]. Similar moni-
toring networks exist in Canada via the National 
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Air Pollution Surveillance Network [46], and 
Europe via the European Monitoring and 
Evaluation Programme [47] and the Automatic 
Urban and Rural Network (UK only) [48]. 
Reference monitors are highly accurate and have 
good temporal resolution, making them well 
suited for monitoring compliance to air quality 
legislation. However, their high cost, bulky size, 
and sophisticated operating and maintenance 
requirements limit their deployment to a discrete 
number of fixed locations, resulting in relatively 
sparse spatial coverage.

Beyond their use in regulatory monitoring, 
measurements taken by reference monitors sup-
port research on the health impact of air pollu-
tion, as they can be used to derive population-level 
and individual-level (i.e., personal) exposure 
estimates. In deriving exposure estimates, pollu-
tion measures are typically averaged over a time 
period that is appropriate for a study (e.g., 
1  month), with a typical lower limit of 
1–24 hours that is determined by the agency tak-
ing the measures, in accordance with the type of 
pollutant and the time frame during which it is 
known to impact health. In addition, personal 
exposures can only be estimated indirectly from 
reference measurements because monitoring 
sites seldom coincide with locations where 
exposures take place (e.g., home, work, school). 
Time-averaged exposure to pollutants has been 
estimated for individuals based on their location 
of residence in several ways, including using 
measurements taken at a reference monitor clos-
est to their home [49], averaging measurements 
for all monitors within a pre-defined area of 
residence (e.g., county or zip code) [50], and 
using spatial interpolation to combine measure-
ments from monitors within a fixed radius (e.g., 
50 km) to the home. The latter can be accom-
plished via inverse- distance- square weighting 
[12], a straightforward technique that weights 
measurements taken at sites close to a point of 
origin more than those of distal sites, or more 
sophisticated approaches such as kriging [51] 
and land-use regression modeling [52, 53], tech-
niques that require specialized knowledge and 
appropriate input data that may not be available 
for all geographical locations [54]. It is worth 

noting that even advanced modeling techniques 
may be unable to capture accurate fine-scale 
spatial and temporal variations.

While pollution measures taken by regula-
tory monitors are helpful for deriving coarse 
exposure estimates, they do not account for the 
spatial and temporal heterogeneity of personal 
exposures. Even short exposures to polluted 
microenvironments, such as bursts experienced 
during commutes, can account for a large pro-
portion of an individual’s exposures and impact 
health outcomes. Personal exposure studies uti-
lizing sensors found that exposure to black car-
bon and PM were highest during commute times 
[53, 55–58] and inside vehicles [59]. In addi-
tion, a study comparing children’s PM exposure 
in home, school, and commute microenviron-
ments determined that exposure experienced 
while commuting was most strongly associated 
with urinary leukotriene E4 and albuterol use 
[60]. Because sensors can be used to capture 
fine-scale exposures missed by traditional regu-
latory networks, they offer new possibilities for 
respiratory health research and personal expo-
sure monitoring.

 Applications of Low-Cost Air 
Pollution Sensors

Concern for pollution’s effect on health and 
broad demand for accessible environmental 
monitoring have led researchers and manufac-
turers to develop a number of low-cost, portable 
pollution sensors in recent years. Commercially 
available sensors include optical-based particle 
sensors that measure PM, and electrochemical 
or metal oxide sensors that measure gas-phase 
pollutants. Uses for low-cost sensors can be 
grouped loosely into the following categories: 
(1) supplementing traditional air monitoring 
networks to increase the spatiotemporal resolu-
tion of measurements, (2) evaluating indoor air 
quality, and (3) measuring both indoor and out-
door personal exposures directly with a porta-
ble sensor. In the following sub-sections, we 
discuss these applications and highlight work 
done in each area.
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 Supplementing Traditional Air 
Monitoring Networks

Pollution measurements taken with low-cost sen-
sors are less accurate and reliable than reference 
monitors, and there is currently no legislation in 
place to permit their use for regulatory monitor-
ing [61]. Nevertheless, low-cost sensors are 
increasingly deployed by researchers and com-
munity groups to supplement traditional monitor-
ing, thereby increasing the overall spatiotemporal 
resolution of measurements. A straightforward 
application of low-cost sensors is to measure pol-
lution levels at a location of interest, such as near 
a suspected source. For example, some commu-
nity groups have utilized sensors for citizen-led 
“fence-line monitoring” of emissions near refin-
eries or other industrial sites [62, 63].

Several studies have demonstrated the feasibil-
ity and validity of using sensors to capture air pol-
lution information across an area by deploying 
them in a multi-sensor, fixed-location  network 
[64–72]. Such networks enable the capture of 
local pollution concentrations in areas with poor 
coverage by existing regulatory networks [67, 
69], can identify local source emissions not cap-
tured by traditional monitors [70], and can moni-
tor air quality in underdeveloped regions that lack 
a monitoring infrastructure [66, 71]. In addition, 
sensor measurements taken at purposefully 
selected locations can be used to derive more 
accurate personal exposure estimates than those 
possible with regulatory monitors alone [72].

In addition to deploying sensors at fixed loca-
tions, researchers have attached sensors to mov-
ing vehicles traveling on pre-defined routes to 
increase the spatial coverage of measurements. 
While mobile sensing presents additional analyti-
cal challenges beyond those of fixed-location 
sensing [73], it has been used successfully by 
researchers to map pollution distributions at very 
fine spatial resolutions (i.e., less than a city block) 
[74–76]. To prevent self-contamination by vehi-
cle exhaust, mobile sensing campaigns have 
attached sensors to bicycles [75, 77–79] or zero- 
emission (e.g., electric) automobiles [73, 75, 80, 
81] or railcars [82]. Air pollution sensors have 
also been attached to public transportation vehi-

cles to cut down on personnel and equipment 
costs, allowing for sustainable mobile monitoring 
campaigns to be conducted continuously over 
longer periods [82–84].

 Evaluating Indoor Air Quality

Because regulatory monitoring networks capture 
only ambient pollution levels, they provide lim-
ited insight into indoor air quality. Low-cost sen-
sors provide an accessible tool for researchers and 
citizens to monitor pollution levels within home, 
school, and work environments. Some indoor pol-
lution sensors, such as the Speck and Awair Glow, 
are specifically targeted to consumers for home 
use and feature intuitive dashboards that display 
easily interpretable measurements. Sensors have 
also aided research on air quality within schools: 
motivated by the greater susceptibility of children 
versus adults to air pollution [85] and the large 
amount of time children spend in schools, recent 
studies have installed air sensors in classrooms to 
determine diurnal and seasonal patterns of pollu-
tion exposure experienced by schoolchildren [86–
89], with some reports finding significant 
associations between exposures and poor cogni-
tive development [88, 89]. Researchers have also 
deployed sensors to study factors contributing to 
poor air quality in private residences [36, 90] and 
public spaces, such as subway stations [91, 92], 
office buildings [93], and restaurants [94]. Finally, 
sensors have been installed to detect specific 
indoor source emissions such as secondhand 
tobacco smoke [34, 95] and gas leaks [96, 97] to 
aid with behavioral interventions and pipeline 
monitoring, respectively.

 Measuring Personal Exposures 
Directly

Personal exposure to air pollutants has tradition-
ally been assessed indirectly using ambient air 
pollution measures, which can lead to significant 
error [98, 99]. Improvements in the miniaturiza-
tion and portability of sensors have made it 
increasingly feasible to use sensors for personal 
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exposure studies. In broad terms, such studies 
can be classified as scripted or unscripted. In 
scripted or simulated study designs, participants 
are instructed to perform predetermined activities 
in set locations, while participants of unscripted 
studies are asked to go about their usual activi-
ties. Scripted studies have the advantage of cir-
cumventing issues related to environmental 
monitors impacting a person’s usual behaviors 
and activities [100], while unscripted studies are 
able to comprehensively assess everyday per-
sonal exposures.

Several scripted studies have assessed expo-
sure to pollution during commute activities, 
allowing capture of highly variable pollution lev-
els during short time periods (e.g., as people 
move between high-traffic and low-traffic areas). 
In these scripted studies, study participants were 
instructed to carry sensor equipment while travel-
ing on a set route to either assess pollution expo-
sures associated with a single mode of 
transportation (e.g., bicycle [101], automobile 
[59], or auto-rickshaw [102]) or compare expo-
sures between different transportation modes 
[103, 104]. Among the latter studies, de Nazelle 
et al. found PM2.5 exposures to be highest for par-
ticipants traveling by car compared to partici-
pants traveling by foot, bicycle, or bus [103], 
while Apparicio et al. found that cyclists experi-
enced the highest inhaled dose of NO2 after fac-
toring in their high ventilation rates [104]. Other 
scripted personal exposure studies have instructed 
participants to perform physical activities in pol-
luted environments to study the acute effects of 
air pollution exposure on physiological responses 
to exercise [105–107].

In contrast to scripted studies, which aim to 
capture exposures associated with a targeted 
activity and environment, unscripted studies aim 
to capture all exposures experienced by an indi-
vidual in their daily life. As such, unscripted stud-
ies are typically longer in duration, although the 
cumbersome nature of carrying personal monitors 
have precluded any continuous monitoring period 
from being longer than 1 week. Early studies were 
conducted with few (<20) participants over short 
(18–24  hour) monitoring windows and estab-
lished the feasibility of using low-cost sensors to 

directly measure individual- level pollutant expo-
sures [108–110]. Recent studies have been con-
ducted with over 100 subjects for up to 1 week of 
continuous monitoring [111–113]. To capture 
seasonal variation in pollutant exposures, these 
studies have repeated monitoring of the same sub-
ject at different times of year, either across differ-
ent seasons (e.g., summer versus winter) [111, 
113] or across different trimesters in the case of 
pregnant women [112].

To provide context for personal exposure mea-
surements, air pollution sensors are often 
deployed concurrently with GPS-enabled devices 
to link exposures with geographic locations [53, 
55–57, 72]. Participants (or their parents, in the 
case of young children) may also keep a time- 
activity diary in which they record activities per-
formed during the sampling period [55–58, 72]. 
Pollution measures paired to GPS and/or time- 
activity data can provide fine-grained informa-
tion on the locations (e.g., home, work, commute) 
and activities (e.g., cooking, burning candles, 
driving) associated with high exposure levels, 
which can be helpful in determining appropriate 
risk mitigation measures [114]. Geographic loca-
tion data can also be linked to external sources of 
geospatial data on green spaces, traffic-related 
noise, and other local environmental conditions 
to provide a more complete picture of personal 
environmental exposures [112, 115, 116].

Other monitoring devices that have been 
deployed alongside air pollution sensors include 
UV dosimeters, noise dosimeters, personal activ-
ity monitors, physiological monitors that track 
heart and breathing rates, or some combination of 
the above [53, 56, 108, 113, 117]. Concurrently 
capturing multiple exposures and physiological 
parameters holds promise for more precise and 
efficient evaluations of exposure- health relation-
ships [108, 112].

 Considerations for Sensor Selection 
and Use

In the following section, we present general guide-
lines for appropriately selecting and deploying 
low-cost sensors for use in pollution monitoring 
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and provide an overview of major aspects related 
to their use (Fig. 20.1). Sensor selection should be 
guided by the study question, with consideration 
for the pollutant(s) of interest, expected field con-
ditions (pollutant concentration and temperature/
humidity ranges), duration of data collection, type 
of measurements (mobile versus stationary, site/
route-specific versus personal exposure), and data 
quality requirements. After sensors have been 
acquired, they must be properly calibrated to 
ensure measurement validity. More detailed infor-
mation on these topics can be found in the EPA’s 
Air Sensor Guidebook [118].

 Sensor Selection

In addition to differences in specific pollutants 
measured, sensors vary by their response and 
sensitivity to given pollutants, detection range, 
calibration requirements, size, and other specifi-
cations that make them more or less suited for a 
given use. Thus, care should be taken in selecting 
an appropriate sensor for a desired application 
and setting. A sensor’s detection range refers to 
the range of pollutant levels to which it will 
respond. Some sensors are sensitive to low- or 

mid-range concentrations but saturate at high 
concentrations, while others may be able to 
resolve high concentrations but not detect low 
concentrations. Determining the pollutant levels 
that one expects to encounter at a deployment 
site(s) should thus precede sensor selection. 
Response time refers to how quickly a sensor 
responds to local changes in pollutant concentra-
tions; what response times are acceptable will 
depend on a sensor’s intended use. While it may 
be acceptable for sensors used in stationary mon-
itoring of background pollution concentrations to 
respond relatively slowly to changes, sensors 
deployed for dynamic uses, such as mobile sens-
ing or the detection of transient sources, should 
have more rapid response times (e.g., <1 minute). 
Other important sensor characteristics include 
precision, the extent to which a sensor repro-
duces a pollution measurement under identical 
conditions, and bias or systematic measurement 
error. Sensor accuracy is typically evaluated by 
comparing sensor measurements to those taken 
by a reference (e.g., FEM or FRM) monitor, with 
R2 reported as the summary correlation measure.

Sensor evaluation programs are valuable 
resources that offer a good starting point in the 
sensor selection process. The Air Quality Sensor 

Fig. 20.1 Major aspects of air pollution sensor use for monitoring and improving the health of individuals and 
communities
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Performance Evaluation Center (AQ-SPEC, 
www.aqmd.gov/aq-spec) operated by the South 
Coast Air Quality Management District 
(SCAQMD) evaluates low-cost, commercially 
available sensors by deploying them outdoors in 
the SCAQMD monitoring station in southern 
California. Sensors that perform reasonably well 
in AQ-SPEC field tests are further tested in con-
trolled laboratory conditions. The EPA Office of 
Research and Development also conducts field 
and laboratory evaluations of low-cost air quality 
sensors and releases these evaluations as part of 
the EPA Air Sensors Toolbox (www.epa.gov/air-
sensor-toolbox). In Europe, the Joint Research 
Center of the European Commission’s science 
and knowledge service conducts research on sen-
sor performance, including investigations of cali-
bration techniques and long-term sensor 
performance and drift, which they communicate 
mostly via publications [119–121]. A separate 
multi-sensor evaluation program is performed by 
the European Network on New Sensing 
Technologies for Air Pollution Control and 
Environmental Sustainability (EuNetAir), a 
research collaboration between multiple aca-
demic, government, and corporate agencies as 
part of an urban air quality campaign [122, 123]. 
Some academic researchers have also evaluated 
select sensors in various laboratory and field con-
ditions [124–127].

Care should be taken in reviewing sensor per-
formance evaluations. Correlations between sen-
sor and reference measurements should be 
interpreted in light of the field or laboratory con-
ditions in which instruments were deployed. In 
addition to the specifications discussed above, 
sensor performance may be influenced by tem-
perature and relative humidity. In general, evalu-
ations conducted in conditions similar to those of 
the deployment site will provide the most reliable 
information about sensor performance. For 
example, AQ-SPEC field evaluations are per-
formed in the warm and relatively dry climate of 
southern California with low-to-moderate pollu-
tion levels and may not reflect sensor perfor-
mance in humid or highly polluted environments. 
It is also important to take into account intended 
use while considering sensor performance. For 

example, requirements for measurement accu-
racy will be lower for sensors intended for educa-
tional use, where it may suffice to capture 
qualitative differences in pollutant concentra-
tions, compared to research use, where even 
moderate measurement uncertainty may be unac-
ceptable. Other criteria guiding sensor selection 
include sensor portability, particularly in the case 
of mobile monitoring and personal exposure 
studies, and sensor usability, particularly for 
studies requiring participants to use and maintain 
sensors without assistance from study personnel.

Specifications for select currently available 
full sensor platforms are provided in Table 20.1. 
These platforms, which are referred to by 
AQ-SPEC as “turnkey” products, are readily 
deployable sensors that include at least one sens-
ing component that responds to the concentration 
of a particular pollutant, plus some or all of the 
following: microprocessor, data-logger, memory 
card, battery, external packaging, and display. 
Commercially available sensor platforms use 
algorithms to filter and transform the electrical 
signal received by the sensing component to an 
easily interpretable measurement that can be dis-
played and stored. While individual sensing com-
ponents can be purchased for less cost than a full 
platform, they require considerable technical 
expertise to set up and calibrate for use in pollu-
tion sensing [66, 68, 128]. We do not discuss pas-
sive samplers, which provide time-averaged 
exposure levels rather than real-time measure-
ments, but we note that they are typically more 
cost-effective than active sensors, do not require 
power to operate, and may be small enough to be 
worn on outer clothing [100]. Because passive 
samplers can only be used to measure time- 
integrated exposures, they cannot capture short- 
term or peak exposures, making them unsuitable 
for mobile sensing or capturing temporal varia-
tion in pollution levels at fixed sites.

 Sensor Calibration

Calibration, the process of checking and adjust-
ing sensor measurements against a known stan-
dard or reference instrument, is crucial to sensor 
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performance and should be completed before 
each deployment. Because sensor response can 
change over time (a phenomenon known as drift), 
sensors should be calibrated at regular intervals 
during and after measurement collection. Ideally, 
calibration should occur under the same condi-
tions (temperature, humidity, pollution composi-
tion and concentrations) as the deployment 
site(s). Additionally, due to imperfect reproduc-
ibility in the sensor manufacturing process, each 
sensor should be calibrated individually, even if 
multiple sensors of the same model are to be 
deployed at once [129].

Calibrations can be performed in controlled 
laboratory environments by introducing sensors 
to a known standard. Instruments can be “zeroed” 
using ultra-filtered air containing no particulates 
or gaseous pollutants, and many gas-phase sen-
sors can be calibrated using gas standards, typi-
cally delivered in a compressed gas cylinder. 
While particle standards are available (e.g., 
Urban Particulate Matter and Arizona Road 
Dust), they are less reliable than gas standards as 
PM composition varies by setting, making it 
infeasible to create particle suspensions that are 
universally representative of urban exposures. 
Differences in PM composition are particularly 
pronounced for indoor PM pollution, which 
require calibration to specific sources (e.g., ciga-
rette smoke, cooking, household dust) to ensure 
measurement precision [95, 124]. In the case of 
sensors that are to be deployed outdoors, it is 
important to complement any laboratory calibra-
tion with field calibrations because the controlled 

laboratory environment is unlikely to reflect 
actual deployment conditions [118].

Field calibrations, which are typically per-
formed by collocating sensors with FRM/FEM 
equipment, result in more accurate concentration 
estimates than laboratory calibrations [130]. 
Collocated sensors should be positioned so that 
their inlet is as close to the inlet of the reference 
monitor as possible, which may require prior 
communication and approval from local authori-
ties [128]. After collocated sensors have taken 
measurements for a few days or more, sensor 
measurements can be normalized to FRM/FEM 
measurements using a calibration curve [118]. 
Calibration equations can be linear [128], high- 
order [66], or power [34, 131] functions, and may 
include multivariable adjustment for temperature 
and relative humidity [66, 102]. Adjustment for 
relative humidity may be particularly important 
for particle sensors deployed in humid environ-
ments as humidity causes hygroscopic particle 
enlargement, which can result in inflated PM 
measurements [132, 133].

 Practical Considerations for Sensor 
Deployment

While it is infeasible to discuss all aspects of sen-
sor study design due, in part, to the wide range of 
study goals and settings possible, we highlight 
some salient issues here. Even after appropriate 
testing and calibration have taken place, long- 
term sensor deployment is not a passive process 

Table 20.1 Characteristics of select low-cost air pollution sensors

Sensor model 
(manufacturer)

Pollutant(s) 
measured

Estimated cost in 2019 
(US$) Size (mm), weight (g)

Suitable for personal 
sensing

AirBeam2 
(HabitatMap)

PM2.5, PM1, PM10 249 132 × 98 × 13, 142 Yes

PA-II (PurpleAir) PM2.5, PM1, PM10 229 50 × 38 × 21, 357 No
DC1100 Pro (Dylos) PM(0.5–2.5) 290 125 × 90 × 185, 544 No
microAeth AE51 
(AethLabs)

Black carbon 5995 117 × 66 × 38, 280 Yes

AQY 1 (Aeroqual) PM2.5, NO2, O3 4000 215 × 170 × 125, 
<1000

No

S-500 (Aeroqual) NO2, CO, CO2, 
SO2, or O3

500 195 × 122 × 54, 460 Yes
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but rather, one that requires oversight to ensure 
continual functioning. Batteries may need charg-
ing or changing-out every few hours to days, 
wireless and/or Bluetooth connectivity may fal-
ter, and sensors may take erroneous measures 
due to movement or weather (e.g., falling, 
intakes blocked) or simply stop working. 
Because sensor activity must be monitored, any 
individual using sensors as part of a study must 
be trained to debug problems and/or have an 
available resource to assist them. The need for 
continual attention may also represent a barrier 
to study participants in that user engagement of 
technologies tends to substantially decrease after 
short periods of time [134–136]. While all of 
these issues impose funding and personnel con-
straints that have typically limited sensor moni-
toring campaigns and research studies in duration 
and scope, there are successful models for sus-
tainable and continuous air quality surveillance; 
one example is the Imperial County Community 
Air Network, which involves and trains commu-
nity members to maintain a low-cost air monitor-
ing network [67].

With regard to sensor study design, there is 
often some trade-off between measurement 
validity and acceptability to participants carry-
ing sensors. An ideal personal exposure monitor 
would be worn near a person’s breathing zone 
without interfering with the wearer’s usual 
behaviors and habits, but most current research- 
grade sensing devices are too big to be worn 
directly. Thus, subjects of personal exposure 
studies are typically asked to carry air sensors 
inside a bag [113], backpack [58, 108–110, 
112], or vest [72]. Early unscripted exposure 
studies instructed participants to wear monitors 
during all activities except sleeping and bathing, 
but subsequent studies have only required par-
ticipants to carry sensors when they are moving 
outdoors, allowing them to place sensors in the 
room they spend most of their time while 
indoors. While decreasing monitoring burden to 
study participants can improve long-term study 
feasibility, doing so may result in exposure mis-
classification from indoor sources (e.g., cooking 
exposures not captured due to sensors being in 
another room).

After raw sensor measurements are obtained, 
they must be stored and appropriately analyzed to 
be informative. Some sensors provide onboard 
data storage, while others require connection to a 
secondary device either via cable or Bluetooth. A 
third option is for sensor measures to be sent 
directly to a cloud service provider via the 
Internet. Individual measurements taken by sen-
sors tend to be small in size, but because it is 
common to collect many such measures (e.g., 
every second or minute for days to weeks), sen-
sor datasets can be very large. Thus, adequate 
plans to handle streaming of data from many sen-
sors are a requirement for an effective study or 
monitoring effort. As data arrives to a server, it 
can be analyzed on-the-fly, stored for future anal-
ysis, or both. Storage of data for future analysis is 
often the route taken by research studies, while 
real-time data analysis may be preferred by indi-
viduals or communities seeking live feedback on 
personal or neighborhood exposures. Approaches 
to analyze data from sensors include those dis-
cussed above (e.g., spatial interpolation), and 
various other modeling and visualization tech-
niques that take into account the data’s longitudi-
nal nature, the characteristics of persons using 
sensors, and the environment in which sensors 
were deployed. To fully leverage all of this infor-
mation, sophisticated analysis plans designed by 
statisticians and data scientists are needed. 
Importantly, if data gathered by sensors will be 
used for personal monitoring or to provide infor-
mation to communities, design of web or smart-
phone applications that provide results should 
include formal usability testing to ensure the 
tools are acceptable, informative, and engaging 
to all relevant stakeholders [137].

 Advancing Respiratory Health 
Through Low-Cost Sensing: 
Applications and Future Directions

By improving the spatiotemporal resolution of 
air quality measurements and directly capturing 
personal environmental exposures, low-cost sen-
sors enable more accurate exposure estimates 
than those derived using traditional regulatory 
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monitors alone. Figure  20.1 describes in broad 
terms how low-cost sensors can improve respira-
tory health. First, individuals can use a sensor in 
isolation to receive information about their per-
sonal exposures via an app. Users may choose to 
receive alerts of high pollution levels they are 
encountering in real-time or access reports sum-
marizing their exposure to specific pollutants 
over time and space to determine when and where 
their symptoms are at highest risk of being trig-
gered. Second, many individuals can contribute 
their exposure measures to generate community- 
level reports suitable for (1) research related to 
the identification of high-risk areas that can sub-
sequently inform residents and policymakers of 
local hazards and (2) providing informative back-
ground data that enhances personalized exposure 
reports. For example, by integrating self-reported 
data with pollution data collected at places and 
times only other community members have 
observed, an app may suggest that an individual 
avoid a specific location at a specific time because 
it is predicted to have conditions that will induce 
symptoms in that individual.

Results from previous studies with small sam-
ples that targeted specific populations support the 
plausibility of these scenarios. For example, 
Alexeef et al. used a 30 m resolution air pollution 
map generated by a mobile air monitoring cam-
paign conducted using sensors attached to Google 
Street View Cars to detect an increased risk of 
cardiovascular events among those residing on 
blocks with above-average pollution levels [138, 
139]. The study’s authors noted that they were 
able to detect significant effects using a much 
smaller sample than those of traditional environ-
mental epidemiology studies: their elderly sub-
population aged 65 years or older, in which they 
detected the greatest effect, totaled less than 3500 
residents [138, 139]. Donaire-Gonzalez et  al. 
characterized the personal exposome of hundreds 
of pregnant women and children using air sen-
sors, a GPS-enabled smartphone and other moni-
tors to measure exposure to PM2.5, black carbon, 
physical activity, traffic-related noise, UV-B, and 
green space [112]. Other small-scale studies have 
demonstrated the feasibility of pairing personal 
exposure data from air sensors to physiological 

activity monitors [113, 117] and mobile health 
platforms that monitor medication use [140]. 
While air sensors are currently too costly and 
cumbersome (Table 20.1) to be deployed at the 
scale required for large, data-driven studies of 
environmental exposures, further advances in 
sensor technology will enable a more nuanced 
understanding of the environmental drivers of 
human health [141, 142].

Most commercially available air sensors are 
targeted for general use, making them accessi-
ble to anyone interested in purchasing them, 
including patients and caretakers. While evi-
dence of their clinical utility is currently lack-
ing, studies have demonstrated the feasibility of 
using particle sensors, along with an intuitive 
visual display that provides instantaneous feed-
back on indoor air quality, to promote changes 
in smoking behavior [34, 95]. Particle sensors 
could be used in a similar way by patients and/
or caretakers to monitor the effectiveness of 
exposure mitigation (such as reducing house-
hold dust) to reduce symptoms of diseases such 
as asthma. In the future, pollution data streams 
may be available to healthcare providers to help 
them identify individual patient disease risk fac-
tors and potentially, intervene to reduce pollut-
ant exposure.

 Conclusion

Respiratory research studies that relate pollu-
tion to health outcomes have traditionally 
depended on indirectly measured or modeled 
estimates of individual pollution exposure, but 
the increasing availability of low-cost sensors 
has enabled direct measurement of individual 
exposures. When properly calibrated and main-
tained, some low- cost sensors can accurately 
capture spatiotemporal fluctuations in pollution 
exposures that are commonly missed by tradi-
tional monitoring equipment. As a result, sen-
sors have been helpful for uncovering the health 
impact of pollution on individuals and commu-
nities, thereby advancing knowledge that can 
improve respiratory health. Further advances in 
sensor miniaturization and performance will 
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soon enable their use in large cohort studies, 
and potentially, personalized health 
interventions.

References

 1. Franck U, Odeh S, Wiedensohler A, Wehner B, 
Herbarth O.  The effect of particle size on cardio-
vascular disorders--the smaller the worse. Sci Total 
Environ. 2011;409(20):4217–21.

 2. Brown JS, Zeman KL, Bennett WD.  Ultrafine 
particle deposition and clearance in the healthy 
and obstructed lung. Am J Respir Crit Care Med. 
2002;166(9):1240–7.

 3. Ni L, Chuang CC, Zuo L.  Fine particulate mat-
ter in acute exacerbation of COPD.  Front Physiol. 
2015;6:294.

 4. Poynter ME, Persinger RL, Irvin CG, Butnor KJ, van 
Hirtum H, Blay W, et al. Nitrogen dioxide enhances 
allergic airway inflammation and hyperresponsive-
ness in the mouse. Am J Physiol Lung Cell Mol 
Physiol. 2006;290(1):L144–52.

 5. Frampton MW, Boscia J, Roberts NJ Jr, Azadniv M, 
Torres A, Cox C, et al. Nitrogen dioxide exposure: 
effects on airway and blood cells. Am J Physiol 
Lung Cell Mol Physiol. 2002;282(1):L155–65.

 6. Seltzer J, Bigby BG, Stulbarg M, Holtzman MJ, 
Nadel JA, Ueki IF, et  al. O3-induced change in 
bronchial reactivity to methacholine and airway 
inflammation in humans. J Appl Physiol (1985). 
1986;60(4):1321–6.

 7. Aris RM, Christian D, Hearne PQ, Kerr K, 
Finkbeiner WE, Balmes JR.  Ozone-induced air-
way inflammation in human subjects as determined 
by airway lavage and biopsy. Am Rev Respir Dis. 
1993;148(5):1363–72.

 8. Gowers AM, Cullinan P, Ayres JG, Anderson HR, 
Strachan DP, Holgate ST, et  al. Does outdoor air 
pollution induce new cases of asthma? Biological 
plausibility and evidence; a review. Respirology. 
2012;17(6):887–98.

 9. Kelly FJ.  Oxidative stress: its role in air pollution 
and adverse health effects. Occup Environ Med. 
2003;60(8):612–6.

 10. Di Q, Wang Y, Zanobetti A, Wang Y, Koutrakis 
P, Choirat C, et  al. Air pollution and mortal-
ity in the medicare population. N Engl J Med. 
2017;376(26):2513–22.

 11. Di Q, Dai L, Wang Y, Zanobetti A, Choirat C, 
Schwartz JD, et al. Association of short-term expo-
sure to air pollution with mortality in older adults. 
JAMA. 2017;318(24):2446–56.

 12. Reilly JP, Zhao Z, Shashaty MG, Koyama T, Christie 
JD, Lanken PN, et  al. Low to moderate air pollut-
ant exposure and acute respiratory distress syndrome 
after severe trauma. Am J Respir Crit Care Med. 
2019;199(1):62–70.

 13. Mirabelli MC, Vaidyanathan A, Flanders WD, 
Qin X, Garbe P. Outdoor PM2.5, ambient air tem-
perature, and asthma symptoms in the past 14 days 
among adults with active asthma. Environ Health 
Perspect. 2016;124(12):1882–90.

 14. Orellano P, Quaranta N, Reynoso J, Balbi B, 
Vasquez J. Effect of outdoor air pollution on asthma 
exacerbations in children and adults: systematic 
review and multilevel meta-analysis. PLoS One. 
2017;12(3):e0174050.

 15. Smargiassi A, Kosatsky T, Hicks J, Plante C, 
Armstrong B, Villeneuve PJ, et  al. Risk of asth-
matic episodes in children exposed to sulfur diox-
ide stack emissions from a refinery point source 
in Montreal, Canada. Environ Health Perspect. 
2008;117(4):653–9.

 16. Song Q, Christiani DC, Wang X, Ren J. The global 
contribution of outdoor air pollution to the inci-
dence, prevalence, mortality and hospital admission 
for chronic obstructive pulmonary disease: a sys-
tematic review and meta-analysis. Int J Environ Res 
Public Health. 2014;11(11):11822–32.

 17. Tsai SS, Chang CC, Yang CY.  Fine particulate 
air pollution and hospital admissions for chronic 
obstructive pulmonary disease: a case-crossover 
study in Taipei. Int J Environ Res Public Health. 
2013;10(11):6015–26.

 18. Goss CH, Newsom SA, Schildcrout JS, Sheppard 
L, Kaufman JD.  Effect of ambient air pollu-
tion on pulmonary exacerbations and lung func-
tion in cystic fibrosis. Am J Respir Crit Care Med. 
2004;169(7):816–21.

 19. Peel JL, Tolbert PE, Klein M, Metzger KB, Flanders 
WD, Todd K, et al. Ambient air pollution and respi-
ratory emergency department visits. Epidemiology. 
2005;16(2):164–74.

 20. Dominici F, Peng RD, Bell ML, Pham L, 
McDermott A, Zeger SL, et  al. Fine particulate 
air pollution and hospital admission for car-
diovascular and respiratory diseases. JAMA. 
2006;295(10):1127–34.

 21. Bell ML, McDermott A, Zeger SL, Samet JM, 
Dominici F.  Ozone and short-term mortality in 
95 US urban communities, 1987–2000. JAMA. 
2004;292(19):2372–8.

 22. Fann N, Lamson AD, Anenberg SC, Wesson K, 
Risley D, Hubbell BJ. Estimating the national public 
health burden associated with exposure to ambient 
PM2.5 and ozone. Risk Anal. 2012;32(1):81–95.

 23. Neophytou AM, White MJ, Oh SS, Thakur N, 
Galanter JM, Nishimura KK, et  al. Air pollution 
and lung function in minority youth with asthma 
in the GALA II (genes-environments and admix-
ture in Latino Americans) and SAGE II (study 
of African Americans, asthma, genes, and envi-
ronments) studies. Am J Respir Crit Care Med. 
2016;193(11):1271–80.

 24. Strickland MJ, Darrow LA, Klein M, Flanders WD, 
Sarnat JA, Waller LA, et al. Short-term associations 
between ambient air pollutants and pediatric asthma 

20 Personal Environmental Monitoring



316

emergency department visits. Am J Respir Crit Care 
Med. 2010;182(3):307–16.

 25. Williams AM, Phaneuf DJ, Barrett MA, Su 
JG. Short-term impact of PM2.5 on contemporane-
ous asthma medication use: behavior and the value 
of pollution reductions. Proc Natl Acad Sci U S A. 
2019;116(12):5246–53.

 26. Keet CA, Keller JP, Peng RD. Long-term coarse par-
ticulate matter exposure is associated with asthma 
among children in medicaid. Am J Respir Crit Care 
Med. 2018;197(6):737–46.

 27. Bowatte G, Lodge C, Lowe AJ, Erbas B, Perret J, 
Abramson MJ, et  al. The influence of childhood 
traffic-related air pollution exposure on asthma, 
allergy and sensitization: a systematic review and 
a meta-analysis of birth cohort studies. Allergy. 
2015;70(3):245–56.

 28. Silverman RA, Ito K.  Age-related association of 
fine particles and ozone with severe acute asthma 
in New  York City. J Allergy Clin Immunol. 
2010;125(2):367–73 e5.

 29. Nishimura KK, Galanter JM, Roth LA, Oh SS, 
Thakur N, Nguyen EA, et al. Early-life air pollution 
and asthma risk in minority children. The GALA II 
and SAGE II studies. Am J Respir Crit Care Med. 
2013;188(3):309–18.

 30. Clark NA, Demers PA, Karr CJ, Koehoorn M, Lencar 
C, Tamburic L, et al. Effect of early life exposure to 
air pollution on development of childhood asthma. 
Environ Health Perspect. 2010;118(2):284–90.

 31. Achakulwisut P, Brauer M, Hystad P, Anenberg 
SC.  Global, national, and urban burdens of paedi-
atric asthma incidence attributable to ambient NO2 
pollution: estimates from global datasets. Lancet 
Planet Health. 2019;3(4):e166–e78.

 32. Andersson E, Knutsson A, Hagberg S, Nilsson T, 
Karlsson B, Alfredsson L, et al. Incidence of asthma 
among workers exposed to sulphur dioxide and other 
irritant gases. Eur Respir J. 2006;27(4):720–5.

 33. Janssen NA, Hoek G, Simic-Lawson M, Fischer P, 
van Bree L, ten Brink H, et al. Black carbon as an 
additional indicator of the adverse health effects of 
airborne particles compared with PM10 and PM2.5. 
Environ Health Perspect. 2011;119(12):1691–9.

 34. Klepeis NE, Hughes SC, Edwards RD, Allen T, 
Johnson M, Chowdhury Z, et al. Promoting smoke- 
free homes: a novel behavioral intervention using 
real-time audio-visual feedback on airborne particle 
levels. PLoS One. 2013;8(8):e73251.

 35. Lai HK, Kendall M, Ferrier H, Lindup I, Alm S, 
Hanninen O, et  al. Personal exposures and micro-
environment concentrations of PM2.5, VOC, 
NO2 and CO in Oxford, UK.  Atmos Environ. 
2004;38(37):6399–410.

 36. Stranger M, Potgieter-Vermaak SS, Van Grieken 
R. Particulate matter and gaseous pollutants in resi-
dences in Antwerp, Belgium. Sci Total Environ. 
2009;407(3):1182–92.

 37. Franklin PJ. Indoor air quality and respiratory health 
of children. Paediatr Respir Rev. 2007;8(4):281–6.

 38. Chen C, Zhao B.  Review of relationship between 
indoor and outdoor particles: I/O ratio, infiltra-
tion factor and penetration factor. Atmos Environ. 
2011;45:275–88.

 39. Breysse PN, Diette GB, Matsui EC, Butz AM, 
Hansel NN, McCormack MC.  Indoor air pollu-
tion and asthma in children. Proc Am Thorac Soc. 
2010;7(2):102–6.

 40. Billionnet C, Gay E, Kirchner S, Leynaert B, Annesi-
Maesano I.  Quantitative assessments of indoor air 
pollution and respiratory health in a population- 
based sample of French dwellings. Environ Res. 
2011;111(3):425–34.

 41. Hulin M, Simoni M, Viegi G, Annesi-Maesano 
I. Respiratory health and indoor air pollutants based 
on quantitative exposure assessments. Eur Respir J. 
2012;40(4):1033–45.

 42. Simoni M, Jaakkola MS, Carrozzi L, Baldacci S, 
Di Pede F, Viegi G. Indoor air pollution and respi-
ratory health in the elderly. Eur Respir J Suppl. 
2003;40:15s–20s.

 43. National Ambient Air Quality Standards (NAAQS) 
Table: United States Environmental Protection 
Agency. Available from: https://www.epa.gov/
criteria-air-pollutants/naaqs-table.

 44. Process of Reviewing the National Ambient Air 
Quality Standards United States Environmental 
Protection Agency. Available from: https://www.
epa.gov/criteria-air-pollutants/process-reviewing-
national-ambient-air-quality-standards.

 45. Hall E, Beaver M, Long R, Vanderpool R.  EPA’s 
reference and equivalent methods research pro-
gram: supporting NAAQS implementation through 
research, development, and analysis. EM Air Waste 
Manag Assoc. 2012;5:8–12.

 46. Governemnt of Canada. National Air Pollution 
Surveillance (NAPS) Network 2018. Available 
from: https://open.canada.ca/data/en/
dataset/1b36a356-defd-4813-acea-47bc3abd859b.

 47. Torseth K, Aas W, Breivik K, Fjaeraa AM, Feibig 
M, Hjellbrekke A-G, et  al. Introduction to the 
European Monitoring and Evaluation Programme 
(EMEP) and observed atmospheric composition 
change during 1972–2009. Atmos Chem Phys. 
2012;12(12):5447–81.

 48. UK AIR.  Automatic Urban and Rural Network 
(AURN). Available from: https://uk-air.defra.gov.
uk/networks/network-info?view=aurn.

 49. Miller KA, Siscovick DS, Sheppard L, Shepherd 
K, Sullivan JH, Anderson GL, et  al. Long-term 
exposure to air pollution and incidence of car-
diovascular events in women. N Engl J Med. 
2007;356(5):447–58.

