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  Pref ace   

 The term, idiopathic pulmonary fi brosis (IPF), fi rst appeared in the medical literature 
in the mid-twentieth century. However, the disorder described by this term has 
undergone a metamorphosis from a loosely defi ned diagnostic entity that encom-
passed a number of fi brotic interstitial lung diseases (ILDs) to what we now (as of 
the twenty-fi rst century) recognize as a tightly defi ned fi brotic lung disorder that is 
characterized by the presence of usual interstitial pneumonia (UIP) that is not linked 
to the presence of a connective tissue disorder (CTD) or caused by an inhaled agent 
(such as asbestos) or drug-induced lung injury. 

 This book is intended to provide readers with a comprehensive understanding of 
the defi nition and changing perceptions of IPF as a clinical and pathologic entity. 
Chapter   1     provides a historical perspective of the evolution from what was per-
ceived as the clinical entity of IPF in the middle of the twentieth century to what we 
now recognize as a specifi c disease that stands apart from other forms of ILD 
including the non-IPF idiopathic interstitial pneumonias (IIPs). Drs. Olga Tourin, 
Jeffrey Swigris, and Amy Olson provide a comprehensive and up-to-date review of 
our current knowledge of the epidemiology and natural history of IPF in Chap.   2    , 
and Dr. Jeffrey Myers provides an in-depth review of the key histopathologic fea-
tures of IPF in Chap.   3     and contrasts fi ndings in UIP/IPF with non-IPF entities that 
can have similar clinical presentations. Imaging via high-resolution computed 
tomography (HRCT) of the thorax has emerged as a critical diagnostic test that can 
frequently allow a confi dent diagnosis of IPF and differentiate it from other forms 
of ILD. However, HRCT imaging may also be indeterminate such that surgical lung 
biopsy is still needed to attain a confi dent IPF diagnosis. Drs. Jonathan Chung and 
Jeffrey Kanne review the current and evolving role of thoracic imaging in the diag-
nosis of IPF in Chap.   4    . 

 Making a confi dent diagnosis of IPF requires a thorough examination of all 
available clinical data and ensuring that non-IPF forms of ILD are not diagnosed as 
cases of IPF. Drs. Anish Wadhwa and Kevin Flaherty review key diagnostic criteria 
that are required to make a confi dent diagnosis of IPF in Chap.   5    . When a diagnosis 
of IPF has been made, accurate physiologic assessment of pulmonary function plays 
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a key role in providing a prognosis, clinical decision making, and assessing 
responses to potential therapeutic interventions in clinical trials. Dr. Athol Wells 
provides an erudite and extremely useful review of current approaches to pulmo-
nary function testing in Chap.   6    . 

 Chapters   7     and   8     discuss current and evolving concepts of the pathogenesis of 
IPF. Dr. Steven Duncan discusses a variety of observations that have linked adaptive 
immunity and associated lung infl ammation to the onset and progression of IPF in 
Chap.   7    , and Dr. Nathan Sandbo discusses current concepts concerning the genesis 
and progression of tissue fi brosis in Chap.   8    . Chapters   10     and   11     discuss phenotypes 
of IPF and the overlap of IPF with CTD-associated ILD. Subgroups of patients 
diagnosed with IPF have features of their disease that can signifi cantly alter their 
course and prognosis, and Dr. Steven Nathan examines evolving concepts of IPF 
phenotypes in Chap.   10    . An often diffi cult issue for both clinicians and researchers 
is deciding whether patients with UIP and features that suggest the presence of an 
autoimmune disorder have UIP associated with CTD or IPF with isolated autoim-
mune phenomena that do not allow one to make a diagnosis of CTD. Indeed, some 
patients with apparent UIP/IPF can develop a specifi c autoimmune disorder such as 
rheumatoid arthritis or scleroderma months to years after an apparent diagnosis of 
IPF has been assigned. Drs. Joshua Solomon and Aryeh Fischer discuss features 
that distinguish CTD-ILD from IPF and other IIP in Chap.   11    . 

 Advancing age has been strongly linked to an increased risk for developing IPF, 
and gastroesophageal refl ux (GER) has also been recognized as a risk factor for the 
development and progression of IPF. Drs. Moises Selman, Yair Romero, and Annie 
Pardo discuss features of the aging process that may predispose elderly patients to 
develop IPF in Chap.   12    , while Drs. Stephenie Takahashi, Karen Patterson, and 
Imre Noth examine the link between GER and risk for developing IPF in Chap.   13    . 

 Treating IPF has proved to be extremely frustrating for both patients and clini-
cians, and current approaches to the management of patients with IPF are given in 
Chaps.   14    –  18    . Drs. Paolo Spagnolo, Fabrizio Luppi, Gloria Montanari, and Luca 
Richeldi provide a comprehensive review of the clinical trials to evaluate pharma-
cologic therapies that have been performed to data in Chap.   14    . Drs. Teng Moua 
and Jay Ryu highlight the prevalence and management of comorbidities that are 
frequently present in IPF patients in Chap.   15     and underscore the importance of 
being aware of these in the comprehensive management of IPF patients. Chapter   16    , 
authored by Drs. Anne Holland and Jeffrey Swigris, provides an overview of the 
role and benefi ts of pulmonary rehabilitation and oxygen therapy, both of which 
have been associated with signifi cant improvement in the quality of life of patients 
with IPF. 

 A substantial number of patients will develop an unpredictable episode of abrupt 
deterioration in lung function due to an acute exacerbation of IPF, and this event can 
occur in patients with relatively good physiologic function and apparently mild dis-
ease. Drs. Joyce Lee and Harold Collard discuss the clinical features, diagnosis, and 
management of such acute exacerbations in Chap.   17    . Finally, as discussed by Drs. 
Daniela Lamas and David Lederer in Chap.   18    , the only intervention that has been 
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shown to prolong survival and improve quality of life for patients with advanced 
IPF is lung transplantation. However, relatively few patients qualify for placement 
on the transplant waiting list, and many wait-listed patients never receive transplants 
due to a persistent shortage of donor lungs. 

 Chapters   19    –  21     discuss newer approaches that will hopefully facilitate our 
attempts to discover newer therapies and improve our ability to evaluate such thera-
pies in clinical trials. Genomic profi ling holds the promise of applying such technol-
ogy to improve diagnosis (differentiate IPF from other forms of fi brotic ILD), to 
detect signals that can be used as biomarkers to predict disease progression with 
greater precision, and to identify targets for new drug therapies. Drs. Jose Herazo- 
Maya and Naftali Kaminski discuss the promise and potential impact of genomics 
on the diagnosis and treatment of IPF in Chap.   19    . Despite the completion of a rela-
tively large number of clinical trials with new agents that appeared to hold potential 
therapeutic benefi t for patients with IPF, unequivocal effi cacy of a specifi c pharma-
cologic agent has yet to be demonstrated. The structure of a clinical trial (including 
the selected endpoints) can be critical to demonstrating a meaningful benefi t for a 
specifi c therapy, and Dr. Fernando Martinez discusses clinical trial design and end-
point choices in Chap.   20    . Finally, Drs. Carmen Mikacenic and Ganesh Raghu pro-
vide a road map for future directions that are needed for both basic and translational 
research. It is hoped that lessons learned will help pave future paths to the develop-
ment of effective therapies that have a signifi cant impact on the natural history of 
IPF and prevent the inevitable, progressive, and usually relentless loss of lung func-
tion that is a defi ning feature of this disease. 

 It is our hope that this book will not only improve readers’ knowledge of all 
aspects of the disease that we recognize as IPF but also inspire readers to engage in 
meaningful basic and clinical research. We are indebted to the authors who were 
gracious enough to contribute chapters, and we believe that this compendium of 
knowledge and wisdom provides a fi rm foundation that will hopefully lead to the 
discovery of effective therapies for patients with this devastating disease.  

     Madison ,  WI         Keith     C.     Meyer, M.D.        
      Falls Church ,  VA         Steven     D.     Nathan, M.D.            
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    Abstract      The term “idiopathic pulmonary fi brosis” (IPF) began to appear in the 
medical literature in the mid-1900s and was initially used by clinicians and radiolo-
gists to refer to fi brosing pneumonitis of unknown cause. However, the entities that we 
now recognize as idiopathic interstitial pneumonias (IIPs) and other entities with 
similar clinical presentations, such as interstitial lung disease (ILD) associated with 
connective tissue disorders (CTD) or fi brotic hypersensitivity pneumonitis (HP), were 
often identifi ed as cases of IPF by clinicians due to similar clinical presentation and 
radiographic appearance. As our knowledge of fi brosing ILD expanded over the last 
three decades of the twentieth century, it became clear that histopathologic patterns 
could be found that paved the way to our current clinicopathologic classifi cation of the 
IIPs, with the term “IPF” used exclusively to designate patients with idiopathic usual 
interstitial pneumonia (UIP). This introductory chapter will review how terminology 
and concepts of the disorder that we now recognize as IPF have evolved over the 
decades such that IPF has become the preferred diagnostic term for patients diagnosed 
with UIP of unknown cause.  

  Keywords     Pulmonary fi brosis   •   Idiopathic pulmonary fi brosis   •   Cryptogenic 
fi brosing alveolitis   •   Idiopathic interstitial pneumonia   •   Usual interstitial pneumonia   
•   Lung transplant   •   Interstitial lung disease  

    Chapter 1   
 Idiopathic Pulmonary Fibrosis: 
A Historical Perspective 

             Keith     C.     Meyer     
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        Introduction 

 Hippocrates, recognized in his time as a master physician and thorough observer 
of human diseases, described fi brotic changes in the lungs in the fi fth century  bc . 
Descriptions of pulmonary fi brosis were, however, sparse until the early twentieth 
century, and pulmonary fi brosis was thought to be a rare form of lung disease. 
Over the past century, our knowledge of interstitial lung disease (ILD) and pulmo-
nary fi brosis has grown in leaps and bounds. With the lack of today’s more sophis-
ticated diagnostic tools, the term “idiopathic pulmonary fi brosis” (IPF) allowed a 
broad net to be cast such that many other forms of ILD, such as CTD-associated 
ILD, fi brotic hypersensitivity pneumonitis (HP), pneumotoxic drug reaction, and 
other forms of idiopathic interstitial pneumonias (IIP) were often captured under 
this umbrella term. Over the past 50 years, the clinical evaluation of patients in the 
context of multidisciplinary interactions by pulmonologists, pathologists, and 
radiologists has led to the recognition of IPF as a diagnosis that applies exclu-
sively to patients who have a usual interstitial pneumonia (UIP) histopathologic 
pattern of pulmonary fi brosis that is not associated with any of the aforemen-
tioned entities. This introductory chapter will review various investigations that 
have led to the recognition of the characteristics of the entity that we currently 
recognize as IPF.  

    Early Perceptions and Terminology for Interstitial Lung 
Disease and Pulmonary Fibrosis 

 In the early 1900s pathologists began to recognize that some patients had bilateral 
lung disease at autopsy that was not related to more common causes of death such 
as infection or malignancy. These lungs were observed to be scarred, shrunken, and 
cystic, with these changes appearing to be most prominent peripherally and at the 
lung bases with relative sparing of the apices and more central areas. What appeared 
to be smooth muscle could be seen in some cases, and the term “muscular cirrhosis” 
of the lung was coined. Additionally, the presence of cysts was referred to as “hon-
eycomb change” or “honeycomb lung.” 

 In 1935, Hamman and Rich described four previously healthy patients who 
developed what appeared to be fulminant lung disease of rapid onset that relentlessly 
progressed to respiratory failure within 1–3 months from their initial presentation. 
Advanced lung fi brosis and honeycomb change was found at autopsy, and this was 
recognized as an entity that became known as the “Hamman–Rich syndrome.” 
The term “IPF” fi rst appeared in the medical literature in the late 1940s, but many 
other terms were used to denote what was likely the same entity (e.g., bronchiolar 
emphysema, pulmonary muscular hyperplasia, cystic pulmonary cirrhosis, idiopathic 

K.C. Meyer
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interstitial fi brosis, idiopathic diffuse interstitial pulmonary fi brosis, honeycomb 
lung, diffuse interstitial pneumonitis, interstitial pneumonitis-fi brosis, and diffuse 
fi brosing alveolitis). 

 The pathologist Averill Liebow took interest in these interstitial lung disorders 
and published a classifi cation scheme in 1975 for cases in which diffuse intersti-
tial pneumonia was present without any fi ndings to suggest infection or malig-
nancy. He referred to the fi ve different histopathologic patterns (Fig.  1.1 ) that he 
described as idiopathic interstitial pneumonias (IIP), a term that has persisted 
through the decades. The fi ve histopathologic patterns that Liebow described 
were UIP, desquamative interstitial pneumonia (DIP), bronchiolitis obliterans 
with interstitial pneumonia (BIP), lymphoid interstitial pneumonia (LIP), and 
giant cell interstitial pneumonia (GIP). Liebow coined the term “UIP” because it 
was the most common of the histopathologic patterns recognized. He also noticed 
that UIP tended to occur in older adults and appeared to affect lobules in a highly 
variable fashion.

   A European classifi cation system was evolving simultaneously, and the term 
“idiopathic fi brosing alveolitis” appeared in the medical literature in the early 
1970s. The term “cryptogenic fi brosing alveolitis” (CFA) was eventually adopted 
by the Europeans to describe a histopathologic pattern that was essentially the same 
as UIP. The European system also used the term “cryptogenic organizing pneumo-
nia” (COP) to describe interstitial infl ammation with polypoid aggregates of fi bro-
blasts in alveolar spaces that was essentially the equivalent of the BIP lesion 
described by Liebow. Additionally, the concept of “lone CFA” versus CFA associ-
ated with CTD gradually evolved. As the study of the interstitial pneumonias 

  Fig. 1.1    The changing classifi cation of interstitial pneumonias from 1975 to 2002.  AIP  acute 
interstitial pneumonia,  ATS  American Thoracic Society,  BIP  bronchiolitis obliterans with intersti-
tial pneumonia,  BOOP  bronchiolitis obliterans organizing pneumonia,  COP  cryptogenic organiz-
ing pneumonia,  DIP  desquamative interstitial pneumonia,  GIP  giant cell interstitial pneumonia, 
 LIP  lymphoid interstitial pneumonia,  NSIP  nonspecifi c interstitial pneumonia,  RB-ILD  respiratory 
bronchiolitis interstitial lung disease,  UIP  usual interstitial pneumonia       
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progressed through the 1980s and into the late 1990s, clinicians tended to increasingly 
recognize and discern the various forms of IIP, enabling a more precise understanding 
of IPF as a distinct entity.  

    The Evolving Role of Imaging in the Diagnosis of ILD 

 The routine chest X-ray was the only radiologic imaging that was available from the 
early 1900s for the clinical evaluation of patients until the advent of computed axial 
tomography (CAT) in the 1970s. As the CAT scan became increasingly available 
and applied in the clinical evaluation of patients with suspected ILD, patterns were 
discerned and correlated with histopathology obtained at autopsy or on surgical 
lung biopsy. As image resolution improved over time, the ability of high-resolution 
computed tomography (HRCT) of the thorax was exploited to more confi dently 
identify radiologic patterns such as honeycomb change, reticular markings, ground- 
glass opacities, and consolidation (as well as emphysematous changes, parenchymal 
nodules, and adenopathy). 

 Other imaging techniques also became available over time, including nuclear 
medicine modalities such as gallium scanning and magnetic resonance (MR) imaging. 
The use of gallium scanning to detect active “alveolitis” reached its zenith in the 
1980s. However, it was eventually recognized that such imaging was not particu-
larly accurate in determining “activity” of disease, and its use for evaluating patients 
with ILD waned in the early 1990s. On the other hand, MR imaging continues to 
evolve and may eventually provide an alternative to HRCT, which has become the 
imaging modality of choice for the diagnostic evaluation of suspected ILD or to 
assess responses to therapeutic interventions. One advantage of MR imaging would 
be the avoidance of ionizing radiation that patients receive from currently utilized 
HRCT imaging techniques.  

    Flexible Bronchoscopy as a Diagnostic Clinical Tool 

 The fl exible bronchoscope, pioneered and introduced into clinical use in the 1970s, 
allowed sampling of lung tissue via endobronchial or transbronchial biopsy. 
Although such biopsies have proven to be quite useful for diagnosing disorders 
such as sarcoidosis, diagnostic tissue sampling for other forms of ILD remains 
problematic. The concept of bronchoalveolar lavage (BAL) was introduced into 
the clinical arena in the 1980s by Herbert Reynolds and colleagues; this procedure 
was increasingly accepted as a clinical tool that could gauge the “alveolitis” of 
ILDs. However, it gradually became apparent that the ability of BAL to discern 
immune cell profi les that were diagnostic for specifi c forms of ILD was limited 
and actually somewhat disappointing. Nonetheless, certain patterns such as 
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lymphocytosis in the absence of evidence of infection can be highly suggestive of 
diagnoses, such as sarcoidosis or hypersensitivity pneumonitis, and provide useful 
information when considered in the context of the clinical presentation and tho-
racic imaging studies.  

    IPF in the Twenty-First Century 

 In the 1990s, a considerable body of clinical data pertaining to ILD and IIP had 
developed in the literature, and the pathology of IIP was revisited and correlated 
with clinical features. Anna   -Louisa Katzenstein described the entity of nonspecifi c 
interstitial pneumonia (NSIP) and together with Jeffrey Myers published a manu-
script in 1998 in which clinical features were correlated with the histopathologic 
patterns of acute interstitial pneumonia (AIP), UIP, DIP, respiratory bronchiolitis- 
associated ILD (RB-ILD), and NSIP. This landmark manuscript underscored 
the concept that various forms of IIP that had previously been lumped together 
and termed “IPF” or “CFA” by clinicians were actually fairly distinct clinico-
pathologic entities. This set the stage for the term “IPF” to be redefi ned as idiopathic 
UIP in the ATS 2000 statement on IPF and the 2002 statement on IIP. Subsequently, 
other terms, including CFA, gradually disappeared from the medical literature as 
IPF became the preferred term for idiopathic UIP that usually occurs in older 
individuals. 

 The ATS 2011 clinical practice guideline on the diagnosis and management of 
IPF was the next landmark document to be published. Importantly, this expert panel, 
using evidence in the published medical literature, recognized that a confi dent diag-
nosis of IPF could be established in a substantial number of patients on the basis of 
a consistent clinical presentation and characteristic HRCT imaging. However, sur-
gical lung biopsy showing changes compatible with UIP would still be required for 
a confi dent diagnosis of UIP/IPF if the HRCT was indeterminate.  

    Management of IPF: From Corticosteroids to Lung 
Transplantation 

 Margaret Turner-Warwick and colleagues published their observations from a large 
series of patients in England who were diagnosed with CFA in 1980; their report 
suggested that some had signifi cant clinical improvement when treated with corti-
costeroids. Further analysis indicated that “responders” were younger, had cellular 
histology on lung biopsy specimens, and had increased numbers of lymphocytes in 
their BAL fl uid. A subsequent study performed in the United States (27 patients) by 
Raghu and colleagues was published in 1991 and suggested that adding azathio-
prine to corticosteroids provided a survival benefi t versus corticosteroids alone for 
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patients with IPF (as IPF was defi ned during that era). It has become clear with the 
passage of time that these and other studies enrolled a mix of patients. Substantial 
numbers of patients with what is now recognized as NSIP, DIP, AIP, CTD-associated 
ILD, and even COP were likely enrolled in these studies and labeled as having 
IPF or CFA. In the 2000 ATS IPF statement, despite acknowledgement of the 
lack of suffi cient clinical evidence to support the notion that any therapy pro-
vided benefi t for patients with IPF, it was nonetheless suggested that corticoste-
roids plus a cytotoxic agent (azathioprine or cyclophosphamide) could be prescribed 
for and potentially might help patients with the disease. Patients with IPF were 
therefore widely treated with these therapies as the committee’s suggestions 
were taken as “recommendations,” despite the lack of evidence from robustly 
powered and rigorously performed clinical trials. 

 It has more recently become apparent from clinical experience that immunosup-
pressive/anti-infl ammatory therapies did very little, if anything, to arrest the dis-
ease process. Therefore, therapies targeted against the fi brotic process began to be 
evaluated through the implementation of robust, randomized, controlled clinical 
trials in the early 2000s. Indeed, there has been an explosion of interest, and subse-
quent drug studies have been undertaken and completed in the intervening decade 
between ATS statements. These studies have provided a wealth of information con-
cerning the natural history of IPF, but, unfortunately, agents such as interferons 
beta and gamma, etanercept, imatinib, and the endothelin receptor antagonists have 
been demonstrated to be ineffectual. Indeed, when the ATS/ERS/JRS/ALAT 
Clinical Practice Guideline on the diagnosis and treatment of IPF was published in 
2011, the expert panel reviewed all available publications and concluded that there 
was insuffi cient data supporting the use of any specifi c agent. The strongest recom-
mendation that was afforded any medical therapy was a “weak negative” for mono-
therapy with either  N -acetylcysteine or pirfenidone. In addition, this most recent 
statement recanted the prior suggestion that immunosuppressive therapy may be 
benefi cial, not based on any new data, but rather in recognition of the level of evi-
dence required to provide consensus support for any therapy. This stance was sub-
sequently validated by the results of the NIH- sponsored PANTHER study, which 
demonstrated that immunosuppressive therapy with azathioprine not only did not 
help but actually appeared to harm patients with IPF. 

 Human lung transplantation was first attempted in the 1960s, and a tran-
siently successful lung transplant for a patient with CFA was reported in 1971. 
However, lung transplantation for patients with advanced, progressive lung dis-
ease that was unresponsive to nonsurgical therapies did not enter into the clini-
cal arena as a relatively accepted therapy until the 1980s when potent 
immunosuppressive agents became available. In 2007, IPF surpassed COPD as 
the leading indication for lung transplantation in the United States, and lung 
transplant is currently viewed as a preferable treatment option for patients with 
advanced IPF. However, due to the inability to meet criteria for lung transplan-
tation, only a relatively small subset of IPF patients are able to meet the neces-
sary criteria to enable placement on a lung transplant waiting list. Indeed, less 
than 1,000 transplants are performed for IPF per year, which is in part due to a 
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persistent paucity of donor organ availability. Interestingly, recurrent UIP in 
lung allografts has never been reported, despite a growing number of long-term 
IPF transplant survivors.  

    Summary and Conclusions 

 The use and defi nition of the term “IPF” has changed considerably over the decades 
since the term was fi rst applied to pulmonary fi brosis of unknown cause. IPF is now 
used to signify a diagnosis that is based upon clinical, radiologic, and (if necessary) 
histopathologic data that indicate the presence of UIP not associated with other 
known fi brogenic entities. The causes of this disorder remain elusive, and treatment 
responses to a variety of pharmacologic agents have been mostly disappointing. 
At this time, lung transplantation is the only therapeutic option that is universally 
acknowledged as having a benefi cial impact on quality of life and survival in select 
patients. However, with the growing interest and understanding of this disease, and 
with the plethora of agents in various stages of drug development, it is the belief of 
the editors that it is just a matter of time before there are effective medical therapies 
available for this devastating condition. We hope that this book and the many out-
standing, provocative chapters from world-renowned authorities in the fi eld will 
serve as a platform and spur even more interest in this enigmatic disease.     
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    Abstract     Idiopathic pulmonary fi brosis (IPF) was once thought to be a rare 
disease and has been classically described as a disease that progresses in a “relent-
less and often insidious manner.” However, recent epidemiologic studies have 
revealed the true burden of this disease on society and identifi ed risk factors for the 
development of disease that may ultimately allow for not only disease prevention 
but also further insight into the pathobiology of this—as of yet—idiopathic disease. 
At the same time, recent cohort studies and clinical trials have better defi ned the 
natural history of this disease. In this manuscript, we will review recently acquired 
epidemiologic data and summarize the current understanding of the natural history 
of IPF.  

  Keywords     Idiopathic pulmonary fi brosis   •   Natural history   •   Clinical course   
•   Epidemiology   •   Risk factors   •   Mortality   •   Incidence   •   Prevalence  

    Chapter 2   
 Idiopathic Pulmonary Fibrosis: 
The Epidemiology and Natural History 
of Disease 

             Olga     Tourin     ,     Jeffrey     J.     Swigris     , and     Amy     L.     Olson     

        O.   Tourin ,  M.D.    
  University of Calgary, Adult Respirology Residency Program, 
Rockyview General Hospital ,   Calgary ,  AB ,  Canada     

    J.  J.   Swigris ,  D.O., M.S.    
  Autoimmune Lung Center and Interstitial Lung Disease Program, 
National Jewish Health ,   1400 Jackson Street, Denver ,  CO 80238 ,  USA     

    A.  L.   Olson ,  M.D., M.S.P.H.      (*) 
  Division of Pulmonary and Critical Care Medicine ,  National Jewish Health, 
Interstitial Lung Disease Program and Autoimmune Lung Center ,   1400 Jackson Street , 
 Denver ,  CO   80238 ,  USA   
 e-mail: olsona@njhealth.org; amy.olson@ucdenver.edu  



10

        Introduction 

 Idiopathic pulmonary fi brosis (IPF) has been classically described as a disease that 
progresses in a “relentless and often insidious manner,” with median survival esti-
mates of 2–3 years from the time of diagnosis [ 1 ,  2 ]. However, research over the 
past two decades has improved our understanding of the natural history of IPF. 
Although some patients experience steadily progressive respiratory decline, it is 
now recognized that the clinical course for others is marked by rapid progression 
and/or acute episodes of worsening that do not infrequently result in death. At the 
group level, clinical factors associated with an increased risk of mortality have been 
identifi ed, but predicting the course of disease in an individual patient is challeng-
ing, if not impossible. Whether differences in the clinical course result from varying 
phenotypes of IPF or from other factors (e.g., differences in the type, degree, or 
intensity of environmental exposures or ethnic and racial differences) is unclear [ 2 ,  3 ]. 
While certain investigators were generating research that refi ned understanding of 
how IPF behaves over time, others were performing epidemiologic studies that bet-
ter defi ned the societal burden of IPF and identifi ed environmental exposures asso-
ciated with an increased risk for developing disease. In this chapter, we review 
recently acquired epidemiologic data on IPF and describe the variable natural 
history of this disease that continues to confound clinicians and researchers alike.  

    The Epidemiology of IPF 

    Background 

 Investigators have used epidemiologic studies to determine the societal burden of 
IPF and to identify possible exposures/risk factors (predominantly through case–
control studies) for disease development. These studies have revealed that IPF is not 
as rare as it was once believed to be, underscoring the need for more resources to 
advance research for this devastating condition. Results from additional epidemio-
logic studies have identifi ed specifi c risk factors for IPF, providing insight into 
possible pathobiologic mechanisms for disease. Hopefully, these studies will prove 
useful as investigators search for approaches to limit disease occurrence [ 4 ]. 

 Prior to the 1990s, factors that kept investigators from conducting large-scale 
epidemiologic studies in IPF included the supposed rarity of disease, the evolving 
(changing) case defi nition of IPF, and the lack of a specifi c International Classifi cation 
of Diseases (ICD) diagnostic code. Since then, three developments have changed the 
landscape of epidemiologic research in IPF: (1) the ninth revision of the ICD coding 
(ICD-9) system (which for the fi rst time assigned a diagnostic code for IPF and 
occurred at the end of the 1970s), (2) large population databases (including death 
certifi cate data and healthcare claims data), and (3) both regional and multicenter 
collaborative efforts to determine both the extent of and risk factors for disease.  
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    Prevalence, Incidence, and Secular Trends 

 Prevalence is a ratio defi ned as the number of persons with a disease at a specifi c 
point in time divided by the total population at that time. Incidence is a rate, defi ned 
as the number of new cases (that have developed over a given period of time) divided 
by the number of persons at risk for developing disease over that period of time. 

 Coultas and colleagues performed the fi rst regional epidemiologic investigation 
in the USA to determine the prevalence and incidence of interstitial lung disease 
(ILD) [ 5 ]. Using multiple case-fi nding methods (including primary care and pulmonary 
physician’s records, histopathology reports, hospital discharge diagnoses, death 
certifi cates, and autopsy reports), these investigators established a population- based 
ILD registry in Bernalillo County, New Mexico—a county with a population of 
nearly one-half million at the time of this study. Based on data from 1988 to 1993, 
the overall prevalence of IPF was 20.2 cases per 100,000 population in men and 13.2 
cases per 100,000 population in women. When these data were stratifi ed by age and 
gender, the prevalence of IPF increased with increasing age and was higher for men 
than for women in each age strata (Table  2.1 ). The incidence of IPF was 10.7 per 
100,000 persons/year in men and 7.4 per 100,000 persons/year in women. Again, 
when stratifi ed by age and gender, the incidence of IPF generally increased with 
increasing age and was typically higher for men than for women (Table  2.2 ).

    Raghu and colleagues determined the prevalence and incidence of IPF from 
1996 to 2000 using data from a large US healthcare plan’s claims system [ 6 ]. Using 
a broad defi nition for IPF (age >18 years, one or more medical encounters coded for 
IPF, and no medical encounters after that IPF encounter with a diagnosis code for 
any other type of ILD), these investigators estimated the prevalence and annual 
incidence of the disease to be 42.7 and 16.3 per 100,000 people, respectively. A nar-
row case defi nition (broad defi nition plus at least one medical encounter with a 
procedure code for a surgical lung biopsy, transbronchial biopsy, or computed 
tomography [CT] of the thorax) yielded a prevalence and annual incidence of 14.0 
per 100,000 people and 6.8 per 100,000 people, respectively. In their dataset, both 
prevalence and incidence increased with increasing age, and rates were higher in 

    Table 2.1    The prevalence of IPF by age strata and gender in Bernalillo County, New Mexico, 
from 1988 to 1993 [ 5 ] compared to a healthcare claims processing system of a large United States 
health plan from 1996 to 2000 using the broad case defi nition [ 6 ] (see text) a    

 Idiopathic pulmonary fi brosis (prevalence, per 100,000 persons) 

 1988–1993  1996–2000 

 Age strata (years)  Men  Women  Men  Women 

 35–44  2.7  –  4.9  12.7 
 45–54  8.7  8.1  22.3  22.6 
 55–64  28.4  5.0  62.8  50.9 
 65–74  104.6  72.3  148.5  106.7 
 ≥75  174.7  73.2  276.9  192.1 

   a Adapted from Table 4 in [ 5 ] and Fig. 1 in [ 6 ]  
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men than women (see Tables  2.1  and  2.2 ). Results from these two studies suggest 
that rates have increased over time; however, their limitations limit these studies as 
only being hypothesis generating. 

 Fernández-Pérez and colleagues performed a population-based, historical cohort 
study in Olmsted County, Minnesota, of patients evaluated at their center between 
1997 and 2005. They had three aims for their study: (1) determine the prevalence 
and incidence of IPF, (2) determine if incidence changed over time, and (3) predict 
the future burden of disease [ 7 ]. For 2005, using narrow case-fi nding criteria [usual 
interstitial pneumonia (UIP) pattern on surgical lung biopsy or defi nite UIP pattern 
on high-resolution CT (HRCT)], the age- and sex-adjusted prevalence (for people 
over the age of 50 years) was 27.9 cases per 100,000 persons (95 % CI = 10.4–45.4); 
using broad case-fi nding criteria (UIP pattern on surgical lung biopsy or defi nite  or 
possible  UIP pattern on HRCT), it was 63 cases per 100,000 persons (95 % 
CI = 36.4–89.6). Over the 9 years of this study, the age- and sex-adjusted incidence 
(for those over the age of 50) was 8.8 cases per 100,000 person-years    (95 % 
CI = 5.3–12.4) and 17.4 cases per 100,000 person-years (95 % CI = 12.4–22.4) for 
the narrow and broad case-fi nding criteria, respectively. In contrast to the incidence 
rates reported by Coultas and Raghu [ 8 ,  9 ], results here suggest signifi cantly 
decreasing incidence rates over the last 3 years of the study to 6.0 or 11.0 per 
100,000 person-years using the narrow or broad case-fi nding criteria, respectively 
( p  < 0.001). Despite the estimated declining incidence, given the aging US popula-
tion, these investigators projected that the annual number of new cases will continue 
to rise, with 12,000–21,000 new IPF cases by 2050. Several limitations, including 
the small total number of incident IPF cases (only 47 based on the broad case crite-
ria), detract from the confi dence that these results accurately refl ect national trends. 

 Large-scale epidemiologic studies from the UK also suggest an increase in the 
incidence of IPF over time. Gribbin and colleagues analyzed a large longitudinal 
general practice database in the UK from 1991 to 2003 and found that overall the inci-
dence of IPF more than doubled over this time period [ 10 ]. The overall crude 
incidence of IPF was 4.6 per 100,000 person-years, and the annual increase in 
the incidence of IPF was 11 % (rate ratio 1.11, 95 % CI = 1.09–1.13,  p  < 0.0001) 

    Table 2.2a    The incidence of IPF by age strata and gender from Bernalillo County, New Mexico, 
from 1988 to 1993 [ 5 ] compared a healthcare claims processing system of a large United States 
health plan from 1996 to 2000 using the broad case defi nition [ 6 ] (see text)   

 Idiopathic pulmonary fi brosis (incidence, per 100,000 persons/year) 

 1988–1993  1996–2000 

 Age strata (years)  Men  Women  Men  Women 

 35–44    4.0  –   1.1   5.4 
 45–54    2.2   4.0  11.4  10.9 
 55–64   14.2  10.0  35.1  22.6 
 65–74   48.6  21.1  49.1  36.0 
 ≥75  101.9  57.0  97.6  62.2 

      a Adapted from Table 5 in [ 5 ] and Fig. 2 in [ 6 ]  
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after adjusting for sex, age, and geographic region. As in the studies described 
above, these investigators found the incidence of IPF was higher in men than women 
and increased with age (until >85 years of age). They could not determine if the 
trends observed were from increased case ascertainment—due to either the expand-
ing routine use of HRCT scanning or simply increased awareness perhaps stem-
ming from globally visible consensus statements and multinational IPF drug trials. 

 Recently, Navaratnam and colleagues extended the work of Gribbin and col-
leagues [ 11 ]. Using the same longitudinal primary care database from the UK, these 
investigators determined the incidence of what they called the IPF clinical syndrome 
(IPF-CS) (defi ned by the following diagnostic codes: idiopathic fi brosing alveolitis, 
Hamman–Rich syndrome, cryptogenic fi brosing alveolitis, diffuse pulmonary fi bro-
sis, and idiopathic fi brosing alveolitis NOS, excluding connective tissue disease, 
extrinsic allergic alveolitis, asbestosis, pneumoconiosis, and sarcoidosis) from 2000 
to 2008. In their study, the overall crude incidence of IPF-CS was 7.44 per 100,000 
person-years (nearly double the rate that Gribbin and colleagues reported for the 
prior decade); it was higher in men than women and generally increased with age. 
After adjusting for age, sex, and health authority, the incidence of IPF-CS increased 
by 5 % annually from 2000 to 2008 (rate ratio 1.05, 95 % CI = 1.03–1.06). 

 The majority of these data suggest the incidence of IPF is increasing. In IPF, 
because the disease is lethal within a relatively short period of time, mortality rates 
should mirror incidence rates, making mortality rate studies an additional, poten-
tially rich source of data on these trends.  

    Mortality Rates and Secular Trends 

 Mortality rates for a condition are calculated as the number of deaths per year from 
the condition of interest, divided by the number of persons alive in the midyear 
population. Death certifi cate and census recording can provide data for such calcu-
lations. Because the validity of IPF death certifi cate data is largely unknown, studies 
using these data should be interpreted with caution. In the era of ICD-9 coding, 
when IPF (ICD-9 code 516.3) was coded on a death certifi cate, it was generally 
accurate. However, because a signifi cant proportion of decedents with IPF were 
coded as 515—the code for post-infl ammatory pulmonary fi brosis (PIPF)—IPF 
(whose ICD-9 code is 516.3) was typically under-recorded as the cause of death 
[ 12 ,  13 ]. In 1998, the ICD-10 coding system combined both IPF and PIPF into one 
diagnostic code (J84.1). In some studies, investigators have used this code—and 
made concerted efforts to exclude decedents with codes for known causes of ILD—
to capture a cohort most likely to have IPF. Other investigators have conducted 
similar studies and either intentionally or unintentionally included decedents with 
coexisting conditions associated with pulmonary fi brosis (e.g., connective tissue 
disease), leaving cohorts they labeled as having pulmonary fi brosis (PF) or IPF 
clinical syndrome (IPF-CS) [ 11 ,  14 ,  15 ]. Regardless of the term used, a great many 
decedents in these studies had IPF, and all almost certainly had progressive fi brotic 
lung disease that has resulted in death. 
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 In the fi rst large-scale study of mortality rates from IPF, Johnston and colleagues 
examined ICD-9-coded death certifi cates from 1979 to 1988 and found that mortality 
rates from IPF (ICD-9 code 516.3) in England and Wales more than doubled over 
this time period [ 12 ]. Although more men than women died of IPF (60 % of dece-
dents), over the study period, mortality rates increased in both men and women 
(after standardization for age) and were greater among the aged. Specifi cally, the 
mortality rate in those aged ≥75 years was eight times that of those aged 45–54. 
They identifi ed higher mortality rates in the industrialized central areas of England 
and Wales, raising occupational or environmental exposures as potential risk factors 
for the disease. Confi rming and expanding the fi ndings of Johnston and colleagues, 
Hubbard and colleagues examined ICD-9-coded death certifi cates and found that 
mortality rates from IPF rose in England, Wales, Scotland, Australia, and Canada 
from 1979 to 1992 [ 16 ]. 

 Mannino and colleagues examined US death certifi cate data and found that, from 
1979 to 1991, age-adjusted mortality for pulmonary fi brosis (PF) increased 4.7 % in 
men (from 48.6 deaths per million to 50.9 deaths per million) and 27.1 % in women 
(from 21.4 deaths per million to 27.2 deaths per million). Again, PF-associated moral-
ity increased with increasing age [ 14 ]. Higher mortality rates were identifi ed in the 
West and Southeast, and lower mortality rates occurred in the Midwest and Northeast. 

 Using the same database as Mannino and colleagues, our group found that, from 
1992 to 2003, PF-associated mortality rates increased 29.4 % in men (from 49.7 
deaths per million to 64.3 deaths per million) and increased 38.1 % in women (from 
42.3 deaths per million to 58.4 deaths per million) (Fig.  2.1 ). Mortality rates 
increased with advancing age and were consistently higher in men than in women; 
however, mortality rates increased at a faster pace in women than in men over this 
period of time [ 15 ].

   Similar trends in mortality were recently reported in the UK; the overall age- and 
sex-adjusted mortality rate from IPF-CS from 2005 to 2008 was 50.1 per million 
person-years. The overall annual increase in mortality was approximately 5 % per 
year (RR = 1.05, 95 % CI = 1.04–1.05) from 1968 to 2008, which equated to a six-
fold increase in mortality over this study period [ 11 ]. These studies suggest mortal-
ity from IPF is increasing, and IPF is an important and growing public health 
concern, particularly in the aging population.  

    Risk Factors 

    Defi nitions and Limitations 

 Most studies of risk factors for IPF have been retrospective and subject to a number 
of limitations. Because the disease status and the exposure are assessed at the same 
time, temporality cannot be established. Further, systematic biases resulting from 
both recall and diagnostic misclassifi cation are possible. Recall bias exists when 
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cases recall past exposures differently than controls—and the net effect results in 
an exaggeration of risk [ 17 ]. Diagnostic misclassifi cation bias arises when cases 
are incorrectly diagnosed with the disease or when controls have subclinical and 
undiagnosed disease. These scenarios have likely occurred in IPF, specifi cally in 
the time period before the routine use of HRCT scanning and consensus statements on 
the classifi cation of idiopathic interstitial pneumonias (IIP) and IPF [ 1 ,  18 ]. The net 
effect of this type of error results in bias towards the null (a reduction in the strength 
of the association between exposure and disease). When identifi ed, dose–response 
relationships strengthen the likelihood of a signifi cant risk for the development 
of disease.  
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    Cigarette Smoking 

 In a number of case–control studies, cigarette smoking has been identifi ed as a risk 
factor for IPF and for familial pulmonary fi brosis (FPF). In the USA, Baumgartner 
and colleagues performed an extensive analysis of the risk of IPF associated with 
smoking [ 19 ]. From 1989 to 1993, they compared 248 IPF patients at any of 16 
referral centers with 491 controls matched on age, sex, and geography. They found 
that a history of ever smoking was associated with a 60 % increase in risk for the 
development of IPF (OR = 1.6, 95 % CI = 1.1–2.2). Additional analysis revealed that 
former smoking was associated with a 90 % increased risk for the development of 
IPF (OR = 1.9, 95 % CI = 1.3–2.9), whereas current smoking was not associated 
with an elevated risk (OR = 1.06, 95 % CI = 0.6–1.8). A dose–response relationship 
was not identifi ed: compared to subjects with a less than 20-pack-year history, those 
who smoked 21–40 pack-years had an increased risk of IPF (OR = 2.26, 95 % 
CI = 1.3–3.8), while those who smoked more than 40 pack-years did not (OR = 1.12, 
95 % CI = 0.7–1.9). However, among former smokers, those who had recently 
stopped smoking possessed the highest risk for the development of IPF (for those 
who stopped smoking less than 2.5 years prior, OR = 3.5, 95 % CI = 1.1–11.9; for 
those who stopped smoking 2.5–10 years prior, OR = 2.3, 95 % CI = 1.3–4.2; for those 
who stopped smoking 10–25 years prior, OR = 1.9, 95 % CI = 1.1–3.2; and for 
those who stopped smoking more than 25 years ago, OR = 1.3, 95 % CI = 0.7–2.3). 
Similar to Baumgartner and colleagues, Miyake and colleagues compared 102 cases 
of IPF to 59 controls in Japan and found an increased risk of IPF only in those who 
smoked between 20 and 40 pack-years (OR = 3.23, 95 % CI = 1.01–10.84) com-
pared to never smokers [ 20 ]. 

 Taskar and colleagues [ 21 ] conducted a meta-analysis that included these two 
and three additional case–control studies from the UK [ 22 ,  23 ] and Japan [ 24 ]. Ever 
smoking was associated with a 58 % increase in the risk for the development of IPF 
(OR = 1.58, 95 % CI = 1.27–1.97). Given the high prevalence of smoking, these 
investigators determined that 49 % of IPF cases could be prevented by entirely 
eliminating smoking within the population. The results from two other case–control 
studies from Mexico, not included in the meta-analysis, also suggest smoking is a 
risk factor for IPF (OR adjusted = 3.2, 95 % CI = 1.2–8.5 and OR adjusted = 2.5, 
95 % CI = 1.4–4.6) [ 25 ,  26 ]. An association between smoking and lung fi brosis has 
also been identifi ed in FPF. Steele and colleagues compared 309 cases of FPF with 
360 unaffected family members from 111 families and found that, after adjustment 
for age and sex, ever smoking was associated with a greater than threefold odds of 
developing disease (OR = 3.6, 95 % CI = 1.3–9.8) [ 27 ].  

    Occupational Exposures 

 Case–control studies have also found an association between a number of dusts and/
or dusty environments and the development of IPF. 
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   Metal Dusts 

 In a meta-analysis of fi ve case–control studies published between 1990 and 2005, 
investigators found a signifi cant association between metal dust exposure and the 
development of IPF (OR = 2.44, 95 % CI = 1.74–3.40) [ 20 – 24 ,  28 ]. Baumgartner 
and colleagues identifi ed a dose–response relationship between metal dust exposure 
and IPF. For subjects with less than 5 years of metal dust exposure, there was no 
association (OR = 1.4, 95 % CI = 0.4–4.9); however, for those with more than 5 
years of metal dust exposure, the risk for the development of IPF was elevated over 
twofold (OR = 2.2, 95 % CI = 1.1–4.7) [ 28 ]. 

 Hubbard and colleagues analyzed data from the pension fund archives of a metal 
engineering company and identifi ed more deaths within this cohort than would be 
expected from national mortality data [ 29 ]. Among all decedents with IPF and 
records available, there was not an increased risk of IPF associated with metal dust 
exposure. However, there was a dose–response relationship: for those with more 
than 10 years of exposure, there was an increased risk of IPF (OR = 1.71, 95 % 
CI = 1.09–2.68). 

 Pinheiro and colleagues analyzed mortality data from 1999 to 2003 and found an 
increased proportionate mortality ratio (PMR) and mortality odds ratio (MOR) 
among decedents with ICD-10 for pulmonary fi brosis whose records also contained 
a code for “metal mining” (PMR = 2.4, 95 % CI = 1.3–4.0; MOR 2.2, 95 % CI = 1.1–
4.4) and “fabricated structural metal products” (PMR = 1.9, 95 % CI = 1.1–3.1; 
MOR 1.7, 95 % CI = 1.0–3.1) [ 30 ]. In contrast, in a recent study from Sweden, 
investigators did not identify an association between metal dust exposure and IPF 
among patients on oxygen therapy (OR = 0.8, 95 % CI = 0.43–1.44) [ 31 ].  

   Wood Dust 

 Results from two of fi ve case–control studies (one from the UK and one from Japan) 
and a meta-analysis of these studies suggest an association between wood dust 
exposure and IPF (OR summary = 1.94, 95 % CI = 1.34–2.81) [ 20 – 23 ,  28 ,  32 ]. 
Discrepancies in results between individual studies may result from differences in 
the type of wood exposure. In a case–control study, investigators in Sweden found 
an association between both birch (OR = 2.4, 95 % CI = 1.18–4.92) and hardwood 
dust (OR = 2.5, 95 % CI = 1.06–5.89) and IPF, but not fi r dust (OR = 1.4, 95 % 
CI = 0.82–2.52) [ 31 ].  

   Agriculture (Farming and Livestock) 

 Farming and livestock exposures have been linked to an increased risk of IPF. In 
each of two case–control studies (one from the USA and one from Japan), investiga-
tors found a signifi cant association between farming or residing in an agricultural 

2 Idiopathic Pulmonary Fibrosis: The Epidemiology and Natural History of Disease



18

region and IPF (summary OR = 1.65, 95 % CI = 1.20–2.26) [ 21 ,  24 ,  28 ]. In the 
Japanese study, exposure to agricultural chemicals was also associated with an 
increased risk of IPF (OR = 3.32, 95 % CI = 1.22–9.05) [ 24 ]. 

 Results from two case–control studies, one from the USA and one from the UK, 
suggest an association between livestock and IPF (summary OR = 2.17, 95 % 
CI = 1.28–3.68) [ 21 ,  22 ,  28 ]. In the US study, investigators observed a dose–response 
relationship between exposure to livestock and IPF: for subjects with less than 5 
years of exposure, no association was identifi ed (OR = 2.1, 95 % CI = 0.7–6.1), but 
subjects with more than 5 years of exposure to livestock had a greater than threefold 
risk for IPF (OR = 3.3, 95 % CI = 1.3–8.3) [ 28 ].  

   Sand, Stone, and Silica 

 Results from a meta-analysis of four studies with contrasting results show a signifi -
cant association between stone, sand, and silica dusts and IPF (summary OR = 1.97, 
95 % CI = 1.09–3.55) [ 20 – 22 ,  28 ,  32 ].   

    Miscellaneous Exposures 

 After adjusting for age and cigarette smoking, Baumgartner and colleagues found 
an association between IPF and hairdressing (OR = 4.4, 95 % CI = 1.2–16.3) or rais-
ing birds (OR = 4.7, 95 % CI = 4.7, 95 % 1.6–14.1) [ 28 ]. The latter association raises 
the possibility that some patients with chronic hypersensitivity pneumonitis might 
have been inadvertently diagnosed as IPF. Residing in an urban/polluted area is 
another risk factor for IPF that emerged from a case–control study in Japan 
(OR = 3.33, 95 % CI = 1.26–8.79) [ 24 ].    

    The Natural History of IPF 

    Background 

 Historically, IPF has been described as a disease marked by inexorable progression 
[ 1 ,  2 ]. For patients with steadily progressive disease (i.e., moderately worsening 
lung function with each passing year), symptoms of breathlessness typically pre-
cede the diagnosis of IPF by 1–3 years [ 33 – 35 ], and median survival ranges from 2 
to 3 years from the time of diagnosis [ 1 ,  2 ,  33 – 36 ]. However, careful inspection of 
results reveals signifi cant heterogeneity in survival rates within cohorts [ 1 ,  37 ,  38 ]. 
In the last handful of years, investigators have drilled deep into their datasets in an 
attempt to better understand this heterogeneity; although some of it may result from 
differences in disease severity at the time of diagnosis, it has become clear to the 
ILD fi eld that there are actually different IPF phenotypes that can be defi ned by 
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disease behavior over time (Fig.  2.2 ). For example, in every IPF study, there is a 
subgroup of long-term survivors; a signifi cant minority of IPF patients will suffer 
one or more acute exacerbations of IPF; and investigators are fi nding more and 
more patients with subclinical disease. What drives the phenotypic expression is 
unknown, but the current theory holds that it results from complex interactions 
involving the age and genetic makeup of the host and environmental exposures.

       Predicting Survival 

 Nathan and colleagues examined data from their center collected over the past 
decade and found that for 357 IPF patients, the median survival was 45.9 months 
(3.8 years) from the time of their initial pulmonary function test. When stratifi ed on 
disease severity, patients with percent predicted forced vital capacity (FVC%) 
≥70 %, 55–69 %, OR < 55 % had median survival values of 55.6 months (4.6 years), 
38.7 months (3.2 years), and 27.4 months (2.3 years), respectively [ 38 ]. 
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  Fig. 2.2    Schematic representation of potential clinical courses of IPF. The  y -axis represents dis-
ease progression from the onset of disease with a likely subclinical/asymptomatic period, which is 
followed by a period of symptoms that precede a formal diagnosis and then followed by the period 
of diagnosis through death with the  x -axis representing time. As noted in the text, disease progres-
sion may be accelerated ( a ), relatively stable ( c  or  d ), or alternate between periods of relative sta-
bility marked by acute worsening ( stars ) ( b ) (Reprinted with permission of the American Thoracic 
Society. Copyright©2012 American Thoracic Society. Ley B, Collard HR, King TE Jr. Clinical 
course and prediction of survival in idiopathic pulmonary fi brosis. Am J Respir Crit Care Med. 
2011;183:431–440. Offi cial Journal of the American Thoracic Society)       
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 In addition to FVC, a number of other individual clinical, radiographic, physiologic, 
and pathologic variables as well as various biomarkers correlate with survival [ 39 ]. 
Several investigators have generated prognostic models that incorporate combina-
tions of these variables collected at the time of diagnosis [ 34 ,  35 ]. For example, 
King and colleagues used data from 183 patients with biopsy-proven IPF and found 
that survival was dependent on a combination of age, smoking status, clubbing, 
extent of interstitial abnormalities, and presence of evidence of pulmonary hyper-
tension on chest radiograph, total lung capacity (TLC), and abnormal gas exchange 
during maximal exercise [ 35 ]. Based on this model with these clinical, radiological, 
and physiological (CRP) determinants, 5-year survival ranged from 89 % in patients 
with lower scores to <1 % in patients with higher CRP scores. Although this and 
other similar models [ 40 ,  41 ] reveal that differences in survival depend on baseline 
characteristics, none have been formally externally validated, and each has limited 
ability to predict disease behavior in an individual patient. 

 Collard and colleagues determined that after adjustment for baseline values, 6 
and 12 months’ change in any of a number of variables including dyspnea score, 
TLC, FVC, partial pressure of arterial oxygen, peripheral oxygen saturation, and 
alveolar–arterial oxygen gradient predicted survival time [ 37 ]. As with baseline 
predictors, these seem to perform well at the group level [ 42 ,  43 ], but may not at the 
patient level.  

    Rate of Decline in FVC 

 Data from the placebo arms of several therapeutic trials reveal that the annual 
decline in absolute FVC ranges from 0.15 to 0.22 L [ 44 – 51 ] (Table  2.3 ). Given 
inclusion criteria (which typically seek to identify patients with earlier/milder 
disease) and exclusion criteria (which typically exclude patients with signifi cant 
comorbid conditions) [ 38 ], these estimates of disease progression are unlikely to 
apply to the general population of IPF patients.

       The Underlying Cause of Death 

 For the majority of patients with IPF, the underlying cause of death (UCD) is respi-
ratory failure [ 14 ,  15 ,  39 ,  52 ]. Panos and colleagues reviewed series of cases with 
mortality data published from 1964 to 1983: among 326 deaths, respiratory failure 
was the UCD in 38.7 % [ 52 ]. Using US death certifi cate data from 1979 to 1991, 
Mannino and colleagues found that in patients with pulmonary fi brosis, the UCD 
was the disease itself in 50 % of decedents [ 14 ]. Our group extended the work of 
Mannino and colleagues by examining US death certifi cate data from 1992 to 2003 
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and found that pulmonary fi brosis was the UCD in 60 % of decedents with IPF [ 15 ]. 
Among IPF subjects in therapeutic trials, the UCD is a respiratory cause in nearly 
80 %    [ 39 ,  46 ,  48 ,  53 ,  54 ]. Taken together, these data reveal that over the past 50 
years, the proportion of patients with IPF who are dying from, rather than with, the 
disease has grown. These trends may refl ect advances in diagnostic accuracy. 
However, another potential explanation is that effective therapies for some of the 
more common comorbid conditions (e.g., cardiovascular disease) result in them 
being more likely to die from IPF than these other treatable conditions (Table  2.4 ).

   Besides disease progression, UCDs in patients with IPF include coronary artery 
disease (CAD), pulmonary embolism, and lung cancer. While the proportion dying 
from cardiovascular disease has declined over time (see Table  2.4 ), patients with 
IPF appear to be at greater risk for CAD than patients with chronic obstructive pul-
monary disease (COPD) (or other respiratory diseases requiring transplantation) 
[ 56 – 58 ] or people in the background population [ 59 – 61 ]. Thromboembolic disease 
and pulmonary embolism occur more often in patients with IPF than those with 
COPD, lung cancer, or in people in the background population [ 55 ,  60 ,  62 ]. 
Furthermore, IPF decedents with a code for thromboembolic disease on their death 
certifi cates died younger [74.3 vs. 77.4 years in females ( p  < 0.0001) and 72.0 vs. 
74.4 years in males ( p  < 0.0001)] than IPF decedents without codes for thromboem-
bolic disease [ 55 ]. Compared with the background population, the risk for lung 
cancer is signifi cantly elevated in patients with IPF, and this appears to be indepen-
dent of smoking history [ 63 ,  64 ]; however, its overall effect on survival in this popu-
lation remains unknown [ 65 ].  

   Table 2.3    Recent randomized, placebo-controlled trials in which the absolute decline in forced 
vital capacity (FVC) for the placebo group was reported over the study period [ 44 – 51 ]   

 Study  Drug 
 Baseline FVC, 
L (FVC%) 

 Absolute 
decline in 
FVC, L 

 Time of 
assessment 
(weeks) 

 Annual rate 
of decline in 
FVC, L/year 

 TOMORROW [ 44 ]  Nintedanib  2.70 (77.6 %)  −0.19  52  −0.19/year 
 BUILD-3 [ 45 ]  Bosentan  2.66 (73.1 %)  −0.18  52  −0.18/year 
 Imatinib [ 46 ]  Imatinib  2.54 (65.5 %)  −0.14  48  −0.15/year 
 Shionogi [ 47 ]  Pirfenidone  2.47 a  (79.1 %) a   −0.16 a   52  −0.16/year a  
 Etanercept [ 48 ]  Etanercept  NR (63.0 %)  −0.20  48  −0.22/year 
 Shionogi [ 49 ]  Pirfenidone  NR (78.4) a   −0.13 a   36  −0.19/year a  
 IFIGENIA [ 50 ]  NAC  2.36 a  (66.6 %) a   −0.19 a   52  −0.19/year a  
 GIPF-001 [ 51 ]  Interferon 

Gamma-1b 
 NR (64.1 %)  −0.16  48  −0.17/year 

  In those studies that were less than 52 weeks in duration, the annual rate of decline was determined 
from available data by assuming a constant rate of decline 
  NR  not reported 
  a Studies actually reported vital capacity (VC)  
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    Phenotypic Subgroups 

    Long-Term Survivors 

 In studies conducted prior to the development of the current IIP classifi cation system 
[ 18 ], nearly 30 % of subjects with IPF were alive at 10 years from diagnosis [ 66 ,  67 ]. 
It has been assumed that, in retrospect, these long-term survivors had diseases other 
than IPF [e.g., nonspecifi c interstitial pneumonia (NSIP)]. However, using the ATS/
ERJ criteria for the diagnosis of IPF [ 1 ] and data from the past decade, Nathan and 
colleagues found that approximately one-quarter of their IPF patients ( n  = 357) 
survived more than 5 years from the time of diagnosis, and survival time was not 
necessarily associated with baseline FVC [ 38 ].  

    Rapid Progression from Diagnosis 

 Some patients with IPF follow a rapidly progressive clinical course from the onset 
(see Fig.  2.2 ). Selman and colleagues compared IPF patients with ≤6 months of 
symptoms (rapid progressors) to those with symptoms for ≥24 months (slow pro-
gressors) prior to fi rst presentation. They found that despite the absence of differ-
ences between groups in baseline age, physiology, or gas exchange parameters, 
compared with slow progressors, rapid progressors had a signifi cantly increased 
risk of death (HR = 9.0, 95 % CI = 4.48–18.3) and were more likely to be male 
(OR = 6.5, 95 % CI = 1.4–29.5) and either former or current smokers (OR = 3.04, 
95 % CI = 1.1–8.3) [ 68 ]. Further, in rapid progressors, the authors found a distinctive 
gene expression pattern marked by overexpression of genes involved in morphogen-
esis, oxidative stress, and migration and proliferation of fi broblasts and smooth 
muscle cells. 

 Boon and colleagues examined gene expression profi les in surgical lung biopsy 
specimens and identifi ed 134 transcripts that suffi ciently distinguished relatively 
stable disease from progressive IPF [ 69 ]. They commented that similar to human 
cancers, genes related to cell proliferation, migration, invasion, and morphology 
were over represented in subjects with progressive disease. These fi ndings highlight 
the heterogeneity of IPF at the transcriptional level and probably explain in large 
part the varying clinical courses among patients with disease.  

    Stable Disease Followed by Accelerated Disease 

 Still other IPF patients follow a relatively stable or mildly progressive course for 
months to years, and then their disease accelerates. Using data from the placebo 
arm of a large therapeutic trial, Martinez and his coinvestigators observed that 
among patients who survived to the end of the 72-week study (78.6 %), the mean 
FVC% decreased from 64.5 ± 11.1–61 ± 14.1, the mean D LCO % decreased from 
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37.8 ± 11.1–37.0 ± 19.9 %, and there was little worsening in dyspnea [ 53 ]. However, 
among 36 subjects who succumbed (21.4 %), death was IPF related in 32 patients 
(89 %) and the result of disease progression in 20 patients (56 %). Of those deaths 
resulting from progressive IPF, 47 % were acute (deterioration over 4 weeks or less) 
and 50 % were subacute (progression over weeks to months), thus demonstrating 
that disease progression accelerates prior to death in some.  

    Acute Exacerbations of IPF 

 In Japan, it has been recognized for over 30 years that some patients with IPF expe-
rience acute respiratory decline [ 70 ,  71 ]. Until recently, this was thought to be a rare 
phenomenon in Western countries [ 72 ]. However, sudden respiratory decline in a 
previously stable patient is now a well-recognized phenomenon in IPF patients 
around the world. When these events are idiopathic, they are termed acute exacerba-
tions (AEx) of IPF and are associated with signifi cant morbidity and mortality [ 73 ]. 

 To help unify research efforts, Collard and colleagues proposed the following 
defi nition for AEx: (1) a previous or concurrent diagnosis of IPF, (2) unexplained 
development of dyspnea or worsening within 30 days, (3) high-resolution computed 
tomography (HRCT) with new bilateral ground-glass abnormality and/or consoli-
dation superimposed on a background pattern consistent with IPF, (4) no evidence 
of pulmonary infection by endotracheal aspirate or bronchoalveolar lavage, and (5) 
exclusion of alternative causes including left heart failure, pulmonary embolism, 
and identifi able causes of acute lung injury [ 73 ]. 

 Since these criteria were proposed, two retrospective analyses have better defi ned 
the incidence of, risk factors for, and mortality from these events. Kondoh and col-
leagues retrospectively studied 74 patients with IPF and observed that the 1-year, 
2-year, and 3-year incidences of AEx were 8.6 % (95 % CI = 1.7–12.6 %), 12.6 % 
(95 % CI = 4.5–20.0 %), and 23.9 % (95 % CI = 12.9–33.5 %), respectively [ 74 ]. In 
a multivariate analysis, they found that a decline of 10 % in FVC at 6 months, a 
higher BMI, and greater dyspnea at baseline were signifi cant risk factors for AEx. 
The survival time in subjects with an AEx was signifi cantly shorter (median 26.4 
months) compared to those without an AEx (median 52.8 months). Song and col-
leagues reviewed records of 461 patients with IPF with a median follow-up time of 
22.9 months and observed that 96 patients (20.8 %) had either a defi nite (using 
Collard’s criteria) or suspected AEx [ 75 ]. Further, 17 of these patients (17.7 %) 
experienced multiple episodes of AEx. The 1-, 2-, and 3-year incidences (excluding 
patients who presented concurrently with a new diagnosis of IPF and an AEx) were 
11.6 %, 16.3 %, and 18.2 %, respectively. In a multivariate analysis, a lower FVC% 
and never smoking were signifi cant risk factors for an AEx, and AEx were associ-
ated with poor outcomes: 50 % of patients died during hospitalization for the AEx, 
90 % of those who required mechanical ventilation died, and 60 % of patients died 
within 90 days. For those who lived past 90 days, the median survival was 15.5 
months, compared with 60.6 months for those without an AEx ( p  < 0.001). Clearly, 
AEx are not as rare as once believed and are associated with poor survival. 
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 Additional data from recent prospective therapeutic trials have reported AEx 
frequencies ranging from 1.7 % over 96 weeks to 14.2 % over 36 weeks [ 8 ,  9 , 
 44 – 47 ,  49 ,  51 ,  53 ,  54 ,  76 ] (Table  2.5 ). Differences in baseline patient populations, 
diagnostic criteria used, and case-fi nding methods likely account for some of the 
variability in reported frequency of AEx. These discordant data confi rm that 
additional research regarding AEx of IPF is needed.

       Subclinical Disease 

 Based largely on studies of family members of patients with familial FPF, it is appar-
ent that asymptomatic/subclinical disease precedes the development of symptomatic 
IPF. Some asymptomatic relatives from FPF kindreds have evidence of alveolar 
infl ammation on bronchoalveolar lavage [ 77 ] or evidence of pulmonary fi brosis 
(with a UIP of injury) on either imaging or based on surgical lung biopsy [ 27 ,  78 ]. 

 Among 417 unaffected (by self-report) family members from 111 families with 
FPF, 28 (6.7 %) had possible disease (based on chest radiographs), and 33 persons 
(7.9 %) had either probable (based on HRCT abnormalities) or defi nite (based on 
either surgical lung biopsy or autopsy evidence of an IIP) disease [ 27 ]. Rosas and 
colleagues evaluated 143 asymptomatic subjects from 18 kindreds with FPF and 
found that 31 subjects (22 %) had HRCT changes (including increased septal lines, 
peribronchovascular thickening, reticulation, and ground-glass opacities) consistent 
with ILD [ 78 ]. Compared with affected family members, those with HRCT evi-
dence of ILD but without symptoms were younger (46 years vs. 67 years,  p  < 0.001). 
These fi ndings suggest that progression of asymptomatic to symptomatic disease 
may occur over a period of decades; however, to date, the proportion of people who 
will progress, over what time frame progression occurs, and which variables predict 
progression are unknown. 

 In 1982, Bitterman and colleagues assessed 17 clinically unaffected family 
members of three families with FPF and found that 8 (47 %) had evidence of alveolar 
infl ammation on lavage studies [ 77 ]. Two of these patients were reassessed 27 years 
later. One had developed symptomatic IPF, and the other was asymptomatic but did 
have evidence of early IPF on HRCT, suggesting that in some cases, there is a 
latency period of two to three decades from asymptomatic alveolar infl ammation to 
overt disease [ 79 ]. 

 Additional evidence suggesting that subclinical disease precedes IPF and clouding 
our understanding of the natural history of IPF is found in reports of AEx in the sub-
clinical period. Case reports and series have described patients without known ILD 
who present with acute respiratory failure [clinical adult respiratory distress syndrome 
(ARDS)] and histopathologic fi ndings of diffuse alveolar damage (DAD) superim-
posed on a UIP pattern—the same pattern observed in AEx of IPF [ 75 ,  80 – 82 ]. 

 Patients with subclinical IPF and lung cancer who undergo lobectomy appear to 
be at an increased risk of AEx. In a review of 1,148 patients with lung cancer who 
underwent thoracotomy, investigators found 15 patients who developed postopera-
tive ARDS. Of these, 11 patients (73 %) had both interstitial abnormalities on 
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preoperative CT and a UIP pattern in resected lung tissue. The risk of postoperative 
ARDS was signifi cantly higher in those with evidence of subclinical IPF on CT 
imaging (8.8 %) compared to those without ILD (0.4 %) ( p  < 0.001) [ 83 ]. Fukushima 
and colleagues found subpleural fi brosis in 127 of 776 patients (16.4 %) who under-
went lobectomy for lung cancer. Three patients progressed acutely following sur-
gery, and another seven progressed to classic IPF over a period of 5 years [ 84 ]. 

 Araya and colleagues reviewed 14 autopsy cases of idiopathic DAD [acute inter-
stitial pneumonia (AIP)] and found that 50 % of cases also had evidence of subpleu-
ral fi brosis, suggesting that some cases of AIP may in fact be the result of an AEx of 
subclinical IPF [ 85 ]. Although subclinical disease is becoming increasingly recog-
nized [ 86 ], many questions concerning the clinical signifi cance of subclinical dis-
ease remain. Longitudinal studies are needed to determine risk factors for disease 
progression, the time period over which the transition from subclinical to clinically 
relevant disease occurs, and whether early interventions can improve outcomes.  

   Specifi c Clinical Phenotypes of Disease 

 Identifying specifi c clinical phenotypes of disease is paramount, because doing so 
may provide insight into the pathobiology of disease [ 87 ]. Patients with IPF and 
either disproportionate pulmonary hypertension or concurrent emphysema are 
believed by some experts to represent distinct clinical phenotypes of disease, and 
investigation of these concurrent processes has furthered our understanding of the 
heterogeneous clinical course.  

   IPF + Pulmonary Hypertension 

 The development of pulmonary hypertension in patients with IPF was once believed 
to be due to vascular obliteration from pulmonary fi brosis. However, in several stud-
ies, investigators have not found a clear association between the severity of fi brosis 
and the presence or severity of pulmonary hypertension, suggesting that additional 
factors are involved [ 88 – 90 ]. Regardless of the underlying mechanisms that lead to 
the development of pulmonary hypertension, its presence negatively impacts sur-
vival [ 35 ,  89 ,  91 ,  92 ].  

   Combined Pulmonary Fibrosis and Emphysema 

 There is increasing recognition of the coexistence of pulmonary fi brosis and emphy-
sema—a syndrome termed combined pulmonary fi brosis and emphysema (CPFE)—
within individual patients. CPFE is characterized by relatively preserved static and 
forced lung volumes, a disproportionately reduced diffusing capacity, and a high 
prevalence of pulmonary hypertension [ 93 ,  94 ]. In patients with apparent IPF, 
concurrent evidence of emphysema on HRCT imaging ranges from 18.8 % to 
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50.9 %, and the median survival in such patients is estimated at 2.1–8.5 years [ 95 ]. 
At this point, it is unclear if patients with CPFE have a worse survival compared to 
those with IPF alone. Mejía and colleagues suggested that the reduced survival 
among subjects with CPFE compared to IPF subjects was due to the presence of 
pulmonary hypertension in patients with CPFE [ 96 ].    

    Summary 

 Over the past two decades, results from multiple studies have advanced our under-
standing of the natural history of IPF. It has become evident that IPF, once thought 
to be a steadily progressive disease in all patients, may actually follow any number 
of different courses. This heterogeneity makes it impossible to confi dently deter-
mine how the disease will behave over time in an individual patient. However, given 
this knowledge, investigators may now embark on studies to explain this variability 
and tease out the pathobiologic mechanisms that drive it. Epidemiologic studies 
suggest that IPF should no longer be considered an orphan disease, especially 
considering that mortality rates are similar to those associated with some common 
malignancies. Case–control studies have revealed potential exposures for disease 
development, but these studies are subject to a number of potential biases. 
Maintaining the momentum and propelling the fi eld forward will require carefully 
planned, well-designed studies to further decipher disease heterogeneity, identify 
additional risk factor for disease development, and determine how to prevent and 
treat this devastating disease.     
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    Abstract     Histopathologic classifi cation schemes provide the underpinnings for 
separating idiopathic interstitial pneumonias into clinically meaningful groups. 
A number of multidisciplinary position papers and guidelines published over the 
last decade have cemented usual interstitial pneumonia (UIP) as the defi ning feature 
of idiopathic pulmonary fi brosis (IPF). Surgical lung biopsy is an important diag-
nostic tool in patients for whom imaging studies are inconclusive. Diagnosis of UIP 
on a surgical lung biopsy remains the single most important predictor of outcome at 
the time of diagnosis in patients with otherwise unexplained diffuse lung disease. 
Identifying patients with respiratory bronchiolitis interstitial lung disease (RBILD), 
desquamative interstitial pneumonia (DIP), and nonspecifi c interstitial pneumonia 
(NSIP) is more challenging and requires careful correlation of lung biopsy fi ndings 
with other clinical and radiological data.  

  Keywords     Idiopathic interstitial pneumonia   •   Usual interstitial pneumonia   •   UIP   
•   Nonspecifi c interstitial pneumonia   •   NSIP   •   Pulmonary fi brosis  

        Introduction 

 Idiopathic interstitial pneumonias are an important subset of the broader category of 
diffuse, nonneoplastic interstitial lung diseases [ 1 – 3 ]. Common to all idiopathic 
interstitial pneumonias is expansion, and potentially distortion, of distal lung inter-
stitium by some combination of infl ammation and/or fi brosis. Fibrosis, when 
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present, takes the form of increased numbers of fi broblasts and myofi broblasts 
and/or collagen deposition. These changes are usually seen in patients with breath-
lessness or cough, diffuse radiological abnormalities, and evidence of physiologic 
dysfunction. 

 Averill Liebow pioneered the notion that morphologic classifi cation of idiopathic 
interstitial pneumonias is useful in separating them into distinct clinical categories 
[ 4 ]. Since then a number of classifi cation schemes have been proposed. In 2002 an 
international committee, sponsored by the American Thoracic Society (ATS) and the 
European Respiratory Society (ERS), proposed a classifi cation scheme refl ecting 
consensus of a large multidisciplinary group of experts [ 5 ]. This statement has had a 
profound impact, infl uencing management of patients with suspected idiopathic 
interstitial pneumonias, driving study design for clinical trials, and creating opportu-
nities for research to challenge areas in which evidence was weak. An updated 
statement highlights substantial changes that have occurred in the intervening decade 
that impact the role of biopsy in patients with idiopathic interstitial pneumonia 
including more refi ned criteria for identifying patients with nonspecifi c interstitial 
pneumonia (NSIP) and the importance of acute exacerbation in our revised under-
standing of the natural history of untreated idiopathic pulmonary fi brosis (IPF) [ 6 ]. 
The purpose of this review is to briefl y summarize the relationship between clinical, 
radiological, and histopathologic features of the idiopathic interstitial pneumonias, 
focusing primarily on usual interstitial pneumonia (UIP) and IPF. Other forms of 
diffuse lung disease typically included with the idiopathic interstitial pneumonias 
are briefl y discussed to highlight those features that set them apart from UIP in surgi-
cal lung biopsies.  

    Histopathologic Classifi cation of Idiopathic 
Interstitial Pneumonias 

 The previously referenced 2002 consensus classifi cation proposed seven categories 
of idiopathic interstitial pneumonia, ordering them by relative frequency and sepa-
rating  histologic patterns  from  clinical - radiologic - pathologic diagnoses  (Table  3.1 ) 
[ 5 ]. Katzenstein has popularized a simplifi ed approach that uses a single unifying 
terminology and omits cryptogenic organizing pneumonia (COP), also termed idio-
pathic bronchiolitis obliterans organizing pneumonia (BOOP), and lymphoid inter-
stitial pneumonia (LIP) [ 2 ]. The rationale for omitting idiopathic COP is that 
pathologically it is predominantly an air space, rather than interstitial, process and 
clinically mimics infectious pneumonias rather than diffuse interstitial pneumonia. 
LIP is omitted because it represents a form of lymphoproliferative disorder more 
closely allied to follicular bronchiolitis on one hand and low-grade lymphoma on 
the other. Katzenstein’s classifi cation scheme serves as a framework for this over-
view. Acute interstitial pneumonia (AIP), a form of rapidly progressive diffuse lung 
disease fi rst described by Hamman and Rich in the 1930s and 1940s, is not included 
in this review, which is focused instead on the chronic forms of idiopathic intersti-
tial pneumonia [ 7 ,  8 ].
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      Usual Interstitial Pneumonia 

 UIP is the most common of the idiopathic interstitial pneumonias, accounting for 
about 60 % of biopsied patients [ 9 – 12 ]. An ATS consensus statement published in 
2000 cemented the link between UIP and IPF by defi ning the latter as, “a specifi c 
form of chronic fi brosing interstitial pneumonia limited to the lung and associated 
with histologic appearance of UIP on surgical (thoracoscopic or open) lung biopsy” 
[ 13 ]. A more recent revision published as a multidisciplinary guideline for diag-
nosis and management of IPF affi rmed UIP as the defi ning feature of IPF [ 14 ]. 
As these statements imply, UIP and IPF are nearly synonymous terms, potential 
exceptions being those patients with underlying systemic connective tissue diseases 
or occupational/environmental exposures that may suggest an etiology for their lung 
disease (e.g., asbestosis). UIP is also the most common fi nding in patients with 
familial interstitial pneumonia [ 15 ,  16 ]. 

    Clinical Features 

 The clinical features of UIP/IPF are detailed elsewhere in this text (see Chap.   2    ). 
Briefl y, patients with surgical lung biopsy diagnoses of UIP usually present in the 
sixth or seventh decade of life with slowly progressive dyspnea and nonproductive 
cough. Men are affected more commonly than women by a ratio of nearly 2:1. 
Physical fi ndings include bibasilar inspiratory crackles, a nonspecifi c but character-
istic fi nding in nearly all patients. Pulmonary function studies show restrictive 
abnormalities in most patients accompanied by a reduction in the diffusion capacity 
for carbon monoxide (DLCO) with hypoxemia at rest and/or with exercise (see 
Chap.   6    ). No single pharmacologic agent or combination of drugs has shown con-
sistent effi cacy in patients with UIP, although a number of novel therapies are being 
investigated in clinical trials (see Chap.   14    ). Lung transplantation is an option for 
some patients, but its application is limited due to older age and frequent comorbidities. 
In most patients UIP pursues a progressive course with median survivals from 
the time of diagnosis of about 3 years in retrospective, observational case-based 
studies [ 9 ,  17 ]. 

   Table 3.1    Classifi cation of idiopathic interstitial pneumonias   

 Katzenstein [ 2 ] 
 International consensus classifi cation clinical-
radiologic-pathologic diagnoses [ 5 ] 

 Usual interstitial pneumonia (UIP)  Idiopathic pulmonary fi brosis (IPF) 
 Desquamative interstitial pneumonia 

(DIP)/respiratory bronchiolitis interstitial 
lung disease (RBILD) 

 Desquamative interstitial pneumonia (DIP) 
 Respiratory bronchiolitis interstitial lung disease 

(RBILD) 
 Acute interstitial pneumonia (AIP)  Acute interstitial pneumonia (AIP) 
 Nonspecifi c interstitial pneumonia (NSIP)  Nonspecifi c interstitial pneumonia (NSIP) 

 Cryptogenic organizing pneumonia (COP) 
 Lymphoid interstitial pneumonia (LIP) 
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 Occasional patients present with a more acute onset of respiratory symptoms that 
may mimic the clinical presentation of AIP [ 18 ,  19 ]. This syndrome has been termed 
 acute exacerbation of IPF  (or  accelerated UIP ) and occurs in as many as 14 % of 
untreated patients and about half of those who die from respiratory failure (see 
Chap.   17    ) [ 20 ,  21 ]. Histopathologic fi ndings consistent with acute exacerbation are 
common at autopsy in UIP patients [ 22 ]. Acute exacerbation is defi ned as the sud-
den onset of rapid clinical deterioration without an identifi able cause in patients 
with IPF [ 18 ]. Diagnosis depends on exclusion of other known and potentially treat-
able causes of clinical worsening, such as cardiac disease, pulmonary embolism, 
and infection. Most patients are known to have UIP at the time of acute worsening, 
but some patients with clinically occult IPF present with an acute exacerbation 
without a previously established diagnosis of fi brotic lung disease [ 19 ]. The prog-
nosis is grim, with short-term mortality rates in excess of 50 % in the majority of 
reported series. 

 The relative role of imaging studies and surgical lung biopsies in patients with 
UIP has changed over the last decade, as refl ected in the most recently published 
guideline for diagnosis [ 14 ]. High-resolution computed tomography (HRCT) scans 
have greatly improved diagnostic accuracy over conventional chest radiography, 
revolutionizing the role of radiology in managing patients with diffuse interstitial 
lung diseases (see Chap.   4    ). HRCT scans in about half of patients show a character-
istic combination of peripheral (subpleural), irregular, linear (“reticular”) opacities 
involving predominantly the lower lung zones with associated architectural distor-
tion in the form of traction bronchiectasis and bibasilar honeycomb change [ 23 – 26 ]. 
Experienced radiologists can make a specifi c diagnosis of UIP with a high degree of 
accuracy in patients with this combination of fi ndings, thus obviating the need for 
lung biopsy. Lung biopsy is increasingly limited to those patients with atypical 
radiological fi ndings, meaning that there is a growing selection bias toward reserv-
ing surgical lung biopsy for patients with potentially “discordant” or atypical radio-
logical fi ndings. It is this change that has created confusion concerning the relative 
roles of clinicians, radiologists, and pathologists in the evaluation of biopsied 
patients. In this context, most of the evidence indicates that a biopsy diagnosis of 
UIP remains the single most important predictor of outcome at the time of diagnosis 
and thus remains a diagnostic “gold standard” of sorts [ 23 ,  27 ].  

    Pathologic Features 

 UIP is a specifi c morphologic entity defi ned by a combination of (1) fi brosis, (2) a 
heterogeneous (“patchwork”) distribution of qualitatively variable abnormalities, 
(3) architectural distortion in the form of honeycomb change and/or scars, and (4) 
fi broblast foci [ 1 ,  2 ,  28 – 30 ]. The histologic hallmark of UIP in surgical lung biop-
sies is a heterogeneous or variegated appearance resulting from irregularly distrib-
uted fi brotic scarring, honeycomb change, interstitial infl ammation, and relatively 
unaffected lung (Fig.  3.1 ). This distinctive “patchwork” appearance is fundamental 
to recognizing UIP at low magnifi cation.
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   Fibrosis predominates over infl ammation in classical UIP and comprises dense 
eosinophilic collagen deposition, which is often accompanied by smooth muscle 
hyperplasia. Fibroblast foci are invariably seen and represent small interstitial foci 
of acute lung injury in which fi broblasts and myofi broblasts are arranged in a linear 
fashion within a pale staining matrix (Fig.  3.2 ) [ 31 ]. Overlying epithelium consists 
of hyperplastic pneumocytes or columnar non-ciliated bronchiolar cells. Fibroblast 
foci, although seen in other conditions, are characteristic of UIP and represent an 
important diagnostic feature when seen in the context of patchy fi brosis and honey-
comb change. The presence of these microscopic zones of acute lung injury set 
against a backdrop of chronic scarring accounts for the  temporal heterogeneity  
typical of UIP.

   Honeycomb change is present in most surgical lung biopsies and is another 
important diagnostic feature. Honeycomb change comprises cystic dilatation of air 
spaces that are frequently lined by columnar respiratory epithelium in scarred, 
fi brotic lung tissue (Fig.  3.3 ). The honeycomb spaces primarily affect peripheral 
subpleural lung, which results in a characteristic  cobblestone  appearance of the 
visceral pleural surface that resembles cirrhotic liver (Fig.  3.4 ). Fibrotic scars that 
obscure the underlying lung architecture without associated honeycomb change are 
another form of architectural distortion that is characteristic of UIP (Fig.  3.5 ). 
Smooth muscle hyperplasia is commonly seen in areas of fi brosis and honeycomb 
change, and this fi nding can be striking in some patients.

     The histopathologic fi ndings described for patients with sporadic IPF are indis-
tinguishable from the fi ndings seen in patients with familial disease [ 15 ,  16 ]. 

  Fig. 3.1    Low-magnifi cation photomicrograph of surgical lung biopsy showing UIP (hematoxylin 
and eosin stain; original magnifi cation ×20). There is patchy fi brosis affecting subpleural and 
paraseptal parenchyma, as well as bronchovascular bundles, leaving intervening lung tissue rela-
tively unaffected. The fi brosis is paucicellular with minimal associated infl ammation       
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Similarly, UIP in IPF patients cannot be reliably separated from UIP in patients with 
underlying systemic connective tissue diseases on the basis of histology alone. 
Lymphoid hyperplasia in the form of peribronchiolar lymphoid aggregates (“fol-
licular bronchiolitis”) is more common in patients with underlying rheumatoid 

  Fig. 3.2    High-magnifi cation photomicrograph showing fi broblast focus in UIP (hematoxylin and 
eosin stain; original magnifi cation ×200). A small area of subepithelial stromal pallor demon-
strates plump fi broblasts and myofi broblasts arranged in a vaguely linear fashion. The fi broblast 
focus is sandwiched between overlying type 2 pneumocytes and adjacent fi brotic scar       

  Fig. 3.3    Low-magnifi cation photomicrograph showing honeycomb change in a surgical lung 
biopsy from a patient with UIP/IPF (hematoxylin and eosin stain; original magnifi cation ×40). 
Cystic spaces situated in densely scarred subpleural lung (visceral pleural surface at  upper left ) are 
lined by bronchiolar epithelium       
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  Fig. 3.4    Photograph showing visceral pleural surface ( left ) and cut surface ( right ) of autopsy lung 
from a patient with UIP/IPF. Peripheral, subpleural honeycomb change results in a  cobblestone  
appearance of the lung surface       

  Fig. 3.5    Low-magnifi cation photomicrograph showing area of subpleural scarring without well- 
developed honeycomb change in a patient with UIP (hematoxylin and eosin stain; original magni-
fi cation ×40). The area of scarring effaces the lung architecture and is characterized by a combination 
of dense collagen deposition and smooth muscle hyperplasia with minimal infl ammation       
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arthritis but also occurs, albeit less commonly, in patients with IPF [ 31 ]. For that 
reason, the presence or absence of associated lymphoid hyperplasia in an individual 
surgical lung biopsy demonstrating otherwise typical UIP cannot by itself be used 
to separate IPF from connective tissue disease-associated pulmonary fi brosis. 

 Biopsies from patients with acute exacerbation usually show a combination of 
UIP and superimposed diffuse alveolar damage (DAD) (Fig.  3.6 ) [ 18 ,  19 ]. The fea-
tures of DAD may be patchy and typically include some combination of confl uent 
alveolar septal thickening and distortion by fi broblasts and myofi broblasts with 
minimal associated infl ammatory cells, marked hyperplasia of cytologically atypi-
cal type 2 pneumocytes, hyaline membranes, fi brin thrombi in small vessels, and 
squamous metaplasia of bronchiolar epithelium. In other patients the superimposed 
pattern of acute lung injury more closely resembles organizing pneumonia.

   No single histologic fi nding consistently predicts prognosis in individual patients 
with UIP. Patients with more extensive fi broblast foci have experienced shorter 
mean survivals in some studies [ 33 – 36 ], while other investigators have failed to 
demonstrate the same relationship in patients without clinical or histologic evidence 
of acute exacerbation [ 17 ,  37 ].   

    Desquamative Interstitial Pneumonia/Respiratory Bronchiolitis 
Interstitial Lung Disease 

 Desquamative interstitial pneumonia (DIP) and respiratory bronchiolitis interstitial 
lung disease (RBILD) are two highly related and overlapping forms of diffuse inter-
stitial lung disease typically grouped with the idiopathic interstitial pneumonias. 

  Fig. 3.6    ( a ) Low-magnifi cation photomicrograph showing combination of “patchwork fi brosis” 
and honeycomb change typical of UIP in a patient with IPF (hematoxylin and eosin stain; original 
magnifi cation ×20). ( b ) High-magnifi cation photomicrograph from different area of same biopsy 
showing an area of diffuse alveolar damage (hematoxylin and eosin stain; original magnifi cation 
×400). Alveolar septa show a scant infl ammatory infi ltrate, myofi broblasts, and a few residual 
pneumocytes associated with distinct eosinophilic hyaline membranes. Hyaline membranes are the 
histologic hallmark of diffuse alveolar damage, establishing the diagnosis of acute exacerbation in 
a patient with IPF for whom there is no other identifi able cause for acute respiratory distress       
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Katzenstein has proposed collapsing the two into a single category for reasons 
described later. DIP/RBILD is uncommon, accounting for only a small minority of 
surgical lung biopsies from patients with idiopathic interstitial pneumonias [ 9 – 11 ]. 
They are separated from UIP/IPF because of marked differences in natural history 
and prognosis [ 38 ,  39 ]. 

    Clinical Features 

 DIP/RBILD affects younger patients, with a mean age at diagnosis in the fourth or 
fi fth decade of life [ 1 ,  2 ]. Nearly all patients have strong histories of cigarette smok-
ing, prompting many to consider DIP/RBILD a form of smoking-related lung dis-
ease rather than an idiopathic condition [ 24 ,  40 ]. Pulmonary function tests in most 
patients show evidence of mild restrictive disease accompanied by a moderate 
decrease in diffusing capacity. HRCT scans typically show patchy ground-glass 
opacities, often with a lower lung zone distribution without the traction bronchiec-
tasis and honeycomb change typical of UIP. 

 DIP/RBILD is associated with a signifi cantly better prognosis than UIP. Overall 
survival is nearly 90 %, ranging from around 70 % to 80 % in older studies to 100 % 
in more recently published series [ 1 ,  39 ]. Higher survival rates in more recent studies 
may refl ect a trend toward assigning cases with associated fi brosis to the category of 
NSIP. RBILD is associated with an equally good or better prognosis [ 39 ,  41 ,  42 ]. 
Retrospective case series suggest smoking cessation as an important therapeutic 
strategy, but the impact on outcome is controversial [ 41 ].  

    Pathologic Features 

 DIP/RBILD is characterized by the presence of pigmented (“smokers”) macro-
phages within the lumens of distal airways (i.e., respiratory bronchioles) and air 
spaces. The macrophages are distinctive in that they have abundant cytoplasm con-
taining fi nely granular, dusty brown pigment. In RBILD the changes are patchy at 
low magnifi cation and limited to the airways with only minimal or mild interstitial 
infl ammation or fi brosis (Fig.  3.7 ). The appearance is indistinguishable from iso-
lated respiratory bronchiolitis (RB), a common, incidental fi nding in otherwise 
asymptomatic cigarette smokers who lack clinical evidence of restrictive lung dis-
ease. RBILD may include mild fi brotic thickening of alveolar septa without archi-
tectural distortion that is immediately adjacent to the visceral pleura and 
bronchovascular bundles in some patients (Fig.  3.8 ) [ 43 ]. This pattern of concomi-
tant fi brosis has been referred to using a variety of terms [most recently, smoking- 
related interstitial fi brosis (SRIF)], and like respiratory bronchiolitis, this pattern 
does not by itself predict clinically or physiologically signifi cant lung disease [ 44 ].

    Historically, DIP was defi ned not only by the airway-centered changes described 
in RBILD but also by uniform alveolar septal thickening that is due to a combina-
tion of mild fi brosis and infl ammation (i.e., interstitial pneumonia). The advent of 
SRIF as a form of fi brosis in patients who otherwise fi t comfortably into the 
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category of RBILD, plus the recognition of NSIP as a form of interstitial pneumonia 
distinctly different from UIP, have combined to effectively eliminate DIP as a mod-
ern category of idiopathic interstitial pneumonia. Patients historically labeled as 
having DIP are increasingly assigned to the categories of either RBILD (with SRIF) 
or NSIP. As originally defi ned, the key feature that separated DIP from UIP was that 
the interstitial changes were more uniform at low magnifi cation with a focally bron-
chiolocentric distribution but without honeycomb change or fi brotic scarring 
(Fig.  3.9 ) [ 4 ,  45 ].

  Fig. 3.7    ( a ) Low-magnifi cation photomicrograph showing respiratory bronchiolitis (hematoxylin 
and eosin; original magnifi cation ×40). Pigmented alveolar macrophages are clustered within the 
lumens of distal bronchioles and peribronchiolar air spaces without the fi brosis or architectural 
distortion typical of UIP. ( b ) High-magnifi cation photomicrograph from same biopsy illustrated in 
A showing respiratory bronchiolitis (hematoxylin and eosin; original magnifi cation ×400). 
Pigmented (“smoker’s”) macrophages are loosely clustered within the lumen of a respiratory bron-
chiole and peribronchiolar alveolar spaces       

  Fig. 3.8    ( a ) Low-magnifi cation photomicrograph showing subpleural, smoking-related interstitial 
fi brosis (SRIF) in a patient with RBILD (hematoxylin and eosin stain; original magnifi cation ×40). 
Subpleural alveolar septa are mildly and diffusely thickened by paucicellular, eosinophilic colla-
gen deposition without architectural distortion in the form of tissue-destructive scarring or honey-
comb change. ( b ) Intermediate-magnifi cation photomicrograph illustrating uniform alveolar septal 
thickening by dense eosinophilic collagen deposition with minimal associated interstitial infl am-
mation in SRIF complicating RBILD (hematoxylin and eosin stain; original magnifi cation ×100)       
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      Signifi cance of Pathologic Diagnoses of DIP or RBILD 

    Neither RBILD nor DIP should be viewed as free-standing histopathologic entities, 
because areas resembling both commonly occur as incidental fi ndings in cigarette 
smokers with other lung diseases including UIP [ 29 ,  46 ]. In addition, there are no 
histologic changes that reliably separate patients with DIP/RBILD from those with 
other lung diseases in whom RB and “DIP-like reactions” represent incidental fi nd-
ings [ 46 ]. For that reason, DIP/RBILD should be diagnosed only when other forms 
of interstitial lung disease have been vigorously excluded by carefully examining all 
aspects of the microscopic slides and by correlating the surgical lung biopsy diag-
nosis with clinical and radiological features to establish the presence of physiologi-
cally meaningful restrictive lung disease [ 47 ]. While incidental RB can be recognized 
on TBB, this technique cannot be used to diagnose DIP/RBILD.   

    Nonspecifi c Interstitial Pneumonia 

 Nonspecifi c interstitial pneumonia/fi brosis (NSIP) was proposed in 1994 as a form 
of chronic interstitial pneumonia characterized by relatively uniform expansion of 
alveolar septa by infl ammation and/or fi brosis without the geographic and temporal 
heterogeneity of UIP [ 48 ]. As the term implies, the histologic fi ndings in NSIP are 

  Fig. 3.9    Intermediate-magnifi cation photomicrograph showing the features that historically 
defi ned DIP: an interstitial pneumonia characterized by mild fi brosis and infl ammation resulting in 
uniform thickening of alveolar septa lined by reactive type II pneumocytes and prominent pig-
mented macrophages within alveolar spaces (hematoxylin and eosin stain; original magnifi cation 
×100). Increasingly, patients historically assigned to the category of DIP are more likely to be 
classifi ed as either RBILD (with  smoking - related interstitial fi brosis —SRIF) or NSIP depending 
on the characteristics and extent of the interstitial changes       
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not specifi c. Findings indistinguishable from NSIP can occur focally in other condi-
tions, most importantly in UIP. The fi ndings are also nonspecifi c from a clinical 
perspective, given that identical changes can occur in surgical lung biopsies from 
patients with a variety of underlying causes or associations including hypersensitiv-
ity pneumonia and various systemic connective tissue diseases [ 40 ,  48 ,  49 ]. 
Recognizing idiopathic NSIP as a distinct entity is, therefore, a process of exclusion 
that, like DIP/RBILD, requires careful correlation with clinical and radiological 
information. While the previously referenced 2002 consensus classifi cation sug-
gested that NSIP should be considered “a  provisional diagnosis  until there is further 
clarity on the nature of the corresponding clinical condition,” the revised document 
[ 6 ] and other authorities recognize NSIP as a distinct entity that should be separated 
from UIP due to important differences in natural history, treatment, and outcome 
[ 28 ,  30 ,  40 ,  49 ]. 

   Clinical Features 

 NSIP is the second most common idiopathic interstitial pneumonia, accounting for 
as many as a third of patients undergoing surgical lung biopsy in retrospective series 
[ 8 – 12 ,  40 ]. NSIP fails to show the gender predilection for men seen in UIP, and in 
some series NSIP is more common in women [ 48 ]. NSIP also differs from UIP in 
that it tends to affect younger patients with an average age at diagnosis of around 50 
years [ 40 ,  49 ]. Shortness of breath and dry cough are the most common complaints, 
which often develop in an insidious fashion that is indistinguishable from that 
described for UIP. Pulmonary function studies show restricted lung volumes and 
abnormalities of oxygenation, although the degree of abnormality tends to be less 
severe compared to patients with UIP. CT scans show a nonspecifi c but characteris-
tic combination of ground-glass opacities, irregular lines, and traction bronchiecta-
sis, occasionally with subpleural sparing. 

 Multiple studies have now confi rmed the survival advantage associated with a 
diagnosis of NSIP compared to UIP [ 40 ,  49 ]. Median survival for all NSIP cases is 
over 9 years with the best prognosis occurring in patients with minimal fi brosis (i.e., 
“cellular NSIP”). Most patients with cellular NSIP survive, but about half have 
persistent stable disease. Patients in whom fi brosis predominates in surgical lung 
biopsies do worse than those with more cellular lesions (although survival is still 
better than UIP) [ 11 ,  48 ,  50 – 53 ]. Mortality rates for patients with fi brotic NSIP vary 
widely, ranging from 11 % to 68 % in various studies (mean ± STD, 30.4 % ± 18.9 %) 
[ 10 ,  11 ,  48 – 51 ,  54 ]. Reported 5-year survivals of such patients are about 76 % com-
pared to about 45 % for UIP [ 38 ,  53 ]. Survivors typically have persistent lung dis-
ease, and to some extent variation in mortality rates reported for patients with 
fi brotic NSIP refl ects differences in histologic defi nitions and the diffi culty in sepa-
rating fi brotic NSIP from UIP. Corticosteroids have not been prospectively evalu-
ated in a randomized fashion but may be effective in a subset of patients, especially 
those with minimal associated fi brosis [ 50 ].  
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   Pathologic Features 

 A diagnosis of NSIP in surgical lung biopsies requires the presence of a chronic 
interstitial pneumonia without fi ndings to prompt diagnosis of a more specifi c 
pathologic process. Unlike UIP, NSIP is in many respects a diagnosis of exclusion. 
Defi ned in this way, NSIP spans a range of histologic abnormalities ranging from a 
predominantly cellular process (i.e., cellular NSIP) to paucicellular lung fi brosis 
(i.e., fi brotic NSIP). The most cellular forms are characterized by an alveolar septal 
infi ltrate of mononuclear cells that may be patchy or diffuse (Fig.  3.10 ). Whether 
patchy or diffuse, the qualitative features of the interstitial abnormalities remain 
constant without the geographic and temporal heterogeneity associated with UIP. 
The infl ammatory infi ltrate consists of lymphocytes and variable numbers of 
admixed plasma cells. Neutrophils, eosinophils, and histiocytes are relatively incon-
spicuous. Granulomas are rare in NSIP and, if present, should raise other consider-
ations such as infection or hypersensitivity pneumonia.

   The relative frequency of fi brosis in NSIP is variable. Patients with fi brotic NSIP 
outnumber patients with cellular NSIP by a ratio of nearly 4–1 in published studies, 
but this may refl ect selection bias in that most reports are from tertiary referral 
centers where patients with fi brotic interstitial lung disease may be overrepresented. 
In addition, there are no clearly articulated criteria for separating cellular from 
fi brotic NSIP. The term, fi brotic NSIP, should be limited to those cases in which 
paucicellular fi brosis with minimal or mild infl ammation is the predominant feature. 
If fi brotic NSIP is defi ned in this way, the extent of interstitial fi brosis is variable. 
Fibrosis takes the form of uniform collagen accumulation resulting in expansion of 
alveolar septa and peribronchiolar interstitium (Fig.  3.11 ) without the patchwork 
distribution characteristic of UIP. Pathology reports should comment on the presence 
and extent of interstitial fi brosis, since it is associated with signifi cantly increased 

  Fig. 3.10    ( a ) Intermediate-magnifi cation photomicrograph of cellular NSIP (hematoxylin and 
eosin stain; original magnifi cation ×100). Alveolar septa are uniformly thickened by an infi ltrate 
of mononuclear infl ammatory cells with minimal fi brosis and preservation of lung architecture. 
( b ) High-magnifi cation photomicrograph showing expansion of alveolar septa by an interstitial 
infi ltrate of predominantly lymphocytes and occasional plasma cells in the same patient with cel-
lular NSIP (hematoxylin and eosin stain; original magnifi cation ×400)       
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risk for disease-specifi c mortality [ 1 ,  2 ,  40 ,  48 ,  49 ]. Associated smooth muscle 
hyperplasia tends to be less extensive than that seen in UIP. Fibroblast foci should 
be absent or, at most, rare and inconspicuous, and honeycomb change and broad 
zones of scarring should be absent. Absence of honeycomb change is perhaps the 
single most important feature in distinguishing fi brotic NSIP from UIP. Patchy 
intraluminal fi brosis resembling organizing pneumonia is common, but this should 
be a focal and relatively inconspicuous fi nding.

         The Role of Surgical Lung Biopsy in Classifi cation 
and Diagnosis of Idiopathic Interstitial Pneumonias 

    “Pattern” Versus “Diagnosis” for Reporting the Results 
of Surgical Lung Biopsy 

 The authors of the 2002 consensus classifi cation advocated use of the term “pattern” 
when reporting lung biopsy fi ndings in order to distinguish the pathologic diagnosis 
from a fi nal “clinical-radiologic-pathologic diagnosis.” This emphasizes the value 
of an iterative, dynamic, multidisciplinary process that correlates histologic fi ndings 
with other relevant data, as reviewed in greater detail in Chap.   5    , but this may be 
unnecessary and, in some cases, potentially dangerous [ 30 ]. Indeed, many patho-
logic diagnoses are not isolated events but rather essential components of an itera-
tive process in which fi nal interpretation is dynamic and framed by ongoing data 
collection. For example, a lung biopsy diagnosis of adenocarcinoma may be 

  Fig. 3.11    ( a ) Low-magnifi cation photomicrograph illustrating fi brotic NSIP (hematoxylin and 
eosin stain; original magnifi cation ×40). Alveolar septa are uniformly expanded by collagen 
deposition with mild infl ammation. There is no associated scarring or honeycomb change. 
( b ) Intermediate-magnifi cation photomicrograph from same patient with fi brotic NSIP illustrating 
expansion of alveolar septa by eosinophilic collagen with a mild and patchy associated infi ltrate of 
mononuclear infl ammatory cells (hematoxylin and eosin stain; original magnifi cation ×100). 
Thickened alveolar septa are lined by reactive pneumocytes, a nonspecifi c but common manifesta-
tion of interstitial injury       
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reinterpreted as metastatic adenocarcinoma after discovery of a previously occult 
primary malignancy outside the lung. This possibility should not drive an argument 
for substituting the term “adenocarcinoma pattern,” terminology that may interfere 
with the end user’s recognition that the diagnosis of malignancy is certain. Use of 
the term “pattern” may result in confusion regarding the circumstances in which the 
specifi city of the histopathologic fi ndings is, in fact, the primary driver of a fi nal 
diagnosis. 

 UIP stands alone among the idiopathic interstitial pneumonias in being a specifi c 
   histopathologic entity. Several studies have demonstrated the primary role of a lung 
biopsy diagnosis of UIP in establishing a clinical diagnosis of IPF [ 23 ,  24 ,  27 ,  55 , 
 56 ]. This is especially important given that patients are increasingly selected for 
lung biopsy because there is some level of doubt regarding the likelihood of IPF, 
which is usually based on an atypical radiological pattern of disease. It is precisely 
in this context that a biopsy diagnosis of UIP establishes the clinical diagnosis with 
certainty, and in this context the biopsy result remains the single most powerful 
predictor of disease-specifi c mortality at the time of diagnosis [ 10 ,  23 ]. The histo-
pathologic fi ndings are less specifi c in all other forms of idiopathic interstitial pneu-
monia, and perhaps for these non-UIP entities a stronger argument can be made for 
using the term “pattern.” In the biased view of this author, however, this diminishes 
the role of the pathologist to that of technician rather than a diagnostician engaged 
in proactively integrating    histologic observations with clinical information. This 
proactive approach is common in other areas of medicine in which the pathology 
report serves as a platform for integrating relevant clinical, laboratory, and radio-
logical information that facilitates accurate interpretation of microscopic fi ndings. 

 The second argument for using the term “pattern” in reporting diagnoses of UIP 
is that it occurs in patients for whom the term “IPF” is deemed inappropriate. The 
implication is that sorting patients with UIP into different clinical groups impacts 
therapeutic options and outcome. The preponderance of evidence suggests that 
patients with a biopsy diagnosis of UIP have a form of fi brotic lung disease that is 
relatively insensitive to conventional immunosuppressive therapy and likely to be 
associated with a progressive course regardless of the underlying or associated con-
dition. Although a number of studies have indicated a better prognosis for UIP 
associated with connective tissue diseases, others have failed to demonstrate the 
same survival advantage [ 17 ,  57 – 59 ]. The differences observed in some studies may 
be related to confounding factors such as younger age, greater prevalence of women, 
and lower smoking rates in patients with connective tissue diseases, factors that 
themselves are associated with a better prognosis in patients with UIP/IPF. In addi-
tion, the survival advantage does not apply to patients with rheumatoid arthritis, the 
largest subset of patients with connective tissue disease-associated UIP [ 59 ]. 
Similarly, asbestos can be viewed as a potential cause of UIP that carries signifi cant 
legal ramifi cations, but there are few, if any, meaningful differences between asbes-
tosis and IPF in terms of signs and symptoms, morphology, treatment response, or 
natural history [ 60 ,  61 ]. Even in patients with an exposure history suggesting 
chronic hypersensitivity pneumonias as an alternative, a biopsy diagnosis of UIP 
predicts a natural history indistinguishable from IPF [ 62 – 66 ]. 
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   Distinguishing Fibrotic NSIP from UIP 

 Separating fi brotic NSIP from UIP is perhaps the greatest challenge when it comes 
to making meaningful distinctions among the idiopathic interstitial pneumonias 
[ 28 ]. Separating fi brotic NSIP from UIP hinges on recognition of the patchwork 
distribution, fi broblast foci, and honeycomb change typical of UIP. Recognition of 
any one of these features in a biopsy for which a diagnosis of fi brotic NSIP is being 
contemplated is reason for caution. In this circumstance, correlation with other clin-
ical data (especially HRCT fi ndings) may be helpful. 

 The primary problem is that areas typical of NSIP can occur as a focal phenom-
enon in other conditions, which makes sampling bias a potential barrier to accurate 
diagnosis. In a review of 20 explanted lungs with UIP, for example, all but three 
showed isolated areas that were indistinguishable from NSIP (“NSIP-like areas”) 
[ 29 ]. Other studies have shown that when surgical lung biopsies taken from more 
than one site demonstrated both UIP and NSIP (“discordant UIP”), the presence of 
UIP in even a single piece of tissue defi ned a survival curve typical of IPF in patients 
[ 67 ,  68 ]. For these reasons, establishing a diagnosis of idiopathic NSIP requires the 
absence of clinical, radiological, or pathologic fi ndings to suggest an alternative. 
For example, a biopsy diagnosis of fi brotic NSIP in a patient with bibasilar honey-
comb change on HRCT is almost certainly a sampling error in a patient with UIP. 
While the 2002 consensus classifi cation would suggest that this issue could be 
resolved by producing a pathology report with a diagnosis of  fi brotic NSIP pattern , 
it may be more prudent to instead offer a descriptive diagnosis in the pathology 
report that synthesizes histopathologic, clinical, and radiological data (e.g.,  chronic 
interstitial pneumonia with fi brosis most consistent with UIP ) with a comment 
acknowledging that the biopsy is not by itself diagnostic, but that correlation with 
imaging studies indicates UIP as the correct diagnosis. This approach avoids the 
risk that others engaged in a patient’s care will have to reconcile seemingly discor-
dant information when comparing pathology reports with other clinical or radio-
logical data.  

   Role of Transbronchial Biopsies 

 Transbronchial biopsies may be useful in managing selected patients suspected of 
having idiopathic interstitial pneumonias, but its role in establishing a diagnosis of 
UIP remains controversial [ 69 ,  70 ]. The 2011 ATS/ERS/JRS/ALAT statement on 
IPF recommends that, “Transbronchial biopsy should not be used in the evaluation 
of IPF in the majority of patients, but may be appropriate in a minority (weak rec-
ommendation, low-quality evidence)” [ 14 ]. In a retrospective case study limited to 
patients with UIP, about a third of transbronchial biopsies showed some combina-
tion of fi brosis distributed in a patchwork pattern, fi broblast foci, and honeycomb 
change considered diagnostic or at least suggestive of UIP [ 69 ]. Additional studies 
are necessary to more fully understand the diagnostic sensitivity and specifi city of 
transbronchial lung biopsy in this setting, but in the author’s anecdotal experience, 
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there is a small selected subset of patients in whom UIP can be diagnosed with 
confi dence on transbronchial biopsies if carefully correlated with clinical and radio-
logical fi ndings.    

    Summary 

 Surgical lung biopsy diagnosis is an essential component of the diagnostic algo-
rithm for the majority of patients with idiopathic interstitial pneumonia. 
Differentiating these entities is important because of signifi cant differences in thera-
peutic options and outcome. As HRCT gains widespread acceptance as a primary 
diagnostic modality for a subset of patients with UIP, lung biopsies will be increas-
ingly limited to patients with atypical and nondiagnostic radiological fi ndings. It is 
in this subset of patients that surgical lung biopsy plays a key role in diagnosis and 
management.     
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    Abstract      Imaging is an essential part of establishing a confi dent diagnosis in the 
setting of suspected idiopathic pulmonary fi brosis (IPF), and usual interstitial pneu-
monia (UIP) represents the imaging and histopathologic correlate of IPF. Although 
chest radiographs often show abnormalities in patients with UIP, the fi ndings are typi-
cally nonspecifi c. High-resolution computed tomography (HRCT) allows for accu-
rate characterization of many types of pulmonary fi brosis and can be used to establish 
a confi dent diagnosis of UIP. When a confi dent diagnosis of UIP can be made on 
HRCT, the high accuracy of a high-confi dence diagnosis obviates the need to perform 
a surgical lung biopsy. However, due to signifi cant overlap in the imaging appearance 
of UIP with other causes of pulmonary fi brosis, caution is necessary in making a 
diagnosis of IPF when low-confi dence patterns of pulmonary fi brosis are present.  

  Keywords     Idiopathic pulmonary fi brosis   •   IPF   •   Usual interstitial pneumonia   • 
  UIP   •   HRCT  

        Introduction 

 Idiopathic pulmonary fi brosis (IPF) is the most common cause of fi brotic lung dis-
ease. Approximately, 1–2/10,000 people are diagnosed with IPF, with an increased 
prevalence in elderly patients. Men are affected nearly twice as often as women [ 1 ]. 
There is a strong association between IPF and cigarette smoking, especially in 
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patients with a >20 pack-year smoking history [ 2 ]. Additionally, gastroesophageal 
refl ux disease (GERD) is also very common in patients with IPF; 90 % of patients 
with IPF have GERD, and treatment for GERD has been associated with increased 
survival [ 3 ]. The prognosis of patients with IPF is poor (approaching levels similar 
to non-small cell lung cancer), with a median survival of approximately 3 years [ 4 ]. 
The clinical presentation is nonspecifi c and includes progressive dyspnea (espe-
cially upon exertion), dry cough, early inspiratory crackles on chest auscultation, 
and digital clubbing. Usual interstitial pneumonia (UIP) is the most common imag-
ing correlate in patients with IPF [ 5 ,  6 ]. Based on imaging, a confi dent diagnosis of 
UIP can often be made, obviating the need for biopsy.  

    Radiography 

 Given its poor contrast resolution compared to computerized tomography (CT), rou-
tine use of radiography in the work-up of patients with known or suspected IPF has 
markedly decreased with the widespread availability of multidetector CT. However, 
because imaging fi ndings of UIP may be detected before patients become symptom-
atic, recognition of the radiographic pattern of UIP remains important, because the 
radiologist may be the fi rst to suggest underlying pulmonary fi brosis. The main pat-
tern on chest radiography is that of bilateral symmetric reticulation and irregular 
linear opacities [ 7 ]. Superimposition of reticulation on radiography may lead to 
apparent reticulonodular opacities, though no nodules are actually present. Traction 
bronchiectasis may also be evident. UIP favors the subpleural and basal lung regions 
(Fig.  4.1 ). In typical cases, pulmonary fi brosis will lead to basilar- predominant vol-
ume loss. In cases of concomitant upper lobe-predominant emphysema from smok-
ing, total lung volume may be normal. In more advanced cases, subpleural 
honeycombing, which manifests as basilar-predominant cystic spaces, may be appar-
ent [ 8 ]. Honeycombing implies local areas of end-stage pulmonary fi brosis and is 
highly specifi c for the diagnosis of UIP [ 9 ]. In a study of 16 patients with UIP, 15 had 
interstitial opacities on the chest radiograph; 10 patients had reticular opacities, 2 
had reticulonodular opacities, 3 had frank honeycombing, and 1 patient had mixed 
alveolar and interstitial opacities. Lung volumes were decreased in the majority of 
patients (12/16 = 75 %). No patients had increased lung volumes in keeping with the 
restrictive nature of pulmonary fi brosis [ 10 ]. If pulmonary fi brosis is suspected on 
radiography, the next step is further evaluation with high- resolution CT (HRCT).

       Technical Aspects of HRCT 

 The introduction of CT in the late 1970s and the explosion in CT utilization in the 
late 1990s have revolutionized the manner in which the lungs are imaged. Because 
images are acquired in cross-section with CT, contrast resolution is superior to radi-
ography (where overlapping structures complicate an accurate assessment of the 
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lung parenchyma) [ 11 ]. CT scans can be acquired to maximize spatial resolution or 
contrast resolution. Given the inherent high contrast within the lungs, CT of the 
chest is most often tailored to optimize spatial resolution, which results in HRCT 
[ 12 ]. HRCT is the reference standard for imaging the lungs in the setting of diffuse 
lung disease, and with current multidetector scanners, images can be reconstructed 
in any plane given the near-isovolumetric acquisition. 

 Unfortunately, there is no standard HRCT protocol. CT scans can be acquired in 
a helical manner (most common) or in a sequential or “step-and-shoot” fashion. 
Helical CT acquisition allows for more diverse reconstruction parameters and 
images the entire chest as opposed to the step-and-shoot strategy. However, the step-
and- shoot method allows for gapped imaging such that signifi cant portions of the 
chest are not scanned, leading to substantial reduction in radiation dose. This is 
most advantageous in the setting of diffuse lung diseases where complete imaging 
of the thorax is not usually necessary [ 7 ]. However, given the short life spans of 
most patients with pulmonary fi brosis and the long lead time for the development of 
radiation-induced malignancy, volumetric HRCT is preferred, as it can detect subtle 
fi brosis and honeycombing, which may alter management. Different centers use 
different acquisition parameters [CT scanner make and model, tube peak kilovolt-
age (kVp), tube current (mA), tube rotation time, table speed] as well as different 
image reconstruction parameters (slice thickness, slice interval, reconstruction ker-
nel and method, fi eld of view). Typically, the kVp should be 80–120, depending on 
patient size, and the mA should be less than 250. Tube current modulation, available 
on most modern scanners, has become the standard of care because it signifi cantly 
reduces patient radiation exposure [ 13 – 15 ]. Field of view should include both lungs, 
while the inclusion of an excess amount of overlying air should be avoided. Prone 
and expiratory imaging can be helpful in distinguishing mild pulmonary fi brosis 
from peripheral atelectasis (particularly in the dependent aspect of the lungs) and to 
assess for air trapping, respectively. A dynamic expiratory scan can also be included 

  Fig. 4.1    PA ( a ) and lateral ( b ) chest radiographs show low lung volumes and basilar-predominant 
reticulation highly suggestive of pulmonary fi brosis. Further evaluation with HRCT would be nec-
essary to more accurately characterize the fi brotic lung disease       
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  Fig. 4.2    Axial HRCT image 
shows a small amount of 
ground-glass opacity ( arrow ) 
in the left upper lobe. Given 
the large degree of adjacent 
pulmonary fi brosis, 
ground-glass opacity likely 
represents microscopic 
pulmonary fi brosis rather 
than infl ammation       

to assess for tracheobronchomalacia. Although there are many variations, any HRCT 
scan should include a number of mandatory requirements that include (1) thin-
section reconstruction (0.5–1.5 mm), (2) high spatial frequency (edge-enhancing) 
reconstruction kernel, (3) full inspiration, and (4) absence of motion artifact.  

    Typical HRCT Pulmonary Findings 

 The vast majority of patients with UIP have reticulation in a subpleural and basilar- 
predominant distribution. A small percentage of patients have upper lobe- 
predominant fi brosis, although this pattern is more suggestive of non-UIP conditions 
such as sarcoidosis [ 16 ]. Associated architectural distortion with traction bronchiec-
tasis and bronchiolectasis are the rule. Honeycombing occurs in the subpleural lung 
and typically manifests as “clustered cystic air spaces, typically of comparable 
diameters on the order of 3–10 mm” [ 17 ]. Honeycombing, in addition to upper lobe, 
subpleural linear lines, is the most specifi c fi nding of UIP on HRCT and is quite 
common, occurring in up to 90 % of UIP cases [ 9 ,  18 ]. A small amount of ground- 
glass opacity is not uncommon [ 19 ] (Fig.  4.2 ). When there are other fi ndings of 
frank fi brosis (traction bronchiectasis and bronchiolectasis, reticulation, and honey-
combing), ground-glass opacity almost assuredly represents microscopic pulmo-
nary fi brosis. In cases in which ground-glass opacity is isolated, it may alternatively 
represent active infl ammation [ 20 ,  21 ].
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  Fig. 4.3    Axial CT image 
shows mild mediastinal 
lymphadenopathy ( arrows ) in 
this patient with UIP       

   Mild mediastinal and hilar lymphadenopathy is present on HRCT in up to 
70–86 % of patients with UIP [ 22 – 24 ] (Fig.  4.3 ). Lymph node size usually does not 
exceed 1.5 cm in short axis and is typically isolated to one or two lymph node sta-
tions, most commonly levels 4 (lower paratracheal), 5 (aortopulmonary window), 
7 (subcarinal), and 10R (right hilar) [ 22 ]. In one study of 30 patients with pulmonary 
fi brosis (25 of whom had IPF), patients with more ground-glass opacity tended to 
have larger individual lymph nodes, while those with more fi brosis had an overall 
greater number of enlarged lymph nodes [ 24 ]. However, a larger study with similar 
design showed that the presence of lymph node enlargement did not correlate to any 
specifi c pattern or to the extent of disease on HRCT [ 23 ].

   The syndrome of combined pulmonary fi brosis and emphysema (CPFE) has 
recently gained increased recognition. Approximately one-third of patients with IPF 
also have emphysema [ 25 ]. This association is not surprising, considering that 
smoking is a common risk factor for both emphysema and IPF (Fig.  4.4 ). As is typi-
cal for smoking-related emphysema, emphysema predominates in the upper lobes 
and has a centrilobular distribution. Fibrosis is peripheral and basilar predominant 
and has typical fi ndings of UIP. Pulmonary function testing in patients with com-
bined IPF and emphysema usually shows little or modest decreases in forced vital 
capacity and forced expiratory volume in 1 s, but a marked decrease in the diffusion 
capacity is typically present [ 26 ]. Interestingly, there is a strong association with 
combined disease and pulmonary hypertension; in one series, 47 % of patients 
with combined emphysema and IPF had pulmonary hypertension on initial diagnosis, 
which increased to 55 % on follow-up [ 26 ]. Patients with CPFE tend to have a poor 
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prognosis. This is especially true if there is concomitant pulmonary hypertension; 
one study showed that patients with CPFE and pulmonary hypertension have a 1-year 
survival of only 60 % [ 26 ].

       Accuracy of HRCT 

 The accuracy of HRCT in the setting of UIP is approximately 80–90 % [ 9 ,  27 – 30 ] 
when UIP is the fi rst-choice diagnosis. However, when a confi dent diagnosis of UIP 
can be made on HRCT, the accuracy increases to 90–100 %. Unfortunately, 
HRCT is not a perfect tool for the diagnosis of pulmonary fi brosis because different 
conditions may manifest with similar imaging fi ndings. A confi dent diagnosis of 
UIP cannot be established by HRCT in approximately 50 % of patients who are 
ultimately diagnosed with IPF [ 31 ,  32 ]. 

 A recent consensus statement from the American Thoracic Society, European 
Respiratory Society, Japanese Respiratory Society, and Latin American Thoracic 
Association on Idiopathic Pulmonary Fibrosis suggested guidelines for radiologists 
when interpreting and reporting cases in which UIP is being considered [ 33 ]. In the 
setting of fi brotic interstitial lung diseases, the three classes of UIP diagnoses on 
HRCT are (defi nite) UIP pattern, possible UIP pattern, and inconsistent with UIP 
pattern. A confi dent diagnosis of UIP can be made on HRCT if the following four 
imaging parameters are met: (1) basilar and subpleural predominance, (2) reticulation, 
(3) honeycombing (with or without traction bronchiectasis), and (4) absence of 
features to suggest another diagnosis (inconsistent with UIP pattern) (Fig.  4.5 ). 
When there is a defi nite UIP pattern, the diagnosis will almost always be IPF, 

  Fig. 4.4    Coronal reformatted 
HRCT image shows 
basilar-predominant 
pulmonary fi brosis ( black 
arrows ) with upper lung zone 
emphysema ( white arrows ) 
consistent with combined 
pulmonary fi brosis and 
emphysema       
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although a defi nite UIP pattern can occasionally be seen with collagen vascular 
disease, asbestosis, familial fi brosis, chronic hypersensitivity pneumonitis, or drug- 
related pulmonary fi brosis. The possible UIP pattern on HRCT includes all the 
imaging parameters of the defi nite UIP pattern with the exception of honeycomb-
ing, which is absent (Fig.  4.6 ). The distinction between a confi dent UIP diagnosis 
and possible UIP diagnosis can be challenging, given that the main distinction 
between these two groups is the presence or absence of honeycombing, which may 
be diffi cult to identify when honeycombing is subtle or when HRCT images are 
noncontiguous. This is highlighted by the fi nding that only fair-to-moderate agree-
ment exists among expert readers for the identifi cation of honeycombing (mean 
kappa of 0.45 in one study) [ 34 ]. The pattern should be considered as inconsistent 
with UIP if any one of the following imaging parameters are present: (1) upper or 
mid-lung predominance (Fig.  4.7 ), (2) peribronchovascular predominance (Fig.  4.8 ), 
(3) extensive ground-glass opacity (more extensive than reticulation) (see Fig.  4.8 ), 
(4) profuse micronodules (Fig.  4.9 ), (5) discrete cysts (multiple, not consistent with 
honeycombing) (Fig.  4.10 ), (6) diffuse mosaic attenuation or air trapping (involving 
three or more lobes and bilateral) (Fig.  4.11 ), or (7) consolidation (Fig.  4.12 ). 
The presence of any of these fi ndings is much more suggestive of an alternative 
diagnosis to UIP (Table  4.1 ). Patients with a HRCT pattern of possible UIP or 
inconsistent with UIP need further work-up and will often require biopsy to estab-
lish a confi dent diagnosis.

  Fig. 4.5    Multiple axial HRCT images show basilar- and peripheral-predominant pulmonary fi bro-
sis characterized by reticulation, traction bronchiolectasis, and subpleural honeycombing ( arrows ), 
diagnostic of UIP       
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               Prognosis 

 Unfortunately, a diagnosis of UIP carries a poor prognosis. In a study in patients 
with various interstitial lung diseases, UIP histopathology was shown to have the 
worst prognosis [ 35 ]. Interestingly, imaging fi ndings, which may be discordant with 
histopathologic fi ndings, correlate with survival, even in patients with known histo-
pathology; patients with a nonspecifi c interstitial pneumonia (NSIP) pattern on 

  Fig. 4.6    Multiple axial HRCT images show basilar and peripheral-predominant pulmonary fi bro-
sis characterized by reticulation, mild ground-glass opacity, and traction bronchiolectasis, meeting 
criteria for possible usual interstitial pneumonia. The main distinction between an HRCT diagno-
sis of defi nite UIP and possible UIP is the presence or absence of honeycombing       

  Fig. 4.7    Coronal reformatted 
HRCT image shows 
peripheral-predominant 
pulmonary fi brosis. However, 
as opposed to typical cases of 
UIP, fi brosis in this case 
predominates in the upper 
lungs. This patient was 
shown to have sarcoidosis- 
related pulmonary fi brosis       
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HRCT but UIP on histopathology have survival rates that are more similar to 
patients with NSIP. Patients with indeterminate HRCT patterns with UIP on histo-
pathology also have 3.68 years of increased median survival relative to patients with 
a UIP HRCT pattern and histopathologic UIP [ 27 ]. The extent of honeycombing 
and pulmonary fi brosis has been shown to be associated with prognosis in the set-
ting of pulmonary fi brosis [ 18 ,  36 – 39 ]. Lead time bias may play a role in the longer 
survival of patients with milder fi brosis, because honeycombing and more extensive 
fi brosis suggest that the fi brosis has likely been present for a longer duration. 

  Fig. 4.8    Axial ( a ) and coronal ( b ) HRCT images show basilar and bronchovascular-predominant 
pulmonary fi brosis characterized by ground-glass opacity, mild reticulation, and traction bronchi-
ectasis. There is relative sparing of the subpleural lung ( arrows ). These fi ndings strongly favor 
NSIP over UIP       

  Fig. 4.9    Coronal reformatted 
HRCT image shows multiple 
nodules ( arrows ) in the mid- 
and upper lungs in a 
perilymphatic distribution 
along bronchovascular 
structures, interlobular septa, 
and subpleural lung in this 
patient with sarcoidosis       
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  Fig. 4.11    Axial HRCT images taken during inspiration ( a ) and end-expiration ( b ) show lobular 
areas of air trapping with adjacent pulmonary fi brosis, typical of hypersensitivity pneumonitis. The 
combination of fi brosis and air trapping represents a combination of the subacute and chronic 
phases of hypersensitivity pneumonitis       

  Fig. 4.12    Axial HRCT 
image shows subpleural 
consolidation ( arrow ) and 
ground-glass opacity in the 
right lower lobe in this 
patient with organizing 
pneumonia       

  Fig. 4.10    Coronal reformatted HRCT image shows multiple uniform thin-walled lung cysts 
( arrows ), which are more profuse in the mid- and lower lungs in this patient with 
lymphangioleiomyomatosis       
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Nonetheless, the ability to predict survival from the time of CT scanning still has 
importance. Therefore, either qualitative or quantitative assessment of the degree of 
pulmonary fi brosis and of honeycombing is mandatory. It is intuitive that the rate of 
progression of fi brosis and honeycombing would be associated with survival in the 
setting of fi brosing interstitial pneumonitis; a recent study demonstrated that pro-
gression of honeycombing on follow-up CT is an important determinant of survival 
in patients with fi brosing interstitial pneumonia [ 40 ].  

    Thoracic Complications of IPF 

 An acute exacerbation of IPF carries a poor prognosis, with most patients eventually 
dying within weeks to months after the initial onset of acute respiratory worsening 
[ 41 – 43 ]. The most common histological correlate is diffuse alveolar damage, with 
organizing pneumonia occurring less commonly [ 44 ]. The HRCT manifestations 
refl ect the underlying histology; ground-glass opacity, consolidation, or both are 
superimposed on underlying pulmonary fi brosis [ 45 ,  46 ] (Fig.  4.13 ). Given the 
somewhat nonspecifi c pattern of HRCT abnormalities, pneumonia and pulmonary 
edema must fi rst be excluded. The distribution of lung disease may be peripheral, 
patchy, or diffuse. Based on limited data, it appears that a peripheral pattern of 
disease is less often fatal than multifocal or diffuse patterns [ 45 ,  46 ]. Patients with 
an organizing pneumonia have a better prognosis than those with diffuse alveolar 
damage. Therefore, one would expect patients with more consolidation, which is a 
pattern that is more typical of organizing pneumonia (peripheral and bronchovascu-
lar), to have a better prognosis than those patients with ground-glass opacities that 
are more typical for diffuse alveolar damage (Fig.  4.14 ). However, this has not been 
shown conclusively.

   Table 4.1    Differential diagnosis of imaging features that are considered to be inconsistent with a 
diagnosis of UIP   

 Imaging fi nding  Differential diagnosis (diffuse lung diseases) 

 Upper or mid-lung predominance  Sarcoidosis, HP, familial pulmonary fi brosis, 
pleuroparenchymal fi broelastosis 

 Peribronchovascular predominance  NSIP 
 Extensive ground-glass abnormality  NSIP, HP, DIP, PAP 
 Profuse micronodules (predominantly in upper 

lobes) 
 Ground-glass: HP, RB 
 Solid: sarcoidosis, silicosis/CWP 

 Discrete cysts (not consistent with honeycombing)  Cystic lung disease (LAM, LCH, LIP) 
 Diffuse mosaic attenuation/air trapping  HP, OB 
 Consolidation  COP, CEP 

   CEP  chronic eosinophilic pneumonia,  COP  cryptogenic organizing pneumonia,  CWP  coal work-
ers’ pneumoconiosis,  DIP  desquamative pneumonitis,  HP  hypersensitivity pneumonitis,  LAM  
lymphangioleiomyomatosis,  LCH  Langerhans cell histiocytosis,  LIP  lymphocytic interstitial 
pneumonitis,  NSIP  nonspecifi c interstitial pneumonitis,  PAP  pulmonary alveolar proteinosis,  RB  
respiratory bronchiolitis,  OB  obliterative bronchiolitis  
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    Patients with IPF are at fi vefold increased risk of developing lung cancer than 
the general population [ 47 ], and older men with a history of smoking are most 
often affected. Synchronous cancers are not uncommon and occur in up to 15 % 
of patients [ 48 ]. Lung cancers in these patients arise most frequently in the periph-
eral lung in areas of more severe fi brosis or at the junction of fi brosis and normal 
lung [ 49 – 52 ] (Fig.  4.15 ). With regard to lobar distribution, lung cancers in patients 
with IPF have been reported to occur more often in the lower lobes [ 53 ,  54 ], but 
other studies report a more balanced distribution of cancer between the upper and 
lower lobes [ 49 ,  55 ]. The most common types of primary lung cancer in IPF are 
adenocarcinoma and squamous cell carcinoma [ 49 ]. On HRCT, the most common 

  Fig. 4.13    Coronal reformatted HRCT image ( a ) shows typical fi ndings of basilar and peripheral- 
predominant pulmonary fi brosis in UIP. Coronal reformatted HRCT image obtained approxi-
mately 18 months later ( b ) shows diffuse ground-glass opacity in this patient with acute 
exacerbation of IPF. Ground-glass opacity in this case is consistent with diffuse alveolar damage 
histopathology       

  Fig. 4.14    Coronal reformatted HRCT image ( a ) shows pulmonary fi brosis in this patient with 
UIP. Coronal reformatted HRCT image obtained approximately 2 years later ( b ) shows 
bronchovascular- predominant ground-glass opacity ( black arrows ) and consolidation ( white 
arrow ) in this patient with acute exacerbation of IPF. The pattern of bronchovascular ground-glass 
opacity and consolidation is consistent with organizing pneumonia histopathology       
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manifestation of lung cancer in association with IPF is an ill- or well-defi ned nod-
ule or mass. At times, lung cancer can present as air-space consolidation, which 
usually represents a mucinous adenocarcinoma. Given that lung cancer tends to 
arise in or adjacent to areas of fi brosis, the early detection of lung cancer in IPF 
can be challenging. Therefore, comparison of current images to previous studies 
to assess for any new focal nodular or consolidative opacity is, therefore, para-
mount. In one retrospective study, the authors found that there was a 409-day 
median delay in lung cancer diagnosis in patients with pulmonary fi brosis, indicat-
ing the subtle nature of early lung cancer in this setting [ 52 ].

   Patients with pulmonary fi brosis are also predisposed to pneumonia, especially 
from mycobacterial and  Aspergillus  species as well as     Pneumocystis jirovecii  pneu-
monia (PJP). These tend to develop during periods of immunosuppression in 
patients with worsening fi brosis and clinical disease progression [ 56 ].  Aspergillus  
infection in patients with IPF usually manifests as an aspergilloma in areas of pre-
existing fi brocavitary disease or as chronic necrotizing aspergillosis [ 57 ,  58 ]. 
Aspergillomas represent a saprophytic infection in which the fungus ball can shift 
freely within a lung cavity or dilated bronchus (Fig.  4.16 ). Because the associated 

  Fig. 4.15    Axial HRCT 
image shows typical fi ndings 
of UIP (peripheral- 
predominant reticulation and 
honeycombing). The nodule 
( arrow ) in the peripheral left 
lower lobe was new. 
Transcutaneous needle biopsy 
showed primary lung 
adenocarcinoma       

  Fig. 4.16    Axial HRCT 
image shows nodular fi lling 
defects ( arrow ) in cystic 
areas of bronchiectasis and 
honeycombing shown to 
represent aspergillomas       
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infl ammatory response leads to friable and hypervascular cavity walls, patients can 
develop hemoptysis, which may be life-threatening. Chronic necrotizing aspergil-
losis presents as focal consolidation, usually within the upper lobes, that eventually 
cavitates [ 57 ]. Patients with secondary pulmonary tuberculosis in the setting of IPF 
may present with an atypical imaging pattern. Rather than classic upper lobe- 
predominant cavitary disease with tree-in-bud opacities and centrilobular nodules, 
subpleural nodules, masses, coalescent consolidation, or a combination of these 
fi ndings may be seen [ 59 ]. Although patients with IPF are unlikely to be at signifi -
cantly increased risk for PJP if not immunosuppressed, individuals on even mild 
corticosteroid therapy are more susceptible to PJP. Unfortunately, the HRCT mani-
festations of PJP in IPF may mimic the fi ndings of an acute exacerbation, with 
bilateral, diffuse ground-glass opacities, reticulation, and mild consolidation all 
possible on HRCT imaging. Patients with IPF (especially those on immunosuppres-
sion) who present with acute to subacute dyspnea in the context of one of the latter 
HRCT patterns should be evaluated for infection (including PJP) before the initia-
tion or augmentation of immunosuppression is considered.

   Spontaneous pneumomediastinum and pneumothorax develop in up to 11.5 % of 
patients with IPF [ 60 – 62 ] (Fig.  4.17 ). Pneumothoraces are likely caused by rupture 
of honeycomb cysts into the pleural space. Pneumomediastinum may be caused by 
the Macklin effect, in which increased intrathoracic pressure results in alveolar rup-
ture with subsequent dissection of gas along the peribronchial sheaths centrally into 
the mediastinum. Accurate estimates of the incidence of events where gas gains 
access to extra-alveolar spaces are diffi cult to make, because in many cases, patients 
may be only mildly symptomatic or even asymptomatic. The clinical signifi cance of 
pneumomediastinum and pneumothorax in asymptomatic patients is unclear. 
However, when patients present with cough, dyspnea, or chest pain, extra-alveolar 
gas may portend a poor prognosis, although the evidence for this is weak [ 61 ].

   Pulmonary hypertension (PH) is present in up to 46 % of patients with IPF 
referred for lung transplantation [ 63 ,  64 ]. In addition, patients with concomitant IPF 
and PH have a worse prognosis compared to patients with IPF without PH [ 65 ]. In 
one study, the 1-year mortality rate was 28.0 % for patients with IPF and PH 

  Fig. 4.17    Axial HRCT 
image shows 
pneumomediastinum ( arrow ) 
in this patient with UIP       
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compared to 5.5 % for patients with IPF but without PH [ 66 ]. In another study, IPF 
patients with mean systolic pulmonary artery pressure above 50 mmHg had a mean 
survival of only 0.7 years compared to 4.8 years for IPF patients with mean systolic 
pulmonary artery pressure below 35 mmHg [ 67 ]. The pathophysiological relation-
ship between IPF and PH is complex and likely includes fi brotic destruction of the 
vasculature and chronic hypoxic vasoconstriction of small pulmonary vessels. 
However, these factors in isolation may not explain the relationship between IPF 
and PH. There are a signifi cant number of cases in which there is discordance 
between the degree of IPF or oxygen saturation and PH, which implies that other 
underlying factors may be present that have not yet been fully identifi ed [ 68 ]. 
Although a correlation between pulmonary arterial diameter and mean pulmonary 
artery pressure has been shown in the general population, it appears that this rela-
tionship may not be extrapolated to patients with IPF. One study showed that the 
diameter of the main pulmonary artery and the pulmonary artery to aorta diameter 
ratio did not differ between those with and without PH, and no signifi cant correla-
tion was found between the mean pulmonary artery pressure and pulmonary arterial 
diameter [ 69 ]. Another study also showed that pulmonary artery diameters or ratios 
were unreliable in predicting mean pulmonary artery pressure. In fact, pulmonary 
artery dilation may occur in the absence of signifi cant pulmonary hypertension [ 70 ].  

    Atypical UIP on HRCT and How to Distinguish It from Other 
Common Fibrotic Lung Diseases 

 In addition to indeterminate HRCT patterns in patients with UIP, the pattern of lung 
disease on HRCT in UIP may mimic other interstitial lung diseases, most com-
monly NSIP or chronic hypersensitivity pneumonitis (HP), and less commonly sar-
coidosis (Figs.  4.18  and  4.19 ). In one study of 55 patients with biopsy-proven UIP, 
UIP was considered low probability (<30 %) by at least two out of three observers 
on HRCT for 34 of the 55 patients, and NSIP (18/34 = 53 %), chronic HP 
(4/34 = 12 %), and sarcoidosis (3/34 = 9 %) were scored as the most likely (high 
degree of probability) fi rst-choice diagnoses. Additionally, NSIP, chronic HP, and 
sarcoidosis were also most often included in the differential diagnosis, even when 
these were not scored as the fi rst-choice diagnosis [ 71 ]. Silva et al. also compared 
HRCT appearances of patients with IPF, NSIP, and chronic HP and found that in 23 
cases of histopathologically proven UIP, observers chose NSIP or chronic HP as 
a first-choice diagnosis 25.7 % of the time (exclusive of cases in which the 
first- choice diagnosis was “indeterminate”) [ 30 ].