 50. Pope CA 3rd, Burnett RT, Thun MJ, Calle EE, 
Krewski D, Ito K, et  al. Lung cancer, cardio-
pulmonary mortality, and long-term expo-
sure to fine particulate air pollution. JAMA. 
2002;287(9):1132–41.

 51. Jerrett M, Burnett RT, Ma R, Pope CA 3rd, 
Krewski D, Newbold KB, et  al. Spatial analysis 

S. Xie and B. E. Himes

https://www.epa.gov/criteria-air-pollutants/naaqs-table
https://www.epa.gov/criteria-air-pollutants/naaqs-table
https://www.epa.gov/criteria-air-pollutants/process-reviewing-national-ambient-air-quality-standards
https://www.epa.gov/criteria-air-pollutants/process-reviewing-national-ambient-air-quality-standards
https://www.epa.gov/criteria-air-pollutants/process-reviewing-national-ambient-air-quality-standards
https://open.canada.ca/data/en/dataset/1b36a356-defd-4813-acea-47bc3abd859b
https://open.canada.ca/data/en/dataset/1b36a356-defd-4813-acea-47bc3abd859b
https://uk-air.defra.gov.uk/networks/network-info?view=aurn
https://uk-air.defra.gov.uk/networks/network-info?view=aurn


317

of air pollution and mortality in Los Angeles. 
Epidemiology. 2005;16(6):727–36.

 52. De Prins S, Dons E, Van Poppel M, Int Panis L, Van 
de Mieroop E, Nelen V, et al. Airway oxidative stress 
and inflammation markers in exhaled breath from 
children are linked with exposure to black carbon. 
Environ Int. 2014;73:440–6.

 53. Nieuwenhuijsen MJ, Donaire-Gonzalez D, Rivas I, 
de Castro M, Cirach M, Hoek G, et al. Variability in 
and agreement between modeled and personal con-
tinuously measured black carbon levels using novel 
smartphone and sensor technologies. Environ Sci 
Technol. 2015;49(5):2977–82.

 54. Castell N, Dauge FR, Schneider P, Vogt M, Lerner U, 
Fishbain B, et  al. Can commercial low-cost sensor 
platforms contribute to air quality monitoring and 
exposure estimates? Environ Int. 2017;99:293–302.

 55. Buonanno G, Stabile L, Morawska L, Russi 
A. Children exposure assessment to ultrafine parti-
cles and black carbon: the role of transport and cook-
ing activities. Atmos Environ. 2013;79:53–8.

 56. Dons E, Panis LI, Van Poppel M, Theunis J, Willems 
H, Torfs R, et al. Impact of time-activity patterns on 
personal exposure to black carbon. Atmos Environ. 
2011;45(21):3594–602.

 57. Dons E, Panis LI, Van Poppel M, Theunis J, Wets 
G.  Personal exposure to black carbon in transport 
microenvironments. Atmos Environ. 2012;55:392–8.

 58. Paunescu AC, Attoui M, Bouallala S, Sunyer J, 
Momas I.  Personal measurement of exposure to 
black carbon and ultrafine particles in  schoolchildren 
from PARIS cohort (Paris, France). Indoor Air. 
2017;27(4):766–79.

 59. Weichenthal S, Van Ryswyk K, Kulka R, Sun L, 
Wallace L, Joseph L.  In-vehicle exposures to par-
ticulate air pollution in Canadian metropolitan areas: 
the urban transportation exposure study. Environ Sci 
Technol. 2015;49(1):597–605.

 60. Rabinovitch N, Adams CD, Strand M, Koehler K, 
Volckens J.  Within-microenvironment exposure to 
particulate matter and health effects in children with 
asthma: a pilot study utilizing real-time personal 
monitoring with GPS interface. Environ Health. 
2016;15(1):96.

 61. Clements AL, Griswold WG, Rs A, Johnston JE, 
Herting MM, Thorson J, et al. Low-cost air quality 
monitoring tools: from research to practice (a work-
shop summary). Sensors (Basel). 2017;17(11):2478.

 62. Ottinger G. Buckets of resistance: standard and the 
effectiveness of citizen science. Sci Technol Hum 
Values. 2010;35(2):244–70.

 63. Commodore A, Wilson S, Muhammad O, Svendsen 
E, Pearce J.  Community-based participatory 
research for the study of air pollution: a review of 
motivations, approaches, and outcomes. Environ 
Monit Assess. 2017;189(8):378.

 64. Penza M, Suriano D, Villani MG. Towards air qual-
ity indices in smart cities by calibrated low-cost 
sensors applied to networks. Proceedings of IEEE 
Sensors. 2014;2014-December.

 65. Borge R, Narros A, Artíñano B, Yagüe C, Gómez- 
Moreno FJ, de la Paz D, et  al. Assessment of 
microscale spatio-temporal variation of air pollu-
tion at an urban hotspot in Madrid (Spain) through 
an extensive field campaign. Atmos Environ. 
2016;140:432–45.

 66. Gao M, Cao J, Seto E.  A distributed network of 
low-cost continuous reading sensors to measure 
spatiotemporal variations of PM2.5 in Xi’an, China. 
Environ Pollut. 2015;199:56–65.

 67. English PB, Olmedo L, Bejarano E, Lugo H, Murillo 
E, Seto E, et al. The imperial county community air 
monitoring network: a model for community-based 
environmental monitoring for public health action. 
Environ Health Perspect. 2017;125(7):074501.

 68. Mead MI, Popoola OAM, Stewart GB, Landshoff 
P, Calleja M, Hayes M, et  al. The use of electro-
chemical sensors for monitoring urban air quality 
in low-cost, high-density networks. Atmos Environ. 
2013;70:186–203.

 69. Sun L, Wong K, Wei P, Ye S, Huang H, Yang F, et al. 
Development and application of a next generation air 
sensor network for the Hong Kong marathon 2015 
air quality monitoring. Sensors. 2016;16(2):211.

 70. Heimann I, Bright VB, McLeod MW, Mead MI, 
Popoola OAM, Stewart GB, et al. Source attribution 
of air pollution by spatial scale separation using high 
spatial density networks of low cost air quality sen-
sors. Atmos Environ. 2015;113:10–9.

 71. Hansel NN, Romero KM, Pollard SL, Bose S, Psoter 
KJ, J. Underhill L, et al. Ambient air pollution and 
variation in multiple domains of asthma morbid-
ity among Peruvian children. Ann Am Thorac Soc. 
2019;16(3):348–55.

 72. Sloan CD, Philipp TJ, Bradshaw RK, Chronister 
S, Barber WB, Johnston JD. Applications of GPS- 
tracked personal and fixed-location PM(2.5) con-
tinuous exposure monitoring. J Air Waste Manag 
Assoc. 2016;66(1):53–65.

 73. Brantley HL, Hagler GSW, Kimbrough ES, 
Williams RW, Mukerjee S, Neas LM.  Mobile air 
monitoring data-processing strategies and effects 
on spatial air pollution trends. Atmos Meas Tech. 
2014;7:2169–83.

 74. Apte JS, Messier KP, Gani S, Brauer M, Kirchstetter 
TW, Lunden MM, et al. High-resolution air pollution 
mapping with Google Street View Cars: exploiting big 
data. Environ Sci Technol. 2017;51(12):6999–7008.

 75. Lee JK, Christen A, Ketler R, Nesic Z.  A mobile 
sensor network to map carbon dioxide emis-
sions in urban environments. Atmos Meas Tech. 
2017;10:645–65.

 76. Hasenfratz D, Saukh O, Walser C, Hueglin C, Fierz 
M, Arn T, et al. Deriving high-resolution urban air 
pollution maps using mobile sensor nodes. Pervasive 
Mob Comput. 2015;16:268–85.

 77. Pattinson W, Longley I, Kingham S. Using mobile 
monitoring to visualize diurnal variation of traffic 
pollutants across two near-highway neighborhoods. 
Atmos Environ. 2014;94:782–92.

20 Personal Environmental Monitoring



318

 78. Peters J, Theunis J, Van Poppel M, Berghmans 
P. Monitoring PM10 and ultrafine particles in urban 
environments using mobile measurements. Aerosol 
Air Qual Res. 2013;13(2):509–22.

 79. McKercher GR, Vanos JK.  Low-cost mobile air 
pollution monitoring in urban environments: a 
pilot study in Lubbock, Texas. Environ Technol. 
2018;39(12):1505–14.

 80. Choi W, Hu S, He M, Kozawa K, Mara S, Winer 
AM, et al. Neighborhood-scale air quality impacts of 
emissions from motor vehicles and aircraft. Atmos 
Environ. 2013;80:310–21.

 81. Padro-Martinez LT, Patton AP, Trull JB, Zamore W, 
Brugge D, Durant JL.  Mobile monitoring of par-
ticle number concentration and other traffic-related 
air pollutants in a near-highway neighborhood 
over the course of a year. Atmos Environ (1994). 
2012;61:253–64.

 82. Castellini S, Moroni B, Cappelletti D. PMetro: mea-
surement of urban aerosols on a mobile platform. 
Measurement. 2014;49:99–106.

 83. Castell N, Kobernus M, Liu HY, Schneider P, Lahoz 
W, Berre AJ, et al. Mobile technologies and services 
for environmental monitoring: the Citi-Sense-MOB 
approach. Urban Clim. 2015;14:370–82.

 84. Hagemann R, Corsmeier U, Kottmeier C, Rinke R, 
Wieser A, Vogel B.  Spatial variability of particle 
number concentrations and NOx in the Karlsruhe 
(Germany) area obtained with the mobile laboratory 
‘AERO-TRAM’. Atmos Environ. 2014;94:341–52.

 85. Salvi S.  Health effects of ambient air pollution in 
children. Paediatr Respir Rev. 2007;8(4):275–80.

 86. Fuoco FC, Stabile L, Buonanno G, Vargas Trassiera 
C, Massimo A, Russi A, et  al. Indoor air quality 
in naturally ventilated Italian classrooms. Atmos. 
2016;6:1652–75.

 87. Rivas I, Viana M, Moreno T, Pandolfi M, Amato F, 
Reche C, et  al. Child exposure to indoor and out-
door air pollutants in schools in Barcelona, Spain. 
Environ Int. 2014;69:200–12.

 88. Sunyer J, Esnaola M, Alvarez-Pedrerol M, Forns 
J, Rivas I, Lopez-Vicente M, et  al. Association 
between traffic-related air pollution in schools 
and cognitive development in primary school 
children: a prospective cohort study. PLoS Med. 
2015;12(3):e1001792.

 89. Sunyer J, Suades-Gonzalez E, Garcia-Esteban R, 
Rivas I, Pujol J, Alvarez-Pedrerol M, et al. Traffic- 
related air pollution and attention in primary school 
children: short-term association. Epidemiology. 
2017;28(2):181–9.

 90. Ramachandran G, Adgate JL, Pratt GC, Sexton 
K.  Characterizing indoor and outdoor 15 minute 
average PM2.5 concentrations in urban neighbor-
hoods. Aerosol Sci Technol. 2003;37(1):33–45.

 91. Moreno T, Perez N, Martins V, de Miguel E, 
Capdevila M, Centelles S, et  al. Subway platform 
air quality: assessing the influences of tunnel venti-
lation, train piston effect and station design. Atmos 
Environ. 2014;92:461–8.

 92. Chen YY, Sung FC, Chen ML, Mao IF, Lu 
CY.  Indoor air quality in the metro system in 
North Taiwan. Int J Environ Res Public Health. 
2016;13(12):1200.

 93. Choi J-H, Loftness V, Aziz A.  Post-occupancy 
evaluation of 20 office buildings as basis for future 
IEQ standards and guidelines. Energ Buildings. 
2012;46:167–75.

 94. Lee SC, Li WM, Chan LY.  Indoor air quality 
at restaurants with different styles of cooking 
in metropolitan Hong Kong. Sci Total Environ. 
2001;279(1–3):181–93.

 95. Semple S, Ibrahim AE, Apsley A, Steiner M, Turner 
S. Using a new, low-cost air quality sensor to quan-
tify second-hand smoke (SHS) levels in homes. Tob 
Control. 2015;24(2):153–8.

 96. van Leeuwen C, Hensen A, Meijer HAJ. Leak detec-
tion of CO2 pipelines with simple atmospheric 
CO2 sensors for carbon capture and storage. Int J 
Greenhouse Gas Control. 2013;19:420–31.

 97. Erden F, Sorey EB, Toreyin BU, Cetin AE.  VOC 
gas leak detection using pyro-electric infrared sen-
sors. IEEE International Conference on Acoustics, 
Speech and Signal Processing. 2010;1682–5.

 98. Meng QY, Svendsgaard D, Kotchmar DJ, Pinto 
JP.  Associations between personal exposures and 
ambient concentrations of nitrogen dioxide: a 
quantitative research synthesis. Atmos Environ. 
2012;57:322–9.

 99. Avery CL, Mills KT, Williams R, McGraw KA, 
Poole C, Smith RL, et  al. Estimating error in 
using ambient PM2.5 concentrations as proxies 
for personal exposures: a review. Epidemiology. 
2010;21(2):215–23.

 100. Steinle S, Reis S, Sabel CE. Quantifying human expo-
sure to air pollution-Moving from static monitoring 
to spatio-temporally resolved personal exposure 
assessment. Sci Total Environ. 2013;443:184–93.

 101. Weichenthal S, Kulka R, Dubeau A, Martin C, Wang 
D, Dales R.  Traffic-related air pollution and acute 
changes in heart rate variability and respiratory 
function in urban cyclists. Environ Health Perspect. 
2011;119:1373–8.

 102. Apte JS, Kirchstetter TW, Reich AH, Deshpande 
SJ, Kaushik G, Chel A, et  al. Concentrations of 
fine, ultrafine, and black carbon particles in auto- 
rickshaws in New Delhi, India. Atmos Environ. 
2011;45:4470–80.

 103. de Nazelle A, Fruin S, Westerdahl D, Martinez D, 
Matamala J, Kubesch N, et al. Traffic exposures and 
inhalations of Barcelona commuters. Epidemiology. 
2011;22(1):S77–S8.

 104. Apparicio P, Gelb J, Carrier M, Mathieu M, Kingham 
S. Exposure to noise and air pollution by mode of 
transportation during rush hours in Montreal. J 
Transp Geogr. 2018;70:182–92.

 105. Cole-Hunter T, Weichenthal S, Kubesch N, 
Foraster M, Carrasco-Turigas G, Bouso L, et  al. 
Impact of traffic-related air pollution on acute 
changes in cardiac autonomic modulation during 

S. Xie and B. E. Himes



319

rest and physical activity: a cross-over study. J 
Expo Sci Environ Epidemiol. 2016;26(2):133–40.

 106. Strak M, Janssen NA, Godri KJ, Gosens I, Mudway 
IS, Cassee FR, et  al. Respiratory health effects 
of airborne particulate matter: the role of par-
ticle size, composition, and oxidative potential- 
the RAPTES project. Environ Health Perspect. 
2012;120(8):1183–9.

 107. Pun VC, Ho KF.  Blood pressure and pulmonary 
health effects of ozone and black carbon expo-
sure in young adult runners. Sci Total Environ. 
2019;657:1–6.

 108. Nieuwenhuijsen MJ, Donaire-Gonzalez D, Foraster 
M, Martinez D, Cisneros A. Using personal sensors 
to assess the exposome and acute health effects. Int J 
Environ Res Public Health. 2014;11(8):7805–19.

 109. Delgado-Saborit JM.  Use of real-time sensors to 
characterise human exposures to combustion related 
pollutants. J Environ Monit. 2012;14:1824.

 110. Steinle S, Reis S, Sabel CE, Semple S, Twigg MM, 
Braban CF, et  al. Personal exposure monitoring of 
PM2.5  in indoor and outdoor microenvironments. 
Sci Total Environ. 2015;508:383–94.

 111. Dons E, Laeremans M, Orjuela JP, Avila-Palencia I, 
Carrasco-Turigas G, Cole-Hunter T, et al. Wearable 
sensors for personal monitoring and estimation of 
inhaled traffic-related air pollution: evaluation of 
methods. Environ Sci Technol. 2017;51(3):1859–67.

 112. Donaire-Gonzalez D, Curto A, Valentin A, 
Andrusaityte S, Basagana X, Casas M, et  al. 
Personal assessment of the external exposome 
 during pregnancy and childhood in Europe. Environ 
Res. 2019;174:95–104.

 113. Laeremans M, Dons E, Avila-Palencia I, Carrasco- 
Turigas G, Orjuela JP, Anaya E, et  al. Short-term 
effects of physical activity, air pollution and their 
interaction on the cardiovascular and respiratory 
system. Environ Int. 2018;117:82–90.

 114. Koehler KA, Peters TM. New methods for personal 
exposure monitoring for airborne particles. Curr 
Environ Health Rep. 2015;2(4):399–411.

 115. Donaire-Gonzalez D, Valentin A, van Nunen E, 
Curto A, Rodriguez A, Fernandez-Nieto M, et  al. 
ExpoApp: an integrated system to assess multiple 
personal environmental exposures. Environ Int. 
2019;126:494–503.

 116. Xie S, Himes BE. Approaches to link geospatially 
varying social, economic, and environmental factors 
with electronic health record data to better under-
stand asthma exacerbations. AMIA Annu Symp 
Proc. 2018;2018:1561–70.

 117. Laeremans M, Dons E, Avila-Palencia I, Carrasco- 
Turigas G, Orjuela-Mendoza JP, Anaya-Boig E, 
et  al. Black carbon reduces the beneficial effect of 
physical activity on lung function. Med Sci Sports 
Exerc. 2018;50(9):1875–81.

 118. Williams R, Kilaru VJ, Snyder EG, Kaufman A, 
Dye T, Rutter A, et  al., editors. Air sensor guide-
book. EPA/600/R-14/159. Research Triangle Park: 
U.S. Enviromental Protection Agency; 2014.

 119. Spinelle L, Gerboles M, Villani MG, Aleixandre M, 
Bonavitacola F. Field calibration of a cluster of low- 
cost available sensors for air quality monitoring. Part 
A: ozone and nitrogen dioxide. Sensors Actuators B 
Chem. 2015;215:249–57.

 120. Spinelle L, Gerboles M, Villani MG, Aleixandre M, 
Bonavitacola F. Field calibration of a cluster of low- 
cost commercially available sensors for air qual-
ity monitoring. Part B: NO, CO and CO2. Sensors 
Actuators B Chem. 2017;238:706–15.

 121. Spinelle L, Gerboles M, Aleixandre M. Performance 
evaluation of amperometric sensors for the moni-
toring of O3 and NO2  in ambient air at ppb level. 
Procedia Eng. 2015;120:480–3.

 122. Borrego C, Costa A, Ginja J, Amorim M, Coutinho 
M, Karatzas K, et al. Assessment of air quality micro-
sensors versus reference methods: the EuNetAir 
joint exercise. Atmos Environ. 2016;147:246–63.

 123. Borrego C, Ginja J, Coutinho M, Ribeiro C, 
Karatzas K, Sioumis T, et  al. Assessment of air 
quality microsensors versus reference methods: the 
EuNetAir Joint Exercise–Part II.  Atmos Environ. 
2018;193:127–42.

 124. Singer BC, Delp WW.  Response of consumer 
and research grade indoor air quality monitors to 
residential sources of fine particles. Indoor Air. 
2018;28(4):624–39.

 125. Zikova N, Hopke PK, Ferro AR. Evaluation of new 
low-cost particle monitors for PM2.5 concentration 
measurements. J Aerosol Sci. 2017;105:25–34.

 126. Lin C, Gillespie J, Schuder MD, Duberstein W, 
Beverland IJ, Heal MR. Evaluation and calibration 
of Aeroqual series 500 portable gas sensors for accu-
rate measurement of ambient ozone and nitrogen 
dioxide. Atmos Environ. 2015;100:111–6.

 127. Duvall RM, Long RW, Beaver MR, Kronmiller KG, 
Wheeler ML, Szykman JJ. Performance evaluation 
and community application of low-cost sensors 
for ozone and nitrogen dioxide. Sensors (Basel). 
2016;16(10):1698.

 128. Holstius DM, Pillarisetti A, Smith KR, Seto E. Field 
calibrations of a low-cost aerosol sensor at a regula-
tory monitoring site in California. Atmos Meas Tech. 
2014;7:1121–31.

 129. Cross ES, Williams LR, Lewis DK, Magoon GR, 
Onasch TB, Kaminsky ML, et  al. Use of electro-
chemical sensors for measurement of air pollution: 
correcting interference response and validating mea-
surements. Atmos Meas Tech. 2017;10:3575–88.

 130. Piedrahita R, Xiang Y, Masson N, Ortega J, Collier 
A, Jiang Y, et  al. The next generation of low-cost 
personal air quality sensors for quantitative exposure 
monitoring. Atmos Meas Tech. 2014;7(10):3325–36.

 131. Dacunto PJ, Klepeis NE, Cheng K-C, Acevedo- 
Bolton V, Jiang R-T, Repace JL, et al. Determining 
PM 2.5 calibration curves for a low-cost particle mon-
itor: common indoor residential aerosols. Environ 
Sci: Processes Impacts. 2015;17(11):1959–66.

 132. Wang Y, Li J, Jing H, Zhang Q, Jiang J, Biswas 
P.  Laboratory evaluation and calibration of three 

20 Personal Environmental Monitoring



320

low-cost particle sensors for particulate matter mea-
surement. Aerosol Sci Technol. 2015;49:1063–77.

 133. Jayaratne R, Liu X, Thai P, Dunbabin M, Morawska 
L.  The influence of humidity on the performance 
of a low-cost air particle mass sensor and the 
effect of atmospheric fog. Atmos Meas Tech. 
2018;11:4883–90.

 134. Chan YY, Wang P, Rogers L, Tignor N, Zweig M, 
Hershman SG, et  al. The Asthma Mobile Health 
Study, a large-scale clinical observational study using 
ResearchKit. Nat Biotechnol. 2017;35(4):354–62.

 135. Karapanos E.  Sustaining user engagement 
with behavior-change tools. Interactions. 
2015;22(4):48–52.

 136. Serrano KJ, Coa KI, Yu M, Wolff-Hughes DL, 
Atienza AA.  Characterizing user engagement with 
health app data: a data mining approach. Transl 
Behav Med. 2017;7(2):277–85.

 137. Himes BE, Weitzman ER.  Innovations in health 
information technologies for chronic pulmonary dis-
eases. Respir Res. 2016;17:38.

 138. Alexeeff SE, Roy A, Shan J, Liu X, Messier K, 
Apte JS, et  al. High-resolution mapping of traf-

fic related air pollution with Google street view 
cars and incidence of cardiovascular events within 
neighborhoods in Oakland, CA.  Environ Health. 
2018;17(1):38.

 139. Beans C.  News feature: exposing the exposome 
to elucidate disease. Proc Natl Acad Sci U S A. 
2018;115(47):11859–62.

 140. Hosseini A, Buonocore CM, Hashemzadeh S, 
Hojaiji H, Kalantarian H, Sideris C, et al. Feasibility 
of a secure wireless sensing smartwatch applica-
tion for the self-management of pediatric asthma. 
Sensors (Basel). 2017;17(8):1780.

 141. Niedzwiecki MM, Walker DI, Vermeulen R, 
Chadeau-Hyam M, Jones DP, Miller GW.  The 
exposome: molecules to populations. Annu Rev 
Pharmacol Toxicol. 2019;59:107–27.

 142. Agache I, Miller R, Gern JE, Hellings PW, Jutel M, 
Muraro A, et al. Emerging concepts and challenges 
in implementing the exposome paradigm in allergic 
diseases and asthma: a Practall document. Allergy. 
2019;74(3):449–63.

S. Xie and B. E. Himes



321© Springer Nature Switzerland AG 2020 
J. L. Gomez et al. (eds.), Precision in Pulmonary, Critical Care, and Sleep Medicine,  
Respiratory Medicine, https://doi.org/10.1007/978-3-030-31507-8_21

Tele-ICU in Precision Medicine:  
It’s Not What You Do, But How 
You Do It

Peter S. Marshall

 Introduction

Tele-intensive care unit (Tele-ICU) is the appli-
cation of telemedicine to critical care and is 
defined by the American Telemedicine 

Association as a “Network of audiovisual com-
munication and computer systems which provide 
the foundation for a collaborative and inter- 
professional care model focusing on critically ill 
patients. Tele-ICU service is not designed to 
replace local services, but meant to augment care 
through the leveraging of resources and the stan-
dardization of processes” [1].

The concept of applying telemedicine to 
the intensive care unit (ICU) has been dis-
cussed for several decades. In 1906 electro-
cardiographic data was transmitted via 
telephone lines [2]. As early as 1924 Radio 
News suggested that a “radio doctor” may 
provide direct medical care. In 1977 a trial of 
“television” consultation with university- 
based intensivists demonstrated the extended 
availability of specialist expertise and was 
superior to telephone consultation [3, 4]. In 
1997 the first trial of remote monitoring using 
computer- based data transmission to commu-
nicate with bedside staff for 24 hours was suc-
cessfully completed. In 2000 a 19-hour trial 
of remote monitoring, computer data relay 
and computer-based decision support was 
conducted. This study demonstrated a reduc-
tion in ICU mortality, ICU length of stay and 
ICU complications compared with historical 
data [5]. The trial conducted by Rosenfeld 
et  al. [5] used computer-based decision sup-
port to assist in patient care. Subsequent 
advances in Tele-ICU have come in the form 
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Key Points
 1. Patient-centered benefits attributed to 

Tele-ICU can only be achieved with 
proper implementation that includes 
not only installation of audiovisual 
equipment but also introduction of 
standardized protocols, adherence to 
best practices, and acceptance by bed-
side staff.

 2. The effect of Tele-ICU implementation 
on health system outcomes, such as cost 
and inter-hospital transfers, require fur-
ther analysis.

 3. Newer models of Tele-ICU, new acuity 
scoring systems and novel technologies 
should be rigorously studied prior to 
widespread adoption to ensure that they 
produce intended outcomes.
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of improved hardware (video, audio and data 
streaming equipment) but also in software 
designed to identify decompensation early in 
a wide variety of illnesses.

In theory, application of the Tele-ICU can 
have benefits for ICU patients, health delivery 
networks, and individual members of the health-
care team. Early studies have demonstrated 
improved hospital mortality, reduced ICU length 
of stay (LOS), reduced complication rates, 
improved compliance with best practices and 
improved patient safety [6–9]. A recent meta- 
analysis by Chen et al. [10] concluded these ben-
efits may be achieved only with proper 
implementation and are achieved at a high up- 
front cost.

 Epidemiology

The rapid growth of Tele-ICU is, in large part, 
due to the national shortage of intensivists in 
the setting of rising costs of critical care and an 
aging population. The shortage of intensivists 
is projected to reach 35% by the year 2020 
[11]. As of 2012, over 4 million patients were 
admitted to ICUs each year in the United 
States, and approximately 540,000 deaths 
occur yearly in the ICU population [12–15]. 
ICU utilization in those over 64 is 3.5 times 
that of younger age groups [16]. The combina-
tion of an ever-increasing demographic of 
those older than 65 years old and ICU services 
consuming 10% of hospital costs ($65–$81 bil-
lion per year) has created a need to find ways 
of optimizing the use critical care providers 
and resources. In addition, patient safety con-
tinues to be a concern in the fast paced, high 
stakes realm of critical care. Serious medica-
tion errors account for 78% of the errors in the 
ICU. The use of Tele-ICU is one way that hos-
pitals are addressing the short-fall of intensiv-
ists and improving patient safety in the ICU. It 
is apparent that three factors have driven the 
adoption of Tele-ICU models: (1) a desire to 
improve outcomes through standardization and 
reporting, (2) a desire to address workforce 
shortages and, (3) a desire to improve patient 
safety [17].

The total number of hospitals adopting Tele- 
ICU rose from 0.4% to 4.6% between 2003 and 
2010 [18]. The total number of beds covered by 
Tele-ICU programs increased 10 – fold and cor-
responded to an increase of beds covered from 
0.9% to 7.9% of the total. It should be noted that 
the rate of adoption of Tele-ICU has decreased 
over time with most growth (101% per year) 
occurring from 2003 to 2006 and subsequent 
growth from 2007 to 2010 dropping to 8.1% per 
year [18, 19]. One of the reasons for the slowed 
growth is the start-up cost for Tele-ICU. The cen-
tral monitoring station (or “command center”) 
costs between $2 and 5 million dollars to create, 
and an additional $250,000 is needed to add addi-
tional ICUs to the program [20]. This may be one 
reason why the hospitals investing in Tele-ICU 
tend to be large, non-profit teaching hospitals 
located in large metropolitan areas [18]. Hospitals 
without Tele-ICU tend to have fewer resources 
with respect to major technologies and 
procedures.

 Concepts/Models

There are three models of Tele-ICU, (1) 
Continuous monitoring or high intensity, (2) 
Individual/consult/reactive model also known as 
a low intensity, and (3) Scheduled care model in 
which care occurs with periodic consultation on 
a pre-determined schedule [1]. Tele-ICUs are 
connected to client sites via private secure audio-
visual tele-communications and communication 
systems [21]. In the continuous model data 
streams from each patient at client sites to the 
central monitoring station. The central monitor-
ing station is staffed by tele-intensivists (trained 
critical care physicians working in the Tele-ICU) 
and other critical care providers. These other 
critical care providers may be nurse practitio-
ners, physician assistants or critical care nurses. 
Some larger Tele-ICUs have incorporated other 
allied health professionals such as pharmacists 
[22]. In the consultative model bedside providers 
in the ICU alert tele-intensivists to issues and the 
Tele-ICU becomes involved. There is little or no 
real-time monitoring or constant data feed. A 
systemic review by Ramnath et al. compared the 
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consultative model to the continuous model [23]. 
The authors found that both the consultative and 
continuous monitoring models showed improved 
compliance with best clinical practice adher-
ence. There was little data to find concerning the 
consultative model and outcomes such as mor-
tality and length of stay. Most of the reported 
outcomes data on Tele-ICU performance refers 
to the continuous model. More high-quality 
studies are needed to assess the efficacy and 
costs of both the consultative model and sched-
uled care model.

Another way of describing Tele-ICU is cen-
tralized and de-centralized [20, 23]. The central-
ized Tele-ICU is comprised of a single monitoring 
station staffed by critical care providers. The 
model delivers service to several different ICUs 
at one site or multiple sites. In the de-centralized 
model multiple medical facilities can be accessed 
remotely from many different sites which may 
include home, office, or mobile device. There is 
no defined central monitoring station, but there is 
a workflow whereby multiple locations have 
access to patients with critical care providers 
monitoring patients from multiple locations. 
More than one virtual provider may be present in 
the ICU at any given time [1].

 Data and Acuity Scoring Systems

The continuous model offers onstant data stream-
ing that may be real-time unvalidated data (raw 
data) or data that is confirmed (validated data) 
prior to being available to the tele-intensivist. All 
data whether delivered in real time from patient 
monitoring devices or validated by bedside staff 
may be analyzed by algorithms prior to being 
received by the Tele- ICU staff. Interfaces with 
bedside monitoring systems can alert Tele-ICU 
staff of deterioration in vital signs in real-time 
and bring attention to drastic changes in a 
patient’s condition. Relying solely on real-time 
raw information offers little advantage over bed-
side providers and is similar to telemetry moni-
toring stations used in the past.

Algorithms provide a means of assessing 
severity of illness and risk for deterioration so 
that the sickest patients are brought to the atten-

tion of Tele-ICU staff prior to drastic chnages in 
a patient’s clinical condition. The Acute 
Physiologic and Chronic Health Evaluation II 
(APACHE II) and Sequential Organ Failure 
Assessment (SOFA) score are assessments of 
severity used in the ICU population [24, 25]. The 
APACHE II score and SOFA were not originally 
designed to be used sequentially during an ICU 
stay. The APACHE II score was originally 
designed to estimate risk of death at the time of 
ICU admission and to objectively quantify sever-
ity of illness in ICU populations [25]. The 
APACHE II score has since been used to assess 
risk of readmission [25] and predict mortality in 
individual patients [26]. The SOFA score was 
originally formulated to quantify organ dysfunc-
tion in sepsis and later validated as a marker of 
mortality risk when repeated during the ICU stay 
[27, 28].

Badawi et  al. [29] compared the predictive 
abilities of the APACHE II and SOFA along with 
a third score, the discharge readiness score (DRS) 
when used as continuous markers for illness 
severity in a broad ICU population (333 ICUs 
from 208 hospitals). The DRS was designed to 
estimate the risk of events after ICU discharge. It 
does not use the “worst” values during a given 
period. How it would function as a marker of ill-
ness severity during an ICU stay was unknown 
[30]. The study compared the three predictive 
models’ ability to predict mortality when calcu-
lated hourly. Receiver operator curves (ROC) for 
ICU mortality were determined for each model 
and the area under the curves (AUC) calculated. 
The APACHE II score had an AUCROC of 0.81, 
the SOFA had an AUCROC of 0.76, and the DRS 
had an AUCROC of 0.86. The investigators con-
cluded that the three models had a high discrimi-
natory value for ICU mortality when calculated 
hourly. It appears that these familiar models used 
to assess severity of illness can predict mortality 
in an environment where there is continuous 
streaming of data from individual patients such 
as the Tele-ICU.

Venders of Tele-ICU platforms (Philips 
VISICU© and Metavision © for example) have 
scoring systems and algorithms that analyze data 
[6, 7, 9, 31] specifically for the Tele-ICU environ-
ment. Often, it is a series of subtle changes that 
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herald deterioration in an ICU patient. The abso-
lute value of a heart rate, blood pressure or respi-
ratory rate may be late signs of deterioration. The 
rate of change or increased variability in a given 
physiologic parameter may provide earlier recog-
nition of deterioration than the discovery of abso-
lute values that fall outside of accepted norms. 
These algorithms allow Tele-ICU staff to provide 
surveillance over many ICU patients because 
early signs of deterioration and high acuity are 
revealed in an automated fashion. Clinicians can 
be alerted prior to drastic deterioration and inter-
vene. These “early warning” algorithms make it 
unnecessary to open individual patient records 
and search for abnormalities.

Some institutions (Criticalware ©, University 
of Massachusetts) have created their own acuity 
systems and refined these to meet the needs of 
their institutions and patients [7]. The Yale Early 
Warning System (YEWS) was created within the 
Epic © EMR Tele-ICU platform and integrates 
physiological data, rate of change, laboratory 
data, ventilator data and pharmacological data to 
produce an acuity score that is constantly re- 
calculated with the most recent information. The 
YEWS can be updated or modified based on new 
data or developments in critical care.

 Outcomes

Outcomes related to Tele-ICU can be divided into 
patient-centered outcomes and into outcomes that 
reflect changes in healthcare delivery (system-
centered outcomes). Patient-centered outcomes 
include mortality, length of stay (LOS), ventilator 
days and complication rates. System- centered 
outcomes include cost of care and effects on 
patient movement/transfers [32]. Many local fac-
tors impact the effect of Tele-ICU on outcomes, 
and it can be difficult to predict how Tele-ICU 
implementation will affect a given environment.

In general, Tele-ICU implementation is 
expected to result in reduced ICU LOS, reduced 
ICU mortality and reduced hospital mortality [6, 
7, 9, 33]. Two meta-analyses have been com-
pleted [8, 34] and show a reduction in ICU mor-
tality. The systematic review by Young et al. also 
revealed a reduction in ICU LOS but no effect on 

in-hospital mortality. It is important to note that 
not all implementations have resulted in 
improved patient-centered outcomes [34–36]. 
Variable outcomes may be explained by the 
method of implementation. The Wilcox and 
Adhikari [8] meta-analysis categorized out-
comes by quality of study and the intensity of 
Tele-ICU intervention. High-intensity ICU inter-
vention was defined by continuous patient moni-
toring with or without computer-generated 
alerts. Low-intensity ICU intervention was 
defined as the absence of continuous monitoring 
and the absence of computer- generated alerts. 
When analyzed as a group the high-intensity 
Tele-ICU studies revealed favorable outcomes 
and the low-intensity Tele-ICU studies failed to 
show benefit. In other words, there is a dose-
response relationship between the level of Tele-
ICU intervention and beneficial outcomes.

The ability of the Tele-ICU to alter patient 
care (also referred to as autonomy) also affects 
the ability of the intervention to alter outcomes. 
Research has demonstrated that the acceptance 
of the Tele-ICU by bedside staff was a key fac-
tor in the success of the Tele-ICU. A study by 
Nassar et  al. [37] demonstrated variability 
between ICUs in their acceptance of Tele-ICU 
implementation. Poor acceptance along with 
low baseline mortality, resulted in no change in 
ICU mortality or LOS after Tele-ICU imple-
mentation. Thomas et  al. [36] noted that no 
improvement in patient- centered outcomes was 
detected in their study but that only 31% of phy-
sicians yielded full management of their patients 
to the Tele-ICU. These examples illustrate that 
to impact patient care, Tele-ICUs need to have 
decision-making capacity and authority to make 
significant management changes.

ICUs with adequate staffing may benefit less 
from Tele-ICU implementation. Some have 
pointed to the role of nighttime intensivists as 
similar to that of nighttime Tele-ICU coverage. 
Studies conducted in ICUs with strong daytime 
intensivist presence or nighttime resident physi-
cian (with telephone access to intensivists) pres-
ence have failed to demonstrate benefit of 
nighttime intensivist presence [38, 39]. Similarly, 
nighttime Tele-ICU coverage may have little 
impact on well-staffed ICUs.
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The level of acuity of the ICUs being covered 
will also affect the impact of the Tele-ICU on 
patient outcomes. One study showed no differ-
ence in ICU LOS or mortality with Tele-ICU 
implementation, but when patients with higher 
acuity were analyzed, the survival among these 
patients was improved [36]. This observation 
reflects the inability of any intervention to have 
an impact on populations where the outcomes of 
interest are rare.

The ability of Tele-ICU to improve outcomes 
is dependent on several factors that include inten-
sity of Tele-ICU implementation, level of Tele- 
ICU autonomy, acuity of patient population, 
quality of bedside ICU staffing, and acceptance 
by ICU bedside staff. When starting a Tele-ICU 
program all these factors need to be taken into 
consideration and addressed if successful imple-
mentation is to be achieved.

Implementation is a multi-faceted process that 
includes not only the installation of audiovisual 
technology and algorithms. Implementation 
often brings along standardization of protocols 
and real-time audits [40, 41]. Lilly describes not 
only the introduction of audiovisual equipment 
and monitoring algorithms but also outlined the 
introduction of standardized protocols, clinical 
bundles and clinical pathways. The holistic 
implementation of Tele-ICU results in increased 
compliance with best practice which likely 
explains some of the improved patient-centered 
outcomes described with Tele-ICU implementa-
tion [6, 7, 42].

Tele-ICUs have demonstrated an ability to 
improve adherence with best practices [7, 33, 
43–45] by standardizing protocols and encour-
aging adherence. Best practices where the Tele-
ICU has improved adherence include prevention 
of ventilator associated pneumonia (VAP) bun-
dles, venous thromboembolism (VTE) prophy-
laxis, stress ulcer prophylaxis (SUP), glycemic 
control, cardiovascular protection, spontaneous 
breathing trial (SBT) protocols, prevention of 
catheter related blood stream infections, and 
sepsis bundles. Other best practices where the 
Tele-ICU may help improve adherence is 
prompt removal of indwelling urinary catheters 
and delirium prevention measures. Mechanisms 
to improve compliance with best practices must 

be incorporated into successful Tele-ICU pro-
grams and are part of the holistic implementa-
tion noted above.

Sepsis is a disease that dominates the census 
of most ICUs and may occur in 50–75% of criti-
cally ill patients [46, 47]. It is common and 
potentially lethal, especially if unrecognized and 
if treatment delays occur [46, 48, 49]. It is now 
established that having a protocolized approach 
to recognition of sepsis can promote early diag-
nosis, thereby decreasing mortality [50, 51]. A 
few key variables can identify a patient with sys-
temic inflammatory response syndrome (SIRS), 
and in the presence of a suspected infection, the 
diagnosis of sepsis is made [51].

Rincon et al. [43] used a Tele-ICU screening 
tool that conformed to the Surviving Sepsis 
Campaign [48] criteria for the identification and 
treatment of sepsis. The screening tool presented 
data in a useful format that facilitated recognition 
and analysis. Screens were performed on admis-
sion to the ICU and once per shift on any ICU 
patient suspected of infection. 2–3 RNs were able 
to perform 194 screens in a 24-hour period and 
on average identified five new cases of severe 
sepsis. Thus, screening performed by the Tele- 
ICU unburdened bedside staff.

Follow-up to ensure that sepsis best practices 
were adhered to was performed by the Tele- 
ICU.  The study demonstrated an increase in 
prompt antibiotic administration, fluid bolus, lac-
tate measurement, and central line placement. 
Improved compliance with sepsis best practices 
has been shown to improve survival [52–54]. 
Implementation of Tele-ICU algorithms and 
screening tools can improve the efficiency of sep-
sis screening, improve compliance with severe 
sepsis bundles and improve survival in ICU 
patients with severe sepsis and septic shock.

Concerning to governments, regulatory agen-
cies and payors is that the implementation of 
Tele-ICUs (providing service to smaller and less 
equipped hospitals) will result in patients being 
transferred to tertiary centers with greater fre-
quency. Alternatively, one could argue that the 
leveraging of expertise with the assistance of 
Tele-ICU will encourage patients with high acu-
ity to remain at outlying hospitals. Some have 
estimated that between 25 and 75% of transfers 
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from rural hospitals could remain at the hospital 
of admission with appropriate consultation [55]. 
Panlaqui et  al. studied the impact of a low- 
intensity model of Tele-ICU on inter-hospital 
transfers as well as patient-centered outcomes 
[35]. Outcomes were compared before and after 
Tele-ICU implementation. They found a 12% 
risk reduction in inter-hospital transfer 
(RR  =  0.88, 95% CI 0.80–0.98, p  =  0.03). 
Interestingly, the proportion of transferred 
patients who died in the Tele-ICU group was 
higher than in the non-Tele ICU group (11.6% 
versus 2.8%, p = 0.03), and suggests that patients 
selected for transfer in the Tele-ICU group had 
higher acuity.

In a study of Veteran’s Administration ICU 
patients Fortis et  al. [56] concurrently studied 
transfer rates in hospitals provided Tele-ICU 
and those without the intervention. In addition, 
they were able to classify the illness severity of 
the transfers. The overall transfer rate was 
reduced (RR 0.79, 95% CI 0.71–0.87; p < 0.001) 
and the reduction was mainly in moderate to 
high illness severity patients. The 30-day mor-
tality was similar in both Tele-ICU and non-Tele 
ICU groups. With the Tele-ICU smaller hospi-
tals were able to care for moderate and high 
severity patients without resulting in excessive 
mortality.

Pannu et al. [57] studied the Mayo healthcare 
system ICUs before and after Tele-ICU imple-
mentation. The number of inter-hospital transfers 
to the quaternary referral center increased after 
implementation (3.03% versus 2.43%, p = 0.04). 
The authors suggested that the trend was not 
explained by an increase in severity of illness. 
The authors raised the possibility that “transfer 
bias” was present. The study was conducted 
within an established healthcare system and bar-
riers to transfer are minimal. This results in a low 
threshold to transfer patients with perceived high 
acuity. The presence of transfer bias is supported 
by the fact that there was no measurable increase 
in severity of illness after the implementation of 
Tele-ICU. Based on the current literature we can-
not conclude that implementation of Tele-ICU 
reduces (or increases) the rate of inter-hospital 
transfer. Much like patient-centered outcomes, 
the impact of Tele-ICU on inter-hospital transfers 

will probably be determined by several factors 
(yet to be identified) related to the functioning of 
the Tele-ICU, client ICUs and health systems.

Overall, implementation of Tele-ICUs under 
the appropriate circumstances can reduce ICU 
mortality and in-hospital mortality. The effects 
on ICU LOS and hospital LOS are more variable 
but trend toward the Tele-ICU having a favorable 
effect. Effective Tele-ICU implementation 
requires a holistic approach and should include 
the introduction (and reinforcement) of evidence- 
based best practices. Tele-ICUs are most likely to 
succeed if they can actively manage patients, 
there is “buy-in” from the bedside staff, and there 
is high-intensity Tele-ICU surveillance. The 
effect of Tele-ICU implementation on inter- 
hospital transfers is somewhat controversial and 
requires greater study. These outcomes have 
financial implications, and it is the economic 
impact of the Tele-ICU that will determine its 
viability as an option for healthcare systems.

 Financial Considerations

 Direct Reimbursement/Revenue

Reimbursement by payors is minimal for Tele- 
ICU.  In 2013 the Centers for Medicare and 
Medicaid Services (CMS) assigned category III 
Current Procedural Terminology (CPT) codes 
0188 T and 0189 T [58]. These codes were gen-
erally used for data collection purposes only. In 
the fall of 2018, these codes were updated to 
G0508 and G0509 (Table  21.1). These codes 
refer to critical care services and require a mini-
mum investment of 50–60 minutes per patient. 
The time invested on one patient for a busy tele- 
intensivist is often impractical and is not consis-
tent with the workflow of most Tele-ICUs. Most 
of the interventions are of shorter duration and 
made efficient by acuity scoring and synergy of 
the EMR with Tele-ICU technical support. Tele- 
ICU clinicians do not spend as much time on 
data collection and analysis as their bedside 
counterparts. While these interventions are of 
shorter duration than conventional interactions, 
they are just as important. Telemedicine CPT 
codes (Table 21.1) for initial consultations and 
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for follow- up consultations are now available 
and do not require the same time commitments 
as the critical care CPT codes. One may even use 
the appropriate inpatient follow-up/progress 
codes and add a telemedicine modifier to bill for 
Tele-ICU services that do not qualify for critical 
care by time or acuity. Some insurers are starting 
to recognize and reimburse these codes, but total 
collection is a small proportion of services ren-
dered [42, 58].

Some Tele-ICUs have been able to charge 
client ICUs a per bed fee or per unit fee for cov-
erage [42]. This fee may include capital costs, 
costs for operation of the Tele-ICU and payment 
for Tele- ICU staff salaries. Additional charges 
for consultations or as needed interventions may 
be added on a case by case basis or billed using 
an estimate agreed upon prior to initiation of 
services. Client ICUs and payors may find this 
form of direct payment attractive if they antici-
pate the presence of the Tele-ICU will signifi-
cantly reduce the cost of caring for ICU patients. 
Stand-alone Tele-ICU companies likely obtain 
most of their revenue from contracts such as 
this. Direct reimbursement via a contractual 
arrangement is imprecise and subject to over or 
underestimation of the value of services pro-
vided. Contracts would likely have to be renego-
tiated based on the performance of the Tele-ICU, 
changes in Tele-ICU operating costs, changes in 
client ICU practice patterns and changes in 
patient acuity. These contracts, may in part, be 
based on an estimation of indirect revenue.

 Indirect Revenue

While direct billing by Tele-ICU providers is 
small, cost savings are potentially great if proper 
implementation of the Tele-ICU is achieved. 
Investigators have documented the increased 
direct cost of caring for patients with Tele-ICU 
[59, 60]. Lilly et al. [61] tried to quantify the cost 
savings (or cost avoidance) using a concept 
referred to as the annual direct contribution mar-
gin (ADCM) which is defined as the aggregated 
net case revenue minus the direct costs of care. 
The direct cost of care includes the expense of 
operating the Tele-ICU.  The study compared 
three different groups of patients: (1) non-Tele 
ICU patients, (2) Tele-ICU with full monitoring 
and intensivist intervention, and (3) full Tele-ICU 
with additional logistic center support. The logis-
tic center support was comprised of 51 care- 
standardization and quality improvement 
projects. Both Tele-ICU groups provided cover-
age 24/7. The investigators found that the pres-
ence of both Tele-ICU models resulted in reduced 
hospital LOS and increased case volume. This 
meant that more patients were admitted to and 
discharged from the ICU in a given period. The 
reduced LOS and increased case volume resulted 
in a steep rise in per case revenue with only a 
small rise in per case cost. Earlier investigators 
[5, 62] found a similar relationship between 
increased revenues and reduced ICU LOS.

Lilly et al. observed an aggregate annual cost 
of $142 million pre-Tele-ICU, $182 million in 

Table 21.1 Tele-ICU codes recognized by Medicarea

CPT code Descriptor Duration (mins) Comments
G0508 Telehealth/initial consult 60 Critical care
G0509 Telehealth/follow-up 50 Critical care
G0406 Telehealth/inpatient/consult follow- up 15
G0407 Telehealth/inpatient/consult follow- up 25
G0408 Telehealth/inpatient/consult follow- up 35
G0425 Telehealth/ED or initial inpatient 30
G0426 Telehealth/ED or initial inpatient 50
G0427 Telehealth/ED or initial inpatient 70
99231 Inpatient follow-up/progress 15 Use 02 modifier for Telehealth
99232 Inpatient follow-up/progress 25 Use 02 modifier for Telehealth
99233 Inpatient follow-up/progress 35 Use 02 modifier for Telehealth
99356 Inpatient follow-up/prolonged service >70 Use 02 modifier for Telehealth

ahttps://hub.americantelemed.org/home, https://www.excellusbcbs.com/wps/wcm/connect (Medical Policy – Excellus – 
12/31/2018) accessed 01/23/2019
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the full Tele-ICU group and $200 million in the 
Tele-ICU logistic center group [61]. The ADCM 
(aggregate annual income minus aggregate 
annual cost) was $7.9 million in the pre-Tele- 
ICU group, $37 million in the full Tele-ICU 
group and $60 million in the Tele-ICU logistic 
center group. Not only did this study demonstrate 
that Tele-ICUs can quickly bring a return on 
investment (start-up costs were recovered after 
2¾ months of full Tele-ICU operation) but it also 
demonstrated the dose-response aspect of Tele- 
ICU.  The largest ADCM was achieved in the 
Tele-ICU model with the greatest involvement in 
the operations of the ICU. It is likely that the sig-
nificant implementation costs and uncertain 
financial benefits of the Tele-ICU may be limit-
ing wider adoption of an intervention with proven 
benefits. The results of the study are encouraging 
for proponents of the Tele-ICU but will have to 
be repeated by other investigators if more health-
care systems are to adopt a Tele-ICU solution.

 Conclusions/Future Challenges

With holistic implementation of Tele-ICU (spe-
cifically the centralized, continuous model) to 
moderate and high acuity ICU patients, the 
improvements in ICU mortality and in-hospital 
mortality are clear. The impact on ICU LOS is 
probably also real. Several areas require more 
study regarding the impact of Tele-ICU on out-
comes. The most robust data exists for the con-
tinuous and centralized models for Tele-ICU 
[23]. Decentralized and consultative models 
exist and are in use. It is less clear how these 
models will impact patient-centered outcomes 
and system- centered outcomes (such as cost 
and inter-hospital transfers). The assumption 
that decentralized, consultative models func-
tion as well as the centralized-continuous may 
not be valid.

It is becoming clear that acuity scoring sys-
tems such as APACHE II, SOFA and DRS can be 
used for continuous assessment of illness severity 
in the Tele-ICU environment. Further assessment 
of acuity scoring systems and proprietary algo-
rithms are needed to ensure that the scoring sys-

tems are performing as intended. Do these 
constructs all have the impact on patient-centered 
outcomes as the tools used in the original studies 
[6, 7, 40]?

Sepsis is an ideal critical illness where appli-
cation of illness severity systems is possible. 
Data obtained from the EMR, and laboratory can 
be used by acuity scoring systems to identify 
patients with severe sepsis. This data is presented 
in an automated fashion to Tele-ICU staff thus 
reducing the need for labor intensive chart review. 
The Tele-ICU can improve outcomes by screen-
ing large numbers, promoting adherence to best 
practice and providing ongoing surveillance for 
adverse events [45].

Newer technology such as mobile Tele-ICU 
units (or avatars and robots) can take two-way 
audiovisual technology to the bedside at any unit 
in a hospital. This capability is attractive because 
it can reduce costs as less up-front capital is used 
to equip rooms with cameras, speakers and 
microphones. In areas where there is unpredict-
ability regarding which beds are used for the 
critically ill (such as EDs), mobile units offer 
flexibility. Mobile units could also participate in 
work rounds in or outside of patient rooms. As 
attractive as this new technology appears, careful 
analysis during implementation is required to 
assess its actual impact on critical care.

Improvements in fee for service billing in the 
Tele-ICU may not significantly increase the pro-
portion of direct revenue generated by the Tele- 
ICU but will help document effort. Documentation 
in the medical record [63] can offer an estimate 
of Tele-ICU effort. However, it is reasonable to 
suspect that use of CPT codes will formalize doc-
umentation and contribute to the relative value 
unit (RVU) calculations that are used to assess 
providers. Even if there is no reimbursement by 
payors, use of CPT codes will provide valuable 
data to assist in future assessments of Tele-ICU 
outcomes and usage.

With respect to indirect revenue, more studies 
which adjust income estimates for the cost sav-
ings (related improved outcomes attributable to 
Tele-ICU) need to be performed [61]. Other 
investigators will need to obtain similar results 
to establish the generalizability of the financial 
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outcomes. Decentralized and consultative mod-
els should be subjected to the same analysis to 
establish favorable cost–benefit ratios of these 
models.
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r-CLAD Restrictive chronic lung allograft 
dysfunction

SCD Standard-criteria donor

 Introduction

The history of lung transplantation starts in the 
1940s: researchers tried to perform lung trans-
plantation, initially in laboratory animals fol-
lowed by human to human. Many of these early 
attempts were unsuccessful, and even after 
successful lung transplantation, most lungs 
were ultimately rejected despite the use of var-
ious immunosuppressants available at that 
time. The first human single lung transplanta-
tion was performed in 1963 by James Hardy in 
Mississippi, using the left lung of a circulatory 
death donor. The patient survived for 18 days 
before dying of renal failure. Over the next 
decade, many more lung transplantations were 
performed, with limited success: few patients 
survived over 2 weeks. At that time, the lead-
ing causes of death were peri-operative prob-
lems. Subsequent improvements in surgical 
techniques and especially the introduction of 
immunosuppressive drugs such as cyclosporin 
and tacrolimus resulted in rapid progress in the 
1980s, with the first successful heart-lung 

transplantation in 1981  in Stanford by Bruce 
Reitz and the first single lung transplantation 
in Toronto in 1983 by Joel Cooper [1]. The sec-
ond successful lung transplantation from a cir-
culatory death donor was reported by Steen 
[2]. These advances led to higher success rates 
and transplant centers all over the world started 
developing their programs. Today over 100 
transplant centers in Europe and North America 
are active, although the majority of lung trans-
plantations is still performed in a small number 
of highly specialized centers (see Fig.  22.1). 
As short-term survival improved substantially, 
more patients developed long-term complica-
tions [3]. These long-term complications com-
promised the initially increased quality of life 
(QoL) due to restored normal pulmonary func-
tion [4].

Nowadays, lung transplantation is an accepted 
therapeutic option for many end-stage lung dis-
eases like chronic obstructive pulmonary disease 
(COPD), Alpha-1 antitrypsin deficiency 
(AATD), cystic fibrosis (CF), idiopathic pulmo-
nary fibrosis (IPF), pulmonary fibrosis due to 
other causes (i.e. hypersensitivity pneumonitis, 
sarcoidosis, scleroderma, rheumatoid arthritis) 
and pulmonary arterial hypertension (PAH) [5]. 
There are four main types of lung transplanta-
tion; the choice of transplantation type depends 
on the indication, age, and patient characteris-
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tics. First, heart-lung transplantation is per-
formed with the assistance of cardiopulmonary 
bypass, and mainly for pulmonary arterial 
hypertension. The second type is unilateral lung 
transplantation, which is increasingly rarer, 
where the least functional lung is replaced, 
mainly used for older pulmonary fibrosis or 
COPD patients. Third and most practiced, dou-
ble lung transplantation, where both lungs are 
sequentially replaced by a donor lung, which can 
sometimes be performed without the use of a 
cardiopulmonary bypass. Finally, lobar lung 
transplantation is even more seldom performed 
than unilateral lung transplantation. For exam-
ple, when young patients with CF undergo living 

donor lobar transplant from their parents in the 
event of lacking a suitable donor (living-related 
donor transplantation), or when there is a consid-
erable size mismatch between a large donor and 
a small receptor. In 2016, the International 
Society of Heart and Lung Transplantation 
(ISHLT) reported 62 heart-lung transplantations, 
3.748 bilateral lung transplantations, and 913 
single lung transplantations.

Lung transplantation is not possible without 
donors. Due to the lack of experience, donor’s 
lungs were initially selected very strictly [6]. 
However, over the last decade, with increased 
experience, leading transplant centers started to 
progressively use more donor lungs that do not 

Table 22.1 Indications and contraindications for lung transplantation [13, 14]

Indications
  Clinically and physiologically severe disease for which medical therapy is ineffective or unavailable
  >50% risk of death from lung disease without transplantation within 2 years

  >80% likelihood of surviving ≥90 days after lung transplantation
  >80% predicted 5 years survival if preserved graft function
  Absence of nonpulmonary medical comorbidity that would be expected to limit life expectancy substantially in 

the first 5 years after transplantation
  Satisfactory psychosocial profile and support system
Contraindications
Absolute
  Malignancy in the last 2 years
  Uncontrolled or untreatable pulmonary or extrapulmonary infection
  Active Mycobacterium tuberculosis infection
  Significant dysfunction of other vital organs (e.g., heart, liver, kidney, and brain)
  Significant coronary heart disease not amenable to revascularization
  Uncorrectable bleeding diathesis
  Significant chest wall/spinal deformity expected to cause severe restriction after transplantation
  Active tobacco smoking
  Drug or alcohol dependency

  BMI ≥35 kg/m2

  Unresolved psychosocial problems or noncompliance with medical therapy
Relative
  Age > 65 years (if associated by other relative contraindications)
  HIV infection
  Ongoing hepatitis B or C viral infection
  Colonization or infection with highly resistant or highly virulent bacteria, fungi, and certain strains of 

mycobacteria (e.g., in CF or bronchiectasis)
  Extensive prior thoracic surgery with lung resection
  Severe or progressive malnutrition
  Severe, symptomatic osteoporosis
  30 < BMI < 35 kg/m2

  Absence of a consistent or reliable social support system

BMI body mass index, HIV human immunodeficiency virus, CF cystic fibrosis
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fully meet these criteria, to make up for the 
shortage of lung donors [7, 8]. Also, the donor 
lung was initially preserved on ice, inducing cold 
ischemia, and consequently leading to damage 
of the donor lung. Some centers reported good 
results using ex-vivo lung perfusion (EVLP), in 
which the lung is perfused outside of the body 
[9, 10]. Immediately after lung transplantation, 
numerous complications can occur, varying 
from primary graft dysfunction (PGD), infec-
tion to acute rejection, among others. The major 
long-term complication still consists of gradu-
ally increasing shortness of breath, due to pro-
gressive deterioration of pulmonary function, 
known as chronic lung allograft dysfunction 
(CLAD). CLAD is regarded as the main limita-
tion to long- term survival after lung transplanta-
tion, namely 57% 5-year survival, which is still 
limited compared to other solid organ transplan-
tations (i.e., after kidney transplantation a 
10-year all-cause graft failure of 51.6% is 
reported) [11, 12]. The best-studied phenotypes 
of CLAD are bronchiolitis obliterans syndrome 
(BOS) and restrictive allograft dysfunction 
(RAS).

This chapter will discuss the many specialized 
procedures involved in lung transplantation, 
starting with the selection of donors and recipi-
ents, care for the donor lung, acute complica-
tions, and their prevention; and finally the most 
pressing issue in lung transplantation today: 
CLAD.

 Surgical Issues

Lung transplantation is considered for patients 
with end-stage lung diseases who, despite maxi-
mal medical or surgical therapy, experience a 
decline in clinical status. This usually means 
patients who have a limited life expectancy over 
the next 2 years and are symptomatic during 
activities of daily living. Indications and contra-
indications for lung transplantation have been 
developed by the ISHLT and are listed in 
Table 22.1 [13, 14].

Not all organ donors are suitable to be lung 
donors. Strict criteria of the “standard-criteria 
lung donor” (SCD) have previously been defined; 
donors meeting these criteria are considered 
“ideal” (Table  22.2) [6]. Only 15–25% of all 
multi-organ donors are suitable for lung trans-
plantation, due to injury from cardio-pulmonary 
resuscitation, lung contusion, airway aspiration, 
and pulmonary infection at the time of brain 
insult, as well as underlying lung disease [15]. 
This scarcity of suitable donor organs leads to 
persistent mortality of patients on the waiting list; 
and thus these criteria have been liberalized to 
“extended-criteria lung donors” (ECD) in order 
to increase the number of transplantable donor 
organs [7, 8]. ECD are lung donors not matching 
the strict criteria of an SCD, for example, because 
of pre-existing conditions, a smoking history of 
more than 20 pack-years or hepatitis, among oth-
ers. There is no consensus about ECD, and mul-
tiple centers report different criteria [16–20]. 
This increase of transplantable lungs is associ-
ated with a negative impact on early outcome: 
prevalence of severe PGD, length of stay in 
 intensive care unit (ICU) and duration of mechan-
ical ventilation [16, 18]. There is still debate 
about whether the use of ECD lungs compro-
mises long-term clinical outcomes [17–20]. 
Figure  22.2 shows the increased use of ECD 
lungs in lung transplantation [16].

Up till now, donor’s lungs were mainly stored 
on ice; EVLP is an alternative to cold static lung 
preservation and a new form of isolated lung per-
fusion in normothermic conditions. It is achieved 
using a pump-driven perfusion machine that 
recirculates a preservation solution through the 

Table 22.2 Standard-criteria lung donor [6]

Age < 55 years
ABO compatibility
Clear serial chest X-ray
Normal gas exchange (PaO2 > 300 mm Hg on FiO2 
1.0, PEEP 5 cm H2O)
≤20-pack-year smoking history
Absence of chest trauma
No previous surgery on side(s) of harvest
No evidence of aspiration or sepsis
Absence of purulent secretions at bronchoscopy
Absence of organisms on sputum gram stain
Appropriate size match with prospective recipient

PaO2 arterial partial pressure of oxygen, FiO2 fractional 
inspired oxygen, PEEP positive end-expiratory pressure
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vasculature of the lung in addition to protective 
mechanical ventilation. The main potential ben-
efit is, in the first place, longer storage time (up to 
18 hours, compared to cold storage preservation, 
which can only preserve the lung up to 6 hours) 
and the resultant optimization of logistics for 
lung transplantation [9, 10]. Secondly, the possi-
bility of reconditioning the lung and, therefore, 
the possibility of transplantation of lungs that 
otherwise would not be used [21–25]. However, 
in several centers, many of the lungs initially not 
considered transplantable are already trans-
planted as an ECD lung without the use of EVLP, 
with comparable results in large experienced cen-
ters [16, 26]. Thus, clinical trials still have to 
demonstrate if the potential advantages weigh 
against the costs of the EVLP.

Another new development in lung transplanta-
tion is the use of extracorporeal lung support, 
which can be utilized to bridge deteriorating 
patients to lung transplantation. This is not a 
commonly used technique, although there are 
promising results, with bridging up to 140 days, 
which could reduce mortality on the waiting list 
[27–30].

 Acute Lung Allograft Dysfunction

Every lung transplantation patient receives life- 
long treatment with immunosuppressive drugs in 
order to avoid rejection of the graft by the immune 
system. Standard maintenance therapy consists 
of triple-drug therapy, including a calcineurin 
inhibitor (cyclosporin or tacrolimus), an antipro-
liferative agent (azathioprine or mycophenolate 
mofetil (MMF)) and a corticosteroid (e.g., pred-
nisolone), although protocols may vary from cen-
ter to center [31].

In the years after transplantation, patients may 
develop an acute deterioration of pulmonary 
function status, with a rapid increase in shortness 
of breath. This is known as acute lung allograft 
dysfunction (ALAD). Many conditions causing 
ALAD are known and can be treated, after which 
the FEV1 and forced vital capacity (FVC) should 
usually restore to baseline values. If, however, 
the pulmonary function decline is not restored to 

>90% of baseline and maintains for at least 3 
weeks, CLAD may be suspected [32].

First, primary graft dysfunction (PGD) is a 
common complication that occurs immediately 
after lung transplantation, resulting in acute fail-
ure of the graft. In the past, it was also referred to 
as ischemia-reperfusion injury, early graft dys-
function, primary graft failure or re-implantation 
edema. PGD occurs within the first 72 hours after 
lung transplantation and is characterized by 
severe hypoxemia, lung edema with diffuse alve-
olar damage and radiographic evidence of diffuse 
pulmonary infiltration without other identifiable 
cause (Fig. 22.3). The radiographic and histologi-
cal findings resemble acute respiratory distress 
syndrome (ARDS) [33–37]. Several harmful 
events may contribute to the development of 
PGD, such as prolonged mechanical ventilation, 
prolonged warm ischemia, cold ischemia during 
storage in cold preservation solution, reperfu-
sion, and peri-operative insults. Several risk fac-
tors exist and are summarized up in Table 22.3 
[38–40]. This complication leads to prolonged 
length of mechanical ventilation, prolonged ICU 
stays, prolonged hospital stay and even increased 
short-term mortality, but may also have an impact 
on long-term survival, as it might impact the later 
development of BOS, a phenotype of CLAD [41–
45]. This long-term impact may, however, be 
modified by accurate treatment. Only supportive 

Fig. 22.3 CT at 72 hours posttransplantation of a patient 
diagnosed with PGD. PGD scores were 1, 3, and 2 at 24, 
48, and 72  hours of posttransplantation, respectively, 
according to the ISHLT grading system of PGD [37]. CT 
computed tomography, PGD primary graft dysfunction, 
ISHLT International Society for Heart and Lung 
Transplantation
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treatment is available for PGD, including lung- 
protective ventilation, restrictive fluid balance, 
inhaled nitric oxide (iNO), and finally extracor-
poreal membrane oxygenation (ECMO) [38, 46–
48]. No preventive treatment options have proven 
to be effective, and retransplantation can be con-
sidered, but predicted survival in this setting is 
poor, and therefore retransplantation for severe 
PGD is not recommended [49].

Moreover, as a result of the mandatory life-
long immunosuppression and its resultant 
immune system impairment, lung transplant 
patients are more vulnerable to infectious agents, 
both bacterial, viral and fungal [50]. Infection 
should therefore always be excluded before a 

diagnosis of acute allograft rejection is made 
[51]. There are four main clinical scenarios 
resulting in an infection in a lung transplant 
patient. First of all, recipients can host infections 
from a wide range of microorganisms prior to 
transplantation (especially patients with CF). 
Second, colonization with nosocomial organisms 
occurs frequently during hospitalization. Third, 
lung grafts could transfer infections from donors 
to recipients. Finally, transplanted patients are, as 
previously mentioned, more prone to severe 
community- acquired or nosocomial infections 
with relatively innocuous infectious [52]. Time 
affects which type of infection a lung transplant 
patient can develop (Table 22.4) [50]. However, 
infections are more difficult to diagnose in lung 
transplant patients as classic symptoms such as 
fever, loss of appetite, fatigue, chills, night sweats 
and pain may be unremarkable or absent, whereas 
white blood cell count is commonly altered due 
to immunosuppressive therapy; also, loss of lung 
function may be observed in lung infection but is 
also a common trait in acute and chronic rejec-
tion. The main technical investigations that 
should be undertaken to diagnose an infection 
and differentiate between infection and rejection 
are a bronchoalveolar lavage (BAL) with culture, 
transbronchial biopsies and chest computed 
tomography (CT).

Another frequent complication is acute lung 
allograft rejection, especially during the first 
year after lung transplantation, which does not 
cause mortality per se is frequently treatable 
with a short pulse of IV steroids. However, 
mortality should not be neglected as 3.6% of 
deaths among adult lung transplant recipients 
within the first 30 days, respectively, and 1.8% 
up to 1-year posttransplant are attributable to 
acute rejection. Twenty-nine percent of adult 
patients experience at least one episode of 
treated acute rejection between discharge from 
the hospital and 1-year follow-up after trans-
plant [51, 53]. This complication should not be 
underestimated as patients who suffer one or 
more episodes of acute rejection already have a 
higher risk for later CLAD [51]. Symptoms are 
nonspecific and may include cough, dyspnea, 
fever, leukocytosis, and an increased alveolar-

Table 22.3 Risk factors for development of primary 
graft dysfunction [38–40]

Donor-related factors
  Donor smoking (especially >20 pack years)
Operative-related factors
  Single-lung transplant
  Prolonged cold ischemic time
  High fractional inspired oxygen upon reperfusion
  Poly-transfusion
  Intracellular type preservation solutions
  Use of cardiopulmonary bypass
Recipient-related factors
  BMI ≥ 25
  Sarcoidosis
  IPF
  Primary PAH
  Increased pulmonary arterial pressures

BMI body mass index, IPF idiopathic pulmonary fibrosis, 
PAH pulmonary arterial hypertension

Table 22.4 Category of infections in function of time 
[50]

First post-operative month
  Infections with microbes present in the donor or 

recipient
  Nosocomial infections
  Infections related to technical problems (e.g., 

catheter infections)
1–6 months after transplantation
  Opportunistic infections
  Reactivation of latent infections
6 months or more after transplantation
  Infections due to community-acquired pathogens

22 Lung Transplantation and Precision Medicine



342

arterial oxygen gradient. High resolution com-
puted tomography (HRCT) of the chest may 
show ground-glass opacities and septal thicken-
ing, which are nonspecific features [54]. Risk 
factors for acute rejection are genetic predispo-
sition, human leukocyte antigen (HLA) mis-
match and the type of immunosuppressive 
treatment [54]. Transbronchial biopsies remain 
the gold standard for diagnosis of acute allograft 
rejection and to discriminate it from aspiration, 
infection, drug toxicity, or recurrent disease 
[51]. There are different types of acute lung 
allograft rejection, first the classic and most 
frequent form of acute lung allograft rejection: 

acute cellular rejection, which is divided into 
A-grade rejection and B-grade rejection: lym-
phocytic bronchiolitis (LB). A-grade rejection 
is characterized by perivascular rejection and is 
mediated by T lymphocytes that recognize for-
eign HLAs or other antigens. Transbronchial 
biopsy displays perivascular and interstitial 
mononuclear cell infiltrates (Fig.  22.4a), 
whereas BAL presents elevated lymphocyte 
and neutrophil counts [54]. LB is considered an 
acute rejection of the small  airways mediated 
by T-lymphocytes, peribronchial mononuclear 
cell infiltration and sometimes epithelial dam-
age of the airways can be observed on concur-

a

b

Fig. 22.4 Histopathological findings in patients with 
acute lung allograft rejection [55]. (a) Minimal acute cel-
lular rejection (grade A1, ×40). The hallmark feature of 
acute cellular rejection is the presence of truly circumfer-
ential perivascular cellular infiltrates around blood vessels 
in the alveolar parenchyma, particularly small veins. 
These perivascular cuffs consist of mononuclear cells, two 
to three cells in thickness. Eosinophililic infiltration, 
endothelialitis or expansion of the cellular infiltrate into 
the alveolar septa is absent in minimal acute rejection. (b) 

High-grade lymphocytic bronchiolitis (grade B2R). The 
lamina propria contains a prominent infiltrate of activated 
lymphocytes; admixed with some plasmacytoid cells, 
neutrophils, and eosinophils. This mononuclear infiltrate 
extends into the epithelium, with the presence of promi-
nent intra-epithelial lymphocytes. The overlying epithe-
lium further shows signs of epithelial damage, evidenced 
by necrosis and apoptosis. (Representative pictures from 
selected cases from the KULeuven Lung Transplant Unit)
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rent transbronchial biopsies (Fig.  22.4b) [55]. 
Second, antibody-mediated rejection (AMR), 
which is a rejection of the allograft by the pro-
duction of antibodies directed to donor HLA 
molecules [56]. These antibodies may be 
formed prior to transplantation or de novo. 
Findings on transbronchial biopsies are mostly 
non-specific: capillary inflammation and acute 
lung injury, with or without diffuse alveolar 
damage (DAD) and endothelialitis, sometimes 
with evidence of endothelial capillary comple-
ment 4d staining. In addition to clinical find-
ings and transbronchial biopsies, diagnosis of 
AMR can be suspected when donor-specific 
antibodies (DSA) are found in the blood [51, 
57]. Also, there is a form of AMR known as 
hyperacute rejection, which occurs minutes to 
hours after transplantation and is mediated by 
preformed antibodies directed toward donor 
HLA and ABO molecules [58].

Another cause of ALAD is azithromycin 
responsive allograft dysfunction (ARAD), which 
was previously also referred to as neutrophilic 
reversible allograft dysfunction (NRAD) or 
azithromycin responsive BOS [32]. It is charac-
terized by active inflammatory lesions, and 

 transbronchial biopsy is characterized by a promi-
nent peribronchiolar infiltrate of mononuclear cells 
(macrophages and lymphocytes), while BAL often 
presents excess neutrophilia. This phenotype is 
important to recognize as it is treatable with 
azithromycin: after 3–6  months of azithromycin 
therapy, the forced expiratory volume in 1 second 
(FEV1) decline may be reversible (defined as an 
FEV1 and/or FVC increase to >90% of the best 
posttransplant values). HRCT typically shows air 
trapping, tree-in-bud opacities and peribronchiolar 
infiltrates, of which the last two features may 
improve after azithromycin therapy [32, 59, 60]. 
Apart from treating ARAD, azithromycin may also 
prevent it [61]. On the other hand, some patients do 
not respond to azithromycin therapy, with persis-
tent shortness of breath and BAL neutrophilia. This 
azithromycin resistant neutrophilia compromises 
survival and is a risk factor for later CLAD [62].

Other causes of ALAD can be capillary leak 
syndrome, anastomotic problems (e.g., dehis-
cence of bronchial anastomoses) and pulmo-
nary embolism, among others. Infection and 
allograft rejection remain, however, the lead-
ing cause of rehospitalization after lung trans-
plant (Fig. 22.5).

Up to 1 year
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Fig. 22.5 Rehospitali-
sation post lung 
transplant. This figure 
shows the 
hospitalizations reported 
on the 1-year, 3-year, 
and 5-year follow-up. 
All follow-ups between 
January 2009 and June 
2017 were included. 
(Based on data from the 
International Society of 
Heart and Lung 
Transplantation)
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 Chronic Lung Allograft Dysfunction

This part will mainly focus on the causes of long- 
term deterioration of pulmonary function, but 
one has to keep in mind that due to the chronic 
use of immunosuppressive drugs, lung transplant 
patients have an increased risk to develop malig-
nant conditions (e.g., lymphoproliferative disor-
der), infections, or other complications (e.g., 
increased cardiovascular risk, kidney failure, 
among others).

CLAD is a term that encompasses chronic 
lung dysfunction after transplantation that is not 
explained by other conditions. CLAD is defined 
as a persistent (at least 3 weeks), often progres-
sive, decline in pulmonary function (FEV1 with/
without FVC)  ≥  20% from baseline (baseline 
defined as the average of the two best posttrans-
plant values for FEV1 and FVC obtained at least 
3  weeks apart) [32, 63]. Potential CLAD is 
defined as a persistent (at least 3 weeks), other-
wise unexplained decline in pulmonary function 
≥10% from baseline. Potential CLAD should 
always trigger an in-depth investigation of pos-
sible causes of pulmonary function decline, 
including blood sampling (HLA-antibodies, 
infection parameters), full pulmonary function 
testing (measurement of total lung capacity 
(TLC) and residual volume (RV), in addition to 
spirometry), transbronchial biopsy specimen 
analysis, BAL with total and differential cell 
count, and chest HRCT with inspiratory and 
expiratory imaging. If no cause is found, trial 
therapy with azithromycin should be started to 
differentiate between CLAD and ARAD (see 
Fig.  22.6) [32, 63]. Definite CLAD is a term 
used when all other causes are treated or 
excluded, azithromycin trial therapy was not or 
only partially successful, and lung allograft dys-
function continues for at least 3 months [63]. 
CLAD is a common long-term complication, its 
prevalence increasing over post lung transplanta-
tion time (Fig. 22.7) [11].

There are several different terms in the litera-
ture: CLAD, BOS, chronic rejection, and oblit-
erative bronchiolitis (OB) are used 
interchangeably, which needs clarification. OB is 
a histopathologic term that was the main finding 

initially described in autopsies from patients who 
were believed to have died of chronic rejection. 
Because of the clinical need for a clinical defini-
tion instead of a histological one, the term bron-
chiolitis obliterans syndrome (BOS) was 
proposed, which was defined by spirometry by 
Cooper et  al. [64]. A few years ago, more and 
more patients with an FEV1-decline associated 
with a restrictive pulmonary defect were reported, 
which led to the introduction of restrictive 
allograft syndrome (RAS) [65]. CLAD should 
not be used as a synonym for BOS or RAS, but 
includes all cases of BOS and RAS and mixed 
phenotypes of RAS and BOS. CLAD encom-
passes multiple causes of chronic lung dysfunc-
tion and is therefore also no synonym for chronic 
rejection.

Thus, CLAD is an umbrella term, not a final 
diagnosis. Furthermore, before the use of the 
term CLAD, other causes of a decreased 
 pulmonary function must be excluded, and 
reversibility after azithromycin must be assessed. 
Therefore, potential CLAD patients should be 
thoroughly investigated to find a specific cause of 
persistent decreased pulmonary function. There 
are several non-CLAD causes of pulmonary 
function decline (previously referred to as non-
BOS, non-RAS CLAD) [32]. These can be either 
allograft-related (persistent infection, persistent 
acute rejection, anastomotic strictures, disease 
recurrence) or non-allograft-related (pleural dis-
orders, diaphragmatic dysfunction, obesity, asci-
tes, and chronic kidney failure, among others), or 
a combination of both. Despite the possibility of 
specific treatment, patients with identifiable 
causes of chronic pulmonary function decline 
show equally decreased survival compared to 
BOS or RAS [32, 66].

When no specific cause is found, and the 
FEV1 decline is not only persistent but also 
purely obstructive (FEV1/FVC < 0.70, with no 
drop in TLC) the term BOS should be used to 
describe this clinical phenotype (Fig.  22.8a). 
BOS accounts for approximately 70% of 
CLAD patients [65, 67]. Histopathological 
reports from transbronchial biopsies and 
autopsy specimens show fibrotic lesions of the 
bronchioles, known as OB lesions, with sur-
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rounding normal parenchyma, as well as col-
lapse lesions [68, 69]. HRCT changes, like air 
trapping with or without bronchiectasis, can be 
observed (Fig. 22.8b). There should be no per-
sistent infiltrates on HRCT.  In contrast to 
ARAD, BOS is not fully responsive to azithro-
mycin therapy [32].