    Findings suggestive of NSIP include ground-glass opacity (the salient feature, 
which is present in all cases), fi ne reticulation, traction bronchiectasis, and lower 
lobe volume loss [ 72 – 76 ]. Basilar and peribronchovascular predominance is the 
rule, and upper lobe-predominant disease favors an alternative diagnosis such as 
sarcoidosis, HP, or familial pulmonary fi brosis. Because UIP is also nearly 
always basilar preponderant, the cranio-caudad distribution of disease is not helpful 
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in distinguishing NSIP from UIP. However, the axial distribution of disease can 
be quite helpful in distinguishing NSIP from IPF. Specifi cally, although the axial 
distribution of fi brosis in NSIP can be peripheral, diffuse, or peribronchovascu-
lar, the latter pattern combined with relative sparing of the subpleural lung is 
much more suggestive of NSIP rather than UIP [ 30 ] (see Fig.  4.8 ). 

 Chronic HP may have fi ndings on HRCT that are identical to those of UIP [ 77 ]. 
However, a confi dent diagnosis of chronic HP can be made if certain imaging 
parameters are present. The most specifi c fi ndings for chronic HP include centri-
lobular ground-glass nodules, mosaic attenuation (refl ecting air trapping), and mid- 
to upper lobe-predominant pulmonary fi brosis [ 30 ,  78 ,  79 ]. This combination of 
fi ndings actually represents overlap of the subacute and chronic phases of HP [ 80 ] 
(see Fig.  4.11 ). In more advanced cases of chronic HP, honeycombing is quite com-
mon, and the HRCT pattern may mimic that of UIP [ 30 ,  81 ]. 

  Fig. 4.18    Axial HRCT 
image during expiration 
shows lobular areas of air 
trapping ( arrows ) as well as 
mild pulmonary fi brosis, 
consistent with chronic 
hypersensitivity pneumonitis; 
however, open lung biopsy 
showed UIP. Based on 
clinical work-up, the patient 
was diagnosed with IPF       

  Fig. 4.19    Axial HRCT 
image shows basilar 
ground-glass opacity, 
reticulation, and traction 
bronchiectasis, most 
consistent with NSIP. 
However, open lung biopsy 
showed UIP. Based on 
clinical work-up, the patient 
was diagnosed with IPF       
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 In the absence of a high-confi dence diagnosis of UIP on HRCT, no single test or 
set of tests has proven to be adequately sensitive and specifi c in the diagnosis of 
UIP. In fact, because of the diffi culty in establishing a fi rm diagnosis of UIP (as well 
as other diffuse lung diseases), a multidisciplinary review of cases by pulmonolo-
gists, radiologists, and pathologists is essential in establishing the most accurate 
diagnosis. One study of 58 patients with suspected interstitial lung disease showed 
that after consensus review of the clinical, radiological, and pathological data, radi-
ologists changed their initial diagnosis in 50 % of cases, pulmonologists in 30 % of 
cases, and pathologists in 20 % of cases [ 82 ]. Radiologists most commonly changed 
their initial diagnoses of NSIP to UIP as well as respiratory bronchiolitis or desqua-
mative interstitial pneumonia, and HP was often changed to NSIP. In a study of 
patients with IPF diagnosed locally by international consensus criteria, the diagno-
sis of IPF was rejected by an expert panel in 12.8 % of cases based on their review 
of the HRCT and histopathologic fi ndings [ 83 ]. Interestingly, the mean kappa value 
for three expert thoracic radiologists’ HRCT evaluations was 0.40, and the kappa 
value was even lower at 0.30 for two expert pulmonary pathologists’ histopatho-
logic evaluations. This further supports the importance of a multidisciplinary diag-
nostic approach, as disagreements clearly occur even among experts. By increasing 
the opportunities for the pulmonologist, radiologist, or pathologist to make a confi -
dent diagnosis of a specifi c diagnosis (often UIP), a more accurate diagnosis can be 
established in a greater percentage of patients with diffuse lung disease.  

    Summary 

 UIP is the imaging and histopathologic correlate of IPF. If the typical pattern of UIP 
is present on HRCT, a confi dent and accurate diagnosis of UIP can be made, obviat-
ing the need for lung biopsy. However, in up to half of patients, who ultimately are 
proven to have UIP on biopsy, a confi dent diagnosis of UIP cannot be made by 
HRCT; these patients often require further work-up with a surgical lung biopsy. The 
most common diseases that mimic UIP are NSIP and chronic HP. Although there is 
often overlap in radiographic appearance among these conditions, HRCT can often 
distinguish UIP from NSIP or chronic HP if certain imaging patterns are present.     
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    Abstract     Diffuse parenchymal lung diseases (DPLDs) are characterized by injury 
primarily to the interstitium of the lung, but may involve alveolar spaces, airways, 
and vessels (American Thoracic Society/European Respiratory Society. Am J 
Respir Crit Care Med 165(2):277–304, 2002). Many DPLDs are idiopathic (referred 
to as idiopathic interstitial pneumonias, or IIPs), but DPLD can develop secondary 
to other factors, including connective tissue disease (CTD), environmental expo-
sures, and drugs/toxins (American Thoracic Society/European Respiratory Society. 
Am J Respir Crit Care Med 165(2):277–304, 2002). The IIPs include idiopathic 
pulmonary fi brosis (IPF), nonspecifi c interstitial pneumonia (NSIP), cryptogenic 
organizing pneumonia (COP), respiratory bronchiolitis interstitial lung disease 
(RB-ILD), acute interstitial pneumonia (AIP), lymphocytic interstitial pneumonia 
(LIP), and desquamative interstitial pneumonia (DIP) (American Thoracic Society/
European Respiratory Society. Am J Respir Crit Care Med 165(2):277–304, 2002). 
There is signifi cant overlap in the clinical features of the IIPs, including chronic 
dyspnea, interstitial changes on imaging studies, reduction in lung volumes, and 
impairment in diffusion capacity (DLCO) (American Thoracic Society/European 
Respiratory Society. Am J Respir Crit Care Med 165(2):277–304, 2002). Distinct 
radiographic and histopathological features can distinguish between the clinical 
entities, and establishing an accurate diagnosis is critical to determining treatment 
and understanding prognosis (Flaherty et al. Eur Respir J 19(2):275–83, 2002; 
Bjoraker et al. Am J Respir Crit Care Med 157(1):199–203, 1998). 
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 Of the over 150 recognized types of DPLDs, IPF is the most common and has the 
worst prognosis (Flaherty et al. Eur Respir J 19(2):275–83, 2002; Bjoraker et al. Am 
J Respir Crit Care Med 157(1):199–203, 1998). IPF is defi ned as a specifi c form of 
chronic, progressive fi brosing interstitial pneumonia of unknown etiology that 
occurs primarily in older adults, is limited to the lungs, and is associated with a his-
topathological and/or radiologic pattern of usual interstitial pneumonia (UIP) 
(Raghu et al. Am J Respir Crit Care Med 183(6):788–824, 2011). As outlined in the 
ATS/ERS 2011 consensus statement, the diagnosis requires the exclusion of known 
causes of DPLD and the presence of a UIP pattern on high-resolution computed 
tomography (HRCT) or surgical lung biopsy (SLB) (Raghu et al. Am J Respir Crit 
Care Med 174(7):810–6, 2006). The incidence and prevalence of IPF increase with 
age, and the diagnosis should be considered in older adult patients who present with 
nonproductive cough, dyspnea, and bibasilar crackles (Raghu et al. Am J Respir Crit 
Care Med 174(7):810–6, 2006; Douglas et al. Am J Respir Crit Care Med 161
(4 Pt 1):1172–8, 2000; Fell et al. Am J Respir Crit Care Med 181(8):832–7, 2010). 

 This chapter reviews the key historical, physiologic, radiographic, and histopath-
ological features that are key to establishing a confi dent diagnosis of IPF.  

  Keywords     Pulmonary fi brosis   •   Phenotype   •   Mimics   •   Multidisciplinary   • 
  Confi dence  

        Introduction 

 Diffuse parenchymal lung diseases (DPLDs) are characterized by injury primarily to 
the interstitium of the lung, but may involve alveolar spaces, airways, and vessels 
[ 1 ]. Many DPLDs are idiopathic (referred to as idiopathic interstitial pneumonias, or 
IIPs), but DPLD can develop secondary to other factors, including connective tissue 
disease (CTD), environmental exposures, and drugs/toxins [ 1 ]. The IIPs include 
idiopathic pulmonary fi brosis (IPF), nonspecifi c interstitial pneumonia (NSIP), 
cryptogenic organizing pneumonia (COP), respiratory bronchiolitis interstitial lung 
disease (RB-ILD), acute interstitial pneumonia (AIP), lymphocytic interstitial pneu-
monia (LIP), and desquamative interstitial pneumonia (DIP) [ 1 ]. There is signifi cant 
overlap in the clinical features of the IIPs, including chronic dyspnea, interstitial 
changes on imaging studies, reduction in lung volumes, and impairment in diffusion 
capacity (DLCO) [ 1 ]. Distinct radiographic and histopathological features can dis-
tinguish between the clinical entities, and establishing an accurate diagnosis is criti-
cal to determining treatment and understanding prognosis [ 2 ,  3 ]. 

 Of the over 150 recognized types of DPLDs, IPF is the most common and has the 
worst prognosis [ 2 ,  3 ]. IPF is defi ned as a specifi c form of chronic, progressive fi bros-
ing interstitial pneumonia of unknown etiology that occurs primarily in older adults, 
is limited to the lungs, and is associated with a histopathological and/or radiologic 
pattern of usual interstitial pneumonia (UIP) [ 4 ]. As outlined in the  ATS/ERS 2011 
consensus statement, the diagnosis requires the exclusion of known causes of DPLD 

A. Wadhwa and K.R. Flaherty



79

and the presence of a UIP pattern on high-resolution computed tomography (HRCT) 
or surgical lung biopsy (SLB) [ 5 ]. The incidence and prevalence of IPF increase 
with age, and the diagnosis should be considered in older adult patients who present 
with nonproductive cough, dyspnea, and bibasilar crackles [ 5 – 7 ]. 

 This chapter reviews the key historical, physiologic, radiographic, and histopath-
ological features that are key to establishing a confi dent diagnosis of IPF.  

    Clinical Presentation, Disease Course, and Phenotypes 

    Signs and Symptoms 

 The clinical features of IPF are nonspecifi c. Most patients complain of a dry cough 
and dyspnea. These symptoms are sometimes attributed to comorbid conditions 
such as cardiac disease, infections, normal aging, or deconditioning, which can lead 
to a delay in diagnosis. A high index of suspicion is required to avoid missing a 
diagnosis of DPLD, including IPF. The most characteristic physical exam fi nding of 
IPF is bibasilar crackles, and clubbing may be present but is nonspecifi c. 

 The duration of symptoms prior to presentation may offer insight in a patient 
without an obvious proximate cause for dyspnea. The classical chronic and insidious 
presentation of ILDs contrasts with the acute/subacute development and progres-
sion of particular diagnoses, including AIP, acute eosinophilic pneumonia, COP, 
drug-induced lung diseases, and CTD-related ILD (CTD-ILD). Sarcoidosis and 
hypersensitivity pneumonitis (HP) may present in an acute, subacute, or chronic 
fashion. Chronic HP has overlapping radiologic features with IPF and must always 
be considered if the HRCT is not defi nitive for IPF. Evaluation for chronic HP is 
discussed later. 

 Age and gender may also help to distinguish among DPLDs, as certain diagnoses 
may be more common in particular age groups or have a male or female predomi-
nance. The prevalence of IPF is estimated to range from 0.8 (age, 18–34) to 64.7 
(age ≥75) per 100,000, and it is generally higher among men than women [ 5 ]. The 
index of suspicion for a diagnosis of CTD-ILD should be higher in younger patients 
(<50), especially in women. In contrast to other IIPs, most patients with IPF are 
older than 50 at the time of diagnosis [ 8 ]. Increasing age has been shown to be a 
powerful predictor of IPF, particularly in patients with mild radiographic disease, as 
shown in Table  5.1  [ 7 ].

   Although IPF is by defi nition idiopathic, there are several risk factors that seem to 
be associated with it. Gastroesophageal refl ux disease (GERD) is frequent in patients 
with IPF [ 9 ,  10 ], as is pulmonary fi brosis associated with scleroderma [ 11 ]. Tobacco 
use is associated with the development of both sporadic and familial IPF [ 12 – 14 ], 
and smoking cessation may be the most modifi able risk factor [ 15 ]. Occupations 
such as hair dressing and farm working are also associated with the development of 
IPF [ 16 ]. The clinical evaluation is critical to look for exam fi ndings or historical 
features that may suggest an exposure or systemic illness leading to the DPLD. 
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 Genetic factors, particularly in familial and sporadic forms of IPF, must also be 
evaluated, especially when considering the likelihood of disease progression. These 
factors are discussed elsewhere in this review. Genetic analyses evaluating differen-
tial expression of genes have identifi ed unique patterns that suggest there are differ-
ent phenotypes of IPF and hold promise in identifying subgroups of patients who 
are likely to have differing clinical courses. For example, data suggest that predomi-
nantly male smokers with <6 months of symptoms before fi rst presentation may be 
“rapid” progressors and show an upregulation of genes involved in cell motility, 
myofi broblast differentiation, coagulation, oxidative stress, and development [ 17 ]. 
These patients differ from those with greater than 24 months of symptoms prior to 
presentation, as “slow” progressors [ 17 ].  

    Clinical Course 

 The importance of a diagnosis of IPF as related to disease progression and poor 
prognosis is well established [ 2 ]. IPF is characterized by a progressive decline in 
pulmonary function until death. Data suggest that 40–60 % of patients will die from 
a respiratory cause, with comorbid coronary artery disease or infections comprising 
the most common other proximate causes of mortality [ 18 ,  19 ]. The time and path 
of progression from asymptomatic to symptomatic IPF are variable. Patients may 
demonstrate a slow progression over years, a rapid progression over a few months, 
or episodes of sudden deterioration in their condition during a period of relative 
stability, often called “exacerbations.” 

 The potential clinical courses in IPF are depicted in Fig.  5.1  [ 20 ]. The rate of 
decline and progression to death may present in several clinical forms: subclinical 
IPF, where disease precedes symptoms; slowly progressive IPF, where there is a 
gradual physiologic decline and increasing exertional dyspnea; and rapidly progres-
sive IPF, characterized by an acute decline from the time of presentation. This is 
frequently accompanied by progression to death or may be characterized by periods 

   Table 5.1    Positive predictive value, specifi city, sensitivity, and negative predictive value when 
classifying patients with IPF who are at least as old as the age specifi ed a,b    

 Age  PPV  Specifi city  Sensitivity  NPV 

 30   72    0  100  N/A 
 40   74   11  98  67 
 50   78   34  92  62 
 60   87   89  61  43 
 70   95   97  21  32 
 80  100  100  1  28 

   a Adapted from [ 7 ] 
  b Classifi cation of patients with IPF based on age, positive predictive value (PPV), specifi city, 
sensitivity, and negative predictive value (NPV). PPV and specifi city increase in older patients. 
Data expressed as percentages  
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of stability alternating with periods of acute decline (so-called acute exacerbations 
of IPF [AE-IPF]) that are often associated with hospitalizations for respiratory 
failure [ 20 ].

   Accelerated worsening of IPF may occur at any time during the disease course 
and may be the initial manifestation of disease in some patients. The etiology of 
decompensation may be related to pulmonary embolism, infection, congestive heart 
failure, pneumothorax, or drugs. When a cause cannot be determined, the worsen-
ing is typically characterized as an episode of AE-IPF. Although Epstein-Barr virus 
has been identifi ed with a high prevalence in the lung tissue of patients with IPF and 
the general population [ 21 ], defi nitive conclusions about the contribution of acute 
infection in disease causation/progression cannot be made. Moreover, recent studies 
evaluating gene expression profi les in explanted tissue samples from patients with 
AE-IPF suggest that a marked infl ammatory response, secondary to infection or 
otherwise, is less likely to contribute to the phenotype of AE-IPF [ 22 ]. The true 
incidence of AE-IPF is not known, but two retrospective studies suggest a 1-year 
incidence of 14.2 % and 8.6 %, respectively, with a 3-year incidence of 20.7 % and 
23.9 %, respectively, in two separate studies of 461 and 74 patients [ 23 ,  24 ]. 
Subclinical IPF may be a risk factor for the development of an acute exacerbation, 
especially after surgery or invasive procedures [ 25 ]. Thoracic surgery, including 
lung resection or SLB, can precipitate an AE-IPF, often in the non-biopsied side 

  Fig. 5.1    Potential clinical courses of idiopathic pulmonary fi brosis (IPF). During the subclinical 
period, only radiographic fi ndings of disease may be present. The rate of decline may be acceler-
ated in some ( line A ), although the majority of patients experience a gradual progressive worsening 
of their disease ( lines C  and  D ). The rate of decline may have periods of relative stability inter-
posed with periods of rapid progression of disease ( line B ,  stars ). Reprinted with permission from 
Ley B, Collard HR, King TE Jr. Clinical course and prediction of survival in idiopathic pulmonary 
fi brosis. Am J Respir Crit Care Med. 2011;183(4):431–40       
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and perhaps secondary to barotrauma incurred during the single-lung ventilation 
process [ 23 ,  26 ]. The risk for exacerbation is not likely related to the level of pulmo-
nary function abnormality, although patients with lower FVC have more total and 
frequent respiratory hospitalizations during subsequent follow-up [ 27 ,  28 ]. Although 
the numbers of fi broblastic foci in lung samples before death are associated with 
poor survival [ 29 – 32 ], they cannot predict the development of acute exacerbations 
of IPF/UIP [ 31 ].  

    Combined Pulmonary Fibrosis and Emphysema 

 Smoking increases the risk of developing IPF [ 14 ]. Patients with combined emphy-
sema and pulmonary fi brosis are recognized as a unique clinical entity [ 33 ]. Patients 
with both emphysema and interstitial disease often present with severe dyspnea, 
preserved lung volumes, and marked reduction in DLCO and have radiographic 
evidence of lower lobe-predominant pulmonary fi brosis and upper lobe- predominant 
emphysema [ 34 ,  35 ]. In a series of 110 cases with IPF, 28 % of patients were found 
to have at least 10 % of the lung affected with emphysema and were thus considered 
to have combined pulmonary fi brosis and emphysema (CPFE) [ 35 ]. The risk of 
development of pulmonary hypertension (PH) is notably higher in patients with IPF 
and concomitant emphysema, as demonstrated by echocardiographic estimates of 
systolic pulmonary artery pressures (sPAP) [ 35 ]. Survival is worse for patients with 
CPFE versus those with IPF alone [ 35 ], and survival is even worse if these patients 
develop PH; 5-year survival may be as low as 25 % for patients with PH on echo-
cardiogram versus 75 % for patients without PH [ 36 ]. 

 Since lung volumes are relatively preserved in patients with CPFE [ 36 ] (unlike in 
IPF patients without emphysema), serial measurement of lung volumes may not be 
relevant in these patients. Instead, changes in FEV 1  or echocardiographic evidence for 
PH could be more appropriate surrogates for progression of disease and prediction of 
mortality [ 36 ,  37 ]. On the other hand, DLCO may not reliably predict mortality [ 37 ]. 
Of note, clinical prediction tools like the clinical-radiographic- physiologic (CRP) 
score do not consider the presence and severity of emphysema and thus have limited 
utility in the assessment of patients with CPFE [ 38 ]. A separate clinical tool, the com-
posite physiologic index (CPI), predicts mortality more accurately than individual 
pulmonary function tests (PFTs) alone in patients with CPFE, although this compos-
ite is not helpful in establishing a diagnosis and is less useful than forced expiratory 
volume in 1 s (FEV 1 ) in predicting mortality when the disease progresses [ 37 ,  39 ].  

    Pulmonary Fibrosis with Pulmonary Hypertension 

 Patients with IPF may present with PH that is disproportionate to the severity of 
underlying lung disease [ 40 ]. The prevalence of PH in a series of patients with 
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DPLD may range from 14 % to 41 % [ 41 ], and most studies have used the NIH 
defi nition of pulmonary artery hypertension as a mean pulmonary artery pressure 
(PAP) of >25 mmHg at rest with normal pulmonary capillary wedge pressure [ 42 ,  43 ]. 
Estimates of severity and decisions regarding treatment of PH should not be based 
on echocardiography, as this modality may overestimate the degree of PH when 
compared to right heart catheterization [ 44 ]. The incidence and severity of PH tend 
to correlate with the need for supplemental oxygen and decrements in DLCO [ 43 , 
 45 ], while the presence of PH is associated with an increased risk of subsequent 
mortality [ 45 – 47 ]. Of note, a prospective analysis of IPF patients undergoing initial 
workup with RHC and PFTs identifi ed a mean PAP of 17 mmHg as an appropriate 
value to discriminate 5-year mortality [ 48 ]. 

 The subset of patients with IPF who develop PH at earlier stages of disease may 
have disproportionate PH due to molecular mediators that are common to PH and 
IPF. There may be increases in 5-lipoxygenase (LO), transforming growth factor-β 
(beta) (TGF-β), and endothelin-1 (ET-1), but decreases in prostaglandin-E 2  (PGE 2 ) 
[ 49 – 51 ]. An altered balance between angiogenesis and angiostasis, as well as inter-
mittent hypoxia (especially during sleep and exercise), may also contribute [ 40 ]. 
Pulmonary vascular remodeling, associated with chronic alveolar hypoxia, may be 
a consequence of “desensitization” to hypoxia (as seen in patients with nocturnal 
hypoventilation syndromes [ 52 ]) and thus makes patients more vulnerable to 
daytime and exercise-induced hypoxia [ 40 ].   

    Physiologic Evaluation 

 Reduced lung volumes and impairment in DLCO are common to all the IIPs, 
although normal PFTs cannot exclude a diagnosis of IPF [ 53 ]. Specifi cally, the dis-
crimination of IPF from other IIPs by scrutiny of PFTs alone is limited by a lack of 
specifi city. Typical physiologic changes include an increase in elastic recoil and 
decrease in lung compliance that lead to reductions in the vital capacity (VC) and 
total lung capacity (TLC) [ 54 ], while the functional residual capacity remains either 
normal or only mildly reduced [ 55 ]. Preserved residual volume (RV) may be sec-
ondary to honeycombing or cystic air spaces that contribute to the TLC, or it may 
represent an increase in dead space ventilation [ 54 ,  55 ]. Both the FEV 1  and FVC 
may be reduced if lung volumes are reduced, but usually the FEV 1 /FVC ratio is 
normal or elevated [ 54 ,  55 ]. As noted previously, concomitant emphysema and IPF 
can render measurements of lung volumes less reliable, as hyperinfl ation and 
increased compliance can lead to pseudonormalization of the VC and TLC [ 34 ,  36 ]. 

 Hypoxemia is thought to be secondary to various mechanisms, including venti-
lation-perfusion mismatch, impaired diffusion secondary to abnormality of the 
alveolar-capillary membrane, and right-to-left shunting (from intracardiac/intrapul-
monary shunting or elevated PAPs) [ 54 ]. Increased dead space ventilation likely 
accounts for the characteristic changes noted during exercise assessment, including 
increased minute ventilation ( V  E ) at rest and increased  V  E  as oxygen 
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consumption ( V O 2 ) increases [ 54 ]. A reduction in DLCO may manifest with resting 
or  exercise- induced hypoxemia, a reduced partial pressure of oxygen in arterial 
blood (PaO 2 ), or an elevated alveolar–arterial gradient (P(A–a)O 2 ) [ 55 ]. A decreased 
DLCO below 40 % predicts a subsequent risk of increased mortality [ 56 ]. Similarly, 
desaturation to <88 % during a 6-min hallwalk test [ 57 ,  58 ], low thresholds of maxi-
mal oxygen uptake during exercise [ 59 ], and declines in lung function over time 
also correlate with an increased risk of mortality [ 57 ,  58 ,  60 – 62 ]. 

 The classical phenotype of IPF, where there is progressive decline in lung func-
tion and increasing dyspnea, demonstrates a mean rate of decline in forced vital 
capacity (FVC) of 150–200 mL/year [ 20 ]. However, there is typically great vari-
ability in the rate of progression of IPF, and identifi cation of baseline and short-term 
serial predictors of survival is therefore critical to the accurate characterization of 
disease progression and consideration of appropriate interventions. In addition to 
providing evidence that a restrictive and probable interstitial pulmonary process is 
present, physiologic studies can aid in establishing baseline and longitudinal prog-
noses [ 56 ,  60 ,  63 ,  64 ].  

    Radiographic Evaluation 

 Utilization of HRCT has become a key aspect in the evaluation of patients with a 
suspected IIP. Although typical radiographic changes are usually noted in estab-
lished disease, normal radiology does not exclude the presence of IPF [ 65 ]. The 
recent ATS/ERS consensus statement clearly outlines the HRCT characteristics asso-
ciated with a diagnosis of IPF: specifi cally, the disease is characterized by subpleural 
reticulation with a basal predominance and honeycombing without associated exten-
sive ground-glass abnormality, micronodules, discrete cysts, mosaic attenuation/air 
trapping, or consolidation [ 4 ]. Honeycombing on HRCT, which is critical for estab-
lishing a defi nitive HRCT diagnosis of IPF, manifests as clustered cystic spaces vary-
ing between 3 and 25 mm in diameter, usually with well-defi ned walls [ 66 ]. The 
appearance of honeycomb lung with serial imaging over time may be preceded by the 
presence of patchy ground-glass opacities and reticulations within a secondary lob-
ule [ 67 ]. Importantly, HRCT features of ground glass, fi brosis, and honeycombing 
correlate with measurements of FVC and DLCO and pathological fi brosis [ 68 ,  69 ]. 
Although HRCT can be used to make a defi nitive diagnosis with a pattern of UIP, it 
cannot do the same for NSIP. In current practice, the presence of honeycombing is 
considered specifi c for UIP. Thus, per recent Fleischner society recommendations, 
the term should be used with caution, given the potential impact on care [ 66 ]. 

 HRCT fi ndings of UIP with other associated abnormalities (e.g., plaques, calci-
fi cations, and pleural effusions) should prompt consideration of alternative etiolo-
gies for the UIP pattern [ 4 ]. The list of alternative diagnoses to consider includes 
CTD-ILD, chronic HP, and certain pneumoconioses, particularly asbestosis [ 4 ]. 
With the exception of honeycomb changes, many of the characteristic features of 
UIP overlap with HRCT features of NSIP, as listed in Table  5.2  [ 70 ]. Examples of 
HRCT images showing NSIP, UIP, and CPFE patterns are shown in Fig.  5.2 . Patients 
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with suspected NSIP by HRCT require a SLB for confi rmation, since many of these 
patients will have a histopathological pattern of UIP [ 71 ].

    Concurrence between radiologists regarding the presence of honeycomb lung 
may be inconsistent, as demonstrated in a study of 314 patients where interobserver 
agreement for the presence of honeycomb lung ranged from 0.21 to 0.31 [ 69 ]. The 
presence of emphysema and cystic spaces can make the diagnostic process more 
challenging, especially in the presence of overlapping ground-glass opacities [ 72 ], 
which may possibly lead to misdiagnoses. The development of chronic interstitial 

  Table 5.2    Characteristic 
radiographic fi ndings in NSIP 
overlap with typical fi ndings 
in UIP a,b   

 
 Radiologic fi nding  Number (%) 

 Lower lobe distribution  56 (92) 
 Diffuse (axial) distribution  29 (47) 
 Peripheral (axial) distribution  28 (46) 
 Reticulation  53 (87) 
 Traction bronchiectasis  50 (82) 
 Lobar volume loss  47 (77) 
 Ground-glass attenuation  27 (44) 
 Subpleural sparing  13 (21) 
 Substantial micronodules  2 (3) 
 Honeycombing  3 (5) 

   a Adapted from [ 70 ] 
  b Diffuse bilateral reticular opacities that are 
mostly lower lobe predominant, associated 
traction bronchiectasis and lobar volume loss, 
and relative sparing of the subpleural space in 
approximately 20 % of patients are common 
fi ndings. Data expressed as percentages in a 
series of 61 cases  

  Fig. 5.2    HRCT images from three different patients with ILD. Areas of honeycombing are indi-
cated by  black arrows .  Left : Peripheral and lower lung-predominant interstitial disease without 
honeycombing in a patient with radiographic diagnosis of NSIP, although surgical lung biopsy was 
consistent with UIP.  Middle : There are areas of lower lobe-predominant septal thickening, traction 
bronchiectasis, and honeycombing that are consistent with UIP.  Right : Upper lobe emphysema 
changes and lower lobe interstitial changes compatible with UIP in a patient with CPFE. Figures 
courtesy of Kevin R. Flaherty, MD, MS, University of Michigan       
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pneumonia in emphysematous lung or patterns of NSIP and DIP that demonstrate 
predominantly ground-glass opacities and have a honeycomb appearance (espe-
cially if involving areas of emphysematous lung) may also be misdiagnosed as UIP 
[ 67 ]. Emphysema and interstitial fi brosis can develop and progress simultaneously 
in the same lung area and lead to honeycomb changes, which may also contribute to 
misdiagnoses [ 73 ]. Paraseptal emphysema, which has defi nite walls and is located 
subpleurally (and often in clusters), may be accompanied by fi brosis. When such 
changes occur in the upper and middle lobes, and coexist with typical honeycomb 
changes in the lower lobes, distinguishing the disease entities via imaging could 
conceivably be more diffi cult.  

    Bronchoscopy, Surgical Lung Biopsy, and Histopathology 

    Bronchoscopy 

 The 2000 ATS/ERS consensus statement regarding the diagnosis and treatment of 
IPF included the use of transbronchial lung biopsy or BAL, to identify any features 
that could support an alternative to IPF, as a criterion for diagnosis in patients who 
did not undergo SLB [ 74 ]. These criteria were not included in the 2011 statement, 
although bronchoscopy should still be considered when non-IPF diagnoses are in 
the differential [ 4 ]. Bronchoscopy is useful for the diagnosis of sarcoidosis, infec-
tions, malignancy, and potentially HP; specifi cally, a cell count of more than 30 % 
lymphocytes has been suggested as predictive of HP [ 4 ,  75 ]. 

 Conventional wisdom suggests that the amount of tissue obtained by transbron-
chial biopsy is inadequate to make a diagnosis of UIP, although in a recent series of 
22 patients with UIP, 7 of 18 adequate specimens contained features diagnostic of 
UIP, and an additional two cases were considered consistent with UIP [ 76 ]. A sec-
ond study of 32 patients found changes consistent with UIP in only 9.4 % of patients, 
although the authors did suggest the approach could be helpful in patients unable to 
undergo SLB [ 77 ]. As the sensitivity and specifi city of this approach for the diagno-
sis of UIP is unknown, the most recent ATS/ERS statement suggests transbronchial 
biopsy should not be used in the evaluation of IPF, but should be considered in the 
evaluation of selected conditions (e.g., granulomatous disorders such as sarcoid-
osis) for which there is a reasonable expectation of establishing a diagnosis [ 4 ].  

    Surgical Lung Biopsy 

 Enabling an accurate diagnosis of an IIP often requires obtaining a SLB, as histopa-
thology may serve as the only distinguishing feature between similar clinical and radio-
graphic presentations [ 78 ]. As many patients with advanced lung disease are of 
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older age, have impaired lung function, require oxygen, have pulmonary hypertension, 
and demonstrate impaired functional capacity at the time of evaluation, decision 
making regarding biopsy is complex [ 26 ,  79 ,  80 ]. In patients with nondiagnostic 
HRCT fi ndings, SLB should be considered, although 30-day mortality has been 
described in as many as 17 % of patients following the procedure [ 26 ]. The possi-
bility of complication, including bleeding, prolonged mechanical ventilation, or 
prolonged air leak, should always be considered. Acute respiratory failure follow-
ing surgery carries a high mortality [ 26 ,  27 ]. Risk factors for increased morbidity 
and mortality following SLB include prior treatment with immunosuppression, 
mechanical ventilation at the time of biopsy, pulmonary hypertension, lower levels 
of lung function (specifi cally regarding lung volumes or DLCO <40 % predicted), 
and the need for supplemental oxygen [ 1 ,  79 ,  81 – 83 ]. Although HRCT features of 
UIP in the presence of honeycombing have a diagnostic accuracy of greater than 
90 % [ 2 ,  71 ,  84 ,  85 ], other diseases with specifi c historical and radiographic fi nd-
ings may also be diagnosed without biopsy. For example, asbestosis should be con-
sidered in patients with extensive exposure history, pleural plaques, and classical 
CT fi ndings. 

 The recent ATS/ERS consensus statement reiterates that fi ndings on transbron-
chial biopsy and BAL fl uid are not reliable for establishing a diagnosis [ 4 ]. With 
improvements in minimally invasive techniques, including video-assisted thoraco-
scopic surgery (VATS), complication rates have declined. Thirty-day mortality is 
estimated at 4 %, but this decreases to 1.5–3 % when those already on mechanical 
ventilation, patients with an acute exacerbation, or individuals on immunosuppres-
sion are excluded from the analysis [ 79 ,  86 ]. Moreover, VATS lung biopsy has a 
diagnostic yield that is comparable to open lung biopsy for both diffuse and focal 
pathology [ 87 ]. Biopsy is ideally performed early in the disease course, since histo-
logic distinctions can be more diffi cult as disease progresses. Obtaining biopsies 
from multiple lobes is recommended; in two single-center analyses, patterns of both 
UIP and NSIP were identifi ed in 12–26 % of patients with biopsies from multiple 
lobes [ 88 ,  89 ]. In addition, the diagnostic yield is improved when diseased (but not 
end-stage) areas are targeted, reducing the risk of fi nding nonspecifi c changes [ 90 ]. 
Biopsies from areas of severe fi brosis are likely to show end-stage lung and not the 
histopathological patterns required to differentiate UIP from other IIPs (see 
“Histopathology” below). HRCT may be helpful in guiding surgeons to areas that 
show intermediate or relatively preserved lung, as a pathological identifi cation of 
fi brotic lung next to normal lung aids in confi rmation of a UIP pattern [ 88 ].  

    Histopathology 

 Prior to the 1960s, the term “honeycomb lung” had been used to describe the mac-
roscopic appearance of lung diseases comprising various histopathological pro-
cesses and causes, but in 1965 the defi nition was limited to include chronic interstitial 
pneumonia (pulmonary fi brosis) regardless of etiology [ 73 ,  91 ]. The presence of 
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honeycomb lung should not be considered specifi c as to cause, and disease entities 
apart from IPF should be included in a list of differential diagnoses, including other 
IIPs, sarcoidosis, chronic hypersensitivity pneumonia, and Langerhans cell histio-
cytosis [ 92 ,  93 ]. One of the IIPs, respiratory bronchiolitis associated ILD (RB-ILD), 
which is also referred to as smoking-related interstitial fi brosis (SRIF), may have 
fi broblastic foci present, but rarely demonstrates honeycomb changes, and is accom-
panied by respiratory bronchiolitis in all cases [ 94 ]. Studies of honeycomb lung 
found in diseases other than IPF (scleroderma, dermatomyositis, Langerhans cell 
histiocytosis, tuberculosis, lipoid pneumonia, and sarcoidosis) suggest that the 
pathophysiologic changes may be independent of the original disease [ 95 ]. 

 The most important criteria for the pathological diagnosis of UIP are temporal 
and spatial heterogeneity in the distribution of normal lung, interstitial infl amma-
tion, fi broblastic foci, and honeycomb changes. Scattered fi broblastic foci are usu-
ally found between areas of normal lung and older fi brosis, and the majority of 
changes are often in a lower lobe-predominant distribution. A prospective cohort 
study of 87 patients with biopsy-proven UIP showed that the degree of granulation/
connective tissue deposition, which is characteristic of fi broblastic foci, could pre-
dict lower survival [ 29 ]. The importance of the number of foci to the clinical pheno-
type was also demonstrated by a separate study of 108 patients with UIP, where the 
nine patients with collagen vascular disease-associated UIP had fewer foci and 
improved survival [ 96 ]. At low magnifi cation, the pattern has a heterogeneous 
appearance, and identifi cation of normal parenchyma interspersed with areas of 
fi brosis and honeycomb cysts can help to distinguish UIP from NSIP, where tempo-
ral and spatial uniformity are common, honeycomb changes are rare, interstitial 
infl ammation is more likely, and fewer fi broblastic foci may be found [ 72 ]. A UIP 
pattern may be found in non-UIP diagnoses, although the possibility of other diag-
noses does not necessarily confer a survival advantage, as in a series of 168 patients 
including various different IIPs (i.e., not just IPF), the risk ratio of histologic clas-
sifi cation of UIP for mortality was 11.46 (95 % confi dence interval 4.13–31.83; 
 p  < 0.0001) [ 2 ]. 

 A summary of contrasting histologic features of SRIF, UIP, and NSIP is listed in 
Table  5.3 , and representative images for these diagnoses are shown in Fig.  5.3 .

    Interobserver variation in the pathological diagnosis of DPLDs parallels the vari-
ation that has been described with radiologic diagnoses. One study of 133 biopsy 
specimens identifi ed a 100 % confi dence level for a single diagnosis in only 39 % of 
biopsy specimens reviewed by ten pulmonary pathologists ( ĸ  = 0.38) [ 97 ]. The level 
of agreement increased when multiple biopsy specimens were taken and when diag-
nostic confi dence was higher ( ĸ  = 0.43 and  ĸ  = 0.50, respectively). Agreement 
improved only marginally for a diagnosis of UIP, even with multiple biopsy speci-
mens and high diagnostic confi dence ( ĸ  = 0.42,  ĸ  = 0.49 and  ĸ  = 0.58, respectively) 
[ 97 ]. Agreement was signifi cantly improved for sarcoidosis ( ĸ  = 0.76,  ĸ  = 0.82 and 
 ĸ  = 0.86, respectively) [ 97 ]. Not surprisingly, signifi cant variability was seen for a 
diagnosis of NSIP ( ĸ  = 0.29,  ĸ  = 0.32 and  ĸ  = 0.31, respectively), while the distinction 
of NSIP from UIP was noted to be particularly problematic [ 97 ]. The degree of 
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uncertainty in differentiating histologic patterns of DPLDs, particularly NSIP ver-
sus UIP, supports the use of a multidisciplinary approach to confi rm a diagnosis. 
This paradigm is discussed later in this chapter.   

    Close Mimics of IPF 

 In patients with a suspected IIP, a histologic diagnosis of UIP confers a nearly 
30-fold increased risk of mortality when compared to an alternative histologic diag-
nosis. Similarly, the relative risk of mortality for a histologic diagnosis of UIP is 
more than ten times higher than that associated with only the presence of honey-
comb changes on HRCT [ 2 ]. Evaluation of patients with presentations similar to 
UIP should include consideration of differences in history, exposures, and HRCT 
patterns. Exclusion of other known causes of ILD is important given differences in 
clinical course, management, and outcomes. 

   Table 5.3    Characteristic histologic fi ndings in UIP, NSIP, and SRIF a,b    

 UIP  NSIP  SRIF 

 Distribution  Heterogeneous  Uniform  Uniform 
 Emphysema  Usually absent  Usually absent  Often severe 
 Respiratory bronchiolitis  Possible  Possible  Present 
 Honeycombing  Present  None/minimal  None/minimal 
 Fibroblastic foci  Present  None/rare  None/rare 

   a Adapted from [ 98 ] 
  b UIP is distinguished by the heterogeneous distribution of areas of active fi brosis with collagen 
deposition, parenchymal distortion, and honeycomb changes. In contrast, the fi brosis in SRIF 
and NSIP is more uniform and less patchy, and it lacks the characteristic honeycomb changes 
seen in UIP  

  Fig. 5.3    Histologic images of SRIF, UIP, and NSIP. Original magnifi cation ×40, hematoxylin, and 
eosin staining.  Left : A typical SRIF has more emphysema changes with collagen deposition around 
airways and evidence of macrophages in airways (consistent with respiratory bronchiolitis). 
 Middle : A pathological diagnosis of UIP requires identifi cation of normal areas of lung inter-
spersed with fi broblastic foci and honeycomb changes.  Right : A NSIP pattern has interstitial 
infl ammation that is diffuse without evidence of honeycombing and scant evidence of fi broblastic 
foci. Images courtesy of Lindsay Schmidt, MD, University of Michigan       
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    Chronic HP and NSIP 

 A thorough review of history and physical examination, medications, environmental 
exposures, and family history can be useful to distinguish certain causes of ILD, 
particularly chronic HP [ 4 ]. In HP, type III hypersensitivity reactions related to 
precipitin-antibody deposition in alveolar walls may be considered pathological, 
although 20–30 % of patients may not have an inciting antigen identifi ed by expo-
sure history or serologic testing [ 99 – 101 ]. Histologic fi ndings of lymphocytic inter-
stitial infi ltrates with granuloma formation and BAL fi ndings of lymphocytosis are 
typical [ 99 ]. Patients with chronic HP and a fi brotic histopathology demonstrate a 
predominant T H 2 response in comparison to patients with OP or NSIP-like histopa-
thology [ 102 ]. With chronic exposure, the typical histopathological fi ndings in sub-
acute HP (cellular NSIP and bronchiolitis, granulomatous infl ammation, 
involvement of central regions of secondary lobules) can progress to fi brotic 
changes with honeycombing [ 103 ]. A review of 13 cases of chronic HP (all with 
presence of granulomas and/or giant cells) suggested that patterns of fi brosis may 
be in a typical UIP distribution (peripheral, patchy, with fi broblastic foci), UIP-like 
(irregular, predominantly peribronchiolar), or similar to fi brotic NSIP (homoge-
neous linear fi brosis) [ 104 ]. 

 The HRCT distribution of changes in HP may be more prominent in the upper 
lobes, but can occur in the lower lobes, although subpleural involvement is less 
likely [ 105 ]. The presence of poorly defi ned centrilobular micronodules is often 
suggestive of the diagnosis [ 99 ]. A study evaluating the role of HRCT in distin-
guishing chronic HP from UIP and NSIP found that the presence of lobular areas 
with decreased attenuation, centrilobular nodules, and a lack of lower lung predomi-
nance of changes to be most consistent with chronic HP; basal predominance of 
honeycombing and absence of pleural sparing and centrilobular nodules are particu-
larly useful to distinguish UIP versus HP, although up to 64 % of patients with 
chronic HP may have honeycomb changes as well [ 106 ]. 

 Idiopathic NSIP is a distinct clinical entity with features that distinguish it from 
the other IIPs. Symptoms of breathlessness and cough are often present. Patients are 
usually nonsmokers, are more often women, are usually in the sixth decade of life, 
and may have serologic testing that is positive for collagen vascular disease [ 70 ]. 
Characteristic HRCT features include reticular opacities with lower lung zone pre-
dominance, traction bronchiectasis with lobar volume loss, and a diffuse or sub-
pleural distribution [ 70 ]. The most common fi nding may be symmetric ground-glass 
opacities [ 92 ,  107 ]. Key histopathological features differ between predominantly 
cellular patterns and fi brosing patterns. The former are characterized by mild to 
moderate interstitial chronic infl ammation and type II pneumocyte hyperplasia in 
areas of infl ammation, while fi brosing NSIP usually demonstrates areas of intersti-
tial fi brosis with a uniform appearance, lung architecture that is frequently pre-
served, and mild to moderate interstitial chronic infl ammation [ 70 ]. Studies suggest 
that the distinction between cellular and fi brosing patterns is important, as a more 
favorable prognosis is seen with the cellular variant [ 108 ].   
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    Connective Tissue Disease-Related ILD 

 Pulmonary disease may manifest in several CTDs, including rheumatoid arthritis 
(RA), systemic sclerosis/scleroderma (SSc), polymyositis(PM)/dermatomyositis 
(DM), Sjögren syndrome, and systemic lupus erythematosus (SLE). Patients often 
present with nonspecifi c complaints of cough, dyspnea, and fatigue. Approximately 
15 % of patients with UIP have an underlying CTD as well [ 4 ], and the incidence of 
IPF diagnosis in younger women may be overstated due to the misdiagnosis of these 
patients [ 109 ]. Within the CTDs, a pattern of UIP is most common in RA [ 110 ]; 
interestingly, both the disease course and prognosis for UIP-RA are similar to that 
of IPF [ 111 ]. Although ILD associated with RA is often secondary to long-standing 
disease and progression of disease is usually slow, it may be an early manifestation 
of disease in up to 20 % of patients and can occur prior to classical exam fi ndings of 
synovitis [ 112 ,  113 ]. Risk factors for RA-associated ILD include older age, male 
sex, and history of tobacco use. 

 The most recent ATS/ERS consensus statement provides a weak positive recom-
mendation (given low quality evidence) for CTD serologic testing in the evaluation 
for IPF, even in the absence of signs or symptoms of disease [ 4 ]. Rheumatoid factor, 
anti-citrullinated peptide, and antinuclear antibody titer and pattern should be con-
sidered fi rst, while the use of other serologic tests may only be helpful in select 
cases. Regarding bronchoscopy, BAL neutrophilia correlates with poor lung func-
tion but has not been shown to consistently correlate with prognosis and/or response 
to therapy [ 114 – 117 ]. In select cases, there might be utility in evaluating for possi-
ble drug reactions (for evidence of eosinophilia), diffuse alveolar hemorrhage 
(DAH), and opportunistic infection [ 118 – 120 ]. 

 A typical pattern of bibasilar subpleural reticulations and honeycombing likely pre-
dicts a pathological fi nding of UIP [ 110 ,  121 ], while a ground-glass predominance 
may confer a better prognosis [ 122 ]. In addition to ground-glass opacities, common 
HRCT features of CTD-ILD include reticulation, bronchiectasis, and micronodules 
[ 123 ]. Abnormalities are found predominantly at the periphery of the lung and are usu-
ally associated with architectural distortion, traction bronchiectasis, and honeycomb-
ing. Therefore, these abnormalities can make the distinction from other IIPs diffi cult 
[ 124 ]. The correlation that exists between radiographic UIP and pathological UIP is 
thought to exist in patients with CTD-ILD as well [ 121 ], whereas the correlations 
between radiographic and histologic patterns of NSIP are not reliable [ 125 ]. Serial 
HRCT manifestations may include progressive reticular and honeycomb changes 
[ 122 ] with progressive fi brosis being associated with a worse prognosis [ 124 ]. 

 A number of histopathological patterns, including NSIP and UIP, may exist 
simultaneously in a single specimen in patients with CTD-ILD [ 126 ]. Overall, the 
prognosis of patterns of NSIP and UIP in CTD-ILD is felt to be better than in idio-
pathic disease [ 88 ,  109 ,  124 ,  127 ,  128 ]. This may relate in part to a higher profusion 
of fi broblastic foci noted on histopathology in idiopathic ILD compared to CTD- 
ILD [ 96 ]. It is unclear whether a different fi broblast phenotype exists in idiopathic 
UIP versus CTD-ILD, or if there is an effect of age on fi broblast function, as studies 
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of fi broblasts undergoing replicative senescence suggest that the senescent state 
mimics infl ammatory wound repair processes [ 129 ].  

    The Elderly Patient 

 As stated previously, the incidence of IPF is increased in older patients [ 5 ]. 
Mechanisms of disease pathogenesis suggest that the aging process itself may con-
tribute to clinical progression through the effects of cellular and molecular factors 
such as mutations in surfactant protein C and mutations in telomerase. Additional 
factors that might affect the disease course include environmental factors such as 
tobacco use and viral infections, as well as comorbid conditions, including GERD 
and PH [ 130 ]. Improvements in radiographic studies facilitate the diagnosis of some 
DPLDs without the need for SLB, although histopathological evaluation is often 
required to establish diagnosis and determine appropriate prognosis and treatment. 
However, the use and need for a SLB must be carefully weighed in the context of the 
patient’s overall clinical condition, as age itself is a known risk factor for complica-
tions and mortality from SLB [ 26 ]. There may be a risk for an acute exacerbation 
even for patients undergoing BAL [ 131 ], and the role of transbronchial biopsy speci-
mens is not yet established as a reliable way to make a diagnosis of IPF [ 4 ]. One 
retrospective series identifi ed age as a reliable sole predictor for the diagnosis of IPF. 
A cutoff of 75 years provided a 100 % predictive value of confi rming UIP/IPF by 
SLB, and a cutoff of 70 years was nearly as good. The predictive value increased 
when interstitial changes were also present on HRCT [ 7 ]. These data afford the 
clinician some measure of confi dence when considering this diagnosis, thereby fur-
ther raising the bar to obtain surgical confi rmation in elderly higher-risk patients. 
However, this single series was limited by a high proportion of IPF in the cohort as 
well as possible referral bias, thus further data are needed to verify these fi ndings.  

    The Multidisciplinary Approach 

 Establishing the correct diagnosis in a patient with a suspected IIP can be challenging. 
The ATS/ERS consensus recommends a collaborative process involving clinicians, 
radiologists, and pathologists working together to improve the diagnostic confi -
dence for patients with suspected IPF. This is predicated on the knowledge that the 
combination of HRCT and histologic features is more robust in predicting progno-
sis versus either modality alone [ 71 ]. Previous data suggested that a histologic diag-
nosis of IPF as a standard by itself was limited by interobserver variation, as the 
ability of experienced pathologists to discriminate between NSIP and UIP produced 
agreement only 50 % of the time [ 97 ]. Radiologists’ assessment of ILD was also 
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found to be limited by nonspecifi c fi ndings and interobserver variations, with 
disagreement being highest for the diagnosis of NSIP, especially pertaining to its 
distinction from UIP [ 132 ]. The creation of an interdisciplinary algorithm for clini-
cians, radiologists, and pathologists determined that SLB can be deferred if the 
clinical/radiographic impression is consistent with IPF [ 133 ]. On the other hand, the 
diagnosis of non-IPF IIPs does usually require a biopsy [ 133 ]. A comparison of 
academic- based clinicians and community-based physicians found signifi cant dis-
agreement in the diagnosis of IIPs and identifi ed a tendency for community-based 
physicians to be more likely to make a diagnosis of IPF. The inference from this is 
that overall clinical experience likely has a profound effect on diagnostic confi -
dence [ 134 ]. In summary, pathologists should consider additional data (clinical, 
radiologic) when making diagnoses, and patients should be referred to tertiary cen-
ters with expertise in DPLDs in order to better clarify diagnoses and provide sug-
gestions regarding treatment options. Figure  5.4  demonstrates a diagnostic algorithm 
for the evaluation of suspected IPF.

  Fig. 5.4    Algorithm for evaluation of suspected IPF. HRCT may establish a diagnosis if there is a 
pattern consistent with UIP. Absent a pattern of UIP, a bronchoscopy should be considered to fur-
ther evaluate for alternate diagnoses. A surgical lung biopsy should be considered if HRCT sug-
gests possible UIP, but is not diagnostic for UIP. The accuracy of diagnosis of IPF increases with 
collaboration among a multidisciplinary team of specialists. Adapted from [ 4 ]       
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       Future Directions 

 Long-term follow-up data will continue to provide insights regarding the natural 
history of IPF, while the identifi cation of biomarkers that have prognostic signifi cance 
will further improve upon established multivariate predictive models. As more insight 
is gained, this will hopefully aid in the stratifi cation of unique subpopulations to 
facilitate the goal of targeting therapies more effi ciently. Specifi cally, the use of 
molecular and genetic techniques to establish diagnoses and distinguish among 
subtypes of IPF will be paramount. As suggested above, relatively specifi c gene 
expression profi les exist for “rapid” versus “slow” progressors [ 17 ]. Recent gene 
expression studies comparing patients with HP and IPF suggest a phenotype that is 
particular for IPF [ 135 ]. Other work has identifi ed Toll-like receptor 9 (TLR9) as a 
possible biomarker for patients with the rapidly progressive form of IPF [ 136 ]. 
Future investigation to elucidate other mechanisms as part of a broader collabora-
tion between basic and clinical scientists will help to achieve goals of facilitating 
detection, improving quality of life, and prolonging survival.     
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    Abstract     It is generally acknowledged that in interstitial lung disease (ILD), 
pulmonary function tests (PFTs) refl ect the histologic severity of disease more 
closely than plain chest radiography or symptoms [1]. It is not known whether PFTs 
are more accurate than high-resolution computed tomography (HRCT) in this 
regard, but the exact quantifi cation of the morphologic extent of disease on HRCT 
is not practicable in routine practice. Thus, the measurement of PFT has been 
central to the evaluation of disease severity in ILD in general and in idiopathic 
pulmonary fi brosis (IPF) in particular. 

 The primary roles of PFT estimation in IPF have been to quantify disease at 
baseline (both as continuous variables and in disease staging) and to detect changes 
in disease severity during follow-up. Also covered in this chapter are the ancillary 
uses of PFT to detect the presence of disease and the range of patterns of functional 
impairment in IPF (including the deconstruction of complex PFT impairment due to 
coexistent disease processes). Exercise testing, quality assurance, and the perfor-
mance of fi tness-to-fl y tests are also reviewed.  
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        Introduction 

 It is generally acknowledged that in ILD, PFTs refl ect the histologic severity of 
disease more closely than plain chest radiography or symptoms [ 1 ]. It is not known 
whether PFTs are more accurate than HRCT in this regard, but the exact quantifi ca-
tion of the morphologic extent of disease on HRCT is diffi cult to incorporate into 
routine practice. Thus, the measurement of PFT has been central to the evaluation 
of disease severity in ILD in general and in IPF in particular. 

 In the last century, attempts were made to link the level of impairment of indi-
vidual PFT (including exercise variables) to the histological severity of infl amma-
tion in surgical biopsy specimens. At that time, the term “idiopathic pulmonary 
fi brosis” was an umbrella term that included IPF, nonspecifi c interstitial pneumonia 
(NSIP), and other disorders mimicking IPF in non-biopsied patients. In this context, 
best management was hampered by the absence of a reliable, noninvasive marker 
for reversible disease. In historical reports, correlations of lung function with histo-
pathology were examined in small patient series containing a variety of diffuse lung 
disorders, which lead to confl icting fi ndings that included the identifi cation of a 
signifi cant relationship between the severity of infl ammation at biopsy and maximum 
exercise data in one report [ 2 ]. This fi nding led some experts to argue for routine 
maximal exercise testing in the evaluation of ILD. However, it was eventually 
shown in a large study of IPF (which at that time must also have included patients 
with NSIP) that PFT provided no useful link to the histologic severity of infl amma-
tion [ 3 ]. In contrast, signifi cant relationships were observed between PFT and the 
overall morphologic severity of disease with carbon monoxide diffusing capacity 
(DLCO) levels being most accurate in this regard. 

 Since these early studies, the primary roles of PFT estimation in IPF have been 
to quantify disease at baseline (both as continuous variables and in disease staging) 
and to detect changes in disease severity during follow-up. Also covered in this 
chapter are the ancillary uses of PFT to detect the presence of disease and the range 
of patterns of functional impairment in IPF (including the deconstruction of 
complex PFT impairment due to coexistent disease processes). Exercise testing, 
quality assurance, and the performance of fi tness-to-fl y tests are also reviewed. 
A glossary of abbreviations for PFT is provided in Table  6.1 .

  Table 6.1    A glossary of 
abbreviations for routine 
pulmonary function variables  

 FEV 1   Forced expiratory volume in 1 s 
 FVC  Forced vital capacity 
 TLC  Total lung capacity 
 RV  Residual volume 
 VA  Alveolar volume 
 DLCO  Carbon monoxide diffusing capacity 
 KCO  Carbon monoxide transfer coeffi cient 
 MEF25  Maximum expiratory fl ow at 25 % 

forced vital capacity 

A.U. Wells and S. Ward



105

       PFT in “Early” IPF 

 In cases of IPFs that are suffi ciently advanced to cause major exercise limitation, 
HRCT and PFT abnormalities are almost always evident. The earlier detection of 
“preclinical” IPF, by screening with PFT, is not a realistic goal, in view of the low 
prevalence of IPF in the community. However, in occasional patients with 
smoking- related chronic obstructive pulmonary disease (COPD), coexistent ILD 
can result in concurrent obstruction and restriction. Thus, in the setting of other-
wise typical COPD, the presence of an unexplained mixed ventilatory defect is an 
indication for the performance of HRCT (as limited IPF is not always evident on 
chest radiography). 

 A more frequent clinical scenario occurs when patients with minor exercise limi-
tation (which may also be ascribable to cardiac disease or loss of fi tness) are evalu-
ated in the context of normal or subtle chest radiographic abnormalities. Spirometric 
volumes are often used as a screening test in such situations to determine whether 
further investigation, including the performance of HRCT, is warranted. However, 
this algorithm is sometimes misleading for two reasons. First, expected PFT values 
in health, calculated from age, gender, and height, are expressed as a normal range 
(80–120 % of predicted values). It follows logically that in an individual patient, an 
FVC level of 80 % of predicted might equally represent a normal lung function 
value or a striking reduction in FVC from a premorbid value of 120 % of predicted. 
A second important consideration is the fact that when emphysema coexists with 
IPF, spirometric volumes may be preserved, even when IPF is more advanced 
(as discussed in more detail later in this chapter). 

 Thus, the detection of early IPF should not be based on the performance of 
spirometry to obtain lung volumes but requires more detailed evaluation that 
includes the measurement of DLCO levels and the performance of HRCT. It should 
be stressed that the greater sensitivity of DLCO (compared to spirometric volumes) 
can sometimes lead to diffi culties. While normal DLCO levels effectively exclude 
the presence of clinically signifi cant IPF, reductions in this parameter are not neces-
sarily indicative of the presence of ILD [ 4 ]. Reductions in the DLCO tend to be 
highly nonspecifi c and may be infl uenced by interstitial processes, pulmonary 
vasculopathies, and smoking-related damage alike. Thus, PFTs are useful in the 
exclusion of an occult ILD when spirometric volumes and DLCO levels are well 
within normal limits, but HRCT is warranted if PFT values lie at the lower limit of 
normal and no alternative cause of exercise limitation is apparent.  

    Typical Patterns of Pulmonary Function Impairment 

 Variations in the pattern of pulmonary function impairment in patients with IPF 
refl ect the presence or absence of concurrent disorders including pulmonary hyper-
tension (PH) and smoking-related emphysema. Commonly encountered PFT pat-
terns include a classical restrictive defect, a mixed (restriction plus airfl ow 
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obstruction) ventilatory defect, and an isolated or disproportionate reduction in 
measures of gas transfer. 

 A  restrictive ventilatory defect  (reduced TLC and FVC, increased FEV 1 /FVC 
ratio) is the most prevalent PFT pattern in IPF (and other idiopathic interstitial pneu-
monias), in association with a reduction in the DLCO [ 5 ], which is usually signifi -
cantly more impaired than the fall in lung volumes. Arterial hypoxemia in IPF tends 
to be a feature of advanced disease (as judged by the extent of disease on HRCT) [ 6 ]. 
In earlier stages of the disease, arterial blood gases typically show preservation of 
pO 2  levels with pCO 2  levels in the lower end of the normal range, indicating an 
increase in alveolar ventilation that may initially mask any impairment in gas 
exchange. Hypoxemia in the setting of less advanced IPF suggests the presence of 
coexisting PH or emphysema. The alveolar-arterial oxygen gradient, which removes 
the confounding effect of changes in the level of alveolar ventilation, widens earlier 
in the course of disease. 

 The typical restrictive ventilatory defect of IPF is indistinguishable from that of 
extra-pulmonic restriction [ 7 ], although in pleural disease, relative preservation of 
RV (as judged by an increased RV/TLC ratio) is often present [ 8 ]. However, in 
isolated extra-pulmonic restriction, DLCO levels are reduced minimally and the 
DLCO/VA ratio (KCO) increases, often manifesting with supranormal values [ 9 ]. 
This is due to the relatively small change in blood volume within ventilated lung, 
even when extra-pulmonic restriction is severe. 

 An  isolated reduction in DLCO  is also a prevalent PFT pattern in IPF, refl ecting 
the presence of coexistent emphysema, which is frequently evident on HRCT and 
was found to be present in nearly 40 % of patients in one large series [ 6 ]. The pres-
ence of interstitial fi brosis increases traction on airways, which counters the 
collapse of small airways that is the hallmark of emphysema (without parenchymal 
fi brosis) and leads to preserved ventilation of emphysematous lung. Thus, the coex-
istence of emphysema and IPF results in a sparing effect on spirometric and plethys-
mographic volumes [ 10 ,  11 ], which, in many cases, lie within the normal range, 
even when both processes are advanced. By contrast, the additive effect on mea-
sures of gas transfer and pO 2  levels (which are infl uenced by both processes) results 
in disproportionate reductions that may be devastatingly severe, even when lung 
volumes are misleadingly normal. It has been argued that the high prevalence of PH 
in this setting justifi es the designation of a separate “combined pulmonary fi brosis 
and emphysema” syndrome, although it is currently unclear whether the excess of 
PH merely refl ects the combined total impact of two separate disease processes. 
This smoking-related PFT phenotype [ 10 ] may result in either an isolated or a 
disproportionate reduction in DLCO, which can be quantifi ed by a reduction in 
KCO or a rise in the FVC/DLCO ratio. In one series, the presence of emphysema 
on HRCT was associated with a 35 % reduction in KCO after matching for the 
extent of fi brosis on HRCT [ 10 ]. 

 A disproportionate reduction in DLCO is not solely due to the combination of 
emphysema and fi brosis but can also be found in IPF patients with PH (with or 
without emphysema on CT). Thus, a low KCO level or a high FVC/DLCO ratio 
should be interpreted with caution, and the HRCT should be carefully reviewed for 
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the presence of emphysema. In the absence of emphysema, this PFT profi le should 
prompt the clinician to exclude PH. The role of PFT as an aid to the detection of PH 
in IPF is discussed in greater detail later in this chapter. 

 Patterns of pulmonary function impairment are seldom diagnostically useful in 
suspected IPF. The exception to this rule is the presence of a mixed ventilatory 
defect in a nonsmoker or a smoker with no evidence of emphysema on HRCT, as 
this may be seen in some patients with hypersensitivity pneumonitis or rheumatoid 
lung. In both disorders, HRCT appearances may mimic IPF, and a histologic pattern 
of usual interstitial pneumonia is sometimes present. Thus, the presence of unex-
plained coexistent airfl ow obstruction and restriction should prompt a review of the 
diagnosis of IPF. 

    Baseline PFT: Disease Severity and Prognostic Evaluation 

 Key conclusions with regard to the quantifi cation of disease severity and prognostic 
evaluation are shown in Table  6.2 .

   In ILD in general, and in IPF in particular, the measurement of pulmonary function 
has a central role in the initial evaluation and serves to quantify the severity of disease. 
Indeed, many PFT variables are routinely measurable, including spirometric volumes 
(FEV 1 , FVC, the FEV 1 /FVC ratio), plethysmographic volumes (RV, TLC, the RV/
TLC ratio), measures of gas transfer (DLCO, KCO), measures of gas exchange (pO 2 , 
the alveolar-arterial oxygen gradient), the 6-minute walk test (6MWT; 6-minute walk 
distance [6MWD] and maximal desaturation during the 6-minute walk test), and max-
imal exercise variables. The multiplicity of PFT has stimulated attempts to identify 
variables that most accurately capture disease severity and predict mortality. 

 Historical attempts to identify the pulmonary function variable that correlates 
best with the histological severity of disease at surgical biopsy were hampered by 
“sampling error,” since the severity of disease in biopsy specimens is not necessarily 
indicative of disease severity throughout the lung. Given this fact, it is not surprising 
that even in the relatively large series of Cherniack [ 3 ], functional-histologic rela-
tionships were weak. In that study, DLCO levels (which best refl ect histologic 
fi ndings) accounted for only 15 % of the variation in histologic severity. However, 
the advent of HRCT provided, for the fi rst time, a means of quantifying the global 
morphologic severity of IPF, against which individual pulmonary function variables 
could be evaluated. It should be stressed that in the absence of an alternative 
measure of overall morphologic severity, the extent of disease on HRCT has not 
been validated as a reference standard. Methods of measuring disease extent on 
HRCT have varied, and the subjective estimation of disease extent is prone to 
observer variation, which is of the same order of magnitude as the measurement of 
DLCO. The advantage of PFT–HRCT correlations is that  independent  measures 
of global extent and global severity are reconciled. Those working in this fi eld have 
argued that despite fl aws in the quantifi cation of both disease severity and extent, 
the PFT variable most accurately capturing disease severity should best correlate 
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with HRCT as the only sensitive means of quantifying global morphologic extent 
of disease. 

 PFT–HRCT correlations have largely been explored in the context of the historical 
entity of “IPF” [ 10 ,  12 ,  13 ] before the idiopathic interstitial pneumonias were 
reclassifi ed in 2002. However, the fi ndings in earlier series have been reproduced in 
a large cohort of patients with IPF who were diagnosed using the 2002 diagnostic 
criteria [ 4 ]. PFT–HRCT correlations were virtually identical when patients with IPF 
were compared with systemic sclerosis patients with ILD (predominantly NSIP) 
[ 14 ], suggesting that these observations are likely to hold true across the fi brotic 
idiopathic interstitial pneumonias. 

 Based on published series, DLCO levels have a stronger correlation with the 
extent of disease on HRCT than other resting PFT variables. Lung volumes, including 
FVC and TLC, are an inaccurate refl ection of the morphologic extent of disease. 
It is clear from these observations that the morphologic severity of disease in IPF is 
not captured by spirometric volumes but requires the measurement of DLCO. 
However, spirometric volumes and DLCO levels are independently linked to the 
extent of disease on HRCT [ 4 ], with the clear implication being that these variables 
should be integrated when disease severity is evaluated. The reconciliation of spiro-
metric volumes and DLCO is particularly important in patients with coexistent 
emphysema and IPF, a context in which the severity of IPF is seriously understated 
by spirometric measures but is overstated by DLCO levels. 

 Arterial hypoxemia at rest is an expected fi nding in IPF patients with extensive 
disease on HRCT [ 4 ]. However, there is a poor correlation between arterial oxygen 
levels and disease extent when less extensive disease is present, and the presence of 
hypoxemia is unpredictable in less advanced disease. This fi nding may refl ect the 
fact that the presence of PH as a potent cause of impaired gas exchange is not 
closely linked to other PFT and HRCT fi ndings in IPF. 

 Many clinicians strongly advocated maximal exercise testing as a means of eval-
uating the severity of pulmonary fi brosis prior to our current era. However, the level 
of desaturation during exercise has a weaker correlation with disease extent on 
HRCT than DLCO levels in patients with IPF, even with adjustment for maximum 
oxygen consumption [ 10 ]. The relationships between HRCT disease extent and 
submaximal exercise variables, including 6MWT data, have not been compared 
with those between HRCT and maximal exercise testing. 

 Taken together, histologic and HRCT data indicate that DLCO levels best refl ect 
the morphologic severity of IPF, but it should again be stressed that the optimal 

   Table 6.2    Key points in the use of PFT to stage disease severity   

 1. DLCO levels best refl ect CT morphologic severity 
 2. Lung volumes and arterial oxygen levels correlate poorly with CT 

morphologic severity 

 3. DLCO is the resting PFT variable that best predicts mortality 
 4. Oxygen desaturation to <88 % during a 6-minute walk test is 

associated with increased mortality 
 5. Maximal exercise testing has no role in routine prognostic evaluation 
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algorithm for evaluation of disease severity requires the measurement of a number 
of PFT variables, including spirometric volumes, measures of gas transfer, arterial 
gases, and, for reasons discussed later, the 6MWT. Only with this approach can 
patterns of PFT impairment be understood and reconciled with the variable pres-
ence of emphysema and PH. Ideally, lung volumes obtained via body plethysmog-
raphy should also be measured at baseline to provide an alternative means of 
measuring changes in static lung volumes. However, this additional measurement 
cannot always be achieved in routine clinical practice. 