A persistent FEV1 decline with no specific 
cause, accompanied by a persistent decline in 
TLC (>10% compared to baseline) is defined as 
restrictive allograft syndrome (RAS) (Fig. 22.8c), 
also referred to as restrictive CLAD (r-CLAD). 

RAS accounts for approximately 30% of CLAD 
[65, 67]. When TLC is not available, FEV1/FVC 
can be used as a surrogate marker (FEV1/
FVC > 0.70). RAS has a lower survival rate com-
pared to BOS, and the cause of this poor progno-
sis is unclear [32, 70]. Histopathology obtained 
from explanted lungs shows pleural and septal 
thickening and parenchymal fibrosis in the lung 
periphery [65]. HRCT demonstrates changes 
such as interstitial opacities, ground- glass opaci-
ties, upper lobe dominant fibrosis, and honey-
combing (Fig. 22.8d) [32]. The RAS phenotype 

LAD

ALAD

Acute
infection

Acute
rejection

Other

Azithromycin trial therapy
Non-CLAD causes of

pulmonary function decline

P-CLAD
FEVI and/or FVC ≤ 90% from baseline for ≥3 weeks

CLAD
FEV1 and/or FVC ≤ 80% from baseline for ≥3 weeks

BOS
FEV1 ≤ 80% from baseline for ≥3 weeks

AND
FEV1/FVC < 0,70

RAS
FEV1 ≤ 80% from baseline for ≥3 weeks

AND
•  TLC ≤ 90% from baseline
•  If TLC unavailable: FEV1/FVC > 0.70

No specific cause

Responsive

• Primary graft dysfunction
• Capillary leak syndrome
• Anastomotic problems
• Puimonary embolism

• ACR
• LB
• AMR

• ARAD

• Extra-allograft 
    • Pleural disorders
    • Diaphragmatic
      dysfunction
    • Obesity
    • Ascites
    • Chronic kidney
      failure

• Allograft 
    • Persistent infection
    • Persistent acute
      rejection
    • Anastomotic
      strictures
    • Disease recurrence

Specific cause

Nonresponsive

Fig. 22.6 Diagnosis of chronic lung allograft dysfunc-
tion [32]. In the case of suspected CLAD, all other causes 
of a decrease in FEV1 should be excluded. If no cause is 
found, a trial therapy with azithromycin should be started. 
If a patient is responsive (defined as an improvement in 
FEV1 with ≥10% after 3–6  months azithromycin), this 
phenotype is referred to as ARAD. If a patient is nonre-
sponsive, further investigations should differentiate 
between BOS and RAS. LAD lung allograft dysfunction, 

FEV1 forced expiratory volume in 1 second, FVC forced 
vital capacity, TLC total lung capacity, ALAD acute lung 
allograft dysfunction, CLAD chronic lung allograft dys-
function, P-CLAD potential chronic lung allograft dys-
function, ACR acute cellular rejection, LB lymphocytic 
bronchiolitis, AMR antibody-mediated rejection, ARAD 
azithromycin responsive allograft dysfunction, RAS 
restrictive allograft syndrome, BOS bronchiolitis obliter-
ans syndrome
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CLAD curve after lung 
transplantation. Lung 
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Fig. 22.8 Clinical features of RAS and BOS. (a) 
Pulmonary function of a patient diagnosed with BOS. The 
upper graph shows a decline in FVC, the lower graph a 
decline in FEV1. (b) HRCT of a patient diagnosed with 
BOS (c) Pulmonary function of a patient diagnosed with 
RAS. The upper graph shows a decline in FVC, the mid-

dle graph a decline in FEV1 and the lower graph a decline 
in TLC. (d) HRCT of a patient diagnosed with RAS. BOS 
bronchiolitis obliterans syndrome, FVC forced vital 
capacity, FEV1 forced expiratory volume in 1  second, 
HRCT high resolution computed tomography, RAS 
restrictive allograft syndrome, TLC total lung capacity
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is still a very heterogeneous entity, and there are 
no clear-cut guidelines for diagnosis. As a result, 
there is some overlap with other  (histological) 
phenotypes, such as acute fibrinous and organiz-
ing pneumonia (AFOP), pleuroparenchymal 
fibroelastosis (PPFE) and diffuse alveolar dam-
age (DAD). There is still debate whether these 

phenotypes are pathological subtypes of RAS or 
represent separate clinical entities [71].

These CLAD subtypes are not permanent, and 
there may be some overlap: some patients ini-
tially display a typical FEV1 decline compatible 
with BOS, but may subsequently develop the 
RAS phenotype. The frequency of each subtype 
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Fig. 22.8 (continued)
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can be found in Fig. 22.9. Development of persis-
tent parenchymal infiltrates on HRCT seems pre-
dictive of the conversion from BOS to RAS, even 
when initially the pulmonary function status is 
not consistent with a restrictive pattern. Likewise, 
some patients may first develop RAS, but end up 
with the classical BOS phenotype after the reso-
lution of their infiltrates. Table  22.5 shows an 
overview of the key features of the phenotypes of 
CLAD [32]. Many factors may contribute to the 
development of CLAD. Reported risk factors for 
RAS and BOS seem fairly similar and are 
summed up in Table 22.6 [72–74].

As mentioned before, every lung transplant 
patient receives life-long treatment with immu-
nosuppressive drugs in order to avoid graft rejec-
tion [31]. Treatment of CLAD by increasing or 
shifting immunosuppression (cyclosporin to 
tacrolimus, azathioprine to mycophenolate) and/
or steroids results at best in a temporary slowing 
the decline of pulmonary function [75, 76]. The 

addition of azithromycin may improve lung func-
tion in a subset of CLAD patients (mainly the 
BOS phenotype), even if they were not fully 
responsive to azithromycin therapy before, due to 
various anti-inflammatory and immunomodula-
tory properties, mainly targeting neutrophils [77–
79]. There is also evidence that prophylactic 
azithromycin initiated at discharge post lung 
transplantation can reduce CLAD prevalence and 
improve CLAD-free survival and pulmonary 
function [79, 80]. Also, several new therapies 
have been introduced, which may attenuate 
CLAD progression: total lymphoid irradiation 
(TLI), extracorporeal photophoresis (ECP), fun-
doplication, mTOR inhibitors, montelukast (a 
leukotriene receptor antagonist), and pirfenidone 
[81–88]. Whether it may be beneficial to lower 
immunosuppressive therapy, a therapeutic 
approach already practiced in other solid organ 
transplantation patients, e.g., kidney transplanta-
tion patients, remains elusive [89–92].
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Fig. 22.9 Prevalence of causes of chronic pulmonary function decline [66]. CLAD chronic lung allograft dysfunction, 
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 Conclusion

Lung transplantation is a life-saving intervention 
in patients with advanced lung disease. Although 
the technical aspects of the procedure have 
evolved significantly since the earlier days of the 
technique, the main challenge to precision and 
long-term survival after lung transplantation is 
the recognition and management of 
CLAD.  Prevention of CLAD is an important 
approach as therapeutic strategies have been 
largely unsuccessful. CLAD, however, covers 
different phenotypes, with different pathophysi-
ological mechanisms and different clinical 
 characteristics. Specifically tailored therapeutic 
regimes have yet to be developed. Nevertheless, 
lung transplantation is moving forward: with 
more and more experience in all centers, survival 
is improving (Fig. 22.10) and will hopefully soon 
reach the level of other solid organ 
transplantations.

Table 22.6 Risk factors for RAS and BOS [72–74]

Allo-immune dependent risk factors
Acute allograft rejection
  Acute cellular rejection –A-grade
  Acute antibody mediated rejection
  Lymphocytic bronchiolitis
  Azithromycin responsive allograft dysfunction
HLA mismatch
Allo-immune independent risk factors
Primary graft dysfunction
Gastroesophageal reflux and microaspiration
Infection and colonization
  Viral
  Bacterial
  Fungal
Persistent neutrophil influx and sequestration (elevated 
BAL neutrophilia)
Airway eosinophilia (elevated BAL eosinophilia)
Recipient age
Donor age
Autoimmunity (e.g., collagen V sensitization)
Ischemic time
Air pollution
Genetic factors

BOS bronchiolitis obliterans syndrome, RAS restrictive 
allograft syndrome, BAL bronchoalveolar lavage

Table 22.5 Key features of the main phenotypes of chronic lung allograft dysfunction [32]

Entity Classic BOS RAS
Pulmonary 
function

Obstructive (FEV1/FVC < 0.70) Restrictive (TLC ≤ 90% of stable baseline value) 
and/or FEV1/FVC > 0.70

FEV1 ≤ 80% of stable baseline value FEV1 decline ≤80% of stable baseline value
HRCT thoracic 
imaging

No/minimal infiltrates Infiltrates usually present
Air trapping usually present With/without air trapping
With/without bronchiectasis With/without bronchiectasis

Histopathology OB (difficult to diagnose by 
transbronchial biopsy specimen)

Parenchymal/pleural fibrosis with/without OB

Clinical course Typically progressive but may stabilize Tends to be relentlessly progressive
May evolve to RAS May start as or coincide with BOS
Recipients may have coexistent chronic 
bacterial infection

Other Usually responds poorly to 
pharmacologic therapies

Correlates with the presence of early diffuse 
alveolar damage posttransplant

BOS bronchiolitis obliterans syndrome, RAS restrictive allograft syndrome, FEV1 forced expiratory volume in 1 second, 
FVC forced vital capacity, TLC total lung capacity, OB obliterative bronchiolitis
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Precision in Mechanical Ventilation

Karen C. Dugan and Bhakti K. Patel

The first positive-pressure mechanical ventilators 
became available in the 1950s during the poliomy-
elitis epidemic and showed a significant mortality 
benefit. At that time, the goal of mechanical ventila-
tion was to restore ventilation [1]. Now, mechanical 
ventilation is one of the most common interventions 
implemented in the intensive care unit, and its indi-
cations have been expanded [2]. However, the main 
goals have remained the same: to improve gas 
exchange and relieve respiratory distress while 
allowing the patient and their lungs to heal.

 Ventilator-Induced Lung Injury

There is growing evidence that mechanical venti-
lation can cause worsening injury in previously 
damaged lung and initiation of damage in normal 
lungs, termed ventilator-induced lung injury 
(VILI). Accordingly, the goal of mechanical ven-
tilation is to not only provide adequate oxygen-
ation and ventilation but to mitigate damage 
caused by the ventilator itself. Alveolar overdis-

tension, atelectrauma, and biotrauma are consid-
ered the principal mechanisms behind 
VILI.  Pathologically, it is characterized by dif-
fuse alveolar damage, which consists of inflam-
matory cell-infiltrates, hyaline membranes, 
increased vascular permeability, and pulmonary 
edema [3].

 Alveolar Overdistension

Alveolar overdistension is the over distension of 
lung units caused by an increased transpulmo-
nary pressure either in the setting of excessive 
pressure (barotrauma) or volume (volutrauma) 
[4]. When airflow is zero at end inspiration, the 
transpulmonary pressure (Ptp) is the alveolar 
pressure (Palv) minus the intrapleural pressure 
(Pip) [5] (Fig. 23.1).

 Ptp Palv Pip= -  

There is no well-accepted clinical method for 
measuring the transpulmonary pressure, and 
therefore identifying alveolar overdistension is 
challenging. There are, nevertheless, many sur-
rogate measures to estimate the transpulmonary 
pressure and help limit overdistension along with 
atelectasis, which will be detailed below.
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 Atelectrauma

Atelectrauma is the repetitive opening and closing 
of terminal lung units causing lung injury [6]. It is 
caused by a small or negative transpulmonary pres-
sure at the end of exhalation [7]. Similar to alveolar 
overdistension, prevention of atelectrauma depends 
on optimizing the transpulmonary pressure.

 Biotrauma

Biotrauma is characterized by ventilator-induced 
release of inflammatory mediators that can exac-
erbate lung injury [8].

Because mechanical ventilation can cause 
VILI, the goal is to support the patient’s oxygen-
ation and ventilation, while reducing and ulti-
mately preventing damage caused by the 
ventilator. The strategies to reduce VILI, based 
on the pathophysiology of the lung disease, will 
be outlined below.

 Restrictive Disorders of the Lung

In restrictive lung diseases, the compliance of the 
lung is reduced, and thus, a greater pressure is 
required to generate a defined tidal volume. 
Common causes of decreased lung compliance are 
interstitial lung disease, cardiogenic pulmonary 
edema, and acute respiratory distress syndrome 
(ARDS). Most often, identification of a restrictive 

disorder of the lung is through a patient’s medical 
history and imaging. However, clues on the venti-
lator that a patient has a restrictive disorder include 
decreased compliance, increased plateau pressure, 
and a low shoulder on the early portion of the pres-
sure versus time tracing [9] (Fig.  23.2). Most 
research in mechanical ventilation has been per-
formed in patients with ARDS and can be extrapo-
lated to patients with interstitial lung disease. In 
order to reduce VILI in patients with restrictive 
lung disorders, strategies to optimize the transpul-
monary pressure and decrease both alveolar over-
distension and atelectasis will be outlined below.

 Low Tidal Volume Ventilation in ARDS

Patients with acute respiratory distress syndrome 
(ARDS) have areas of nonaerated lung units 
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Palv = 20

Passive on
ventilator

Pip = -8

Ptp = 20-(-8) = 28
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Ptp = 20-8 = 12

Fig. 23.1 Transpulmonary pressure differences between spontaneously breathing and passive patients
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Fig. 23.2 Evidence of restrictive lung disease on the ven-
tilator. Elevation of plateau pressure (arrow 1) and low 
shoulder on the pressure curves (arrow 2)
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interspersed with relatively normal aerated lung 
units [10]. Because of this, there is a smaller vol-
ume of lung available for ventilation, and a 
smaller tidal volume should be used to prevent 
regional overdistension of the normal, aerated 
lung. The 2000 ARDSNet trial (also referred to as 
the ARMA trial) intended to prove this. Patients 
with ARDS were randomized to a lung-protective 
strategy with low tidal volume (6  mL/kg ideal 
body weight) versus high tidal volume (12 mL/kg 
ideal body weight). The trial was stopped early 
given a significant decrease in mortality in the 
low tidal volume group (31% vs. 40%) when 
compared to the high tidal volume group. The 
number needed to treat was 11 to prevent one 
death with an absolute risk reduction of 9% [11]. 
A more recent Cochrane meta-analysis confirmed 
these results, and low tidal volume has become 
the standard of care [12].

 Low Tidal Volume Ventilation 
in Non-ARDS

Low tidal volume ventilation (LTVV) in criti-
cally ill and surgical patients without ARDS is 
also associated with better clinical outcomes, 
although the data are limited and based on small 
randomized, controlled trials (RCT) and observa-
tional studies [13, 14]. Recently, the PReVENT 
study randomized critically ill patients without 
ARDS to either LTVV versus intermediate tidal 
volume ventilation (10 mL/kg ideal body weight) 
[15]. However, a majority of the patients in both 

groups did not achieve their target volumes, and 
thus, it is difficult to come to a conclusion regard-
ing the potential benefit of LTVV versus interme-
diate tidal volume ventilation in non-ARDS 
patients [16].

 Prone Positioning

Prone positioning has been used since the 
1970s to treat refractory hypoxemia in patients 
with ARDS. It is thought that placing a patient 
prone allows for a more even distribution of 
transpulmonary pressure, resulting in more 
homogenous lung aeration [17]. In 2013, 
Guerin et  al. published a randomized, con-
trolled trial comparing prone positioning to 
supine positioning in patients with severe 
ARDS. There was a significant mortality ben-
efit when compared to the supine position [18]. 
Proning patients with severe ARDS has become 
the standard of care.

 Plateau Pressure

A surrogate measure of alveolar pressure, the 
plateau pressure (Pplat) is the pressure applied to 
the alveoli at end inspiration. It is measured in a 
passive patient on the ventilator as the pressure 
during an inspiratory hold maneuver (Fig. 23.3). 
It can also be calculated in a spontaneously 
breathing patient by a method using the expira-
tory time constant (ϒE).

 
Pplat Vt PIP Vt PEEP Vt ViE= ´( ) - ´( )éë ùû + +( )éë ùû/ ¡

where Vi is the inspiratory flow, PIP is the peak 
inspiratory pressure, Vt is the tidal volume, PEEP 
is the positive end-expiratory pressure, and ϒE is 
estimated from the slope of the passive expiratory 
flow curve between 0.1 and 0.5 seconds [19].

The plateau pressure is often taken as an 
approximation of end-inspiratory lung- distending 
pressure, or transpulmonary pressure. During full 
ventilator support, the plateau pressure is deter-
mined by the tidal volume (Vt), compliance of 
the respiratory system (Crs), and positive end- 

expiratory pressure (PEEP) [20]. Therefore, 
changes in tidal volume and PEEP can alter the 
plateau pressure.

 Pplat Palv Vt Crs PEEP= = +/  

In the ARMA trial, comparing LTVV versus 
high tidal volume ventilation, patients random-
ized to low tidal volumes had a goal plateau pres-
sure less than 30 mmHg, whereas those patients 
randomized to high tidal volumes had a goal pla-
teau pressure less than 50  cmH2O.  Because of 
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these goals and the mortality improvement in the 
LTVV arm, current guidelines recommend a pla-
teau pressure less than 30 cmH2O when titrating 
PEEP and tidal volume [21].

However, using the plateau pressure does not 
take into consideration the intrapleural pressure, 
and is oftentimes a poor approximation of the 
transpulmonary pressure. In spontaneously 
breathing patients, the intrapleural pressure is 
oftentimes negative. In these patients, the plateau 
pressure will commonly underestimate the trans-
pulmonary pressure, potentially leading to alveo-
lar overdistension (Fig. 23.1). In passive patients 
with poor chest compliance, such as obesity, 
abdominal compartment syndrome, or ascites, the 
intrapleural pressure is oftentimes excessively 
positive, leading to overestimation of the trans-
pulmonary pressure and causing atelectasis [22].

 Protocolized PEEP

PEEP is the pressure applied by the ventilator at 
end expiration. It is used to increase the func-
tional residual capacity, recruit collapsed lung, 
and improve oxygenation [23]. However, deter-

mining the optimal level of PEEP is difficult, as 
too much PEEP may lead to alveolar overdisten-
sion and too little PEEP may lead to atelectasis.

The ALVEOLI trial set out to determine if an 
“open lung” model with higher levels of PEEP 
improved mortality; 549 patients were enrolled in 
which 273 patients were assigned to a low PEEP 
strategy and 276 patients were randomly assigned 
to a high PEEP strategy [24] (Table 23.1). In both 
groups, a goal plateau pressure of less than 
30 cmH2O was recommended.

There was improvement in oxygenation and 
compliance in the higher PEEP group, but no 
clinically significant difference in outcomes was 
seen. A meta-analysis confirmed these findings, 
but did show an improved mortality with higher 
PEEP in patients with moderate-to-severe 
ARDS [25].

Interestingly, in a post hoc analysis, Calfee 
et al. performed latent class modeling to identify 
subphenotypes within ARDS patients using clini-
cal and biological data from the ALVEOLI trial, 
along with the ARMA trial. They found two sub-
phenotypes, with one phenotype (Phenotype 2) 
identified as hyperinflammatory with a higher 
incidence of acidosis, shock, and plasma concen-
trations of inflammatory biomarkers when com-
pared to the other phenotype (Phenotype 1). They 
used data from the ALVEOLI trial to determine if 
there were differences in response to the high 
PEEP strategy versus the low PEEP strategy 
based on phenotype. They found that patients 
with phenotype 1 had improved mortality when 
treated with a low PEEP strategy in contrast to 
phenotype 2 which had improved mortality and 
more ventilator-free days when treated with a 
high PEEP strategy [26]. Given these findings, 
tailoring a PEEP strategy based on phenotype 

Table 23.1 High versus low PEEP strategies employed in the ALVEOLI trial

Lower PEEP/higher FiO2
FiO2 0.3 0.4 0.4 0.5 0.5 0.6 0.7 0.7 0.7 0.8 0.9 0.9 0.9 1
PEEP 5 5 8 8 10 10 10 12 14 14 14 16 18 18–24

Higher PEEP/lower FiO2
FiO2 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.5 0.5 0.5–0.8 0.8 0.9 1 1
PEEP 5 8 10 8 12 14 16 16 18 20 22 22 22 24
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Fig. 23.3 Plateau pressure assessed during an inspiratory 
hold
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may lead to better outcomes and should be stud-
ied in a randomized controlled study.

 Driving Pressure

Even in the era of LTVV, target tidal volumes do 
not necessarily take into account the varying pro-
portion of lung that is available for ventilation. 
Because respiratory system compliance is 
strongly related to the volume of functional, 
 aerated lung, it is thought that optimizing the 
driving pressure (ΔP = Vt/Crs, where Crs is the 
compliance of the respiratory system) by titrating 
tidal volume normalized to aerated lung size can 
improve lung protection, decrease VILI, and 
improve mortality [27]. The driving pressure can 
be easily measured at the bedside as the plateau 
pressure (measured during an inspiratory pause) 
minus PEEP.

Although no prospective study has been con-
ducted assessing titration of the driving pressure 
and clinically relevant endpoints, Amato et  al. 
performed a retrospective analysis including 
eight randomized, controlled trials and found that 
ΔP was a better predictor of mortality than pla-
teau pressure or tidal volume. They also found 
that decreases in tidal volume or increases in 
PEEP driven by random treatment group assign-
ments were beneficial only if associated with a 
decrease in ΔP [28]. Physiologically, this is logi-
cal since application of PEEP that recruits lung 
will improve compliance and reduce ΔP, whereas 
application of PEEP that causes over distension 
of the lung will reduce compliance and increase 
ΔP. This was a retrospective study and it is diffi-
cult to conclude that modifying driving pressure 
will improve outcomes. Rather, it may be a 
marker of ARDS severity. Prospective studies are 
needed.

Case Study A 35-year-old female admitted to 
the hospital with pancreatitis is urgently trans-
ferred to the intensive care unit with worsening 
hypoxemia. She is immediately intubated follow-
ing transfer. Her current ventilator settings are as 
follows: a mode of assist control, tidal volume of 
350 mL (6 mL/kg ideal body weight), respiratory 

rate of 28 breaths/minute, PEEP of 5 cmH2O and 
fraction of oxygen 100%. Her oxygen saturation 
is 89% and her ABG is pH 7.25, PaO2 60 mmHg, 
and PaCO2 50 mmHg. Her plateau is measured 
while she remains paralyzed after intubation and 
is 35 cmH2O. Her calculated driving pressure is 
30 cmH2O. What ventilator changes would you 
make?

To improve both the plateau and the driving 
pressure, there are a few changes you can make. 
First, you decrease the tidal volume. However, 
both the driving pressure and plateau pressure 
remain elevated. This means that the drop in tidal 
volume likely led to worsening atelectasis. Next, 
you decide to increase the PEEP.  If lung is 
recruited with increasing the PEEP, the plateau 
should decrease or increase less than the increase 
in applied PEEP.  The driving pressure should 
then decrease. With a PEEP titration up to 
15 cmH2O, the plateau decreases to 30 cmH2O 
and the driving pressure improves to 
15  cmH2O.  In this case, the high plateau and 
driving pressure was likely a consequence of 
atelectasis and poor chest wall compliance sec-
ondary to the patient’s pancreatitis.

 Recruitment Maneuvers, Best 
Respiratory System Compliance

Recruitment maneuvers are designed to recruit 
more alveoli using incremental increases in 
PEEP. Previous trials have shown improvements 
in oxygenation and respiratory system compli-
ance, but have failed to show improvements in 
clinically relevant outcomes [29]. The ARDS 
Trial investigators performed a multicenter, ran-
domized controlled trial comparing the ARDSNet 
LTVV, low PEEP strategy in the control arm to a 
lung recruitment strategy with recruitment 
maneuvers, and PEEP titrated to best respiratory 
system compliance in patients [30]. In the inter-
vention group, patients were initially given neu-
romuscular blockade, and then PEEP was 
increased to 25  cmH2O for 1  minute, then 
35 cmH2O for 1 minute, and then 45 cmH2O for 
2  minutes. The PEEP was then reduced to 
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23 cmH2O and down titrated by 3 cmH2O every 
4 minutes until a PEEP of 11 cmH2O. The respi-
ratory system compliance was calculated at each 
stage (Crs  =  Vt/ΔP). The optimal PEEP was 
identified as 2 plus the PEEP at which the highest 
respiratory compliance was achieved. There was 
a statistically increased risk of death in the inter-
vention group, and therefore, recruitment maneu-
vers and titrated PEEP based on measured 
respiratory system compliance should not be 
undertaken.

 Esophageal Pressure

As discussed previously, the plateau pressure 
does not take into account the intrapleural pres-
sure and consequently, in many cases of mechan-
ically ventilated patients, is a poor surrogate 
marker for transpulmonary pressure and assess-
ment of lung overdistension or atelectasis. 
Measuring the intrapleural pressure, however, is 
invasive and fraught with significant complica-
tions. Therefore, the most commonly used surro-
gate measure to estimate intrapleural pressure is 
esophageal manometry [31].

To measure the esophageal pressure, an air- 
filled catheter with a balloon near its distal end, 
also known as the esophageal balloon, is inserted 
through the nose or mouth and advanced to the 
stomach at 60 cm. The balloon is inflated with the 
minimum volume recommended by the manufac-
turer, and confirmation of intragastric placement 
is done by gentle epigastric compression with a 
transient change in pressure. The catheter is then 
withdrawn slowly into the esophagus to 40  cm 
until the appearance of cardiac oscillations. The 
validity of the esophageal measurement can be 
done at end-expiratory occlusion, both in sponta-
neously breathing and passive patients. In spon-
taneous breathing patients, the patient’s 
inspiratory effort generates a similar change in 
airway pressure at end-expiratory occlusion. In 
contrast, in a passive patient, a clinician must 
manually compress the chest wall or abdomen to 
increase the esophageal pressure (Pes). The posi-
tive change in esophageal pressure should be the 
same as the airway pressure. Once placement and 
validity are confirmed, the transpulmonary pres-
sure can be calculated [32, 33] (Fig. 23.4).

 Transpulmonary pressure Palv Pip= -  

 Estimated transpulmonary pressure Pplat PEEP change in Pes= - -

Although some studies show physiologic 
improvement in patients when esophageal bal-
loons are used, uncertainties exist concerning the 
reliability in estimating the intrapleural pressure. 
Pleural pressure varies within the pleural space 
because of both gravitational gradients and 
regional heterogeneity. Therefore, esophageal 
manometry measured at one location oftentimes 
cannot identify alveolar overdistension or atelec-
tasis in patients with heterogeneous lung disease, 
such as ARDS [34].

In the EPVent study, 61 patients with ARDS 
were randomized to optimal PEEP as determined 
by esophageal balloon manometry and transpul-
monary pressure estimates both at end-expiratory 
(Ptpe) and at end-inspiratory (Ptp) as compared 

to standard of care with a low PEEP titration 
strategy (see Table 23.1). In the esophageal bal-
loon manometry group, PEEP was titrated to a 
goal Ptpe while keeping the Ptp less than 
25  cmH2O (Table  23.2). Average PEEP was 
17  cmH2O in the intervention group versus 
10 cmH2O in the control group. The study was 
stopped early given improved oxygenation and 
compliance in the esophageal balloon group, but 
no statistically significant changes were found in 
clinical outcomes [35]. A multicentered trial was 
recently completed, comparing esophageal bal-
loon manometry to a high PEEP titration strategy 
(see Table  23.1). It showed no difference in a 
composite outcome of ventilator-free days and 
death, but did show a statistically significant 
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decrease in rescue therapies. In contrast to the 
EpVent study, which used a low PEEP strategy, 
mean PEEP between the intervention and control 
groups were not different, possibly leading to a 
lack of separation between the groups and a neg-
ative result [36].

 Stress Index

The stress index is a measure of the linearity of 
the pressure-time waveform under constant inspi-
ratory flow during control ventilation [9]. 
Assessment of the stress index may only be per-
formed in passive patients. A linear increase of 
the waveform (stress index  =  1) indicates ideal 
compliance and alveolar recruitment [20]. When 

the stress index is >1, the waveform becomes 
concave. This indicates that the alveoli are over-
distended and tidal volume, PEEP, or both should 
be decreased. In contrast, when the stress index is 
<1, the waveform becomes convex. This indi-
cates atelectasis, and PEEP should be increased 
in order to recruit more lung (Fig. 23.5).

 Pressure-Volume Curves

Pressure-volume Curves are displayed on the 
ventilator with volume as a function of pressure. 
The slope of the curve is Crs [20]. To optimize 
PEEP and Vt from pressure-volume curves, the 
physician applies either different tidal volumes or 
PEEP in sequence with constant inspiratory flow. 
The plateau pressure is performed at end- 
inspiration after each breath and the pressure- 
volume curve is constructed from the different 
plateau pressures that correspond to the adminis-
tered volumes or PEEP [37]. The curve is then 
examined for both an upper and lower inflection 
point. The upper inflection point is thought to 
indicate alveolar overdistension, and therefore 
the volume or PEEP should be reduced below 
this point. In contrast, the lower inflection point 
is thought to indicate atelectasis and the PEEP (or 
volume) should be increased above this point [9] 
(Fig. 23.6).

 Electrical Impedance Tomography

Several studies have assessed lung heterogeneity, 
alveolar recruitment, and overdistension in 
patients with ARDS using computed tomography 
(CT) [38]. In one study, CT images performed at 
end expiration in patients with ARDS at a PEEP 
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Fig. 23.4 Example of esophageal balloon manometry. 
Top waveform: airway pressure with an inspiratory pause 
demonstrating plateau pressure (Pplat). Middle wave-
form: esophageal pressure (Pes), measured both at end 
inspiration and expiration. Bottom waveform: calculated 
transpulmonary pressure (Ptp)

Table 23.2 Transpulmonary pressure goals in the intervention group versus PEEP goals in the control group

Esophageal pressure guided group
FiO2 0.4 0.5 0.5 0.6 0.6 0.7 0.7 0.8 0.8 0.9 0.9 1.0
Ptp 0 0 2 2 4 4 6 6 8 8 10 10

Control group
FiO2 0.3 0.4 0.4 0.5 0.5 0.6 0.7 0.7 0.7 0.8 0.9 0.9 0.9 1
PEEP 5 5 8 8 10 10 10 12 14 14 14 16 18 20–24
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of 5 cmH2O and a PEEP of 15 cmH2O were able 
to identify collapsed alveoli that regain inflation 
[39, 40]. However, CT imaging is not performed 
at the bedside and is therefore unavailable for 
continual measurement and mechanical ventila-
tor titration in critically patients. In contrast, 
electrical impedance tomography (EIT) is a non-
invasive, nonradiologic, portable imaging modal-
ity of ventilation that can be used in the titration 
of mechanical ventilation [41]. Electrodes are 
placed on the chest, each of which send and 
receive small, alternating electrical impulses with 
each other [42]. Impedance is measured between 
and among the electrode array. Data are acquired 

and processed into two-dimensional slices. These 
two-dimensional images have been shown to cor-
relate with radiographic changes in assessing 
regional heterogeneity [43]. EIT’s application is 
still primarily in the research setting, but it may 
prove to be a beneficial tool in the future.

 Spontaneous Breathing

There is significant controversy regarding the ben-
efits and harms of spontaneous breathing in 
patients with ARDS. Spontaneous breathing can 
improve alveolar recruitment and reduce the risk 
of ventilator-induced diaphragm dysfunction 
while also avoiding the risks of heavy sedation and 
neuromuscular blockade [44]. However, spontane-
ous breathing can also produce alveolar overdis-
tension from increased transpulmonary pressure 
and high tidal volumes in the setting of a high 
drive to breathe (also known as patient-self- 
inflicted lung injury, or P-SILI) [45]. In one study, 
neuromuscular blockade was associated with 
reduced mortality. However, a multicentered, ran-
domized controlled trial, the ROSE trial conducted 
by the PETAL network, was completed comparing 
neuromuscular blockade to placebo. It was stopped 
at the second interim analysis for futility [46].

 Noninvasive Ventilation

Noninvasive ventilation is the use of ventilator 
support without an invasive airway, but delivered 
via a facial or nasal mask or helmet. Its use in 
patients with acute hypoxemic respiratory failure 
rose initially after observational trials reported 
substantial improvements in mortality and intu-
bation rates [47, 48]. However, a recent random-
ized, controlled trial comparing nasal cannula 
oxygen with noninvasive ventilation with a face-
mask in patients with acute hypoxemic failure 
showed harm in patients assigned to noninvasive 
ventilation [49]. A single-centered trial compar-
ing noninvasive ventilation delivered via helmet 
compared to face mask resulted in a reduction in 
intubation rates and mortality [50]. The most 
recent ERS/ATS clinical practice guidelines, 
therefore, do not offer any recommendations 
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about the use of noninvasive ventilation in acute 
hypoxemic respiratory failure [51].

 Obstructive Disorders of the Lung

In contrast to restrictive disorders, compliance is 
often normal or high in obstructive disorders of 
the lung. However, airway narrowing results in 
increased airways resistance in obstructive disor-
ders. Therefore, greater peak pressures may be 
required to deliver a tidal volume. Common 
causes of obstructive lung disease include asthma, 
chronic obstructive pulmonary disease (COPD), 
and bronchiectasis. Similar to restrictive disor-
ders of the lungs, obstructive lung disease is com-
monly identified by a patient’s history or imaging. 
Clues on the ventilator that a patient may have an 
obstructive disorder include elevated peak inspi-
ratory pressure without concomitant increase in 
the plateau pressure, prolonged expiratory flow, 
and a high shoulder on the early portion of the 
pressure versus time tracing [9] (Fig.  23.7). In 
order to reduce VILI in patients with obstructive 
lung disease, strategies to limit the transpulmo-
nary pressure via reduction in dynamic overinfla-
tion will be outlined below.

 Auto-PEEP and Dynamic 
Overinflation

Auto-PEEP occurs when there is insufficient time 
for exhalation prior to inspiration, leading to air 
trapping [52]. It is commonly seen in obstructive 
lung diseases when the increased expiratory resis-
tance leads to prolonged expiration or patients 
with high minute volumes and short expiratory 
times. On the ventilator, it can be identified when 
the expiratory flow tracing shows persistent end-
expiratory flow [9]. It can be quantitated with an 
end-expiratory hold as the pressure at end expira-
tion minus extrinsic PEEP (Fig. 23.8). Auto-PEEP 
leads to dynamic hyperinflation and elevated 
transpulmonary pressures, increasing the risk of 
VILI via alveolar overdistension. Reduction of 
auto-PEEP can be achieved by increasing expira-
tion time either by decreasing the respiratory rate, 
decreasing the tidal volume, or increasing inspira-

tory flow (thus decreasing time of inhalation and 
increasing time of expiration).

 Ventilator Asynchrony

Patients, depending on their underlying patho-
physiology, differ extraordinarily in their breath-
ing patterns and desire for tidal volume, 
respiratory rate, flow, and inspiratory and expira-
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Fig. 23.7 Evidence of obstructive lung disease on the 
ventilator. Elevation of peak airway pressure without ele-
vation of the plateau pressure and prolonged expiratory 
flow
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Fig. 23.8 Auto-PEEP as evidenced by an elevation in 
pressure during an end-expiratory hold
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tory times [9]. The initial ventilator settings do 
not align with a patient’s needs often and may 
result in abnormal ventilator interactions, termed 
ventilator asynchrony. Identifying the type of 
ventilator asynchrony will allow the intensivist to 
adjust ventilator parameters to improve patient 
comfort and potentially impact clinical 
outcomes.

 Breath Stacking

Breath stacking, also known as double triggering, 
occurs when a patient’s inspiratory effort contin-
ues into the set ventilator exhalation and results 
in larger delivered tidal volumes (Fig. 23.9). It is 
seen in patients with high respiratory drives on 
volume-controlled ventilation, oftentimes when 
set to low tidal volumes [53]. Once breath stack-
ing is observed, there are two changes that can be 
made to the ventilator in order reduce its occur-
rence: switching to pressure-assisted ventilation 
or adding a T-pause to inspiration. It has been 

shown that increasing sedation or analgesia does 
not improve breath stacking [54].

 Reverse Triggering

Identifiable only with esophageal balloon place-
ment, reverse triggering is the initiation of inspi-
ratory effort and diaphragmatic contraction after 
passive insufflation of the lungs with a ventilator- 
induced breath [55]. Similar to breath stacking, it 
can result in a larger tidal volume if the inspira-
tory effort is strong enough to initiate a ventilator- 
assisted breath prior to completion of exhalation. 
There are no known effective strategies to reduce 
reverse triggering.

 Ineffective Triggering

The ventilator is triggered to deliver a breath 
when it perceives a drop in airway pressure or 
flow [56]. Ineffective triggering occurs when an 
inspiratory effort is not detected by the ventilator, 
and therefore, a ventilator-initiated breath does 
not occur [57]. This can be detected as a decrease 
in airway pressure with a simultaneous increase in 
inspiratory flow that is not followed by a breath 
(Fig. 23.10). Ineffective triggering is most com-
monly seen in two circumstances: the trigger sen-
sitivity is set too low or in the setting of 
auto-PEEP. If the trigger sensitivity is too low, this 
can be changed easily on the ventilator. In the set-
ting of auto-PEEP, the patient must overcome the 
level of auto-PEEP before the pressure or flow 
change can trigger a ventilator-assisted breath. 
Therefore, if auto-PEEP is the cause of ineffective 
triggering, one can employ methods to reduce 
auto-PEEP discussed previously. In addition, 
increasing the external PEEP will reduce the pres-
sure or flow change needed to initiate a breath.

 Auto-Cycling

In contrast to ineffective triggering, auto-cycling 
is the inappropriate delivery of a breath in the 
absence of an inspiratory effort by the patient. 
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Fig. 23.9 Breath stacking
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This occurs when the trigger sensitivity is too low 
and external factors trigger the breath, such as 
cardiac oscillations or in the setting of circuit 
leaks or condensation in the tubing [58]. Auto- 
cycling should be suspected in patients with a 
high respiratory rate, especially if the breaths 
match cardiac oscillations or in the presence of a 
cuff leak or significant condensation in the tub-
ing. The trigger sensitivity should be increased 
and the underlying cause fixed.

 Inspiratory Flow Mismatching

Inspiratory flow mismatching occurs when the 
patient’s flow demand is higher than what is set by 
the ventilator. Typically, this can be fixed easily 
with increasing the inspiratory flow delivery [57].

 Conclusion

Mechanical ventilation is lifesaving, with the 
goals of improving gas exchange and reducing 

the work of breathing in patients with underlying 
lung disease. However, personalizing mechanical 
ventilation according to the underlying patho-
physiologic disease allows for reduction in VILI 
and improvement in outcomes.
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Key Point Summary
• Cigarette smoking addiction is a chronic 

condition that requires long-term care.
• Combination behavioral and pharma-

cotherapy is the gold standard treatment 
for cigarette smoking addiction.

• Precision medicine for cigarette smok-
ing addiction holds great promise to 
develop novel treatment concepts that 
can improve long-term abstinence rates 
among people who smoke.

• The precision medicine approaches for 
smoking addiction to date include target-
ing of: (1) sex differences; (2) genetic 
differences in brain nicotine receptors; 
(3) pharmacogenetic differences in nico-
tine metabolism; and (4) host differences 
with respect to comorbid conditions.

• Harm reduction is precision medicine 
for individuals who are unable or 
unwilling to abstain from drug use. 
Common tobacco harm reduction strate-
gies include use of snus or other smoke-
less tobacco, electronic cigarettes, and 
heat-not-burn tobacco.

Case #1
A 55-year-old woman presented to the 
emergency department with acute shortness 
of breath that occurred at home. A family 
member reported the patient had a produc-
tive cough with yellow sputum and subjec-
tive fevers for 10 days. The patient smoked 
approximately 1 pack of tobacco cigarettes 
daily since the age of 13. She had made sev-
eral attempts to stop smoking, but was 
unsuccessful. On exam, she was hypox-
emic, confused, unable to speak in full sen-
tences, and in severe respiratory distress. 
She was intubated and mechanically venti-
lated. Chest imaging revealed a large right 
hilar mass and multiple large, discrete pul-
monary nodules consistent with metastatic 
disease. A brain MRI demonstrated metas-
tases and cerebral edema. Lung biopsy ulti-
mately confirmed a diagnosis of extensive 
stage small cell lung adenocarcinoma. The 
patient recovered from her initial acute ill-
ness and initiated chemotherapy. Eight 
months later, she again became ill and died.
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Physicians care for individuals suffering the 
consequences of long-term cigarette smoking 
every day. Tobacco cigarette smoking is currently 
the leading cause of preventable death in the 
United States and has been attributed to more 
than 20 million premature deaths since 1965 [1]. 
Chronic smoking is widely recognized as a major 
cause of pulmonary diseases including chronic 
obstructive pulmonary disease and lung cancer 
[1]. Clinically, smoking is a symptom and out-
ward manifestation of a deeper problem: tobacco 
cigarette addiction. Drug addiction is best under-
stood as a combination of two key elements: 
First, an acquired disease of the brain that is char-
acterized by compulsive drug taking despite the 
desire to stop taking the drug and is consistent 
with severe substance use disorder [2]; second, a 
maladaptive pattern of learned behavior influ-
enced by environmental, social, psychologic, and 
physiologic mechanisms [3]. Addiction is a 
chronic disease, characterized by periods of 
relapse and remission. Since cigarette smoking is 
not associated with the destructive behavior that 
commonly characterizes addictions to alcohol 
and other psychoactive drugs of abuse, smoking 
is frequently overlooked as an addiction. 
Nonetheless, cigarette smoking is at least as 
addictive in nature as heroin use [4].

Nicotine is the primary (though not sole) addic-
tive and psychoactive substance in tobacco smoke 
[5]. However, it is worth noting that cigarette 
smoke is a complex mixture of more than 7000 
chemicals, and other smoke constituents are 
likely psychoactive and may play a role in main-
taining addiction to cigarettes [5]. Smoke inhala-
tion is a rapid and highly efficient mechanism to 
deliver drugs to the brain [6]. It has been well 
established that large tobacco companies spent 
many years carefully engineering cigarettes to be 
highly addictive to users through manipulation of 
nicotine chemistry and various additives that 
facilitated smoke inhalation [7].

Tobacco use disorder is characterized by 
tobacco use patterns that lead to clinically signifi-
cant impairment or distress [8]. In the context of 
individuals who suffer from pulmonary diseases, 

combustible cigarette smoking is the most conse-
quential form of tobacco consumption. Smoking 
cessation and maintenance of abstinence are thus 
critical central elements of optimal patient care.

Cigarette smoking typically occurs as part of a 
complex interplay between addiction, medical ill-
ness, psychiatric illness, and social stress. While 
nearly half of the US population smoked during 
the peak of the tobacco epidemic, control efforts 
and education have helped reduce this to just under 
15% at present [9]. However, this means that cur-
rent smoking is now concentrated more heavily 
among people of low socioeconomic status and 
individuals with mental illness. Consequently, 
treatment efforts are more complicated and chal-
lenging in this patient population (see section on 
“Comorbid Conditions Complicating Smoking”).

 Prevention

It is critical to prevent young people from initiat-
ing cigarette smoking. Data strongly suggest that 
an earlier age of onset of smoking predicts 
chronic smoking and failure to quit permanently 
[10–12]. Early age use of nicotine fundamentally 
alters the developing brain in a way that is more 
likely to create and sustain addiction [13, 14]. 
Prevention efforts in the United States have been 
largely successful to date, with teen and adult 
smoking rates currently at an all-time low [9]. 
Tobacco control policies in the United States 
have included public education about the dangers 
of smoking, taxation of cigarettes, banning of fla-
vored cigarettes, clean-air laws that prohibit 
smoking indoors, and in some states, increasing 
the legal smoking age to 21 years [15]. In 2009, 
the Family Smoking Prevention and Tobacco 
Control Act was signed into law, which gave the 
Food and Drug Administration (FDA) the author-
ity to regulate tobacco products to protect public 
health. One controversial proposal that is cur-
rently under review is the possibility of requiring 
tobacco companies to reduce the nicotine content 
in cigarettes to very low (i.e., nonaddictive) lev-
els to prevent initiation of smoking and subse-
quent addiction to cigarettes among youth and 
nonsmokers who try smoking [16].

S. R. Baldassarri
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 Diagnosis

Asking individuals about smoking behavior is the 
most important way to diagnose smoking addic-
tion. In some cases, individuals smelling of 
smoke are identified by physicians and other 
clinic or hospital staff. It is highly recommended 
to screen all individuals entering any medical 
facility for current or past cigarette smoking. 
Daily cigarette use is typical for smoking addic-
tion. Nondaily cigarette smokers tend to differ 
somewhat from daily smokers and may have dif-
ferent reasons for smoking (i.e., weight control or 
cue exposure) [17]. The diagnostic and treatment 
approaches described further from this point are 
aimed primarily at daily cigarette smokers who 
have cigarette addiction.

History-taking is critical for identifying the 
duration and intensity of smoking, degree of drug 

dependence, and other comorbid conditions that 
may complicate treatment efforts. The essential 
elements of the history are summarized in 
Table 24.1. In general, it is important to establish 
the age of onset of smoking and the number of 
packs smoked per day at the peak. “Pack-years” the 
product of number of packs per day multiplied by 
the number of years smoked provides an estimate 
of cumulative smoke exposure that has demon-
strated a dose-response relationship to adverse 
events such the development of chronic lung dis-
ease and lung cancer [1]. Based on these data, cur-
rent lung cancer screening guidelines in the United 
States recommend screening individuals aged 
55–80 years who have a 30 pack-year smoking his-
tory and currently smoke or have stopped smoking 
within the past 15 years [18]. Pack-years are an imper-
fect exposure measure because they fail to account for 
individual differences in smoking intensity. For 

Table 24.1 Essential history-taking for clinicians

Topic Question Significance
Smoking history
Age of initiation “When did you start smoking?” Earlier age → increased difficulty to stop
Time-to- first- 
cigarette (TTFC)

“How many minutes after waking do 
you smoke?”

Determine level of nicotine dependence
TTFC within 5 minutes signifies high level of 
nicotine dependence

Smoking intensity “How many cigarettes do you smoke 
each day?”

Establish “pack- years” smoking
Note: This metric may not accurately quantify 
exposure

Motivation “How do you feel about your smoking?”
“Do you feel your smoking causes you 
any problems?”

Nonjudgmental, open-ended question. Allows 
patient to explore reasons for cessation
Establish patient’s insight and motivation to stop 
smoking

Readiness to stop 
smoking

“Would you like to stop smoking?” Understand motivation to stop smoking

Prior quit attempts “Were there any other prior methods that 
helped you stop smoking in the past?”

Tailor treatment plan to patient’s preference and 
prior experience

Past medical history
Medical “Do you have any past or current 

medical problems or concerns?”
Identify smoking- related illness
Presence of smoking-related illness indicates a 
high level of smoking addiction

Psychiatric “Do you have any past or current mental 
health problems or concerns?”

Identify conditions that may complicate tobacco 
treatment

Social history
Drug use disorders “Do you use alcohol, drugs, or any other 

substances?”
Identify conditions that may complicate tobacco 
treatment

Social stress “Do you have stress in your life?” Identify conditions that may complicate tobacco 
treatment
Involve social work when needed

Smoking contacts “Do you live with anyone else who 
smokes?”

More difficult to stop smoking if partner smokes
Target partner for treatment if applicable
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example, one person might smoke one-fourth of a 
cigarette each time, while another might smoke 
seven-eighth of a cigarette. These exposures, over 
time, are vastly different. Furthermore, data indi-
cate that any cigarette smoke exposure (i.e., one 
cigarette smoked daily) increases the risk of 
smoking- related diseases [19]. Nonetheless, stud-
ies linking validated smoking exposure biomark-
ers, such as cotinine or carbon monoxide to health 
outcomes, have not been done.

Assessing the degree of nicotine dependence 
is one important metric for understanding the 
severity of cigarette addiction and can be assessed 
using a validated scoring system such as the 
Fagerström Test for Nicotine Dependence [20]. 
Prior smoking quit attempts, medications used, 
and severity of past withdrawal and cravings are 
important to determine.

Physical examination provides additional 
clues both to current and past cigarette smoking. 
The smell of smoke may be noted on the patients’ 
clothing upon presentation to the clinic and 
should not be ignored or dismissed. Signs of 
chronic lung and heart disease such as wheezing, 
diminished breath sounds, coughing during 
exam, sputum production, hoarseness, elevated 
jugular venous pressure, leg swelling, or cyanosis 
may indicate medical consequences of chronic 
smoking. It is critical to take note of patients who 
wear supplemental oxygen, since concomitant 
smoking while on oxygen therapy poses a signifi-
cant fire hazard [21].

Finally, when in doubt, biomarkers of smok-
ing exposure can be easily assessed. While the 
gold standard for diagnosis is measurement of 
serum cotinine [22], a portable exhaled breath 
carbon monoxide (CO) monitor is a convenient 
device used to rapidly assess current smoking 
status [23]. A level of greater than six parts per 
billion (ppb) of CO indicates likely smoking 
within, in the past several hours [23, 24], which is 
typical for individuals with smoking addiction.

 Treatment

Treatment for smoking addiction may have 
the single biggest positive impact on a 

patient’s health. Unfortunately, management 
is frequently complex and time-consuming, 
and response to treatment is frequently limited 
(despite being cost-effective) [25]. As a result, 
many providers view treatment efforts as low- 
yield, which can reduce physician engagement 
in fully addressing the problem [26]. Other 
challenges include a fragmented health system 
that may not integrate medical and psychiatric 
treatment, inadequate resources and low reim-
bursement for preventive care, and high work-
load likely limit treatment of smoking 
addiction [27].

Combination of behavioral and pharmaco-
logic therapies provides optimal treatment for 
smoking addiction, though either of the modality 
also significantly increases the odds of successful 
treatment [28].

Behavioral treatment is tailored to the needs of 
each individual and is an important precision 
medicine modality for smoking addiction. This is 
the more difficult treatment to provide because it 
is much more time-consuming than prescribing 
pharmacotherapy and typically requires special-
ized training to deliver the optimal dose for 
patients. The most important initial step prior to 
delivering behavioral treatment is to determine 
the patient’s level of motivation and insight. Do 
they want to stop smoking and do they think their 
smoking is a problem? If the answer to either of 
these questions is “No,” the provider must direct 
effort to changing the answers to “Yes.” 
Motivational interviewing (MI) is the method 
commonly used to achieve this goal and typically 
requires specialized training to optimize the 
intervention [29]. MI is a patient-centered tech-
nique that allows patients to explore and discover 
their own reasons to change their behavior. The 
interviewer’s use of open-ended questions, empa-
thy, and nonjudgmental disposition are the key 
elements. The role of the interviewer is to support 
the patient’s efforts to resolve ambivalence and 
find compelling reasons to take action for posi-
tive change.
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Pharmacologic treatment is a critical element 
of treating smoking addiction and significantly 
increases the odds of achieving abstinence 
(Table 24.2) [28]. Treatments are usefully catego-
rized as controller medications (i.e., long-acting 
drugs) and on-demand medications (i.e., short- 
acting drugs). Controller and on-demand thera-
peutics should be combined for optimal results. 
There are a total of seven FDA-approved treat-
ments. Among these, there are three FDA- 
approved controller medications: (1) nicotine 
patch; (2) varenicline (Chantix); and (3) bupro-
pion (Wellbutrin/Zyban). The four FDA-approved 
on-demand medications are as follows: (1) nico-
tine gum; (2) nicotine lozenge; (3) nicotine 
inhaler; and (4) nicotine nasal spray. Medications 
can be safely used in combination and for a pro-
longed period of time. Precision medicine 
approaches to treatment described below are 
emerging and might help optimize the initial 
choice of treatment.

 Follow Up

It is critical to assess the patient’s response to 
treatment. Since cigarette addiction is a chronic 
condition, patients require frequent and longitu-
dinal follow-up. Treatment failure and relapses 
are common [30] and must be expected as part of 
the normal treatment course. Consequently, 
adjustments to treatment regimens are frequently 
required. There are three typical scenarios that 

occur in clinical practice: (1) failure to achieve 
any initial period of abstinence; (2) achieving 
short-term abstinence, followed by relapse into 
smoking; and (3) long-term abstinence with a 
sustained remission.

Failure to achieve abstinence may indicate 
one or more problems. First, there may be inade-
quate motivation or desire to stop smoking on the 
part of the patient. This is a critical pre-requisite 
that should be assessed at every visit. If motiva-
tion or insight are lacking, an exploration of the 
patient’s views and understanding using MI is the 
best approach. As previously noted, MI skills are 
specialized and typically best provided by an 
individual who has been formally trained in the 
techniques [29].

Second, the prescribed medication regimen 
may fail to adequately control withdrawal symp-
toms (Table 24.3). The presence and severity of 
withdrawal symptoms should be assessed at the 
initial visit and at every follow-up visit. The pres-
ence of withdrawal symptoms indicates that the 
initial treatment regimen was insufficient and 
requires greater intensity. Options include the 

Table 24.2 Pharmacotherapya

Controller medications
On-demand/as-need 
medications

Nicotine transdermal patch Nicotine lozenge
Varenicline (Chantix) Nicotine gum
Bupropion SR (Wellbutrin, 
Zyban)b

Nicotine nasal spray

Nicotine inhaler
aAll medications can be used safely in combination. 
Monitor for development of neuropsychiatric symptoms 
(which could reflect severe withdrawal) in all patients 
regardless of methods used
bCaution needed in patients with seizure or eating 
disorders

Table 24.3 Common smoking withdrawal symptoms

Withdrawal symptoms
Neurologic/psychiatric symptoms
Depression
Anxiety
Irritability
Anger
Restlessness
Difficulty concentrating
Fatigue
Cravings to smoke
Sleep disturbances
Insomnia
Nightmares/vivid dreams
Frequent awakenings
Sleepiness
Respiratory symptoms
Cough (rebound in cough sensitivity)
Sore throat (withdrawal from smoking additives such 
as menthol)
Gastrointestinal symptoms
Increased appetite/weight gain
Constipation
Nausea

24 Precision Medicine for Cigarette Smoking Addiction



374

following: (1) increasing the dose of nicotine 
replacement; (2) adding an additional controller 
medication; and (3) adding an additional on- 
demand medication.

Third, cigarette craving may not be adequately 
suppressed. While withdrawal symptoms charac-
terize physical symptoms and typically abate 
within several days to a few weeks of abstinence, 
[31] cravings may persist for much longer. 
Finally, comorbid psychiatric and substance use 
disorders may require treatment (see section on 
“Comorbid Conditions Complicating Smoking”).

 General Principles of Novel 
Concepts with Relevance 
for Precision Medicine

Precision medicine for treatment of smoking 
addiction is extremely promising and still in the 
early stages of development. Since smoking 
addiction, like many diseases, involves the inter-
play between environmental and genetic factors 
that influence predisposition, precision medicine 
has great potential to revolutionize treatment 
approaches. Novel treatment concepts that have 
been investigated to date include targeting of: (1) 
sex differences; (2) genetic differences in brain 
nicotine receptors; (3) pharmacogenetic differ-
ences in nicotine metabolism; and (4) host differ-
ences with respect to comorbid conditions. We 
will explore these treatment concepts below.

 Sex Differences in Smoking Addiction

Sex differences in disease states and response 
to therapy are critical to examine and have tradi-
tionally been overlooked due to the historical 
exclusion of women from research studies. In 
more recent decades, this topic has garnered 
significant attention and has been studied exten-
sively. There is a large amount of evidence to 
suggest a differential response to smoking ces-
sation treatments between men and women. 
Much of the literature has focused on the 
response to nicotine itself [32]. Meta-analyses 
of nicotine patch trials have found that women 
had lower odds of achieving smoking cessation 
by this method as compared with men [33]. 
Additional meta-analysis evidence emerged that 
women appeared to respond relatively more 
favorably to varenicline as compared with the 
nicotine patch [34]. These observations led to a 
hypothesis that non-nicotine factors of smoking 
might be more important for women as com-
pared with men.

However, the recent large randomized con-
trolled trial (EAGLES) of over 8000 participants 
examining neuropsychiatric safety in various 
FDA-approved tobacco treatments, including var-
enicline, bupropion, and nicotine replacement 

Case #2
Mr. and Mrs. Smith are in their mid-50s. 
They met at a bar 30 years ago, at which 
time they shared a cigarette. They have 
smoked cigarettes daily since that time. 
When Mr. Smith was diagnosed with coro-
nary artery disease earlier this year, the 
couple decided to seek professional help to 
stop smoking. They are each evaluated sep-

arately by an advanced practitioner regis-
tered nurse (APRN). Mr. Smith reports that 
he smokes his first cigarette within 5 min-
utes of waking. He notes strong cravings to 
smoke during his work day and must take 
frequent breaks to go outside. He enjoys 
the “uplifting” effect but does not particu-
larly enjoy the taste or ritual of smoking. 
Mrs. Smith, on the other hand, reports 
smoking her first cigarette in the mid- 
morning after she arrives at work. She feels 
that smoking gives her relief from work- 
related stress, and she enjoys going outside 
as an “escape.” She has frequently contem-
plated quitting smoking and is quite confi-
dent in her ability to do so. However, she is 
significantly concerned about weight gain, 
which occurred many years ago when she 
had stopped smoking for 6 months.
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therapy, did not observe significant sex differences 
in either primary smoking cessation quit rate out-
comes or with respect to which treatment was 
administered [35].

Taken in totality, the data suggest that there 
may be sex differences in response to treatment 
on average. Future precision medicine approaches 
would be wise to consider sex effects in the con-
text of many other individual characteristics at 
play (such as level of nicotine dependence and 
comorbidities) that influence treatment 
outcomes.

 Genetic Differences in Brain Nicotine 
Receptors

The effects of genetics on smoking behavior and 
outcome have been difficult to tease out because 
of the complex and chronic nature of smoking 
addiction. Simply measuring cumulative smok-
ing dose exposure is impossible, since users vary 
in the degree and frequency to which they puff a 
cigarette. As noted, pack-years is a highly impre-
cise but commonly used estimate of smoke expo-
sure. Furthermore, our understanding of smoking 
addiction as a chronic disease has made identifi-
cation of a meaningful endpoint difficult. A 
famous author once noted: “To cease smoking is 
the easiest thing I ever did. I ought to know 
because I’ve done it a thousand times” [36]. 
Thus, understanding the outcome among people 
with smoking addiction is difficult since relapse 
is common.

The CHRNA5 gene encodes the alpha 5 nico-
tinic receptor structure and function [37]. 
Polymorphism in this gene alters receptor chan-
nel permeability and has been implicated in the 
development of nicotine dependence and adverse 
health outcomes including COPD [38, 39]. 
However, full understanding of the genetic 
mechanisms underlying smoking behavior is 
incomplete, and additional studies are required. 
Further development of genetic predictors of 
susceptibility to addiction and addiction-related 
illnesses will be critical developments with 
implications for prevention efforts, diagnosis, 
and treatment.

 Pharmacogenetic Differences 
in Nicotine Metabolism

Biomarkers that identify individual differ-
ences in the metabolism of the key drugs of inter-
est have the potential to customize initial 
therapeutic approaches. Nicotine metabolism 
occurs primarily through the liver enzyme cyto-
chrome P450 2A6 [41]. The primary metabolism 
product is cotinine (COT), which itself is metab-
olized by the liver to trans-3′-hydroxycotinine 
(3HC) [42]. The ratio between 3HC and COT 
measured in human plasma or saliva was noted to 
be highly correlated with the oral clearance of 
nicotine, indicating that 3HC:COT might be use-
ful as a surrogate marker of CYP2A6 activity and 
nicotine clearance [43]. Given that multiple 
genetic variants in the gene coding CYP2A6 [44], 
metabolism of nicotine varies significantly 
among individuals.

Case #3
Mrs. Johnson is a 47-year-old woman who 
has smoked one half pack of cigarettes daily 
since the age of 17. Last year, she developed 
a persistent cough productive of yellow spu-
tum and dyspnea on exertion. Pulmonary 
function testing was normal. A chest com-
puted tomography (CT) scan showed evi-
dence of air trapping and mild 
emphysematous changes. As a result of her 
ongoing symptoms and a diagnosis of 
COPD, she decided to seek assistance to stop 
smoking. She was assessed with the nicotine 
metabolite ratio (NMR) blood biomarker, a 
surrogate for CYP2A6 activity. She was 
found to be a slow metabolizer of nicotine. 
Based on the available evidence [40], she 
was prescribed the combination of a daily 
nicotine patch along with nicotine lozenges 
to use as needed. At her first follow-up visit 
2 weeks later, she reported complete smok-
ing abstinence with minimal side effects. She 
was maintained on dual NRT and monitored 
in follow-up every 3 months.
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Data supporting the hypothesis that slower 
nicotine metabolism might affect smoking quit 
rates are mixed. A few early studies found an 
association between slow metabolism and higher 
quit rates in different populations who were 
enrolled in smoking cessation trials [45, 46]. 
Furthermore, normal nicotine metabolizers had 
better response to varenicline compared with 
slow nicotine metabolizers [40]. Similarly to the 
impact of genetic variation in nicotine receptors 
in smoking behaviors, pharmacogenetics of nico-
tine metabolism are only partially understood, 
but represent an important advance in our under-
standing of nicotine addiction and management.

 Comorbid Conditions Complicating 
Smoking

Comorbid psychiatric and medical conditions 
are extremely common among people with ciga-
rette addiction, particularly those who present for 
treatment in medical settings [47]. It is critical to 
realize that many of these comorbidities may be 
undiagnosed conditions that require significant 
attention. Cigarette addiction bridges the inter-
section between mental and physical health. As a 
result, a multidisciplinary approach to care that 
addresses the comorbid conditions is critical to 
providing precision medicine and adequately 
treating smoking addiction (Table 24.4).

It is essential to understand why people smoke, 
what “benefit” they might derive from smoking, 
and how this perceived benefit fits with their spe-
cific comorbidities. Like all drugs, cigarettes pro-
vide a therapeutic effect for users despite their 
significant toxicity and health risks (Table 24.5). 
If we understand the underlying reasons for drug 
use, our treatments have a better chance of suc-
ceeding if we precisely address the underlying 
problems specific to the patient.

Psychiatric illness is particularly common 
among people who smoke, and cessation rates in 
this population are substantially lower compared 

Table 24.4 Comorbidities requiring attention

Comorbid condition Actions
Depression Specialty referral; antidepressant 

prescription; cognitive 
behavioral therapy

Anxiety Specialty referral; antidepressant 
prescription; cognitive 
behavioral therapy

Attention-deficit 
hyperactivity 
disorder (ADHD)

Specialty referral; stimulant 
prescription

Substance use 
disorders
Opioids Ensure access and adherence to 

buprenorphine or methadone
Alcohol Naltrexone, counseling programs
Other drug use Specialty referral
Pain Specialty referral; nonopioid 

pain management strategies 
whenever possible

Stress Psychosocial support; behavioral 
counseling, social work 
consultation

Case #4
Mr. Jones is a 36-year-old male combat 
Veteran who was seen by his primary care 
physician for a routine physical examina-
tion. He reported no current or past health 
problems aside from a 7-year history of 
chronic back pain. He had begun smoking 
cigarettes daily at the age of 14 and enlisted 
in the military at age 18. He completed sev-
eral tours of duty in Iraq and Afghanistan 
and suffered a serious back injury during 
his service that required surgery. Upon 
return to civilian life, he struggled briefly 
with heroin addiction and eventually 
enrolled himself into a methadone mainte-
nance program. He currently takes metha-
done each day and has not suffered a 
relapse into injection drug use. From a psy-
chiatric standpoint, he has had intermittent 
symptoms of depressed mood, nightmares, 
and hypersensitivity to environmental stim-
uli. He has not had suicidal thoughts or 
actions, but notes that living with chronic 
back pain is a daily struggle. He has never 
contemplated smoking cessation.
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with those without these conditions [48]. The 
common conditions encountered in clinical set-
tings include mood disorders such as depression 
or bipolar disorder, attention disorders (i.e., 
ADHD), and cognitive disorders (i.e., schizophre-
nia). As noted above, the antidepressant bupro-
pion has been demonstrated to be effective for 
smoking cessation (though in practice, most peo-
ple with depression who smoke require multiple 
treatment modalities). For smokers who present 
in medical settings, it is wise to screen for mental 
illness if there is not one reported in the history. 
Questioning patients about mood, anxiety state, 
and cognitive function may uncover new diagno-
ses that require specialized care. It is also critical 
to note that smoking cessation may unmask an 
underlying mood disorder if severe withdrawal 
occurs. All patients, but particularly those with 
underlying mood disorders, need to be monitored 
carefully for the development of severe neuropsy-
chiatric effects during a cessation attempt.

Other drug use disorders commonly coexist 
with psychiatric illness, either as contributors 
to these conditions or as a means to self-medi-
cate for symptoms. Alcohol and/or opioid use 
in particular are drugs that work synergistically 

with cigarettes in a manner that reinforces 
smoking [49]. Smoking is nearly universal in 
people with opioid use disorder, and the com-
monly used treatments for smoking addiction 
appear to be much less effective in this popula-
tion. The optimal timing for promoting smok-
ing abstinence in people with other drug use 
disorders is unclear.

Psychosocial stress is a second factor that is 
closely linked with smoking and frequently coex-
ists with psychiatric illness. People who smoke 
frequently more commonly have lower socioeco-
nomic status and less access to care, which cre-
ates both barriers to treatment and prevention of 
relapse [50]. Stress is known to result in hor-
monal changes and increases in systemic inflam-
mation [51]. The precise neurobiological 
mechanisms by which stress impacts behavior 
continues to be an area of active investigation, 
but it is clear that people with smoking addiction 
are prone to its adverse effects. Studies have con-
sistently shown that stress increases cravings to 
smoke and also increases the rewarding effects 
from smoking [52].

Medical illnesses commonly result from 
chronic smoking and likely have a bidirectional 
relationship with mental illness [53]. Clinicians 
encounter patients at various stages of chronic 
diseases, including COPD, asthma-COPD over-
lap, ILD, lung cancer, and coronary disease, 
among others. It is important to note that patients 
who continue to smoke despite awareness of 
medical diagnoses likely represent a more highly 
addicted subpopulation compared with smokers 
more generally. However, frank discussions 
about the impact of smoking on the underlying 
disease process and acute illnesses related to 
chronic diseases may serve as teachable moments 
that can increase motivation to achieve smoking 
abstinence [54, 55]. Finally, as described in the 
example case, chronic pain syndromes may sig-
nificantly complicate treatment efforts for smok-
ing abstinence, particularly given that cigarettes 
have known analgesic effects [56, 57].

Table 24.5 Effects of cigarette smoking in people with 
comorbid conditions

Comorbidity/symptom Smoking effect
Depression Mood elevation
Anxiety Relaxation
Attention-deficit 
hyperactivity 
disorder (ADHD)

Improved focus, attention

Chronic pain Analgesia
Alcohol use disorder Synergistic euphoric effect 

with alcohol
Opioid use disorder Synergistic euphoric effect 

with opioids; reduced 
sedation, less constipation

Obesity Weight loss, appetite 
suppression

Fatigue/sleepiness Stimulant, increased alertness; 
synergistic with caffeine

Constipation Gastrointestinal stimulant

Note: In cases of prolonged addiction, ongoing cigarette 
use may act to prevent withdrawal symptoms (as opposed 
to providing pleasurable effects)
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 Future Directions

Smoking addiction is much more difficult to treat 
today compared with half a century ago when 
nearly half the US population smoked. The 
remaining individuals who smoke are more 
highly addicted, complex medically and psychi-
atrically, and have more social and economic 
stressors that impede abstinence. Novel 
approaches that address both the addiction to 
nicotine and the psychological stressors that per-
petuate smoking are critical to continued efforts 
to promote public health.

 Tobacco Harm Reduction

Harm reduction is an approach to treatment that 
involves minimizing the risks of drug use to the 
individual without discontinuing the drug com-
pletely. It typically refers to interventions that 
occur outside of traditional physician prescribing 
practices. Harm reduction is precision medicine 
for individuals who are either unable or unwilling 
to stop using a drug. The idea is to replace the 
drug or modify its administration such that it is 
less likely to harm the individual. This might 
include substituting with a drug that has a similar 
mechanism of action but a different route of 
administration and/or lower addictive potential. 
The administration of methadone maintenance 
for people with opioid injection drug use is the 
classic example. The use of clean needles for 
injection drug users is a second example.

Among people who smoke cigarettes, there 
are three potential options for harm reduction, all 
of which remain controversial among public 
health experts: (1) snus or other forms of oral 
tobacco; (2) electronic cigarettes; and (3) heat- 
not- burn tobacco.

Snus is smokeless tobacco that delivers nico-
tine and other chemical constituents via absorp-
tion through the buccal mucosa. One of the most 
interesting lines of evidence supporting use of 
snus as harm reduction comes from Sweden, 
where the product is commonly used. The use of 
snus in Sweden is linked to lower rates of tobacco 
smoking, and Sweden experienced the largest 

reduction in smoking-related diseases from 1976 
to 2002 [58–60]. Though snus has not been defin-
itively linked to oral cancer and other health 
problems, concerns remain given that the prod-
ucts contain tobacco-specific nitrosamines and 
other carcinogens. Nonetheless, snus is dramati-
cally less toxic than cigarette smoking. Despite 
the Swedish experience, skepticism remains in 
the United States regarding promotion of snus as 
a harm reduction strategy [61, 62].

Electronic cigarettes (ECs) are battery- operated 
devices that heat and aerosolize a liquid solution 
that may contain nicotine [63]. They do not con-
tain tobacco. ECs carry toxicants to the body but 
are significantly less toxic than conventional ciga-
rettes [64]. Multiple lines of evidence suggest that 
a complete switch from conventional smoking to 
exclusive EC use reduces toxic exposure and prob-
ably reduces harm [65, 66]. However, there is evi-
dence that EC aerosol has harmful pulmonary and 
cardiovascular effects [67, 68]. The harms of 
chronic EC use remain unknown.

ECs were shown to be more effective for smok-
ing cessation compared with traditional nicotine 
replacement in a randomized controlled trial per-
formed in the United Kingdom [69]. 
Epidemiologically, the rise of EC use has coin-
cided with a decline in conventional cigarette 
smoking in the United States between 2007 and 
2018 [70, 71]. Nevertheless, recommending EC 
use for patients who smoke remains controversial 
among healthcare providers [72, 73]. From a 
harm-reduction standpoint, exclusive EC use 
might benefit patients if they can completely elim-
inate combustible cigarette smoking. However, 
concerns about potential additive toxicities from 
dual use of ECs and combustible products remain.

Heat-not-burn tobacco (HNBT) products 
operate similarly to ECs, but actually contain 
tobacco. HNBT does not involve combustion and 
delivers fewer toxicants per puff to users as com-
pared with cigarettes [74]. The products have 
developed a market in Japan, but to date are not 
commonly used in the United States. One study 
that examined nicotine delivery from various 
products found that HNBT delivered nicotine 
less efficiently than cigarettes and high-power 
ECs and more efficiently than low-power ECs 
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[75]. Studies to assess long-term health effects of 
HNBT will be important to determine if use of 
these products reduces harm compared with 
combustible cigarettes.

 Summary

Cigarette smoking addiction is the most common 
preventable cause of death in the United States. 
Prevention efforts are critical because once the 
addiction takes hold it is very difficult to treat and 
is marked by frequent abstinence attempts, relapse, 
and low sustained abstinence over time. As a result, 
harm reduction strategies may become increas-
ingly important as the smoking population becomes 
more highly concentrated with people who have 
other comorbidities complicating treatment efforts.

Thus, smoking addiction is a chronic disease 
that must be managed longitudinally. Periods of 
relapse and remission are the norm. The combi-
nation of behavioral and pharmacotherapy 
remains the gold standard for treatment. Precision 
medicine approaches to treatment are promising 
and will continue to develop to reduce the burden 
of this critical health problem.

References

 1. National Center for Chronic Disease Prevention 
and Health Promotion (US) Office on Smoking and 
Health. The health consequences of smoking-50 years 
of progress: a report of the surgeon general. Atlanta: 
Centers for Disease Control and Prevention (US); 
2014.

 2. Volkow ND, Koob GF, McLellan AT. Neurobiologic 
advances from the brain disease model of addiction. 
N Engl J Med. 2016;374(4):363–71.

 3. Lewis M. Brain change in addiction as learning, not 
disease. N Engl J Med. 2018;379(16):1551–60.

 4. Stolerman IP, Jarvis MJ.  The scientific case 
that nicotine is addictive. Psychopharmacology. 
1995;117(1):2–10.

 5. Benowitz NL.  Nicotine addiction. N Engl J Med. 
2010;362(24):2295–303.

 6. Tiwari G, Tiwari R, Sriwastawa B, Bhati L, Pandey 
S, Pandey P, et al. Drug delivery systems: an updated 
review. Int J Pharm Investig. 2012;2(1):2.

 7. Proctor RN, Proctor R. Golden holocaust: origins of 
the cigarette catastrophe and the case for abolition. 
Berkeley: University of California Press; 2011.

 8. Substance-Related and Addictive Disorders. Diagnostic 
and statistical manual of mental disorders. DSM library. 
Arlington: American Psychiatric Association; 2013.

 9. Wang TW, Asman K, Gentzke AS, Cullen KA, 
Holder-Hayes E, Reyes-Guzman C, et  al. Tobacco 
product use among adults—United States, 2017. 
Morb Mortal Wkly Rep. 2018;67(44):1225.

 10. Breslau N, Peterson EL.  Smoking cessation in 
young adults: age at initiation of cigarette smoking 
and other suspected influences. Am J Public Health. 
1996;86(2):214–20.

 11. Khuder SA, Dayal HH, Mutgi AB. Age at smoking 
onset and its effect on smoking cessation. Addict 
Behav. 1999;24(5):673–7.

 12. Chassin L, Presson CC, Sherman SJ, Edwards 
DA. The natural history of cigarette smoking: predict-
ing young-adult smoking outcomes from adolescent 
smoking patterns. Health Psychol. 1990;9(6):701.

 13. Dwyer JB, McQuown SC, Leslie FM. The dynamic 
effects of nicotine on the developing brain. Pharmacol 
Ther. 2009;122(2):125–39.

 14. Slotkin TA. Cholinergic systems in brain development 
and disruption by neurotoxicants: nicotine, environ-
mental tobacco smoke, organophosphates. Toxicol 
Appl Pharmacol. 2004;198(2):132–51.

 15. Levy DT, Chaloupka F, Gitchell J.  The effects of 
tobacco control policies on smoking rates: a tobacco 
control scorecard. J Public Health Manag Pract. 
2004;10(4):338–53.

 16. Apelberg BJ, Feirman SP, Salazar E, Corey CG, 
Ambrose BK, Paredes A, et al. Potential public health 
effects of reducing nicotine levels in cigarettes in the 
United States. N Engl J Med. 2018;378:1725.

 17. Shiffman S, Dunbar MS, Scholl SM, Tindle 
HA. Smoking motives of daily and non-daily smok-
ers: a profile analysis. Drug Alcohol Depend. 
2012;126(3):362–8.

 18. Moyer VA. Screening for lung cancer: US Preventive 
Services Task Force recommendation statement. Ann 
Intern Med. 2014;160(5):330–8.

 19. Bjartveit K, Tverdal A.  Health consequences of 
smoking 1–4 cigarettes per day. Tob Control. 
2005;14(5):315–20.

 20. Heatherton TF, Kozlowski LT, Frecker RC, Fagerstrom 
KO. The Fagerstrom test for nicotine dependence: a 
revision of the Fagerstrom tolerance questionnaire. Br 
J Addict. 1991;86(9):1119–27.

 21. Lacasse Y, LaForge J, Maltais F. Got a match? Home 
oxygen therapy in current smokers. London: BMJ 
Publishing Group Ltd; 2006.

 22. Vartiainen E, Seppälä T, Lillsunde P, Puska 
P. Validation of self reported smoking by serum coti-
nine measurement in a community-based study. J 
Epidemiol Community Health. 2002;56(3):167–70.

 23. Deveci SE, Deveci F, Açik Y, Ozan AT. The measure-
ment of exhaled carbon monoxide in healthy smokers 
and non-smokers. Respir Med. 2004;98(6):551–6.

 24. Middleton ET, Morice AH.  Breath carbon mon-
oxide as an indication of smoking habit. Chest. 
2000;117(3):758–63.

24 Precision Medicine for Cigarette Smoking Addiction



380

 25. Hoogendoorn M, Feenstra TL, Hoogenveen RT, 
Rutten-van Mölken MPMH.  Long-term effective-
ness and cost-effectiveness of smoking cessa-
tion interventions in patients with COPD.  Thorax. 
2010;65(8):711–8.

 26. Leone FT, Evers-Casey S, Graden S, Schnoll 
R.  Behavioral economic insights into physician 
tobacco treatment decision-making. Ann Am Thorac 
Soc. 2015;12(3):364–9.

 27. Blumenthal DS.  Barriers to the provision of smok-
ing cessation services reported by clinicians in 
underserved communities. J Am Board Fam Med. 
2007;20(3):272–9.

 28. 2008 PHS Guideline Update Panel, Liaisons, 
and Staff. Treating tobacco use and dependence: 
2008 update U.S.  Public Health Service Clinical 
Practice Guideline executive summary. Respir Care. 
2008;53(9):1217–22.

 29. Rollnick S, Miller WR. What is motivational interview-
ing? Behav Cogn Psychother. 1995;23(4):325–34.

 30. Shiffman S.  A cluster-analytic classification 
of smoking relapse episodes. Addict Behav. 
1986;11(3):295–307.

 31. Shiffman SM, Jarvik ME.  Smoking with-
drawal symptoms in two weeks of abstinence. 
Psychopharmacology. 1976;50(1):35–9.

 32. Perkins KA. Sex differences in nicotine versus nonnic-
otine reinforcement as determinants of tobacco smok-
ing. Exp Clin Psychopharmacol. 1996;4(2):166–77.

 33. Perkins KA, Scott J.  Sex differences in long-term 
smoking cessation rates due to nicotine patch. 
Nicotine Tob Res. 2008;10(7):1245–51.

 34. Smith PH, Mazure CM, McKee SA, Weinberger AH, 
Emme E, Zhang J. Sex differences in smoking cessa-
tion pharmacotherapy comparative efficacy: a network 
meta-analysis. Nicotine Tob Res. 2016;19(3):273–81.