 The prognostic accuracy of individual PFT has been evaluated in a large num-
ber of IPF clinical case series. In principle, if the assumptions that underlie 
HRCT–PFT studies are correct, variables that correlate best with morphologic 
extent should also best predict survival. This assumption is broadly correct, but 
there are important caveats. Overall, taking into account historical series and post-
reclassifi cation studies performed over the last decade, percent predicted DLCO 
has been identifi ed as the variable that is most strongly predictive of mortality. 
Correlations with morphologic extent of disease aside, this observation is also 
likely to refl ect the fact that DLCO levels are disproportionately reduced in PH, 
which is itself a prognostic determinant of survival. However, the prognostic 
value of individual PFT does vary according to the distribution of disease severity 
in studied populations. The level of arterial hypoxemia has been more strongly 
predictive of mortality in IPF cohorts dominated by patients with advanced dis-
ease, but it is less useful prognostically across the wider range of mild to moderate 
disease, except in patients with PH. Lung volumes have, in general, been a less 
reliable prognostic determinant than DLCO levels. However, in some historical 
cohorts with the diagnosis of IPF made at biopsy, which has led to the selection of 
younger patients with a lower expected prevalence of emphysema, mortality has 
been more strongly predicted by FVC levels. 

 Maximal exercise variables, especially the degree of oxygen desaturation 
adjusted for respiratory work (as judged by maximum oxygen consumption), have 
been shown to predict outcome in IPF [ 4 ,  15 ,  16 ]. However, maximal exercise data 
appear to offer little or no advantage over DLCO levels in providing a prognostic 
evaluation [ 4 ]. Indeed, this method of exercise testing has fallen out of favor in 
recent years and is no longer recommended in the routine evaluation of IPF 
patients [ 17 ]. One important limitation is that the amount of exercise oxyhemo-
globin desaturation is critically infl uenced by the willingness of the patient to 
prolong exercise (despite surpassing personal discomfort barriers), with a large 
proportion of desaturation occurring in the last minute of the test. This is likely to 
explain the very poor reproducibility of oxygen desaturation on maximal exercise 
when repeated at an interval of 1 week, because patient performance might be infl u-
enced by their past experience with the test [ 18 ]. 

 Poor reproducibility in the degree of oxygen desaturation during the 6MWT was 
also found to be a major limitation when the test was repeated 1 week later [ 18 ], and 
this was also observed by investigators during screening of IPF patients in a recent 
treatment study [ 19 ]. However, desaturation below 88 % was highly reproducible [ 18 ] 
and provides powerful prognostic information in fi brotic idiopathic interstitial 

6 Pulmonary Function Tests in Idiopathic Pulmonary Fibrosis



110

pneumonia [ 18 ] and IPF [ 20 ]. However, this fi nding does not seem to be reliably 
indicative of a patient subgroup with more severe lung fi brosis per se and, as 
discussed later, is more likely to refl ect a variable combination of severe interstitial 
disease and the presence of PH at rest or with exercise. The 6MWD has also been 
used in the prognostic evaluation of patients, but its utility appears to depend on the 
nature of the studied cohort. In three studies encompassing a wide range of disease 
severity [ 18 ,  20 ,  21 ], the 6MWD has had little or no prognostic value. However, in 
patients with IPF and severe disease who were accepted as lung transplant candi-
dates, mortality on the waiting list has been inversely related to the 6MWD [ 22 ]. 
In contrast, desaturation to <88 % during the 6MWT has been associated with a 
striking increase in mortality [ 18 ,  20 ], which is perhaps indicative of the presence of 
PH at rest or with exercise. For this reason alone, the 6MWT is an important part of 
the baseline prognostic evaluation for patients with IPF. 

 Certain broad prognostic conclusions can be drawn from the large body of 
accumulated evidence summarized above. In general, very severe reductions in 
individual PFT variables have been predictive of a poor outcome, and this predic-
tive capacity applies equally to DLCO, pO 2 , FVC, and the 6MWD, with severe 
hypoxemia being a particularly malignant prognostic determinant. However, in 
the much larger group of patients with less severe disease at presentation, the 
prognostic value of PFT (including DLCO levels) has been limited. In part, this 
refl ects heterogeneity in the evolution of IPF with, in particular, an important 
subgroup of patients dying rapidly from acute exacerbations of IPF, which tends 
to occur within a broad spectrum of disease severity and can befall patients with 
well-preserved lung function [ 23 ]. Even when IPF patients with acute exacerba-
tions are excluded from analysis, variation in the rate of disease progression is 
considerable. It might be thought that large cohorts drawn from prospective phar-
maceutical studies, which are characterized by defi nitive baseline evaluation and 
monitoring, should allow more nuanced prognostic insights. However, a bias 
towards less progressive IPF in placebo- controlled trials is a major limitation. 
Other constraints are the problem of test-to- test variation in PFT measurements 
for individual patients and the variable presence of emphysema or PH as major 
PFT confounders. 

 The prognostic limitations of individual PFT measurements across the whole 
range of disease severity have fueled interest in composite PFT indices. More 
recently, attempts to stage IPF using designated PFT thresholds (as opposed to 
the use of continuous data) have garnered considerable interest.  

    Composite Physiologic Indices 

 In theory, composite indices offer a number of advantages. The effects of measure-
ment variation should, in principle, be “smoothed out” by the combination of 
multiple variables that have been quantifi ed using separate measurement techniques. 
The integration of a number of variables might also be expected to provide a more 
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accurate overall average of disease severity as refl ected by PFT. There is also the 
possibility of using weighted composite indices to account for confounding coex-
isting disease processes. 

 The clinical/radiological/physiological (CRP) score was fi rst reported by 
Watters [ 15 ]. In both the initial scoring system and a subsequent modifi cation [ 16 ], 
International Labor Offi ce (ILO) scoring of chest radiographs was required, which 
limited the use of the composite score in routine practice. However, both versions 
are dominated by PFT, and the physiologic components have been applied in 
clinical studies. In the fi rst CRP score, a number of PFT variables, including resting 
and maximal exercise variables, were assigned points (depending on the level of 
severity) with summation of the scores to produce an overall severity index. 
However, colinearity between a number of variables (such as TLC and FVC) was 
eventually seen to be a major limitation. Multivariate techniques were used to deal 
with this problem in the revised CRP score, with the result that TLC and oxygen 
desaturation on maximal exercise were retained, but other more accessible vari-
ables, such as FVC and DLCO, were excluded. With the move away from maximal 
exercise data, both the fi rst and revised versions of the CRP score have little to 
offer in routine evaluation, but with the integration of multiple PFT variables, an 
important precedent was established. 

 In the formulation of the composite physiologic index (CPI), a large number of 
PFT variables were fi tted to the extent of disease on HRCT using multivariate tech-
niques [ 4 ]. With the exclusion of variables having no independent relationships with 
disease extent by means of stepwise regression, the CPI has the important advantage 
of simplicity because it contains only spirometric volumes and DLCO levels:

  

CPI predicted DLCO predicted FVC= − ×( ) − ×( )
+ ×

92 1 0 68 0 53

0 35

. . .

.

% %

% ppredicted FEV1( ).    

  The CPI has been shown to predict mortality more accurately than individual 
PFT variables, including the level of oxygen desaturation on maximal exercise, and 
it has also been found to be more accurate in this regard than the physiological 
component of either the initial or revised CRP scoring systems. Of note is the posi-
tive weight given to FEV 1  values, which, in combination with FVC levels, provided 
a weighted FEV 1 /FVC ratio. In effect, the CPI can be viewed as a modifi cation of 
the measured DLCO. The weighting of spirometric volumes serves to quantify 
reductions in DLCO due to IPF while excluding reductions ascribable to the 
presence of emphysema. Indeed, in patients without emphysema, the CPI offered 
no advantage over DLCO alone in its correlation with the extent of disease on 
HRCT [ 4 ]. 

 However, composite indices and individual PFT share the limitation that when 
expressed as continuous variables, they do not identify discrete patient groups at 
higher and lower risk of a bad outcome. Distinctions of this sort are advantageous 
in clinical practice as treatment decisions, such as the decisions to refer for trans-
plantation or to plan a palliative approach, are dichotomous.  
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    The Use of PFT to Stage IPF 

 The perceived need to stage IPF (much as malignant disease is staged for prognostic 
and treatment reasons) has stimulated interest in the use of PFT thresholds for this 
purpose. The first proposed system consisted of the use of a DLCO threshold 
of 39 % of predicted to distinguish between limited and extensive disease [ 24 ]. 
A DLCO threshold of between 30 and 40 % of predicted offers a number of advan-
tages. Differences in outcome between IPF and idiopathic fi brotic NSIP are no 
longer present when the DLCO level is less than 35 % of predicted [ 25 ], and a 
diagnostic lung biopsy has only limited prognostic value below this DLCO 
threshold and is associated with an increased risk of postoperative complications. 
A DLCO threshold of 39 % has also been advocated as a value below which trans-
plantation should be considered [ 24 ]. No study has since been performed to validate 
the distinction between limited and extensive disease. However, DLCO and FVC 
thresholds of 35 and 60 %, respectively, are widely used as exclusion criteria for 
participation in IPF treatment trials. 

 Major disparities in IPF outcomes have recently been provided by a simple 
staging system that was developed in a multicenter study and validated in a test 
cohort [ 26 ]. With the use of a simple point scoring system (based on age, gender, 
FVC levels, and DLCO levels), three stages were identifi ed with 1-year mortality 
rates of 6, 16, and 39 %. Other than providing broad prognostic distinctions, the use 
of this system might, in principle, allow the prospective identifi cation of patient 
subgroups with selective treatment benefi ts from novel IPF therapies, a goal that is 
currently attempted with essentially unsatisfactory post hoc analyses. Baseline FVC 
thresholds have also been integrated in a more complex prognostic index developed 
in a pharmaceutical cohort, although the index also contains changes in FVC and 
admissions to hospital during follow-up, and cannot be applied during baseline 
evaluation of study patients [ 27 ]. 

 The confounding effect of the normal range is an important limitation with the 
use of resting PFT variables in the staging of IPF. The use of an FVC threshold of 
60 %, as proposed by Collard and colleagues [ 28 ], makes potentially important 
population distinctions, but in individual patients, this FVC level represents a fall in 
FVC of between 25 and 50 % from premorbid values. This problem is especially 
important when treatments are approved for IPF patients with “mild to moderate 
disease” using the DLCO and FVC thresholds that were used as entry criteria for 
treatment studies. For example, a DLCO level of 35 % of predicted represents a 
decrease of only 57 % from a value of 80 %, but a fall of 71 % from a value of 
120 %. This likely explains, in part, the wide range in the severity of exercise intol-
erance at this DLCO threshold. It is clearly unsatisfactory that access to therapies in 
IPF should be so heavily infl uenced by the presumption of premorbid pulmonary 
function variables within a population-based normal range. 

 This problem may be overcome by the integration of resting PFT and exercise 
data into scoring systems. A system has recently been proposed in which severity is 
staged using a CPI threshold of 41 units (which equates approximately to a DLCO 
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level of 35 %), a 6MWD of <72 % of predicted, and a Medical Research Council 
dyspnea score of >3 units [ 29 ]. This modifi cation of severity staging with the use of 
exercise data represents an innovative approach that may help to overcome inaccu-
racies resulting from variations in premorbid values. However, further validation is 
required before such a staging system can be advocated in routine evaluation.   

    PFT in the Monitoring of Change over Time 

 Key points in the use of PFT to monitor change in disease severity in IPF are 
presented in Table  6.3 .

   The fact that the most accurate discriminatory variables are not always the most 
desirable evaluative tests is a universally acknowledged truism. The PFT variables 
that are most helpful in quantifying disease severity at a single point in time are not 
necessarily the most accurate variables in detecting serial change. As discussed ear-
lier, FVC levels have a poor correlation with the extent of disease on HRCT in IPF and 
are confounded by the presence of concurrent emphysema. However, changes in dis-
ease severity are more accurately captured by FVC trends than by serial DLCO data 
(although no comparison has been made between FVC and other lung volumes 
including slow VC). This conclusion has been distilled from a large number of IPF 
studies in which PFT trends at 6 months or 1 year have been examined against  survival 
[ 25 ,  27 ,  28 ,  30 – 38 ]. In all these series, subsequent mortality has been substantially 
higher in patients with a “signifi cant” decline in FVC values (although FVC thresh-
olds for signifi cant change have varied between studies). In all but one series, serial 
FVC trends have provided more accurate prognostic information than serial DLCO 
trends. The advantage of FVC over DLCO in this regard is due, in part, to the inher-
ently greater variability in the measurement of the DLCO. As discussed later, the 
minimization of “drift” in DLCO estimation requires the calibration of lung function 
equipment daily against normal biological controls, but this level of quality assurance 
is seldom achievable in busy pulmonary function laboratories. 

 The optimal threshold that should be regarded as a “signifi cant” change in FVC 
remains uncertain. Both in clinical practice and in some published studies, there is 
often a lack of clarity on whether a 10 % change in FVC denotes a 10 % change 
from baseline values (e.g., a fall in FVC from 2.0 to 1.8 L) or a 10 % change in 
predicted normal values (e.g., a fall from 60 to 50 % of predicted). The latter is often 
referred to as an “absolute change” because the threshold for change is independent 
of baseline values. Confusingly, the term “absolute change” has also been used to 
indicate a change in absolute baseline values (e.g., a 10 % reduction in FVC from 
2.0 to 1.8 L, as opposed to a fall from 40 to 36 % of predicted) [ 17 ]. 

 Relative change from baseline values [ 25 ,  30 ,  32 – 36 ] has historically been used 
most often rather than absolute change [ 27 ,  28 ,  31 ]. In a recent study, it was estab-
lished that the two approaches provide equivalent prognostic signifi cance, although 
relative change is substantially more sensitive [ 37 ]. It is important to recognize that 
thresholds for “signifi cant” PFT change (a 10 % change from baseline FVC, a 15 % 
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change from baseline DLCO) are based on reproducibility data. Short-term changes 
in PFT values from baseline should be calculated from absolute measured values 
rather than percentage predicted levels (which are modifi ed depending upon whether 
the timing of patient birthdays lies within or outside the monitored time period). 
The use of a 10 % FVC threshold for change is based on the fact that when FVC 
measurements are repeated at a short time interval, whether in health or disease, 
FVC values differ by less than 10 % between measurements in 95 % of subjects 
(i.e., the 10 % threshold corresponds to two standard deviations of change). This 
statement captures variability at both initial and follow-up measurements. The 
greater inherent variability in DLCO estimation demands a higher DLCO threshold 
for “signifi cant” change of 15 % from baseline values. With rigorous quality assur-
ance in the PFT laboratory, albeit at a level that is seldom realistic, measurement 
variation can be reduced. However, in routine practice as well as in large multicenter 
pharmaceutical trials, these thresholds remain appropriate. 

 Further confusion has arisen from the term “signifi cant,” which is used to defi ne 
thresholds for PFT change. Measurement variation can equally result in an overstate-
ment or an understatement of change. A measured change in FVC of 10 % from 
baseline in an individual represents, in reality, a true change of between 1 and 19 %, 
which represents a change that ranges from the trivial to the substantial. Thus, a 
change of this magnitude is not necessarily indicative of a clinically signifi cant altera-
tion in disease severity in a given individual but merely establishes that such change is 
almost certainly real and is unlikely to be ascribable to measurement variation. 

 Unfortunately, thresholds for change to deal with the problem of PFT measure-
ment variation have been erroneously applied to the evaluation of average serial 
PFT change in a patient cohort. For example, it has been argued that for a treatment 
to be regarded as clinically benefi cial, an average FVC benefi t of 10 % is required 
and corresponds to signifi cant change [ 38 ]. However, average PFT change in a 
patient cohort is not infl uenced by measurement variation (as the overstatement and 
understatement of change in individual patients is equally prevalent). In this con-
text, the use of thresholds for change (that were initially promulgated to exclude 
measurement variation in individual patients) is misdirected and, therefore, may 
be erroneous. 

   Table 6.3    Key points in the use of PFT to monitor change in disease severity in idiopathic 
pulmonary fi brosis   

 1. Serial FVC trends predict mortality better than trends in other PFT 

 2. “Signifi cant” change is defi ned as a 10 % change in FVC or a 15 % change in DLCO, from 
 baseline  values 

 3. FVC and DLCO levels should both be measured, to improve the accuracy of monitoring 

 4. Serial DLCO trends are more sensitive to change than serial FVC trends in patients who 
desaturate below 88 % during a 6-minute walk test and when emphysema is admixed with 
interstitial fi brosis 

 5. 6-minute walk testing may have a role in monitoring for the need for supplemental oxygen, 
as a predictor of complicating PH, as well as the timing for referral for lung transplant 
consideration 

A.U. Wells and S. Ward



115

 Thus, traditional thresholds for “signifi cant” PFT change in individual patients 
serve only to establish that change is real. Lesser change (e.g., a 5–10 % change in 
FVC) is moderately likely to denote real change and has also been shown to predict 
a worse average outcome in several studies [ 27 ,  36 ,  37 ]. However, measurement 
variation cannot be excluded with the same confi dence as an explanation for a 
change of this amplitude in an individual patient. It is partly for this reason that it 
has been recommended that serial measurements of both FVC and DLCO should be 
made during routine monitoring [ 17 ]. By evaluating PFT change using separate 
measurement techniques, the clinician is often able to conclude that a trend common 
to both FVC and DLCO, perhaps associated with concordant symptomatic change, 
is unlikely to be spurious, even when such changes are marginal (e.g., a 9 % decline 
in FVC and a 13 % change in DLCO). Furthermore, the understatement of FVC 
change due to measurement variation can be recognized when there is a more 
striking change in DLCO (e.g., a 7 % decline in FVC and a 17 % decline in DLCO). 
When a “signifi cant” decline is evident in both FVC and DLCO, progression of 
disease can be identifi ed with confi dence, even when symptoms are stable. 

 In IPF, it is not useful to repeat pulmonary function tests more frequently than 
every 3 months in the absence of a clinical indication such as increasing dyspnea, as 
there is insuffi cient time for pulmonary function trends to reach thresholds for 
change. In clinical practice, the FVC and DLCO should be monitored every 3–6 
months, with the exact time interval dependent on the likelihood that observation of 
a decline will lead to a change in management (such as referral for lung transplan-
tation). The exception to this recommendation is the scenario in which signifi cant 
decline may be ascribable to a cause other than disease progression (usually lower 
respiratory tract infection), and early demonstration of a return to baseline values is 
clinically important. 

 As discussed earlier, the coexistence of emphysema and IPF results in a para-
doxical preservation of lung volumes and a disproportionate reduction in the DLCO. 
Therefore, serial FVC trends may sometimes be insensitive to major disease pro-
gression due to the unpredictable confounding effects of emphysema on serial 
spirometric volumes. In a recent study, it was shown that when emphysema coexists 
with IPF, serial FEV 1  trends are more closely related than serial FVC trends to 
subsequent mortality [ 35 ], while in some patients, serial reductions in DLCO may 
be more sensitive. However, in many patients with advanced IPF, the extent of fi brosis 
greatly exceeds that of emphysema, and FVC levels can be used to monitor progres-
sion. On the other end of the spectrum, when spirometric volumes are minimally 
reduced or lie within the normal range, serial DLCO trends should probably be 
given more weight. Based on these foregoing considerations, it can be concluded 
that trends in FEV 1 , FVC, and DLCO should all be considered and reconciled in the 
monitoring of IPF patients with concurrent emphysema. 

 Despite its widespread use in the last century, there is no evidence that serial 
maximal exercise testing provides useful prognostic information in IPF, perhaps 
because of the associated poor reproducibility of this test. The 6MWD is highly 
reproducible in the short term in fi brotic idiopathic interstitial pneumonia [ 18 ] and 
in pulmonary fi brosis in patients with systemic sclerosis [ 39 ]. However, in the 
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longer term, major changes in the 6MWD may occur due to other factors, such as 
deconditioning or musculoskeletal factors, as well as the salutary effects of pulmo-
nary rehabilitation. In IPF treatment trials, striking changes in both directions are 
apparent at 1 year in the absence of change in PFT or other specifi c measures of 
the severity of pulmonary fi brosis [ 40 ,  41 ]. It is not clear whether large declines in 
the 6MWD, which have been shown to have prognostic signifi cance [ 42 ,  43 ], add 
utility to the information obtained from routine monitoring that refl ects progression 
of fi brosis [ 17 ]. However, using serial 6MWTs may be useful in decision making 
with regard to referral for lung transplantation or increasing the index of suspicion 
for underlying PH (oxygen desaturation, reduced pulse rate recovery), and the 
6MWT can provide guidance with regard to the need for ambulatory oxygen therapy.  

    Pulmonary Function Tests in the Detection 
of Pulmonary Hypertension 

 The detection of PH in patients with IPF causes particular clinical diffi culty, as the 
echocardiogram often signifi cantly overstates the pulmonary artery systolic pres-
sure value. The pattern of PFT impairment provides ancillary information that, 
although it is not defi nitive, may heighten the suspicion for the presence of PH and 
thus reduce the threshold for performing a diagnostic right heart catheterization 
study. The severity of pulmonary fi brosis, as judged by spirometric and plethysmo-
graphic lung volumes, differs little between IPF patients with or without PH [ 44 ]. 
However, as in PAH [ 45 ], a reduction in the DLCO that is disproportionate to lung 
volumes should prompt suspicion that PH is present, although no consistently reli-
able diagnostic threshold has been identifi ed. Historically, disproportionate reduc-
tions in DLCO have been quantifi ed as reductions in KCO levels (the DLCO/VA 
ratio). More recently, an increase in the FVC/DLCO ratio [ 46 ,  47 ] has been pre-
ferred, but the logic of this change can be questioned. Disproportionate hypoxemia 
at rest or on exercise is another feature of PH in IPF. Both the DLCO and pO 2  levels 
are lower in IPF patients with PH [ 44 ], and the presence of PH can be predicted with 
reasonable accuracy by a formula containing the FVC, DLCO, and room air oxygen 
saturation [ 48 ]. 

 However, a prevailing diffi culty in the detection of evolving PH is that PFT 
measurements may be suggestive of pulmonary vascular limitation long before 
there is suffi cient loss of pulmonary vascular reserve to give rise to clinically 
evident PH. Evidence of increasing pulmonary vasculopathy on serial PFT is of 
major prognostic signifi cance in IPF. In patients with desaturation to 88 % during 
a 6MWT, serial DLCO decline predicts mortality more strongly than reductions 
in FVC levels [ 42 ]. Similarly, serial reductions in KCO (which occur too rapidly to 
be ascribable to emphysema) have been associated with striking increases in mortal-
ity [ 33 ,  34 ]. A “pulmonary vascular index” has been constructed based on these 
observations, although it should be stressed that this provides evidence of declining 
pulmonary vascular reserve and is not specifi c to PH per se [ 34 ].  
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    PFT Quality Control and Quality Assurance 

 Quality control and quality assurance protocols in lung function laboratories are 
essential to minimize measurement variability and guarantee technical accuracy 
[ 49 ,  50 ]. Rigor in this regard is central to the accurate use of PFT threshold values 
to designate “signifi cant” change. The ATS/ERS standards provide guidance on 
quality control and quality procedures relevant to the performance of routine PFT 
and include recommendations on the calibration and verifi cation of equipment. 

 The acquisition of biological control data is essential [ 51 – 54 ]. Trends in PFT 
performed by “normal” staff members should be analyzed frequently. Equipment 
malfunction, which may not be disclosed by routine calibration, is readily detected 
by this means. In some PFT laboratories (including our own institution), PFT are 
measured by staff members at the start of every working day with the recalibration 
of equipment as necessary. The value of this approach is reinforced by our own 
experience, especially in the estimation of gas transfer variables, which is notori-
ously more variable than the measurement of lung volumes. In reality, this demanding 
requirement cannot always be satisfi ed in routine practice, but, at the least, the 
weekly acquisition of biological control data is highly desirable. This recommenda-
tion is more stringent than recommendations made in some guideline statements. 
However, the requirement in some IPF pharmaceutical trials for the monthly evalu-
ation of biological control data is, in our view, insuffi ciently rigorous given that 
FVC and DLCO trends, which are often designated as primary or co-primary end 
points, are measured across many PFT laboratories in multicenter studies. 

 A coeffi cient of variation ([standard deviation/mean] × 100) of more than 4–8 % 
is unacceptable [ 52 ]. In well-managed PFT laboratories, the rigorous monitoring of 
performance, quality assurance, quality control, and test results allows a coeffi cient 
of variation of 2–4 % to be achieved for spirometric volumes, total lung capacity, 
and measures of gas transfer. The variability of maximum expiratory fl ow at 25 % 
of FVC (MEF 25 ) and RV is signifi cantly higher than that of other routine variables. 
MEF 25  values are generally low (less than 2 L/s), which increases relative measure-
ment “noise” and the corresponding coeffi cient of variation. The RV is calculated 
from two measured variables (functional residual capacity and expiratory reserve 
volume), which also results in an increased coeffi cient of variation. Neither variable 
is suited to the detection of PFT change in treatment trials or in routine clinical 
practice. 

 Variability between laboratories is often overlooked when PFTs are compared 
to those previously performed elsewhere. When rigorous quality assurance is 
performed at both laboratory facilities, discrepancies in FVC values will be mini-
mized. By contrast, DLCO values are notoriously inconsistent (even when quality 
assurance is impeccable) due to the many technical variations that exist in gas 
transfer measurement. When spirometric volumes are stable, the accuracy of major 
gas transfer trends between laboratories should be viewed with suspicion (although 
it must also be remembered that isolated reductions in gas transfer changes may 
denote worsening pulmonary vasculopathy).  

6 Pulmonary Function Tests in Idiopathic Pulmonary Fibrosis



118

    Fitness-to-Fly Tests 

 A hypoxic inhalation test should be performed in patients with minor hypoxemia 
who wish to travel by air. The impact of the inverse relationship between oxygen 
partial pressure and altitude can be evaluated by measuring hypobaric hypoxemia at 
sea level, which captures the effect of decreases in ambient pressure in a pressurized 
aircraft cabin. Due to engineering and fi nancial constraints, sea-level pressurization 
cannot be maintained: the pressurization of an aircraft cabin to an equivalent maxi-
mum altitude of 2,500 m equates to breathing 15 % oxygen at sea level [ 55 ]. 
In normal individuals, falls of 8–10 kPa (SpO 2  90–94 %) can be expected at this 
altitude, but the partial pressure of oxygen in arterial blood (PaO 2 ) is surprisingly 
variable and only partially explained by variations in age and minute ventilation 
[ 56 ,  57 ]. In patients with respiratory disease, a low threshold for performing 
prefl ight assessments is appropriate, especially in those with severe lung function 
impairment and major exercise intolerance [ 58 ,  59 ]. 

 Data acquired in hypobaric chambers, the referred standard for prefl ight assess-
ment, are seldom practicable due to the associated expense. Predictive equations 
based on PFT at sea level will often considerably overestimate the need for in-fl ight 
oxygen [ 60 ]. Furthermore, these have not been validated in IPF and may be con-
founded by the presence of coexisting PH. The hypoxic inhalation test is the pre-
ferred alternative procedure. Cabin pressure at altitude is simulated by the inhalation 
of a gas mixture containing 15 % oxygen in nitrogen for 20 min, and ECG and 
oxygen saturation should be monitored throughout and the arterial gases measured 
at the end of the test. The fl ow rate of supplemental oxygen required to restore 
oxygen saturation to an adequate level is then established. An important caveat is 
that hypoxemia may be masked by short-term hyperventilation during the test; thus, 
a decline in PaCO 2  levels should be taken into account, especially in patients wishing 
to undertake prolonged fl ights.     

   References 

    1.    Keogh BA, Crystal RG. Pulmonary function testing in interstitial pulmonary disease. What 
does it tell us? Chest. 1980;78:856–964.  

    2.    Fulmer JD, Roberts WC, Von Gal ER, Crystal RG. Morphologic-physiologic correlates of the 
severity of fi brosis and degree of cellularity in idiopathic pulmonary fi brosis. J Clin Invest. 
1979;63:665–76.  

     3.    Cherniack RM, Colby TV, Flint A, Thurlbeck WM, Waldron Jr JA, Ackerson L, et al. 
Correlation of structure and function in idiopathic pulmonary fi brosis. Am J Respir Crit Care 
Med. 1995;151:1180–8.  

           4.    Wells AU. Pulmonary function tests in connective tissue disease. Semin Respir Crit Care Med. 
2007;28:379–88.  

    5.    Gibson GJ. Clinical tests of respiratory function. London: Chappell and Hall; 1996. p. 223–4.  
     6.    Wells AU, Desai SR, Rubens MB, Goh NS, Cramer D, Nicholson AG, et al. Idiopathic pulmo-

nary fi brosis: a composite physiologic index derived from disease extent observed on 
computed tomography. Am J Respir Crit Care Med. 2003;167:962–9.  

A.U. Wells and S. Ward



119

    7.    Broderich A, Fuortes LJ, Merchant JA, Galvin JR, Shwartz DA. Pleural determinants of 
restrictive lung function and respiratory symptoms in an asbestos-exposed population. Chest. 
1992;101:684–91.  

    8.    Colp C, Reichel J, Park SS. Severe pleural restriction: the maximum static pulmonary recoil 
pressure as an aide in diagnosis. Chest. 1975;67:658–64.  

    9.    Wright PH, Hansen A, Kreel L, Capel LH. Respiratory function changes after asbestos 
pleurisy. Thorax. 1980;35:31–6.  

        10.    Wells AU, King AD, Rubens MB, Cramer D, du Bois RM, Hansell DM. Lone CFA: 
a functional- morphological correlation based on extent of disease on thin-section computed 
tomography. Am J Respir Crit Care Med. 1997;155:1367–75.  

    11.    Mura M, Zompatori M, Pacilli AM, Fasano L, Schiavina M, Fabbri M. The presence of 
emphysema further impairs physiologic function in patients with idiopathic pulmonary fi brosis. 
Respir Care. 2006;51:257–65.  

    12.    Staples CA, Muller NL, Vedal S, Abboud R, Ostrow DN, Miller RR. Usual interstitial pneu-
monia: correlation of CT with clinical, functional and radiologic fi ndings. Radiology. 
1987;162:377–81.  

    13.    Xaubet Am Agusti C, Luburich P, Roca J, Montón C, Ayuso MC, et al. Pulmonary function 
tests and CT scan in the management of idiopathic pulmonary fi brosis. Am J Respir Crit Care 
Med. 1998;168:431–6.  

    14.    Wells AU, Hansell DM, Rubens MB, King AD, Cramer D, Black CM, et al. Fibrosing alveoli-
tis in systemic sclerosis: indices of lung function in relation to extent of disease on computed 
tomography. Arthritis Rheum. 1997;40:1229–36.  

     15.    Watters LC, King TE, Schwarz MI, Waldron JA, Stanford RE, Cherniack RM. A clinical, 
radiographic and physiologic scoring system for the longitudinal assessment of patients with 
idiopathic pulmonary fi brosis. Am Rev Respir Dis. 1986;133:97–103.  

     16.    King TE, Tooze JA, Schwarz MI, Brown KR, Cherniack RM. Predicting survival in idiopathic pul-
monary fi brosis: scoring system and survival model. Am J Respir Crit Care Med. 
2001;164:1171–81.  

       17.    Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al. An offi cial ATS/ERS/
JRS/ALAT statement: idiopathic pulmonary fi brosis: evidence-based guidelines for diagnosis 
and management. Am J Respir Crit Care Med. 2011;183:788–824.  

          18.    Eaton T, Young P, Milne D, Wells AU. Six-minute walk, maximal exercise tests: reproduc-
ibility in fi brotic interstitial pneumonia. Am J Respir Crit Care Med. 2005;171:1150–7.  

    19.    Idiopathic Pulmonary Fibrosis Clinical Research Network, Zisman DA, Schwarz M, 
Angstgrom KJ, Collard HR, Flaherty KR, Hunninghake GW. A controlled trial of sildenafi l in 
advanced idiopathic pulmonary fi brosis. N Engl J Med. 2010;363:620–8.  

      20.    Lama VN, Flaherty KR, Toews GB, Colby TV, Travis WD, Long Q, et al. Prognostic value of 
desaturation during a six-minute walk test in idiopathic interstitial pneumonia. Am J Respir 
Crit Care Med. 2003;168:1084–90.  

    21.    Hallstrand TS, Boitano LJ, Johnson WC, Spada CA, Hayes JG, Raghu G. The timed walk test 
as a measure of severity and survival in idiopathic pulmonary fi brosis. Eur Respir J. 2006;25:
96–103.  

    22.    Lederer DJ, Arcasoy SM, Wilt JS, D’Ovidio F, Sonett JR, Kawut SM. Six minute walk dis-
tance predicts waiting list survival in idiopathic pulmonary fi brosis. Am J Respir Crit Care 
Med. 2006;174:659–64.  

    23.    Martinez FJ, Safrin S, Weycker D, Starko KM, Bradford WZ, King Jr TE, et al. The clinical 
course of patients with idiopathic pulmonary fi brosis. Ann Intern Med. 2006;142:963–7.  

     24.    Egan JJ, Martinez FJ, Wells AU, Williams T. Lung function estimates in idiopathic pulmonary 
fi brosis: the potential for a simple classifi cation. Thorax. 2005;60:270–3.  

      25.    Latsi PI, du Bois RM, Nicholson AG, Colby TV, Bisirtzoglou D, Nikolakopoulou A, et al. 
Fibrotic idiopathic interstitial pneumonia: the prognostic value of longitudinal functional 
trends. Am J Respir Crit Care Med. 2003;168:531–7.  

6 Pulmonary Function Tests in Idiopathic Pulmonary Fibrosis



120

    26.    Ley B, Ryerson CJ, Vittinghoff E, Ryu JH, Tomassetti S, Lee JS, et al. A multidimensional 
index and staging system for idiopathic pulmonary fi brosis. Ann Intern Med. 2012;156:
684–91.  

       27.    du Bois RM, Weycker D, Albera C, Bradford WZ, Costabel U, Kartashov A, et al. Ascertainment 
of individual risk of mortality for patients with idiopathic pulmonary fi brosis. Am J Respir Crit 
Care Med. 2011;184:459–66.  

      28.    Collard HR, King Jr TE, Bartelson BB, Vourlekis JS, Schwarz MI, Brown KK. Changes in 
clinical and physiologic variables predict survival in idiopathic pulmonary fi brosis. Am J 
Respir Crit Care Med. 2003;168:538–42.  

    29.    Mura M, Porretta MA, Bargagli E, Sergiacomi G, Zompatori M, Sverzellati N, et al. Predicting 
survival in newly diagnosed idiopathic pulmonary fi brosis: a 3-year prospective study. Eur 
Respir J. 2012;040:101–9.  

     30.    Flaherty KR, Mumford JA, Murray S, Kazerooni EA, Gross BH, Colby TV, et al. Prognostic 
implications of physiologic and radiographic changes in idiopathic interstitial pneumonia. 
Am J Respir Crit Care Med. 2003;168:543–8.  

    31.    King Jr TE, Safrin S, Starko KM, Brown KK, Noble PW, Raghu G, et al. Analyses of effi cacy 
end points in a controlled trial of interferon-gamma1b for idiopathic pulmonary fi brosis. 
Chest. 2005;127:171–7.  

    32.    Jegal Y, Kim DS, Shim TS, Lim CM, Do Lee S, Koh Y, et al. Physiology is a stronger predictor 
of survival than pathology in fi brotic interstitial pneumonia. Am J Respir Crit Care Med. 
2005;171:639–44.  

    33.    Peelen L, Wells AU, Prijs M, Blumenthal JP, van Steenwijk RP, Jonkers RE, et al. Fibrotic 
idiopathic interstitial pneumonias: mortality is linked to a decline in gas transfer. Respirology. 
2010;15:1233–43.  

     34.    Corte TJ, Wort SJ, Macdonald PS, Edey A, Hansell DM, Renzoni E, et al. Pulmonary function 
vascular index predicts prognosis in idiopathic interstitial pneumonia. Respirology. 
2012;17:674–80.  

    35.    Schmidt SL, Nambiar AM, Tayob N, Sundaram B, Han MK, Gross BH, et al. Pulmonary func-
tion measures predict mortality differently in idiopathic pulmonary fi brosis versus combined 
pulmonary fi brosis and emphysema. Eur Respir J. 2011;38:176–83.  

     36.    Zappala CJ, Latsi PI, Nicholson AG, Colby TV, Cramer D, Renzoni EA, et al. Marginal decline 
in forced vital capacity is associated with a poor outcome in idiopathic pulmonary fi brosis. 
Eur Respir J. 2010;35:830–6.  

     37.    Richeldi L, Ryerson CJ, Lee JS, Wolters PJ, Koth LL, Ley B, et al. Relative versus absolute 
change in forced vital capacity in idiopathic pulmonary fi brosis. Thorax. 2012;67:407–11.  

     38.    Hunninghake GW. Antioxidant therapy for idiopathic pulmonary fi brosis. N Engl J Med. 
2005;353:2285–7.  

    39.    Buech MH, Denton CP, Furst DE, Guillevin L, Rubin LJ, Wells AU, et al. Submaximal exer-
cise testing in the assessment of interstitial lung disease secondary to systemic sclerosis: 
reproducibility and correlations of the 6-min walk test. Ann Rheum Dis. 2007;66:169–73.  

    40.    King Jr TE, Behr J, Brown KK, du Bois RM, Lancaster L, de Andrade JA, et al. BUILD-1: a 
randomized placebo-controlled trial of bosentan in idiopathic pulmonary fi brosis. Am J Respir 
Crit Care Med. 2008;177:75–81.  

    41.    Raghu G, Brown KK, Costabel U, Cottin V, du Bois RM, Lasky JA, et al. Treatment of idio-
pathic pulmonary fi brosis with etanercept: an exploratory, placebo-controlled trial. Am J 
Respir Crit Care Med. 2008;178:948–55.  

     42.    Flaherty KR, Andrei AC, Murray S, Fraley C, Colby TV, Travis WD, et al. Idiopathic 
 pulmonary fi brosis: prognostic value of changes in physiology and six-minute-walk test. Am J 
Respir Crit Care Med. 2006;174:803–9.  

    43.    du Bois RM, Weycker D, Albera C, Bradford WZ, Costabel U, Kartashov A, et al. Six-minute- 
walk test in idiopathic pulmonary fi brosis: test validation and minimal clinically important 
difference. Am J Respir Crit Care Med. 2011;183:1231–7.  

A.U. Wells and S. Ward



121

     44.    Lettieri CJ, Nathan SD, Barnett SD, Ahmad S, Shorr AF. Prevalence and outcomes of pulmonary 
arterial hypertension in advanced idiopathic pulmonary fi brosis. Chest. 2006;129(3):746–52.  

    45.    Burke CM, Glanville AR, Morris AJR, Rubin D, Harvey JA, Theodore J, et al. Pulmonary 
function in advanced pulmonary hypertension. Thorax. 1987;42:151–5.  

    46.    Nathan SD, Shlobin OA, Ahmad S, Urbanek S, Barnett SD. Pulmonary hypertension and pul-
monary function testing in idiopathic pulmonary fi brosis. Chest. 2007;131:657–63.  

    47.    Steen VD, Graham G, Conte C, Owens G, Medsger TAJR. Isolated diffusing capacity reduc-
tion in systemic sclerosis. Arthritis Rheum. 1992;35:765–70.  

    48.    Zisman DA, Karlamangla AS, Kawut SM, Shlobin OA, Saggar R, Ross DJ, et al. Validation of 
a method to screen for pulmonary hypertension in advanced idiopathic pulmonary fi brosis. 
Chest. 2008;133:640–5.  

    49.    ATS/ERS Task Force, Brusasco V, Crapo R, Viegi G, et al. General considerations for lung 
function. Eur Respir J. 2005;26:153–61.  

    50.    ATS/ERS Task Force, Brusasco V, Crapo R, Viegi G, et al. Standardisation of the single breath 
determination of carbon monoxide uptake in the lung. Eur Respir J. 2005;26:720–35.  

    51.   ARTP Working Groups on Standards of Care and Recommendations for Lung Function 
Departments. 2006. Quality assurance for lung function laboratories. Available from:   http://
www.ARTP.org.uk/      

    52.    Cotes JE, Chinn DJ, Miller MR. Lung function. 6th ed. Oxford: Blackwell; 2006. p. 79. ISBN 
13:978-0-6320-6493-9.  

   53.    ERS Task Force on Standardization of Clinical Exercise Testing, Roca J, Whipp BJ, et al. 
Clinical exercise testing with reference to lung diseases: indications, standardization and inter-
pretation strategies. Eur Respir J. 1997;10:2662–89.  

    54.    Reville SM, Morgan M. Biological quality control for exercise testing. Thorax. 
2000;55:63–6.  

    55.    Seccombe LM, Kelly PT, Wong CK, Rogers PG, Lim S, Peters MJ. Effect of simulated com-
mercial fl ight on oxygenation in patients with interstitial lung disease and chronic obstructive 
pulmonary disease. Thorax. 2004;59:966–70.  

    56.    Cramer D, Ward S, Geddes D. Assessment of oxygen supplementation during air travel. 
Thorax. 1996;51:202–3.  

    57.    Ernsting J, Nicholson AN, Rainford DJ, editors. Aviation medicine. 3rd ed. Oxford: 
Butterworth-Heinmann; 2000.  

    58.    British Thoracic Society Standards of Care Committee. Managing passengers with respiratory 
disease planning air travel: British Thoracic Society recommendations. Thorax. 2002;57:
289–304.  

    59.   British Thoracic Society Standards of Care Committee. Managing passengers with respiratory 
disease planning air travel: summary for primary care. 2004. Available from:   http://www.
britthoracic.org.uk/c2/uploads/FlightPCsummary04.pdf      

    60.    Martin SE, Bradley JM, Buick JB, Bradbury I, Elborn JS. Flight assessment in patients with 
respiratory disease: hypoxic challenge testing vs. predictive equations. Q J Med. 2007;100:
361–7.     

6 Pulmonary Function Tests in Idiopathic Pulmonary Fibrosis

http://www.artp.org.uk/
http://www.artp.org.uk/
http://www.britthoracic.org.uk/c2/uploads/FlightPCsummary04.pdf
http://www.britthoracic.org.uk/c2/uploads/FlightPCsummary04.pdf


123

    Abstract     Deleterious actions of antigen-activated T and B lymphocytes, the major 
cellular effectors of adaptive immune host defenses, underlie the pathogenesis of 
nearly every human fi broproliferative disease. Misdirected or especially intense and 
persistent adaptive immune responses can cause recurrent cellular injury and dys-
regulated tissue repair in other organs that are comparable to the lung abnormalities 
found in patients with idiopathic pulmonary fi brosis (IPF). This chapter includes a 
brief discussion of some relevant basic immunobiology to facilitate a better under-
standing of the mechanisms and typifying features of pathological adaptive immune 
responses. Subsequent sections then review fi ndings of the numerous translational 
studies that implicate adaptive immunity in the development and progression of IPF. 
Many diseases caused by adaptive immune responses are, like IPF, refractory to 
treatment with nonspecifi c glucocorticoid regimens. However, patients with these 
other immunological disorders often benefi t from treatment regimens that specifi -
cally target the causal infl ammatory mechanism(s). The author believes that appre-
ciation of the abnormal immune processes associated with IPF would justify trials 
of novel, mechanistically focused therapies that have the potential to benefi t patients 
with this morbid and heretofore intractable lung disease.  
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        Background 

 Idiopathic pulmonary fi brosis (IPF) was widely regarded to be an immunological 
disease until relatively recently. In part, those beliefs were due to considerations that 
adaptive immune responses play a central causal role in nearly every other human 
fi broproliferative disease [ 1 ]. Moreover, a series of studies had shown that overtly 
abnormal adaptive immune responses were prevalent in IPF patients [ 2 – 56 ]. Within 
the last decade or so, however, contrary opinions have been widely promoted [ 57 ,  58 ]. 
Accordingly, immunology is no longer generally regarded as relevant to IPF. 
The foundations of this paradigm shift were fueled in large part by frustration with 
the therapeutic ineffectiveness of nonspecifi c immunosuppressive regimens (largely 
glucocorticoid based) to alter the natural history of IPF [ 59 ]. However, many 
immune disorders are also often refractory to steroid treatments, particularly when 
they are severe, far-advanced (e.g., fi brotic), or rapidly progressive [ 60 – 70 ]. Indeed, 
arguments that IPF cannot have an immunological basis because it is steroid resis-
tant ignore a wealth of data to the contrary. 

 IPF pathogenesis is now most often attributed to recurrent injuries of alveolar 
epithelium in conjunction with dysregulated epithelial–fi broblast interactions [ 57 , 
 58 ,  71 ]. Aside from the assertions these processes cannot be immunological, the 
etiology of the underlying injury remains enigmatic despite long and intense study. 
However, analogous chronic fi brotic disorders that are completely devoid of an 
immunological component are not common in other organs (or organisms) [ 1 ,  72 ]. 
Hence, the pathogenesis of IPF seemingly has to involve a biological process that is 
unique to the lungs of older humans. 

 Notwithstanding contemporary opinions to the contrary, at least some investiga-
tors believe the evidence that adaptive immune responses are critically involved in 
IPF is overwhelming and irrefutable. Numerous recent studies have corroborated 
and extended earlier investigations by showing that myriad, highly pathogenic 
immunological responses are common, if not ubiquitous, among IPF patients (as 
will be detailed in subsequent sections of this chapter). Moreover, these immune 
abnormalities are also known to cause analogous chronic tissue injuries and fi brop-
roliferation in other human diseases [ 1 ,  72 ] and are, thus, biologically plausible 
causes for the lung pathology that typifi es IPF [ 59 ]. Furthermore, many of the 
immunologic abnormalities found in individual IPF patients are also highly associ-
ated with their clinical manifestations and disease prognoses, again paralleling fi nd-
ings in populations affl icted by other recognized immune disorders. 

 Observations made in a variety of animal models are often raised during discus-
sions of IPF pathogenesis, even though animal models do not accurately replicate 
human IPF [ 73 ,  74 ]. Accordingly, the use of imperfect animal models to extrapo-
late the causal mechanisms of IPF has limited rationale. It is clear from animal 
modeling that many mediators promote fi brosis [ 75 ,  76 ]. These and other similar 
basic investigations illuminate the importance of particular cytokines amid the 
complex, interactive, and redundant mediator cascades that result in pathological 
fi broproliferation [ 1 ,  72 ]. However, isolated, de novo, primary overproduction of a 

S.R. Duncan



125

profi brotic cytokine or other mediator has not been identifi ed among human 
patients, and this seems very unlikely to be a frequent cause of IPF. Conversely, 
adaptive immune responses are characteristically accompanied by increased pro-
ductions of a wide variety of potent mediators and effectors that cause or promote 
injury and fi broproliferation (including TNF-α and TGF-β) as will be subsequently 
described. Furthermore, several other animal models also show that aberrations of 
immunological host defenses per se readily cause chronic, progressive pulmonary 
fi brosis [ 77 – 79 ]. 

 Rather than add further obfuscation with arguments based on studies of animal 
models that likely have tenuous direct applicability to understanding human IPF, the 
following discussions in this chapter are largely focused on translational investiga-
tions of actual IPF patients and their clinical specimens. The author believes the 
number, quality, and rigor of these observations are more than adequate to support 
the theme and contention of this chapter. 

 To follow is a brief overview of key adaptive immune elements. The remainder 
of this chapter will then focus on the evidence that immune responses play a central 
role in the development and/or progression of IPF.  

    Basics of the Adaptive Immune System 

    General 

 A comprehensive review of immunology is beyond the scope and purpose of this 
chapter, and interested readers are directed to more detailed and elegant presenta-
tions elsewhere, including several outstanding general texts [ 80 – 82 ]. Appreciation 
and critical interpretation of the relevant research fi ndings in IPF patients, however, 
requires at least some familiarity with fundamental aspects of the adaptive immune 
system. 

 Adaptive immunity is an essential component of our defenses against microbes, 
noxious environmental agents, and malignancies, and it is usually highly effi cient, 
focused, and self-limited. Nonetheless, for a variety of reasons, only some of which 
are known, an infl ammatory cascade that is initially and appropriately targeted at an 
appropriate antigen (e.g., a microbial protein) can itself cause disease if unchecked 
or if misdirected against an autologous protein (i.e., autoimmunity) [ 83 – 86 ]. 

 Adaptive immunity exhibits two hallmark features that distinguish it from other 
host defense processes (e.g., the innate immune system), namely, the exquisite 
antigen specifi city of individual immune effector cells (i.e., lymphocytes) and 
amplifi cation of these immune responses by sometimes prodigious proliferations 
of the antigen-activated lymphocyte(s). These unique characteristics are conferred 
by the immunobiology of the three major components of the adaptive immune system: 
(1) human leukocyte antigen (HLA) molecules, (2) T cells, and (3) B cells. Interrelated 
abnormalities of all three elements have been described in IPF patients.  
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    HLA Alleles 

 HLA molecules (the human version of the major histocompatability complex) are 
highly specialized glycoproteins that present short peptides on the surfaces of 
antigen- presenting cells (APC) to adjacent T cells [ 87 ]. HLA-bound peptides, par-
ticularly those that are fragments of self-proteins (and these are often fragments of 
the HLA themselves), are usually ignored by T cells, whereas those that evoke a 
lymphocyte response (whether appropriately or inappropriately) are denoted as 
“antigens.” 

 HLA molecules are the most polymorphic proteins of humans, being encoded by 
a series of gene loci clustered on chromosome 6, and there are dozens or even hun-
dreds of distinct alleles that can occupy each of these loci [ 88 ,  89 ]. The major HLA 
loci can be subdivided into two classes. Although there are some notable excep-
tions, HLA Class I alleles (-A, -B, -Cw) primarily present peptides that are synthe-
sized endogenously within the APC per se (including viral proteins) and are 
recognized by CD8 T cells. HLA Class II alleles (-DR, -DQ, -DP) typically bind 
peptides that were synthesized exogenously to the APC, which are then engulfed, 
processed, and usually presented to CD4 T lymphocytes [ 87 ]. 

 Due to the unique physicochemical effects and interactions rendered by their 
respective, highly varied protein structures, each polymorphic HLA molecule is 
capable of effi ciently binding and presenting only a restricted set (motif) of peptides 
[ 87 ] (Fig.  7.1 ). Hence, HLA haplotype inheritance determines the fi nite repertoire 

  Fig. 7.1    HLA molecules present peptides to T cells. Schematically depicted here is a small peptide 
fragment presented in the cleft of a HLA Class I molecule (HLA-A) on the surface of an antigen-
presenting cell (APC). Dendritic cells, B cells, macrophages and, in some circumstances, other 
parenchymal and mesenchymal cells can effectively function as APC. The clefts of each HLA 
allele are distinctive, and only a fi nite number of specifi c, defi ned peptide motifs will bind in any 
particular HLA. Most peptide-HLA complexes are ignored by T-cell surveillance, but those HLA-
bound peptides that trigger T-cell responses are “antigens.” The invariant β 2  microglobulin (β 2 M) 
depicted here is a unique feature of HLA Class I molecules. HLA Class II molecule structures 
consist of heterodimeric α and β chains (from Wikipedia.com)       
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of antigens that can evoke adaptive immune responses in an individual. The evolution 
of HLA polymorphisms are the result of a fascinating interplay of environmental 
and sexual selective pressures [ 90 ,  91 ]. The net result is the presence of an incalcu-
lable range of potential antigen-binding motifs within the population, even if these 
are limited in any particular individual. This extreme diversity increases the proba-
bility that at least some individuals will be able to present the unique antigen 
sequences of newly encountered pathogens. Those who have fortunately inherited 
these particular HLA alleles will thus be more likely to mount an effective immune 
response and survive what could otherwise be an extinction event.

   A classic feature of adaptive immune disorders, especially autoimmune syn-
dromes, is the presence of one or more HLA allele frequency abnormalities within 
the disease population [ 89 ,  92 – 98 ]. Although critical for host defense, the presenta-
tion of peptides to T cells may instead be injurious if a particular antigen triggers an 
especially intense or prolonged immune response that escapes normal homeostatic 
controls, is a self-protein to which immunological tolerance has been lost (or was 
never established), or is suffi ciently similar in structure to evoke a cross-response to 
a self-protein (i.e., epitope mimicry) [ 83 – 86 ,  99 ,  100 ]. Individuals with a HLA 
polymorphism that effi ciently presents the disease-associated antigen(s) are more 
likely to have these deleterious immune responses, and the prevalence of that allele 
is thus overrepresented among the disease cohort [ 89 ,  92 – 98 ]. In contrast, individu-
als lacking these specifi c “predisposing” HLA allele(s) are less prone to develop 
that disease. Other HLA alleles may also more effectively induce immunologic tol-
erance to the disease-associated antigen/autoantigen or present different, relatively 
benign epitopes of the antigen and, thus, appear to be “protective” for this particular 
disease [ 83 – 86 ,  101 ]. 

 Alternatively, the presence of abnormal HLA allele frequencies in a disease pop-
ulation may in some cases be unrelated to the unique peptide binding motifs of that 
HLA per se, but are instead a genetic “marker” denoting the presence of a patho-
genic immunomodulatory gene(s) that is/are in linkage disequilibrium (LD) with the 
HLA allele. Many important immune-related genes are located within or in proxim-
ity to the HLA region and are often in LD with particular HLA alleles [ 89 ,  98 ].  

    T Cells 

 Thymus-dependent lymphocytes (T cells) function as the “sharp end of the immu-
nologic spear,” in that they initiate and sustain the complex infl ammatory cascades 
that occur after encounters and activation by appropriate or “inappropriate” (i.e., 
disease-causing) antigens [ 84 ,  85 ,  102 – 106 ]. 

 The antigen specifi city of T cells is a result of the extreme individual variabil-
ity of cell surface antigen receptors (TCR) present on each of these lymphocytes 
[ 87 ]. In effect, T cells are like snowfl akes in that, at least for practical purposes, 
every newly emergent lymphocyte bears completely distinct TCR (Fig.  7.2 ). 
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This individuality is a function of near-random recombinations of the multiple 
adjacent genes that encode the TCR proteins that occur during intrathymic matu-
ration [ 107 ,  108 ]. The resulting primary sequence of the TCR proteins on a par-
ticular lymphocyte affects the confi gurations (i.e., secondary and tertiary protein 
structures) of these receptors and, consequently, determines the physicochemical 
binding strengths (avidities) of their interactions with HLA–peptide complexes 
on the surfaces of APC (Fig.  7.3 ).
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  Fig. 7.2    Combinatorial rearrangements of lymphocyte antigen receptor genes. Each developing 
lymphocyte randomly (or near randomly) rearranges the numerous genes that encode their singular 
antigen receptors. One variable (V) gene recombines with one (each) diversity (D), joining (J) and 
constant region (C) genes. In addition, various numbers of nucleotides may be added or deleted, 
which results in frame shifts. The net effect is that each newly emergent lymphocyte has a unique 
antigen receptor nucleotide sequence that encodes their correspondingly highly variable antigen 
receptor proteins. In turn, this uniqueness imparts the distinctive avidities of these receptors for 
particular peptide antigens (B cells) or antigen-HLA complexes (T cells) (see Fig.  7.3 ). The immu-
noglobulin (antibody) gene rearrangements of B cells are depicted here, but the processes involved 
in the development of distinctive T-cell antigen receptors (TCR) are very analogous [ 107 ,  108 ] 
(from Wikipedia.com)       
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  Fig. 7.3    Schematic of the trimolecular complex that initiates adaptive immune responses. The 
heterodimeric T-cell antigen receptor (TCR) is depicted at  top  ( yellow  and  blue ). HLA Class II 
structures ( bottom ) are depicted in  red  and  green . The antigen is located centrally (which is a hem-
agglutinin (HA) peptide fragment in this example).  C  denotes the TCR constant region;  V  denotes 
the TCR variable region; α and β depict respective alpha and beta chains of the TCR and HLA. The 
 blue double-headed arrow  is a distance scale. The avidity of TCR for antigen-HLA complexes is 
determined by the complex confi gurations of the respective molecules and the strengths of interac-
tive forces (e.g., electrostatic, van der Waals) between them. The intricacies and distinctiveness of 
these complexes imparts the antigen specifi city of the adaptive immune system (reprinted by per-
mission from Macmillan Publishers Ltd: The EMBO Journal, Jens Hennecke, Andrea Carfi , Don 
C. Wiley, Structure of a covalently stabilized complex of a human αβ T-cell receptor, infl uenza HA 
peptide and MHC class II molecule, HLA-DR1, Nov;19(21):5611–5624, copyright 2000)       
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    Nascent T cells are highly selected during their intrathymic maturations to eliminate 
those bearing TCR that cannot effi ciently interact with self-HLA, as well as those 
with unduly high avidity for self-peptide–HLA complexes [ 108 ]. Additional lym-
phocyte selection processes occur in the periphery after their export from the thy-
mus [ 109 ]. These serial selections ultimately result in individuals having repertoires 
of T cells that bear potentially useful, but not (usually) self-damaging, avidities for 
autologous HLA–peptide complexes. Obviously, however, this intricate system is 
imperfect, given that some unlucky individuals are unable to mount an effective 
immune response to certain microbes or tumor antigens, whereas others are prone 
to develop autoimmune disorders [ 83 – 86 ]. 

 The uniqueness and fi nite specifi city of TCR result in only a very small propor-
tion of the naive T cells in an individual that can avidly bind to and initiate responses 
to any given antigen. As an example, viral capsid peptides are typically recognized 
by only 1 out of 10,000 to100,000 circulating T cells [ 110 ]. Thus, in order to mount 
an effective immune response to a particular antigen, activated T cells undergo 
repetitive cycles of proliferation that can result in extraordinarily large numbers of 
lymphocytes (clones) with identically rearranged TCR genes and identical antigen 
specifi cities [ 111 ,  112 ]. In especially prolonged and intense responses, as many as 
half or more of the circulating T cells in a diseased individual may be comprised of 
daughter progeny from a single or a very small number of antigen-stimulated pro-
genitors [ 111 – 113 ]. Although the ability to marshal a huge number of T cells with 
common specifi city for an important antigen(s) is highly adaptive for host defenses 
against virulent organisms, these exponential clonal amplifi cations can have delete-
rious consequences when the provocative stimuli are persistent/recurrent extrinsic 
antigens or self-peptides. 

 Expanded lymphocyte clones can be easily detected in clinical specimens by 
various laboratory techniques [ 113 ,  114 ]. The probability of fi nding even two T 
cells that share identical TCR purely by chance in a specimen has been conserva-
tively estimated as <1 in 1 × 10 7  [ 115 ]. Although some CD8 T cell clonality can be 
seen among apparently healthy aged subjects, circulating CD4 T cell clones are 
highly abnormal. Hence, fi ndings of CD4 T cell clonality are unmistakable evi-
dence of an adaptive immune response and most often represent a pathogenic pro-
cess, especially when these expansions are numerous and/or extreme [ 111 – 113 , 
 116 ,  117 ]. In distinction, immune responses to nonspecifi c mitogens or microbial 
superantigens are not mediated by engagements with distinct, specifi c individual 
TCR, and such responses are thus characterized by promiscuous (polyclonal) T-cell 
proliferations. 

 Under appropriate circumstances, TCR cross-linking by engagements with 
antigen- HLA complexes on the surfaces of APC mediate a series of intracellular 
signaling events that result in activation of the lymphocyte(s). Antigen-activated T 
cells begin transcription (and later translation) of a succession of intercellular medi-
ators (e.g., IL-2 followed by other cytokines and chemokines, enzymes, etc.). 
Activation also triggers DNA replication as a prelude to subsequent mitosis of that 
T cell [ 102 – 106 ]. Activated T cells have pleiotropic effector capabilities to effec-
tively counter microbes and tumors, but these same processes can cause or 
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contribute to tissue injuries when they become dysregulated, misdirected, or inordi-
nately intense and prolonged [ 1 ,  72 ,  83 – 86 ,  102 – 106 ].  

    B Cells 

 Antibody-producing lymphocytes were fi rst discovered in the bursa of birds (hence 
the “B-cell” designation) and are the third major element of the human adaptive 
immune system [ 118 ]. B cells share many features and general characteristics of T 
cells and were almost certainly the evolutionary progenitors of T cells. Like T cells, 
B lymphocytes also express individual cell surface antigen receptors (i.e., immuno-
globulins [antibodies]) such that each has a limited number of specifi cities. B cells 
are also selected during maturation in the bone marrow, and later in the periphery, 
to remove (albeit imperfectly) those lymphocytes that have enhanced potential for 
autoreactivity [ 119 ]. Much like TCR on T cells, the highly variable sequences of 
individual B cell antibodies are conferred by near-random rearrangements of the 
genes that encode these immunoglobulins [ 120 ] (see Fig.  7.2 ). The antibodies of 
each particular B cell have fi nite, restricted antigen specifi city. However, the huge 
number of these unique B lymphocytes in an individual, each with their respective, 
distinctive cell surface antibody, ensures that effective host responses can be 
mounted to a wide range of potential antigens. 

 B-cell activation is also triggered by antigen binding and cross-linking of the 
corresponding avidly bound cell surface antibodies, which are typically IgD or IgM 
isotypes on early/naïve lymphocytes. This antigen cross-linking initiates a series of 
transcriptional and translational events that result in an ordered series of cell matu-
rations and divisions that can result in huge numbers of genetically identical, 
antigen- specifi c (clonal) B-cell progeny. Among other consequences of this cascade 
of cell proliferation, the increasingly differentiated B cells, which eventually culmi-
nate in plasmablasts and plasma cells, are the most effi cient producers and secretors 
of antibodies [ 118 ,  121 ]. 

 Interactions of B cells and T cells are important in the development of fully func-
tional adaptive immune responses [ 121 ]. Activated B cells act as APC by internal-
izing antigens bound to their surface antibodies, and the intracellular antigens are 
then processed, packaged, and eventually presented in the clefts of the B cell HLA 
on the cell surface to proximate T cells (see Figs.  7.1  and  7.3 ). In turn, activated T 
cells (especially among the CD4 subpopulation) that share antigen specifi city with 
the B cell(s) provide “help” to the latter, a process that is mediated by specialized 
receptor–ligand interactions and soluble cytokines. This T-cell help further pro-
motes B-cell differentiation and is an absolute requisite for B cells to undergo iso-
type switching and produce IgG antibodies that are directed against and avidly bind 
protein antigens [ 121 ,  122 ]. Hence, fi nding antigen-specifi c IgG isotype antibodies 
(or autoantibodies) against peptide epitopes is de facto evidence of concomitant 
T-cell reactivity to those same antigens. 
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 The antigen specifi city of B cells appears to be more plastic than that of T cells. 
Later generations of the B-cell progeny produced during repetitive, antigen-driven 
cell divisions can begin to incrementally alter their immunoglobulin gene rearrange-
ments, resulting in productions of differently confi gured antibodies with potentially 
greater avidity for the antigen(s) (i.e., affi nity maturation) [ 123 ]. In some cases, 
especially in the context of intense or protracted immune responses, some of these 
antibodies might also recognize irrelevant proteins (including otherwise inert self- 
antigens). This generalization of immune responses (epitope spread) has been 
implicated in the development of many autoimmune syndromes that are associated 
with infections and malignancies [ 83 – 86 ,  99 ,  100 ]. 

 B cells can cause disease by a variety of mechanisms (Fig.  7.4 ). Antigen–antibody 
(immune) complexes that are deposited in tissues can activate complement cascades. 
In turn, the activated complement components are cytotoxic to proximate cells and 
can serve as potent chemoattractants for neutrophils [ 125 ]. Additionally, immuno-
globulins bound to cellular targets can trigger NK cell-mediated cytotoxicity [ 126 ]. 
These B-cell- and immune complex-mediated phenomena are of particular interest, 
as intrapulmonary cell apoptosis and neutrophil infi ltration also happen to be char-
acteristic histological fi ndings in IPF lungs, especially during acute exacerbations 
[ 59 ,  130 ,  131 ]. Antibodies can also have function-altering effects by cross-linking 
antigens bound to cell surface receptors (which can transduce cell signaling) or after 
gaining access to intracellular antigens [ 20 ,  124 ,  132 – 135 ]. While often overlooked, 
activated B cells also directly produce numerous cytokines and other mediators that 
have vasoactive, proinfl ammatory, and profi brotic actions [ 118 ].

        Adaptive Immune Abnormalities in IPF Patients 

    HLA Biases 

 As described earlier, HLA allele frequency biases are a characteristic of adaptive 
immune diseases (and especially autoimmune disorders) [ 84 ,  85 ,  89 ,  92 – 98 ]. 

 A series of early studies examined HLA allele frequencies in IPF patients prior 
to the paradigm shift that discounted adaptive immune processes in this disease 
[ 136 – 141 ]. HLA expressions were defi ned by using reference antibodies that have 
avidity to particular HLA alleles. This (now obsolete) method suffers both from 
poor specifi city (frequent antibody cross- reactivity to two or more distinct HLA 
alleles) and lack of sensitivity (antibodies are not available for all HLA alleles). 
Moreover, the full extent of HLA polymorphisms was not yet appreciated during 
that time period, and a number of alleles that are now known to be prevalent in 
humans (especially Class II alleles) were not even assayed. Other limitations of 
these earlier reports include what now seem to be very small numbers of subject’s 
(hence limited study power) absence of replication cohorts, and uncertain case defi -
nitions such that subjects with other interstitial lung diseases were enrolled and 
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admixed with IPF patients. Nevertheless, the fi ndings in all but two of these previ-
ous studies [ 137 ,  138 ] suggested that HLA allele frequency perturbations are pres-
ent in IPF. 

Autoantibody production

Autoantigen presentation to T cells

Cytokine production

Auto-
Immune
T cells

Auto-
antigen

B cells

Activated B cells

Induction of ectopic architecture

Surface
lymphotoxin

B cells

FDC

Activated
T cells

Antigen-positive
target cell

Autoantibodies

Plasma cells

Immune
complex

Lung deposition
Effector mechanisms
FcR. complement.
inflammation

Killing or removal
of self

Activated
autoreactive
T cells
Cytokine
production

More help for
B cells

Effects on
leukocytes and
stromal cells

Inflammation

Organized lymphoid
tissue in chronic
inflammation

Increased efficieny

a

b

c

d

  Fig. 7.4    Pathogenic effects of B cells. ( a ) Autoantibodies produced by B cells can form immune 
complexes in tissues (see also Fig.  7.15 ) that engage and activate Fc-receptor bearing cells. The 
latter include NK cells (which can then kill antibody-bound cells [ 126 ]) and macrophages (which 
elaborate proinfl ammatory mediators [ 124 ] as well as activate the cytotoxic and neutrophil- 
attracting complement system [ 125 ]). ( b ) B cells can also effectively present antigen and provide 
costimulatory signals to T cells, which can lead to T-cell activation. ( c ) B cells also release potent 
proinfl ammatory and vasoactive cytokines (similar to T cells). ( d ) B-cell aggregates in disease tis-
sue enhance immune responses (see also Fig.  7.14 ) (reprinted by permission from Macmillan 
Publishers Ltd: Nature Rev Drug Discovery, Jeffrey L. Browning, B cells move to center stage: 
novel opportunities for autoimmune disease treatment, Jul;5(7):564–575, copyright 2006)       
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 To our knowledge, there has been only one study of HLA allele prevalence in IPF 
patients that used contemporary molecular methodologies and disease criteria and 
prospectively replicated fi ndings in distinct cohorts (a current standard of genomic 
research) [ 142 ]. HLA Class II alleles were characterized in this study, which evalu-
ated 275 heterogeneous IPF patients from fi ve major US medical centers, by 
sequence-specifi c primers in polymerase chain reactions (SSP-PCR) and/or specifi c 
oligonucleotide probe assays. HLA DRβ1*15 was shown to be consistently overrep-
resented in the IPF cohorts compared to demographically matched healthy controls 
(Fig.  7.5 ). Those IPF patients who were positive for DRβ1*15 also had greater decre-
ments of diffusing capacity for carbon monoxide (DLCO) when compared to the 
subjects lacking this allele, and this fi nding appeared to be independent of pulmonary 
artery pressures or lung volumes.