 35. Anthenelli RM, Benowitz NL, West R, St Aubin 
L, McRae T, Lawrence D, et  al. Neuropsychiatric 
safety and efficacy of varenicline, bupropion, and 
nicotine patch in smokers with and without psy-
chiatric disorders (EAGLES): a double-blind, ran-
domised, placebo-controlled clinical trial. Lancet. 
2016;387(10037):2507–20.

 36. Kuehn BM. Could a novel vaccine help smokers quit? 
JAMA. 2005;294(8):891–2.

 37. Saccone NL, Wang JC, Breslau N, Johnson EO, 
Hatsukami D, Saccone SF, et  al. The CHRNA5- 
CHRNA3- CHRNB4 nicotinic receptor subunit gene 
cluster affects risk for nicotine dependence in African- 
Americans and in European-Americans. Cancer Res. 
2009;69(17):6848–56.

 38. Liu JZ, Tozzi F, Waterworth DM, Pillai SG, Muglia 
P, Middleton L, et  al. Meta-analysis and imputation 
refines the association of 15q25 with smoking quan-
tity. Nat Genet. 2010;42:436.

 39. Cho MH, McDonald M-LN, Zhou X, Mattheisen M, 
Castaldi PJ, Hersh CP, et  al. Risk loci for chronic 
obstructive pulmonary disease: a genome-wide asso-
ciation study and meta-analysis. Lancet Respir Med. 
2014;2(3):214–25.

 40. Lerman C, Schnoll RA, Hawk LW Jr, Cinciripini 
P, George TP, Wileyto EP, et al. Use of the nicotine 
metabolite ratio as a genetically informed biomarker 
of response to nicotine patch or varenicline for smok-
ing cessation: a randomised, double-blind placebo- 
controlled trial. Lancet Respir Med. 2015;3(2):131–8.

 41. Nakajima M, Yamamoto T, Nunoya KI, Yokoi T, 
Nagashima K, Inoue K, et  al. Role of human cyto-
chrome P4502A6  in C-oxidation of nicotine. Drug 
Metab Dispos. 1996;24(11):1212–7.

 42. Nakajima M, Yamamoto T, Nunoya K, Yokoi T, 
Nagashima K, Inoue K, et  al. Characterization of 
CYP2A6 involved in 3′-hydroxylation of cotinine 
in human liver microsomes. J Pharmacol Exp Ther. 
1996;277(2):1010–5.

 43. Dempsey D, Tutka P, Jacob P, Allen F, Schoedel K, 
Tyndale RF, et  al. Nicotine metabolite ratio as an 
index of cytochrome P450 2A6 metabolic activity. 
Clin Pharmacol Ther. 2004;76(1):64–72.

 44. Haberl M, Anwald B, Klein K, Weil R, Fu C, 
Gepdiremen A, et al. Three haplotypes associated with 
CYP2A6 phenotypes in Caucasians. Pharmacogenet 
Genomics. 2005;15(9):609–24.

 45. Ho MK, Mwenifumbo JC, Al Koudsi N, Okuyemi 
KS, Ahluwalia JS, Benowitz NL, et  al. Association 
of nicotine metabolite ratio and CYP2A6 geno-
type with smoking cessation treatment in African- 
American light smokers. Clin Pharmacol Ther. 
2009;85(6):635–43.

 46. Kaufmann A, Hitsman B, Goelz PM, Veluz-Wilkins 
A, Blazekovic S, Powers L, et  al. Rate of nicotine 
metabolism and smoking cessation outcomes in a 
community-based sample of treatment-seeking smok-
ers. Addict Behav. 2015;51:93–9.

 47. Rojewski AM, Baldassarri S, Cooperman NA, Gritz 
ER, Leone FT, Piper ME, et  al. Exploring issues of 
comorbid conditions in people who smoke. Nicotine 
Tob Res. 2016;18(8):1684–96.

 48. McClave AK, McKnight-Eily LR, Davis SP, Dube 
SR.  Smoking characteristics of adults with selected 
lifetime mental illnesses: results from the 2007 
National Health Interview Survey. Am J Public 
Health. 2010;100(12):2464–72.

 49. McKee SA, Krishnan-Sarin S, Shi J, Mase T, 
O’Malley SS.  Modeling the effect of alcohol on 
smoking lapse behavior. Psychopharmacology. 
2006;189(2):201–10.

 50. Slopen N, Kontos EZ, Ryff CD, Ayanian JZ, Albert 
MA, Williams DR.  Psychosocial stress and ciga-
rette smoking persistence, cessation, and relapse 
over 9–10 years: a prospective study of middle-aged 
adults in the United States. Cancer Causes Control. 
2013;24(10):1849–63.

 51. Yudkin JS, Kumari M, Humphries SE, Mohamed-Ali 
V.  Inflammation, obesity, stress and coronary heart 
disease: is interleukin-6 the link? Atherosclerosis. 
2000;148(2):209–14.

 52. Childs E, De Wit H.  Effects of acute psychosocial 
stress on cigarette craving and smoking. Nicotine Tob 
Res. 2010;12(4):449–53.

S. R. Baldassarri



381

 53. Katon WJ.  Clinical and health services relation-
ships between major depression, depressive symp-
toms, and general medical illness. Biol Psychiatry. 
2003;54(3):216–26.

 54. Demers RY, Neale AV, Adams R, Trembath C, 
Herman SC. The impact of physicians’ brief smoking 
cessation counseling: a MIRNET study. J Fam Pract. 
1990;31(6):625–9.

 55. Gritz ER, Fingeret MC, Vidrine DJ, Lazev AB, Mehta 
NV, Reece GP.  Successes and failures of the teach-
able moment: smoking cessation in cancer patients. 
Cancer. 2006;106(1):17–27.

 56. Volkman JE, DeRycke EC, Driscoll MA, Becker WC, 
Brandt CA, Mattocks KM, et al. Smoking status and 
pain intensity among OEF/OIF/OND veterans. Pain 
Med. 2015;16(9):1690–6.

 57. Ditre JW, Heckman BW, Zale EL, Kosiba JD, Maisto 
SA. Acute analgesic effects of nicotine and tobacco in 
humans: a meta-analysis. Pain. 2016;157(7):1373.

 58. Lund KE, Scheffels J, McNeill A.  The association 
between use of snus and quit rates for smoking: 
results from seven Norwegian cross-sectional studies. 
Addiction. 2011;106(1):162–7.

 59. Ramstrom LM, Foulds J.  Role of snus in initiation 
and cessation of tobacco smoking in Sweden. Tob 
Control. 2006;15(3):210–4.

 60. Foulds J, Ramstrom L, Burke M, Fagerström K. Effect 
of smokeless tobacco (snus) on smoking and public 
health in Sweden. Tob Control. 2003;12(4):349–59.

 61. Mejia AB, Ling PM, Glantz SA.  Quantifying 
the effects of promoting smokeless tobacco as a 
harm reduction strategy in the USA.  Tob Control. 
2010;19(4):297–305.

 62. Benowitz NL. Smokeless tobacco as a nicotine deliv-
ery device: harm or harm reduction? Clin Pharmacol 
Ther. 2011;90(4):491–3.

 63. Baldassarri SR, Bernstein SL, Chupp GL, Slade 
MD, Fucito LM, Toll BA.  Electronic cigarettes for 
adults with tobacco dependence enrolled in a tobacco 
treatment program: a pilot study. Addict Behav. 
2018;80:1–5.

 64. Goniewicz ML, Knysak J, Gawron M, Kosmider L, 
Sobczak A, Kurek J, et al. Levels of selected carcino-
gens and toxicants in vapour from electronic ciga-
rettes. Tob Control. 2014;23(2):133–9.

 65. National Academies of Sciences, Engineering, and 
Medicine (U.S.). Committee on the Review of the 

Health Effects of Electronic Nicotine Delivery 
Systems. In: Stratton K, Kwan LY, Eaton DL, edi-
tors. Public health consequences of E-cigarettes. 
Washington, DC: The National Academies Press; 
2018. 774 p.

 66. Shahab L, Goniewicz ML, Blount BC, et  al. 
Nicotine, carcinogen, and toxin exposure in long-
term e- cigarette and nicotine replacement therapy 
users: a cross-sectional study. Ann Intern Med. 
2017;166:390.

 67. Chun LF, Moazed F, Calfee CS, Matthay MA, Gotts 
JE.  Pulmonary toxicity of e-cigarettes. Am J Phys 
Lung Cell Mol Phys. 2017;313(2):L193–206.

 68. Benowitz NL, Fraiman JB.  Cardiovascular 
effects of electronic cigarettes. Nat Rev Cardiol. 
2017;14(8):447.

 69. Hajek P, Phillips-Waller A, Przulj D, Pesola F, 
Myers Smith K, Bisal N, et al. A randomized trial of 
E-cigarettes versus nicotine-replacement therapy. N 
Engl J Med. 2019;380:629.

 70. Jamal A, Homa DM, O’Connor E, Babb SD, Caraballo 
RS, Singh T, et al. Current cigarette smoking among 
adults  – United States, 2005–2014. MMWR Morb 
Mortal Wkly Rep. 2015;64(44):1233–40.

 71. Babb S, Malarcher A, Schauer G, Asman K, Jamal 
A.  Quitting smoking among adults  – United States, 
2000–2015. MMWR Morb Mortal Wkly Rep. 
2017;65(52):1457–64.

 72. Baldassarri SR, Chupp GL, Leone FT, Warren GW, 
Toll BA.  Practise patterns and perceptions of chest 
health care providers on electronic cigarette use: an 
in-depth discussion and report of survey results. J 
Smok Cessat. 2018;13(2):72–7.

 73. Steinberg MB, Giovenco DP, Delnevo CD.  Patient–
physician communication regarding electronic ciga-
rettes. Prev Med Rep. 2015;2:96–8.

 74. Haziza C, de La Bourdonnaye G, Skiada D, 
Ancerewicz J, Baker G, Picavet P, et al. Evaluation of 
the tobacco heating system 2.2. Part 8: 5-day random-
ized reduced exposure clinical study in Poland. Regul 
Toxicol Pharmacol. 2016;81:S139–S50.

 75. Farsalinos KE, Yannovits N, Sarri T, Voudris V, 
Poulas K.  Nicotine delivery to the aerosol of a 
heat-not-burn tobacco product: comparison with a 
tobacco cigarette and e-cigarettes. Nicotine Tob Res. 
2018;20(8):1004–9.

24 Precision Medicine for Cigarette Smoking Addiction



383© Springer Nature Switzerland AG 2020 
J. L. Gomez et al. (eds.), Precision in Pulmonary, Critical Care, and Sleep Medicine, 
Respiratory Medicine, https://doi.org/10.1007/978-3-030-31507-8_25

Implementing COPD Precision 
Medicine in Clinical Practice

Don D. Sin

 Introduction

Chronic obstructive pulmonary disease (COPD) is 
an inflammatory condition of the lung that afflicts 
300 million people worldwide [1]. Approximately 

3.2 million individuals die from COPD every year, 
and it is projected to become the fourth leading 
cause of death by 2040, responsible for 4.4 million 
deaths annually [1]. COPD is also a leading cause 
of hospitalizations in many countries around the 
world, and in the U.S., COPD is the second lead-
ing cause of disability- adjusted life years (DALYs) 
lost [2]. COPD is a progressive disease whose 
natural course is punctuated by periods of acute 
worsening of symptoms, which are called acute 
exacerbations of COPD [3]. Most of the COPD 
morbidity and mortality occur during these peri-
ods of exacerbations, which often lead to urgent 
visits to physicians’ offices and emergency depart-
ments, and hospitalizations.

 COPD as a Heterogeneous Disorder

COPD is defined based on a physiologic abnormal-
ity: a reduced forced expiratory volume in 1 second 
(FEV1) to forced vital capacity (FVC) ratio, which 
can be detected reliably with spirometry [3]. COPD 
is thus characterized by persistent airflow limita-
tion that is not fully reversible with bronchodilators 
[3]. However, as there are many different disease 
processes that lead to airflow limitation, COPD is 
pathophysiologically a heterogeneous disorder. 
Indeed, Vestbo and Lange have argued that a 
reduced FEV1/FVC ratio is analogous to fever (for 
which there is a wide differential diagnosis), and as 
such, it does not provide any clues regarding the 
etiology or molecular drivers of its underlying 
cause [4].
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Key Point Summary
• Precision medicine in COPD is being 

enabled by advances in phenotyping and 
molecular techniques that have begun to 
clarify the heterogeneity of COPD 
endotypes.

• Blood eosinophil count is a promising 
predictive biomarker of clinical responses 
to inhaled corticosteroids (ICS) in 
COPD.

• Azithromycin therapy in COPD may be 
targeted to those with GOLD 2 disease 
severity, ex-smokers, and those 65 years 
of age and older.

• The combined genomics/biomarker- based 
approach to drug discovery and develop-
ment is currently favored in COPD and 
may lead to novel therapeutics.
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Pathologically, key features of COPD include 
airway remodeling and emphysema. Airway 
remodeling is characterized by narrowing of small 
airways, which are defined as airways less than 
2 mm in diameter, and reduction in the total num-
ber of these airways [5]. Because resistance in the 
airways is inversely related to the fourth power of 
their radius, even small reductions in airway cali-
ber can lead to significant airflow impairment. In 
mild COPD, however, airway caliber may be rela-
tively normal [6]. Even in the absence of any sig-
nificant airflow limitation, patients with mild 
COPD, defined by a reduced FEV1/FVC and nor-
mal FEV1 values, demonstrate significant loss in 
the number of small airways [7]. For example, 
Koo et  al. recently showed using microimaging 
techniques that individuals with mild COPD had 
40% fewer terminal  bronchioles than smokers 
without any airflow limitation [7].

Emphysema is also present in most patients 
with COPD, though the extent of the disease is 
extremely variable across patients. On average, 
the alveolar surface area available for gas 
exchange, which is a surrogate for the severity of 
emphysema, decreases as emphysema burden 
increases. Compared to smokers without COPD, 
those with mild COPD, according to the Global 
initiative for Chronic Obstructive Lung Disease 
(GOLD) grade 1 definition, demonstrate an 
approximate 25% increase in emphysema burden, 
while those in GOLD grade 2 (i.e., with moderate 
COPD defined by FEV1 between 50 and 79% of 
predicted) experience a 40% increase, and those 
in GOLD grade 4 (i.e., very severe COPD defined 
by FEV1 less 30% of predicted) show an 80% 
increase in emphysema severity [7].

The distribution of emphysema is also variable. 
In cigarette smoke-related COPD, there is an 
upper lobe predominance of disease and emphy-
sema is mostly located in the center of secondary 
lobules (termed centrilobular emphysema). In 
COPD related to alpha-1 antitrypsin deficiency 
(A1ATD), emphysema is predominantly found in 
the lower lobes and is characterized by complete 
destruction of secondary lobules (termed panlobu-
lar emphysema). In some COPD patients, how-
ever, the disease is predominantly located near the 
pleural surface (termed paraseptal emphysema). In 
many, there is a combination of paraseptal and 

centrilobular emphysema. In biomass-related 
COPD, there is very little emphysema and most of 
the airflow limitation is attributed to small airway 
disease [8]. Other morphologic phenotypes in 
COPD include bronchiectasis and pulmonary arte-
rial hypertension. In general, the pulmonary arte-
rial hypertension of COPD is relatively mild and 
does not require specific pulmonary vasodilators 
[9]. Interestingly, however, the diameter of pulmo-
nary artery has been shown to relate to risk of 
exacerbations [10]. The mechanism for this 
observed epidemiological relationship is unknown.

Clinically, patients most often complain of dys-
pnea on exertion and reduced health status. 
However, in a subset of patients, symptoms of 
cough and sputum production are the predominant 
feature. Traditionally, these patients have been 
labelled as having “chronic bronchitis.” Another 
10–30% of patients have features of asthma 
including prior history of childhood or adolescent 
asthma, atopy, and chronic rhinitis [11]. Over 60% 
of patients with mild COPD demonstrate positive 
reaction to methacholine challenge, consistent 
with airway hyperresponsiveness [12], and are 
referred to as having “asthma-COPD overlap syn-
drome” (ACOS) or “asthma-COPD overlap” 
(ACO) [13]. These ACO patients have greater 
symptom burden, more exacerbations and faster 
disease progression of disease than COPD without 
asthma features. Nevertheless, these patients have 
been largely excluded from trials of COPD and 
asthma drugs, leading to a scarcity of high quality 
data to guide therapeutic choices in ACO patients, 
although there is a general consensus that inhaled 
corticosteroids with long-acting bronchodilators 
should be first-line therapies [14].

Molecular characterization of COPD has been 
challenging, and the exact pathophysiology of 
COPD is unknown. In animal models of COPD 
(e.g., smoke-exposed mice, rats or guinea pigs for 
3–6 months), many molecular pathways have been 
shown to be important players in COPD.  These 
include pathways involving matrix metallopepti-
dases 9 and 12 (MMP9 and MMP12), C-C chemo-
kine receptor type 5 and 6 (CCR5 and CCR6), 
tumor necrosis factor (TNF), interleukin 1 (IL-1), 
myeloperoxidase (MPO), club cell protein 16 
(CC16), cathepsin S (CTSS), endothelial monocyte 
activating protein 2 (EMAPII), surfactant protein D 
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(SPD) [15], bone morphogenetic protein (BMP-6) 
[16], fibroblast growth factor-2 (FGF2) [17], ATP 
binding cassette A1 (ABCA1) [18], and ADAM 
Metallopepsidase Domain 9 (ADAM9) [19, 20], to 
name a few. However, only SERPINA1, the gene 
encoding alpha-1- antitrypsin protein, has been 
definitively implicated in COPD pathogenesis.

 Precision Medicine in COPD

Traditionally, pharmaceutical companies have 
treated differences in phenotypes of COPD as 
“noise” and used large sample sizes to “drown 
out” this noise, especially in large phase III ran-
domized controlled trials (RCTs). Accordingly, 
most of the evidence to support the current man-
agement of COPD have been generated from 
large RCTs, which have yield “average” data 
[21]. However, in clinical practice, there is no 
such thing as an average patient; physicians treat 
individual patients. Given the heterogeneity of 
COPD with respect to its phenotypes and endo-
types (defined as molecular processes that lead to 

the phenotype), clinical implementation of RCT 
results has been challenging.

Dissimilar to this traditional approach of “one-
size-fits-all”, precision medicine is defined as an 
“approach for disease treatment and prevention 
that takes into account individual variability in 
genes, environment, and lifestyle for each person” 
[22]. By considering a person’s biology, exposures 
and lifestyle, precision medicine determines tai-
lored approaches to prevent and treat disease [23, 
24]. Precision medicine in COPD is being enabled 
by advances in phenotyping and molecular tech-
niques that have begun to clarify the heterogeneity 
of COPD endotypes [25, 26]. Although clinicians 
have been practicing some form of precision medi-
cine for decades, the launch of the Precision 
Medicine Initiative in 2015 by the National Institutes 
of Health (NIH) and other organizations has led to 
advances in discovery and implementation [24], 
with promises of a better future for patients. In this 
chapter, we provide examples of successful COPD 
precision medicine implementations (Table  25.1), 
and discuss how precision medicine will shape new 
therapeutic approaches in COPD.

Table 25.1 Examples of precision therapies in COPD

Interventions Biomarker(s) or clinical trait(s) Clinical context
Inhaled 
Corticosteroids

Blood eosinophil count (≥300 cells/uL) Frequent exacerbatora on long-acting 
bronchodilator(s)

Supplemental 
home oxygen

PaO2 < 55 mm Hg (room air) OR
PaO2 < 60 mm Hg (room air) + right 
sided heart failure or polycythemia

No role in exercise or intermittent oxygen 
desaturation

LVRS Upper lobe predominant emphysema + 
low exercise capacityb

Very symptomatic despite maximal inhaler therapy 
and pulmonary rehabilitation
Not a candidate for lung transplantation

Alpha-1- 
antitrypsin 
replacement

Blood alpha-1- antitrypin level (≤ 11 
umol/L) or
SERPINA1 genotyping or electrophoresis

Rapid loss in lung function
Symptomatic

Low-dose 
prophylaxis with 
azithromycin

Non or ex-smokers or
GOLD 2 disease or
Age ≥ 65 years

Frequent exacerbator despite maximal inhaler 
therapy

IgG replacement 
therapy

Serum IgG (<7 g/L) Repeated hospitalizations for AECOPD despite 
maximal inhaler therapy and azithromycin
Exacerbations are mostly related to recurrent 
respiratory tract infections

LAMA over 
LABA

BMI <20 kg/m2 or
GOLD 4 disease severity

LABA and LAMA have similar effectiveness 
except in those these traits (low BMI and high 
GOLD grade)

Abbreviations: AECOPD acute exacerbations of COPD, BMI body mass index, GOLD Global initiative for chronic 
Obstructive Lung Disease, LABA long-acting beta-2 adrenergic agonist, LAMA long-acting muscarinic antagonist, 
LVRS lung volume reduction surgery, PaO2 arterial partial pressure of oxygen
aFrequent exacerbator is defined as a patient who has two or more exacerbations per year or at least one hospitalization 
per year
bdefined as <25 Watts for females and < 40 Watts for males on standard cardiopulmonary exercise test
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 Precision Medicine in the Use 
of Inhaled Corticosteroids

The most commonly used maintenance therapy 
in COPD is inhaled corticosteroids (ICS). ICS 
were first developed for asthma therapy, but with 
the realization that COPD airways were also 
inflamed, ICS have been used to control the 
inflammatory component of the disease [27]. 
However, unlike in asthma, where steroid- 
responsive Th2 cytokines and eosinophils are the 
major molecular drivers, the inflammatory pro-
cess of COPD, which is characterized by neutro-
phils, is relatively resistant to corticosteroids 
[28]. Moreover, ICS use has been associated with 
adverse effects, including increased risk of bone 
demineralization, osteoporosis, vertebral and 
long-bone fractures, skin bruising, and cataracts 
[29]. In COPD, but not in asthma, ICS use has 
also been associated with increased risk of pneu-
monia (more on this later). Nonetheless, the two 
bestselling COPD drugs in the world contain 
ICS. In COPD, ICS are used in conjunction with 
a long-acting ß2-agonist (LABA) typically in a 
fixed dose formulation (ICS/LABA 
combination).

GOLD and other COPD expert committees 
recommend against the use of ICS monotherapy 
and suggest that ICS be used only in combination 
with a LABA and/or a long-acting muscarinic 
antagonist (LAMA) for COPD patients who have 
a history of recurrent exacerbations (defined as 
having two or more exacerbations per year or one 
or more hospitalizations per year) [3]. In this set-
ting, compared with LABA alone, ICS/LABA 
combination reduces exacerbations by approxi-
mately 10–20%, which translates to a number- 
needed- to-treat (NNT) of 34 patients to prevent 
one patient from experiencing an exacerbation 
per year [30]. The NNT to prevent one patient 
from experiencing a hospitalization is approxi-
mately 50–100 per year [30]. There is another 
method of calculating NNT based on the number 
of exacerbations rather than individuals. The 
method based on exacerbation as the unit of anal-
ysis is called event-based NNT, while that based 
on patients as the unit of analysis is called a 
person- based NNT. In general, person-based 
NNTs are preferred over event-based NNTs 

because they are clinically easier to understand, 
as physicians treat patients not exacerbations 
[31], and because the original NNT calculations 
were based on dichotomous, not recurring, 
events. Since patients can have more than one 
exacerbation, event-based NNTs are generally 
smaller than person-based NNTs. In the case of 
ICS/LABA therapy compared with placebo, the 
event-based NNT is 4 per year, while the person- 
based NNT is 15–20 per year [32, 33].

More recently, ICS/LABA combinations have 
been mixed together with a LAMA in a fixed 
dose combination, leading to ICS/LABA/LAMA 
inhalers. A meta-analysis by Cazzola et al. sug-
gested that compared with a LABA/LAMA fixed 
dose combination, ICS/LABA/LAMA was asso-
ciated with a significant reduction in the rate of 
exacerbations [33]. The NNT, however, was high 
at 39 patients per year. Compared to LABA or 
LAMA alone (rather than dual bronchodilators), 
the NNT was slightly smaller at 22 [33].

Although eosinophils are not thought to be 
important players in the pathogenesis of COPD, 
blood eosinophil count may be predictive of clin-
ical responses to ICS in COPD.  Siddiqui et  al. 
showed in the Foster 48  week Trial to Reduce 
Exacerbations in COPD (FORWARD) trial that 
ICS/LABA combination (beclomethasone/for-
moterol) therapy resulted in a 46% reduction in 
the risk of exacerbations over 1 year compared 
with formoterol alone in COPD patients with a 
blood eosinophil count of 280 cells/uL or more 
[34]. In contrast, among those with blood eosino-
phil count less than 110 cells/uL, the relative risk 
reduction was a non-significant 22%. Similar 
findings have been noted by others [35, 36]. 
Interestingly, in the Indacaterol-Glycopyrronium 
versus Salmeterol-Fluticasone for COPD 
Exacerbations (FLAME) study, the use of a 
LABA/LAMA (indacaterol/glycopyrronium) 
significantly reduced exacerbation rates com-
pared to ICS/LABA (fluticasone/salmeterol) 
therapy in COPD patients whose blood  eosinophil 
count was less than 150 cells/uL [37]. Above this 
threshold, the rates of exacerbation were similar 
between ICS/LABA and LABA/LAMA groups. 
In the most recent InforMing the PAthway of 
COPD Treatment (IMPACT) study, the beneficial 
effects of ICS/LABA/LAMA (fluticasone/
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vilanterol/umeclidinium) combination compared 
with LABA/LAMA (vilanterol/umeclidinium) 
therapy were larger in patients with a blood 
eosinophil count of 150 cells/uL or greater com-
pared to those who had counts lower than this 
level (32% relative reduction vs. 12%) [38]. 
Based on these studies, blood eosinophil count 
could play a role in predicting ICS response 
among COPD patients, although it should be 
noted that the relationship between blood and 
sputum eosinophil counts is relatively weak and 
blood eosinophil counts do not predict future risk 
of exacerbations [39].

In Cazzola et al.’s meta-analysis, the addition 
of ICS to LABA/LAMA combination was asso-
ciated with an NNT of 9 patients per year when 
only patients with blood eosinophil count 300 
cells/uL or more were considered (compared 
with an NNT of 47 for those whose eosinophil 
counts were less than 300 cells/uL) [33]. 
Interestingly, the risk of pneumonia related to 
ICS does not appear to be related to blood eosin-
ophil count [40]. The risk is mostly related to 
potency of ICS, prior history of tuberculosis or 
pneumonia, and GOLD grade of severity with the 
risk rapidly rising when FEV1 is <50% of pre-
dicted [41]. Thus, in COPD, the use of an ICS- 
containing regimen should be guided by a history 
of recurrent or frequent exacerbations (two or 
more per year) and blood eosinophil count 300 
cells/uL or more. Although there is no firm evi-
dence, experts recommend the use of ICS in 
COPD patients with features of asthma, includ-
ing a prior or current history of asthma, signifi-
cant airway hyperresponsiveness, and atopy [42]. 
ICS should be used very cautiously or avoided 
entirely in patients without these “traits” or in 
those with a prior history of pneumonia or tuber-
culosis. In those with the latter trait or those with 
GOLD 3 or 4 disease, lower potency formula-
tions should be considered.

 Precision Medicine in the Use 
of Bronchodilators

Bronchodilators are the first-line therapy for most 
symptomatic patients with COPD [3]. They 
reduce breathlessness, improve exercise perfor-

mance, and prevent exacerbations. The most 
commonly used bronchodilators for COPD are 
LABAs, which predominantly target ß2- 
adrenergic receptors in airway smooth muscle, 
and LAMAs, which predominantly target the M3 
muscarinic acetylcholine receptors in airway 
smooth muscle. Although there is some variation 
in reported results, on average, these bronchodi-
lators reduce the risk of exacerbations by ~15–
30% compared to placebo over 12  months 
[43–46], which translates to a person-based NNT 
of approximately 10–15 patients per year to pre-
vent one or more exacerbations. Although the 
NNT is higher than most “precise” therapies, 
given the relatively low-cost of bronchodilators, 
a paucity of adverse side effects, and symptom-
atic benefit for patients, they remain the preferred 
first-line therapies for most symptomatic patients.

Although LABAs and LAMAs have similar 
effects, the Prevention of Exacerbations in 
Tiotropium (POET) study showed a slight advan-
tage of tiotropium over salmeterol for exacerba-
tion prevention [47]. On average, those who were 
assigned to tiotropium had a 17% lower risk of 
exacerbation over 1  year compared with those 
who used salmeterol. Intriguingly, the largest 
relative risk difference in exacerbation between 
tiotropium and salmeterol arms of the study was 
observed in patients with GOLD grade 4 disease 
severity and those with a body mass index (BMI) 
less than 20  kg/m2. While the overall person- 
based NNT was 25 patients per year in favor of 
tiotropium, the NNT was eight for these two sub-
groups of patients. In those with GOLD grade 4 
disease or BMI < 20 kg/m2, tiotropium is clearly 
the preferred choice.

 Precision Medicine in the Use 
of Antibiotic Prophylaxis

It is now a common practice to use daily or thrice- 
weekly regimen of azithromycin (250  mg/d) 
therapy for exacerbation prevention in patients 
with repeated exacerbations despite maximal 
bronchodilator treatment (generally, ICS/LABA/
LAMA combination therapy). Overall, in such 
patients, low-dose azithromycin therapy reduces 
the risk of exacerbations by approximately 25%, 

25 Implementing COPD Precision Medicine in Clinical Practice



388

with a person-based NNT of nine over 12 months 
[48]. However, long-term azithromycin therapy 
is associated with anti-microbial resistance and 
reduced hearing acuity, among other side effects. 
The number needed to harm (NNH; the number 
of patients needed to treat before one patient 
experiences an adverse effect from the drug) is 
approximately 18 patients per year [48]. As such, 
more targeted therapy for subgroups who are 
most likely to benefit from antibiotic therapies is 
desired. The Azithromycin for Prevention of 
Exacerbations study showed that the salutary 
effects of azithromycin were most pronounced in 
patients with GOLD 2 disease severity (hazard 
ratio (HR), 0.55; 95% CI, 0.40–0.75), ex- smokers 
(HR, 0.65; 95% CI, 0.55–0.77), and those 
65  years of age and older (HR, 0.59; 95% CI, 
0.47–0.74) [49]. Thus, azithromycin therapy may 
be targeted to patients in these subgroups and 
avoided in other patients.

 Precision Medicine in the Use 
of Non-Pharmacologic Therapies

Non-pharmacologic therapies, including supple-
mental oxygen and lung volume reduction sur-
gery, should be considered in patients with 
COPD. Supplemental oxygen therapy should be 
prescribed for patients with resting hypoxemia 
on room air. The Medical Research Council study 
showed that in patients with resting hypoxemia 
(PaO2  ≤  55  mmHg on room air, or 
PaO2  <  60  mmHg with evidence of right-sided 
heart failure or raised hematocrit), the use of con-
tinuous home oxygen therapy reduced mortality 
by ~50% with a person-based NNT of 5 over 
5 years [50]. Similarly, the U.S. based Nocturnal 
Oxygen Treatment Trial (NOTT) showed a 50% 
relative risk reduction in mortality with continu-
ous vs. nocturnal oxygen supplementation, with 
an NNT of 5 over 2 years [51]. In contrast, in the 
recently completed Long-Term Oxygen 
Treatment Trial (LOTT), supplemental oxygen 
therapy did not significantly modify mortality or 
risk of hospitalization among patients with mod-
erate resting desaturation (89–93% oxyhemoglo-
bin saturation on pulse oximetry) or those with 

moderate exercise-related oxygen desaturation 
[52]. Thus, pulse oximetry or arterial blood gases 
may be used as biomarkers to identify subgroups 
of patients who are likely to benefit from supple-
mental oxygen therapy.

Lung volume reduction surgery (LVRS) has 
been evaluated for treatment of COPD.  The 
National Emphysema Treatment Trial (NETT) 
showed that overall, there was no survival differ-
ence between those treated with LVRS (plus 
standard therapy) vs. those treated with standard 
non-surgical therapy alone [53]. However, in 
patients whose emphysema predominantly 
affected the upper lobes (as judged on thoracic 
computed tomography (CT)), and in those who 
demonstrated low exercise capacity (defined as 
less than 25 Watts for female and 40 Watts for 
male patients on standard cardiopulmonary exer-
cise test), LVRS was effective in reducing mor-
tality with a person-based NNT of 7 over 5 years. 
However, given the cost and the potential periop-
erative morbidity and mortality associated with 
LVRS, this procedure has not been widely 
adopted in clinical practice, even in this favorable 
subgroup of patients.

More recently, endoscopic lung volume reduc-
tion (EVLR) therapy using valves or coils has 
been evaluated. In general, EVLR methods have 
produced disappointing results and indeed, in one 
study, the use of an endobronchial valve was 
associated with increased risk of COPD hospital-
ization and hemoptysis [54], and an NNH for 
COPD exacerbation of 13 per year. However, 
investigators found in a post hoc analysis that the 
benefits of EVLR were observed largely in 
patients who did not demonstrate any significant 
collateral ventilation. Targeting of endobronchial 
valves to those who did not show collateral venti-
lation of the ipsilateral airway segment (using the 
Chartis System) was associated with a signifi-
cantly reduced exacerbation risk, at an NNT of 
13 per year [55]. The Zephyr Endobronchial 
Valve System has now received approval from 
the U.S. Food and Drug Administration (FDA). 
The current NNT is likely too high for wide-
spread adoption and additional studies are needed 
to identify subgroups of patients in whom EVLR 
therapy will produce even greater efficacy.
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It is well established that respiratory viral 
pathogens are the most common triggers of acute 
exacerbations of COPD.  Immunoglobulins, 
which can be pathogen-specific or broadly neu-
tralizing, are important first-line defenses against 
respiratory pathogens, and their deficiency has 
been associated with frequent pneumonias and 
bronchiectasis. Leitao Filho et al. showed in the 
MACRO and Simvastatin for the Prevention of 
Exacerbations in Moderate-to-Severe COPD 
(STATCOPE) cohorts that approximately one in 
four to one in five patients with COPD have 
reduced serum total immunoglobulin levels 
(IgG), consistent with immunodeficiency [56, 
57]. Most importantly, those who had IgG defi-
ciency, especially IgG1 and IgG2 deficiencies, 
demonstrated a 50–100% increase in the risk of 
exacerbations leading to hospitalization. A case 
series indicates that treatment of these individu-
als with immunoglobulin replacement therapy 
significantly reduces the risk of exacerbations 
[58]. Thus, in patients with IgG immunodefi-
ciency who experience recurrent hospitalizations 
despite maximal inhaler therapy and chronic pro-
phylactic azithromycin therapy, intravenous 
immunoglobulin replacement therapy may be 
considered.

 Application of Precision Medicine 
in Drug Discovery

Overall, the pace of new drug development in 
respiratory diseases has been extremely slow. 
Although the world market for asthma and COPD 
therapeutics is 35 billion USD/yr., only one new 
class of medications has been introduced for 
COPD patients over the past 30 years [59]. The 
cumulative probability of respiratory drugs 
reaching the clinic is only 3% (from phase I to 
approval), whereas it is 14% for HIV/AIDS drugs 
and 7% for cancer therapeutics [59]. The greatest 
attrition occurs during phase II and III studies, 
mostly owing to lack of efficacy, which accounts 
for approximately 60% of the failures [60]. 
Traditionally, pharmaceutical companies have 
relied on preclinical animal models to assess 
potential therapeutic targets and compounds. 

However, because they are poorly predictive of 
the human condition, they have been largely 
abandoned in favor of genomics-based 
approaches to drug discovery and development in 
COPD [60, 61].

The genomics-based approach has two major 
components: (1) genetic linkage to the drug tar-
get and (2) availability of ‘response biomarkers’ 
to gauge drug efficacy or ‘predictive biomarkers’ 
to determine groups of patients who are likely to 
respond to the drug [60]. Support from human 
genetics studies for drug targets improves the 
success rate of drugs in phase II studies by 
50–100%, while the availability of response or 
predictive biomarkers increases the success rate 
by two- to threefold [60]. By implementing a 
combined genomics/biomarker approach, one 
major therapeutic company in respiratory sci-
ences has increased the success rate from drug 
nomination across all therapeutic areas to com-
pletion of phase III studies by fivefold, from 4% 
to 19% [62]. Pharmacogenomics, which com-
bines pharmacology and genetics to study how 
genes affect patient responses to particular drugs, 
is still in its infancy in COPD.

 Precision Medicine to Prevent Rapid 
Loss of Lung Function in COPD?

Another major challenge in COPD precision 
medicine is developing prognostic biomarkers of 
“disease activity”. In COPD, disease activity is 
generally defined as rapid decline in lung func-
tion over time. In general, there are three distinct 
patterns of lung function trajectory in COPD 
patients: (1) accelerated decline, especially after 
age 40  years; (2) reduced lung growth during 
childhood but normal decline as an adult; and (3) 
a mix of the previous two trajectories, which 
leads to severe disease at a younger age [63]. 
Although at the population-level these patterns 
are distinct, at an individual level there is tremen-
dous heterogeneity and overlap of patterns over 
time. To date, there is no single blood- or lung- 
based biomarker that can predict the trajectory of 
lung function decline in a single individual. In the 
absence of such tools, it is not surprising that 
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there are no current therapies, aside from smok-
ing cessation, that can modify disease progres-
sion or mortality in COPD. As noted previously, 
while there are many genes that have been repro-
ducibly associated with COPD risk, there are no 
genes (apart from the alpha 1 anti-trypsin gene) 
that are associated with disease progression and 
FEV1 decline.

In a recent study by Zafari et al., clinical vari-
ables associated with rapid decline in lung func-
tion were used to develop a “calculator” to predict 
progression of disease at an individual level for 
patients with mild to moderate COPD [64]. They 
showed that five clinical features (i.e., smoking 
status, baseline FEV1, BMI, sex, and airway 
hyperresponsiveness) were responsible for 1/3 of 
the variation in FEV1 values over time within a 
single individual. They exploited this knowledge 
to create a tool where clinicians can input these 
parameters and obtain the probability that their 
patient will progress to higher grades of COPD 
over 10 years (available at: http://resp.med.ubc.
ca/software/ipress/epic/fev1pred/). Data from 
this tool can be used by clinicians to target high- 
risk patients (i.e., those who are likely to prog-
ress) with intense smoking cessation programs or 
pharmacologic (e.g., LAMA) and non- 
pharmacologic therapies (e.g., pulmonary reha-
bilitation) for disease modification. The effects of 
these interventions can be serially and 
dynamically assessed using this online tool to 
determine whether the interventions have made 
any material difference to the patients’ overall 
risk over time. Formal evaluation of the utility of 
tools such as this to improve health outcomes is 
not yet available.

 Conclusion

COPD is now in the era of precision medicine. 
The traditional “one-size-fits-all” approach is no 
longer acceptable to patients, physicians and pay-
ers. To fully implement precision medicine, how-
ever, better therapeutics and biomarkers are 
needed to predict therapeutic responses and 
gauge disease activity. Biomarkers can be blood 
or sputum tests, or more broadly, precision imag-

ing [65] or other phenotyping tools [66]. This 
will enable application of current and novel ther-
apeutics beyond the “average” patient to the 
“individual” patient in clinical practice.
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Precision Medicine for All: 
Minority Health

Victor E. Ortega and Juan C. Celedón

 Introduction

Racial and ethnic disparities in respiratory health 
can be broadly defined as significant differences 
in the prevalence, morbidity, or mortality from 
respiratory diseases that are linked to racial ances-
try or ethnicity. Such disparities cannot be solely 
explained by race- or ethnic-specific genetic vari-
ants, as race and ethnicity are strongly correlated 
with socioeconomic status and, ultimately, envi-
ronmental or lifestyle factors that affect respira-
tory health [1, 2]. Current evidence suggests that: 
(1) racial or ethnic minorities of African descent 
have worse outcomes for many respiratory dis-
eases than non-Hispanic whites, and (2) individu-
als from different racial and ethnic groups respond 
differently to certain drugs [3–6].