   Overrepresentation of HLA DRβ1*15 is the most frequently reported immuno-
genetic fi nding in patients with diverse immunologic diseases, including 
Goodpasture’s syndrome and systemic lupus erythematosus (SLE), both of which 
are autoantibody-mediated illnesses, as well as multiple sclerosis, sarcoidosis, vari-
ous other autoimmune syndromes, and interstitial lung disease associated with 
rheumatoid arthritis (RA) [ 89 ,  92 – 98 ]. This particular allele has been implicated as 
conferring a genetic predilection for increased production of autoantibodies [ 143 ], 
and it was also recently linked to autoantibody production in IPF patients [ 124 ].  

    T Cells in IPF 

 Numerous reports show that many T-cell processes are manifestly abnormal in IPF 
patients [ 2 – 5 ,  7 ,  23 – 39 ,  45 ,  48 – 50 ,  52 – 55 ,  124 ,  130 ,  131 ,  144 – 150 ]. 

  Fig. 7.5    DRB1*1501 is over-represented in IPF patients. DRB1*1501 was signifi cantly more 
prevalent in the cumulative IPF population ( n  = 275) compared to demographically and geographi-
cally matched healthy controls ( n  = 285).  OR  odds ratio,  CI  confi dence interval. HLA allele biases 
are a characteristic feature of immunological disorders, and autoimmune diseases in particular [ 85 , 
 89 ,  92 – 98 ] (reprinted from [ 142 ])       
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 The usual interstitial pneumonia (UIP) or end-stage fi brosis that typifi es IPF lung 
histopathology is often (if somewhat glibly) described as lacking the infl ammatory 
cell infl ux that would seemingly be necessary to account for an immunological dis-
ease [ 57 ,  58 ]. However, it is by no means evident that lung biopsies of individuals 
with established fi brotic disease, which in all probability has been present (and pro-
gressive) over many years, can be extrapolated to accurately deduce the pathologi-
cal process(es) that occurred early in disease development. IPF is characteristically 
an insidious disease of older, more sedentary individuals, in whom the extent of 
lung dysfunction is often severe by the time of initial diagnosis [ 39 ,  151 ]. 

 With the exception of a very few focused research studies, isolated asymptomatic 
and functionally benign (and presumably early) interstitial lung diseases are often 
not detected, and even when they are, the patients with these disorders typically do 
not have lung biopsies [ 152 – 154 ]. As shown by some studies and other anecdotal 
reports, however, the development of UIP precedes the onset of symptoms and 
physiological abnormalities of IPF, and it often does so by several years [ 152 ]. 
Abnormal intrapulmonary infl uxes of activated T cells and characteristic chest CT 
infi ltrates were found to be present among much younger (by ~20 years) asymptom-
atic fi rst-order relatives of patients with familial IPF, implying that overt disease 
takes decades to fully manifest itself [ 153 ]. Matrix metalloproteinase-7 (MMP-7) 
was also abnormally increased in the sera of these younger subjects with early, 
asymptomatic lung disease [ 154 ]. MMP7 catalyzes the breakdown of extracellular 
matrix proteins during wound remodeling, and has been implicated as a pathologi-
cal mediator as well as a biomarker of interstitial lung diseases [ 155 ]. Moreover, 
serial histological assessments of injuries mediated by adaptive immune processes 
in other diseases and animal models follow a predictable pattern of initial T-cell 
infi ltration with subsequent reduction in the relative number of these lymphocytes 
as they are succeeded by the infl uxes of other immune effector cells (e.g., activated 
macrophages). The extensive fi brosis that eventually ensues after a prolonged adap-
tive immune response is, like IPF, typically pauci-cellular and may sometimes even 
be acellular [ 79 ,  156 ,  157 ]. 

 Furthermore, despite some suggestions to the contrary, infi ltrating T cells are 
much more numerous in IPF lungs than in normal lung specimens [ 26 – 54 ,  130 ,  131 , 
 141 ,  147 – 150 ,  158 ,  159 ]. The T cells in IPF lungs are heterogeneously distributed, 
but are especially prominent in proximity to active fi broproliferative foci [ 149 ,  150 ] 
(Fig.  7.6 ) as well as among specimens from patients with rapidly progressive dis-
ease [ 131 ]. The magnitude of intrapulmonary T-cell infi ltration in IPF is also cor-
related with the disease severity and prognosis of affl icted patients [ 148 ,  149 ]. 
These fi ndings would, in and of themselves, be curiously coincidental if immuno-
logical processes were irrelevant to the disease pathogenesis.

   Circulating T cells in IPF patients are also abnormally activated [ 145 ], defi -
cient in homeostatic, immune-dampening regulatory T-cell (T reg ) numbers and 
functions [ 146 ], and are characterized by the increased production of numerous 
intercellular mediators (Fig.  7.7 ). Several T cell-mediated processes injure or kill 
proximate bystander epithelium (e.g., FasL, perforin, granzyme B), and epithelial 
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  Fig. 7.6    T cells in IPF lungs. Immunohistochemical staining shows that abnormal CD3 +  T cell 
infi ltrates ( black cells  near  arrow ) in lungs of IPF patients are distributed heterogeneously, and are 
often especially prominent in proximity to fi broproliferative foci ( star ), in the UIP lung. These 
infi ltrates include both CD4 +  and CD8 +  T cells (not shown). Similar associations between infi ltrat-
ing T cells and fi broproliferation are present in other chronic human lung diseases (×10) (image 
courtesy of G. Rosen)       

  Fig. 7.7    T-cell activation and mediator production in IPF. Circulating T cells of IPF patients 
exhibit several abnormalities that show their participation in ongoing adaptive immune responses. 
Among many other alterations, CD4 T cells from patients with IPF are more activated than those 
of demographically matched healthy controls, which is illustrated here by their expressions of 
HLA Class II DR and CD154 (CD40L), and these T cells more frequently produce proinfl amma-
tory and/or profi brotic cytokines    (including TNF-α and TGF-β). (Reprinted with permission from 
The Journal of Immunology 2007 Aug;179(4):2592–9. Copyright 2007. American Association of 
Immunologists, Inc)       

cell apoptosis is a frequent fi nding in IPF lungs [ 59 ,  130 ]. Additional T-cell prod-
ucts associated with IPF can activate, recruit, and/or alter functions of other 
immune effector cells including macrophages, neutrophils, and B cells (e.g., IL-1, 
IL-4, IL-6, TNF-α) [ 145 – 148 ].
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   As described in an earlier section of this chapter, clonal proliferation of CD4 T 
cells is a pathognomonic fi nding that establishes the existence of an antigen-
driven, adaptive immune response [ 111 – 113 ]. Lymphocyte clonality assessments 
have been used for decades to identify and confi rm the immunological basis of 
many diseases in other organ systems [ 111 – 113 ,  160 – 162 ]. Independent corrobo-
rative investigations have shown that T-cell populations in IPF patients consis-
tently show the presence of numerous clonal proliferations [ 4 ,  5 ], including the 
striking observation that highly abnormal CD4 T-cell clonality was evident in 
every IPF subject tested, in striking distinction to age-matched, healthy individu-
als [ 145 ] (Fig.  7.8 ).

   With few exceptions, the identities of the antigen(s) that are driving T-cell activa-
tion and proliferation in IPF patients remain unknown. The IPF-associated antigen(s) 
could be a viral or another microbial product [ 163 ], an environmental agent [ 164 ], 
a chemically modifi ed self-protein [ 165 ], or an autologous protein to which immu-
nological tolerance has been lost or never developed [ 11 ,  13 – 23 ,  145 ,  166 ,  167 ]. 
Identifying the inciting agent(s) has considerable potential importance for possibly 
illuminating remedial or preventive strategies for IPF. As examples, if particular 
microbes triggered these pathogenic immune responses, eradication therapies 
could be benefi cial, as could minimizing or avoiding exposures to particular disease-
associated environmental agents. Since adaptive immune infl ammatory cascades 
triggered by diverse antigens are typically indistinguishable when disease is far 
advanced or fulminant [ 1 ,  102 – 105 ], it is not inconceivable that numerous, dis-
tinctly different antigens can cause or contribute to the pathological immune 
responses that are common among IPF patients. 

  Fig. 7.8    T-cell clonality in 
IPF patients. Partial 
characterizations of 
circulating CD4 T-cell 
repertoires in IPF patients 
show the universal presence 
of clonal expansions. This is 
a pathognomonic fi nding of 
adaptive immune responses 
to repetitive specifi c antigen 
encounters [ 111 – 113 ] 
(reprinted with permission 
from The Journal of 
Immunology 2007 
Aug;179(4):2592–9. 
Copyright 2007. American 
Association of 
Immunologists, Inc)       
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 One or more protein antigens within IPF lungs have been shown to induce 
autologous CD4 T-cell proliferations, unlike analogous preparations from lungs of 
normal subjects or other disease controls [ 124 ,  145 ] (Fig.  7.9 ). This is a very abnor-
mal and specifi c (“gold standard”) pathological fi nding, because T cells in healthy 
individuals are normally inert to anatomically accessible self-proteins [ 84 ,  85 ,  102 ]. 
T cells of some IPF patients were also recently shown to proliferate and produce 
IL-4 when co-cultured with heat shock protein 70 (HSP70) [ 124 ]. Expression of 
HSP70 is increased in IPF lungs [ 124 ], and the magnitude of this production is cor-
related with patient outcomes [ 168 ]. Given the important role of antigen-activated 
CD4 T cells in initiating and sustaining infl ammatory lesions that can result in 
severe organ injury [ 1 ,  72 ,  102 ], lymphocyte reactivity and profi brotic mediator 
production triggered by a protein that is abundantly expressed in diseased lungs 
(e.g., HSP70) are very unlikely to have benign consequences [ 124 ].

   The T-cell clonal expansions in IPF specimens (see Fig.  7.8 ) [ 4 ,  5 ,  145 ] also have 
additional pathological implications. Daughter progeny of T cells that have under-
gone multiple cell divisions in response to repetitive antigen stimulation (i.e., clon-
ally expanded T cells) develop profound phenotypic and functional changes. Among 
many other alterations, end-differentiated CD4 T lymphocytes permanently lose 
their cell surface CD28, whereas almost all circulating CD4 T cells in healthy 

  Fig. 7.9    Intrapulmonary antigens in IPF lungs. Boiled (denatured) water-soluble protein extracts 
of IPF lungs cause proliferation of autologous CD4 T cells, unlike the preparations from normal 
controls or patients with other lung diseases (most of which were COPD). Specifi c prolifera-
tion = proliferation in extract supplemented cultures minus media control proliferation. This is an 
extremely abnormal fi nding, and specifi c evidence of an ongoing immunological process. T cells 
do not normally react to proteins in tissues (because if they do so, they cause disease), and this is 
an upstream inciting event in many serious human disorders [ 1 ,  84 ,  85 ,  102 – 105 ]. The responses 
to IPF lung antigens here are not attributable to nonspecifi c mitogens (which have been denatured) 
or intrapulmonary microbes (none were found in the IPF specimens), whereas all of the COPD 
lungs had microbial colonization. One (of possibly many) intrapulmonary antigens of IPF patients 
is heat shock protein 70 [ 124 ] (reprinted with permission from The Journal of Immunology 2007 
Aug;179(4):2592–9. Copyright 2007. American Association of Immunologists, Inc)       
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normal subjects express this costimulatory molecule [ 169 ]. Another unusual feature 
and facile marker of end-differentiated CD4 T cells is their production of granzyme 
b and perforin [ 147 ,  170 ,  171 ]. In contrast, “normal” (naïve or less repetitively 
stimulated) CD4 T cells do not produce these potent cytotoxic mediators (Fig.  7.10 ). 
Granzyme b and perforin are especially useful specifi c markers for end- differentiation 
among the CD4 T cells localized in tissues, since many parenchymal infi ltrating 
lymphocytes transiently downregulate CD28 with their initial, acute activation in 
situ (for a few hours). However, these particular T cells do not exhibit the numerous 
other phenotypic and functional characteristics of end-differentiated lymphocytes 
(unpublished observations).

   Thus, the presence of increased proportions of circulating CD4 T cells that lack 
CD28 or tissue-infi ltrating CD4 T cells that express cytotoxic mediators are surro-
gate markers that identify clonal, antigen-differentiated effector memory lympho-
cytes, and this is pathognomonic for the presence of a chronic adaptive immune 
response [ 169 – 174 ]. The circulating peripheral blood of many IPF patients contains 
signifi cantly increased proportions of end-differentiated CD4 T cells (Fig.  7.11 ), 
and these highly altered, disease-associated lymphocytes are also present and easily 
identifi ed in the lungs of these patients (Fig.  7.12 ). Moreover, and as often described 
in many other immune-mediated disease populations [ 169 ,  170 ,  172 ,  174 ], the mag-
nitude of this T cell differentiation in individual IPF patients is also correlated with 
their disease manifestations and outcomes (Fig.  7.13 ) [ 147 ].

  Fig. 7.10    CD4 T-cell differentiation in IPF patients. In comparison to demographically matched 
normal controls, circulating CD4 T cells of many IPF subjects are highly differentiated, as evi-
denced (among other characteristics) by their downregulation of cell surface CD28. This T-cell 
differentiation is a consequence of prior repetitive antigen stimulation and multiple cell divisions, 
and it is a specifi c biomarker for the presence of a chronic adaptive immune responses [ 169 – 180 ] 
(reprinted from [ 147 ])       
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  Fig. 7.11    Altered characteristics of T cells in IPF patients. Among many other phenotypic and 
functional alterations not shown here, end-differentiated effector memory CD4 T cells (CD28 null ) 
in IPF patients have discordant expression of activation markers (HLA Class II DRβ1 and CD25), 
diminished production of FoxP3 (a transcription factor associated with regulatory T cell func-
tions), and enhanced production of cytotoxic mediators (e.g., granzyme b and perforin). All com-
parisons here to autologous “normal” (naïve or less differentiated CD28 +  CD4 T cells) were 
highly signifi cant. Analogous end-differentiation and essentially identically altered lymphocyte 
functions are seen in patients with numerous other chronic immune disorders [ 169 – 180 ] (reprinted 
from [ 147 ])       
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  Fig. 7.12    End-differentiated T cells in IPF lungs. ( a ) Confocal images show granzyme b +  CD4 +  
cells in IPF lung specimens. Other images (not shown here) confi rm that these cells co-express 
CD3 and are thus CD4 T cells. Effector memory CD4 T cells that have become highly differenti-
ated by repeated, antigen-driven proliferation produce cytotoxic mediators, including granzyme b, 
whereas “normal” (undifferentiated or minimally differentiated) CD4 T cells do not (see Fig.  7.10 ). 
( b ) Flow cytometric analyses of cells isolated from IPF lungs by enzymatic digestion confi rm that 
end-differentiated granzyme b + CD28 null  cells comprise a large proportion of the CD4 T lympho-
cytes in these specimens. These analyses were performed by gating on CD4 + CD3 +  CD56 null  cells 
in the digests. In contrast, end-differentiated CD4 T cells are rare in normal lung specimens 
(reprinted from [ 147 ])       
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     In addition to their enhanced production of cytotoxic mediators such as granzyme 
b and perforin, end-differentiated lymphocytes display autonomous and  facultatively 
increased elaboration of multiple cytokines and chemokines that are implicated in 
IPF pathogenesis (including IL-4, IL-6, IL-13, TNF-α, TGF-β), diminished FoxP3 
expression and T reg  function, and resistance to apoptosis and the effects of multiple 
immunosuppressant medications [ 147 ,  170 ,  175 – 180 ]. CD4 + CD28 null  T cells iso-
lated from clinical specimens are able to replicate [ 147 ,  170 ,  175 ,  178 ], but these 
have a fi nite, limited replication potential ex vivo due to their shortened telomeres, 
which is, in turn, a consequence of their having undergone multiple prior cell divi-
sions. This feature is likely to confound assays of telomere lengths based on the 
study of peripheral blood leukocytes among patients with IPF as well as non-IPF 
chronic immune diseases [ 181 ]. 

 Analogous T-cell differentiation does not occur in rodents, rendering study of 
these immunological processes dependent on the procurement of (typically) limited 
human specimens. The enhanced cytotoxic, proinfl ammatory, and profi brotic func-
tions of these CD4 + CD28 null  T cells are remarkably similar among the lymphocytes 
found in patient populations affl icted with very different clinical syndromes [ 147 , 
 169 – 180 ]. Thus, it appears that this lymphocyte differentiation process is an impor-
tant, biologically conserved adaptation to chronic/repetitive antigen exposures. 

  Fig. 7.13    The extent of CD4 T cell end-differentiation is associated with IPF outcomes. Chronic 
antigen encounters result in repeated divisions of T cells that bear identical antigen receptors and 
specifi city (clones). The daughter progeny of these T-cell expansions have numerous functional 
and phenotypic alterations compared to normal (naïve or less differentiated) CD4 T cells, includ-
ing downregulated cell surface expression of CD28 (see Figs.  7.10 ,  7.11 , and  7.12 ). CD28 is a 
costimulatory molecule for naïve T lymphocytes, but end-differentiated, CD28 null  effector memory 
CD4 T cells do not require costimulation. The magnitude of this process, easily ascertained by 
fl ow cytometric assays of circulating T cells, is highly associated with the manifestations and 
prognoses of patients with a variety of chronic immunological diseases [ 169 ,  170 ,  172 ,  174 ]. IPF 
patients with greater proportions of circulating, end-differentiated CD4 T cells (CD28 % Low) 
similarly have much worse prognoses than the patient cohort with more normal CD28 expression 
(CD28 % High).  HR  hazard ratio;  CI  confi dence interval (reprinted from [ 147 ])       
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Generation of CD4 + CD28 null  T cells has been hypothesized to augment the 
 effectiveness of defenses against diffi cult-to-eradicate infections (especially intra-
cellular pathogens) that undoubtedly were scourges of early humans (and proto-
humans) [ 169 ]. Nonetheless, this vestigial mechanism has been implicated as a 
dysfunctional contributor to many modern affl ictions, including various autoim-
mune syndromes, coronary artery disease, and IPF [ 147 ,  170 – 180 ]. 

 Many abnormalities of IPF T cells can cause or contribute to the recurrent inju-
ries and disordered repair processes that typify this lung disease. The deleterious 
cytotoxic actions of activated T cells on proximate tissues (including epithelia and 
endothelium) have long been recognized as critical steps in the genesis of diverse 
chronic diseases by investigators of gastrointestinal, renal, cardiac, dermatologic, 
and rheumatologic disorders [ 1 ,  72 ,  84 ,  85 ,  102 ,  104 ,  179 ]. Activated T cells also 
have many other direct effects on mesenchymal cells that promote the development 
of fi brosis [ 1 ,  84 ,  182 – 201 ]. IPF T cells have increased surface expression of CD40L 
(CD154) [ 145 ], which has the potential to stimulate fi broblasts bearing CD40 and 
thereby enhance their production of collagen and proinfl ammatory mediators [ 185 –
 188 ]. TGF-β plays a singularly important role in IPF through multiple profi brotic 
effects [ 1 ,  76 ] that include stimulation of fi broblast chemotaxis and the augmenta-
tion of extracellular matrix production [ 79 ,  198 ]. The TGF-β in diseased lungs has 
largely been attributed to production by epithelial cells or macrophages [ 1 ,  57 ], but 
activated CD4 T cells of IPF patients are also sources of this cytokine (see Fig.  7.7 ) 
[ 145 ,  147 ]. T cells from RA patients with phenotypes indistinguishable from those 
of IPF subjects [ 169 ,  173 – 178 ] were recently also shown to promote fi broprolifera-
tion mediated by CX 3 CR1 and TNF-α [ 197 ]. The fi broproliferative effects of T cells 
that have been specifi cally isolated from IPF patients have been less extensively 
studied, but these particular lymphocytes have, nonetheless, been shown to simi-
larly stimulate fi broblast proliferation and extracellular matrix production [ 55 ,  144 , 
 200 ]. CD4 + CD28 null  T cells of RA patients are especially potent stimulators of fi bro-
proliferation [ 197 ] and, although not yet directly tested, the otherwise identical end-
differentiated T cells of IPF patients [ 147 ] almost certainly have similarly enhanced 
effects on fi broblasts.  

    B Cells in IPF 

 Numerous striking B-cell abnormalities are also found in IPF patients. The presence 
of focal B-cell aggregates in diseased tissues is a pathognomonic feature of an 
ongoing, abnormal, adaptive immune response [ 129 ], and these aggregates are prev-
alent in IPF lungs [ 7 ,  8 ,  127 ,  128 ] (Fig.  7.14 ). In addition to being a nidus for the 
production of antibodies (and/or autoantibodies), B cells in these aggregates pro-
duce a variety of pathogenic cytokines, chemokines, and vasoactive mediators [ 118 , 
 129 ,  202 – 204 ]. Lymphoid aggregates in proximity to pulmonary blood vessels are 
associated with anatomic and functional vascular abnormalities in other disease 
populations [ 204 ]. Identical lesions in IPF lungs seem likely to play an analogous 
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role in the dysfunctional pulmonary circulation and/or gas exchange abnormalities 
that are common among these patients [ 59 ,  128 ,  205 ].

   A considerable body of compelling evidence implicates a role for autoantibodies 
in the progression of IPF. The immunoglobulin genes that encode antibodies are 
abnormally overexpressed in IPF lungs [ 6 ]. Additionally, pathogenic antibody–antigen 
(immune) complexes [ 125 ] are abundant in the sera, bronchoalveolar lavage fl uid, 
and lung parenchyma of IPF patients [ 9 – 13 ,  124 ] (Fig.  7.15 ). Diverse autoantibod-
ies against a variety of autologous proteins are found in IPF subjects [ 11 ,  13 – 23 ,  56 , 
 124 ,  166 ,  167 ], and, by using sensitive methods, autoantibodies can be detected in 
>80 % of these subjects [ 124 ,  145 ] (Fig.  7.16 ). In addition to having direct cytotoxic 
effects [ 21 ], autoantibodies isolated from IPF patients have been shown to increase 
alveolar epithelial cell production of TGF-β [ 20 ], and such autoantibodies can also 
activate monocytes, which then increase their production of IL-8 [ 124 ], a potent 
neutrophil chemotactic and activating chemokine that has been implicated in the 
pathogenesis of IPF [ 206 ]. Other autoantibodies isolated from IPF patients have 
direct cytotoxic effects [ 21 ], and immunoglobulins with specifi c binding avidity for 
IL-1α [ 21 ], periplakin [ 166 ], annexin 1 [ 167 ], and HSP70 [ 124 ] are signifi cantly 
associated with IPF progression (Fig.  7.17 ). The presence of anti- HSP70 autoanti-
bodies in IPF patients are also linked to HLA Class II allele frequency perturbations 
(Fig.  7.18 ).

      B-lymphocyte stimulating factor (BLyS), also known as B-cell activating factor 
(BAFF), is a specifi c, obligate, and nonredundant cytokine product of diverse cell 
types; BLyS has been demonstrated to be critical for B-cell survival, differentiation, 
and antibody production [ 207 ,  208 ]. Circulating concentrations of BLyS are increased 

  Fig. 7.14    B-cell aggregates in IPF lungs. Focal CD19 +  B-cell aggregates are prevalent in IPF 
lungs [ 7 ,  8 ,  127 ,  128 ]. These fi ndings are pathognomonic for the presence of chronic immune 
responses [ 129 ] and are associated with numerous disease-promoting effects [ 118 ]       
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  Fig. 7.15    Antibody-mediated processes in IPF lungs. Columns from  left  to  right  depict expression 
of heat shock protein 70 (HSP70), IgG, fi xed complement (C3), and isotype controls. Rows, from 
 top  to  bottom  depict lungs explanted during therapeutic transplantation from clinically stable IPF 
patients (Explant), warm autopsy specimens from IPF patients who died due to acute exacerba-
tions (AE), and normal lungs. IPF lungs invariably show over- expression of HSP70, which has also 
been identifi ed as an autoantigen in some IPF patients [ 124 ], and nearly all of these specimens also 
have deposits of IgG immune complexes and complement. Findings of immune complexes and 
complement in tissue indicate the presence of highly abnormal, antibody- mediated pathogenic 
processes [ 125 ], and these were not present in sections normal lungs. These abnormalities are even 
more prominent in the lungs of IPF patients dying with AE ( middle row ) (modifi ed and reprinted 
with permission of the American Thoracic Society. Copyright © 2013 American Thoracic Society. 
Kahloon RA, Xue J, Bhargava A, Csizmadia E, Otterbein L, Kass DJ, et al. idiopathic pulmonary 
fi brosis patients with antibodies to heat shock protein 70 have poor prognoses. Am J Respir Crit 
Care Med. 2013 Apr;187(7):768–75. Offi cial journal of the American Thoracic Society)       
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in conventional autoantibody-mediated disease syndromes (e.g., RA, SLE, Sjögren 
syndrome), and levels of this cytokine also correlate with clinical progression among 
the affl icted individuals [ 207 – 209 ]. BLyS levels are similarly elevated in IPF, and are 
also highly correlated with pulmonary artery pressures and mortality of these patients 
[ 128 ]. A specifi c anti-BLyS monoclonal antibody that inhibits the function of this 
cytokine (belimumab) was recently approved for use in SLE patients with pathologi-
cal  autoantibody disease manifestations, and the agent appears to have clinical effi -
cacy and minimal toxicity [ 66 ,  207 ]. If initial indications that BLyS is increased in IPF 
and strongly associated with clinical manifestations of individual patients are 
 corroborated [ 128 ], it may provide the rationale for experimental treatment of this 
disease cohort with belimumab and/or other analogous agents that are currently in 
development [ 207 ]. Circulating B cells in IPF patients were also described in this 
report to have greater proportions of antigen-differentiated, antibody-producing lym-
phocytes [ 128 ], which is also consistent with near-identical fi ndings in patients with 
other autoantibody-mediated diseases [ 210 – 212 ]. 

 Acute exacerbations of classic autoantibody-mediated pulmonary syndromes are 
characterized by histological fi ndings of diffuse alveolar damage with immune com-
plex and complement deposition, and such exacerbations, which are often associated 
with rapidly progressive lung function deterioration, are almost always refractory to 
treatments with steroids and other nonspecifi c medications [ 60 – 70 ]. However, these 
otherwise unremitting and lethal disorders may be amenable to directed, specifi c 
therapies that remove autoantibodies (e.g., plasma exchange) [ 61 ,  63 ,  213 – 215 ], 
decrease autoantibody production by depleting B cells (e.g., rituximab) [ 62 – 65 ,  67 –
 70 ,  212 ], interfere with B-cell maturation (e.g., belimubab) [ 207 – 209 ], and/or inhibit 
B-cell antibody production (e.g., intravenous immunoglobulin) [ 63 ,  213 ,  215 ]. 

 Acute exacerbations also occur in a sizeable proportion of IPF patients (see 
Chap.   16    ) and are associated with rapid (and often lethal) clinical progression, and 
such exacerbations are singularly refractory to treatment with corticosteroids and 
the conventional medical regimens that have been used to date [ 131 ,  216 ]. Also, like 
many other recognized autoimmune disorders, acute IPF exacerbations are charac-
terized by diffuse alveolar damage [ 17 ] and the presence of autoantibodies with 
defi ned specifi cities [ 21 ,  124 ,  167 ]. Indeed, autopsy specimens from IPF patients 
who die during acute exacerbations show especially prominent intrapulmonary 
immune complex and complement deposition (see Fig.  7.15 ). 

 If the pathogenesis of acute exacerbations of IPF is autoantibody-mediated, mecha-
nistically based therapies that are analogous to those used in conventional autoimmune 
disorders could benefi t patients with this rapidly progressive syndrome. Preliminary 
results of a pilot clinical trial to test this hypothesis will be presented soon [ 217 ].   

    Summary 

 The many interrelated and overlapping adaptive immune abnormalities among IPF 
patients more than fulfi ll criteria that have established the immunological basis of 
numerous, non-IPF diseases in various other organ systems. No other process, aside 
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  Fig. 7.17    Association of autoreactivity with outcome in IPF patients. Although there were no 
intergroup demographic or clinical differences at the time of specimen acquisitions, IPF patients 
with circulating autoantibodies against heat shock protein 70 (HSP70) had much greater 1-year 
mortality than anti-HSP70 negative subjects (reprinted with permission of the American Thoracic 
Society. Copyright © 2013 American Thoracic Society. Kahloon RA, Xue J, Bhargava A, 
Csizmadia E, Otterbein L, Kass DJ, et al. idiopathic pulmonary fi brosis patients with antibodies to 
heat shock protein 70 have poor prognoses. Am J Respir Crit Care Med. 2013 Apr;187(7):768–75. 
Offi cial Journal of the American Thoracic Society)       

  Fig. 7.16    Autoantibodies in IPF patients. ( a ) Plasma autoantibodies of IPF patients cause immu-
noprecipitation of a variety of cell proteins (i.e., autoantigens). Each lane depicts an immunopre- 
cipitant (IP) of a plasma sample from an individual with IPF or that from a demographically 
matched, healthy control. Molecular weight standards (kDa) are also shown, and defi ned, conven-
tional, autoimmune disease antigen standards (Std) (which were not autoantigens of these IPF 
patients) are also depicted.  Arrows  denote frequently seen ~75, 34, and 25 kDa autoantigens in IPF 
patients. One or more IP autoantibodies were present in >80 % of IPF specimens (reprinted with 
permission from The Journal of Immunology 2007 Aug;179(4):2592–9. Copyright 2007. American 
Association of Immunologists, Inc.). ( b ) Indirect immunofl uorescence assays (IFA) corroborate 
>80 % of IPF plasma specimens (from different subjects than those in  left panel  IP) are positive for 
anti-epithelial cell autoantibodies, compared to specimens from normal subjects. All specimens 
from IPF patients with acute exacerbations tested ( n  = 12) were similarly positive. Different pat-
terns of immunofl uorescence, as seen here ( a – d ), are consistent with the presence of numerous 
autoantibodies with specifi cities for diverse autoantigens located in varied cell compartments. 
Normal plasma specimens are depicted in panels  e  and  f  (reprinted with permission of the American 
Thoracic Society. Copyright © 2013 American Thoracic Society. Kahloon RA, Xue J, Bhargava A, 
Csizmadia E, Otterbein L, Kass DJ, et al. idiopathic pulmonary fi brosis patients with antibodies to 
heat shock protein 70 have poor prognoses. Am J Respir Crit Care Med. 2013 Apr;187(7):768–75. 
Offi cial Journal of the American Thoracic Society)       

from the presence of an active, ongoing immune response(s), can readily account 
for the concurrent HLA allele frequency biases, intrapulmonary lymphocyte infi l-
trates, and activated, mediator-producing, autoreactive, clonally expanded, and end-
differentiated T and B cells seen in IPF. Indeed, many IPF immunological 
abnormalities are also highly correlated with the observed disease manifestations 
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  Fig. 7.18    HLA allele biases of IPF autoimmunity. HLA-DRβ*11*15 is over-represented among 
IPF patients with circulating autoantibodies to HSP70, whereas HLA-DRβ1*11 appeared to be 
“protective” (see also Fig.  7.5 ). HLA allele biases are considered to be a hallmark characteristic of 
antigen-specifi c autoimmune responses [ 85 ,  89 ,  92 – 98 ] (Reprinted with permission of the 
American Thoracic Society. Copyright © 2013 American Thoracic Society. Kahloon RA, Xue J, 
Bhargava A, Csizmadia E, Otterbein L, Kass DJ, et al. idiopathic pulmonary fi brosis patients with 
antibodies to heat shock protein 70 have poor prognoses. Am J Respir Crit Care Med. 2013 
Apr;187(7):768–75. Offi cial Journal of the American Thoracic Society)       

and outcomes among individual patients. Analogous adaptive immune processes 
have been directly linked to the pathogenesis of most (if not all) other fi brotic disor-
ders in humans, and one need not evoke speculation of a heretofore unidentifi ed, 
unprecedented disease mechanism to account for the pathogenesis of IPF. The 
cumulative data strongly suggest that T-cell responses to an antigen, or perhaps a 
series of antigens, occur early in IPF, and such T-cell responses cause and/or pro-
mote lung injury. Additional studies have shown that these immune responses can 
subsequently generalize to also include autoreactivity, which almost certainly con-
tributes to disease progression among many IPF patients. 

 In light of the many positive and unequivocal fi ndings of biologically plausible, 
pathogenic immune responses in IPF patients, the current tendency for many lead-
ers in the fi eld to dismiss considerations that immunologic processes are involved in 
the genesis or progression of IPF seems unjustifi ed. This oversight may, in some 
instances, refl ect an incomplete understanding of fundamental immunobiological 
processes (e.g., not appreciating the importance and implications of fi nding lym-
phocyte clonal proliferations and autoreactivity). Another argument that is often 
heard is that “because IPF does not respond to steroids, it cannot be immunologi-
cal.” As detailed in this chapter, however, repetitively antigen-stimulated, end- 
differentiated, and highly pathological T cells found in IPF subjects are especially 
resistant to the effects of corticosteroids. Moreover, patients with any one of a vari-
ety of severe, rapidly progressive autoimmune syndromes, especially autoantibody-
mediated lung diseases, typically progress and often die when treated merely with 
corticosteroids, but some patients can and do respond to specifi c, mechanistically 
focused regimens. 
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 Current notions that the chronic lung injury that characterizes IPF are devoid of 
a signifi cant adaptive immune component have not led to an encompassing, cogent 
mechanism that explains the development or progression of IPF, nor have they 
resulted in practical treatments for this disease. New (or resurrected) paradigms, 
especially those with obvious novel treatment implications, should be entertained 
on the basis of scientifi c merit, and then scrupulously tested and advanced as 
appropriate. 

 A better understanding of the underlying pathogenic processes that cause or 
promote IPF could have tangible benefi ts for patients affl icted with this morbid 
disease. Valid, scientifi cally based insights into the pathological processes of IPF 
will enable us to rationally select and test specifi c, mechanistically targeted biologi-
cal response modifi ers that have the potential to be uniquely benefi cial for these 
otherwise doomed patients.     
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    Abstract     Idiopathic pulmonary fi brosis (IPF) is a disorder characterized by 
 progressive destruction of normal lung architecture and replacement with abundant 
matrix that stiffens the lung and leads to respiratory failure. The pathobiology of 
IPF is characterized by the presence of alveolar epithelial cell (AEC) injury and 
apoptosis, which is accompanied by progressive fi brosis. Thus, while infl ammatory 
signaling may still play a role in IPF, the previous paradigm of an  infl ammation- 
driven   disorder (alveolitis) has been supplanted by the concept of IPF as a disorder 
of AEC injury accompanied by a non-resolving wound-healing response. AEC 
injury and apoptosis result in disordered cross talk between the epithelial and mes-
enchymal compartments via aberrant cell behavior, profi brotic signaling, and loss of 
inhibitory homeostatic signals. These aberrant signals lead to disruption of the alve-
olar basement membrane, formation of a provisional matrix, and recruitment of 
mesenchymal cells to form the fi broblastic focus, which serves as the site of new 
matrix accumulation in IPF. Myofi broblast differentiation, matrix synthesis and 
deposition, and tissue remodeling occur in response to transforming growth factor- 
β(beta) (TGF-β) and other growth factors. This remodeling process yields a stiff-
ened, fi brotic matrix that independently perpetuates the fi brotic process via 
activation of TGF-β signaling and myofi broblast differentiation. 

 Despite this mechanistic understanding of the reparative process, the etiology for 
the lack of resolution in IPF compared to other responses to lung injury remains 
unknown. While an effective therapy for IPF remains elusive, approaches to therapy 
have begun to evolve toward targeted therapies directed at putative growth factors, 
receptors, and enzymes for which robust evidence now exists regarding their mech-
anistic involvement in matrix remodeling.  
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        Introduction 

 The normal reparative response to tissue injury is characterized by the orchestrated 
involvement of multiple cell types under the infl uence of myriad autocrine, para-
crine, and infl ammatory mediators with the goal of reestablishing tissue integrity 
and barrier function. Wound healing in the adult does not fully recapitulate embryo-
logic developmental patterning, resulting in the formation of a scar at the site of 
injury [ 1 ,  2 ]. Resolution of the reparative response is important to preserve existing 
normal tissue architecture and involves the tight spatiotemporal regulation of the 
involved signals [ 3 ]. Fibrosis, characterized by excessive extracellular matrix accu-
mulation and disruption of normal tissue architecture, can occur as a result of 
chronic injury, chronic infl ammation, or dysregulation of the normal reparative pro-
cess within a tissue bed. 

 The wall of the alveolus of the lung is formed by delicately apposed monolayers 
of alveolar epithelial cells (AECs) and endothelial cells, separated only by their 
respective basement membranes [ 4 ]. This delicate architecture forms the primary 
gas-exchanging interface of the lung, allowing rapid diffusion of oxygen and carbon 
dioxide between the alveolar airspace and the alveolar–capillary blood. The sur-
rounding supporting interstitial spaces of the lung are comprised of a fi ne network of 
fi brillar proteins (collagens, fi bronectin, elastin) in composite with hydrated glycos-
aminoglycans [ 5 ]. In pulmonary fi brosis, there is a dramatic disruption of this intri-
cate structure, with expansion of the connective tissue compartment of the lung due 
to the accumulation of matrix components, associated alveolar obliteration and col-
lapse, and progressive distortion of normal lung architecture [ 6 ]. These changes result 
in disturbances in gas exchange and, when progressive, respiratory failure and death. 

 Idiopathic pulmonary fi brosis (IPF) is one of several lung disorders that are 
characterized by pulmonary fi brosis. In contrast to several other forms of pulmonary 
fi brosis, such as the fi broproliferative phase of acute respiratory distress syndrome 
(diffuse AEC injury) or fi brotic sarcoidosis (exuberant granulomatous infl amma-
tion), the underlying etiology of the fi brotic response is not immediately apparent 
in IPF. The histopathology of IPF is defi ned by the usual interstitial pneumonia 
(UIP) pattern [ 7 ], which is characterized by spatial variegation of the fi brotic pro-
cess [ 6 ,  8 ,  9 ] with normal-appearing areas of lung adjacent to areas characterized 
by severe scarring, architectural distortion, and the presence of microscopic honey-
combing [ 6 ,  7 ]. 

 Staining for early collagen forms, indicative of collagen synthesis, reveals that 
active, synthetic fi broblasts are present in clusters, termed fi broblastic foci, near the 
air–tissue interface [ 6 ]. The presence of these spatially discreet foci of “activated” 
fi broblasts in juxtaposition to areas of “old” scar containing fewer fi broblasts and 
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more mature collagen along with normal-appearing alveoli suggests an indolent, but 
progressive, process. The presence of these various stages of fi brosis with the same 
pathologic specimen is termed “temporal heterogeneity” and is a required diagnostic 
element of the UIP pattern [ 7 ]. While areas of scarring may contain a mild, mixed 
infl ammatory infi ltrate as part of the UIP pattern, it does not predominate when 
compared to the fi brotic reaction. 

 The distinctive lesions of IPF, the fi broblastic foci, lend some insight into the 
underlying biology mediating this disorder. The fi broblastic foci are the site of “new 
fi brosis,” with fi broblasts most proximal to the airspace demonstrating the greatest 
amount of collagen synthesis. Basal lamina remnants appear on the interstitial side 
of the fi broblastic focus, suggesting that this structure has developed within the 
previously normal airspace [ 6 ]. Supporting this concept, foci are often associated 
with a poorly adherent, hyperplastic epithelial cell layer on their luminal (airspace) 
side, with areas of epithelial sloughing. These structures form a reticulated network 
of fi brosis throughout the lung and are thought to represent the “leading edge” of 
new fi brosis [ 10 ]. The number of these structures present on surgical lung biopsy 
specimens correlates with survival [ 11 ,  12 ], consistent with their role in disease 
progression.  

    An Overview of the Current and Evolving Model 
of IPF Pathogenesis 

 Given that several forms of pulmonary fi brosis are the result of a robust infl amma-
tory response [ 13 ], it is not surprising that historically, IPF was originally viewed 
as a disorder primarily characterized by an early, macrophage-mediated alveolitis, 
with resultant progressive tissue fi brosis [ 14 ,  15 ]. The development of more pre-
cise classifi cation schemes for the idiopathic interstitial pneumonias resulted in an 
improved appreciation of the lack of extensive infl ammation in the histopathology 
of IPF [ 7 ] and called into question the role of infl ammation in the disease process. 
It is now clear that broad inhibition of immune function using corticosteroids and 
azathioprine does not positively affect disease progression and patient outcomes 
[ 16 – 18 ]. Thus, the concept of IPF as a product of a robust, disordered infl amma-
tory state has been supplanted by the current concept of IPF as a disorder resulting 
from repetitive AEC injury and an aberrant, non-resolving wound-healing response 
[ 19 ,  20 ]. 

 The temporal relationships of the key pathogenic events of IPF are largely 
inferred from the knowledge gained from several decades of investigations into the 
mechanisms of epithelial cell injury and the reparative response of cells and tissues 
to such injury [ 2 ,  21 ,  22 ]. These processes have been most robustly studied in mod-
els of dermal wounding, and coupled with data from animal models of pulmonary 
fi brosis and correlative studies in IPF lungs specimens, these investigations have led 
to the current model of disease pathogenesis in IPF. 
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 The initiation of IPF pathogenesis is thought to be the result of injury to the type 
I alveolar cells, which leads to AEC apoptosis and disruption of the AEC layer. 
Residual AECs are aberrantly activated and secrete profi brotic cytokines [especially 
transforming growth factor-β(beta) (TGF-β)], chemokines, and proteases that trig-
ger the recruitment and activation of infl ammatory cells and fi broblasts. The local 
elaboration of matrix metalloproteinases (MMPs) results in disruption of the basal 
lamina of the alveolus. These changes are summarized in Fig.  8.1 . AEC injury is 
accompanied by the formation of a serum-derived fi brinous exudate that serves as a 
provisional matrix analogous to that of dermal wounds [ 23 ]. Chemokines and 
serum-derived factors present in the provisional matrix lead to the infl ux of fi bro-
blasts from the local interstitial cell population, along with potential contributions 
from circulating cell populations and epithelial to mesenchymal transition (EMT) of 
local AECs (Fig.  8.2 ). Subsequent activation of these fi broblasts by TGF-β(beta) 
results in a highly contractile and synthetic fi broblast phenotype, termed the myofi -
broblast, which serves as the primary effector cell for matrix production and tissue 
remodeling. Myofi broblast activation and tissue remodeling persist in IPF, possibly 
due to failure to reestablish normal epithelialization or aberrant behavior of the 
myofi broblasts. Progressive matrix deposition and remodeling ensues, resulting in a 
severely disordered tissue architecture (honeycombing) and organ dysfunction 
(Fig.  8.3 ).

     Several novel concepts that build upon this conceptual framework have emerged 
in recent years and are discussed in greater detail later. Repetitive epithelial cell 

  Fig. 8.1    Epithelial injury and apoptosis initiate the fi brotic response in IPF. Epithelial cell injury 
leads to apoptosis and AEC dropout, resulting in a denuded basement membrane and loss of inhib-
itory signaling to fi broblasts via prostaglandin E2 (PGE2). Under the infl uence of TGF-β/BMP 
signaling and WNT/β-catenin signaling, residual AECs become activated and undergo EMT, 
resulting in the elaboration of multiple profi brotic cytokines, including TGF-β. Activation of 
MMPs adjacent to the basement membrane (from AECs or subbasement membrane fi broblasts) 
leads to disruption in the basement membrane ( broken lines )       
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injury may be triggered by a combination of genetic/age-related factors that lead to 
increased susceptibility to AEC stress coupled with a “second hit” of exposure to 
environmental “triggers” such as tobacco smoke, gastroesophageal refl ux, or viruses 
that trigger epithelial injury [ 24 – 26 ]. Global analysis of gene expression and non-
coding microRNA in human subjects with IPF have demonstrated that signals asso-
ciated with embryologic development and TGF-β(beta)-associated signals comprise 
a signifi cant portion of the reparative gene expression response in IPF [ 27 ]. These 
pathways are linked to the epithelial cell responses to injury, repair of the disrupted 
alveolar cell layer, and myofi broblast activation in IPF. How differences between 
the developmental and reparative response in these signaling pathways lead to the 
propagation of fi brosis remains an area of investigation [ 28 ]. Finally, remodeled, 
fi brotic matrix is not merely the end result of the fi brotic response. Biomechanical 
features of the matrix environment, such as its stiffness, are an independent deter-
minant of fi broblast response and fi brotic progression, suggesting a new mechanism 
of aberrant cell behavior/function in IPF. In total, these mechanisms result in a 
mutually reinforcing cycle of fi brotic signaling that leads to non-resolving tissue 
fi brosis (Fig.  8.4 ). The subsequent sections explore these concepts in detail.

  Fig. 8.2    Formation of the provisional matrix and recruitment of mesenchymal cells in IPF. A 
serum-derived exudate forms within the alveolar airspace, presumably due to epithelial cell injury, 
basement membrane disruption, and changes in alveolar–capillary permeability. Activation of the 
coagulation cascade results in the conversion of fi brinogen to fi brin to form a provisional matrix. 
Serum-derived mediators present within the wound clot, such as platelet-derived growth factor 
(PDGF), recruit fi broblasts, while the CXCL12 and other chemokines may recruit circulating 
fi brocytes. AECs that have undergone EMT may account for some of the mesenchymal-type cells 
which populate the provisional matrix as well. Each of these cell types is activated by AEC-derived 
TGF-β, promoting the remodeling response       
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       Alveolar Epithelial Cell Injury 

    Alveolar Epithelial Cell Injury and Apoptosis 

 The normal alveolar epithelial lining of the lung is comprised of two types of epi-
thelial cells, type I and type II, which form a layer of single cell thickness. Type I 
cells are fl at, highly specialized cells whose membrane comprises the bulk of the 
alveolar–capillary interface in normal lung tissue [ 29 ]. Type II cells have a cuboi-
dal morphology, with intracellular lamellar bodies. Type II cells secrete surfactant 
proteins, retain proliferative capacity, and are responsible for the regeneration of 
epithelium after injury [ 30 ], including trans-differentiation to type I cells [ 31 ]. In 
IPF, AEC morphology is severely deranged, with overt epithelial cell necrosis and 
denudation of the capillary basement membrane [ 32 ] as well as extensive type II 
pneumocyte apoptosis [ 33 ]. Alveolar spaces that have been disrupted by extensive 
fi brotic changes in IPF lungs are lined with numerous, hyperplastic type II pneu-
mocytes that may be derived from the adjacent bronchiolar lining cells [ 34 ] and 
elongated epithelial cells that are abnormal in appearance [ 35 ]. The presence of 

  Fig. 8.3    Formation of the fi broblastic focus and mechanisms of tissue remodeling in IPF. 
Fibroblasts undergo activation by TGF-β, thrombin, and other growth factors, increasing the pro-
duction of EDA fi bronectin, collagen isoforms, and other matrix components. Deposition of EDA 
fi bronectin by myofi broblasts serves as a template for collagen fi bril incorporation. Collagen fi brils 
are then cross-linked via the action of lysyl oxidases (LOXL2), contributing to increases in matrix 
stiffness (elasticity). Persistence of newly synthesized matrix is promoted by local increases in 
TIMP2, inhibiting degradation. Increases in tissue stiffness independently promote myofi broblast 
activation and differentiation, perpetuating the fi brotic response. Vascular obliteration and inhibi-
tion of neovascularization in the area of the fi broblastic focus is potentiated by an anti-angiogenic 
environment, with elevated PEDF and low VEGF levels. Progressive remodeling of this lesion 
results in architectural distortion and honeycombing       
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these abnormal epithelial phenotypes in areas that normally contain predominately 
type I epithelial cells is suggestive of a failure of normal re-epithelialization after 
injury [ 36 ]. 

 While AEC injury could be consequent to the development of a fi brotic response, 
several lines of evidence suggest that AEC injury may be an inciting event. In IPF, 
AEC apoptosis is present in areas without signifi cant interstitial fi brosis, suggesting 
that this process may be a primary inciting factor [ 33 ]. Several exogenous agents 
that could trigger alveolar epithelial injury are associated with the development of 
IPF. Gastroesophageal refl ux disease is present in up to 90 % of patients with IPF 
[ 37 ,  38 ], and coexisting treatment with proton pump inhibitors or Nissen fundopli-
cation has been associated with longer patient survival [ 39 ,  40 ]. Approximately 
70 % of IPF patients are current or former cigarette smokers [ 41 ], and current or 
former cigarette smoking is a powerful risk factor for the development of both IPF 
and familial pulmonary fi brosis [ 42 ,  43 ]. Workplace exposures are less robustly 
linked [ 44 ] but may contribute to risk in a cohort of IPF patients. Several viruses that 
are trophic for the lung epithelium have been identifi ed in IPF lungs [ 45 ], with the 

  Fig. 8.4    Mutually reinforcing reciprocal signaling in pulmonary fi brosis. The pathobiology of IPF 
is characterized by AEC injury, activation of the coagulation cascade, fi broblast activation, and 
reorganization of the matrix. During pulmonary fi brosis, mutually reinforcing signals across com-
partments contribute to the propagation of the reparative response. Transforming growth factor-β 
is a central coordinator, integrator, and amplifi er of the fi brotic response via its cell- and 
compartment- specifi c effects       
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family of herpes viruses having the strongest association. A high prevalence of herpes 
virus DNA has been identifi ed in the AECs and immune cells of the IPF lung [ 46 – 48 ]. 
The presence of herpes viral antigens has also been associated with signs of endo-
plasmic reticulum (ER) stress in the AECs [ 49 ], suggesting another possible mecha-
nism of injury. 

 AECs from patients with IPF may have an intrinsic defect conferring susceptibil-
ity to injury and apoptosis. Several rare mutations in surfactant protein C (SP-C), a 
protein produced by the AEC type II cells, have been identifi ed in patients with the 
familial form of pulmonary fi brosis [ 50 ,  51 ], which can have an identical histopa-
thology to sporadic IPF. These mutations alter the processing of SP-C by AEC type 
II cells, leading to defi cient expression and secretion, endoplasmic reticulum stress, 
and apoptosis [ 51 – 53 ]. Mice with germ-line deletion of SP-C develop interstitial 
lung disease as adults [ 54 ], suggesting a causal relationship for disordered SP-C 
biology. Rare mutations in surfactant protein A2 have also been identifi ed in patients 
from two kindreds with familial pulmonary fi brosis, and these mutations result in a 
similar defect in protein stability, defective secretion, and a subsequent increase in 
ER stress-associated signaling [ 55 ]. 

 Several mutations in the two components of telomerase, telomerase reverse tran-
scriptase (hTERT) and the RNA component of telomerase (hTR) [ 56 ,  57 ], have 
been identifi ed in patients with familial pulmonary fi brosis. Chromosomal telomere 
shortening, which occurs with cell division and aging, is associated with the devel-
opment of cell senescence and susceptibility to apoptosis [ 58 ]. Telomerase is pres-
ent in progenitor cells, where it counteracts telomere shortening, preserving 
proliferative potential [ 59 ]. When compared to age-matched family members with-
out the mutation, family members with hTERT and hTR loss of function mutations 
had shorter telomeres and an increased risk for the development of pulmonary fi bro-
sis [ 56 ]. The presence of these mutations has been associated with a penetrance of 
pulmonary fi brosis of 40 % in affected individuals [ 60 ]. However, the mutations 
identifi ed are rare and have only been identifi ed in a small percentage of patients 
with sporadic IPF [ 61 ]. The concept of telomere length-dependent susceptibility to 
alveolar epithelial injury and the development of pulmonary fi brosis is supported by 
the identifi cation of short telomeres as an independent risk factor for the develop-
ment of sporadic IPF [ 62 ]. Additionally, a genome-wide association study (GWAS) 
has identifi ed a common single nucleotide polymorphism (SNP) in the hTERT gene 
that confers risk for the development of IPF [ 63 ]. 

 Linkage analysis of a cohort of Finnish families with familial pulmonary fi brosis 
identifi ed the gene ELMO domain containing 2 (ELMOD2) [ 64 ,  65 ] as a candidate 
gene associated with the development of pulmonary fi brosis. ELMOD2 is normally 
expressed in epithelial cells and macrophages of the lung, but ELMOD2 expression 
was signifi cantly decreased in lungs of patients with pulmonary fi brosis. ELMOD2 
may play a role in the response of epithelial cells and macrophages to viral infection 
[ 64 ], potentially linking an environmental and genetic trigger in this disorder. 

 Two large genome-wide association studies (GWAS) have identifi ed a SNP in 
the promoter region of the mucin 5B gene (MUC5B) that is strongly associated with 
the development of familial and sporadic forms of pulmonary fi brosis [ 66 ,  67 ]. 
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The minor (risk-conferring) allele was present in 34–38.5 % of IPF cases and 9–11 % 
of controls. The presence of homozygosity for the minor allele confers a ten- to 
twenty- fold increase in the risk for developing IPF. MUC5B is present at increased 
levels in fi brotic areas of IPF lungs, and the mutant allele for this gene is associated 
with signifi cantly increased expression of MUC5B in lungs of subjects without pul-
monary fi brosis when compared to counterparts homozygous for the wild-type 
allele. This suggests that the MUC5B SNP results in alterations in gene expression 
that may contribute to the development of IPF. 

 Finally, ER stress is present in the epithelial cells of lungs from patients with 
sporadic IPF, independent of known genetic defects. The ER stress markers ATF4, 
ATF6, and CHOP are preferentially localized to the epithelial cells of patients with 
sporadic IPF, in contrast to normal lungs or lungs from patients with chronic 
obstructive pulmonary disease [ 68 ]. These changes were often localized to areas 
with signifi cant fi brosis and co-localized with markers of apoptosis, suggesting a 
role for ER stress and cellular apoptosis in the fi brotic process [ 68 ]. 

 These observations provide conceptual evidence that intrinsic epithelial defects 
may render the epithelial cell susceptible to repetitive injury, possibly from the envi-
ronmental factors listed above, which could lead to perpetuation of the wound- 
healing response. Several of these observations shed light on potential mechanisms 
mediating the age-related incidence of IPF, as aging is associated with shortened 
telomeres [ 58 ] and increased markers of ER stress [ 69 ], potentially increasing the 
susceptibility to repetitive epithelial cell injury with advancing age.  

    Aberrant Epithelial Cell Signaling 

 AEC injury is a key inciting factor in the initiation of the reparative response in the 
lung. This concept has been experimentally demonstrated by targeted injury to type 
II AECs in mice via transgenic expression of SP-C-driven diphtheria toxin receptor 
expression, followed by intraperitoneal diphtheria toxin administration. Changes in 
AEC gene expression and function were present in the transgenic animals, and 
repeated exposure to diphtheria toxin resulted in the development of alveolar inter-
stitial fi brosis without induction of infl ammation [ 70 ]. 

 Several potential mechanisms likely account for the development of fi brosis in 
response to AEC injury, including the loss of homeostatic signaling, aberrant func-
tion of residual, activated epithelial cells, and the elaboration of local profi brotic 
cytokines (see Fig.  8.1 ). Type II AECs maintain normal alveolar homeostasis via the 
production of surfactant, the regulation of fl uid balance, and the interaction with 
other structural cells of the alveolus [ 71 ]. AECs also maintain cell–cell contact with 
the fi broblasts of the alveolar wall under normal conditions [ 72 ], but the function of 
these connections remains obscure. Under normal conditions, AECs have an inhibi-
tory effect on fi broblasts [ 73 ]. In IPF, loss of inhibitory signaling from the AEC to 
the mesenchyme may result from AEC dropout. One potential mediator of mesen-
chymal inhibition is prostaglandin E2 (PGE2). PGE2 is a product of cyclooxygenase 
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and prostaglandin E synthases that is produced by local AECs, monocytes, and other 
structural cells of the lung [ 74 ,  75 ]. PGE2 has shown to have an inhibitory effect 
on fi broblast proliferation [ 76 ,  77 ], migration [ 78 ], and collagen synthesis [ 79 ,  80 ]. 
In IPF, levels of PGE2 are decreased in bronchoalveolar lavage (BAL) [ 81 ], and EP2 
prostaglandin receptor expression and signaling in fi broblasts is diminished [ 82 ]. 
Thus, AEC injury may result in the loss of the PGE2 production by AECs, leading 
to fi broblast activation during pulmonary fi brosis. 

 In response to an acute injury, the alveolar epithelium rapidly regenerates with 
reestablishment of the normal AEC layer via proliferation of type II AEC and sub-
sequent trans-differentiation to type I AECs [ 83 ]. This process may serve to reestab-
lish the homeostatic function of the epithelium and participate in resolution of the 
reparative response during normal wound healing. Experiments performed in an ex 
vivo model of hyperoxia-mediated AEC injury support the importance of this pro-
cess in regulating the fi brotic process, as lungs that exhibit decreased rates of epi-
thelial cell proliferation develop fi brosis, while lungs that rapidly re-epithelialize 
revert to normal [ 83 ]. Similarly, utilizing diphtheria toxin-mediated depletion of 
airway progenitor (Clara) cells, Perl and colleagues [ 84 ] demonstrated that chronic 
depletion of Clara cells results in incomplete and aberrant re-epithelialization of the 
bronchiolar airway and the development of peribronchiolar fi brosis, while acute 
depletion, which presumably leaves a reserve of Clara cell progenitors, results in 
normal re-epithelialization and does not lead to fi brosis. 

 IPF is characterized by a failure of re-epithelialization and a disordered epithelial 
layer. This is characterized by the proliferation of bronchiolar basilar epithelial 
cells, which exhibit signs of epithelial stress and atypia [ 85 ] as well as the presence 
of AECs that exhibit an intermediate phenotype with traits of both type I and type II 
cells [ 36 ]. The receptor for advanced glycation end products (RAGE) is a trans-
membrane receptor that is a specifi c marker for differentiated type I epithelial cells 
[ 86 ]. The expression of RAGE in type I cells likely plays a role in their differentia-
tion and homeostasis by promoting cell spreading and attachment to the basement 
membrane [ 87 ,  88 ]. IPF lungs demonstrate abnormally low expression of RAGE 
[ 88 ,  89 ] consistent with the presence of disrupted re-epithelialization. Dysfunctional 
RAGE expression may also play a role in mediating the fi brotic process. In this 
regard, RAGE-null mice develop more severe experimental pulmonary fi brosis and 
spontaneously develop fi bro-like lesions as they age [ 89 ].  

    Epithelial–Mesenchymal Transition 

 In IPF, the AECs tend to have a fl attened morphology, which may represent pro- 
migratory phenotypes that facilitate re-epithelialization of the alveolar space after 
injury [ 35 ]. This morphology is similar to epithelial cells that are undergoing epi-
thelial–mesenchymal transition (EMT). EMT is the process by which epithelial 
cells lose attributes of full epithelial differentiation (cuboidal shape, apical-basal 
polarization, cell–cell contacts, epithelial gene repertoire) and take on attributes of 
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mesenchymal cell lineages (spindle morphology, loss of cell contacts, mesenchymal 
gene expression). EMT is accompanied by the loss of several epithelial markers 
such as E-cadherin, the acquisition of mesenchymal markers such as N-cadherin 
and vimentin, and the upregulation of transcription factors implicated in EMT such 
as Twist, SNAI1 (snail), and SNAI2 (Slug) [ 90 ]. EMT is critical for gastrulation 
during embryogenesis [ 91 ], and epithelial cells that have undergone EMT have an 
augmented ability to metastasize [ 92 ]. Several forms of tissue injury and repair 
demonstrate the presence of EMT as part of their pathogenesis [ 93 ]—for example, 
the deletion of snail protects from the development of hepatic fi brosis [ 94 ], suggest-
ing a mechanistic role in the propagation of tissue fi brosis. Tissue sections from 
established models of experimental pulmonary fi brosis, such as the bleomycin 
mouse model [ 95 ], also demonstrate evidence of EMT [ 96 – 98 ], while lung tissue 
from patients with IPF demonstrates increased expression of Twist and Snail, sug-
gesting the presence of EMT-associated signaling in human IPF [ 99 ,  100 ]. These 
data suggest that EMT and associated signaling is present in IPF and that this may 
be the source of signifi cant profi brotic signals. 

 Regulation of EMT during development is regulated, in part, by family members 
of the transforming growth factor-β(beta) superfamily of cytokines [ 91 ], which 
includes TGF-β1, -β2, -β3, and bone morphogenic proteins (BMPs). TGF-β/BMP 
balance is important in the development of the mesodermal/epithelial compartment 
during development and regulates EMT [ 101 ,  102 ]. TGF-β induces EMT in both 
developmental and fi brotic contexts [ 103 ], and it is a potent inducer of EMT in ex 
vivo epithelial cell cultures [ 104 ,  105 ], although cell contact and integrin-mediated 
signaling can modify this response [ 106 ,  107 ]. Several BMPs are implicated in the 
reverse process, mesenchymal to epithelial transition, and can antagonize TGF-β- 
dependent signaling. Interestingly, the expression of two of these BMPs, BMP-2 
and BMP-4, is altered in IPF [ 28 ], and the inhibitor of BMP signaling, gremlin, is 
increased in IPF lungs [ 108 ], implicating dysregulated TGF-β/BMP signaling bal-
ance in the pathogenesis of the disorder. 

 The WNT/β(beta)-catenin signaling pathway has also been implicated in mediat-
ing altered epithelial cell function during lung injury and fi brosis. WNT/β-catenin 
signaling mediates branching morphogenesis during lung development and the 
maintenance of progenitor cells [ 109 ]. WNT proteins are secreted glycoproteins 
that can signal in a paracrine or autocrine factor through their receptors (Frizzled 
proteins) and co-receptors (LRPs) to stabilize β(beta)-catenin, leading to its nuclear 
translocation. In the adult lung, WNT/β-catenin signaling is involved in epithelial 
cell proliferation, differentiation, and cell–cell adhesion in the lung [ 109 ,  110 ]. 
A common fi nding from recent, unbiased gene expression screens of lung tissue 
from patients with IPF is upregulation of many developmental pathways, including 
markers of the WNT/β-catenin pathway [ 28 ,  111 – 113 ]. WNT genes WNT2 and 
WNT5a and the WNT receptors Frizzled 7 and Frizzled 10 are increased in the 
lungs of patients with IPF [ 28 ,  111 ,  114 ]. Patients with IPF have increases in nuclear 
localization of β-catenin in the hyperplastic epithelium adjacent to fi brotic lesions 
[ 115 ] as well as increased phosphorylation of the Wnt/LRP receptors, suggesting 
activation of this pathway [ 116 ]. Consistent with the role of this pathway in 
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pulmonary fi brosis, several WNT/β-catenin-dependent genes are upregulated in IPF 
[ 112 ,  113 ,  117 ], and disruption of signaling via the WNT target gene, WNT-induced 
signaling protein (WISP), inhibits both markers of EMT and the development of 
fi brosis in response to bleomycin [ 117 ]. 

 Finally, AECs are an important source of profi brotic mediators that can signal to 
the surrounding mesenchyme, to promote fi broblast recruitment and induction of 
matrix production [ 36 ]. Several profi brotic growth factors are localized to the epi-
thelial cells in IPF, including TGF-β1 [ 118 ,  119 ], platelet-derived growth factor 
(PDGF) [ 120 ], monocyte chemoattractant protein-1 (MCP-1) [ 121 ], connective tis-
sue growth factor (CTGF) [ 122 ], endothelin-1 [ 123 ], and tumor necrosis factor- 
α(alpha) (TNF-α) [ 118 ,  124 ,  125 ]. AECs are also the source of several MMPs and 
tissue inhibitors of matrix metalloproteinases (TIMPs) implicated in IPF [ 126 ].   

    The Provisional Matrix and Coagulant Balance 

 The fi broblastic foci of UIP are found on the luminal side of the alveolar basement 
membrane in association with disruptions in the basement membrane [ 6 ]. These 
structures are morphologically analogous to the fi broblast collections that organize 
fi brinous alveolar exudates during the fi broproliferative phase of acute lung injury 
and the Masson bodies of organizing pneumonia. IPF lungs demonstrate evidence of 
endothelial injury, with swelling of endothelial cells, reduplication of the endothelial 
cell capillary basement membrane [ 127 ], and increased trans-endothelial permeabil-
ity [ 128 ]. Interestingly, the degree of capillary permeability in IPF also correlates 
with prognosis [ 128 ,  129 ]. These observations suggest that the initial injury to the 
AEC layer in IPF is accompanied by the exudation of serum-derived factors into the 
alveolar airspace to form the provisional matrix [ 6 ,  130 ]. AECs and macrophages 
express tissue factor [ 131 ,  132 ], which interacts with coagulation factors present in 
the alveolar exudate and activates the extrinsic coagulation pathway. Activation of 
the coagulation cascade results in the generation of thrombin, and subsequent 
thrombin-mediated conversion of serum-derived fi brinogen to fi brin forms the pro-
visional matrix [ 133 ]. The provisional matrix also contains serum- derived fi bronec-
tin [ 6 ,  127 ] and growth factors, such as PDGF, which facilitate subsequent fi broblast 
recruitment, migration, and matrix organization [ 134 ] (see Fig.  8.2 ). 

 Stabilization of the nascent fi brin-containing provisional matrix in healing 
wounds would be predicted to require the presence of an increased procoagulant 
balance, as normal lung tissue expresses proteases such as the plasminogen activa-
tor, urokinase, that promote local fi brinolysis [ 135 ]. Immunohistochemical staining 
of IPF lungs demonstrates the deposition of fi brin localized in the alveolar space in 
areas that are adjacent to the epithelial cell layer [ 136 ]. Additionally, BAL samples 
from patients with IPF demonstrate increased levels of plasminogen activator inhib-
itor- 1 and plasminogen activator inhibitor-2 (PAI-1, PAI-2) and a reduction in uro-
kinase activity [ 132 ,  137 ,  138 ], suggesting the presence of increased procoagulant 
balance. 
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 Increased procoagulant activity also contributes to profi brotic signaling via the 
entrapment of serum-derived mediators present within the provisional matrix, form-
ing a reservoir of growth factors that can be activated as the provisional matrix is 
remodeled [ 139 ]. The importance of procoagulant signaling is supported by studies 
in experimental models of pulmonary fi brosis that have shown protection from the 
development of fi brosis in PAI-1-defi cient mice and potentiation of the fi brotic 
response by transgenic overexpression of PAI-1 [ 140 ]. 

 Products of activation of the coagulation cascade, such as thrombin, also act as 
growth factors for fi broblasts. Thrombin is produced from the conversion of pro-
thrombin to thrombin by Factor Va and Factor Xa and can signal through proteinase- 
activated receptors (PAR) found on epithelial cells and fi broblasts in the lung. 
Thrombin signaling occurs via proteolytic activation of its high-affi nity receptor, 
PAR-1, leading to the expression of profi brotic cytokines, activation of TGF-β, and 
myofi broblast differentiation [ 133 ]. Germ-line deletion of the PAR1 receptor is pro-
tective against the development of bleomycin-induced pulmonary fi brosis [ 141 ]. 
Other coagulation proteinases may play a role in coagulation-dependent signaling 
as well. Factor X co-localizes to the alveolar epithelia of IPF lungs and can signal 
via PAR-1 [ 142 ]. Factor VIIa is also found in abundance on tissue biopsies from IPF 
lung and, in combination with tissue factor, can mediate PAR-2-dependent prolif-
eration of fi broblasts [ 143 ]. 

 Despite the robust evidence supporting a key role for coagulation imbalance in 
the pathogenesis of fi brosis, a recent large, randomized clinical trial of systemic 
anticoagulation with warfarin for patients with IPF did not show clinical benefi t, 
and the trial was terminated early due to increased risk of death in the treatment arm 
[ 144 ]. Nonetheless, pharmacotherapy directed at specifi c targets and coagulation- 
associated signaling still remain potential strategies for therapy.  

    Myofi broblasts: Effector Cells of Fibrosis 

    Concept of the Myofi broblast 

 The primary effector cell for connective tissue remodeling is the myofi broblast, a 
mechanically active, matrix-producing mesenchymal cell with distinct morpho-
logic features that differ from normal resident fi broblasts. Myofi broblasts are char-
acterized by the presence of large, bundled microfi laments and enlarged focal 
adhesions [ 145 ]. Myofi broblast differentiation has been historically defi ned by the 
expression of both contractile proteins, such as the α(alpha)-isoform of smooth 
muscle actin (α-SMA), and matrix proteins, such as collagens and the extra type III 
domain A (EDA) splice isoform of fi bronectin [ 146 ]. Α(alpha)-SMA(+) myofi bro-
blasts are not thought to be present in the normal tissue of the lung, although niche 
populations of microfi lament containing α-SMA(−) myofi broblasts have been 
identifi ed [ 147 ]. In contrast, α-SMA(+) myofi broblasts are invariably found in 
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granulation tissue of wounds [ 148 ] and in scarring diseases in other organs [ 149 ,  150 ]. 
They act as central mediators of connective tissue remodeling via their production 
of matrix proteins, pro- and anti-proteinase proteins, and modulation of matrix 
organization and tension [ 145 ,  151 ,  152 ] (see Fig.  8.3 ). Their presence in the lung 
is associated with the formation of a dense collagen matrix and progression of 
pulmonary fi brosis [ 153 ].  

    Origins of Myofi broblasts 

 The potential origins of myofi broblasts are diverse, with several cellular precursors 
implicated in the expansion of the myofi broblast population during tissue remodel-
ing and fi brosis [ 145 ]. Potential myofi broblast precursors include the resident fi bro-
blasts of the alveolar interstitium, AECs that have undergone EMT, and circulating, 
bone marrow-derived progenitors that are termed “fi brocytes” [ 154 ]. 

 Fibrocytes are circulating progenitor cells that express hematopoietic surface 
antigens CD34 and CD45, along with fi broblast-associated proteins such as collagen 
I (Col I), collagen III, and collagen IV [ 155 ]. Fibrocytes were originally identifi ed in 
a model of dermal wound healing [ 156 ] and are derived from bone marrow precur-
sors [ 157 ]. Subsequently, studies using chimeric mice with green-fl uorescing protein 
(GFP)-labeled bone marrow precursors demonstrated the accumulation of GFP+, 
Col I+ cells in the lungs after the induction of bleomycin-induced pulmonary fi brosis 
[ 155 ,  158 ]. Fibrocytes express the chemokine receptor, CXCR4, and fi brocyte 
recruitment to the lung is dependent on the CXCR4 receptor ligand, CXCL12 [ 159 ]. 
Several other studies in murine models of pulmonary fi brosis have demonstrated 
that circulating fi brocytes can express additional fi broblast-associated markers (e.g., 
S100A, vimentin, α-SMA) in the context of their recruitment to the lung [ 97 ,  155 , 
 159 ,  160 ]. However, confl icting data exist as to the potential of these cells to contrib-
ute to the myofi broblast (α-SMA expressing) population in vivo, with several studies 
demonstrating no evidence of an α-SMA+ fi brocyte population during experimental 
fi brosis [ 158 ,  161 ] and an inability of fi brocytes to express α-SMA [ 162 ]. Regardless 
of the ability of fi brocytes to become “fully differentiated” myofi broblasts, they may 
promote fi brosis via other paracrine effects, such as the production of profi brotic 
cytokines [ 163 ]. Fibrocytes and elevations in CXCL12 are present in the blood of 
patients with IPF [ 164 ] as well as in ex vivo preparations of lung specimens from 
patients with IPF [ 165 ]. Elevations in the number of circulating fi brocytes are a 
marker of disease progression in human IPF [ 63 ], and neutralizing antibodies against 
CXCL12 ameliorate bleomycin-induced pulmonary fi brosis [ 159 ]. 

 The process of EMT can provide an additional potential source of myofi bro-
blasts. As previously discussed, a substantial amount of evidence supports the 
presence of aberrant epithelial signaling, including EMT-associated signaling, in 
IPF and experimental pulmonary fi brosis [ 166 ,  167 ]. Additionally, lineage-marking 
techniques that broadly label distal airway and AECs during gestation provide 
evidence that epithelial cells can express mesenchymal cell markers during 
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experimental lung fi brosis [ 96 ,  97 ]. In contrast, a more restricted lineage-marking 
strategy of adult AEC type II cells and terminal bronchial epithelial cells found that 
no α-SMA+ cell population was derived from these epithelial lineages in the bleo-
mycin model of pulmonary fi brosis [ 167 ]. Discrepancies between these studies 
could be explained by technical differences in marking techniques, or through the 
presence of a discrete epithelial progenitor population, that evaded lineage-marking 
in the adult murine lung, but could differentiate into type II cells or undergo EMT 
directly in response to injury [ 168 ]. Recent evidence supports the existence of such 
a population [ 169 ]. Thus, while EMT-associated signaling programs are present in 
pulmonary fi brosis and appear to mediate important profi brotic cross talk between 
the epithelial and mesenchymal compartments, it remains unclear to what extent 
epithelial-derived cells are a signifi cant contributor to the contractile and matrix-
producing cells of the parenchyma in pulmonary fi brosis. 

 These data suggest that the resident fi broblast population within the lung remains 
a predominant source of myofi broblasts during tissue fi brosis. The resident mesen-
chymal precursor population is a mixed population of several different mesenchy-
mal cell subtypes that are important for the normal homeostatic maintenance and 
turnover of the lung connective tissue scaffold. These cells can proliferate and 
expand in response to injury and upon exposure to profi brotic signals, such as cell, 
serum, or matrix-derived TGF-β, can differentiate into myofi broblasts [ 72 ,  147 , 
 167 ,  170 ,  171 ]. 

 Upon expansion in response to pulmonary injury and fi brosis, the fi broblast pop-
ulation exhibits signifi cant heterogeneity, and several different sub-phenotypes 
appear to be present [ 172 ,  173 ]. Myofi broblasts are defi ned by the expression of 
α-SMA and collagen production, but a signifi cant subset lacks the cell surface 
marker Thy-1 [ 174 ], which conveys a more fi brotic phenotype [ 175 ]. It is unclear 
whether there is linkage between subpopulations of precursor cells and the develop-
ment of these fi broblast subsets as the fi brotic process evolves.  

    Aberrant Fibroblast Behavior 

 Deranged fi broblast biology likely plays an important role in the propagation of 
pulmonary fi brosis by enabling a disproportionate and non-resolving fi brotic 
response to epithelial injury. Populations of lung fi broblasts isolated from patients 
with IPF demonstrate differences in global gene expression [ 176 ], proliferative 
capacity [ 59 ,  177 ], resistance to apoptosis [ 178 ], anchorage-independent growth 
[ 179 ], and defi cits in translational control [ 180 ] when compared to normal lung 
fi broblasts. 

 The putative mechanisms mediating some of these disordered functions have 
begun to be elucidated. Phosphatase and tensin homolog deleted on chromosome 
ten (PTEN) is a lipid/protein phosphatase that can act as a tumor suppressor via 
inhibition of the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway. 
Levels of PTEN are nearly absent in the fi broblastic foci of IPF lungs and in ex 
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vivo IPF fi broblast cultures, in contrast with normal lung tissue and fi broblasts 
[ 177 ,  181 ]. Disordered PTEN activity in IPF fi broblasts conveys an abnormal 
proliferative response to polymerized collagen matrices via increases in PI3K/
Akt signaling. Additionally, PTEN-defi cient mice develop an accentuated fi bro-
proliferative wound-healing response and more severe bleomycin-induced pul-
monary fi brosis [ 177 ]. 

 Caveolin-1 (cav-1) serves as a scaffolding protein and can inhibit the responses 
to growth factor signaling [ 182 ,  183 ]. The fi broblastic foci of IPF lungs lack cav-1 
staining, and cav-1 expression by fi broblasts decreases in response to TGF-β. In 
contrast, overexpression of cav-1 disrupts TGF-β signaling and matrix protein 
induction, and cav-1 overexpression attenuates bleomycin-induced pulmonary 
fi brosis [ 184 ]. The loss of cav-1 in IPF myofi broblasts also results in decreases in 
PTEN expression [ 169 ]. 

 Finally, myofi broblasts from IPF lungs manifest defi cits in responses to the anti-
fi brotic cytokine PGE2 [ 82 ]. The mechanism mediating PGE2 “resistance” has 
been linked to decreased expression of the PGE2 receptor, EP2, by IPF myofi bro-
blasts [ 185 ]. This is partially via hypermethylation of the promoter region for the 
EP2 receptor, which leads to decreased EP2 expression [ 186 ].   

    Paracrine Mediators of Tissue Fibrosis 

    Growth Factors 

 Transforming growth factor-β(beta) (TGF-β) was one of the fi rst cytokines impli-
cated in the normal wound-healing response [ 187 ], and TGF-β plays a central role 
in the pathobiology of tissue fi brosis [ 188 – 190 ]. Patients with IPF have increased 
immunolocalization of TGF-β in epithelial cells, macrophages, and myofi broblasts 
in areas of active fi brosis (fi broblastic foci) [ 191 ,  192 ], while inhibition of TGF-β 
signaling protects against progression of fi brosis in experimental models of pulmo-
nary fi brosis [ 188 ,  193 ,  194 ]. 

 TGF-β is secreted as a latent protein, which is then dimerized, and subsequently 
forms a complex with latent binding protein-1 (LTBP-1) via its latency-associated 
peptide (LAP) [ 195 ]. As part of this complex, it is tethered to matrix elements 
such as fi brillin and fi bronectin [ 196 ] and is thus unable to activate the TGF-β 
receptor on neighboring cells [ 197 ]. Activation of latent TGF-βs may occur via 
direct proteolytic cleavage by several proteinases (including MMP-2 and MMP-9) 
or via interactions with α(alpha) v -containing integrins [ 198 ]. In the lung, α  v  β 6  inte-
grins expressed on the surface of epithelial cells bind the LAP of the latent TGF-β 
complex and facilitate its activation by G protein-coupled receptor agonists via 
the generation of cell-mediated mechanical tension. Examples of such agonists 
include thrombin and lysophosphatidic acid [ 1 ,  199 ]. The application of tension to 
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the α v β 6  integrin releases TGF-β from the latent complex, allowing it to interact 
with its cognate receptor complex on the surface of adjacent cells, such as fi bro-
blasts [ 200 ]. 

 The TGF-β receptor complex is a heterodimer comprised of a TGF-β type I 
receptor (TGF-βR1) and a type II receptor (TGF-βR2), with TGF-βR1 having ser-
ine–threonine kinase activity. Upon activation, TGF-βR1 phosphorylates receptor- 
activated SMAD effector proteins (SMAD2 and SMAD3) associate with the 
common mediator smad, SMAD4, and translocate to the nucleus with activation of 
SMAD target genes. Signaling via this pathway appears to be critical during fi bro-
genesis, as SMAD 3 null mice are protected from experimental pulmonary fi brosis 
[ 188 ], and depletion of the high-affi nity type II TGF-beta receptor in resident fi bro-
blasts inhibits experimental pulmonary fi brosis [ 201 ]. 

 TGF-β receptor activation also results in the activation of several noncanonical 
signaling pathways that promote myofi broblast differentiation and resistance to 
apoptosis. Downstream targets of TGF-β include activation of mitogen-associated 
kinase pathways [ 202 ], TGF-activated kinase [ 203 ], PTEN/PI3kinase/Akt [ 203 ], 
focal adhesion kinase [ 205 ,  206 ], the tyrosine kinase, c-Abelson [ 207 ], the small 
GTPase rho/cytoskeletal-dependent signals [ 208 ,  209 ], oxidant-mediated signaling 
[ 210 ], as well as other moieties and pathways. Activation of these pathways results 
in cell shape change and the regulation of gene programs that mediate fi broblast 
phenotypic differentiation and survival [ 211 ,  212 ]. 

 Functionally, TGF-β results in pleiotropic effects that promote a coordinated 
fi brotic response (see Fig.  8.4 ). Treatment of AECs with TGF-β can result in the 
induction of apoptosis or the induction of EMT, depending upon the matrix sub-
strate that is present [ 96 ,  105 ]. In fi broblasts, TGF-β results in myofi broblast dif-
ferentiation [ 171 ], apoptosis resistance [ 212 ], and the marked upregulation of 
expression of matrix components [ 146 ,  213 ,  214 ]. Finally, TGF-β mediates the epi-
genetic regulation of gene expression via the induction of several microRNAs that 
mediate the fi brotic response, which are also differentially regulated in IPF and 
include mir-21 and let-7d [ 215 ,  216 ]. 

 Lysophosphatidic acid (LPA) is a lipid-derived mediator that can be produced 
by platelets, membrane phospholipids, and lung surfactant [ 217 ]. LPA signals 
through several G-protein-coupled receptors to exert its biologic effects. In the 
context of pulmonary fi brosis, LPA appears to promote the fi brotic response via 
induction of epithelial cell apoptosis [ 218 ], increased endothelial cell permeability 
[ 219 ], as well as increased fi broblast migration [ 219 ,  220 ] and survival [ 218 ]. 
Elevated levels of LPA have been found in the BAL from patients with IPF, and 
LPA 1  receptor knockout mice are protected from the development of pulmonary 
fi brosis [ 219 ]. 

 Multiple other growth factors, including endothelin-1 [ 221 ], angiotensin II [ 222 ], 
PDGF [ 223 ], and TGF-α [ 224 ], have been identifi ed as playing a role in the fi brotic 
response. Since they are implicated in the pathogenesis of IPF, these growth factors 
may serve as targets for therapy.  
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    Infl ammatory Mediators 

 Early studies in IPF lungs identifi ed signifi cant alteration in levels of several cyto-
kines and chemokines typically involved in mediating an infl ammatory response. 
Despite the lack of therapeutic benefi t of broad immunosuppression in patients with 
IPF, infl ammatory cells and their associated signaling may still play a role in the 
pathobiology of IPF, potentially via the modulation of the fi brotic response. The 
infl ammatory cytokines, TNF-α and interleukin-1β (IL-1β), both localize to epithe-
lial cells at sites of fi brosis in IPF [ 125 ,  225 ] and are both released by macrophages 
from patients with IPF [ 226 ]. Similarly, a downstream target of IL-1β, interleukin- 
17A (IL-17A), is increased in the BAL fl uid of patients with IPF and mediates the 
fi brotic response in the bleomycin murine model [ 227 ]. Markers of the Th2 immune 
response—interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13 (IL-13)—
have also been found in increased levels in the disorder [ 228 ]. IL-13 plays a key role 
in inducing Th2 responses in the lung in chronic infl ammation [ 229 ], while IL-13 
levels and IL-13 receptor expression correlate with disease severity [ 230 ]. 

 Chemokines play a role in IPF via the recruitment of monocytes, leukocytes, and 
fi brocytes to the injured lung, as well as in the angiogenic remodeling that occurs in 
fi brotic lung disease. CCL-12 and its receptor CXCR4 are strongly implicated in 
fi brocyte recruitment to the lung [ 155 ] along with monocyte chemotactic protein-1 
(MCP-1/CCL-2) and its receptor CCR2 [ 231 ]. Macrophage infl ammatory protein-1α 
(MIP-1α/CCL-3) and MCP-1/CCL-2 are increased in tissue and BAL [ 232 – 237 ] in 
human IPF and likely participate in macrophage recruitment. This can amplify the 
fi brotic response through the production of profi brotic cytokines and the recruit-
ment of additional infl ammatory cells via secreted chemokines [ 238 ]. Production of 
CCL-18 by macrophages has also been implicated in the progression of pulmonary 
fi brosis, and indeed, circulating levels of CCL-18 correlate with survival in IPF 
[ 239 ]. Conversely, macrophages may facilitate resolution of the fi brotic response 
via phagocytosis of apoptotic cells and the production of MMPs [ 229 ]. Alternatively, 
activated macrophages, which represent the majority of macrophages in IPF lungs, 
may play a role in this process, as depletion of this cell cohort attenuates the fi brotic 
response in bleomycin-induced pulmonary fi brosis [ 240 ]. 

 Despite the abundance of infl ammatory mediators implicated in IPF, it remains 
unclear how these varied pathways intersect with the other components of the fi brotic 
process. An improved understanding of these interactions may allow for a more 
rational approach to targeting these pathways for therapeutic benefi t in the future.   

    Tissue Remodeling and Failure to Resolve the Wound 

 Angiogenesis, the formation of new blood vessels, is an important component of the 
wound-healing response in several tissue beds. In dermal wounds, the angiogenic 
response potentiates the infl ux of infl ammatory mediators that participate in the 
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tissue remodeling process. Insofar as the pathobiology of IPF is an extrapolation of 
many of the mechanisms that mediate other forms of wound healing, it would not 
be surprising to detect an angiogenic response. Indeed, the pathology of IPF does 
demonstrate areas of neovascularization along with the presence of pulmonary- 
systemic anastomoses, which are often in a sub-pleural location [ 241 ]. Additionally, 
circulating levels of the angiogenic cytokines, interleukin-8 (IL-8/CXCL8) and 
endothelin-1, are elevated in patients with IPF compared to normal controls, and 
these tend to correlate with disease progression [ 242 ]. 

 However, there is signifi cant spatial heterogeneity of neovascularization and vas-
cular density in IPF tissue biopsies when compared to normal lung tissue. When 
carefully quantifi ed using endothelial cell markers, the level of neovascularization 
present within an area of IPF lung is inversely correlated with the degree of paren-
chymal fi brosis in that area [ 243 – 245 ]. Furthermore, complete vascular obliteration 
is often seen in areas of dense parenchymal fi brosis. Most often, areas of neovascu-
larization are present adjacent to intact AECs, which might indicate an angiogenic 
response to reestablish the normal alveolar/capillary interface [ 244 ]. This suggests 
the presence of signifi cant spatial heterogeneity to the angiogenic response in IPF, 
with areas of angiogenic signaling alternating with areas defi ned by a predominance 
of angiostatic signaling. 

 Corroborating these observations, the angiostatic cytokine, endostatin, has been 
found to be elevated in the serum of IPF patients [ 246 ], while serum levels of vas-
cular endothelial growth factor (VEGF) have been observed to be decreased. 
Clarifying the issue signifi cantly, it has been shown that local VEGF expression is 
absent in areas of dense fi brosis, while the angiostatic protein, pigment epithelium- 
derived factor (PEDF), a VEGF antagonist, has increased expression in the fi bro-
blastic foci of IPF lungs [ 247 ]. PEDF is a TGF-β target gene, suggesting that the 
local environment of the fi broblastic focus is characterized by an angiostatic envi-
ronment. Whether the angiostatic environment of areas of fi brosis is a cause or 
consequence of the fi brotic response is unclear. Similarly, the role of the scattered 
areas of neovascularization in adjacent lung tissue remains undetermined. 

    Role of Matrix Remodeling on Fibrotic Progression 

 The normal lung architecture and matrix environment are maintained by the con-
stant and tightly regulated control of cell activation, matrix production, and extra-
cellular matrix (ECM) proteolysis [ 5 ]. During fi brosis, matrix organization is 
severely altered with increased accumulation of multiple matrix components, 
including EDA fi bronectin, hyaluronic acid, and collagen isoforms. In response to 
TGF-β, other growth factors and environmental cues, there is an induction of col-
lagen synthesis and secretion by fi broblasts and myofi broblasts. Collagens are 
secreted as a soluble pro-molecule, which then self-assembles to form insoluble 
collagen fi brils that are relatively resistant to degradation by proteases [ 126 ]. Studies 
of the collagen content of IPF lungs have demonstrated that collagen III is the 
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primary component in areas of alveolar septal fi brosis, and collagen I predominates 
in areas of mature fi brosis [ 248 ,  249 ]. 

 Extracellular matrix turnover is tightly regulated by several families of protein-
ases and their respective inhibitors [ 22 ]. MMPs comprise a family of proteinases 
that can target collagen and other matrix components for degradation. Given the 
role of these molecules in maintaining the balance of matrix molecules during nor-
mal tissue homeostasis, a defect in the balance of these factors might be expected in 
disorders characterized by matrix accumulation, such as IPF. In line with this expec-
tation, several TIMPs are locally expressed in pulmonary fi brosis [ 250 ], and overall 
collagenase inhibitory activity is elevated in IPF patients when compared to con-
trols [ 251 ]. However, total collagenase activity is also increased in IPF [ 252 ], and 
several MMPs, including MMP-1, MMP-2, and MMP-7, have been identifi ed as 
highly enriched genes in IPF lung tissue [ 111 ,  253 ]. Interestingly, an assessment of 
global gene expression in IPF lungs found a strong bias toward increased protease 
expression, supporting a net degradative environment [ 254 ]. Given this observation, 
the spectrum of spatial localization of protease/antiprotease expression is likely not 
refl ected by global assessments of protease/antiprotease “balance.” 

 Analysis of MMP expression demonstrates the importance of spatial localization 
in IPF. MMP-1 is increased in IPF [ 111 ] and localizes to the alveolar epithelium 
[ 250 ], where it participates in the processing of cytokines, in contrast to its role in 
collagen fi bril degradation [ 126 ]. MMP-7 (matrilysin) is a highly upregulated gene 
in IPF lungs, and MMP-7 levels in BAL fl uid correlate with survival in IPF patients 
[ 129 ]. MMP-7 also localizes to the AECs [ 112 ], but it has diverse roles relevant 
to tissue remodeling that are distinct from its degrading effect on matrix proteins. 
In particular, MMP-7 can activate other MMPs, regulate TGF-β activation, and acti-
vate osteopontin [ 113 ,  255 ]. MMP-2 is a gelatinase that targets collagen IV as a 
substrate [ 256 ]. MMP-2 is increased in the BAL fl uid of IPF patients [ 250 ] and is 
localized to AECs [ 257 ,  258 ], where it may contribute to alveolar basement mem-
brane degradation. MMP-9 is also expressed by epithelial cells and infl ammatory 
cells [ 259 ], has increased expression in patients with IPF [ 260 ], and has been asso-
ciated with increases in endothelial permeability, neutrophil activation, and rapidly 
progressive disease [ 129 ,  261 ]. TIMPs also have differential localization, with 
TIMP-2 predominating in the fi broblastic foci, where it may facilitate matrix stabi-
lization and accumulation [ 250 ]. 

 MMPs can also modify the matrix remodeling response via the cleavage of 
matrix proteins, yielding fragments that can act as cell signaling ligands [ 22 ]. 
Additionally, MMPs and TIMPs can themselves mediate profi brotic signaling via 
proteolytic activation of growth factors, chemokines, and shedding of membrane- 
associated ligands [ 256 ]. These profi brotic effects of MMPs may predominate in 
IPF, making inferences concerning the net effect of increased MMP expression on 
matrix accumulation diffi cult. 

 Matrix composition and organization play key roles modifying cell behavior, and 
indeed, dysregulation of matrix cues has been implicated in various disease states 
including tumor progression [ 262 ]. In the context of IPF, individual ECM components 
can signifi cantly modify the response to soluble and matrix-derived mediators. 
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For example, primary AECs cultured on fi brinogen or fi brin and treated with TGF-β 
will undergo EMT, while the same cells cultured on matrigel (collagen and lam-
inin) and similarly treated with TGF-β will undergo apoptosis [ 96 ]. Myofi broblast 
differentiation is also dependent on the presence of several matrix cues. The extra 
type III domain A isoform of fi bronectin (EDA FN) is preferentially expressed in 
healing wounds, and its presence is required for TGF-β-induced myofi broblast dif-
ferentiation [ 146 ]. Mice defi cient in this isoform are protected from bleomycin- 
induced pulmonary fi brosis [ 263 ]. De novo expression of the matrix protein, 
periostin, has been implicated in the fi brotic remodeling that occurs with asthma 
[ 264 ]. Periostin is also highly expressed in the fi broblastic foci and serum of 
patients with IPF [ 265 ], and periostin-defi cient mice are protected from bleomycin-
induced pulmonary fi brosis [ 266 ]. Matrix-associated proteoglycans, such as hyal-
uronic acid, have increased expression in the fi brotic lung and participate in the 
fi brotic process, likely via recruitment of infl ammatory cells and by facilitating 
fi broblast migration through cognate receptors such as CD44 [ 267 ]. Thus, while the 
in vivo details of matrix-dependent signaling are currently lacking, it is likely that 
altered expression of these and other matrix components facilitate and perpetuate 
the fi brotic response in IPF. 

 Incorporation of new matrix elements is not merely a result of haphazard matrix 
protein accumulation and proceeds in an orderly fashion [ 21 ]. Newly synthesized 
fi bronectin is desolubilized by integrin-mediated incorporation [ 99 ], subsequently 
serving as a scaffold for collagen and other matrix protein deposition [ 268 ]. Newly 
deposited collagen and elastin are cross-linked via the action of tissue transgluta-
minases and lysyl oxidases [ 269 ], which increases tissue stiffness. Lysyl oxidase 2 
(LOXL2) may play an important role in the aberrant tissue remodeling. This media-
tor displays differentially increased expression in tumor-associated desmoplastic 
tissue when compared to other lysyl oxidase family members [ 270 ]. In liver fi bro-
sis, cross-linking by lysyl oxidase 2 (LOXL2) leads to the development increased 
tissue stiffness, which precedes the accumulation of matrix components [ 271 ]. In 
IPF, LOXL2 is increased in the fi broblastic foci, and inhibition of its activity using 
a monoclonal antibody (AB0023) attenuates experimental pulmonary fi brosis [ 270 ]. 
Similarly, tissue transglutaminase-2 expression and activity is upregulated in IPF, 
and germ-line knockout of this protein prevents the development of experimental 
pulmonary fi brosis [ 272 ]. 

 Alterations in the biomechanical characteristics of the ECM during fi brosis, such 
as increased tissue elasticity (stiffness), can independently modify cell behaviors 
and phenotype determination. Tissue stiffness is quantifi ed by its shear modulus, 
which is typically determined via atomic force microscopy [ 273 ]. Careful determi-
nations demonstrate that normal lung tissue has a shear modulus of 0.5 kPa, whereas 
in fi brotic lung, the median shear modulus increases to 6 kPa [ 274 ]. However, sig-
nifi cant spatial heterogeneity of tissue stiffness exists within fi brotic lung, with 
uninvolved areas retaining near-normal shear modulus and areas of dense fi brosis 
having a shear modulus that surpasses 15 kPa. 

 All cell types likely sense and respond to alterations in the biomechanical features 
of the matrix [ 275 ]. The development of tension across a healing wound modifi es 
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myofi broblast differentiation [ 276 ,  277 ], and release of this tension leads to the 
induction of myofi broblast apoptosis [ 278 ]. Similarly, stiff matrices induce fi broblast 
to myofi broblast transition [ 279 ,  280 ], which is accompanied by the augmentation of 
matrix protein expression [ 274 ]. The development of matrix tension and stiffness 
also modifi es cellular responses to TGF-β. TGF-β bioavailability is directly modifi ed 
by the transmission of tension to its associated LTBP, via α v -containing integrins 
[ 281 ,  282 ]. As a result, myofi broblast differentiation by soluble TGF-β requires the 
development of matrix-derived tension across the cell [ 283 ,  284 ]. 

 Functionally, increases in matrix stiffness that mimic fi brotic lung result in aug-
mentation of traction forces by lung fi broblasts in response to TGF-β, whereas nor-
mal matrix stiffness does not [ 285 ]. Epithelial cells toggle their response to TGF-β 
stimulation dependent on the matrix stiffness of their environment, undergoing 
apoptosis on low-stiffness substrates and EMT on high stiffness substrates [ 286 ]. 
Some matrix stiffness-dependent effects on cells may be durable, as fi broblasts 
retain the “programmed” behavior imparted by culture on a stiff matrix, even after 
subsequent prolonged culture on matrix with “normal” stiffness [ 287 ]. Similarly, 
adoptive transfer of lung fi broblasts from patients with pulmonary fi brosis induces 
the development of fi brotic lung lesions in mice, while those from normal lungs do 
not [ 288 ,  289 ]. The acquisition of these durable aberrant behaviors from the matrix 
environment may be due to epigenetic “programming,” although this has not been 
formally demonstrated as of yet. 

 These observations strongly suggest that ECM and its cellular constituents par-
ticipate in reciprocal signaling during fi brosis that provides a “feed-forward” mech-
anism for fi brotic progression (Fig.  8.5 ). How matrix-derived signaling varies 
between fi brosis and normal wound healing is an area of ongoing investigation.

        Targets for Therapeutic Agents 

 As our understanding of the pathogenesis of IPF has shifted over time, pharmaco-
logic strategies aimed at halting the progression of the disease have also evolved 
(Table  8.1 ). Previous clinical trials have targeted infl ammatory activation with the 
use of agents such as prednisone and azathioprine. The inadequacy of this approach 
was highlighted by the recent publication of the NIH-sponsored PANTHER study, 
which halted enrollment in the prednisone/azathioprine/N-acetyl-cysteine (NAC) 
treatment arm due to the signifi cantly increased risk of death and hospitalization 
amongst the patients randomized to this triple therapy [ 16 ]. A refi nement in approach 
via selective targeting of potential infl ammatory mediators in IPF (e.g., TNF-α, 
IFNγ-1b) has also yielded disappointing results [ 292 ,  293 ]. Additionally, therapies 
directed at putative signaling mechanisms in IPF pathogenesis, such as endothelin-1 
receptors [ 290 ,  291 ], the coagulation cascade [ 144 ], and receptor tyrosine kinases 
[ 294 ], have also thus far not led to improved patient outcomes. Several other poten-
tial antifi brotic agents have demonstrated mixed evidence of effi cacy and remain 
under investigation, such as pirfenidone, an antifi brotic agent with pleiotropic 
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effects [ 295 – 298 ]; NAC, an antioxidant [ 303 ]; sildenafi l [ 304 ]; and the tyrosine 
kinase receptor inhibitor, BIBF 1120 (Boehringer-Ingelheim, UK) [ 299 ] (see 
Table  8.1 )   .

   Drugs in development continue to target the growing list of mediators/mecha-
nisms involved in tissue fi brosis. TGF-β is a natural target for antifi brotic therapy 
given its central role in tissue fi brosis. To this end, antibodies against TGF-β iso-
forms are under development and have undergone phase I testing (CAT-192, 
Genzyme, USA). However, given the multiple homeostatic roles of TGF-β, broad 
inhibition of its function may have undesirable side effects. Targeting α v β 6  integrin- 
dependent activation of TGF-β, which is a preferential mechanism of activation 
during tissue fi brosis, is one potential approach that can be taken to address this 
issue, In this regard, a humanized monoclonal antibody against α v β 6 , STX-100 
(Stromedix, USA), is currently under investigation as a potential therapeutic agent 
for IPF. Other antifi brotic targets include CTGF, which is a downstream target of 
TGF-β activation. CTGF mediates its own profi brotic effects, and a small-molecule 
inhibitor of CTGF has been developed that is currently under investigation (FG- 
3019, Fibrogen, USA). Likewise, drug development efforts have also focused on 
other soluble mediators of the fi brotic response such as lysophosphatidic acid (LPA1 
Receptor antagonist, IM152) and CCL2 (CNTO-888, Centocor Inc, USA). 

  Fig. 8.5    A model of matrix-dependent feed-forward signaling in fi brotic progression. The myofi -
broblast is a central effector of tissue remodeling in pulmonary fi brosis. Both matrix stiffness and 
TGF-β induce myofi broblast activation and differentiation, resulting in increases in matrix protein 
production (collagen I, III, EDA fi bronectin, and others), LOXL2 expression, and the generation 
of increased traction forces by myofi broblasts. After deposition of collagen fi brils onto a scaffold 
of EDA fi bronectin fi brils, LOXL2 cross-links collagen fi brils, resulting in increased tissue stiff-
ness. Additionally, increased contractility due to myofi broblast differentiation results in the gen-
eration of increased tension within the ECM ( lower left quadrant ) and activation of TGF-β via 
integrin-mediated force transmission ( lower right quadrant ). These processes (EDA FN genera-
tion, increased matrix stiffness, TGF-β activation) are thus reinforcing and facilitating and promot-
ing additional myofi broblast differentiation       
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 Therapeutic approaches directed at reestablishing the normal, epithelial-derived 
inhibitory signaling to mesenchyme via the use of prostaglandin E2 analogs may 
represent a useful strategy in the future. Alternatively, interrupting the cellular and 
enzymatic processes involved in the formation of a stiff, fi brotic matrix may help 
interrupt the feed-forward loop of signaling that is driven by matrix remodeling. 
A monoclonal antibody against the collagen cross-linking enzyme, LOXL2 (AB0023, 
Gilead Sciences, USA), is currently under development as a therapeutic agent for 
treating IPF. Finally, given the downside of targeting TGF-β receptor ligation and 
proximal signaling, alternative methods to interrupt TGF-β-dependent fi brotic sig-
nals need to be developed. One particularly appealing approach is the inhibition of 
the discrete sets of TGF-β-dependent genes through the use of oligomers (antagomirs) 
that can bind to and inactivate microRNAs [ 305 ,  306 ]. This technology is currently 
under development and would allow for the selective inhibition of critical microR-
NAs differentially regulated in IPF [ 215 ,  216 ]. However, signifi cant technical hur-
dles remain to overcome the inherent diffi culty of delivering oligonucleotides to the 
interior of target cells in vivo, hampering the current feasibility of this approach.  

    New Directions 

 The use of genome-wide assessments of gene expression patterns and genetic link-
age analysis has provided investigators with powerful new tools to facilitate pathway 
discovery for complex disorders such as IPF. In the past several years, publication of 
many of these studies has led to new insights into disease pathogenesis. 

    Table 8.1    Mechanistic targets of therapy for IPF   

 Previously evaluated targets of therapy with no clinical benefi t  Agent (references) 

 Immune response  Prednisone [ 16 ] 
 Azathioprine [ 16 ] 

 Endothelin-1 receptor  Bosentan [ 290 ,  291 ] 
 Ambrisentan [ 290 ,  291 ] 

 TNF-α  Etanercept [ 292 ] 
 Th1/Th2 balance  Interferon γ-1b [ 293 ] 
 Coagulation cascade  Warfarin [ 144 ] 
 Receptor tyrosine kinases  Imatinib [ 294 ] 

 Targets under evaluation  Agent 
 Oxidative stress   N -acetyl cysteine [ 16 ] 
 Pirfenidone  Pirfenidone [ 295 – 298 ] 
 Receptor tyrosine kinases  BIBF 1120 [ 299 ] 
 PDE5  Sildenafi l [ 300 ] 
 CTGF  FG-3019 [ 301 ] 

 Future targets  Agent 
 TGF-β  GC1008 
 α v β 6   STX-100 [ 302 ] 
 LPA1 receptor  AM152 
 LoxL2  AB0023 [ 270 ] 
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    mRNA Expression Profi ling 

 Several unbiased, high-throughput analyses of RNA expression profi les using oli-
gonucleotide microarray technology have been performed in IPF patient cohorts. 
These have demonstrated increased gene expression of developmental signals, 
adhesion proteins, extracellular matrix proteins, and smooth contractile proteins in 
IPF lungs as compared to normal lungs or other interstitial lung diseases [ 99 ,  111 , 
 112 ,  307 ]. Subsequent global analysis of cumulative datasets demonstrates that 
WNT and TGF-β signaling pathways are highly enriched in IPF lungs [ 28 ]. Finally, 
mRNA expression profi ling has yielded insight into potential mechanistic differ-
ences in sub-phenotypes of IPF, demonstrating distict patterns of gene expression in 
IPF patients with secondary pulmonary hypertension [ 305 ], progressive disease 
[ 308 ,  309 ], and acute exacerbations [ 310 ]. In addition to providing insight into dis-
ease pathogenesis, a major potential use of gene expression profi ling is the develop-
ment of diagnostic, prognostic, and disease activity biomarkers. Several candidates 
have been identifi ed [ 306 ], but validation of these approaches and translation to 
clinical practice remain future goals.  

    Genome-Wide Association Studies 

 Several large GWAS have been performed in patients with sporadic IPF with the 
identifi cation of SNPs that confer an increased risk for the development of IPF [ 57 , 
 63 ]. The SNPs identifi ed reside within the TERT, ELMOD2, and MUC5B genes 
(see previous discussion). Each of these proteins has putative effects on AEC sus-
ceptibility to injury. However, the mechanistic basis for each of these genes in the 
pathogenesis of IPF remains to be determined and is the focus of ongoing 
investigation.  

    Epigenetic Regulation 

 From a mechanistic perspective, the evolving understanding of epigenetic regula-
tion of gene expression has opened a new area of investigation into the pathogenesis 
of pulmonary fi brosis. Epigenetic gene regulation refers to regulation of gene 
expression, which occurs outside of changes in DNA germ-line coding. Epigenetic 
regulation occurs via three main mechanisms: histone modifi cations, DNA methyla-
tion, and noncoding RNAs (microRNAs). 

 Unbiased oligonucleotide microarray screens to determine microRNA expres-
sion profi ling have demonstrated that approximately 10 % of microRNAs are dif-
ferentially regulated in IPF [ 27 ]. The fi rst reports of differentially regulated 
microRNAs in IPF focused on let-7d [ 215 ] and mir-21 [ 216 ]. Let7d is a microRNA 
that is downregulated by TGF-β, and it is decreased in the lungs of patients with IPF 
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[ 215 ]. Let-7d is localized to the alveolar epithelium in normal lungs and is involved 
in the regulation of EMT [ 215 ]. Mir-21 expression is induced by TGF-β, and ele-
vated levels of mir-21 are found in the lungs of IPF patients compared to controls 
[ 216 ]. In contrast to let-7d, mir-21 localizes to myofi broblasts, and it is known to 
mediate many of the effects of TGF-β, including regulating expression levels of 
PTEN [ 311 ]. 

 DNA modifi cations are a mechanism by which somatic cells can “program” gene 
expression and pass this information on to daughter cells. One of the most common 
modifi cations that can alter gene expression is gene silencing by methylation at 
CpG islands [ 312 ]. Hypo- and hypermethylation of critical genes have been impli-
cated in the development of cancers [ 313 ], but until recently, there have been lim-
ited reports of gene methylation in tissue fi brosis. In the context of pulmonary 
fi brosis, widespread alterations in epigenetic patterning are present in IPF [ 291 , 
 314 ], and upregulation of DNA methyltransferase 3a in the hyperplastic epithelium 
of IPF lung has been reported [ 291 ]. Several fi broblast-related genes exhibit hyper-
methylation and silencing in fi brosis, including the prostaglandin E2 receptor 
(PTGER2) [ 186 ], IP-10 [ 315 ], and Thy-1 [ 316 ]. Interestingly, the α-SMA promoter 
is hypermethylated at several CpG islands in epithelial cells, whereas decreased 
methylation occurs in fi broblasts [ 317 ]. 

 These results suggest that IPF is characterized by severe derangements in the 
regulatory control of gene expression. Further investigation is needed to understand 
the origins and implications of many of these observations on the mechanisms of 
disease pathogenesis. However, several of these technologies have exciting thera-
peutic and diagnostic potential. The identifi cation of key gene expression profi les 
may lead to the development of individual biomarkers or gene sets that may obviate 
the need for a surgical lung biopsy, allow for more precise classifi cation of IPF 
phenotypes, and identify patients at high risk for disease progression. The discovery 
of key microRNAs involved in IPF may allow for a novel mode of targeting deranged 
signaling in IPF, as a single microRNA can target many different genes from diver-
gent signaling pathways. Implementation of this strategy will require a more 
detailed understanding of the relationships between downstream signaling path-
ways, along with the development of drug-delivery technology to enable this novel 
mode of targeting.   

    Summary 

 IPF is a disorder characterized by the presence of extensive AEC injury accompa-
nied by a robust, non-resolving wound-healing response. While the mechanistic 
triggers for the development of IPF still need to be fully elucidated, the results of 
numerous investigations in both familial pulmonary fi brosis and sporadic IPF 
strongly suggest that AEC susceptibility to injury and apoptosis coupled with an 
environmental trigger may be an initiating event. AEC injury is a key driver of the 
fi brotic response, and several important mechanisms mediating aberrant epithelial 

N. Sandbo



187

cell signaling have been identifi ed, including TGF-β and WNT signaling. The repar-
ative response in IPF is characterized by activation of the coagulation cascade and 
formation of a provisional matrix. There is recruitment and activation of epithelial 
cells, fi broblasts, and fi brocytes within the provisional matrix and differentiation of 
myofi broblasts that form the fi broblastic foci. TGF-β is a central regulator of the 
reparative response via its pleiotropic effects on epithelial cells, fi broblasts, and 
matrix remodeling. Matrix remodeling and myofi broblast-mediated increases in 
tension yield a stiffened, fi brotic matrix that promotes ongoing myofi broblast dif-
ferentiation and TGF-β activation, respectively. 

 While an effective therapy for IPF remains elusive, approaches to treatment have 
begun to evolve toward targeted therapies directed at putative growth factors, recep-
tors, and enzymes that have evidence for mechanistic involvement in matrix remod-
eling. Signifi cant gaps in our understanding of IPF pathogenesis remain, including 
identifi cation of the mechanisms that are responsible for either the success or failure 
of the reparative response to resolve and other key elements that might foster the 
development of lung fi brosis.     
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    Abstract     The past two decades have been marked by a dramatic increase in the 
knowledge of the genetics of human disease. The fi eld of interstitial lung disease 
(ILD) genetics has expanded as well. Much of the early understanding of ILD 
genetics came from rare Mendelian disorders that were associated with premature 
onset of disease. Other information came from single-gene multisystem disorders in 
which lung disease was variably present. More recently, the major advances in ILD 
genetics have come from focused analysis of familial pulmonary fi brosis. These 
rare families with multiple members affected by ILD have provided critical new 
insight into the possible mechanism of sporadic as well as inherited disease. Both 
linkage studies and large-scale, genome-wide association studies (GWAS) have 
identifi ed genetic loci implicated in susceptibility to idiopathic pulmonary fi brosis 
(IPF). The next two decades will surely produce not only new risk alleles but also a 
more extensive understanding of genetics based on patient molecular phenotyping. 
In addition, epigenetics remains an area of potential discovery.  

  Keywords     Genetics   •   Pulmonary fi brosis   •   Interstitial lung disease   •   Mutations   • 
  Inherited disorders  
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        Overview of Inherited Forms of Pulmonary Fibrosis 

 As is true for most complex disorders, genetic susceptibility contributes to the 
development of ILD. The association of ILD with rare Mendelian-inherited disor-
ders provided some of the fi rst evidence for a genetic basis of ILD. This evidence 
was bolstered by clustering of IPF cases in families and monozygotic twin studies. 
This section discusses inherited forms of pulmonary fi brosis associated with known 
genetic mutations. Heritable lung diseases fall into two categories: those with pri-
marily lung involvement, such as familial pulmonary fi brosis, and those with sys-
temic/multiorgan system involvement (Table  9.1 ) [ 1 ]. We will focus on the latter 
group in the following section.

   Table 9.1    Inherited pulmonary fi brosis a    

 Disorder  Gene(s) 
 Inheritance 
pattern  Proposed pathogenesis  Presentation 

 Birt-Hogg-Dubé 
syndrome 

  FLCN   AD  Loss of folliculin  Multiple cysts 

 Dyskeratosis 
congenita 

  DKC1  
  TERC  
  TERT  
  TINF2  

 XLR 
 AD 

 Telomere shortening  ILD 

 Familial hypocalciuric 
hypercalcemia 

  CaSR   AD  Altered calcium 
homeostasis 

 ILD 

 Familial pulmonary 
fi brosis 

  MUC5B  
  TERC  
  TERT  
  SFTPA2  
  SFTPC  

 AD  MUC5B production 
 Telomere shortening 
 ER stress/SP-C 

defi ciency 

 ILD 

 Gaucher disease   GBA   AR  β(beta)-glucosidase 
defi ciency 

 ILD, PAH 

 Hermansky-Pudlak 
syndrome 

  HPS1  
  HPS4  

 AR  Cytoplasmic organelle 
defects 

 ILD 

 Hyper-IgE syndrome   STAT3   AD  Lack of TH17  Pneumatoceles, 
bronchiectasis 

 Lysinuric protein 
intolerance 

  SLC7A7   AR  Cationic amino acid 
transport defects 

 PAP, ILD 

 Niemann-Pick disease   SMPD1   AR  Sphingomyelinase 
defi ciency 

 ILD 

 Neurofi bromatosis 
type I 

  NF1   AD  Loss of tumor 
suppressor function 

 ILD, bullae 

 Tuberous sclerosis/
LAM 

  TSC1  
  TSC2  

 AD  Proliferation of LAM 
cells 

 Multiple cysts 

   AD  autosomal dominant,  AR  autosomal recessive,  XLR  X-linked recessive,  ILD  interstitial lung 
disease,  PAP  protein alveolar proteinosis,  PAH  pulmonary arterial hypertension 
  a Adapted from [ 1 ]  
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       Pulmonary Fibrosis with Systemic/Multiorgan 
System Involvement 

    Birt-Hogg-Dubé Syndrome 

 Birt-Hogg-Dubé syndrome (BHDS) is a rare autosomal dominant disorder charac-
terized by multiple benign skin tumors (fi brofolliculomas and trichodiscomas), pul-
monary cysts, and renal neoplasms [ 1 ,  2 ]. BHDS is the result of a loss-of-function 
mutation in the gene for the tumor suppressor protein folliculin ( FLCN ) [ 1 ,  2 ]. The 
hallmark of the pulmonary presentation is bilateral mid- and lower lung zone pul-
monary cysts complicated by spontaneous pneumothorax [ 1 ]. A high index of sus-
picion is needed to establish the diagnosis [ 3 ]. Since skin and renal tumors typically 
appear later in life, spontaneous pneumothoraces are often the fi rst overt manifesta-
tion of the disease [ 1 ,  3 ]. BHDS should be suspected in any individual with multiple 
facial or truncal papules, numerous renal tumors, or a family history of spontaneous 
pneumothorax [ 1 ].  

    Dyskeratosis Congenita 

 Dyskeratosis congenita (DC) is a rare inherited disorder of defective telomere 
length maintenance with signifi cant clinical and genetic heterogeneity [ 4 ,  5 ]. 
Classically, DC is described as a triad of skin hyperpigmentation, nail dystrophy, and 
mucosal leukoplakia, but every organ system of the body can be affected [ 4 ,  5 ]. 
The primary cause of death is from bone marrow failure (~70–80 %), which is 
followed by pulmonary disease (~10–15 %) and malignancy (~10 %) [ 5 ,  6 ]. The 
pulmonary involvement is typically a rapidly progressive interstitial fi brosis with 
restrictive physiology [ 6 ]. 

 Telomeres are specialized structures at the end of chromosomes [ 7 ,  8 ]. The 
enzyme telomerase catalyzes the addition of repetitive DNA sequences to telo-
meres, which counteracts the progressive shortening of the chromosome with each 
cell division [ 7 ,  9 ]. The most common form of DC is due to an X-linked recessive 
mutation in  DKC1  that encodes the protein dyskerin [ 4 ]. Dyskerin binds to telomer-
ase RNA, TERC, and is an important component of the RNA complex needed for 
telomerase assembly and translocation to telomeres [ 4 ]. Through unclear mecha-
nisms, those with dyskerin mutations have insuffi cient TERC levels and reduced 
telomerase activity [ 4 ]. This lack of telomerase activity reduces stem cell prolifera-
tion capacity over time; this is supported by the fact that DC worsens with age and 
that the most severely affected tissues are those that require constant stem cell 
renewal [ 4 ]. 
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 Heterozygous mutations in three genes ( TERC, TERT,  and  TINF2 ) have been rec-
ognized in the autosomal dominant forms of DC [ 5 ]. Telomerase reverse transcriptase 
enzyme, TERT, is another core component of telomerase. TERC contains the tem-
plate that TERT uses to add TTAGGG repeats to telomeres [ 4 ]. Mutations in  TERC  
and  TERT,  in addition to causing autosomal dominant DC, have been linked to famil-
ial pulmonary fi brosis cases [ 7 ,  10 ]. Generally, DC related to  TERC  mutations tends 
to be milder than the X-linked disease [ 4 ]. Families with  TERC  mutations also dem-
onstrate genetic anticipation with subsequent generations developing more severe 
disease at younger ages [ 4 ].  TERT  mutations tend to have lower penetrance and, 
therefore, result in milder and more heterogeneous DC than  TERC  mutations [ 4 ]. 

 Mutations in the TIN2 gene,  TINF2 , a component of the shelterin complex, are 
also a cause of autosomal dominant DC. Shelterin proteins determine the structure 
of the telomere terminus and cap the telomere, which prevents cellular DNA repair 
mechanisms from mistaking the telomere as double-stranded DNA breaks [ 5 ,  11 ]. 
Absent shelterin activity results in short telomeres and triggers a sequence of activi-
ties that leads to apoptosis [ 11 ]. Autosomal recessive forms of DC have been 
described but are not associated with pulmonary involvement [ 5 ,  6 ].  

    Familial Hypocalciuric Hypercalcemia 

 Familial hypocalciuric hypercalcemia (FHH) is an autosomal dominant disorder with 
asymptomatic hypercalcemia, mild hypomagnesemia, and low urinary calcium excre-
tion [ 12 ,  13 ]. It is caused by a heterozygous mutation in the extracellular calcium- 
sensing receptor gene ( CaSR ) found on chromosome 3 that results in altered calcium 
metabolism [ 13 ]. FHH is generally an asymptomatic condition but can be associated 
with pulmonary fi brosis and recurrent respiratory tract infections [ 12 – 14 ].  

    Familial Pulmonary Fibrosis 

 Familial pulmonary fi brosis (FPF) is defi ned by the presence of confi rmed pulmo-
nary fi brosis in at least two fi rst-degree relatives. The exact prevalence is unknown 
but FPF is estimated to represent only 0.5–3.7 % of IPF cases [ 15 ]. The clinical 
presentation of FPF is identical to sporadic IPF, except the age of onset is typically 
earlier [ 6 ]. FPF is discussed in more detail in section “Genes Implicated in Familial 
Pulmonary Fibrosis.”  

    Gaucher Disease 

 Gaucher disease (GD) is an autosomal recessive lysosomal storage disease that 
causes glucosylceramide accumulation from β-glucosidase defi ciency [ 16 ]. 
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β-Glucosidase defi ciency is the result of a mutation in  GBA,  the only gene known to 
be associated with GD [ 16 ]. The prevalence is highest among Ashkenazi Jews, but 
GD can be found with all ethnic backgrounds [ 16 ]. GD patients present with a large 
variety of symptoms that typically include hepatosplenomegaly, anemia, thrombo-
cytopenia, and long bone erosions. Three major clinical types of GD have been 
described [ 16 ,  17 ]. Type 1 GD is rarely complicated by pulmonary hypertension or 
hepatopulmonary syndrome (HPS) [ 17 ]. Type 2 GD causes alveolar consolidation 
from accumulated Gaucher cells [ 17 ]. Type 3 GD can cause either alveolar or inter-
stitial Gaucher cell accumulation associated with pulmonary fi brosis [ 17 ].  

    Hermansky-Pudlak Syndrome 

 Hermansky-Pudlak syndrome (HPS) is a rare, autosomal recessive disorder charac-
terized by a triad of oculocutaneous albinism, storage pool defi ciency, and lyso-
somal ceroid accumulation [ 12 ,  18 ]. The majority of cases arise in Northwest Puerto 
Rico due to founder effect, but affected individuals are found worldwide [ 12 ,  18 ]. 
Seven subtypes have been described (HPS-1–7), but only HPS-1 and HPS-4 are 
associated with pulmonary fi brosis [ 18 ,  19 ]. HPS-1 and HPS-4 are caused by muta-
tions in the genes  HPS-1  and  HPS-4 , respectively [ 12 ,  18 ]. Pulmonary fi brosis 
develops early (second to third decade) and usually results in death by the fourth to 
fi fth decade of life [ 12 ]. HPS has a similar radiographic, physiological, and clinical 
picture to IPF.  

    Hyper-Immunoglobulin E Syndrome 

 Hyper-immunoglobulin E (hyper-IgE) syndrome (HEIS) is a rare primary immune 
defi ciency disorder characterized by elevated IgE levels, eczema, and recurrent 
staphylococcal skin and lung infections [ 1 ,  20 ]. Nearly all (95 %) patients have a 
mutation in the signal transducer and activator of transcription 3 ( STAT3 ) gene that 
is primarily sporadic, but autosomal dominant transmission in families has also 
been described [ 1 ]. Affected individuals have impaired interleukin-17-producing 
T-helper cell (TH17) function, which results in impaired cellular immunity [ 20 ]. 
Pulmonary involvement (Table  9.2 ) includes pneumatoceles and bronchiectasis 
from recurrent pneumonia [ 1 ]. A National Institute of Health (NIH) diagnostic scor-
ing system based on characteristic features has been established [ 1 ,  20 ,  21 ] and will 
likely be modifi ed to include  STAT3  mutation genetic testing in the future [ 20 ].

       Lysinuric Protein Intolerance 

 Lysinuric protein intolerance (LPI) is an autosomal recessive multisystem disorder 
of cationic amino acid (lysine, arginine, and ornithine) transport [ 1 ,  22 ]. Mutations 
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in the y+ LAT1 protein gene,  SLC7A7 , are associated with the condition [ 22 ]. 
Pulmonary involvement is varied including life-threatening respiratory failure due 
to endogenous lipid pneumonia, mild asymptomatic ILD, or pulmonary alveolar 
proteinosis [ 1 ,  22 ].  

    Niemann-Pick Disease 

 Niemann-Pick disease (NPD) is an autosomal recessive neurovisceral lipid storage 
disease where sphingomyelin accumulates in cells due to sphingomyelinase defi -
ciency [ 23 ]. Six variants, A–F, of NPD have been described; pulmonary fi brosis is a 
rare manifestation of types B and C [ 12 ,  24 ]. The age of onset and clinical presenta-
tion of pulmonary disease in NPD is highly variable [ 24 ]. Radiographic features 
include diffuse nodular infi ltrates at the lung bases with honeycombing [ 24 ].  

    Neurofi bromatosis Type I 

 Neurofi bromatosis type I (NF1) is an autosomal dominant condition characterized 
by café au lait spots, neurofi bromas, axillary and groin freckling, optic gliomas, 
melanotic iris hamartomas, and bony dysplasia [ 25 ,  26 ]. NF1 is due to a mutation in 
the tumor suppressor protein neurofi bromin gene,  NF1,  on chromosome 17 [ 12 ,  26 ]. 
Approximately 7–25 % of patients with NF1 develop pulmonary manifestations 
that include pulmonary fi brosis, cystic lung disease, chest wall abnormalities, tho-
racic neural tumors, and pulmonary hypertension [ 25 ,  26 ].  

    Tuberous Sclerosis/Lymphangioleiomyomatosis 

 Tuberous sclerosis is an autosomal dominant multisystem disorder characterized by 
the development of benign tumors (hamartomas) and malformations (hamartias) 

   Table 9.2    Hyper-IgE syndrome scoring system features   

 Immunologic features  Nonimmune features 

 Elevated IgE  Retained primary teeth 
 Eosinophilia  Scoliosis 
 Decreased TH17 cells  Joint hyperextensibility 
 Recurrent infections  Bone fractures following minimal trauma 
 Eczema  Characteristic facial features 
 Candidiasis  Vascular abnormalities 

   TH17  interleukin-17-producing T-helper cells  
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that can involve the brain, skin, kidneys, and lungs [ 1 ,  12 ,  27 ]. Affected individuals 
have mutations in the tumor suppressor genes harmatin ( TSC1)  or tuberin ( TSC2)  
[ 12 ,  28 ]. Patients with pulmonary involvement generally present with spontaneous 
pneumothorax, chest pain, hemoptysis, or exertional dyspnea [ 27 ]. The most com-
mon radiographic fi ndings are diffuse pulmonary fi brosis with honeycombing [ 27 ]. 
Histopathologic examination of the lungs reveals multiple subpleural cysts [ 27 ]. 

 Lymphangioleiomyomatosis (LAM) is rare disease found exclusively in 
women. LAM can occur in isolation as a spontaneous non-germline somatic muta-
tion in  TSC2  or as a component of the tuberous sclerosis complex (TSC) [ 1 ,  28 ]. 
It is caused by the proliferation of smooth muscle-like cells in the small airways, 
vasculature, or lymphatic structures [ 1 ]. LAM cell proliferation results in airway 
narrowing, air trapping, and the formation of cystic lung lesions or lymphangi-
oleiomyomas [ 28 ]. The ILD of LAM is indistinguishable from that of tuberous 
sclerosis [ 1 ]. Patient radiographs show numerous thin-walled cysts. As in tuberous 
sclerosis, pneumothorax is common, occurring in up to 80 % of the affected indi-
viduals [ 1 ,  28 ].   

    Genes Implicated in Familial Pulmonary Fibrosis 

 The genetics of familial pulmonary fi brosis (FPF) is heterogeneous and complex. 
Multiple genetic variations have been described in association with FPF, but each 
individually only confers moderate overall risk [ 7 ,  15 ,  29 – 39 ]. Additionally, not all 
families display the same mutation, and within families not all persons with the 
same mutation develop pulmonary fi brosis or the same phenotype [ 29 ,  34 ,  37 ,  40 ]. 
This suggests that FPF is the result of multiple genetic, host, and environmental risk 
factors. 

    Mucin 5B 

 Previously, large-scale linkage analyses have failed to show genetic linkage across 
multiple families [ 40 ]. This paradigm shifted after a genome-wide linkage scan 
detected linkage between pulmonary fi brosis and a single-nucleotide polymorphism 
(SNP) on chromosome 11 in over 80 families [ 33 ]. The  MUC5B  variant (rs35705950) 
T allele was found to be present in approximately 34 % of FPF subjects compared 
to 9 % of healthy controls [ 33 ,  38 ].  MUC5B  is a gel-forming mucin gene expressed 
by bronchial epithelial cells that is expressed in higher levels among patients with 
FPF and sporadic IPF and unaffected subjects who express the  MUC5B  minor allele 
[ 33 ,  38 ]. The relationship between  MUC5B  expression and the pathogenesis of pul-
monary fi brosis remains unknown [ 33 ,  38 ].  
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    Telomerase 

 Mutations in the genes encoding core telomerase components,  TERT  and  TERC , 
can result in progressive telomere length shortening [ 7 ,  10 ]. Unlike the X-linked 
form of ILD seen in patients with DC related to a mutation in the dyskerin compo-
nent of telomerase, autosomal dominant forms of FPF without features of DC are 
seen with mutations in the  TERT  and  TERC  [ 7 ,  40 ]. TERC mutations are rare, while 
heterozygous TERT mutations are found in approximately 18 % of FPF and 3 % of 
sporadic IPF cases [ 10 ]. Pulmonary fi brosis as the result of telomerase mutations is 
discussed in more detail in section “Links to Aging.”  

    Genetic Disorders of Surfactant Proteins 

 Mutations in the genes encoding surfactant proteins A2, C, and the ATP-binding 
cassette transporter have been described in association with familial and sporadic 
pulmonary fi brosis. ILD as the result of genetic disorders of surfactant proteins is 
discussed in more detail in section “Other Associations.”   

    Links to Aging 

 IPF has long been recognized as a disease of aging with the median age at diagnosis 
being 66 years old [ 41 ]. Prevalence studies of IPF have demonstrated a strong age 
dependence in the development of disease, and a study using a large US insurance 
database and strictly defi ned criteria for the diagnosis of IPF showed an increased 
incidence and prevalence of IPF in each decade of life, with a peak prevalence of 
87.9 per 100,000 individuals of age 75+ for men and 48.4 per 100,000 in women 
[ 42 ]. One potential mechanism for the relationship between aging and IPF has 
emerged from genetic studies of familial IPF in which individuals in affected fami-
lies present at signifi cantly earlier ages. Independent studies by Armanios [ 7 ] and 
Garcia [ 43 ] identifi ed mutations in the telomerase genes, TERT and TERC, in a 
subset of pedigrees with FPF. The consequence of these mutations is premature telomere 
shortening. Telomere length is known to decline with age, and the effect of telo-
mere shortening is accelerated cellular aging. As decreasing telomere length reaches 
a critical level, cellular apoptosis occurs. Hence, telomere length functions as a cel-
lular aging clock that regulates and times cell death, but the exact mechanism lead-
ing to pulmonary fi brosis is not known. However, one potential mechanism is that 
when type I alveolar epithelial cells die, they are initially replaced by division of 
type II cells. However, this reservoir of type II epithelial cells can ultimately be 
depleted, and subsequent epithelial loss must be resolved by the infl ux of 
fi broblasts. 
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 Other data supporting the link between IPF susceptibility and telomere length 
come from several studies that evaluated telomere length independent of genetic 
mutations in the telomere genes. These studies showed shortened telomeres (below 
the fi rst percentile for age) in patients with sporadic IPF [ 44 ,  45 ]. Interestingly, 
mouse studies indicate that telomere length is heritable but independent of telomere 
gene sequence [ 46 ]. Thus, the term “short telomere syndrome” has been coined to 
encompass the disease entity associated with premature telomere shortening [ 46 ]. 
While other features of aging including environmental and occupational exposures 
may contribute to the age association in IPF, telomere length-associated cellular 
apoptosis provides a cogent mechanism linking aging to the development of 
fi brosis.  

    Other Associations 

    Genetic Disorders of Surfactant Proteins 

 Surfactant is crucial for reducing alveolar surface tension and preventing end- 
expiratory atelectasis. Surfactant proteins are synthesized exclusively by type II 
alveolar epithelial cells (type II AECs). Surfactant metabolism dysfunction is asso-
ciated with a variety of pulmonary manifestations including neonatal respiratory 
failure and pulmonary alveolar proteinosis [ 1 ]. Inherited and de novo mutations of 
surfactant-associated protein genes are also associated with the development of pul-
monary fi brosis in children and adults (Table  9.3 ) [ 15 ,  32 ,  34 ,  37 ,  47 ].

    Table 9.3    Surfactant-associated protein mutations and pulmonary fi brosis a    

 Protein  Gene  Mutation(s)b 

 Inheritance 
pattern 

 Proposed 
pathogenesis  Presentation 

 SP-A2   SFTPA2   G231V 
 F198S 

 AD  ER stress  FPF, lung 
cancer 

 SP-C   SFTPC   I73T 
 c.435+1G>A 
 L188Q 

 AD, sporadic  SP-C defi ciency/ER 
stress 

 FPF, IPF 

 ABCA3   ABCA3   E292V  AR  Defective phospho-
lipid transport 

 PAP, ILD 

   SP-A2  surfactant protein A2,  SP-C  surfactant protein C,  ABCA3  ATP-binding cassette protein A3, 
 AD  autosomal dominant,  AR  autosomal recessive,  ER  endoplasmic reticulum 
  a  Adapted from [ 1 ] 
  b  Only the most common listed  
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       Surfactant Protein A2 

 Surfactant protein A2 (SP-A2) is a hydrophilic protein that plays a primary role in 
the innate cellular immunity of the lung [ 31 ]. Two mutations in the SP-A2 gene, 
 SFTPA2 , have been identifi ed in two unrelated families with pulmonary fi brosis [ 37 ]. 
The fi rst results in a transposition of glycine to valine at position 231 (G231V); the 
second is a substitution of phenylalanine to serine at position 198 (F198S) [ 6 ,  37 ]. 
Both mutations result in a SP-A2 protein that is retained in the endoplasmic reticulum 
(ER) resulting in reduced protein stability and increased ER stress [ 15 ,  31 ,  37 ,  40 ]. 
This ER stress results in type II alveolar epithelial cell injury and eventually apop-
tosis [ 47 ].  

    Surfactant Protein C 

 Surfactant protein C, SP-C, is a hydrophobic protein encoded by a single gene on 
chromosome 8,  SFTPC  [ 30 ]. Unlike SP-A2, which plays a role in host defense, 
SP-C contributes to the surface tension-lowering activity of surfactant [ 47 ,  48 ]. 
Over 35 SP-C gene sequence variations have been identifi ed (see Table  9.3 ) [ 15 , 
 47 ]. The most common mutation, substitution of threonine (T) for isoleucine (I) on 
codon 73 (I73T), is present in 25 % of the SP-C-associated cases [ 47 ].  SFTPC  
mutations show an autosomal dominant inheritance pattern with variable penetrance 
or can arise de novo in sporadic IPF cases [ 15 ,  30 ]. Overall,  SFTPC  mutations are 
rare, appearing in less than 1 % of patients with pulmonary fi brosis [ 15 ,  30 ]. 

 The phenotype associated with SFTPC mutations is highly variable. The age of 
onset ranges from infancy to late adulthood, and histopathologic patterns include 
NSIP and UIP [ 30 ]. This histologic variability is also exhibited within families car-
rying the same mutation [ 47 ]. The mechanism of this variability is unknown but, 
once again, suggests host and environmental modifi ers [ 48 ,  49 ]. 

 Two mechanisms of lung injury related to SFTPC mutation have been described. 
The fi rst is related to expression and/or mistraffi cking of abnormal SP-C [ 48 ]. Similar 
to SFTPA2 mutations, this results in endoplasmic stress on type II alveolar epithelial 
cells and ultimately leads to cell injury and death [ 6 ]. The second is related to SP-C 
defi ciency. Patients with certain SFTPC mutations lack mature SP-C in the lung tis-
sue and bronchoalveolar lavage (BAL) fl uid [ 18 ]. Absent or defi cient SP-C could 
result in lung injury from mechanical injury due to unopposed shear forces [ 18 ].  

    Adenosine Triphosphate-Binding Cassette Transporter A3 

 Adenosine triphosphate (ATP)-binding cassette transporter A3 ( ABCA3 ) mutations 
alter the translocation of phospholipids into lamellar bodies during the production 
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of surfactant in type II AEC [ 1 ]. The disorder is inherited in an autosomal recessive 
pattern with over 100 distinct mutations identifi ed to date [ 1 ]. Disease phenotype is 
highly variable and ranges from neonatal respiratory failure and death to chronic 
mild ILD [ 1 ].   

    Variability of ILD Manifestations in Family Studies 

    Telomerase Families with Variable Disease Manifestations 

 The description of multiple pedigrees with mutations in the telomerase genes, TERT 
and TERC, provides evidence that even patients with the same mutation may dis-
play differing lung involvement that ranges from seemingly normal to classic IPF 
[ 7 ]. A recent study documented histopathology from open lung biopsies on patients 
with telomerase mutations and showed nonspecifi c fi brosis and discordant pathol-
ogy in 33 % of mutation carriers [ 45 ].  

    Familial Clusterings of Non-UIP and Mixed Pathology 

 Familial clusterings of fatal desquamative interstitial pneumonia (DIP) in infants 
have been reported by a number of groups [ 50 ,  51 ]. Some of these early-onset DIP 
patients have been shown to have mutations in the SPC gene [ 32 ]. A number of 
unique family mutations in SPC have been described that associate with early-onset 
ILD. Interestingly, individuals in one family cohort with a unique SPC mutation that 
was characterized as a leu188-to-gln (L188Q) substitution in a highly conserved 
region of the C-terminal domain displayed UIP in adults and cellular NSIP in chil-
dren, suggesting that a single genetic variant may result in a different pathology 
over time [ 34 ].   