According to the US Census Bureau, the US 
population will be more racially and ethnically 
diverse over the next 50  years, as Hispanics 
increase from one in six US residents to one in 

three during this period [7]. The increased diver-
sity of the US population has resulted in an 
unprecedented need for genomic (and other 
omics) studies for the development of precision 
approaches that can be applied to members of 
different racial and ethnic groups. Race and eth-
nicity are nominal terms that imply a particular 
ancestral background while also encompassing a 
lifelong social experience (Table  26.1) [8]. 
Genomic studies stratified according to these 
terms have been challenged because these cate-
gories do not apply similarly to individuals with 
different ancestral backgrounds [8, 9].

Over the past two decades, high-throughput 
genomic technologies have added an unprece-
dented level of complexity to the analysis and 
interpretation of data from different racial or eth-
nic groups with varying interindividual ancestral 
backgrounds [2, 10]. The vast majority of 
genomic studies have been performed in subjects 
of European descent, but there has been a recent 
increase in genomic studies including different 
racial and ethnic groups [11]. The advent of next- 
generation whole-genome sequencing has 
allowed for a more rapid expansion of diverse 
catalogues of human genome variation, which 
facilitate genetic studies of racial and ethnic 
minorities [12].

In this chapter, we review the basis for the vari-
ability in genomic diversity in commonly used 
ethnic and racial categories and the  challenges 
involved in multiethnic genomic studies. We dis-
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cuss specific examples of genomic studies in 
health (lung function) and respiratory disease 
(chronic obstructive pulmonary disease (COPD) 
and asthma) where clear racial or ethnic differ-
ences have been demonstrated in disease risk or 
severity and drug response (pharmacogenetics). 
Finally, we review findings from recent epigenome- 
wide association studies and discuss new 
approaches to study genetic and environmental 
factors related to complex respiratory diseases.

 The US Population Is Increasingly 
Diverse and Multiethnic

Over the past 500 years, the admixture of Native 
American, African, and European populations 
has resulted in the varying ancestral backgrounds 
of contemporary US racial and ethnic groups, 
including Puerto Ricans, Mexican Americans, 
and African Americans (Table  26.1). Within 
Hispanic subgroups, Puerto Ricans have, on 
average, a higher proportion of African ancestry 
but a lower proportion of Native American ances-
try than Mexican Americans. Compared to non- 
Hispanic whites or members of most Hispanic 

groups, African Americans and Afro-Caribbeans 
have, on average, a greater proportion of African 
ancestry but a lower proportion of European 
ancestry [13, 14].

The remarkable variability in ancestral back-
ground among individuals within a specific self- 
identified ethnic group is thus not adequately 
captured by current ethnic and racial designa-
tions employed by the US Census Bureau and 
biomedical researchers [1]. The identification 
and use of ancestry-informative genetic markers 
throughout the genome has demonstrated that the 
distribution of African, Native American, and 
European ancestry in individuals from a specific 
ethnic group varies according to multiple factors, 
including (1) self-reported ethnicity, as the racial 
ancestry of Hispanics varies across different 
Hispanic subgroups (e.g., Puerto Ricans vs. 
Mexican Americans); (2) area of residence, as, 
for example, the average proportion of African 
ancestry is higher in African Americans living in 
the Eastern United States than in other areas; and 
(3) familial generation, as, for example, the aver-
age proportion of African ancestry in African 
Americans can change in each subsequent gen-
eration due to racial admixture [14–16].

Table 26.1 Commonly used terms related to race and ethnicity

Term Definition Examples
Race Historical and commonly used term for a group of people based on 

physical features (including hair or skin color) which reflect a 
common ancestral and geographical origin

White, black, Asian, 
African American, 
American Indian, Native 
Hawaiian

Ethnicity Social group resulting from shared cultural factors, ancestry, 
language, diet, and physical features traditionally associated with 
race

Hispanic, non-Hispanic

Ancestry Term to define a person’s genetic, family, and geographic origins 
which can be quantified categorically or as a proportion based on 
ancestry- informative genetic markers

European, African, Asian, 
Amerindian

European Inhabitant of Europe or an individual with ancestral origins from 
Europe, but is also used as synonym for white

European, white, European 
white

White People of European ancestral origins, which can indicate race but 
also ethnicity

European, Caucasian, 
Caucasoid

Caucasian Popular racial term for white race based on Blumenbach’s eighteenth-
century term for people who lived in Caucasus

European, white, 
Caucasoid

Black Racial category for people of African ancestral origins African, Afro-Caribbean
African Racial category for people who self- identify as African while 

excluding European and other ancestries
Black, African American

Hispanic Ethnic category used interchangeably with Latino that signifies 
people of Spanish ancestral origins, irrespective of race

Puerto Ricans, Mexicans, 
Colombians, Costa Ricans, 
Cubans
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Sub-Saharan African ancestry is the most 
ancient of ancestries, resulting in more recombi-
nation events and fewer co-inherited DNA vari-
ants over a shorter genomic region. In contrast, 
European ancestry is the result of a more recent 
bottleneck event that resulted in a loss of genetic 
diversity, as the first modern humans are thought 
to have migrated to Europe from Africa approxi-
mately 40,000 years ago [17]. Thus, subjects of 
European descent have DNA variants that are co- 
inherited over longer distances across DNA (i.e., 
are in linkage disequilibrium (LD)). Based on LD 
patterns, individual DNA variants are less likely 
to tag the same groups of variants in subjects of 
African descent than those of European descent. 
Further, more extensive genotyping is required to 
characterize the genetic diversity in subjects of 
African descent than those of European descent. 
Differences in genetic ancestry also result in 
varying allelic frequencies throughout the 
genome, particularly for rare variants, which are 
more frequent in genomes of African descent [17, 
18]. Genomic studies must thus consider ances-
tral background as a major determinant of 
genomic variation, which influences disease risk, 
disease severity, and responsiveness to drugs [3].

 Lung Function: A Heritable Trait 
that Varies According to Genetic 
Ancestry

Lung function measures help characterize respi-
ratory health, and reduced lung function is asso-
ciated with increased morbidity and mortality 
from respiratory diseases. Large population- 
based studies in the United States and elsewhere 
have shown differences in lung function across 
racial or ethnic groups [19–21], leading the 
American Thoracic Society and the European 
Respiratory Society to recommend using racial- 
or ethnic-specific reference values for lung func-
tion measures [19, 22].

Ancestry-based genetic studies have shown 
that African ancestry impacts lung function in 
admixed ethnic groups in the same direction pre-
dicted by current, nominal race-based predictive 
equations [14, 16, 23]. In three independent stud-

ies of African American adults, Brazilians, and 
Puerto Rican children, the proportion of global 
African ancestry was inversely associated with 
the forced expiratory volume in 1 second (FEV1) 
and forced vital capacity (FVC) [14, 16, 24]. In 
Mexicans and Mexican Americans from two 
studies, the east-to-west variation in regional 
Native American ancestry in Mexico was 
inversely associated with lung function [25]. 
Moreover, the percentage of global Native 
American ancestry has been associated with 
higher FEV1 and FVC, as well as with reduced 
risk of airflow obstruction and COPD among 
Hispanics in Costa Rica and New Mexico [26, 
27]. Thus, whereas Native American ancestry is 
positively associated with increased lung func-
tion in Hispanics, African ancestry is negatively 
associated with lung function in Hispanics and 
African Americans. This relationship between 
continental ancestry and lung function in racially 
admixed populations could provide insights into 
causal mechanisms underlying racial or ethnic 
disparities in respiratory health.

Genome-wide association studies (GWAS) in 
large cohorts, primarily of European descent, 
have identified numerous lung function suscepti-
bility variants [28–30]. Among the largest of these 
was a GWAS of 144,318 subjects of European 
descent, which identified 97 susceptibility genes 
for lung function. In that study, a genetic risk 
score (GRS) based on 95 single nucleotide poly-
morphisms (SNPs) was shown to be associated 
with COPD [29]. Of note, some of the lung func-
tion genes identified in subjects of European 
descent (including HHIP, FAM13A, and PTCH1) 
were subsequently associated with lung function 
in a study of African Americans with asthma [31].

Recent studies have focused on the genetics of 
lung function in US minority populations. A 
GWAS of 11,822 Hispanics from the Hispanic 
Community Health Study/Study of Latinos 
(HCHS/SOL) identified eight novel loci for lung 
function, of which three replicated in non- 
Hispanic whites. Whole-genome admixture map-
ping identified a novel locus on AGMO, which 
was replicated in subjects of European descent 
[32]. A subsequent meta-analysis of GWAS in 
90,715 subjects, including 8429 subjects of 
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African descent and 11,775 Hispanics, confirmed 
prior findings in subjects of European descent 
(e.g., for HHIP), while discovering 60 novel loci, 
43 of which were unique to Hispanics and sub-
jects of African descent [33]. This illustrates how 
studying diverse cohorts provides insight into 
racial- or ethnic-specific (Table 26.2) and “cos-
mopolitan” genetic determinants of lung func-
tion, which have variable allelic frequencies 
across racial/ethnic groups (Fig.  26.1). In the 
next section, we discuss ancestry-based studies 
and GWAS performed in diverse cohorts of 
smokers, which have identified novel loci for 
COPD risk (Fig. 26.2).

 Precision Medicine Approaches May 
Improve COPD Inequalities

COPD, a genetically complex respiratory dis-
ease, affects an estimated 64 million individuals 
worldwide and is the third leading specific cause 
of death in the United States [46]. Cigarette 
smoking may interact with racial ancestry in 
determining COPD progression. Compared to 
non-Hispanic whites, African Americans have 
greater smoking-related decline in lung function 
and COPD mortality [47, 48], as well as increased 
risk of, and impairment from, COPD exacerba-
tions [49]. Such findings may be partly due to 

Table 26.2 Novel loci identified in diverse, multiethnic genome-wide studies

Gene symbol Variant Trait Race/ethnic group Reference
KIF25 rs76656601 FEV1/FVC Hispanics Burkart et al. [32]
ZSWIM7 rs4791658 FEV1 Hispanics Burkart et al. [32]
HAL rs145174011 FEV1/FVC Hispanics Burkart et al. [32]
KCNE2 rs28593428 FEV1/FVC Hispanics Burkart et al. [32]
GPR126 rs262113 FEV1/FVC Hispanics Burkart et al. [32]
AGMO rs4133185 FEV1 Hispanics Burkart et al. [32]
RYR2 rs3766889 FEV1 African ancestry Wyss et al. [33]
EN1/MARCO rs114962105 FVC African ancestry Wyss et al. [33]
CADPS rs111793843 FEV1/FVC African ancestry Wyss et al. [33]
HDC rs180930492 FEV1/FVC African ancestry Wyss et al. [33]
CPT1C rs147472287 FEV1/FVC African ancestry Wyss et al. [33]
FAM19A2 rs348644 COPD African Americans Parker et al. [34]
KLHL7/
NUPL2

rs858249 COPD Hispanics Chen et al. [35]

DLG2 rs286499 COPD Hispanics Chen et al. [35]
DBH rs1108581 FEV1 in at-risk current/

ex-smokers
Whites, African Americans Lutz et al. [36]

PDZD2 rs7709630 COPD Hispanics Burkart et al. [32]
SERPINA1 rs2402444 Severe COPD African Americans Prokopenko et al. [37]
ADRA1B rs10515807 Asthma African ancestry Mathias et al. [38]
PRNP rs6052761 Asthma African ancestry Mathias et al. [38]
PYHIN1 rs1102000 Asthma African Americans Torgerson et al. [39]
PTCHD3 rs660498 Asthma African Americans White et al. [40]
PTGES rs11788591 EMR-based asthma African ancestry Almoguera et al. [41]
SLC24A4 rs77441273 BDR in asthma Hispanics Drake et al. [42]
SLC22A15 rs1281748 BDR in asthma Mexicans Drake et al. [42]
PAPPA2 rs77977790 BDR in asthma Puerto Ricans Drake et al. [42]
NCOA3 rs115501901 BDR in asthma Puerto Ricans Drake et al. [42]
PRKG1 rs7903366 BDR in asthma African Americans, 

Hispanics
Spear et al. [43]

NFKB1 rs28450894 BDR in asthma Hispanics Mak et al. [44]

Table highlights novel variant by reference sequence number (rs) identified by whole-genome association studies 
(GWAS) or admixture mapping in diverse multiethnic meta-analyses or studies focused on specific ethnic or racial 
groups. BDR bronchodilator response
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genetic ancestry, as the proportion of global 
African ancestry determined by genetic markers 
was inversely associated with FEV1/FVC [34] 
and modified the estimated effects of cigarette 
smoking on lung function decline among African 
Americans [23]. In contrast to findings in African 
Americans, a study of former and current smok-
ers in New Mexico showed that Hispanics had 
lower risk of COPD and reduced decline in lung 
function than non-Hispanic whites that was not 
explained by differences in smoking habits [26]. 
One hypothesis to explain these findings is that 
there is a protective effect conferred by Native 
American ancestry against the detrimental effects 
of tobacco use on lung function among Hispanics.

To date, GWAS of COPD among former and 
current smokers of predominantly European 
descent have identified 43 susceptibility loci [50]. 
The first such GWAS identified the region con-
taining the α-nicotinic acetylcholine receptor 
genes (CHRNA3/5) and IREB2 (an adjacent anti-
oxidant pathway gene) as COPD susceptibility 
loci [51]. Subsequent GWAS implicated loci 
associated with lung function in general popula-
tions (HHIP and FAM13A) on COPD risk while 
also identifying a novel locus for COPD (CYP2A6, 
a nicotine addiction pathway gene) [52, 53].

GWAS in multiethnic cohorts including for-
mer/current smokers and affected subjects have 
identified novel loci for COPD risk. In the 
COPDGene study, a meta-analysis of GWAS of 
COPD in non-Hispanic whites and African 
Americans confirmed known susceptibility loci 
(CHRNA3, FAM13A, HHIP) and identified RIN3 
as a novel susceptibility locus [54]; a follow-up 
admixture mapping analysis identified a novel 
locus for airflow obstruction (FAM19A2) in 
African Americans [34]. A subsequent GWAS of 
lung function in 9919 former and current smok-
ers (including 3260 African Americans) con-
firmed multiple susceptibility loci for lung 
function and COPD, which were related to nico-
tine addiction (CHRNA3/5, CYP2A6) and other 
pathways (HHIP, TGFB2, FAM13A, RIN3, 
AGPHD1, IREB2, MMP12) while identifying a 
novel locus for COPD in DBH [36]. The first 
whole-genome sequencing study of severe 
COPD, which included 1794 subjects (of whom 

844 were African Americans) from the Boston 
Early-Onset COPD and COPDGene studies, con-
firmed known loci for COPD (HHIP, TNS1, 
CHRNA3/5, SERPINA6/1) and identified a novel 
low-frequency SERPINA1 variant as associated 
with severe COPD in African Americans [37].

Among Hispanics, a COPD GWAS meta- 
analysis in studies of Costa Ricans, Hispanics 
from New Mexico, and Hispanics in the US 
Multi-Ethnic Study of Atherosclerosis (MESA) 
provided suggestive evidence for two novel loci 
while confirming FAM13A as a susceptibility 
locus for COPD [35]. More recently, a GWAS in 
a subgroup of Hispanic ever smokers from 
HCHS/SOL identified a novel locus for COPD 
on PDZD2 [32].

To date, genetic variants known to confer sus-
ceptibility to COPD have been primarily located 
in noncoding regulatory regions of the genome 
and cumulatively account for only a small pro-
portion of disease heritability. This “missing her-
itability” of COPD could be explained by 
nongenetic mechanisms such as epigenetic regu-
lation. Indeed, a few studies have linked cigarette 
smoking to DNA methylation signals that regu-
late the expression of genes related to nicotine 
addiction and COPD pathogenesis, but such 
 studies have been limited by small sample size 
and lack of racial diversity [55].

Multiethnic epigenetic studies may increase 
our understanding of health disparities in COPD, 
since smoking habits vary across racial and  ethnic 
groups [23, 26]. In a study of sputum samples 
from former and current smokers in New Mexico, 
methylation of the promoter region of 12 genes 
was higher in Hispanics than in non-Hispanic 
whites, and Native American ancestry was 
inversely associated with DNA methylation 
among Hispanics. Lung function and COPD risk 
loci identified by GWAS are highly represented 
among differentially methylated loci associated 
with COPD, further emphasizing the need for 
future studies of COPD epigenetics in racial and 
ethnic minorities [56].

While many genetic determinants of lung 
function and COPD overlap between racial and 
ethnic groups despite having variable allelic fre-
quencies (Fig.  26.2), studies in increasingly 
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diverse cohorts demonstrate that there are com-
plex genetic architectures in/near ancestry- 
specific risk loci (Table 26.2). Future large-scale 
studies should improve our understanding of the 
relationship among ancestry-specific and “cos-

mopolitan” genetic determinants of lung function 
and COPD, gene-by-tobacco smoke or biomass 
smoke interactions, and epigenetic regulation on 
the pathogenesis of COPD in racial and ethnic 
minorities.
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Fig. 26.1 Allele frequencies of different lung function 
loci by race or ethnic group. Lung function loci were 
among the first identified in general populations or loci 
subsequently discovered in minority ethnic groups denoted 
by reference sequence number (rs). Minor or less common, 
variant allele frequencies are based on data from the 1000 
Genomes Project Phase 3. Abbreviations from each group 

are as follows: CEU Utah residents with ancestry from 
northern and western Europe; PR Puerto Ricans; AFR 
African descent populations, including African Americans, 
African Caribbeans, and Africans from Nigeria; EAS East 
Asians; SAS South Asians; MXL Mexican Americans from 
Los Angeles; and EUR European descent populations from 
the United States and Europe [45]
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Los Angeles; and EUR European descent populations 
from the United States and Europe [45]
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 Precision Medicine Approaches May 
Improve Asthma Disparities

Asthma affects an estimated 300 million individ-
uals worldwide and is the most common chronic 
respiratory disease of childhood in the United 
States [57]. Racial/ethnic asthma disparities are 
well recognized in the United States, where dis-
ease prevalence is highest in Puerto Ricans and 
African Americans, intermediate in non-Hispanic 
whites, and lowest in Mexican Americans [4, 5, 
58, 59]. Puerto Ricans and African Americans 
also have greater morbidity and mortality from 
asthma than non-Hispanic whites or Mexican 
Americans [4, 5, 58, 59]. Despite such dispari-
ties, more genetic studies of asthma have been 
conducted in non-Hispanic whites than in Puerto 
Ricans or African Americans.

To date, GWAS of asthma have identified 
approximately 76 susceptibility loci, albeit with 
varying degrees of subsequent replication [50]. 
A GWAS of physician-diagnosed asthma in 
10,365 cases and 16,110 control subjects of 
European descent first identified the chromo-
some 17q21 locus as conferring susceptibility to 
asthma [60]. The first GWAS of asthma in 
African Americans and Afro-Caribbeans identi-
fied the α-1B- adrenergic receptor (ADRA1B) 
and prion-related protein (PRNP) genes as novel 
susceptibility loci, while replicating a locus pre-
viously identified in family-based linkage stud-
ies (DPP10) [38, 61]. The first multiethnic 
GWAS meta- analysis of asthma, including sub-
jects of African descent, Hispanics, and non-
Hispanic whites, confirmed some of the prior 
findings in subjects of European descent while 
identifying an ethnic- specific locus (PYHIN1) in 
subjects of African descent [39]. This meta-anal-
ysis, together with the one in subjects of 
European descent and a subsequent admixture 
mapping analysis in Puerto Ricans and Mexican 
Americans, confirmed as “cosmopolitan” sus-
ceptibility loci for asthma the 17q21 locus, 
IL1RL1, TSLP, and IL33 [39, 60, 62].

Because asthma prevalence differs between 
Puerto Ricans and Mexican Americans, GWAS 
of combined Hispanic subgroups could obscure 
ethnic-specific associations in Hispanic sub-

groups. The first meta-analysis of asthma GWAS 
in Puerto Ricans, which included 2144 cases and 
2893 control subjects, found genome-wide sig-
nificant associations between multiple SNPs 
within the 17q21 locus [39, 60, 62, 63] while 
confirming findings for SNPs in IL1Rl, TSLP, 
and GSDMB from GWAS in other racial and eth-
nic groups [63]. In a GWAS of 1227 African 
American children, the 17q21 locus was not 
associated with asthma, consistent with prior 
weak associations found in studies of subjects of 
African descent. Although only 3 of 53 prior 
asthma risk loci from studies of non-Hispanic 
whites were replicated and a novel locus was 
identified in PTCHD3, these results must be cau-
tiously interpreted due to the relatively small 
sample size of the study [40].

A GWAS of 21,644 subjects with and without 
asthma defined according to the presence of 
International Classification of Diseases (ICD) 
codes analyzed data from two ancestral groups 
identified on the basis of genetic markers [41]. 
This study confirmed the 17q21 locus as an 
asthma-susceptibility locus in subjects of 
European descent but not in those of African 
descent. Two novel loci were identified in sub-
jects of European descent (TEK and HMGA1) 
and one unique to subjects of African descent 
(PTGES) [41]. More recently, a large multi- 
ancestry meta-analysis of 23,948 cases and 
118,538 control subjects identified 878 SNPs in 
18 genetic loci as significantly associated with 
asthma in a multi-ancestry meta-analysis and an 
European ancestry meta-analysis [64]. In that 
study, there were no statistically significant 
results in the African ancestry, Japanese ancestry, 
or Latino ancestry meta-analyses, which could be 
explained by having insufficient statistical power 
in subgroups of non-European ancestry [64].

Current evidence shows that many asthma- 
susceptibility genetic variants are shared across 
racial or ethnic groups (“cosmopolitan”), while 
others may be unique to, or have greater effects 
in, specific racial or ethnic groups (Table 26.2). 
Because some alleles in cosmopolitan loci have 
variable allelic frequencies across racial/ethnic 
groups, they could contribute to health disparities 
observed in asthma (Fig. 26.3).
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Racial or ethnic differences in response to 
therapies for asthma have been described across 
different drug classes and could underlie dispari-
ties in asthma morbidity. Findings from a large 
surveillance trial and retrospective analyses of 
clinical trials suggested that African Americans 
respond less favorably to long-acting β2- 
adrenergic receptor agonist (LABA) drugs than 
non-Hispanic whites [65, 66]. Moreover, Puerto 
Ricans with asthma have been shown to be less 
responsive to short-acting β2-agonists (SABA) 
than Mexican Americans, a finding that could be 
explained by ethnic-specific differences in the 
frequency of risk alleles and/or chronic psycho-
social stress [67, 68].

The most studied locus for inhaled β2-
agonist response is that encoding the receptor 
target of the drug, the β2-adrenergic receptor 
gene (ADRB2). ADRB2 has a common coding 
SNP, Gly16Arg, which has been extensively 
studied in pharmacogenetic studies of asthma 
[68, 69]. Gly16Arg has in vitro effects on β2-
agonist- induced receptor downregulation 
[70]. Arg16 homozygotes have been shown to 
have greater bronchodilator response to 
SABA than Gly16 homozygotes in non-His-
panic whites and Puerto Ricans [71, 72]. 

Genotype-stratified studies found that 
Gly16Arg genotypes were associated with lung 
function and clinical response to regular alb-
uterol therapy, but not with response to LABA 
[73–77].

Gly16Arg is common (allelic frequency of 
40–60%) and thus unlikely to influence lack of 
response to LABA, because most individuals 
with asthma experience beneficial effects [65, 
78]. A rare variant in ADRB2 (Thr164Ile) has 
strong in  vitro effects and could influence 
uncommon adverse or impaired responses to 
LABA [79, 80]. Sequencing of ADRB2 identi-
fied rare variants associated with severe asthma 
exacerbations among LABA-treated non-His-
panic whites with the Thr164Ile variant and 
among African Americans with a promoter 
25-base pair insertion variant [69]. A combined 
GWAS and admixture mapping study of SABA 
bronchodilator response in Hispanics also iden-
tified rare variants in solute carrier proteins 
(SLC24A4 and SLC22A15) and β2-adrenergic 
receptor pathway genes (ADCY9, SPATS2L, 
THRB) as pharmacogenetic loci [42, 81, 82]. 
Rare variants differ according to genetic ances-
try and, thus, may contribute to disparities in 
asthma drug response [17, 18].
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GWAS of response to short-acting bronchodi-
lators have identified susceptibility loci for bron-
chodilator response in cohorts including 
predominantly non-Hispanic white subjects with 
asthma [42, 81, 83]. GWAS in diverse cohorts 
have identified potential susceptibility loci for 
bronchodilator response in Puerto Ricans [42] 
and African Americans [43, 84, 85]. The first 
study to use whole-genome sequencing to iden-
tify susceptibility loci for response to SABA 
included 1141 African American and Hispanic 
children with asthma and identified 32 novel 
regions containing rare and common variants in 
pathways for β2-adrenergic receptor signaling 
(ADAMTS3 and COX18), inflammation (NFKB1 
and PLCB1), and ciliopathy (DNAH5). The 
NFKB1 variant (rs28450894) that was associated 
with reduced bronchodilator response was more 
frequent in African Americans [44]. Whole- 
genome sequencing was ideal to provide infor-
mation on both rare and novel pharmacogenetic 
variants in this minority cohort (Table 26.2).

Most known susceptibility variants for asthma 
are in regulatory noncoding genomic regions and 
altogether account for less than 5% of the 
observed heritability [64]. This finding and the 
rise in asthma prevalence in industrialized coun-
tries from the 1960s to at least the 1990s strongly 
suggest a major role for environmental exposures 
in the “asthma epidemic.” In this context, epigen-
etic studies are invaluable to better understand 
environmental influences on gene expression and 
identifying markers of disease development and 
progression [86–88]. A genome-wide study of 
DNA methylation in peripheral blood mononu-
clear cells from 97 African American and 
Hispanic children with asthma and 97 control 
subjects identified 73 differentially methylated 
genomic regions associated with asthma that 
were enriched for pathways related to mucus 
hypersecretion, inflammation, innate immunity, 
and nitric oxide synthesis [89]. Such findings 
await replication in other cohorts.

Considerable interest has arisen to study DNA 
methylation in nasal epithelium as a surrogate for 
DNA methylation in bronchial epithelium. In a 
study of 36 African American subjects with 
atopic asthma and 36 non-atopic African 

American controls, 186 genomic regions were 
differentially methylated by atopic asthma, 
encompassing pathways related to collagen and 
the extracellular matrix, immunity, and allergic 
inflammation [90]. More recently, a genome- 
wide study of DNA methylation in nasal epithe-
lium from 477 Puerto Rican school-aged children 
identified 8664 CpG sites that were significantly 
associated with atopy and atopic asthma, with 
false discovery rate (FDR) corrected p-values 
ranging from 9.58 × 10−17 to 2.18 × 10−22 for the 
top 30 CpGs for atopy [91]. Several of these top 
CpGs were located near genes associated with 
immune response or epithelial barrier function, 
and a high proportion of significant CpGs were 
associated with changes in gene expression. Of 
the 30 top CpGs for atopy, 28 were replicated in 
two independent cohorts of subjects with African 
American and European ancestry, with similar 
results for atopic asthma. Moreover, a 30-CpG 
panel accurately classified children according to 
atopic asthma (area under the receiver operating 
characteristic curve of 0.95–0.99  in the Puerto 
Rican cohort and 0.85–0.88  in the replication 
cohorts). Taken together, these findings suggest a 
key role for epigenetic regulation of the airway 
epithelium in the pathogenesis of atopic asthma 
and support the feasibility of using the nasal 
methylome in future longitudinal studies. Such 
studies may identify methylation marks that pre-
cede disease development or predict treatment 
response in subjects with asthma, including in 
minority populations.

 Conclusions

Racial and ethnic disparities in respiratory health 
are due to the interplay between non-modifiable 
(genetic) risk factors and modifiable (socioeco-
nomic and environmental) risk factors occurring 
over an individual’s lifetime [9]. GWAS in 
diverse cohorts have identified common suscep-
tibility variants for lung function and respiratory 
diseases, but such variants explain only a small 
proportion of observed heritability. Future stud-
ies that focus on rare genetic variants and regula-
tion of gene expression in racial and ethnic 
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minorities may help account for some of the 
missing heritability. Indeed, efforts are under-
way to perform large whole-genome sequencing 
of studies in diverse cohorts, and recent epig-
enomic and transcriptomic studies of airway epi-
thelium in asthma lend strong support to the 
advantage of conducting multi-omics studies in 
diverse cohorts to further our understanding of 
disparities in respiratory diseases according to 
race/ethnicity. Such knowledge, coupled with 
improved access to high-quality healthcare for 
all, will improve the prevention, diagnosis, and 
treatment of respiratory diseases in underrepre-
sented minorities, ultimately leading to the elim-
ination of unacceptable disparities in respiratory 
health.
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 Introduction

Rapid technological advances in the past decade 
allow data generation in a high-resolution, high- 
throughput fashion, often based on “-omics” plat-
forms. Precision medicine is no longer a 
theoretical dream, but an attainable reality. 
Despite this, uptake has been slow and frag-
mented, in part due to a dearth of collaborative 
and well-organized education for the frontline 
physicians. Lack of familiarity has contributed to 
lack of confidence and, at times, overt provider 
skepticism.

Adding to the challenge is the need for a para-
digm shift in the way we interpret evidence. 
Traditional evidence-based medicine is derived 
from data generated through studying large 
cohorts and populations. Physicians have been 
trained to temper enthusiasm, until sufficient 
high-quality and reproducible evidence is avail-
able. Precision medicine operates under new 
assumptions that counter this paradigm. While 
outliers are often discounted or overlooked in ran-
domized trial design, data generated from a singu-
lar patient – who may have a particularly poor or 
high response to a given drug, for example – in 
fact forms the basis of precision medicine [1].

Integrated and wide adoption of precision 
medicine will require a deliberate investigation 
into the root cause of implementation challenges. 
Uncovered challenges need to be analyzed 
through the lens of education and curriculum 
development. Only then can we work on creating 
tomorrow’s workforce, equipped with knowl-
edge, behaviors, and skills necessary to weave 
together traditional evidence-based practice and 
precision medicine.

We employ a “5-why” approach, often utilized 
in root case analysis, in thinking about the chal-
lenges of developing robust curricula for preci-
sion medicine education [2]. The 5-why approach 
starts with a problem statement which is then 
examined in an iterative interrogative approach. 
This helps uncover the layers of interconnected 
problems that need to be addressed to craft a 
solution.

Problem Statement: While exponential techno-
logical advances have occurred, precision medi-
cine practice has not been widely adopted.

Why: Why are providers not embracing preci-
sion medicine?

Explanation: Adoption has been sluggish due 
to provider unease.

Providers remain uneasy about integrating 
precision medicine into practice. Even in areas 
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such as cancer testing where there is most con-
sensus, recommendations vary when physicians 
are surveyed, often leading to inappropriate test-
ing. In one study, practicing physicians in Texas 
were asked to participate in a case-based survey, 
where they were asked to make genetic testing 
and management recommendations for healthy 
at-risk relatives of patients with cancer. Whether 
the patient carried a BRCA1 mutation or a variant 
of uncertain significance, the vast majority of 
physicians recommended screening of healthy 
family members, and typically testing ordered in 
these simulated scenarios was more comprehen-
sive than guideline recommendations [3]. Similar 
variability and deviation from guideline recom-
mendations were noted when physicians were 
surveyed about a healthy BRCA1 mutation carrier 
management approach [4]. Indeed, a number of 
studies have shown that referral to trained genetic 
counselors led to anywhere from 8% to 26% revi-
sion of genetic testing orders, including many 
orders that were outright cancelled [5, 6]. 
Traditionally, genomics has been the subspe-
cialty domain of a handful of geneticists. 
However, referral to these specialists cannot be 
relied upon as the solution, as there is a shortage 
of geneticists in the workforce [7]. Additionally, 
as the domain in which precision medicine is 
practiced expands from rare diseases and oncol-
ogy to more common diseases such as COPD and 
asthma, improving genomic literacy across all 
subspecialties including pulmonary and critical 
care medicine has become critical.

Why: Why are providers uneasy?

Explanation: Provider unease is in part fueled 
by skepticism toward precision medicine.

Physicians remain ambivalent toward oppor-
tunities made available through precision medi-
cine. Of physicians surveyed in Pennsylvania, 
only about half of respondents felt that precision 
medicine would help provide better medical care 
or that it was the future of medicine [8]. Age and 
gender had no significant influence upon physi-
cian attitudes in this survey, and acceptance of 
other technologies, such as electronic health 

records, was not associated with a more positive 
attitude toward precision medicine.

Providers who have practiced long enough 
can recite many examples of recommended prac-
tices that ultimately became refuted entirely or 
fell out of favor (e.g., the use of drotecogin alpha 
for sepsis, total parenteral nutrition, tight glucose 
control during critical illness) [9]. Early adopters 
of new treatment or technologies have sometimes 
been forced to take a jolting u-turn based on sub-
sequent discrepant data. Physicians are expected 
to be careful and calculated until robust and gen-
eralizable data derived from multiple cohorts 
become available. The explosion of literature 
around evidence-based practice educational 
interventions supports this physician culture [10].

The cornerstone of evidence-based medicine 
(EBM) is that there is an accepted hierarchy for 
classifying evidence. Large, randomized con-
trolled trials (RCTs) are given the most weight in 
this system [11]. Meticulous data analysis in 
RCTs ensures that confounders are accounted 
for, and central tendency (i.e., means, medians) 
are used to describe, for example, an expected 
treatment response to a given drug. Outliers are 
generally discounted. Precision medicine is ulti-
mately an n-of-one enterprise. Vast amounts of 
data are generated not on a population level, but 
rather at a micro-individual level. The outlier 
responses are specifically what is analyzed in- 
depth in precision medicine. While there has 
been less cognitive dissonance in adopting preci-
sion medicine to better understand rare genetic 
diseases for which no large trials exist (and will 
likely never exist), how to factor in this new tech-
nology for more common scenarios has been 
unclear. At present, physicians are given little 
guidance about how to reconcile traditional clini-
cal decision-making approaches anchored in 
EBM with the opportunities afforded by preci-
sion medicine.

The lack of consensus or guidelines which 
specify how and when -omics platforms should 
be integrated into practice additionally fuels 
concerns [12]. Availability of clear consensus 
will help increase physician buy-in, but will also 
enable uniform curriculum development from 
an educational perspective. While genomic 
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medicine is clearing the first hurdle by accumu-
lating bench to bedside translational (T1) 
research, T2 research that answers questions 
surrounding effectiveness and leads to guideline 
formation is still in its infancy [13]. For most 
conditions, the clinical utility of incorporating 
precision medicine into practice has not yet 
been outlined [14, 15].

Why: Why are providers skeptical?

Explanation: Provider skepticism persists 
because there are insufficient structured, collab-
orative educational opportunities across the var-
ious stages of medical training.

Physician skepticism, unease, and at best 
ambivalence cannot be countered without more 
robust and coordinated education for physicians. 
Thankfully, despite obvious challenges, signifi-
cant progress has been made to enhance educa-
tional opportunities.

 Undergraduate and Graduate 
Medical Education

At the undergraduate medical education level, 
most US and Canadian medical schools had not 
yet innovated their medical genetics curriculum 
in year 1 and/or 2 to include modern genomic 
medicine, according to a survey representing the 
academic year 2004–2005 [16]. To aid medical 
schools with curriculum development, in 2013 
the Association for Professors of Human and 
Medical Genetics (APHMG) released a frame-
work for a genetics curriculum. This included 
competencies and specific learning objectives in 
the topics of (a) genomic organization, (b) appli-
cation of knowledge of genomic variation in nor-
mal populations and disease phenotypes, (c) 
basic concepts of emerging testing technologies 
(including expression, microarrays, and exome 
and whole-genome sequencing), (d) information 
technology (including websites and resources for 
the interpretation of genomic variation), and (e) 
the implications and limitations of direct-to- 
consumer (DTC) genetic testing. While not yet 

universal, very quickly after this release in 2013, 
nearly 50% of surveyed genetics course directors 
had started to access and use the APHMG cur-
riculum as a guide for curriculum development or 
to evaluate their existing curriculum for the aca-
demic year 2013–2014 [17].

The looming question has been whether new 
curriculum development translates to durable 
changes in physician behavior and ultimately 
patient outcomes. In education research, 
Kirkpatrick’s education outcome hierarchy is 
often used as a metric to define education success 
[18]. At the lowest Kirkpatrick level, success of 
an educational program is assessed through 
learner reactions to the content delivered. For 
example, a post-workshop survey might assess 
whether the learners found the material useful. In 
Kirkpatrick’s level two, educators attempt to 
assess how much knowledge has increased after 
the training. This is often done in a pre-/post- 
workshop format. Sustained increase in knowl-
edge (e.g., months later) is often hard to 
demonstrate. At level three, educators assess 
application of knowledge gained and determine 
whether learner behavior (in a real-world setting) 
has changed. And, finally, at the highest level, 
level four, education researchers analyze whether 
patient outcomes have improved.

Needless to say, higher levels of Kirkpatrick 
educational outcomes are hard to achieve and to 
ascertain with confidence. Even with concerted 
efforts at improving genomics curriculum at 
Icahn School of Medicine at Mount Sinai, for 
example, only 6% of students felt that the cur-
riculum had adequately prepared them to practice 
precision medicine from a self-efficacy perspec-
tive [19].

At the Graduate Medical Education level, the 
Training Residents in Genomics (TRIG) working 
group was formed in 2010 through the Association 
of Pathology Chairs, Pathology Residency 
Director section. Through collaboration with 
multiple societies and aided by funding from an 
R25 grant, the TRIG working group successfully 
developed a genomics curriculum with tools for 
implementation [20]. The original curriculum 
included exercises that followed a breast cancer 
patient through different levels of genetic testing 
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ranging from single gene testing all the way to 
whole-exome sequencing. These genomics work-
shops were expanded to include practicing physi-
cians through a team-based learning approach 
and also led to the development of “train the 
trainer” handbook and toolkits to ease implemen-
tation at other institutions. The handbook includes 
workshop questions and answers, tips for imple-
mentation, as well as handouts and slide presen-
tations that could be used. Most commendable 
has been the recent addition of a specialty- 
agnostic version of this genomics curriculum as 
of 2017, which would allow for adaptation in any 
disease or subspecialty, in a flexible and portable 
“plug and play” format. Given the success of the 
TRIG working group, an undergraduate medical 
education version was formed, named UTRIG, 
under the undergraduate medical education sec-
tion of APHMG.  While the APHMG genetics 
curriculum published in 2013 helped foster cur-
ricular innovation, surveys of US and Canadian 
medical schools suggested schools were still 
introducing genomics as a stand-alone topic. The 
goal of UTRIG was to help graduate genomic- 
literate future physicians across all specialties 
and to integrate genomics education across rele-
vant topics in the preclinical years to highlight 
relevance and application that could be revisited 
in clinical years. This integration is likely vital to 
allow for learner application of knowledge 
attained in patient care scenarios (Kirkpatrick 
level three), without which patient outcome 
improvements (Kirkpatrick level four) could not 
be realized. As with TRIG, UTRIG has been 
committed to developing educational tools and 
faculty manuals in parallel to ensure successful 
implementation and to empower education lead-
ers who themselves may be learning new mate-
rial as modern genomics evolve rapidly.