    New Directions 

 The fi ndings in ILD genetics to date represent only the beginning of what is sure to 
be a rapidly developing resource for clinicians seeking to provide earlier diagnosis 
and improved approaches to ILD therapy. Many questions remain including whether 
there are common genetic variants that contribute risk in diverse forms of ILD such 
as medication-associated, autoimmune and hypersensitivity pneumonitis. Can dis-
ease be limited through by treating patients with known ILD genetic risk factors 
prior to the onset of symptoms? Also, what can be learned about common mecha-
nisms of lung injury from rare Mendelian forms of ILD? 
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 Thus, the strategies for discovery moving forward will include the combination 
of studies of unique families with FPF as well as more broad evaluation of unrelated 
patients with similar forms of ILD using genome-wide association studies. A fea-
ture that will inform further success in GWAS studies is the enhanced phenotyping 
that genomics and proteomic evaluations can add to clinical, radiologic, and patho-
logic evaluations. In addition, the large patient populations required for such studies 
will necessitate multi-institution and multinational cooperation for the assembly 
and characterization of patient samples. 

 One additional area for exploration is the epigenetics of disease risk. A recent 
study has implicated a micro-RNA processing defect in rapidly progressive IPF 
[ 52 ]. Although not classically considered epigenetics, telomere length has also been 
strongly associated with IPF risk. Thus, even with the potential insights of classic 
genetics, further exploration is required to fully understand the genetics of ILD 
susceptibility. The goal of all of these investigations is to ultimately develop 
approaches that facilitate presymptomatic diagnosis and the identifi cation of “pro-
phylactic” agents to prevent overt disease development as well as to better match 
diagnosis to therapeutic agent. The potential benefi ts to patients of these advances 
cannot be overstated.     
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    Abstract     Idiopathic pulmonary fi brosis is a distinct progressive fi brotic disorder 
that is characterized by heterogeneity in its presentation, clinical course, pathology, 
and other nuanced features. This has resulted in the recognition of distinct clinical 
phenotypes within the rubric of this disorder. Phenotypes may be recognized based 
on clinical features, physiologic testing, radiographic appearance, or patients’ sub-
sequent disease course. This chapter will discuss the various IPF phenotypes and 
their unique distinguishing features.  

  Keywords     Pulmonary fi brosis   •   Phenotype   •   Hypertension   •   Pulmonary   •   Pulmonary 
disease  ,   chronic obstructive   •   Connective tissue diseases   •   Radiographic image 
interpretation   •   Computer assisted  

        Introduction 

 In the late 1970s and early 1980s, idiopathic pulmonary fi brosis (IPF) was a wastebasket 
term for many forms of idiopathic lung disease that had a component of fi brosis as a 
hallmark of their pathologic picture. In the latter part of the last century, distinct clinico-
pathologic entities were described and carved out from this broad term, ultimately cul-
minating in the description and categorization of the idiopathic interstitial pneumonias 
[ 1 ]. IPF was retained as a distinct, more homogeneous clinical entity characterized by a 
histopathologic pattern of usual interstitial pneumonia (UIP) with its defi ning patho-
logic feature of microscopic heterogeneity. This theme of heterogeneity in IPF is not, 
however, confi ned to its pathologic fi ngerprint but also pertains to many other aspects of 
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the disease. The perplexing, unpredictable nature of disease progression is likely related 
to this clinical heterogeneity. Similarly, the mixed (or muted) signals from many of the 
clinical studies that have been undertaken could be related to heterogeneity in treatment 
response. These differences in presentation, course, and outcomes have provided a foun-
dation for the concept of distinct IPF phenotypes. 

 The term phenotype has been broadly defi ned as the entire physical, physiologic, 
and biochemical makeup of an individual as determined both genetically and envi-
ronmentally. The physical makeup of an individual with any disease might include 
features on physical examination. However, IPF patients have no unique, clinically 
distinctive features that characterize or infl uence the disease course or management, 
apart from digital clubbing, which has been associated with worse outcomes. In the 
context of IPF, the physical constituent of the disease may include not only the clini-
cal presentation and features on physical examination but also the radiographic and 
histologic appearance of the disease. The appearance of the disease as assessed by 
high-resolution computed tomography (HRCT) may be regarded as a physical fea-
ture, and, therefore, radiographic variants might be regarded as specifi c disease phe-
notypes. In this regard, typical and atypical appearing HRCTs, the extent of the 
disease, the presence of traction bronchiectasis, and asymmetric disease have been 
reported to be associated with different outcomes or possibly distinct etiologies (in 
the case of asymmetric disease) [ 2 – 4 ] (Fig.  10.1 ).

   The clinical course of the disease may help delineate distinct phenotypes, albeit 
in a refl ective fashion. The disease course is likely determined by the physical char-
acteristics of the disease and is undoubtedly infl uenced by the patient’s genotype 
and, possibly, the environment. Environmental factors may be extrinsic, such as air 
pollution and cigarette smoking, or intrinsic, such as gastroesophageal disease and 
obstructive sleep apnea [ 5 – 7 ]. With regard to the latter, these are generally regarded 
as IPF comorbidities rather than distinct phenotypes. 

 The physiologic component of the phenotype might include characteristics of 
lung function studies and pulmonary hemodynamics. Pulmonary function tests 
(PFTs) alone do not defi ne distinct phenotypes, but certain PFT characteristics may 
be associated with clinical phenotypes; for example, evidence of obstruction might 
be seen in association with the combined pulmonary fi brosis/emphysema pheno-
type. On the other hand, pulmonary hypertension (PH), a physiologic marker of 
compromised pulmonary vasculature, appears to be a distinct phenotype that is 
associated with greater functional impairment and an accelerated disease course 
[ 8 – 11 ]. Distinct phenotypes based on biochemical profi ling remain to be deter-
mined and warrant further study in the context of IPF. 

 The defi nition of a phenotype also raises the further question of how much varia-
tion within each phenotype is permissible before it can or should be regarded as a 
separate entity. The degree to which nuanced phenotypes should be explored and 
differentiated ultimately depends on whether such distinctions make any substan-
tive difference to the patient and their outcomes or to the clinician and their manage-
ment of the case. 

 For environmental exposures or genetic modifi ers to be regarded as defi ning dis-
tinct IPF phenotypes, they must be associated with distinct manifestations or 
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constellations of features. Therefore, familial IPF would qualify as a distinct phenotype, 
because there are unique characteristics of its presentation and course [ 12 ]. However, 
IPF patients with an environmental exposure history, such as cigarette smoke and 
extraneous environmental ambient pollution, do not have distinctive clinical fea-
tures and, therefore, would not be defi ned as a specifi c disease phenotype. On the 
other hand, cigarette smoking may predispose patients to combined IPF/COPD, 
which does indeed appear to be a distinct clinical phenotype [ 13 – 17 ]. A schematic 
of the various phenotypes and their overlap is shown in Fig.  10.2 .

       Familial IPF 

 There is wide variation in the percentage of IPF patients who are believed to have 
the familial variant that is recognized when two or more individuals from the same 
family have pulmonary fi brosis consistent with an idiopathic interstitial pneumonia 

  Fig. 10.1    Radiographic phenotypes ( a ) HRCT demonstrating subpleural patchy infi ltrates, but no 
distinct honeycombing. This appearance represents a possible UIP pattern. ( b ) HRCT that is typical 
for IPF with extensive subpleural reticulation and honeycombing. ( c ) Asymmetric IPF with right-
sided predominance. ( d ) Combined pulmonary fi brosis/emphysema with diffuse fi brotic changes 
and extensive bullous disease (posterior)       
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(IIP) [ 18 ]. Familial IPF is covered in more detail in a dedicated chapter. Whether 
this patient subgroup has a disease course that is suffi ciently different to be regarded 
as a distinct phenotype is uncertain. However, what is known is that those with a 
familial predisposition can develop not only IPF but other forms of IIP, which sug-
gests that genetic mutations predispose patients to a number of IIP pathologies other 
than UIP. 

 A number of genetic mutations have been shown to predispose to IPF. These 
include telomerase mutations, surfactant protein C, surfactant protein A2, and 
ELMOD2 [ 18 ]. Patients with familial IPF, including those with telomerase muta-
tions, tend to be diagnosed and die at an earlier age. However, their clinical presen-
tation and disease course appear similar to that of sporadic IPF patients with a mean 
life expectancy after diagnosis of 2.4–3 years [ 12 ,  19 ].  

    IPF Combined with COPD 

 It has been recognized for about two decades that IPF can occur in combination 
with emphysema [ 13 ,  14 ]. However, with the advent of HRCT, there is a growing 
appreciation of this as a distinct clinical entity [ 15 – 17 ]. It has been described as 
occurring in 28 % of patients with IPF [ 16 ]. It is not surprising given the high preva-
lence of prior cigarette smoking among IPF patients that the most common of the 
obstructive and interstitial diseases should, on occasion, occur together. 

 Combined IPF/emphysema (CPFE) is diagnosed with HRCT by the presence of 
fi brotic changes seen in conjunction with emphysematous changes, which can man-
ifest as overt bullous disease in ~50 % of cases, or with more subtle but distinct 
areas of decreased attenuation and a paucity of vascular markings [ 15 ] (see 
Fig.  10.1 ). The emphysematous component tends to be more upper lung zone in its 
distribution with both panacinar and paraseptal emphysema being described [ 15 ]. 
The fi brotic changes retain their predilection for the lower lobes, and typical IPF 

  Fig. 10.2    Diagrammatic representation of the various IPF phenotypes and their overlap       
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fi ndings are commonly seen that include reticular changes, honeycombing, and 
traction bronchiectasis. Although the emphysema and fi brotic changes have a predi-
lection to occur in different areas of the lung, the two processes frequently may be 
found adjacent to one another [ 16 ]. Subtle ground-glass attenuation has also been 
described in two-thirds of patients, which may suggest the additional presence of 
smoking-related ILD such as respiratory bronchiolitis-associated ILD or desquama-
tive interstitial pneumonia [ 15 ]. 

 As opposed to IPF, in which the prevalence of prior or current cigarette smoking 
is seen ~70 % of cases, in combined IPF/emphysema (CPFE), almost all patients 
have a history of cigarette smoking with a greater pack-year exposure [ 15 ,  16 ]. 
Additionally, there appears to be a greater male predominance of this specifi c phe-
notype. In one series of patients in whom previous radiographic studies were avail-
able, the evidence of emphysema was noted prior to the appearance of fi brotic 
changes in 32 %; however, the fi brosis predated the emphysema in 6 %, and the two 
entities were diagnosed concomitantly in 62 % of the cases [ 15 ]. Although the two 
entities might be pathophysiologically distinct, the observation that the fi brosis can 
occur prior to the emphysematous changes in a small subset of patients raises the 
possibility that in some cases, the fi brosis may infl uence the subsequent develop-
ment of emphysema. Conceivably, this might occur through mechanical traction or 
other mechanisms such as the release of cytokines, including tumor necrosis factor-α 
(alpha) and platelet-derived growth factor [ 20 ]. Additional shared pathogenic pro-
cesses include apoptosis of alveolar epithelial cells, increased oxidative stress, and 
abnormalities of telomerase activity [ 19 ]. 

 There are no distinctive clinical features of CPFE, and patients present with a 
similar constellation of symptoms and physical fi ndings to others with IPF. A clue 
to the presence of CPFE can frequently be found in patients’ pulmonary function 
tests. Due to the counterbalancing effects of coexistent restrictive and obstructive 
processes, the two opposing forces tend to “mask” one another with patients fre-
quently presenting with normal lung volumes. An obstructive ventilatory defect is 
seen in ~50 % of patients, while there is evidence of restriction in only 21 % of 
cases, and “pseudonormalization” of spirometry is seen in approximately one-third 
of cases [ 15 ]. 

 Although pathologically distinct, emphysema and fi brosis do share a propensity 
for destruction of the pulmonary parenchyma. Therefore, there are mutual patho-
physiologic consequences that in summation tend to be more profound. In this 
regard, another important clue to the presence of CPFE is the single breath diffusing 
capacity for carbon monoxide (DLCO), which is frequently reduced disproportion-
ately to any lung volume abnormalities. Similarly, most of these patients tend to be 
hypoxemic at rest and have evidence of exercise desaturation [ 15 ]. 

 The pulmonary vasculature may be involved by both processes with evidence 
for the presence of PH reported in many patients [ 15 ,  16 ]. Those patients whose 
CPFE is complicated by PH have shortened median survivals of 4.8 years com-
pared to those without PH, whose median survivals have been reported at just 
over 9 years [ 15 ]. Additionally, patients with CPFE appear to be at heightened 
risk for lung cancer. 
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 There are confl icting reports of outcomes in those patients with CPFE 
compared to others with IPF. One study reported a 5-year survival after the diag-
nosis of CPFE of 54.6 % with a median survival of just over 6 years [ 15 ]. This is 
signifi cantly better than recent reports on IPF survival [ 21 ,  22 ]. However, patients 
with CPFE have also been reported to have worse outcomes compared to those 
with IPF, which might be accounted for by the greater propensity for the CPFE 
group to also have PH [ 16 ]. 

 There are no specifi c treatment recommendations for CPFE. In the absence of 
universally accepted therapies for IPF, it might be reasonable to treat the emphyse-
matous component of the disease in those patients with obstructive physiology. In 
this regard, treatment guidelines for COPD can help direct therapy.  

    IPF with Pulmonary Hypertension 

 PH can complicate the course of many different forms of parenchymal lung disease, 
including IPF [ 8 – 10 ,  23 ]. It is clear that the presence of PH is associated with a 
worse prognosis and increased functional impairment [ 8 ]. Whether PH should be 
regarded as a complication, comorbidity, or distinct clinical phenotype is uncertain. 
Some patients may have PH at their initial presentation while others might develop 
it with progression of their disease [ 24 ,  25 ]. It is diffi cult to predict which patients 
will develop PH over time, although those who are so inclined might have a distinct 
genomic fi ngerprint [ 26 – 28 ]. Because the course of disease appears to be modifi ed 
by the presence of PH, it seems reasonable to regard it as its own IPF phenotype. 

 Some patients do appear to have a greater propensity for PH and may develop it 
in the context of well-preserved lung function [ 11 ] (Fig.  10.3 ). In addition to a poor 
correlation between the severity of restrictive physiology and PH, there is also a 
lack of correlation between the extent of fi brosis on HRCT and PH (Fig.  10.4 ). This 
suggests that factors other than the fi brosis are involved in the genesis of PH. 
Destruction of the alveolar capillary bed by the fi brotic process certainly does play 
a role, while the presence of two pathologically distinct causes of alveolar capillary 
destruction with counterbalancing effects on lung volumes might explain the lack of 
correlation between lung volumes and PH in those patients with coexistent emphy-
sema. There are multiple other contributory factors including hypoxemia, which 
may be intermittent or nocturnal. It is also conceivable that due to the heterogeneous 
nature of the disease, regional hypoxia may be present which cannot be detected on 
standard clinical testing. Additionally, in the context of the complex pathogenic 
sequence that leads to progressive fi brosis, it is possible that dysregulated cytokines 
might have effects on angiostasis, angiogenesis, and vessel remodeling, resulting in 
or contributing to the development of PH [ 29 ]. Some of the cytokines implicated in 
this regard include endothelin-1, vascular endothelial growth factor, pigment 
epithelium- derived factor, transforming growth factor-beta, platelet-derived growth 
factor, endostatin, angiostatin, fi broblast growth factor-2, and angiotensin-II [ 29 ]. 
The role of comorbidities in the development of PH should not be overlooked, espe-
cially in the more elderly in whom there may be coexistent diastolic heart failure, 
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  Fig. 10.3    ( a ) Graph of the mean pulmonary artery pressures versus the FVC% predicted showing 
a lack of correlation between these two variables. The prevalence of PH is demonstrated on the 
right  y -axis, which also depicts the relative proportion of patients with various degrees of PH. 
( b ) Plot of the mean pulmonary artery pressure to DLCO%, also demonstrating the prevalence of 
pulmonary hypertension by DLCO% predicted range on the top  y -axis (Inova Fairfax data)       

  Fig. 10.4    HRCT of patient with IPF and an FVC of 50 % predicted with a mean pulmonary artery 
pressure of 52 mmHg. Note the enlarged pulmonary artery segment ( dashed line )       

 

 

10 Idiopathic Pulmonary Fibrosis Phenotypes



228

obstructive sleep apnea, and coronary artery disease. All of these entities have been 
demonstrated to have a higher prevalence in IPF patients [ 7 ,  30 – 35 ]. The various 
factors that may contribute to the pathogenesis of PH in IPF are depicted in Fig.  10.5 .

     When present, PH is usually mild to moderate; therefore, the clinical fi ndings of 
PH may be subtle or absent. In approximately half of the cases, the mean pulmonary 
artery pressure (mPAP) is in the range of 25–30 mmHg, while more severe PH 
(mPAP > 40 mmHg) has been described in only ~9 % of IPF patients listed for lung 
transplantation [ 8 ,  10 ]. Therefore, clinical signs are frequently absent, although the 
presence of an increased P 2  component to the second heart sound may be the fi rst 
sign and should raise suspicion for underlying PH. Other fi ndings, including jugular 
venous distension and peripheral edema, are typically rare, as patients will usually 
succumb to their disease prior to the development of overt right-sided heart failure. 
Important clues to the presence of underlying PH are dyspnea or desaturation that is 
out of proportion to the impairment in lung function. 

 Although lung volumes do not predict PH, a markedly reduced DLCO (typically 
<40 % of predicted) does have a correlation with PH, and the lower the DLCO, the 
more likely that coexistent PH will be present [ 11 ] (see Fig.  10.3b ). A reduced 
FVC% to DLCO% may also be a useful screen; specifi cally those patients with a 

  Fig. 10.5    Factors that may contribute to the pathogenesis of PH in IPF       
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ratio of 1.0–1.4 have an associated prevalence of PH of 22.6 % compared to those 
with a ratio >3.0 in whom the prevalence is 50 % [ 11 ]. A shorter distance, lower 
oxygen saturation nadir, and diminished pulse rate response obtained during and 
after a 6-min walk test are all associated with underlying PH [ 8 ,  36 ]. On cardiopul-
monary testing, IPF patients with PH demonstrate lower maximum work rates, peak 
oxygen updates, anaerobic thresholds, and peak oxygen pulses, but with higher ven-
tilatory equivalents for CO 2  elimination [ 37 ]. Biomarkers in the form of brain natri-
uretic peptide or pro-N terminal brain natriuretic peptide, which can also be elevated 
in heart failure, may similarly be useful screening tools for PH in IPF, but these 
require further validation [ 25 ,  38 ]. 

 As with all forms of PH, echocardiography is a good screening tool, but it should 
not be relied upon to make the diagnosis, because it is frequently inaccurate, espe-
cially in patients with IPF and other forms of advanced lung disease [ 39 ,  40 ]. 
Additionally, echocardiography only provides an estimate of the right ventricular 
systolic pressure (RVSP), which in the absence of pulmonic stenosis approximates 
the pulmonary artery systolic pressure. The higher this pressure, the more likely the 
patient has PH. Specifi cally, an estimated RVSP >60 mmHg is 92 % specifi c for 
underlying PH, but the sensitivity of this threshold is unacceptably low at only 27 % 
[ 40 ]. Conversely, a threshold of 35 mmHg has a sensitivity for PH of 86 %, but this 
is at the expense of a specifi city of only 29 %. Echocardiography may overestimate 
the RVSP in ~50 % but may also provide an underestimation in ~10 % of IPF 
patients [ 40 ]. Therefore, the gold standard for a defi nitive diagnosis remains right 
heart catheterization. The ability of differing pressure estimates by echocardiogra-
phy to predict prognosis does, however, raise the issue of whether it is the systolic 
pressure that has a closer link to prognosis than the mPAP [ 9 ,  25 ]. 

 As opposed to IPF for which there are no universally recognized or accepted 
medical therapies, there are now multiple therapies available for the treatment of 
pulmonary arterial hypertension. This has raised ongoing interest in targeting the 
PH of IPF with these same medications. Although there are a number of case series 
attesting to the benefi ts of this approach, the prospective trials to date have not borne 
this out [ 41 ,  42 ]. The most robust of these studies was the STEP-IPF study of silde-
nafi l for patients with advanced IPF, which was undertaken by the NIH-sponsored 
IPF Network. This study was enriched for IPF patients with PH by virtue of the 
inclusion criteria of a DLCO <35 % of the normal predicted value. Although the 
study failed to meet its primary endpoint of a 20 % change in the 6-min walk test 
distance, there were a number of secondary endpoints that were met, suggesting a 
salutary effect [ 42 ]. A subsequent subgroup analysis of those patients with right 
ventricular dysfunction on echocardiogram did indeed demonstrate a benefi t in the 
6-min walk test distance for the treatment arm [ 43 ]. Therefore, it does appear that 
there may be a subgroup of patients with IPF and complicating PH who may benefi t 
from pulmonary vasoactive therapies, but this requires further validation in appro-
priately designed prospective studies.  
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    Disease Course Variants 

 The course of patients with IPF is very diffi cult to predict. Although the median 
survival is approximately 3 years from the time of diagnosis, there is wide temporal 
variation in disease progression and outcomes. Whether there are distinct clinical 
phenotypes within this spectrum of outcomes is uncertain. 

    Rapid Progressors 

 There appears to be a subgroup of patients with a more accelerated course who are 
at greater risk of succumbing within the fi rst year from the time of diagnosis 
[ 44 – 46 ]. These patients tend to present earlier after the onset of symptoms than 
those who have a more protracted course [ 44 ]. This might be due to the rapidity 
of progression of their symptoms. At-risk patients are more likely to be males and 
smokers [ 44 ]. However, they remain a diffi cult group to discern at baseline due to 
a lack of specifi c demographic, radiographic, physiologic, or characteristic patho-
logic features [ 44 ,  45 ]. However, rapid progressors appear to have a distinct 
genomic fi ngerprint with a propensity for the overexpression of genes involved in 
morphogenesis, oxidative stress, migration/proliferation, and genes from fi bro-
blasts/smooth muscle cells [ 44 ]. Toll-like receptor 9, an innate immune sensor 
that is released in response to certain infections, has also been shown to be upreg-
ulated in IPF patients with a more accelerated course [ 45 ]. It appears that Toll-like 
receptor 9 can also drive the fi brotic process, raising the interesting possibility 
that occult infection may play a role, which is consistent with the multiple hit 
theory that is commonly invoked in IPF pathogenesis. This may also help to 
explain the unpredictable course seen in most patients.  

    Slow Progressors 

 On the other end of the spectrum are those patients who survive 5 years and beyond 
from their initial diagnosis and whose disease course appears to follow a more 
attenuated trajectory [ 46 ]. These patients are also diffi cult to distinguish at presenta-
tion, but as a group they have higher body mass indices, FVC%, FEV 1 %, TLC%, 
and DLCO% predicted, as well as lower FEV 1 /FVC ratios and mPAPs [ 46 ]. Rather 
than being a distinct subgroup of patients, these patients likely represent the pro-
tracted extreme of a continuous spectrum of outcomes. There are data to suggest 
that ongoing survival portends a better prognosis and that “the longer IPF patients 
live, the more likely they will live longer” [ 46 ].  
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   Acute Exacerbators 

    Acute exacerbations (AEs) of IPF are the topic of a dedicated chapter (Chap. 
  17    ), and readers are encouraged to refer to this. Whether those patients who 
develop AEs should be regarded as a distinct phenotype or whether this should 
be regarded as an IPF complication is uncertain. The idiopathic nature of AEs 
makes this distinction diffi cult. Specifi cally, if occult aspiration, viral infec-
tions, or any other intercurrent insults were the precipitating factor, then this 
would qualify AEs as a complication. Elevated pepsin levels have been described 
in one-third of cases of IPF AEs, attesting to aspiration as possibly playing a 
role in at least some cases [ 47 ]. However, if a specifi c milieu or genomic pheno-
type that predisposes some patients to develop an AE is eventually identifi ed, 
this patient subset would be more appropriately classifi ed as a distinct IPF phe-
notype. Indeed, it has been shown that IPF-AE lung tissues have a distinct 
genomic profi le with upregulation of stress response genes such as heat shock 
proteins, alpha-defensins, and mitosis-related genes including histones and 
CCNA2 [ 48 ]. This gene dysregulation is localized mostly to the alveolar epithe-
lial cells, rather than fi broblasts. Interestingly, from the same gene analysis of 
IPF-AE lung tissue, there did not appear to be upregulation of genes that are 
typically associated with infection or infl ammation. Although the epithelial cell 
has been shown to be a potential precursor cell for fi broblasts through epithelial- 
mesenchymal transition, why these cells should alter their expression to that of 
a more acute lung injury phenotype remains uncertain. 

 There do not appear to be any distinct clinical features that can reliably identify 
those patients at risk for an acute exacerbation. However, it has been reported that 
patients with lower FVCs and nonsmokers are at higher risk. Additionally, male gender 
and undergoing a surgical lung biopsy may also represent risk factors [ 49 ,  50 ].   

    IPF Sine CTD (Connective Tissue Disease) 

 There appears to be a spectrum of connective tissue disease (CTD) manifestations 
that may be seen in association with a UIP pattern of injury (Fig.  10.6 ). It remains 
unclear whether a distinct IPF phenotype exists within the spectrum of possible 
CTD manifestations. It is possible that an occult CTD or predisposition to develop 
a CTD (as manifest by positive serologies) sets the stage and predisposes patients 
to an injurious process that can be considered similar to the effects of an occupa-
tional exposure in a predisposed patient. Alternatively, autoimmune activation in 
response to the injurious process may also be possible. Indeed, evolving evidence 
suggests that autoimmunity may play a signifi cant role in the initiation or perpetu-
ation of IPF [ 51 ,  52 ].
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   It has been recognized from the earliest descriptions of IPF that some cases may 
be associated with low-grade positive autoantibodies, most notably low-titer anti-
nuclear antibodies (ANA). It has been proposed that patients with positive serolo-
gies and at least one symptom of a CTD who do not otherwise fulfi ll criteria for a 
specifi c CTD should be regarded as having a distinct entity termed “autoimmune- 
featured ILD” or to have an undifferentiated CTD, which has been described in 
13 % of IPF patients [ 53 ,  54 ]. It is not clear that these patients should be regarded 
as representing a distinct IPF phenotype, since their outcomes appear to be similar 
to that of IPF patients who lack fi ndings suggestive of CTD. Whether these patients 
can be differentiated by a different treatment response profi le remains to be deter-
mined. It has been estimated that 15–20 % of patients with ILD may have an occult 
CTD or subsequently develop one [ 55 ]. These patients may be diffi cult to identify 
at the outset, even in the presence of autoantibodies (which do not necessarily pre-
dict the subsequent development of a CTD) [ 56 ]. Therefore, patients might be diag-
nosed with apparent IPF at the outset, but this diagnosis might require modifi cation 
when the autoimmune process manifests, which can be months to many years after 
the initial diagnosis of IPF is made [ 57 ,  58 ]. 

 In polymyositis/dermatomyositis (PM/DM), ILD may occur before the onset of sys-
temic disease in up to 20–38 % of cases, and ILD may be the sole manifestation of the 
disease in 30 % of patients [ 58 – 61 ]. Within the spectrum of PM/DM is the antisynthe-
tase syndrome, which is a specifi c subgroup of patients who have autoantibodies against 
aminoacyl-tRNA synthetases. The aminoacyl-tRNA synthetases are cytoplasmic 
enzymes that facilitate the attachment of amino acids to their respective transfer RNAs 
[ 58 ]. Of these, the anti-Jo1 antibody is most commonly measured and is seen in 30 % of 
cases [ 59 ]. However, routine commercial testing for the other antisynthetase antibodies 
is not readily available. Clinical manifestations of the associated myositis may be subtle 
or absent, making this diagnosis diffi cult to attain. Seropositive amyopathic ILD falls 
within the spectrum of the antisynthetase syndrome, but this variant occurs without 
associated muscle weakness or abnormal muscle enzymes. Nonetheless, these patients 
may still have myopathic fi ndings on electromyogram or muscle biopsy. 

  Fig. 10.6    Diagram depicting the spectrum of connective tissue disease features from IPF to overt 
autoimmune disease       
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 Another CTD that may be subtle in its manifestations is systemic sclerosis sine 
scleroderma, which is a rare form of scleroderma in which patients may manifest 
with systemic disease but lack skin thickening or sclerodactyly. They will usually 
have scattered telangiectasias, abnormal nailfolds on capillaroscopy, Raynaud’s 
phenomenon, or esophageal dysmotility [ 62 ]. A nucleolar staining pattern to the 
ANA should also raise the suspicion for underlying scleroderma, especially since 
both the anti-centromere and anti-Scl 70 antibodies are not usually found in the sine 
scleroderma variant [ 62 ]. 

 On one end of the CTD spectrum, there are the clinically overt CTDs with their 
inherent systemic manifestations that are seen in association with ILD. Indeed, the 
UIP pattern of injury that characterizes IPF is well described in many of the CTDs, 
including rheumatoid arthritis, in which UIP is the major pathologic manifestation of 
complicating ILD. Although a nonspecifi c interstitial pneumonia pattern of injury 
tends to predominate in the other CTDs, a UIP pattern can still be seen in many cases.  

    Radiographic Phenotypes 

 The most pertinent study for the diagnosis of IPF is the HRCT. The value of HRCT 
has gained increased recognition and importance, and it is central to the diagnostic 
algorithm provided in the most recent 2011 IPF consensus statement [ 63 ]. When the 
HRCT displays a pattern that is typical for the presence of UIP, this is suffi cient to 
make the diagnosis of IPF without the need for a confi rmatory lung biopsy. A typi-
cal HRCT for IPF includes the following: (1) subpleural, basal predominant reticu-
lar abnormalities, (2) honeycombing with or without traction bronchiectasis, and (3) 
the absence of inconsistent features. If only honeycombing is lacking, the HRCT is 
regarded as consistent with a “possible UIP pattern,” while the presence of atypical 
features on HRCT is regarded as “inconsistent with a UIP pattern” (Fig.  10.7 ). 
Atypical radiographic features include upper or mid-lung predominance, peribron-
chovascular predominance, extensive ground-glass abnormalities, profuse 
micronodules, discrete cysts, diffuse mosaic attenuation/air trapping, or consolida-
tion. Prior to the most recent consensus statement, patients with atypical HRCT 
fi ndings and UIP histopathology had been described as having better outcomes [ 2 ]. 
Most of these patients were regarded as having atypical scans based on a lack of 
honeycombing. Whether the absence or presence of this feature defi nes different 
clinical phenotypes or patients at different stages of their disease course (or both) 
has not yet been determined.

   The recent consensus guidelines clearly delineate the diagnostic criteria for IPF. 
There are numerous permutations of radiographic and histologic pattern combinations 
with which the diagnosis can be attained (see Fig.  10.7 ). It is unclear if the specifi c diag-
nostic combinations will eventually emerge as disease conditions that are in other ways 
distinct. In the context of a full evaluation that includes a HRCT and surgical lung 
biopsy, some patients may still not qualify as having IPF and are labeled as “probable 
IPF” (see Fig.  10.7 ). This entity probably does include some patients with and others 
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without IPF. As a group, whether or not they have a differing pathogenesis, disease 
course, or response to therapy remains to be determined. If patients with “probable IPF” 
are indeed shown to have distinctive characteristics in future studies, these patients may 
be redefi ned as constituting another IPF phenotype, if not another disease.  

    Hybrid (Crossover) Phenotypes 

 There are patients who can manifest features of more than one IPF phenotype (see 
Fig.  10.2 ). For example, patients with CPFE have a higher prevalence of PH and 
may demonstrate a nonspecifi c ANA in approximately one-third of cases [ 15 ]. 
Additionally, IPF/PH patients have been described to be at greater risk for AEs [ 64 ]. 
There is obvious overlap between those patients who develop AEs and those who 
have an accelerated disease course; indeed, patients may occasionally have clinical 
features that make it diffi cult to identify them as having one or the other phenotype. 
Fresh collagen deposition can result in a ground-glass appearance on HRCT, which 
may be indistinguishable from the infi ltrates of diffuse alveolar damage that charac-
terize AEs. Whether patients with any of the radiographic variants are more inclined 
to develop other phenotypic manifestations including an AE or PH/IPF remains to 
be determined.  

  Fig. 10.7    Permutations of HRCT and histologic pattern combinations for the diagnosis of IPF       
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    Summary 

 The concept and identifi cation of IPF phenotypes continue to evolve with a number 
of distinct entities now identifi ed. However, as yet, there are no clear defi nitions or 
classifi cations of these phenotypes. A greater understanding of IPF phenotypes is 
needed in order to better discern the course of the disease and to appropriately 
stratify patients in treatment trials. Indeed, it is possible that distinct phenotypes 
might have different responses to therapy. An area for future study is the further 
genomic profi ling of IPF phenotypes to better understand the genetic component of 
each entity’s unique expression.     
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    Abstract      Determining whether an “idiopathic” interstitial pneumonia (IP) is actu-
ally a manifestation of an underlying connective tissue disease (CTD) is important, 
because this knowledge often has a signifi cant impact on management and progno-
sis. The detection of occult CTD (and distinguishing these cases from idiopathic 
disease) is challenging and can be optimized by a thorough and multidisciplinary 
evaluation. In this chapter, we discuss the complex intersection that exists between 
CTD and interstitial lung disease (ILD) and highlight specifi c clinical, laboratory, 
radiologic, and histopathologic features that are useful in distinguishing CTD- 
associated ILD from idiopathic interstitial pneumonia (IIP).  

  Keywords      Connective tissue disease   •   Interstitial lung disease   •   Idiopathic interstitial 
pneumonia   •   Collagen vascular disease  

        Introduction 

 The idiopathic interstitial pneumonias (IIP) are a group of diffuse parenchymal lung 
disorders that are grouped together based on similar clinical, radiologic, and histo-
pathologic features [ 1 ]. Usual interstitial pneumonia (UIP) is the most common 
subtype of the IIPs, and when identifi ed in the absence of an associated cause or 
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underlying disease, a clinical diagnosis of idiopathic pulmonary fi brosis (IPF) is 
rendered [ 1 ,  2 ]. IPF is a devastating chronic progressive fi brotic interstitial lung 
disease (ILD) that is typically encountered in older adults and is associated with a 
very poor prognosis. Before determining that an interstitial pneumonia (IP) is truly 
“idiopathic” in nature, the clinician must exclude an exhaustive list of known etiolo-
gies, including underlying connective tissue disease (CTD) [ 1 ,  2 ]. 

 The CTDs comprise a spectrum of systemic autoimmune diseases characterized 
by autoimmune phenomena (e.g., circulating autoantibodies) and autoimmune- 
mediated organ damage (Table  11.1 ). Although grouped together, there is signifi -
cant heterogeneity of clinical features that are associated with the CTDs. 
Furthermore, many patients have an incomplete presentation, with clinical features 
that fall short of meeting existing classifi cation criteria for a specifi c CTD, resulting 
in a clinical diagnosis of “undifferentiated CTD” [ 3 ].

   Many pulmonary manifestations are associated with the CTDs; essentially every 
component of the respiratory tract is at risk (Table  11.2 ) [ 4 ,  5 ]. Furthermore, there 
is a wide spectrum of lung involvement among the CTDs, and certain ones are asso-
ciated with specifi c forms of lung involvement. As an example, certain CTDs are 
more likely to be associated with ILD (e.g., systemic sclerosis [SSc], poly-/

   Table 11.1    List of connective 
tissue diseases   

 Rheumatoid arthritis 
 Systemic lupus erythematosus 
 Systemic sclerosis (scleroderma) 
 Primary Sjögren’s syndrome 
 Polymyositis/dermatomyositis/anti-synthetase 

syndrome 
 Mixed connective tissue disease 
 Undifferentiated connective tissue disease 

   Table 11.2    Pulmonary 
manifestations of connective 
tissue disease      

 • Pleural disease 
  – Pleurisy 
  – Effusion/thickening 
 • Airways 
  – Upper 
   • Cricoarytenoid disease 
   • Tracheal disease 
  – Lower 
   • Bronchiectasis 
   • Bronchiolitis 
 • Parenchymal 
  – Interstitial lung disease 
   • NSIP, UIP, OP, LIP, DAD, DIP 
  – Diffuse alveolar hemorrhage 
  – Acute pneumonitis 
 • Vascular 
  – Pulmonary arterial hypertension 
  – Vasculitis 
 • Rheumatoid nodules 
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dermatomyositis [PM/DM], and rheumatoid arthritis [RA]), but all CTD patients 
are at risk, and there is an expanding appreciation that ILD may be the fi rst or only 
manifestation of a CTD [ 6 – 8 ]. Complicating matters further, nearly all of the histo-
pathologic patterns characteristic of “idiopathic” forms of IP may be seen with any 
of the CTDs.

   Thus, the intersection of ILD and CTD is quite complex and may include any of 
the following scenarios:

    1.    The identifi cation of IP in patients that have a preexisting CTD (e.g., rheumatoid 
arthritis).   

   2.    The identifi cation of an occult CTD in patients that present with a so-called 
“idiopathic” IP.   

   3.    The most controversial scenario, whereby patients with ILD have suggestive 
forms of CTD.     

 In this chapter, we review the clinical aspects of these intersecting conditions and 
focus especially on clinical features that distinguish CTD-associated ILD (CTD- 
ILD) from that of IIP.  

    The Clinical Landscape of CTD-ILD 

    ILD Within Preexisting CTD 

 ILD is commonly identifi ed in patients with preexisting CTD. In fact, recent studies 
have shown radiographic prevalence rates of subclinical ILD of 33–57 % in various 
CTD cohorts [ 9 ]. ILD is particularly common in patients with SSc, PM/DM, RA, 
primary Sjögren’s syndrome, and mixed CTD (MCTD). However, just because a 
patient with CTD is identifi ed as having parenchymal lung disease does not mean 
the two are necessarily related. For example, the presence of preexisting SSc may 
be associated with the development of lung injury due to other causes (e.g., 
aspiration- associated pneumonitis). Furthermore, because CTD patients are often 
on immunosuppressive medications, the fi nding of new pulmonary infi ltrates in 
these patients should raise strong suspicions for respiratory infection with either 
typical or atypical pathogens. Moreover, consideration for medication-induced lung 
toxicity is warranted, because many of the immunomodulatory and anti- 
infl ammatory therapies, especially methotrexate, are associated with drug-induced 
pneumonitis [ 10 ]. In this regard, just as with any other patient that presents with an 
IP, a comprehensive evaluation is needed to explore all potential etiologies (e.g., 
infection, medication toxicity, environmental and occupational exposures, familial 
disease, smoking-related lung disease, and malignancy). Certainly, the possibility 
of CTD- ILD warrants consideration, but determining that the ILD is truly associ-
ated with the preexisting CTD is usually decided through a process of elimination 
[ 5 ,  11 ,  12 ].  
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    ILD as the Presenting Feature of CTD 

 Considering the possibility of underlying CTD is an important aspect of the evalu-
ation of patients presenting with a so-called “idiopathic” IP [ 6 ]. Within this sce-
nario, the identifi cation of occult CTD is common. In fact, Mittoo and colleagues 
reported that of 114 consecutive ILD patients evaluated at a tertiary referral center, 
17 (15 %) were confi rmed to have a new CTD diagnosis [ 13 ]. 

 There is no standardized approach to the assessment of underlying CTD. Current 
practice includes a thorough history and physical examination and testing for circu-
lating autoantibodies. Many centers have found that a multidisciplinary approach 
that includes rheumatologic consultation may also be useful [ 14 ]. In practice, it is 
both unrealistic and impractical to have a rheumatologic evaluation for all cases of 
IIP, but certain proposed guidelines for deciding when to seek a rheumatologic con-
sultation may be more realistic (Table  11.3 ) [ 5 ].

   Because the extrathoracic features of occult CTD can be subtle, confi rming the 
presence of an underlying CTD can be challenging. Homma and colleagues evalu-
ated whether IP as the sole presentation of CTD can be differentiated from an IIP 
[ 15 ]. They described 68 patients who presented with an IIP and were followed pro-
spectively over 11 years. Thirteen patients (19 %) eventually developed a classifi -
able CTD. The prevalence of a positive rheumatoid factor (RF) or antinuclear 
antibody (ANA) was no different in the group that developed CTD compared with 
those that did not. The authors concluded that patients defi ned as having an IIP can-
not be distinguished from those with CTD-ILD before the systematic manifesta-
tions appear [ 15 ]. 

 As the following select studies demonstrate, a thorough evaluation with height-
ened surveillance for subtle extrathoracic features of CTD, assessing a broader 
array of autoantibodies (Table  11.4 ), and consideration of radiographic and histo-
pathologic features are all important components of the ILD evaluation and make 
the detection of occult CTD more likely.

   Fischer and colleagues retrospectively identifi ed a cohort of 285 patients with 
biopsy-proven UIP considered to have IPF [ 16 ]. Twenty-fi ve subjects (9 %) were 
found to have ANA positivity with a nucleolar-staining pattern, and of these, 13 also 
had a positive Th/To (a nucleolar antibody highly specifi c for SSc) antibody. 
Retrospectively, most of those with nucleolar ANA positivity, and especially those 
with the SSc-specifi c Th/To antibody, had subtle extrathoracic features of SSc that 
included digital edema, Raynaud’s phenomenon, telangiectasia, and esophageal 
hypomotility. Since these individuals had autoantibody positivity known to be 
highly specifi c for SSc, extrathoracic features suggestive of SSc, and an IP pattern 
common for SSc, the authors concluded that they likely had occult presentation of 
SSc rather than IPF [ 16 ]. This same group also described six patients evaluated over 
a 12-month period for “idiopathic” NSIP or UIP [ 17 ]. All had a positive nucleolar- 
pattern ANA, along with either an anti-Th/To or anti-Scl-70 antibody, and all had 
subtle extrathoracic features of SSc that included telangiectasia, Raynaud’s phe-
nomenon, digital edema, or esophageal hypomotility. This small cohort further 
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   Table 11.3    Suggested categories of ILD patients that require further rheumatologic evaluation a    

 1. Women, particularly those younger than 50 
 2. Any patient with extrathoracic manifestations highly suggestive of CTD (i.e., Raynaud’s phe-

nomenon, esophageal hypomotility, infl ammatory arthritis of the metacarpal- phalangeal joints 
or wrists, digital edema, or symptomatic keratoconjunctivitis sicca) 

 3. All cases of NSIP, LIP, or any ILD pattern with secondary histopathology features that might 
suggest CTD (i.e., extensive pleuritis, dense perivascular collagen, lymphoid aggregates with 
germinal center formation, prominent plasmacytic infi ltration) 

 4. Patients with a positive ANA or RF in high titer (generally considered to be ANA > 1:320 or 
RF > 60 IU/mL), a nucleolar-staining ANA at any titer, or any positive autoantibody specifi c as 
to a particular CTD (i.e., anti-CCP, anti-Scl-70, anti-Ro, anti-La, anti-dsDNA, anti-Smith, anti-
RNP, anti-tRNA synthetase) 

   a Reprinted with permission from Fischer A, du Bois RM. A practical approach to connective tissue 
disease-associated lung disease. In: Baughman RP, duBois RM, eds. Diffuse lung disease: a practi-
cal approach. 2nd ed. New York: Springer; 2012:217–237  

   Table 11.4    Useful antibodies for CTD-ILD assessment   

 Autoantibody  Associated CTD 

 High-titer ANA (>1:320 titer)  Many 
 High-titer RF (>60 IU/mL)  RA, Sjögren’s disease, SLE 
 Anti-CCP  RA 
 Anti-centromere  Systemic sclerosis 
 Anti-nucleolar ANA  Systemic sclerosis 
 Anti-Ro (SS-A)  Many 
 Anti-La (SS-B)  SLE, Sjögren’s disease 
 Anti-Smith  SLE 
 Anti-ribonucleoprotein  SLE, MCTD 
 Anti-dsDNA  SLE 
 Anti-topoisomerase (Scl-70)  Systemic sclerosis 
 Anti-tRNA synthetase antibodies  Poly-/dermatomyositis (anti-synthetase 

syndrome) 
 Anti-PM-Scl  Systemic sclerosis/myositis overlap 
 Anti-Th/To  Systemic sclerosis 
 Anti-U3 ribonucleoprotein  Systemic sclerosis 
 Anti-tRNA synthetase antibodies  Poly-/dermatomyositis (anti-synthetase 

syndrome) 
 ANCA panel  Systemic vasculitis 

reinforced the concept that IP may be the presenting manifestation of SSc and that 
strong suspicions for SSc are warranted in patients with a nucleolar-pattern ANA 
and NSIP or UIP patterns of lung injury [ 16 ,  17 ]. 

 Mittoo and colleagues retrospectively evaluated a cohort of 114 consecutive 
patients referred to a tertiary referral center for ILD evaluation [ 13 ]. Thirty-four 
subjects (30 %) were found to have CTD-ILD, and of these, only half had presented 
with preexisting CTD. Of the 17 cases with the so-called “idiopathic” disease that 
were identifi ed to have occult CTD, ten had PM/DM, three had systemic lupus 
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erythematosus (SLE), two had undifferentiated CTD, and one patient each with SSc 
and systemic vasculitis, respectively. They argued that when confronted with an IIP, 
the presence of younger age, high-titer ANA, and elevated muscle enzymes was 
associated with an underlying CTD [ 13 ]. In another study, Castellino and colleagues 
described a cohort of 50 ILD patients that underwent multidisciplinary evaluation at 
a tertiary referral center. Of the 25 patients confi rmed to have a diagnosis of CTD- 
ILD, 28 % had been initially referred with a diagnosis of IPF [ 14 ]. 

 Fischer and colleagues described a cohort of nine patients evaluated over a 2-year 
period with idiopathic NSIP that were ANA negative but found to have the anti- 
synthetase syndrome based on the presence of a tRNA synthetase antibody, the 
presence of NSIP, and subtle extrathoracic features that included “mechanic’s 
hands,” Raynaud’s phenomenon, infl ammatory arthritis, myositis, or esophageal 
hypomotility [ 18 ]. Interestingly (and characteristic of the anti-synthetase syn-
drome), these individuals were all ANA and RF negative. The authors emphasized 
the importance of cross-specialty evaluation of IIP and that heightened suspicions 
for underlying CTD are warranted in cases of NSIP, even when the ANA and RF are 
negative. Additional assessment for tRNA synthetase antibodies may help identify 
occult presentations of anti-synthetase syndrome [ 18 ]. Similarly, Watanabe and col-
leagues screened 198 consecutive cases of IIP with a panel of anti-tRNA synthetase 
antibodies and identifi ed positive anti-synthetase antibodies in 13 cases (7 %) [ 19 ], 
and they reported that patients with positive antibodies were younger and more 
likely to have NSIP or UIP with lymphoid follicles. Furthermore, among the 13 with 
a positive tRNA synthetase antibody, extrathoracic manifestations of anti- synthetase 
syndrome were retrospectively identifi ed in only seven cases (54 %) [ 19 ]. 

 Finally, two recent series have shown that ILD may also be the presenting mani-
festation of RA and that assessing for RA-specifi c autoantibodies in patients with 
IIP may identify an at-risk phenotype for later RA development. Gizinski and col-
leagues described a series of four patients with ILD, RF, and anti-cyclic- citrullinated 
peptide (CCP) positivity and no articular fi ndings of RA [ 20 ]. All were male, former 
smokers, and the average age at the time of diagnosis of the ILD was 70 years. 
Three patients died within 2 years of the diagnosis from progressive lung fi brosis 
and never developed articular symptoms consistent with RA, but one case met full 
criteria for the articular aspects of RA several months after stopping immunosup-
pressive treatment for ILD. In a larger series, Fischer and colleagues described 74 
subjects evaluated over a 2-year period with anti-CCP antibody positivity, lung dis-
ease, and no evidence of RA or other CTD. Most were women and former cigarette 
smokers [ 21 ]. Four distinct radiographic phenotypes were identifi ed: isolated air-
ways disease (54 %), isolated parenchymal lung disease (14 %), mixed airways and 
parenchymal lung disease (26 %), and combined pulmonary fi brosis with emphy-
sema (7 %). Among subjects with high-titer anti-CCP positivity (45 %), three devel-
oped the articular manifestations of RA within 2 years of surveillance: only one of 
the three ever smoked, two had isolated infl ammatory airways disease, and one had 
combined airways and parenchymal lung disease. The authors highlighted their 
observations that (1) the lung disease in this cohort resembled that seen in established 
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RA, (2) lung disease may be the presenting manifestation of RA, and (3) anti-CCP 
positivity in infl ammatory airways or parenchymal lung disease may be considered 
a pre-RA phenotype [ 21 ].  

    Suggestive Forms of CTD-ILD (Table  11.5 ) 

    There is a growing appreciation that many patients with an IIP have subtle features 
suggestive of an autoimmune etiology and yet often do not meet established clas-
sifi cation criteria for a specifi c CTD [ 4 ,  5 ,  7 ]. In some of these individuals, an auto-
antibody known to be highly specifi c for a well-defi ned CTD (such as anti-Scl- 70 
with SSc) may be present, despite the absence of overt systemic features. 

 These patients, in whom it appears that the lung disease is either the lone or the 
most clinically signifi cant manifestation of an occult CTD, are suspected of having 
a systemic autoimmune disease based on the presence of circulating autoantibodies, 
specifi c    histopathologic features on surgical lung biopsy, or subtle extrathoracic 
manifestations. Such patients could be considered to have a “ lung-dominant CTD ” 
rather than “idiopathic” disease [ 7 ]. Although there is an expanding appreciation 
that incomplete forms of CTD-ILD exist, we do not know whether these cases 
behave in a fashion that is similar to defi nite forms of CTD-ILD or IIP.  

    Undifferentiated CTD (See Table  11.5 ) 

 In 2007, Kinder and colleagues proposed a broad set of undifferentiated CTD 
(UCTD) criteria and applied these criteria to a cohort of patients with IIP [ 22 ]. 
Retrospectively, they identifi ed 28 subjects with an IIP that met their criteria for 
UCTD and compared these subjects with a control group of 47 subjects with an IIP 
that did not meet their criteria. Interestingly, those with UCTD were more likely to 
be female, younger, and nonsmokers and were more likely to have ground-glass 
opacities on HRCT and NSIP on surgical lung biopsy. In all, 88 % of those with 
idiopathic NSIP had UCTD, which led the authors to conclude that most patients 
previously classifi ed as having idiopathic NSIP have clinical, serologic, radio-
graphic, and pathologic characteristics of autoimmune disease. They therefore pro-
posed that idiopathic NSIP is the lung manifestation of UCTD [ 22 ]. More recently, 
Corte and colleagues have called into question the clinical relevance of defi ning 
ILD patients as having UCTD and specifi cally challenged the applicability of the 
broader, less specifi c UCTD criteria proposed by Kinder and colleagues [ 23 ]. They 
retrospectively studied 45 patients with biopsy-proven NSIP and 56 patients with 
biopsy-proven UIP. They reported that CTD features are common in patients with 
IIP, with 31 % of NSIP and 13 % of IPF patients fulfi lling the stricter, more tradi-
tional criteria for UCTD. However, when the broader criteria were applied, an 
astounding 71 % of NSIP and 36 % of IPF patients could be reclassifi ed as having 
UCTD. Because of its lack of specifi city, the authors argued against further 
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       Table 11.5    Proposed criteria for various suggestive forms of CTD-ILD a    

 Proposed category  Clinical features  Laboratory or histopathology fi ndings 

 Undifferentiated 
CTD (stricter 
defi nition) 
(requires at 
least one 
clinical feature 
and one 
laboratory 
fi nding) 

 One or more of the following 
symptoms 

  Dry eyes or dry mouth, joint 
pain, or swelling 

  Raynaud’s phenomenon 
  Proximal muscle weakness 
  Morning stiffness 

 One or more of these autoantibodies 
  ANA  (high  titer) 
  RF (high titer) 
  Anti-Smith 
  Anti-ribonucleoprotein 
  Anti-dsDNA 
  Anti-Ro 
  Anti-La 
  Anti-Jo-1 
  Anti-topoisomerase (Scl-70) 
  Anti-centromere 

 Undifferentiated 
CTD (broader 
defi nition) 
(requires at 
least one 
clinical feature 
and one 
laboratory 
fi nding) 

 One or more of the following 
symptoms 

  Dry eyes or dry mouth 
  Gastroesophageal refl ux 

disease 
  Weight loss 
  Recurrent unexplained fever 
  Joint pain or swelling 
  Rash 
  Photosensitivity 
  Dysphagia 
  Nonandrogenic alopecia 
  Mouth ulcers 
  Raynaud’s phenomenon 
  Morning stiffness 
  Proximal muscle weakness 

 One or more of these laboratory 
abnormalities 

  ANA  (any  titer) 
  RF 
  Anti-Ro 
  Anti-La 
  Anti-Jo-1 
  Anti-topoisomerase (Scl-70) 
  Erythrocyte sedimentation rate (two 

times normal) 
  C-reactive protein elevation 

 Lung-dominant 
CTD (requires 
all three listed 
clinical 
features and 
either 4a or 
4b) 

  All  of the following features 
 1. NSIP, UIP, LIP, OP, DAD (or 

DIP if no smoking history), 
as determined by surgical 
lung biopsy or suggested by 
HRCT  and  

 2. Insuffi cient extrathoracic 
features of a defi nite CTD 
 and  

 3. No identifi able alternative 
etiology for IP  and  

 4a. Any  one  of these autoantibodies 
  ANA > 1:320 titer 
  RF > 60 IU/mL 
  Anti-nucleolar ANA (any titer) 
  Anti-centromere 
  Anti-CCP 
  Anti-Ro 
  Anti-La 
  Anti-dsDNA 
  Anti-ribonucleoprotein 
  Anti-Smith 
  Anti-topoisomerase (Scl-70) 
  Anti-tRNA synthetase 
  Anti-PM-Scl 
 4b.  Or at least two  of these 

histopathology features 
  Lymphoid aggregates with germinal 

centers 
  Extensive pleuritis 
  Prominent plasmacytic infi ltration 
  Dense perivascular collagen 

(continued)
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 Proposed category  Clinical features  Laboratory or histopathology fi ndings 

 Autoimmune-
featured ILD 
(requires at 
least one 
clinical feature 
and one 
laboratory 
fi nding) 

 One or more of the following 
symptoms 

  Dry eyes or dry mouth 
  Gastroesophageal refl ux 

disease 
  Weight loss 
  Foot or leg swelling 
  Joint pain or swelling 
  Rash 
  Photosensitivity 
  Dysphagia 
  Hand ulcers 
  Mouth ulcers 
  Raynaud’s phenomenon 
  Morning stiffness 
  Proximal muscle weakness 

 One or more of these laboratory 
abnormalities 

  ANA ≥ 1:160 titer 
  RF 
  Anti-Ro 
  Anti-La 
  Anti-Smith 
  Anti-ribonucleoprotein 
  Anti-dsDNA 
  Anti-topoisomerase (Scl-70) 
  Anti-CCP 
  Anti-Jo-1 
  Aldolase 
  Creatine phosphokinase 

   a Reprinted from The Lancet, 380, Aryeh Fischer, Roland du Bois, Interstitial lung disease in con-
nective tissue disorders, 689–698, Copyright 2012, with permission from Elsevier  

Table 11.5 (continued)

implementation of the Kinder criteria to defi ne UCTD in patients with ILD. 
Furthermore, the identifi cation of UCTD by either the more traditional or the 
broader criteria did not impact survival. Instead, Corte and colleagues devised an 
algorithm that was predictive of the presence of NSIP and improved survival con-
sisting of the absence of typical HRCT features of IPF, a compatible demographic 
profi le (women < 50), or the presence of Raynaud’s phenomenon [ 23 ].  

    Autoimmune-Featured ILD (See Table  11.5 ) 

 Vij and colleagues have described a cohort of UIP-predominant ILD patients that 
was retrospectively identifi ed as having a possible form of CTD-ILD [ 24 ]. Among 
200 patients that presented to an ILD referral center, 63 were considered to have 
“autoimmune-featured ILD” if they had a sign or symptom suggestive of a CTD 
with a serologic test refl ective of an autoimmune process but with insuffi cient fea-
tures to label as defi nite CTD. The cohort that met their case defi nition of 
autoimmune- featured ILD had a similar demographic profi le as IPF: most were 
older (average age of 66 years) and male. The most common clinical symptoms in 
the autoimmune-featured ILD cohort were symptoms of dry eyes or dry mouth 
(57 %) and gastroesophageal refl ux disease (44 %). Seventy-fi ve percent of those 
that met their case defi nition for autoimmune-featured ILD had a lung injury pattern 
of UIP. Finally, the survival of those with autoimmune-featured ILD was similar to 
that of IPF and worse compared to CTD-ILD [ 24 ]. Interestingly, and arguing against 
the inclusion of nonspecifi c symptoms in the proposed criteria, only the presence of 
an ANA at >1:1280 titer was associated with improved survival.  
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    Lung-Dominant CTD (See Table  11.5 ) 

 Fischer and colleagues have proposed a set of provisional classifi cation criteria to 
defi ne the cohort of individuals with suggestive forms of CTD-ILD as having “lung- 
dominant CTD” (LD-CTD) [ 7 ]. A classifi cation of LD-CTD would be reserved for 
those cases in which the ILD has a  “rheumatologic fl avor”  as supported by specifi c 
autoantibodies or histopathologic features and yet do not meet criteria for a defi ned 
CTD based on the lack of adequate extrapulmonary features. The authors argued 
that the concept of LD-CTD implies that one must recognize that specifi c autoanti-
bodies and/or histopathologic features alone can be enough to classify a patient as 
having CTD-ILD. The presence of objective extrapulmonary features highly sug-
gestive of CTD (e.g., Raynaud’s phenomenon, infl ammatory arthritis) is important 
and will lend further support for an underlying CTD, but their absence should not 
preclude a classifi cation of LD-CTD [ 7 ]. 

 A number of advantages to the introduction of this novel classifi cation were sug-
gested and include the following: (1) the criteria offered are objective and measur-
able; (2) nonspecifi c symptoms (such as dry eyes, myalgias, arthralgias, or 
gastroesophageal refl ux disease), nonspecifi c infl ammatory markers (such as eryth-
rocyte sedimentation rate or C-reactive protein), and low-titer ANA or RF are not 
included, because all occur commonly in patients without CTD; (3) individuals with 
LD-CTD require surveillance for evolution to characterizable forms of CTD; (4) 
conferring a diagnosis of LD-CTD will isolate them from the (default) category of 
IIP, yet allow their distinction from well-characterized forms of CTD. Additionally, 
this concept does not attempt to redefi ne existing CTD categories (such as UCTD) 
and provides a framework by which questions regarding this subset’s natural his-
tory, pathobiology, treatment, and prognosis can be answered [ 7 ].  

    Autoantibody-Positive IPF 

 Nonspecifi c autoantibody positivity (such as with low-titer ANA or RF) is known to 
occur in “healthy” individuals and is also commonly identifi ed among patients with 
an IIP. It remains to be determined whether the presence of these nonspecifi c auto-
antibodies impacts the natural history of IIP. Song and colleagues compared sec-
ondary histopathologic features among three groups of patients with biopsy-proven 
UIP (Group 1 [ n  = 39] comprised CTD-UIP, Group 2 [ n  = 27] antibody-positive 
(ANA or RF) idiopathic UIP [i.e., antibody-positive IPF], and Group 3 [ n  = 34] 
antibody- negative idiopathic UIP [i.e., antibody-negative IPF]) and showed that the 
presence of circulating autoantibodies is associated with specifi c “autoimmune” 
histopathologic features, even in the absence of a CTD [ 25 ]. Among those with 
CTD-UIP there were more germinal centers, plasma cells, and fewer fi broblastic 
foci when compared with all subjects who had IPF. Interestingly, histopathologic 
features differed between subgroups 2 and 3 depending on autoantibody status. 
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Although none of the antibody-positive IPF subjects (Group 2) had extrapulmonary 
features of CTD, they had higher germinal center scores and more plasma cells than 
antibody-negative IPF subjects (Group 3). Notably, no histopathologic features dis-
tinguished CTD-UIP (Group 1) from antibody-positive IPF (Group 2). Among 
those with IPF (Groups 2 and 3), antibody status did not predict survival, and these 
cohorts of antibody-positive or negative IPF had a worse prognosis than CTD-UIP 
(Group 1) [ 25 ]. The signifi cance of these fi ndings is not known, but we believe they 
merit further investigation [ 5 ].   

    Clues to Distinguishing IIP from CTD-ILD 

    Demographics and Clinical Features 

 Demographic features can help distinguish the patient with an underlying CTD. In 
comparison to IPF, patients with CTD-ILD are more likely to be younger and female 
[ 8 ,  23 ,  26 – 28 ]. Indeed, current guidelines for an IPF diagnosis encourage a high 
index of suspicion for an underlying CTD in young patients with an IIP [ 2 ]. 

 A detailed review of systems and thorough physical examination can be very 
helpful when assessing for an underlying CTD. Certain specifi c clinical features 
lend more support for underlying CTD than others. Of the CTD symptoms encoun-
tered in patients with IIP, perhaps none is as important as Raynaud’s phenomenon. 
The presence of Raynaud’s phenomenon is associated with a pattern of NSIP [ 23 ]. 
When Raynaud’s phenomenon is identifi ed in a patient with ILD, this fi nding should 
raise a strong suspicion for an underlying CTD in general and SSc (with or without 
overt skin thickening) in particular [ 8 ,  16 ,  17 ,  23 ]. Indeed, Raynaud’s phenomenon 
is encountered in nearly all patients with SSc and is a common fi nding in patients 
with PM/DM, anti-synthetase syndrome, primary Sjögren’s syndrome, MCTD, 
SLE, and UCTD. Performing nailfold capillary microscopy is useful when assess-
ing a patient with Raynaud’s phenomenon. In particular, the presence of dilated or 
tortuous capillary loops or signifi cant areas lacking capillary loops (i.e., capillary 
dropout) may be suggestive of SSc or PM/DM (Fig.  11.1 ).

   The reporting of symmetric joint swelling or stiffness, or the identifi cation of 
synovitis, on physical examination is very useful and suggests an underlying CTD. 
Because infl ammatory arthritis is encountered in all of the CTDs, autoantibody pro-
fi les may be needed to clarify which specifi c CTD is present. In contrast, nonspe-
cifi c symptoms such as gastroesophageal refl ux, pain, fatigue, dry eyes, dry mouth, 
alopecia, and weight loss are not nearly as helpful because they are ubiquitous and 
not specifi c for CTD. 

 The cutaneous manifestations of SSc and anti-synthetase syndrome are worthy 
of special mention since these two disorders are so commonly associated with ILD 
and their extrathoracic features are very specifi c and yet often quite subtle. It is 
important to recognize that the “mechanic’s hands” sign of anti-synthetase 
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  Fig. 11.1    Nailfold capillary microscopic image in a patient with systemic sclerosis demonstrating 
capillary loop tortuosity, dilation, and areas of dropout. Reprinted with permission from Fischer A, 
du Bois RM. A practical approach to connective tissue disease-associated lung disease. In: 
Baughman RP, duBois RM, eds. Diffuse lung disease: a practical approach. 2nd ed. New York: 
Springer; 2012:217–237       

syndrome can be as subtle as only mild distal digital fi ssuring (Fig.  11.2 ) and that 
palmar telangiectasia (Fig.  11.3 ) may be limited to the fi nding of only a single or 
scattered few dilated capillaries. Nonetheless, when such fi ndings are present in a 
patient with an IIP, they are highly suggestive of an underlying CTD.

        Autoantibodies 

 Since autoantibody positivity is a hallmark of CTD, autoantibody assessment is a 
fundamental part of the evaluation of patients with IIP. In the most recent guidelines 
for the diagnosis of IPF, a panel of screening serologies that includes ANA, RF, and 
anti-CCP antibody testing is recommended [ 2 ]. In addition to these autoantibodies, 
we would recommend a broader panel of screening serologies (see Table  11.5 ) [ 5 ]. 
It is also important to take note of the pattern of immunofl uorescence when the 
ANA is positive, as the nucleolar-staining ANA pattern in patients with ILD sug-
gests the SSc spectrum of disease [ 16 ,  17 ]. 

 Importantly, we highlight that the ANA and RF are poor screening tests: they 
have low specifi city—particularly when present at low titer—and can be seen in 
healthy individuals. In addition, given that a negative ANA and RF may dissuade 
some clinicians from pursuing further evaluation, cases of occult CTD that may be 
ANA and RF negative (e.g., anti-synthetase syndrome) are missed.  

    Radiologic Features 

 Thoracic HRCT imaging plays a central role in the evaluation of ILD by providing 
detailed information on the pattern, distribution, and extent of the ILD, assessing 
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  Fig. 11.2    “Mechanic’s 
hands” (distal digital 
fi ssuring) in a patient with 
anti-PL12 synthetase 
syndrome       

  Fig. 11.3    Scattered palmar 
telangiectasia in a patient 
with systemic sclerosis sine 
scleroderma       

disease severity and detecting the presence of extraparenchymal abnormalities 
including pleural disease and lymphadenopathy [ 29 – 31 ]. In contrast to IIP, patients 
with CTD-ILD are more likely to have ground-glass abnormalities, pleural effu-
sions, pericardial effusions, pericardial thickening, and esophageal dilatation and 
less likely to have honeycombing [ 29 – 31 ] (Fig.  11.4 ). Patients with CTD are also 
more likely to have a HRCT pattern suggestive of NSIP when compared to patients 
without CTD, and a UIP pattern in this group as a whole is rare [ 29 – 31 ]. HRCT has 
varying degrees of correlation with histopathologic patterns. For example, in one 
series of patients with Sjögren’s syndrome, a HRCT pattern of NSIP has a 94 % 
positive predictive value for a histopathologic diagnosis of NSIP [ 32 ]. Furthermore, 
among CTD-ILD patients with a typical HRCT pattern for UIP, the histopathology 
almost always correlates [ 24 ]. The converse, however, does not hold true; CTD 
patients with histopathologic patterns of UIP may have HRCT patterns suggestive 
of NSIP. In a recent study, Song and colleagues found that patients with CTD-UIP 
had a lower emphysema score, less honeycombing, and were more likely to have an 
atypical UIP pattern [ 25 ].
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       Histopathologic Features 

 Several histopathologic features may be useful when trying to distinguish an IIP 
from CTD-ILD. An initial clue to an underlying CTD is the presence of multi- 
compartment involvement on the biopsy; in addition to parenchymal lung injury, 
there may be components of airways, vascular, or pleural disease [ 33 ]. When com-
pared to IPF, CTD-UIP is characterized by fewer fi broblastic foci, lower fi brosis 
scores, less honeycombing, and less alveolar cellularity [ 25 ,  34 ,  35 ]. Flaherty and 
colleagues compared the histopathologic features of nine patients with CTD-UIP to 
that of 99 patients with IPF [ 26 ]. Those with CTD-UIP were younger, had better 
lung function, and shorter duration of symptoms. They found that those with IPF 
had signifi cantly higher fi broblast focus scores than CTD-UIP and that the fi bro-
blast focus score was the most discriminative feature between these groups. Song 
and colleagues compared histopathologic features in 39 patients with CTD-UIP to 
61 patients with IPF and found that CTD-UIP patients had fewer fi broblastic foci 
and smaller honeycombing spaces with higher germinal centers and total infl amma-
tion scores than IPF patients [ 25 ]. Furthermore, the germinal center score was the 
best distinguishing feature between CTD-UIP and IPF [ 25 ]. Additional histopatho-
logic features that lend support for the presence of underlying CTD include the 
presence of lymphoid aggregates, germinal centers, increased perivascular collagen, 
lymphoplasmacytic infl ammation, eosinophil infi ltration, or pleuritis [ 33 ].   