 Competency Assessment Through 
Entrustable Professional Activities

Assuming robust curriculum is designed and 
implemented, how else should educators examine 
education outcomes through the lens of graduate 
medical education assessment and evaluation? 

The National Human Genome Research Institute 
convened the Inter-Society Coordinating 
Committee for Practitioner Education in 
Genomics (ISCC). The ISCC recently published a 
paper outlining a shared framework for develop-
ing genomics practice competencies that could be 
customized for various subspecialties. In the era 
of milestone assessments, the ISCC came up with 
five entrustable professional activities (EPAs) that 
could become the basis of competency assess-
ment (a sample adapted version for interstitial 
pulmonary fibrosis shown in Table  27.1). EPAs 
are observable and measurable behaviors that 
allow for competency-based decisions about 
whether a trainee can be “entrusted” to assume 
responsibility in a defined domain. Under each of 
the EPAs are the newly expanded eight ACGME 
core competencies – patient care, knowledge for 
practice, practice-based learning and improve-
ment, interpersonal and communication skills, 
professionalism, systems-based practice, inter-
professional collaboration, and personal and pro-
fessional development [21].

 Ongoing Education for Practicing 
Providers

Reaching practicing providers out of training pro-
grams is undoubtedly a challenge. According to 
data from the Federation of State Medical Boards 
(FSMB) through the end of 2016, a little over half 
of the practicing physicians are over 50 years old, 
and three-quarters of the active workforce in the 
United States is over the age of 40 [22]. This 
means that even “relatively young” physicians 
were trained in an era before undergraduate and 
graduate medical education started to intensify 
modern genomics content. Much of what current 
practicing physicians learned formally, therefore, 
is now obsolete. Practicing  physicians face com-
peting demands. More is expected in terms of 
continuing education for maintaining professional 
certification and documentation in the context of 
daily patient care. Adding genomics literacy in the 
vast to-do list could be met with some resistance 
in this landscape, unless educational content is 
focused, relevant, digestible and bite-sized to fit 
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into a busy practitioner’s schedule, and imple-
mented in a flexible manner. The American 
College of Chest Physicians report on the effec-
tiveness of continuing medical education (CME) 
activities was that, in general, the quality of evi-
dence was low due to lack of standardization in 
CME approaches. Nevertheless, they outlined 
best practice recommendations when creating 
CME modules and encouraged the use of multi-
media interventions, multiple exposures, as well 
as incorporation of multiple instructional tech-
niques to ensure engagement and knowledge 
retention for providers [23].

 Leveraging Characteristics 
of the Adult Learner

Adult learners do best when they see immediacy 
and relevance and feel engaged in the topic at 

hand [24]. To that end, some undergraduate and 
graduate medical education programs have 
offered trainees personal genotyping on a volun-
tary, confidential basis [25, 26]. There is, of 
course, nothing more relevant than your own per-
sonal genetic information to enhance engage-
ment with the topic. Some educators have also 
wondered whether this experience will also 
enable better understanding of the complex 
implications from a patient perspective, by being 
a “consumer” themselves. Indeed, in the Stanford 
program, only about a third of the students who 
used personal genotyping data felt that they 
would have learned just as much had they used 
publicly available datasets. Despite some clear 
advantages, this approach has also raised a multi-
tude of ethical concerns pertaining to lack of robust 
counseling infrastructure as well as implications for 
family members who may need to be screened 
themselves if a significant risk is uncovered [27]. 

Table 27.1 Five core entrustable professional activities proposed by the Inter-Society Coordinating Committee for 
Physician Education in Genomics (ISCC) to assess physician competency in genomic medicine

Proposed EPA domains for genomic medicine competency assessment
Family history Elicit, document, and act on relevant family history pertinent to the patient’s 

clinical status
Adaptation in pulmonary 
medicine

Elicit, document, and act on relevant family history pertinent to a patient 
suspected of familial interstitial pulmonary fibrosis. Explain findings to 
patient, including implications for other family members

Genomic testing Use genomic testing to guide patient management
Adaptation in pulmonary 
medicine

Use genomic testing to guide management of interstitial pulmonary fibrosis. 
Be able to explain how different genomic changes may result in different 
phenotypes and be prepared to order, interpret, and communicate results 
effectively

Patient treatment based on genomic 
testing

Use genomic information to make treatment decisions

Adaptation in pulmonary 
medicine

Recognize that genetic variants may predict responsiveness to anti- fibrotic 
therapies and utilize information to risk-stratify and individualize treatment

Somatic genomics Use genomic information to guide the diagnosis and management of cancer 
and other disorders involving somatic genetic changes

Adaptation in pulmonary 
medicine

Explain benefits and limitations of somatic genomic testing to the patient 
such as those that affect fibroblast activation, oxidant stress, and senescence 
that may be relevant in lung fibrosis

Microbial genomic information Use genomic tests that identify microbial contributors to human health and 
disease, as well as genomic tests that guide therapeutics in infectious 
diseases

Adaptation in pulmonary 
medicine

Explain the importance of the normal microbiome and be able to interpret 
genomics-based tests for diagnosis, monitoring, and treatment of infectious 
disease which may complicate or exacerbate underlying interstitial lung 
disease

Adapted from Korf et al. [21]
Sample Adaptation for Interstitial Pulmonary Fibrosis
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At least in one institution, a pilot genomics cur-
riculum was altered to exclude this personal test-
ing component after much debate and was 
replaced by problem sets that included interpreta-
tion of anonymous genomes of individuals 
known to be at risk for diseases such as diabetes 
mellitus and cystic fibrosis [28].

A participatory approach to genetic education 
may be particularly palatable for the practicing 
physician. Direct-to-consumer genetic testing 
products are already available on the market, and 
physicians are encountering patients who have 
questions after completing self-testing. Offering 
personal genomic testing to physicians as a way to 
frame the educational content may thus increase 
relevance. At Cleveland Clinic, personal genomic 
testing was made available to staff at no cost as a 
way to increase physician familiarity [29]. 
Physicians who voluntarily signed up were asked 
to attend a 90-minute educational session prior to 
free personal testing. Optional pre- and posttest 
counseling was also made available to participants. 
137 out of the 147 participants in this pilot project 
completed a survey. Only 39% of physicians 
reported that they were familiar with recent genom-
ics research that may be impacting their patients. 
After completion, more than three quarters of the 
respondents felt that their personal genomic testing 
experience would benefit their patients directly.

 What Are Specialty-Specific 
Genomic Opportunities 
in Pulmonary Medicine?

Recently, the joint National Heart and Lung 
Association-Cardiovascular Medical Research 
and Education Fund workshop released a report 
on how precision medicine might be used to 
manage patients with pulmonary vascular dis-
ease [30]. Specifically, the long-term vision 
would be to replace the current WHO pulmonary 
hypertension group designation with endophe-
notype mapping based on genomic signatures. 
The hope would be that such approaches would 
aid in earlier diagnosis, enhance precision of 
screening, and allow for personalized interven-
tions or prevention of disease (long before the 

disease actually manifests). In order for this to 
happen, better coordination of genomic data into 
large databases becomes necessary. Additional 
infrastructure development, such as a task force 
that will help define clinical trial protocols for 
pulmonary vascular disease that applies preci-
sion medicine principles, is much needed. 
Similarly, in chronic obstructive pulmonary dis-
ease (COPD), there is currently lack of well-
organized large databases that will help uncover 
underlying molecular mechanisms that explain 
the wide-ranging clinical phenotypes of COPD 
observed. While alpha-1 antitrypsin deficiency is 
a definable known trait, those classically grouped 
as “asthma-COPD overlap,” “eosinophilic 
COPD,” and “frequent exacerbator” may also 
have molecular mechanisms that could be spe-
cifically targeted for therapy. For example, there 
are some preliminary studies that suggest that 
imbalances in microbial airway communities 
(i.e., dysbiosis rather than true new acquisition 
of bacteria) may be driving the latter “frequent 
exacerbator” clinical phenotype [31]. Changes 
in airway architecture and/or specific alterations 
in lung microbiome may be priming certain indi-
viduals to dysbiosis [32]. Among patients with 
interstitial pulmonary fibrosis (IPF), genome-
wide association studies have identified several 
loci that interfere with host defense, cell-cell 
adhesion, and DNA repair that may help identify 
at-risk patients [33, 34]. A single- nucleotide 
polymorphism (SNP) variant that affects the 
mucin gene (MUC5B) is strongly associated 
with IPF [35]. Others are actively investigating 
how genetic variants may affect response to anti-
fibrotic drugs, and the field of pharmacogenom-
ics is in rapid evolution [36].

In severe asthma, biomarkers such as eosino-
phils and IgE levels, which are already being used, 
better define endotypes that help predict response 
to and utility of using one biologic agent over 
another [37]. Th-2-linked inflammation has been 
further linked to a measurable serum biomarker, 
periostin, and a favorable response to lebrikizumab 
(a Th-2, interleukin 13 targeted therapy) has been 
demonstrated [38]. Advances in asthma treatment 
have shown that precision approaches can be prac-
tically applied in polygenic diseases.
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The above are just a few examples of the 
application of precision medicine and genomics 
to lung diseases but clearly many more opportu-
nities exist.

 Future of Pulmonary, Critical Care, 
and Sleep Medicine Training 
in Genomics and Personalized 
Medicine

There is currently no standard curriculum for 
training the next generation of PCCSM physicians 
in genomics and personalized medicine. In trying 
to develop educational tools at the postgraduate 
level that can educate trainees about the biology 
and clinical application of precision medicine, it 
seems best to develop a case-based learning 
approach. Developing a toolbox of demonstrative 
cases to illustrate the concepts of precision medi-
cine including the importance of genotyping, 
when available, and understanding phenotypic 
responses in specific diseases appear to be the best 
approach to educating trainees. These cases should 
be paired with a structured reading curriculum to 
supply learners with the requisite background 
knowledge and an option for self-genotyping in a 
participatory model of genetic education. In addi-
tion, trainees should learn the importance of coun-
seling patients regarding the benefits and the 
harms of genetic testing. Learning counseling 
skills should be through structured simulation 
training where learners have the opportunity to 
practice counseling and field questions from simu-
lated patients. This piece is crucial as more genes 
that predict disease are discovered, but where 
treatments may not yet be available. The final 
piece of the curriculum development should 
include an understanding of the legislation and 
regulations surrounding genetic testing.
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 Introduction

We are at the dawn of precision medicine, a tran-
sitional period fueled by technological advances 
in high-throughput assays for various types of 
biological data, imaging, sensors, data science, 
and computing. The application of these methods 
to large and deeply phenotyped cohorts coupled 
with our current understanding of disease patho-
genesis are moving us closer to the widespread 
development and implementation of personalized 
therapies. The adoption of precision medicine 
across pulmonary, critical care, and sleep remains 
uneven, however, as can be gleaned by contrast-
ing the reviews provided in preceding chapters. 

Here, we summarize salient findings from each 
book section and major themes related to the 
future of precision medicine research and its 
implementation.

 Genetics and Pharmacogenetics 
in Pulmonary, Critical Care, 
and Sleep Medicine

High-throughput genomic techniques have led to 
the discovery of loci linked to various pulmonary 
diseases and uncovered potential targets for drug 
development. In the case of rare diseases, where 
one or few loci confer a high proportion of dis-
ease susceptibility, substantial progress has been 
made in precision medicine. As discussed in the 
chapter on Diffuse Pulmonary Disorders, 
genotype- driven precision therapies are available 
or under study for patients with neonatal respira-
tory distress syndrome, cystic fibrosis, pulmo-
nary alveolar proteinosis, pulmonary Langerhans 
cell histiocytosis, and alpha-1 antitrypsin defi-
ciency (AATD) [1–6]. For these diseases and 
other rare ones of unknown origin, genetic evalu-
ation can proceed in a relatively straightforward 
manner thanks to the availability of genome 
sequencing. A major barrier now is that ultra- 
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rare, novel variants of uncertain significance are 
often identified via sequencing, and determining 
which of these may actually lead to observed 
traits is not straightforward [7]. Even when causal 
loci are identified, there may not be a treatment 
available. Identification of causal loci is nonethe-
less a helpful starting point that may lead to treat-
ment identification as has been demonstrated 
successfully in some cases [8]. Genetic counsel-
ors play an important role in helping patients and 
their families navigate the process of searching 
for loci linked to disease and taking actions based 
on results.

For complex diseases, although most genomic 
findings have not yet changed clinical practice, 
some may soon lead to advances in precision 
medicine. For example, genetic studies of idio-
pathic pulmonary fibrosis (IPF) have begun to 
clarify why this disease occurs and identify new 
potential therapeutic targets. Because IPF is a 
diagnosis of exclusion, assigned only after vari-
ous other conditions that present similarly have 
been ruled out, and IPF prognosis is poor, any 
clues regarding its origin are of great importance 
[9]. Further, distinguishing IPF from other inter-
stitial lung diseases matters, as currently avail-
able anti-fibrotic therapies have been studied and 
approved for IPF patients but not those with other 
fibrosing idiopathic interstitial pneumonias [9]. 
Common and rare genetic factors conferring dis-
ease risk in IPF include variants in surfactant pro-
tein C (SFTPC), surfactant protein A2 (SFTPA), 
telomerase reverse transcriptase (TERT) and 
RNA component (TERC) [10–13], and Mucin 
5B, Oligomeric Mucus/Gel-Forming (MUC5B) 
[14, 15]. Distinct genotypes found in these and 
other genes, which have implicated surfactants, 
mucociliary function, cell-cell adhesion and telo-
mere maintenance as playing important roles in 
IPF pathobiology, may determine clinical pheno-
types and novel therapies for IPF. The next stage 
is the conduct of prospective clinical trials to 
translate current IPF genetics observations into 
findings that may be implemented in clinical 
practice [16].

As demonstrated by genomics studies of 
COPD, genome-wide association studies 
(GWAS) with progressively larger sample sizes 

and increased coverage of genetic variants have 
been useful to identify reproducible disease risk 
loci. The largest COPD GWAS to date, consist-
ing of 35,735 COPD cases defined by moderate 
to very severe airflow limitation and 222,076 
controls with data on more than 6 million genetic 
variants, identified 82 genome-wide significant 
loci, at least 60 of which replicated in an indepen-
dent cohort [17]. Effect sizes of these loci were 
relatively small (odds ratios 1.06–1.21) and 
together accounted for 7.0% of the COPD pheno-
typic variance, indicating that individual GWAS 
results are unlikely to serve as biomarkers. 
However, the identification of novel drug targets 
and pathways that may lead to the discovery of 
COPD endotypes is made possible by the study 
of these genes, as suggested by subsequent func-
tional work of COPD-associated genes such as 
family with sequence similarity 13 member A 
(FAM13A), cholinergic receptor nicotinic alpha 3 
subunit (CHRNA3), cholinergic receptor nico-
tinic alpha 5 subunit (CHRNA5), hedgehog inter-
acting protein (HHIP), and matrix 
metallopeptidase 12 (MMP12). Beyond the many 
common variant associations identified for 
COPD, it is worth noting that the most validated 
genetic risk factor that accounts for 1–5% of 
COPD cases is the SERPINA1 variant that results 
in alpha-1 antitrypsin deficiency (AATD) [18]. 
Because this variant has not been identified via 
GWAS, further studies on the role of rare variants 
in subtypes of COPD may yield insights into 
other rare endotypes.

In the case of asthma, the most well-known 
and highly replicated genetic association signal is 
within the 17q21 locus, spanning genes ORMDL 
sphingolipid biosynthesis regulator 3 (ORMDL3) 
and gasdermin B (GSDMB) [19–21]. Although 
the exact mechanisms via which these genes are 
related to asthma is not yet known, functional 
studies are making progress in understanding 
their role in disease pathogenesis: overexpression 
of either ORMDL3 or GSDMB in mouse bron-
chial epithelium leads to increased airway remod-
eling and responsiveness [22, 23], and GSDMB 
protein induces pyroptosis of airway epithelia 
cells during inflammation [24]. Various immune 
pathway genes have also been associated with 
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asthma, and contrasting association results 
obtained with specific asthma endotypes and 
other allergic diseases has helped clarify molecu-
lar processes that are unique versus shared across 
these conditions. Much work remains to yield 
novel therapies or identify novel genetics mark-
ers that are specific to asthma endotypes on the 
basis of GWAS findings.

In contrast to IPF, asthma and COPD, lung 
cancer is primarily caused by environmental 
exposures, such as tobacco smoke, that cause 
non-inherited somatic mutations [25]. While her-
itable genetic factors may influence individual 
response to environmental exposures and play a 
direct role in a minority of lung cancer cases, 
studies of somatic mutations have been the focus 
of much work and have advanced precision medi-
cine for some types of lung cancer. Specifically, 
targeted treatments for various mutations 
involved in non-small cell lung cancer (NSCLC), 
which accounts for approximately 85% of all 
cases [26], have been identified. Notable exam-
ples include mutations of epidermal growth fac-
tor receptor (EGFR), anaplastic lymphoma 
kinase (ALK), and ROS Proto-Oncogene 1, 
Receptor Tyrosine Kinase (ROS1) [27, 28]. 
Testing of specific mutations that drive lung 
tumorigenesis where there is a chemotherapeutic 
drug available to target cells that harbor that 
mutation is currently recommended, and high- 
throughput sequencing has enabled the continued 
detection of additional driver mutations that con-
tribute to lung cancer development and progres-
sion [29]. Many questions remain in lung cancer, 
including gaining traction on small cell lung can-
cer (SCLC), which is characterized by rapid 
growth, early metastasis, high molecular com-
plexity, a large number of mutations in each 
tumor, and a very low 2-year survival rate [30, 
31], as well as the identification of a broader 
range of mutations in NSCLC.

With the exception of lung cancer loci that 
have targeted drugs, few pharmacogenetic loci 
have been identified and widely replicated for 
most respiratory diseases. This is due in part to 
the limited number of large cohorts with appro-
priate and similarly captured drug response mea-
sures, which make studying these traits 

particularly challenging. Pharmacogenomics 
studies of bronchodilator and glucocorticoid 
response have been conducted for people with 
asthma and COPD, under the rationale that inter- 
individual variability in the response to these 
drugs has a genetic component and that genetic 
variants may be useful to predict drug response 
or their side effects. Early reports from candidate 
gene studies of Adrenoceptor Beta 2 (ADRB2), 
the primary receptor target of β2-agonists, found 
that variants of this gene were associated with 
bronchodilator response in people with asthma or 
COPD, but more recent meta-analysis have found 
few or no consistent associations between geno-
type and treatment response in COPD [32] and 
asthma [33]. Although some promising GWAS 
associations have been measured and are sup-
ported by functional data, such as 
spermatogenesis- associated serine-rich 2 like 
(SPATS2L) with bronchodilator response [34] 
and glucocorticoid-induced 1 (GLCCI1) with 
inhaled corticosteroid response [35], overall, 
pharmacogenetic studies over the past decade 
have failed to deliver medically actionable 
results, and it is unlikely that common genetic 
variants will serve as biomarkers of β2-agonist or 
steroid responsiveness [36].

 Biomarkers in Pulmonary, Critical 
Care, and Sleep Medicine

As described in several chapters, the search for, 
and discovery of, biomarkers has led to the evolu-
tion of syndrome definitions from symptom-cen-
tered diagnoses to more precise definitions based 
on genetics and other molecular changes. In pul-
monary infections, the development of metage-
nomic testing has led to the identification of 
specific pathogens associated with illness in chil-
dren without a previously identifiable pathogen 
[37]. The combination of metagenomics with 
novel sequencing platforms has also facilitated 
the analysis of sputum samples to identify bacte-
rial pathogens with a turnaround time of 6 hours 
[38]. Additional expansion of these methods will 
enable rapid diagnosis and therapeutic changes in 
real time, rather than on culture-based methods, 
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the current standard. Further, a deeper under-
standing of pathogens associated with infections 
is transforming how we prescribe and de-escalate 
therapy with antibiotics, which is of particular 
importance in the setting of increasing antibiotic 
resistance worldwide [39].

The search for biomarkers related to chronic 
airways obstruction has shown promise to dis-
cover endotypes of asthma, COPD and asthma- 
COPD overlap (ACO). Although COPD and 
asthma are considered distinct diseases, they 
share clinical manifestations, such as airway 
inflammation and obstruction. Consequently, 
the therapies used in their management overlap, 
as they are directed towards reducing airway 
inflammation and reversing bronchoconstric-
tion. Some biomarkers have been developed for 
Type 2-driven asthma, while some for non-Type 
2 asthma, COPD and ACO are only in the early 
stages of development. For example, eosino-
phils are used to predict therapeutic response 
and guide treatment in both asthma and COPD 
[40–42], including targeted treatments such as 
mepolizumab [43]. IgE, which correlates with 
the presence and severity of asthma, is another 
widely used biomarker that has driven the 
development of biologics like omalizumab 
[44]. With the exception of COPD related to 
AATD, no COPD-specific endotypes with clini-
cally relevant treatments exist. Plasma fibrino-
gen qualified as the first FDA-approved 
biomarker for COPD, to be used for patient 
selection for enrollment into clinical trials to 
enrich for those who are at risk of disease wors-
ening [45]. While identifying elevated plasma 
levels of fibrinogen as a biomarker is a step for-
ward, fibrinogen lacks disease specificity and 
does not establish an endotype. Biomarker 
studies of asthma and COPD have made evident 
that no single gene or molecular biomarker will 
be sufficient to differentiate endotypes of these 
complex and multifactorial diseases. In fact, 
biomarker panels incorporating multiple mark-
ers in combination have shown increased effi-
cacy over single biomarkers. Accurate and 
reproducible endotyping would be of great util-
ity for the study and management of chronic 
airways obstructive diseases, enabling the 

development of treatments that target specific 
dysregulated pathways.

As is the case for obstructive airway dis-
ease, interstitial lung disease (ILD) refers to a 
large group of complex and highly heteroge-
neous diseases. Although shared characteris-
tics of those with ILD include changes to the 
lung interstitium, distorted pulmonary archi-
tecture, and altered gas exchange ability of the 
lung, various molecular pathways underlie 
these traits. There are no molecular biomarkers 
in widespread clinical use for ILD, including 
IPF, although several exciting candidates are 
under study. For both IPF and non-IPF ILD, 
there is an urgent need to identify and validate 
biomarkers for early diagnosis, and monitor 
disease progression and outcomes [46]. Among 
the promising biomarkers for ILD and/or IPF 
are: 1) surfactant protein A (SFTPA) and sur-
factant protein D (SFTPD) [47], which are also 
supported by genetics studies [12, 48]; 2) telo-
mere length, supported by the observations 
that a) telomere shortening is associated with 
cell death of airway epithelial cells and could 
explain the occurrence of disease in older indi-
viduals [49] and b) association of mutations in 
telomerase reverse transcriptase (encoded by 
the TERT gene) and telomerase RNA (encoded 
by TERC) that lead to abnormal telomere 
shortening have been observed in 8–15% of 
patients with familial pulmonary fibrosis [50, 
51]; and 3) matrix metallopeptidase 7 (MMP7), 
the most studied and validated biomarker in 
IPF, whose elevated levels are associated with 
disease in multiple compartments (e.g., BAL, 
serum, lung tissue) and is related to extracel-
lular matrix remodeling and fibroproliferation 
[52–56].

In addition to nucleic acid and protein bio-
markers, imaging biomarkers have been adopted 
as diagnostic and therapeutic response tools, 
especially in lung cancer [57]. However, as illus-
trated in the chest imaging chapter, precision 
imaging is becoming an invaluable tool for the 
study and phenotyping of patients with chronic 
lung diseases such as COPD [58]. Therefore, the 
integration of biospecimen-derived and imaging 
biomarkers has the potential to transform disease 
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classification and therapeutics. For IPF, detection 
of interstitial lung abnormalities via imaging are 
the best, albeit limited, approach for early detec-
tion of fibrosis [59, 60]. Another example of how 
imaging can be used for patient phenotyping is 
the use of machine learning to evaluate cardiac 
MRI changes of right ventricle (RV) failure in 
pulmonary hypertension, as work has demon-
strated that patients with loss of effective contrac-
tion in the septum and free wall of the RV, along 
with reduced basal longitudinal motion, have 
worse RV failure. The combination of these car-
diac MRI findings with traditional clinical char-
acteristics and hemodynamics led to improved 
survival prediction and showed better separation 
of median survival between high- and low-risk 
groups [61]. Therefore, imaging integration with 
clinical characteristics improves patient identifi-
cation and outcome prediction.

 Phenotyping in Pulmonary, Critical 
Care, and Sleep Medicine

Phenotyping of pulmonary, critical care, and 
sleep-related conditions has become intertwined 
with the search for omics and imaging- based 
biomarkers. Although progress in phenotyping 
is made possible by the identification of bio-
markers, the identification of biomarkers is 
made easier when distinct phenotypes of people 
are captured. Thus, phenotyping using clinical 
data and approaches besides high-throughput 
omics and imaging techniques remains relevant 
in precision medicine. The challenge of disease 
heterogeneity was salient for the complex con-
ditions described, including IPF, COPD, sepsis, 
and acute respiratory distress syndrome 
(ARDS). The combination of deep phenotyping 
and identification of molecular profiles that 
characterize pathophysiologically heteroge-
neous conditions is currently the best approach 
to drug discovery. For example, the use of blood 
eosinophil count is a promising predictive bio-
marker of clinical response to inhaled cortico-
steroids in COPD [62–64]. Much work remains 
in the identification of more specific biomarkers 
and therapies for COPD and other diseases, as 

can be gleaned from the chapters focused on 
complex respiratory conditions.

Sepsis and ARDS each cause substantial 
morbidity and mortality, and precision medi-
cine approaches are sorely needed to improve 
outcomes related to them. Their study is chal-
lenged not only by disease heterogeneity but 
also by the fact that the entire course of disease 
is measured in days to weeks rather than months 
to years. Promising results from large-scale 
gene expression and targeted proteomics 
plasma studies suggest that biologically distinct 
patterns of expression may identify differential 
response to routine treatments applied in the 
intensive care unit (ICU). In sepsis, a gene 
expression signature with dysregulated adap-
tive immune signaling has evidence for a dif-
ferential response to systemic steroid therapy 
[65, 66], whereas in ARDS, a hyperinflamma-
tory pattern identified in plasma using targeted 
proteomics was favorably associated with ran-
domized interventions including high positive 
end-expiratory pressure, volume conservative 
fluid therapy, and simvastatin therapy [67–70]. 
In the case of pulmonary arterial hypertension 
(PAH), a whole blood transcriptomic classifier 
led to the identification of a specific signature 
in vasodilator-responsive PAH that differenti-
ates it from non-responsive PAH [71]. 
Replication of these critical care and PAH find-
ings and the conduct of prospective studies 
evaluating expression signatures may lead to 
clinically useful results.

Sleep medicine is one of the most data-rich 
fields in medicine because of the increasing con-
duct of sleep studies that include remote collec-
tion of data from positive airway pressure (PAP) 
devices. The use of sophisticated analytical 
methods to identify distinct patterns of data cap-
tured during sleep has led to the characterization 
of distinct obstructive sleep apnea endotypes 
associated with adverse cardiovascular events 
[72]. Machine learning and computational tools 
[73, 74] are being further leveraged to develop 
better classification methods for various sleep 
disorders. These advances in phenotyping cou-
pled to the discovery of biomarkers may yield 
striking changes in sleep precision medicine.

28 Summary and Future Applications of Precision Medicine in Pulmonary, Critical Care, and Sleep…
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 The Role of Sensors, Wearables 
and Health Information 
Technologies in Pulmonary, Critical 
Care, and Sleep Medicine

Along with efforts to capture molecular, imaging 
and phenotype data using traditional clinical and 
research approaches, precision medicine captures 
additional complementary data on the environ-
ment, behavior, patient-reported symptoms and 
outcomes, and medication use. The latter are 
made possible by advances in health information 
and sensor technologies, which have resulted in 
the creation of a wide range of mobile health 
(mHealth) platforms for disease self- 
management, research, and inclusion of novel 
data streams into provider-facing applications 
[75]. The use of these platforms has tremendous 
potential to benefit patients, providers, and the 
entire healthcare system although their docu-
mented clinical utility has not been established in 
most cases. While over 325,000 mobile applica-
tions (apps) are currently available, most are lim-
ited to providing information [76], and a relatively 
small proportion are dedicated to respiratory 
health. Functions provided by respiratory apps 
include medical education, messaging, diary 
logs, disease self-management, and educational 
games [77]. One of the largest mobile health 
tracking studies thus far was the Asthma Mobile 
Health Study. This project demonstrated the fea-
sibility of using a mobile app to monitor asthma 
symptoms, but the lessons learned at study com-
pletion apply to most mobile health efforts: sus-
taining initial enthusiasm of an app is very 
difficult, there is selection bias in those enrolling 
and providing information, and data security con-
cerns limit some subjects’ willingness to share 
data [78]. Wearables, devices worn on the body 
to track bodily functions, have become a part of 
daily life. Most wearables are worn on a wrist or 
chest with functions that include tracking exer-
cise, weight loss, sleep, and coping with stress 
[79]. Incorporating wearable data into respiratory 
studies may be an effective way to capture addi-
tional subject data to aid in phenotyping. Use of 
these technologies is still in the early stages, and 
despite some early progress, several barriers must 

be overcome before mHealth is widely adopted 
and recommended by healthcare providers.

Concern for pollution’s effect on health and 
broad demand for accessible environmental mon-
itoring have led researchers and manufacturers to 
develop a number of low-cost, portable pollution 
sensors that are able to capture increasingly finer- 
scaled geographic differences in pollution. Such 
sensors broaden the scope of environmental stud-
ies that are possible: rather than rely on measures 
taken by regulatory monitors that are not able to 
account for the spatial and temporal heterogene-
ity of personal exposures, we are nearly able to 
measure individual exposure profiles. Although 
pollution measurements taken with low-cost sen-
sors are less accurate and reliable than reference 
monitors, several studies have shown the feasibil-
ity and validity of using them to capture air pollu-
tion information across an area by deploying 
sensors in fixed-location networks, attaching 
them to vehicles, placing them in indoor spaces, 
and having people wear them to monitor personal 
exposures [80–82]. Ultimately, capturing per-
sonal exposure measures and integrating them 
into health monitoring tools will lead to improved 
precision medicine.

 Precision Therapies in Pulmonary, 
Critical Care, and Sleep Medicine

In parallel to the advances in genomics, bio-
markers, and phenotyping, therapeutics have 
improved by specific knowledge of underlying 
molecular changes associated with distinct dis-
eases. Of pulmonary diseases, precision medi-
cine advances are most notable in lung cancer, 
for which, as mentioned above, some so-called 
driver mutations can be targeted with specific 
chemotherapeutic agents. The demonstration 
that patients with NSCLC with activating muta-
tions in EGFR could be successfully treated with 
the tyrosine kinase inhibitor gefitinib [83], led to 
the search for other specific mutations in NSCLC 
that could be drug targets. The subsequent iden-
tification of ALK and development of ALK 
inhibitors [84], as well as many other oncogenic 
drivers, has been associated with improved out-
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comes in lung cancer over the last 15 years [85]. 
Efforts to identify driver mutations in lung can-
cer continue, and greater personalized 
approaches to cancer therapy will result from an 
improved understanding of lung tumor evolu-
tion, by allowing physicians to anticipate which 
lung tumors will develop resistance to chemo-
therapeutic agents and which lung tumors have a 
propensity to recur or metastasize. Cystic fibro-
sis has also made significant advances in targeted 
therapies. The development of cystic fibrosis 
transmembrane conductance regulator (CFTR) 
modulators that correct for specific deficiencies 
in the CFTR channel [86–88] are a first genera-
tion of drugs that can potentially transform this 
devastating disease. Advances in lung cancer and 
cystic fibrosis offer hope that other domains of 
pulmonary, critical care, and sleep medicine may 
soon have precise therapeutics, based on knowl-
edge of specific molecular changes that charac-
terize diseases.

Lung transplantation, used as a rescue therapy 
for patients with advanced lung disease, requires 
close monitoring to identify allograft rejection. 
Identification of allograft rejection is currently 
based on clinical signs and invasive procedures, 
such as lung biopsy, and thus, novel methods to 
improve detection of allograft rejection would 
greatly improve care of patients after transplanta-
tion. A promising non-invasive approach to iden-
tify early rejection may be the quantification of 
donor-derived cell-free DNA, as a study demon-
strated that subjects with average levels in the 
upper tertile had a 6.6-fold higher risk of devel-
oping allograft failure [89]. This and other bio-
marker studies may soon improve management 
of immunosuppression.

Mechanical ventilation is a life-saving inter-
vention used to treat patients in the ICU that 
requires immediate attention to patient tolerance 
and real-time adjustments to minimize the risk of 
ventilator-induced injury and ventilator dyssyn-
chrony [90]. Thus, mechanical ventilation is one 
of the most important practices in the ICU that is 
personalized to maximize the benefit of physio-
logic support while avoiding harm to patients. 
The sophisticated design of modern ventilators 
has enabled safer practice of telemedicine in the 

ICU by allowing clinicians to evaluate patients 
remotely through video streams. Tele-ICU prac-
tices have also facilitated the redesign of care 
processes to improve outcomes in critical care 
[91], a demonstration of the power of thoughtful 
design of clinical interventions that use 
telemedicine.

Cigarette smoking is a key risk factor for mul-
tiple pulmonary diseases, particularly COPD 
and lung cancer. Consequently, smoking cessa-
tion is an essential intervention in clinical prac-
tice. Despite evidence of increased interest in 
quitting smoking over the past few decades 
(49.2% in 2000 versus 55.4% in 2015), success-
ful quitting happens in less than 10% of smokers 
in the United States according to the Centers for 
Disease Control and Prevention [92]. Although 
these outcomes are multifactorial, pharmacoge-
netics of nicotine plays a role. Both GWAS and 
candidate gene studies have identified loci asso-
ciated with response to smoking cessation 
agents. Specifically, there is evidence that poly-
morphisms in cytochrome genes (CYP2A6, 
CYP2B6), which are involved in nicotine metab-
olism, and cholinergic receptors (CHRNA3, 
CHRNA4, CHRNA5, CHRNB4) are associated 
with nicotine replacement therapy outcomes [93, 
94]. Pharmacogenomic profiling may thus serve 
as an adjunctive measure in the selection of 
smoking cessation strategies [94].

 Ongoing and Future Efforts 
in Pulmonary, Critical Care, 
and Sleep Precision Medicine

Several large studies are underway to identify 
endotypes for various pulmonary, critical care, 
and sleep conditions. A notable initiative aimed 
at driving precision medicine is the U.S. National 
Heart, Lung, and Blood Institute (NHLBI)’s 
Trans-Omics for Precision Medicine (TOPMed) 
Program. The early phase of this program 
included the generation of whole-genome 
sequencing data for patients with well-defined 
clinical phenotypes and outcomes from earlier 
NHLBI-funded studies [95]. As the program has 
continued, the subjects sequenced are increas-
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ingly diverse and various layers of omics data are 
being incorporated. Results from TOPMed are 
expected to lay a foundation for precision medi-
cine to substantially improve in several complex 
respiratory diseases.

As noted in the chapter on Precision Medicine 
for All, an important limitation of precision 
medicine now is the lack of information on 
minority populations [96]. For example, despite 
significant advances in the understanding of the 
human genome and decreased sequencing costs, 
only 22% of GWAS participants are non-Euro-
pean [97]. Because some observed racial/ethnic 
and sex disparities in respiratory disease preva-
lence and severity may have a genetic basis, 
genetics and other omics studies must include 
diverse groups to inform precision medicine 
efforts. In addition to this issue being addressed 
by large studies such as TOPMed, individual 
researchers and healthcare providers need to be 
aware of the limitations of precision medicine 
approaches that result from studies based on 
non-diverse populations.

Translating genetic associations to disease 
understanding remains a major challenge, as the 
number of loci obtained via GWAS and next- 
generation sequencing studies outpaces the abil-
ity of functional studies to identify biological 
mechanisms. Factors that contribute to the slow 
translation include: 1) the time-consuming nature 
of functional studies given the need to tailor 
experiments to a particular complex disease phe-
notype and type of polymorphisms in a genomic 
region; 2) in order to test genes and variants for 
function, complex diseases have to be simplified 
into assays that may not capture the cell-specific, 
developmental, or environmental context neces-
sary for functional elucidation of gene/variant 
function; and 3) several loci of interest are in 
gene deserts or genes with no annotated function, 
making the design of functional experiments 
even more difficult. Ongoing efforts to identify 
cell types using single-cell methods for expres-
sion, protein, and other molecular quantitative 
trait loci (e.g., splicing, histone modification) 
across various conditions and using high- 
throughput assays to annotate variant effects [98] 
will increase our understanding of genetic asso-

ciations. Some of these issues extend to other 
biomarkers even though they are “closer to phe-
notype” than genetic variants.

Beyond validating the accuracy of biomark-
ers, key issues related to their widespread use are 
establishing their practicality, availability, and 
cost-effectiveness [99]. Non-invasive biomarkers 
are more practical for clinical use than invasive 
ones [100], and thus, finding biomarkers in read-
ily obtained bio-samples to represent more inva-
sive ones may be a necessary step for some 
conditions such as fibrotic lung diseases. As 
stated in the chapter on Implementing COPD 
Precision Medicine in Clinical Practice, the fact 
that clinically valuable COPD genetic findings 
related to AATD are not yet readily adopted in 
clinical practice, raises an important consider-
ation for implementation of genetic findings. 
Education and advances in regulatory processes 
are critical if we want to witness the full promise 
of precision medicine.

For precision medicine to thrive, current and 
future trainees in the specialty need to be aware of 
the principles of precision medicine, how these 
influence our current understanding of disease 
biology, diagnostics and therapeutics, and how 
they will transform pulmonary, critical care, and 
sleep medicine. Education in precision medicine 
cannot be overlooked and needs to be incorporated 
in fellowship training curricula, as well as educa-
tional conferences. The chapter on education for 
the practice of precision medicine expounds these 
ideas and provides guidance on a path forward.

 Conclusion

Precision medicine is advancing with the avail-
ability and improvement of high-throughput 
assays for various types of biological data, imag-
ing, sensors, data science and computing. Some 
rare pulmonary diseases and lung cancer already 
have personalized therapies available, while most 
complex respiratory, critical care, and sleep con-
ditions are in the early stages of precision medi-
cine. The study of highly heterogeneous diseases 
with large and deeply phenotyped cohorts is lead-
ing to the discovery of genetic and other molecu-
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lar biomarkers that underlie distinct phenotypes. 
As early examples show, the identification of 
reproducible endotypes that leverage a broad 
range of data for each person leads to a better 
understanding of disease pathobiology, thereby 
enabling successful preventive strategies and 
novel drug discovery. The widespread implemen-
tation of precision medicine will require inclu-
sion of diverse individuals in research and clinical 
studies, consideration of cost-effectiveness of 
novel interventions, and improved education of 
healthcare providers.
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