  Fig. 11.4    High-resolution computed tomographic image in a patient with systemic sclerosis dem-
onstrating moderate bibasilar-predominant ground-glass opacifi cations, reticulation, and traction 
bronchiectasis without honeycombing suggestive of fi brotic NSIP. Note the markedly dilated, 
fl uid-fi lled esophagus       
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    Impact of Histopathology on Survival 

 UIP is the most common pattern among cohorts of patients with IIP [ 1 ]. In contrast, 
nonspecifi c interstitial pneumonia (NSIP) is the most common lung injury pattern 
encountered in those with CTD [ 28 ]. The only exception is RA, with recent data sug-
gesting that the UIP pattern is more common than NSIP [ 28 ,  40 – 42 ]. It is well estab-
lished that for IIP, a histopathologic pattern of UIP is associated with worse survival 
than an NSIP pattern [ 28 ,  43 – 45 ]. Interestingly, for CTD-ILD, the impact of the 
underlying histopathologic pattern on survival is less certain. In the largest series of 
biopsied SSc-associated ILD (SSc-ILD) subjects ( n  = 80), Bouros and colleagues 
showed that changes in the diffusing capacity (DLCO) over time, but not histopatho-
logic distinction between NSIP and UIP, predicted prognosis [ 46 ]. Similarly, Park and 
colleagues analyzed prognostic features in a cohort of 93 patients with a variety of 
types of CTD-ILD [ 28 ]. They demonstrated that age, pulmonary function, and degree 
of dyspnea were of prognostic importance, but that differences in histopathologic pat-
tern did not have a signifi cant impact on survival. Subset analyses of the cohort with 
RA-ILD suggested that survival in RA-UIP may be similar to that of IPF and worse 
than that of CTD-associated NSIP (CTD-NSIP) or non-RA-CTD-UIP. However, with 
adjustments for age, gender, and lung function, these differences did not persist [ 28 ]. 
In another series of RA-ILD ( n  = 18), Lee and colleagues found that RA-UIP ( n  = 10) 
was associated with a worse survival compared with RA-NSIP ( n  = 6) [ 41 ]. More 
recently, Kim and colleagues assessed whether a high-resolution computed tomogra-
phy (HRCT) diagnosis of UIP predicted prognosis in RA-ILD. The median survival 
time for all RA-ILD subjects ( n  = 82) was 5 years [ 40 ]. However, RA-UIP had a worse 
median survival time than RA-non-UIP (3.2 versus 6.6 years, respectively;  p  = 0.04). 
Median survival time did not differ between RA-UIP and IPF ( p  = 0.66). In addition to 
male gender, lower baseline forced vital capacity (FVC), lower DLCO, and a defi nite 
UIP pattern on HRCT were all associated with worse survival in RA-ILD [ 40 ]. In 
light of these data, these investigators suggested that incorporating knowledge of 
underlying histopathology in RA-ILD should inform the management approach. 
Patients with RA-NSIP should be treated with immunosuppression, but those with 
RA-UIP should be informed of their worse prognosis and counselled to consider lung 
transplantation [ 40 ,  42 ]. 

 The relatively small cohort sizes of existing studies and the impact of treatment, 
selection, and referral bias cannot be discounted; therefore, the predictive power of 
different patterns of lung histopathology remains uncertain in CTD-ILD.  

    Management Considerations 

 A general rule for CTD-ILD is that not all patients require treatment. Therapy for 
CTD-ILD is typically comprised of immunosuppressive medications (such as cyclo-
phosphamide, azathioprine, cyclosporine, mycophenolate mofetil, or tacrolimus) and 
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is usually reserved for those patients with clinically signifi cant, progressive disease. 
The decision to offer immunosuppressive therapy is based upon a constellation of 
clinical assessment tools that include both subjective and objective measures of 
respiratory impairment [ 36 ]. Furthermore, when considering immunomodulatory 
therapy options for CTD-ILD, both intrathoracic and extrathoracic disease aspects 
and degrees of activity need to be considered. Disease monitoring, choice of ther-
apy, and ongoing longitudinal assessment and reassessment of treatment response 
are complex and not evidence based. Efforts should be made to tailor any treatment 
recommendation to the individual, fully considering the numerous factors apart 
from the CTD-ILD itself, including the specifi c underlying CTD, medical comor-
bidities, patient preferences and compliance, insurance coverage, and access to 
care. Unfortunately, we are left with few data to guide choice of specifi c therapeutic 
agents, because there are no controlled clinical trial data (other than for using cyclo-
phosphamide to treat SSc-ILD) to provide an evidence base to guide management 
decisions [ 37 ,  38 ]. Other challenges relate to the paucity of available therapeutic 
options, the risk of potentially signifi cant toxicity that currently available therapies 
carry, the heterogeneity of disease within the CTD-ILD spectrum, and the lack of 
well-defi ned outcome measures. 

 Defi ning a patient as having CTD-ILD rather than an IIP may impact therapeutic 
decisions [ 4 ]. In particular, the defi ning of ILD as CTD associated, rather than idio-
pathic, may signifi cantly impact decisions of choice and duration of immunosup-
pressive therapy. For example, when idiopathic (i.e., cryptogenic) organizing 
pneumonia (OP) is diagnosed, high-dose corticosteroids may only be indicated for 
a short period of time (~6 months) followed by a taper and ultimate discontinuation 
of immunosuppression. In contrast, when OP occurs within the context of an under-
lying CTD, such as with PM/DM, a course of high-dose corticosteroids is often 
followed by the addition of a steroid-sparing agent (such as azathioprine) due to 
knowledge that long-term immunosuppression will be needed due to the chronic, 
autoimmune nature of the systemic illness. 

 The pattern of UIP is associated with more uncertainty and controversy. For IPF, 
current guidelines do not recommend immunosuppressive therapy, and recent data 
suggest that immunosuppressive treatment may even be harmful [ 2 ,  39 ]. In contrast, 
for CTD-associated UIP (CTD-UIP) that is signifi cant and clinically progressive, 
treatment with immunosuppression is often indicated. The arena of RA-associated 
UIP (RA-UIP) is more controversial in this regard. Because recent data suggest that 
RA-UIP may have a poor prognosis that is similar to that for IPF [ 28 ,  40 – 42 ], some 
have argued that immunosuppression may not be warranted and have instead sug-
gested that management should be similar to that recommended for patients with IPF 
[ 42 ]. It also remains to be determined how to manage a patient with UIP and a sugges-
tive form of CTD. If such an individual is considered to have IPF, immunosuppression 
is not indicated and may be harmful. But if that patient is, in fact, considered to have 
CTD-UIP, immunosuppression may be helpful and provide clinical benefi t. 
Furthermore, when considering enrollment into an IPF clinical trial, how should those 
individuals who have suggestive forms of CTD be regarded? Should a patient with 
UIP and a positive specifi c autoantibody without evidence of a CTD be allowed to 
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enroll in an IPF trial? Should a potentially benefi cial IPF therapy be withheld from a 
patient with UIP when only a suggestive form of CTD has been identifi ed?  

    Summary 

 ILD is commonly encountered in patients with preexisting CTD or can be the pre-
senting manifestation of a CTD. Furthermore, ILD frequently arises within the con-
text of a suggestive form of CTD. Determining that ILD is associated with CTD and 
distinguishing these cases from non-CTD-ILD are clinically important, because this 
knowledge often has a signifi cant impact on management and prognosis. The detec-
tion of occult CTD within the setting of a so-called “idiopathic” IP is challenging 
and often optimized by a multidisciplinary, thorough evaluation. When confronted 
with a patient with an IIP, clinicians should pay careful attention to a number of 
variables that include the demographic profi le, historical clues, subtle physical 
examination fi ndings, specifi c autoantibody positivity, radiologic fi ndings, and his-
topathologic features in order to determine whether the ILD is CTD associated 
rather than “idiopathic.”     
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    Abstract      Idiopathic pulmonary fi brosis (IPF) is a progressive and usually lethal 
interstitial lung disease of unknown etiology that is characterized by epithelial cell 
injury and aberrant activation, expansion of the mesenchymal cell population with the 
formation of fi broblast/myofi broblast foci, and exaggerated extracellular matrix accu-
mulation. IPF is an aging-related disease, and most patients are over 60 years of age 
at the time of clinical presentation and diagnosis. Age also infl uences mortality, and 
the median survival time is signifi cantly shorter in older individuals compared with 
younger patients. However, the fundamental mechanisms linking aging to IPF remain 
unclear. In this chapter, we will discuss some of the modifi cations naturally occurring 
in the elderly that may be implicated in the pathogenesis of IPF, including endoplas-
mic reticulum stress, oxidative stress, mitochondrial dysfunction, dysregulated 
autophagy, telomere attrition, and a number of epigenetic changes.  

  Keywords     Pulmonary fi brosis   •   Aging   •   Alveolar epithelial cells   •   Epigenetic   • 
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        Introduction 

       Aging 

 Aging is a complex process that is characterized by the progressive decline of the 
capacity to properly resolve the interaction between injury and repair, leading to pro-
gressive multi-organ deterioration and an elevated risk of disease. Aging is associated 
with the accumulation of damage to molecules, cells, and tissues over a lifetime, 
which leads to frailty and malfunction [ 1 ]. Two theories prevail regarding the aging 
process; specifi cally these include the programmed and the damage theories. The pro-
grammed concept holds the notion that cells or systems have a biological clock that is 
responsible for switching on deterioration (programmed longevity, telomere shorten-
ing, and immunological changes). The damage theory includes the cumulative effects 
of oxidative stress caused by free radicals, DNA damage, and other perpetuators. 
However, no single universal theory fully explains the aging process [ 2 ]. 

    Molecular Mechanisms of Aging 

 Currently, there are multiple modifi cations that appear to be involved in aging. 
These include oxidative stress, telomere shortening, heterochromatin loss, autoph-
agy, senescence, and epigenetic changes. Multilevel combinations and interactions 
of these processes may participate in the normal aging process and explain the 
development of age-related diseases.  

    Epigenetic Changes 

 Epigenetic modifi cations, including DNA methylation, histone modifi cations, non-
coding RNA, nucleosome positioning, and chromatin arrangement, play central roles 
in controlling changes in gene expression and genome instability during aging [ 3 ].  

    DNA Methylation 

 DNA methylation is the epigenetic change most frequently studied. In this process, 
DNA methyltransferases transfer a methyl group from  S -adenosyl-methionine to 
the C5 position of the pyrimidine ring of cytosine residues in genomic CpG dinucle-
otides [ 4 ]. Hypermethylation in gene promoter or CpG island regions has been 
shown to repress, while hypomethylation enhances, gene expression [ 5 ,  6 ]. 
Importantly, DNA methylation does not occur exclusively at CpG islands but also in 
the so-called CpG island shores (regions of lower CpG density that lie in close prox-
imity (~2 kb) of CpG islands), which are also closely associated with transcriptional 
inactivation. 
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 Different methylation patterns have far-reaching implications for human biol-
ogy and age-related diseases. With aging, a global hypomethylation process 
together with hypermethylation of a number of specifi c loci has been described. 
Loss of global DNA methylation over time has also been reported in cancer, but 
this loss is in repetitive sequences, and its effects on aging are unclear [ 7 ]. Likewise, 
multiple genes from tumor suppressor factors, DNA-binding factors, and tran-
scription factors are increasingly methylated with age [ 8 ,  9 ]. In general, cancer 
cells are characterized by a massive global loss of DNA methylation, while spe-
cifi c patterns of hypermethylation at the CpG islands of certain promoters are often 
acquired [ 10 ].  

    Histone Modifi cations 

 Histones are basic proteins that interact with DNA, and their posttranslational modi-
fi cations affect accessibility of diverse transcription factors to the genome. Normally, 
the nucleosome is composed of a histone octamer with two groups of H2A, H2B, 
H3, and H4. Histone H1 is located between each nucleosome, which is subject to 
many types of posttranslational modifi cations (e.g., methylation, acetylation, phos-
phorylation, ubiquitination, SUMOylation), especially on their fl exible amino- 
terminal tails [ 11 ]. 

 The main histone modifi cations are acetylation and methylation. Histone hyper-
acetylation is characterized by a relaxed chromatin structure and active gene tran-
scription, while deacetylation is linked with a compact and inactive chromatin 
structure. Histones can become mono-, di-, or trimethylated, and the functional 
consequences depend on the number of methyl groups, the residue itself, and its 
location within the histone tail. Repression marks could play a pivotal role in 
aging. Loss of H3K27 trimethylation via downregulation of the histone methyl-
transferase, EzH2, in humans could be associated with aging [ 12 ]. Likewise, 
H4K16 hypoacetylation, which is caused by the reduced association of a histone 
acetyltransferase, leads to early onset of cellular senescence [ 13 ].  

   Nucleosome Positioning and Chromatin Arrangement in the Nucleus 

 Chromatin involves DNA and all associated proteins, but their confi guration and 
distribution along the nucleus are still poorly characterized. The fundamental unit 
of chromatin is the nucleosome, and ATP-dependent chromatin-remodeling com-
plexes, which alter nucleosome composition and positioning, are necessary to 
increase DNA accessibility and to carry out transcription as well as DNA repair 
[ 14 ]. In terms of its transcriptional state, euchromatin is transcriptionally active 
and is characterized by high levels of acetylation and trimethylated H3K4, H3K36, 
and H3K79. In contrast, heterochromatin contains low levels of acetylation and 
high levels of H3K9, H3K27, and H4K20 methylation and is related to transcrip-
tional repression. 
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 A heterochromatin loss model of aging has been proposed, which suggests that 
heterochromatin domains that were established during embryogenesis decline with 
the aging process [ 15 ]. Recent observations indicate a signifi cant interdependence 
between heterochromatin, epigenetic landscape, and aging [ 16 ]. Evidence indicates 
that epigenetics have a fundamental role in aging; mainly, H3K27me3 and acetyla-
tion on H4K16, which are both repressive marks, decline over time [ 17 ]. However, 
detection of numerous noncoding RNAs from heterochromatic regions challenges 
the concept of heterochromatin as a transcriptionally inactive region [ 18 ].  

   Noncoding RNA 

 Recent evidence supports the notion that noncoding RNAs play a critical and dynamic 
role in transcriptional regulation and epigenetic signaling [ 19 ]. Based on its length, non-
coding RNAs can be divided into at least three groups: short ncRNA, including 
microRNA (miRNA; 22–23 nts) and piwi-interacting RNA (piRNA; 26–31 nts); 
medium ncRNA (50–200 nts); and long ncRNA (>200 nts). miRNAs are the best char-
acterized and are primarily involved in posttranscriptional regulation of mRNA [ 20 ]. 

 Recent studies demonstrate that diverse miRNAs are differentially expressed 
during aging. In general, the patterns of miRNA expression during aging appear to 
be tissue specifi c. For example, miR-669c and miR-709 levels are increased in mid- 
age (18-month to 33-month) murine liver tissue, whereas miR-93 and miR-214 are 
increased in extremely old (33-month) mice compared with 4- or 10-month-old 
mice [ 21 ]. Likewise, upregulation of miR-143 induces senescence in human fi bro-
blasts [ 22 ]. Actually, many miRNAs seem to be key modulators of cellular senes-
cence and infl uence specifi c senescence-regulatory proteins [ 23 ].  

   Oxidative Stress, Autophagy, and Caloric Restriction 

 Accumulation of damage contributes to the aging phenotype and to age-related dis-
eases. Three key processes, oxidative stress, autophagy, and caloric restriction, can 
increase, reduce, or prevent damage that causes cellular dysfunction.  

   Oxidative Stress 

 Reactive oxygen species (ROS) are mainly produced in the mitochondria and affect 
cell function when an imbalance occurs between the production of ROS and the 
activity of detoxifi cation enzymes such as superoxide dismutases, catalases, gluta-
thione peroxidases, and peroxiredoxins. Strong evidence supports that the average 
life span is inversely correlated with the rate of mitochondrial superoxide anions 
and hydrogen peroxide generation. Moreover, the rates of ROS production from 
mitochondria increase with age in the brain, heart, and kidney of mice [ 24 ]. In addi-
tion, a wide spectrum of alterations in mitochondria and mitochondrial DNA have 
been observed with aging, including disorganization of mitochondrial structure, 
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decline in mitochondrial oxidative phosphorylation function, and accumulation of 
mtDNA mutations [ 24 ].  

   Autophagy 

 Autophagy is a homeostatic process of self-degradation of cellular components. 
There are three general types of autophagy: microautophagy, chaperone-mediated 
autophagy (CMA), and macroautophagy. Macroautophagy is the most widely stud-
ied process and represents the major pathway of degradation under basal cellular 
activity. It is usually upregulated by several stimuli that include starvation, hypoxia, 
microbial infection, endoplasmic reticulum (ER) stress, and oxidative stress [ 25 ]. 
Damaged, superfl uous macromolecules or organelles must be isolated from cytosol 
by autophagosomes. The formation of phagophores requires generation of phospho-
lipid “PtdIns3p” and involvement of two ubiquitin-like systems: LC3 and ATG5-
12- 16. Phagophores expand to form complete autophagosomes with a double 
membrane, and the external membrane merges with the lysosome membrane to 
degrade internal vesicles. CMA is a selective autophagy of soluble proteins that 
requires unfolding of the cargo protein before entering lysosomes and interacting 
with a receptor protein, lysosome-associated protein type 2A (LAMP-2A). In 
microautophagy, the lysosomal membrane itself invaginates to trap the cargo. 

 Importantly, autophagy declines with age and causes accumulation of toxic 
metabolites in the cell, which may be due to a specifi c CMA failure and to an unsat-
isfactory degradation of lysosomes [ 26 ,  27 ]. 

 Microautophagy represents the specifi c degradation of mitochondria, which are 
very susceptible to damage in aging, and it is involved with the unfolding protein 
response (UPR) in the endoplasmic reticulum that can activate apoptosis [ 28 ,  29 ]. 

 Defects in the cellular machinery that mediate autophagy are present in almost 
all age-related diseases, including cancer, metabolic disorders, and neurodegenera-
tive diseases. Evidence shows that autophagy activity must be maintained in order 
to extend life span in various genetically modifi ed organisms, and autophagy-related 
proteins have been shown to directly mediate longevity pathways [ 30 ].  

   Senescence and Telomere Shortening 

 Cellular senescence is synonymous with an irreversible arrest of cell growth. 
In normal replicative senescence, the cell simply enters senescence after a certain 
number of replications, which is primarily related to a progressive shortening of 
telomeres [ 31 ]. In addition, differential expression of p53 isoforms and of the reti-
noblastoma tumor suppressor protein and its signaling partners including 
p16INK4A (a cyclin-dependent kinase inhibitor) has been linked to replicative 
senescence [ 32 ]. However, premature senescence can be induced in the absence of 
any detectable telomere loss or dysfunction by a variety of stresses. In general, if 
DNA damage exceeds a certain threshold, cells are destined to undergo either 
apoptosis or senescence.  
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   Telomere Shortening 

 Telomeres are tandem arrays of duplex 5′-TTAGGG-3′ repeats located at the ends 
of eukaryotic chromosomes that protect them from degradation and DNA repair 
activities. The maintenance of telomeres depends on a specialized ribonucleopro-
tein, telomerase, which is an RNA-dependent DNA polymerase that can synthesize 
telomeric repeats and extend telomeres de novo during cell division [ 33 ]. 
Telomerases have two essential components: telomerase reverse transcriptase 
(TERT) and RNA template (TR). After birth, telomerase is silenced in most somatic 
cells, and telomeres progressively shorten with aging [ 31 ,  34 ]. Critically short telo-
meres cannot be repaired by any of the known DNA repair mechanisms, and short-
ened telomeres consequently trigger a persistent DNA damage response that leads 
to cellular senescence and/or apoptosis that eventually compromises tissue regen-
erative capacity and function, which contributes to organismal aging [ 34 ].   

    Aging Lung 

 Most of the age-related functional changes in the respiratory system involve altera-
tions in the lung itself as well as a decrease in compliance of the chest wall and a 
decrease in the strength of the respiratory muscles, which affects control of breath-
ing. However, the rate of progression of these changes can differ greatly from per-
son to person. 

 The aging lung is characterized by decreased static elastic recoil, dilatation of 
alveolar ducts and alveoli with a loss of gas exchange surface area, and a decline in 
the number of capillaries per alveolus, which is often referred to as “senile emphy-
sema.” This goes along with a decrease in the diameter of small airways that 
increases their tendency to close at a given lung volume, which leads to a decrease 
in expiratory fl ows and elicits an increase in residual volume at the expense of vital 
capacity [ 35 ]. Concomitantly, there is an increase in lung compliance while chest 
wall compliance progressively declines, which is presumably related to calcifi cation 
and other structural changes within the rib cage and its articulations [ 36 ]. 

   Extracellular Matrix 

 The decrease in the lung elastic recoil has been associated with structural and func-
tional alterations in the extracellular matrix (ECM) of the lung parenchyma. 
Collagens and elastin are the main proteins in the ECM that comprise the scaffold 
of the alveolar structures and are central in determining the mechanical properties 
of lung parenchyma. In general, elastic fi bers primarily infl uence lung compliance 
at the lower pressure range, while collagen fi brils become more important at high 
lung volumes where infl ation becomes limited. Several studies have demonstrated 
that changes in lung mechanics are associated with structural modifi cations of the 
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lung ECM. Collagens are the most abundant proteins of the ECM, and collagens 
represent 15 % to 20 % of the total dry weight of lung tissue. The collagen family is 
constituted by 28 different types of collagen proteins that together with other ECM 
components organize a complex network in the lung tissue. Fibrillar types I and III 
collagens are the most abundant and represent 90 % of the total lung collagen. 

 Many age-associated alterations of organs and tissues are associated with 
changes of the ECM proteins. Such changes include differences in posttranslational 
modifi cations of glycoproteins such as advanced glycation end-products (AGEs), 
which in turn infl uence the turnover of other glycoproteins [ 37 ]. 

 Glycation, glycoxidation, and cross-linking of collagens are increased in many 
aged tissues, which cause changes of physical properties that include fi ber stiffness 
and higher resistance to degradation [ 37 ,  38 ]. Studies in mice have shown that the 
process of aging contributes to an altered lung ECM, including fi brillar collagens 
and the AGE load [ 39 ]. 

 It is unclear how the total collagen lung content changes with aging. Some bio-
chemical studies in experimental models describe no changes, an increase, or a 
decrease in collagen proteins in response to lung aging [ 40 – 43 ]. The different 
results might be related to differences in the methodological procedures used to 
measure lung collagen content. 

 Although there is also some debate about the total elastin content in old lung tis-
sue, it appears that functionally intact elastin is reduced with aging, which could 
also be infl uenced by an increased modifi cation with AGEs [ 44 ,  45 ].  

   Immune Response 

 The aging lung exhibits an increased susceptibility to infections and infl ammation, 
and alterations in both the innate and adaptive arms of the immune system have 
been implicated. 

 During the aging process, the lungs usually exhibit some degree of infl ammation, 
even in healthy individuals. Thus, there is evidence for an augmented proinfl amma-
tory milieu, with increased levels of cytokines and acute-phase molecules in associa-
tion with functional decline, a phenomenon that has been termed the “infl amm-aging” 
[ 46 ]. Furthermore, increased levels of interleukin (IL)-1, IL-6, IL-8, IL-18, IL-1 
receptor antagonist, and tumor necrosis factor (TNF)-alpha are found in plasma, 
serum, and mononuclear blood cell culture from elderly subjects [ 47 ]. 

 Additionally, a number of alterations in the T-cell-mediated immune response 
that affect the function and proportions of T-cell subsets are associated with advanc-
ing age. Immunosenescence, characterized by a reduction of naive T-cells and a 
shrinking T-cell repertoire, is a well-recognized phenomenon in humans and ani-
mals and is likely responsible for the increased susceptibility to infections and can-
cer in older individuals [ 48 ]. Numerous studies indicate that aging is associated 
with impaired infl uenza virus-specifi c T-cell responses that may be related to a 
decreased frequency of naive T-cells as well as diminished function of memory and 
effector T-cells [ 49 ]. A decreased memory CD4+ T-cell response to the infl uenza 
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vaccine has been reported in the elderly, and the CD8+ T-cell response to the infl u-
enza virus also diminishes with advancing age [ 50 ,  51 ]. 

 Specifi cally relevant to the fi brotic response, normal aging is associated with a 
shift in T lymphocytes from a predominantly Th1 phenotype to a predominantly 
Th2 phenotype, which is especially evident in frail older people. The Th2-like 
response promotes the expression of profi brotic factors, and Th2-biased animals are 
more susceptible to lung injury and fi brosis [ 52 ]. Humans with chronic fi brotic lung 
disease also demonstrate a Th2-biased phenotype [ 52 ]. 

 Toll-like receptors (TLRs), initially described as pattern-recognition receptors 
that identify and protect against microbes, can display impaired function with aging. 
Specifi cally, TLR4 function declines with age or cigarette smoke exposure in 
humans. Furthermore, mice defi cient in TLR4 exhibit age-related lung enlargement 
that is similar, both histologically and functionally, to human lung emphysema. 
Additionally, TLR4 defi ciency is associated with increased reactive oxygen species 
generation, collectively referred to as oxidant stress, via the upregulation of the 
NADPH oxidase, Nox3 [ 53 ].  

   Oxidative Stress 

 Increased oxidative stress, resulting from an imbalance of pro-oxidants and antioxi-
dants, occurs with aging, and the excessive, destructive presence of reactive oxygen 
species can adversely affect the lung. Senescence of the pulmonary endothelium is 
implicated in susceptibility to oxidative stress, impaired nitric oxide signaling, and 
insuffi cient tissue repair and regeneration [ 54 ]. In general, enzymes implicated in 
the cytoprotective reduction of ROS, such as Cu/Zn superoxide dismutase and 
NADPH oxidase (among others), tend to have decreased levels in aged pulmonary 
endothelial cells [ 55 ].  

   Epigenetic Changes in the Aging Lung 

 Age-related changes in DNA methylation, as described above, have been implicated 
in cellular senescence and longevity, although the causes and functional conse-
quences in the lungs remain unclear. Lepeule et al. examined the relationships 
between DNA methylation in nine genes related to infl ammation and lung function 
in a cohort of 756 elderly men (73.3 ± 6.7 years old) [ 55 ]. They found that older 
people had decreased DNA methylation in the carnitine O-acetyltransferase 
(CRAT), coagulation factor-3 (F3), and Toll-like receptor-2 (TLR2) genes that was 
signifi cantly associated with lower values for forced vital capacity (FVC) and forced 
expiratory volume in 1 s (FEV1). This decline in lung function is considered to be 
related to changes in the large airways. By contrast, decreased methylation in 
interferon- gamma (IFNγ) and IL-6 genes was paradoxically associated with better 
lung function. This fi nding might be explained by the varying roles of IFNγ and 
IL-6, which may display pro- and anti-infl ammatory activities [ 55 ]. 
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 In summary, the cellular and molecular mechanisms of physiological aging and 
their association with various lung diseases are still not well understood. Oxidative 
stress, telomere length regulation, cellular immunosenescence, epigenetic changes, 
and ECM modifi cations probably represent some of the key mechanisms that 
account for declining lung function with advanced age.   

    Aging in the Pathogenesis of Idiopathic 
Pulmonary Fibrosis (IPF) 

 IPF is a progressive and lethal lung disease of unclear etiology that primarily affects 
older patients. Symptoms usually occur between ages 50 and 70, and most patients 
are older than 60 years at the time of clinical presentation and diagnosis. Both the 
prevalence and incidence of IPF increase markedly with advancing age, particularly 
after the sixth decade, with a prevalence that has been estimated to exceed 175 cases 
per 100,000 individuals over 75 years of age [ 56 ]. Age also infl uences mortality, 
and the median survival time is signifi cantly shorter in older individuals compared 
with younger patients [ 57 ]. 

 Interestingly, predominantly subpleural basal reticular abnormalities on high- 
resolution computed tomography (HRCT) have been identifi ed in a large number of 
asymptomatic individuals over 75 years of age, whereas these fi ndings are virtually 
absent in those under 55 years old [ 58 ]. In addition, cysts can be seen in 25 % of subjects 
in the older age group. Bronchial dilation and wall thickening are also seen signifi cantly 
more often in older individuals compared to a those in a younger age group. Importantly, 
all these fi ndings have been demonstrated as independent of pack-year smoking history 
and indicate that some older individuals may develop interstitial lung abnormalities sug-
gestive of possible UIP without apparent clinical signifi cance. However, uncertainty still 
remains regarding the relevance of these fi ndings to lung health and whether there are 
any long-term prognostic implications. In the same context, it has been demonstrated 
that subclinical interstitial lung disease (ILD) with subpleural distribution is present in a 
signifi cant proportion of older smokers (56–72 years) screened for the development of 
COPD [ 59 ]. In this study, as compared with participants without interstitial changes on 
HRCT, those with abnormalities were more likely to have a restrictive lung defi cit, sug-
gesting that subclinical ILD may represent an early disease stage for a subset of indi-
viduals who will progress to clinically signifi cant ILD.  

    Mechanisms Linking IPF to Aging 

 The fundamental molecular mechanism linking aging to IPF is unknown, but sev-
eral modifi cations naturally occurring in the elderly may be implicated including 
oxidative stress, mitochondrial dysfunction, deregulated autophagy, telomere attri-
tion, and others (Fig.  12.1 ).

12 Aging and IPF: What Is the Link?



268

     Oxidative Stress 

 Reactive oxygen species (ROS) induce cellular dysfunction (such as stress-induced 
premature senescence), which is believed to contribute to normal aging and play a 
role in age-related diseases. In aging, systemic imbalance between the antioxidant 
system (e.g., superoxide dismutases, glutathione) and ROS results in the generation 
of excess free radicals that can overwhelm cellular antioxidant defenses. Several 
studies have associated excessive oxidative stress with IPF. Thus, for example, 
mitochondrial generation of ROS has been suggested to be linked to increased cel-
lular oxidative stress and apoptosis of alveolar epithelial cells [ 60 ]. Moreover, there 
is evidence suggesting that ROS can increase the release of TGF-β from alveolar 
epithelial cells [ 61 ] and can directly activate TGF-β in cell-free systems by  disrupting 
its interaction with latency-associated peptide [ 62 ]. 

 Strong evidence has shown that the transcription factor called nuclear factor 
(erythroid-derived 2)-like 2, or Nrf2, is a “master regulator” in the antioxidant 
response through the coordinated induction of antioxidant and phase II detoxi-
fying enzymes that are under the regulatory infl uence of the antioxidant response 
mechanism [ 63 ]. Importantly, however, Nrf2 modulates the expression of hun-
dreds of genes including not only antioxidant enzymes but a large number of 

  Fig. 12.1    Putative mechanisms linking aging to the development of IPF. A variety of modifi ca-
tions naturally occurring in the elderly may affect the behavior of alveolar epithelial cells (in  yel-
low ) or fi broblasts (in  green ), increasing the susceptibility to develop IPF       
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genes that control tissue remodeling and fi brosis [ 63 ]. Mice that lack Nrf2 are 
highly susceptible to bleomycin-induced pulmonary infl ammation and fi brosis, 
likely by inducing a Th1 to Th2 switch [ 64 ]. However, the expression of Nrf2 
has been found to be increased in IPF lungs, which may represent an unsuccess-
ful adaptive attempt to compensate for the increased oxidant burden [ 65 ]. Of 
particular interest, the increased expression of Nrf2 in IPF lungs was localized 
to alveolar epithelial cells whose chronic injury/activation is a crucial patho-
genic event in IPF. More recently, however, decreased expression of nuclear 
Nrf2 was demonstrated in lung fi broblasts from patients with IPF, which was 
associated with the appearance of a myofi broblast phenotype [ 66 ]. Moreover, 
Nrf2 inhibition with siRNA induced myofi broblastic differentiation that was 
associated with increased oxidative stress, while conversely, Nrf2 activation 
with Keap1 knockdown restored the oxidant/antioxidant balance and reversed 
the myofi broblastic differentiation [ 66 ].  

   Endoplasmic Reticulum (ER) Stress 

 Several recent reports have demonstrated that ER stress and apoptosis occur 
frequently in alveolar epithelial cells (AECs) from IPF lungs [ 67 ,  68 ]. To better 
understand the putative implication of ER stress in the pathogenesis of lung fi brosis, 
Lawson et al. developed a transgenic mouse model in which the inducible mutant, 
L188Q SFTPC, was expressed in type II AECs in the adult mouse. Interestingly, the 
expression of L188Q SFTPC in type II AECs resulted in ER stress and unfolded 
protein response (UPR) activation but did not result in fi brotic remodeling. However, 
after a second profi brotic stimulus (bleomycin) was administered, increased epithe-
lial cell death and fi broblast accumulation with an enhanced lung fi brotic response 
was found [ 69 ]. Similar fi ndings were observed in mice treated with the ER stress- 
inducing agent tunicamycin. These fi ndings indicate that dysfunctional type II 
AECs predispose the lung to excessive and dysregulated remodeling after injury. 

 Importantly, the cell has evolved an adaptive coordinated response to limit accu-
mulation of unfolded proteins in the ER through a series of cell protective responses 
known collectively as the UPR. With advanced age, however, many of the key com-
ponents of the UPR (such as the chaperones and enzymes) display reduced expres-
sion and activity resulting in ER dysfunction. Moreover, those proteins that remain 
are more vulnerable to oxidation by ROS [ 70 ]. In fact, several recent studies exam-
ining the effect of age on the ER stress response support the notion of a diminished 
protective response and more robust proapoptotic signaling with aging [ 71 ]. 

 Therefore, it is possible to speculate that older individuals may have ER stress 
induced by multiple environmental injuries. Furthermore, because the UP is less 
effi cient in AECs, these cells may respond with apoptotic pathway activation or 
induced changes in cell phenotype that can occur through epithelial to mesenchy-
mal transition, which may increase the risk to develop IPF.  
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   Autophagy 

 Autophagy, one mechanism by which the cell rids itself of misfolded proteins, 
declines with age and contributes to cellular senescence. The role of autophagy in 
fi brosis has recently being examined, but results from different models have given 
contradictory results. Therefore, the role of autophagy in disease pathogenesis 
remains unclear and may involve either impaired or accelerated autophagic activity 
or imbalances in the activation of autophagic proteins. For example, recent fi ndings 
suggest that autophagy represents a cytoprotective mechanism that negatively regu-
lates and limits excess collagen accumulation in the kidney, thereby mitigating 
experimental renal fi brosis [ 72 ]. Thus, reduced beclin-1 expression in primary 
mouse mesangial cells results in increased levels of type I collagen (Col-I). Inhibition 
of autolysosomal protein degradation by bafi lomycin A(1) also increased Col-I pro-
tein levels, whereas treatment with trifl uoperazine, an inducer of autophagy, results 
in decreased induction of Col-I levels by TGF-β1 (without alterations in Col-I α1 
mRNA). By contrast, autophagy of activated stellate cells has been found to be a 
necessary requirement for hepatic fi brogenesis in mice [ 73 ]. In this case, loss of 
autophagic function in cultured mouse stellate cells and in mice following hepatic 
injury was associated with reduced fi brogenesis and matrix accumulation. According 
to these results, autophagy provides energy that is essential to support stellate cell 
activation and maintain energy homeostasis in the face of increasing cellular energy 
demands conferred by fi brogenesis and cell proliferation [ 73 ]. 

 It has been shown that genetic or pharmacologic inhibition of Toll-like receptor 
4 (TLR4) exacerbates bleomycin-induced pulmonary infl ammation and fi brosis by 
attenuating autophagy-associated degradation of collagen and cell death in fi brotic 
lung tissues [ 74 ]. Moreover, rapamycin, an autophagy activator, reverses the effects 
of TLR4 antagonism, while attenuation of autophagy by 3-methyladenine reverses 
the pro-resolving and antifi brotic roles of TLR4 agonists and was associated with 
reduced survival. 

 Similarly, lung tissues from patients with IPF demonstrate evidence of decreased 
autophagic activity as assessed by LC3, p62 protein expression and immunofl uores-
cence, and numbers of autophagosomes [ 75 ]. In addition, this report provided evi-
dence that autophagy is not activated in the setting of IPF despite well-described 
elevations in ER stress, oxidative stress, and (HIF)-1α, which are all known to 
induce autophagy. Moreover, in vitro experiments demonstrate that the profi brotic 
mediator, TGF-β1, is likely responsible for the decreased autophagy [ 75 ]. 

 Recent evidence has described a potential role of autophagy in aging-associated 
organ deterioration. Thus, cardiac hypertrophy and fi brosis have been found in aged 
mice compared with young mice. Levels of beclin-1, Atg5, and the LC3-II/LC3-I ratio 
were decreased in aged hearts. The involvement of autophagy in cardiac aging was fur-
ther substantiated by the induction of in vitro autophagy with rapamycin alleviating 
aging-induced cardiomyocyte mechanical and intracellular Ca2+ derangements [ 76 ]. 

 The above fi ndings in various models indicate that the function of autophagy in 
fi brotic processes remains unclear and may involve either impaired or accelerated 
autophagic activity. In chronic obstructive pulmonary disease (COPD), another 

M. Selman et al.



271

aging-related disease, there is an increase of several autophagic proteins in the lung 
tissue, while ultrastructural analysis of COPD tissue reveals an increased abundance 
of autophagosomes relative to normal lung tissue [ 77 ]. By contrast, in the case of 
IPF, the autophagic response seems to be impaired.  

   Telomere Shortening 

 A number of age-related pathologies (including that found in the IPF lung and in 
premature aging syndromes) have been associated with an accelerated rate of telo-
mere shortening. The speed at which telomeres shorten with aging can be infl u-
enced by factors considered to accelerate aging and increase the risk of premature 
death, such as socioeconomic status, perceived stress, smoking, and obesity (all of 
which have been proposed to negatively affect telomere length) [ 78 ]. Studies in 
patients with familial forms of pulmonary fi brosis have found that the disease 
appears to be associated with telomere shortening in a subset of patients. This dis-
ease susceptibility is provoked by mutations in hTERT or hTR, which underlie the 
inheritance in 8–15 % of familial cases [ 79 ,  80 ]. In contrast, telomerase mutations 
are uncommon in patients with sporadic IPF. However, patients with IPF may show 
telomere lengths below the fi rst percentile for their age in circulating leukocytes, 
and, importantly, telomeres have been shown to be shortened in alveolar epithelial 
cells from IPF lungs [ 81 ]. 

 However, shortening of telomeres is also observed in COPD [ 82 ]. Moreover, 
telomerase-defi cient mice that have sequential shortening of telomeres spontane-
ously develop emphysema-like lung lesions [ 83 ]. Curiously, telomerase defi ciency 
in a murine model leads to telomere shortening, but this does not predispose these 
animals to enhanced bleomycin-induced lung fi brosis [ 84 ].  

   Epigenetic Changes 

 As mentioned, environmental factors may contribute to aging-associated diseases 
through the induction of epigenetic modifi cations, such as DNA methylation and 
chromatin remodeling, which may induce alterations in gene expression programs. 
The defi nitive corroboration on intraindividual epigenetic variation over time in 
humans was recently provided in a longitudinal study of DNA methylation patterns 
in which successive DNA samples were collected more than 10 years apart in more 
than 100 individuals [ 7 ]. Time-dependent changes in global DNA methylation of 
greater than 20 % were observed within the same individual over an 11- to 16-year 
span within 8–10 % of individuals in two separate study populations that resided in 
two widely separated geographic locations. In this study, both losses and gains of 
DNA methylation were observed over time in different individuals. 

 In a recent study in IPF, the global methylation pattern was evaluated using human 
CpG island microarrays [ 85 ]. Differential methylation in 625 CpG islands was found in 
IPF lung tissue samples when compared to control lung tissue samples. Most of these 
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methylation changes were located in intronic, exonic, or intergenic areas, but only 8.8 % 
were found in gene promoters, where hypomethylation of CpG islands was generally 
found. The genes with differentially methylated CpG islands in their promoters were 
associated with biological processes such as cellular assembly and organization, cellular 
growth and proliferation, cell morphology, cancer, cell signaling, gene expression, and 
cell death. Interestingly, this study also revealed that the methylation pattern observed in 
IPF shows great similarity to the methylation pattern of lung cancer. 

 In another recent study, genome-wide DNA methylation and RNA expression 
were also examined in IPF and normal control lung tissue [ 86 ]. No differences were 
observed in global DNA methylation, but higher DNMT3a and 3b expression levels 
were noticed in the IPF lung tissue. Several interesting genes were found to be 
hyper- or hypomethylated (e.g., TP53INP1, a p53-inducible cell stress response 
protein that can upregulate genes, and claudin 5 and ZNF167, which are zinc fi nger 
proteins that enhance nuclear retention and transactivation of STAT3 that can down-
regulate genes) [ 86 ]. 

 Hypo- or hypermethylation of some specifi c genes has been reported in IPF [ 86 ]. 
Thus, for example, hypomethylated DNA seems to contribute to the rapid progres-
sion of IPF through a Toll-like receptor (TLR) 9-dependent process [ 87 ]. Under this 
mechanism, surgical lung biopsies from rapidly progressive IPF patients clinically 
exhibit elevated levels of TLR9 gene transcript expression compared to those from 
stable IPF patients. 

 Thy-1(CD90) is a cell-surface glycoprotein expressed in normal lung fi broblasts 
that modulates the profi brotic phenotype of fi broblasts by several mechanisms [ 88 , 
 89 ]. In fi broblastic foci of IPF lungs, epigenetic silencing of Thy-1 by promoter 
region hypermethylation has been demonstrated [ 90 ]. After this fi rst report, it was 
found that treatment with the histone deacetylase inhibitor, trichostatin A, restored 
Thy-1 expression in Thy-1(−) cells in a time-dependent and concentration- dependent 
fashion, which was associated with enrichment of histone acetylation [ 91 ]. 
Importantly, restoration of the expression of Thy-1 was associated with both changes 
in chromatin marks and demethylation of the Thy-1 promoter region. This supports 
the concept that histone modifi cations and DNA methylation are coordinately regu-
lated to change the biological behavior of fi brotic lung fi broblasts. 

 More recently, it has been demonstrated that IPF fi broblasts have reduced expres-
sion of the proapoptotic p14ARF due to promoter hypermethylation of CpG islands, 
which may explain, at least partially, their likely resistance to apoptosis [ 92 ]. 
P14ARF gene expression was restored by treatment with the DNA methyltransfer-
ase inhibitor, 5-aza, and this result was further corroborated by using restriction 
digestion with McrBc, which showed a high level of methylation of the p14ARF 
promoter in IPF fi broblast primary lines.  

   Chromatin Structural Changes 

 Defective histone acetylation is responsible for the repression of COX2 expres-
sion, a gene that is likely involved in the antifi brotic response [ 93 ]. Using a 
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chromatin immunoprecipitation assay, it was revealed that transcription factor 
binding to the COX-2 promoter was reduced in IPF fi broblasts compared to that 
in normal fi broblasts. This effect was dynamically linked to reduced histone H3 
and H4 acetylation due to decreased recruitment of histone acetyltransferases and 
recruitment of the NCoR, CoREST, and mSin3a transcriptional corepressor com-
plexes to the COX-2 promoter [ 93 ].  

   Epigenetic Control of Epithelial to Mesenchymal Transition (EMT) 

 EMT is a fundamental developmental process that involves actin cytoskeleton 
reorganization with loss of apical-basal polarity and cell-to-cell contact, result-
ing in the conversion of epithelial cells to mesenchymal cells [ 94 ]. Although 
there is still some controversy, several studies suggest that an EMT-like process 
occurs in IPF [ 95 – 98 ]. Recently, global epigenetic reprogramming was observed 
during TGF- β(beta)-induced EMT in mouse hepatocytes [ 99 ]. In this study, the 
dynamic nature of genome-scale epigenetic reprogramming during EMT 
induced by this growth factor was demonstrated. Specifi cally, genome-wide 
reprogramming of large heterochromatin domains (LOCKs) to a state of reduced 
H3K9Me2, new LOCK-wide modifi cations of H3K4Me3 at specifi c GC-rich 
LOCKs, and enrichment of H3K36Me3 at LOCK boundaries and numerous 
EMT-related genes was demonstrated across the genome. This reprogramming 
appeared to be critical for the EMT induction by TGF-β, because inhibition of 
bulk chromatin changes by Lsd1 loss of function had marked effects on cell 
migration and chemoresistance [ 99 ]. 

 However, it is unclear if aging affects EMT of alveolar epithelial cells. 
Interestingly, aging-associated cellular senescence may be involved. Thus, accumu-
lating evidence shows that senescent fi broblasts that acquire a senescence- associated 
secretory phenotype have the ability to promote tumor progression, in part by induc-
ing EMT in nearby epithelial cells [ 100 ]. Moreover, increasing evidence suggests 
that EMT and senescence, two processes that seem to operate independently, are in 
fact intertwined [ 101 ].  

   MicroRNAs 

 As mentioned, miRNAs form a particular class of 21- to 24-nucleotide RNAs that 
can regulate gene expression posttranscriptionally by affecting the translation and 
stability of target messenger RNAs. Importantly, some miRNAs have emerged as 
key regulators during cellular senescence. 

 A growing body of evidence indicates that dysregulated expression of miRNAs 
is linked to fi brotic diseases in different organs [ 102 – 108 ]. Recent evidence also 
supports the notion that miRNAs can regulate cellular plasticity. For example, miR- 
145 expression facilitates the differentiation of fi broblasts to myofi broblasts sug-
gesting that miRNAs may regulate the plasticity of mesenchymal cells [ 109 ]. 
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 Regarding lung fi brotic remodeling, several studies have reported disturbed 
expression of a number of miRNAs. For example, downregulation of mir-29 has 
been found in bleomycin-induced lung fi brosis in mice. In addition, miR-29 is sup-
pressed by TGF-β1 in lung fi broblasts, and miR-29 levels are inversely correlated 
with the expression of several profi brotic target genes and with the severity of the 
fi brosis [ 110 ]. By contrast, lungs of mice with bleomycin-induced fi brosis as well 
as IPF lungs show an upregulation of miR-21 primarily localized to myofi broblasts 
[ 105 ]. Increasing miR-21 levels promote, while reduced levels attenuate, the profi -
brogenic activity of TGF-β1 in fi broblasts, while miR-21 antisense probes attenuate 
bleomycin-induced lung fi brosis. Likewise, miR-155 (targeting the angiotensin II 
type 1 receptor) and keratinocyte growth factor are upregulated in the lungs of mice 
with bleomycin-induced lung fi brosis [ 111 ,  112 ]. 

 The extent of changes of miRNAs in IPF lungs was recently demonstrated when 
RNA from IPF and control lungs was extracted and hybridized to miRNA arrays that 
contained probes for ∼450 miRNAs. In this work, 10 % of the miRNAs on the array 
were signifi cantly different between IPF and control lungs [ 104 ]. One of the down-
regulated miRNAs, let-7d, was primarily localized in epithelial cells and was directly 
inhibited by TGF-β. Let-7d regulates EMT in alveolar epithelial cells (at least par-
tially) due to the overexpression of the high-mobility group, AT-hook 2 (HMGA2), a 
member of the nonhistone chromosomal high-mobility group (HMG) protein family.    

    Summary 

 Recent research into the mechanisms of aging and IPF has suggested that they share 
several common molecular pathways including mitochondrial dysfunction, dysreg-
ulated autophagy, telomere attrition, epigenetic changes, and others. However, 
many studies are still necessary to verify the existing fi ndings in larger cohorts and 
to establish the mechanisms underlying the putative association between aging and 
IPF. Identifi cation of the aging-affected signaling pathways that are implicated in 
the pathogenesis of the pulmonary fi brosis also holds promise in furthering our 
understanding of IPF. A better knowledge of the age-related changes in lung cells 
will also help to elucidate the lung aging process itself and eventually to recognize 
which of these modifi cations are truly involved in the pathogenesis of IPF.     
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    Abstract     Idiopathic pulmonary fi brosis (IPF) is a chronic fi brosing disease of the 
lung and the most common of the idiopathic interstitial pneumonias. The patho-
physiology of IPF involves recurrent epithelial cell injury, abnormal wound repair 
responses, and aberrant fi broblast proliferation. Recent studies have shed light upon 
the potential role of gastroesophageal refl ux (GER) and microaspiration as a possi-
ble etiology or trigger for the suspected recurrent epithelial injury and fi brosis that 
characterize IPF. Although acid aspiration has been linked to IPF, the mechanism 
and relationship of abnormal GER to the cause or progression of IPF have not been 
adequately addressed. This association is of great interest to the scientifi c and clini-
cal communities, and active investigations are ongoing. Herein, we review what is 
currently understood about the relationship between GER and IPF and explore the 
evidence supporting this relationship.  

  Keywords     Gastroesophageal refl ux • Gastroesophageal refl ux disease   •   Idiopathic 
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        Introduction 

 Idiopathic pulmonary fi brosis (IPF) is a chronic fi brosing disease of the lung and the 
most common of the IIPs. To date, there are no approved therapies in the United 
States for this disease, which carries 50 % mortality at 2–5 years from diagnosis [ 1 ]. 
The pathophysiology of IPF is thought to revolve around recurrent epithelial cell 
injury and abnormal wound repair responses that include aberrant fi broblast activity 
[ 2 ]. The cause of epithelial injury remains unknown, but cigarette smoking, chronic 
viral infections, exposure to wood and dust particles, and drug toxicities have been 
associated with IPF [ 3 ]. In addition to such exposures, recent studies have shed light 
on the potential role of GER and microaspiration as a possible cause of recurrent 
epithelial injury [ 4 ]. GER includes refl ux of both acidic and nonacidic foregut con-
tents, and although GER is frequently symptomatic, asymptomatic refl ux events 
often occur. However, while a high incidence of acid aspiration in IPF has been 
detected in several case series, the role of GER in either the cause or the progression of 
IPF is not well understood [ 5 ]. Therefore, the association of GER and IPF is an 
intense area of active, ongoing investigation. Herein, we review the data on GER 
in IPF, and we discuss the implications of this association for the screening and 
treatment of GER in patients with IPF.  

    Pathophysiology and Diagnosis of Gastroesophageal 
Refl ux Disease 

 Gastroesophageal refl ux disease (GERD) is defi ned as the refl ux of gastric contents 
into the esophagus that leads to symptomatic esophagitis, symptoms suffi cient to 
impair quality of life, or an increased risk of long-term complications [ 6 ]. This defi -
nition, created by an international working group, emphasizes that GER should be 
regarded as a disease (GERD) when it affects quality of life or causes macroscopic 
damage to the esophagus [ 7 ]. GERD, when defi ned by weekly symptoms and/or 
acid regurgitation, is very common, affecting 10–20 % of people in the Western 
world [ 8 ]. The cause of GER is variable, with multiple studies having attempted to 
elucidate the genetic, demographic, and lifestyle risk factors for this disorder. The 
association between age and the development of refl ux or the presence of symptoms 
remains unclear. Coffee, alcohol, smoking, and chocolate can inappropriately relax 
the lower esophageal sphincter (LES), and are, therefore, thought to be associated 
with GER [ 7 ]. 

 GER is thought to occur when normal protective physiologic mechanisms fail to 
prevent refl ux. These protective mechanisms include the combined actions of the 
LES, a segment of smooth muscle that contracts to generate a pressure greater than 
that in the stomach, and the crural diaphragm, which provides extrinsic pressure and 
a barrier to separate the esophageal and gastric compartments [ 9 ]. The pathophysi-
ology of refl ux is thought to be due to impaired function of the LES in particular, 
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because contraction of this smooth muscle creates a barrier that prevents gastric 
contents refl uxing into the lower esophagus [ 10 ]. Dysfunction of the LES can be 
mechanical from loss of tone or functional, where the frequency of LES relaxations 
is increased. While temporary relaxations of the LES are normal, these episodes are 
thought to occur more frequently in individuals with GERD and can result in pro-
longed periods of esophageal exposure to refl uxed gastric contents [ 11 ]. 

 Additionally, the pressure gradient between the abdomen and thorax can infl u-
ence the development of GER. It has been postulated that patients with chronic 
obstructive pulmonary disease (COPD), who have increased negative intrathoracic 
pressure, increased lung compliance, and decreased elastic recoil, may be predis-
posed to refl ux [ 12 ,  13 ]. An abnormal pressure gradient may also be a contributing 
factor in patients with IPF, who have decreased compliance and increased elastic 
recoil as a result of lung fi brosis. However, the role of intrathoracic pressure and 
lung compliance in GER is complicated. Obstructive lung diseases, such as asthma 
and COPD, are marked by air trapping and increased intrathoracic pressures, which 
can lead to defects in the diaphragm and predispose to the development of a hiatal 
hernia. Indeed, a higher prevalence of diaphragmatic defects and hiatal hernias has 
been documented in patients with emphysema [ 14 ]. Similarly, it has been postulated 
that restrictive lung disease can infl uence the pressure in the intrathoracic space by 
reducing the overall lung volume, which can lead to disruption to the diaphragm and 
potentially increase the predisposition for refl ux. Additionally, it is well known that 
increased abdominal pressure from obesity can lead to a weakened LES, and obe-
sity is, therefore, a signifi cant risk factor for GER. 

 The presence of a hiatal hernia increases the time of LES relaxation and increases 
the risk of esophagitis, GER, and GERD [ 15 ]. Hiatal hernias also alter the crux of the 
diaphragm, which can structurally affect the lower esophageal sphincter and thereby 
provide a further predisposition to refl ux. Additionally, the degree of a hiatal hernia 
and the effect on GER are interrelated. A sliding hiatal hernia (type I hernia) has a 
small effect, whereas a large hiatal hernia (type IV hernia), where part of the stomach 
resides in the chest cavity, will have a larger effect [ 16 ]. Given this, hiatal hernias 
have been associated with diminished pressure of the LES, episodes of microaspira-
tion, and an increased risk of erosive esophagitis [ 17 ]. 

 Because GER can occur without causing GERD, the presence of symptoms has 
been shown to be a poor indicator of underlying refl ux and aspiration, and this may 
be particularly true in patients with IPF [ 4 ]. Therefore, diagnostic studies are often 
necessary to adequately assess for presence of GER and aspiration. Commonly 
employed diagnostic approaches for GER include 24-h pH monitoring with or with-
out esophageal manometry, a modifi ed barium swallow, or endoscopy [ 7 ]. Less 
common diagnostic tests include gastroesophageal-pulmonary scintigraphy, testing 
for pepsin and bile salts in bronchoalveolar lavage (BAL) fl uid, and exhaled breath 
condensate (EBC) [ 4 ]. All of these studies have important limitations to consider. 
Endoscopy can only indirectly assess for regurgitation via the identifi cation of 
esophageal mucosal injury, and modifi ed barium swallow evaluations are limited by 
a low sensitivity for refl ux and aspiration. Ambulatory pH monitoring does not 
directly assess for aspiration and cannot identify nonacidic gastric refl uxate [ 4 ]. 
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However, because ambulatory pH monitoring measures the pH at two different 
esophageal sites, a composite pH score (the DeMeester score) can be generated, and 
pH monitoring is considered more sensitive and specifi c for regurgitation [ 18 ]. Most 
specialists consider this test, with the composite score, as the gold standard test. 
Overall, given the strengths and weaknesses of any given individual test, clinicians 
frequently employ a combination of these tests in diagnosing GER. 

 Given the above barriers to reaching a confi dent diagnosis, biomarkers for GER 
and microaspiration are greatly needed. Historically, an alkalemic esophageal aspi-
rate suggested the presence of duodenogastric refl ux. However, the poor sensitivity 
and specifi city of an increased pH (typically >7.0) make this an unreliable tool to 
accurately assess for signifi cant duodenogastric refl ux. In contrast, gastric and 
esophageal bilirubin concentrations in most patients parallel the severity of duo-
denogastric refl ux. The recent development of a fi ber-optic probe (the Bilitec 2000), 
which measures the concentration of esophageal bilirubin, is a more reliable and 
generally well-tolerated test for duodenogastric refl ux [ 4 ]. Bilirubin testing by this 
method could be useful to study the role of refl uxed biliary secretions in IPF. The 
diagnosis of GER is also complicated given that many patients are asymptomatic. 
Therefore, a number of issues hinder diagnosing GER and GERD, especially in the 
absence of a gold standard diagnostic test.  

    Animal Models of Aspiration 

 Animal models of aspiration have contributed substantially to our understanding of 
the role of the refl ux and aspiration of acid in lung disease. Some of the earliest inves-
tigations of the effects of acid aspiration into the lungs were performed on rabbits 
using hydrochloric acid. Induced aspiration of agents that mimic the acidity of stom-
ach contents was shown to cause pulmonary edema and hemorrhage, infi ltration of 
neutrophils, and de-epithelialization of the bronchial mucosa [ 19 ]. After this initial 
response, the host forms a granulomatous reaction to the aspirated material. Similarly, 
in a model of aspiration in intubated dogs, the degree of lung injury was proportional 
to the acidity of the aspirate. In dog studies, the acute histopathology changes 
revealed damaged type II epithelial cells and capillaries, while at 48 h, the lungs 
evolved to a pattern of interstitial edema and hyaline membrane formation [ 20 ]. 

 These earlier studies suggest multiple different pathologic outcomes from acid 
aspiration with variations of acute lung injury. However, other groups have subse-
quently developed animal models of chronic aspiration and discovered a profi brotic 
response. In a murine model of aspiration, the mice developed evidence of fi brosis 
with collagen deposition 2 weeks after the aspiration injury [ 21 ]. Profi brotic mecha-
nisms have also been implicated in a rat model of chronic aspiration, with increased 
levels of transforming growth factor beta 1 (TGF-beta) in the BAL fl uid as well as 
increased collagen and fi bronectin in the lung parenchyma of the rodents in response 
to aspiration [ 22 ]. The infl ammatory response in a chronic aspiration model was 
found to have increased macrophages and an increased CD4+/CD8+ T lymphocyte 
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ratio with evidence of a lymphocytic and obliterative bronchiolitis lasting up to 16 
weeks. In addition, TGF-beta and other infl ammatory cytokines were increased 
along with fi brosis in the lung. These studies suggest the potential for different his-
tological patterns of injury, including the development or worsening of lung fi brosis 
from acid aspiration events of varying intensity and duration.  

    Pulmonary Manifestations of GER 

 If a patient suffers from symptomatic or asymptomatic GER, they may or may not 
have pulmonary manifestations of their disease, and not all patients with GER or 
GERD have aspiration. However, if the gastric contents travel as high as the crico-
pharyngeal region, esophageal contents can enter the airway. The inhalation of oro-
pharyngeal or gastric contents into the larynx or lower respiratory tract is defi ned as 
aspiration [ 23 ] (Fig.  13.1 ). The resulting pulmonary syndrome due to an aspiration 
event depends on the contents of the material, the volume of aspirate, and the host’s 
response to the aspiration event. When patients have asymptomatic aspiration of 
oropharyngeal secretions or gastric fl uid into their lungs, it is called silent micro-
aspiration. It has been demonstrated that approximately one-half of healthy adults 
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  Fig. 13.1    Potential mechanism of chronic aspiration in IPF. Gastric contents can travel through a 
weakened lower esophageal sphincter up into the esophagus. If the gastric contents travel as high 
as the cricopharyngeal region, esophageal contents can enter the airway. Chronic microaspiration 
may cause repeated injury leading to dysregulated wound healing, granulomatous pneumonitis, 
and lung fi brosis. Reprinted from the American Journal of Medicine, 123/4, Lee JS, Collard HR, 
Raghu G, Sweet MP, Hays SR, Campos GM, et al., Chronic microaspiration and idiopathic pulmo-
nary fi brosis, 304–11, Copyright 2010, with permission from Elsevier       
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may experience mild, silent microaspiration during sleep [ 24 ]. Normally, natural 
defenses, including coughing and epiglottic closing, are protective of microaspira-
tion, but these defenses may occasionally become impaired, and wheezing and 
coughing may occur [ 25 ].

   In addition to the aspiration of gastric contents, aspirated biliary contents may 
also contribute to lung injury. Biliary contents include bile acids, pancreatic 
enzymes, and bicarbonate. The regurgitation of biliary contents occurs in the setting 
of duodenogastric refl ux. While small amounts of duodenogastric refl ux can be 
common in the postprandial period, a substantial amount of refl ux is not normal. In 
human studies, the severity of duodenogastric refl ux has been associated with the 
severity of esophageal infl ammation, and abnormal duodenogastric refl ux is com-
mon among patients with refractory, symptomatic heartburn [ 26 ,  27 ]. In animal 
models, excessive biliary secretions have been demonstrated to directly damage the 
esophageal mucosa [ 24 ]. Furthermore, bile acids may be directly injurious to the 
lung. The fi nding of elevated bile acids in the bronchoalveolar lavage fl uid of lung 
transplant recipients who developed bronchiolitis obliterans syndrome versus recip-
ients with good graft function supports the concept that bile acids can injure the 
lung [ 28 ,  29 ]. Proposed mechanisms of injury include alterations of cellular cationic 
permeability, disruption of type II pneumocyte cell membranes, and the creation of 
a “barrier breaker” for pulmonary surfactant through the detergent properties of bile 
salts [ 30 ]. Bile acids may also alter local immune functions [ 31 ]. The prevalence 
and role of duodenogastric refl ux and biliary secretions in pulmonary fi brosis are 
unknown, but these are of great interest in the ongoing evaluation of the pathologi-
cal role of refl ux in lung injury. It has been suggested that acid refl ux and nonacid 
refl ux, including the refl ux of biliary contents, may act synergistically in damaging 
the esophageal mucosa [ 24 ], and such synergistic action may be important in refl ux- 
induced pulmonary damage as well. 

 There is increasing recognition that gastric refl uxate, either acidic or nonacidic, 
can be a risk factor for many respiratory symptoms including chronic cough [ 32 ,  33 ] 
and hoarseness [ 34 ]. In both animal and clinical data, GER may evoke broncho-
spasm and/or potentiate the bronchomotor response to additional triggers [ 35 ]. 
Therefore, it is hypothesized that acid GER may trigger asthmatic symptoms. The 
correlation between GER and asthma has been shown in a prospective study where 
the prevalence of abnormal 24-h pH monitoring was 62 % in asthmatic patients with-
out GER symptoms [ 36 ]. A large systematic review examined 28 studies that assessed 
the incidence of GERD in patients with asthma and found that the average preva-
lence of refl ux symptoms in asthma patients was 59.2 %, which was signifi cantly 
higher than the control group’s prevalence of 38.1 %. They also noted an increased 
prevalence of esophagitis and hiatal hernia in asthma patients when compared to 
controls [ 37 ]. Additionally, asthmatics with refl ux had a signifi cant dose–response 
association between breathlessness and refl ux symptoms [ 38 ]. The prevalence of 
GER in chronic bronchitis patients as measured by pH monitoring has been shown to 
be slightly more than half, which is comparable to asthma patients at [ 39 ]. 

 The treatment of GERD to alleviate respiratory symptoms has been studied more 
extensively in asthmatic patients than in patients with other pulmonary disorders. 
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It has been shown that 71 % of asthmatic patients with symptoms of refl ux benefi ted 
from medical therapy or lifestyle modifi cation, as demonstrated by an improvement 
in their pulmonary symptoms [ 40 ]. In a study that selected patients whose respira-
tory symptoms were likely due to untreated GER (i.e., nonallergic asthmatics), sur-
gical therapy in addition to medical therapy was shown to be effective [ 41 ]. In 
patients with GERD and asthma who were treated with Nissen fundoplication, there 
was an immediate and sustained reduction in nocturnal symptoms for 24 months 
[ 42 ]. By the end of the 2-year time point, a marked improvement was observed in 
75 % of the surgical group versus 9 % of the medically treated group. Although no 
difference in pulmonary function was detected, the authors suggest that anti-refl ux 
surgery may signifi cantly improve the pulmonary symptoms and clinical status of 
patients with signifi cant GERD. 

 Although the relationship of asthma to GERD has been studied more than other 
respiratory disorders, many other disorders have also been linked to GERD. In a 
large population-based study that examined over 100,000 military veterans, patients 
with refl ux esophagitis were found to be at an increased risk for a large variety of 
laryngeal, sinus, and respiratory diseases including COPD, bronchiectasis, chronic 
bronchitis, and pneumonia [ 43 ]. Furthermore, several studies have implicated GER 
exposure to recurrent pneumonias [ 44 ,  45 ]. 

 The association of cystic fi brosis (CF) with GER has also furthered the under-
standing of the pulmonary manifestations of GER. A signifi cantly higher preva-
lence of abnormal esophageal acid exposure, as evidenced by elevated DeMeester 
scores and symptoms, has been demonstrated for patients with cystic fi brosis prior 
to transplantation (while on the lung transplant wait list) and following lung trans-
plantation [ 46 ]. Cystic fi brosis patients who are not listed for lung transplant also 
have evidence of signifi cant GER that has been associated with more cough and 
poorer lung function. Additionally, these patients have been shown to have bile 
acids in their saliva, lower airways, and in BAL fl uid, which may be regarded as 
evidence of GER with microaspiration events [ 47 ,  48 ]. 

 Although many associations between refl ux disease and respiratory disorders 
have been established, it is diffi cult to establish a defi nitive causal relationship of 
GER and lung disease. Given this, many hypothesize that repetitive injury from 
either acidic or nonacidic refl ux into the lungs can lead to epithelial cell injury and 
subsequent fi brosis. The potential relevance of GER in pulmonary fi brosis is high-
lighted by outcomes in scleroderma. Over 50 % of patients with scleroderma develop 
interstitial lung disease (ILD), where fi brotic nonspecifi c interstitial pneumonia 
(NSIP) is the most commonly observed histopathologic pattern [ 49 ,  50 ]. Esophageal 
dysfunction is very common in scleroderma. Esophageal dysfunction is marked by 
reduced lower esophageal sphincter pressure, a strong risk factor for refl ux events, 
and reduced peristalsis, which leads to prolonged refl uxate exposure. Both of these 
esophageal alterations contribute to GER. GER in scleroderma is often asymptom-
atic, but esophageal damage from silent events is well documented. 

 In scleroderma, the relationship between esophageal dysfunction and ILD has 
been an intense area of investigation, but whether esophageal dysfunction and ILD 
pathogenesis are tightly linked remains an unresolved issue, because currently 
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available evidence is confl icting. In earlier studies, no defi nite association was 
observed between GER and pulmonary function test (PFT) parameters that are 
commonly assessed in ILD [ 51 ,  52 ]. More recently, prospective studies, including 
some with radiographic assessments, have added to our understanding of the rela-
tionship between GER and ILD in scleroderma. Marie et al. found that esophageal 
dysfunction (determined by manometry) was associated with a higher prevalence of 
ILD on computed tomographic (CT) imaging. Additionally, the prevalence of ILD 
was positively correlated with increasing severity of esophageal dysfunction [ 53 ]. 
Furthermore, at a 2-year follow-up time point, patients with severe esophageal dys-
function demonstrated a signifi cant decrease in diffusing capacity of the lung for 
carbon monoxide (DLCO) when compared to those with no or mild esophageal 
dysfunction, although there was no signifi cant change in either the total lung capac-
ity (TLC) or forced vital capacity (FVC). More recently, Savarino et al. found that 
patients with scleroderma complicated by ILD had reduced LES pressures, reduced 
esophageal contraction amplitudes, and an increased frequency of proximal refl ux 
events compared to scleroderma patients without ILD [ 54 ], and they demonstrated 
a dose–response association between GER and ILD with refl ux frequency correlat-
ing with thoracic CT fi brosis scores. Additionally, both acid and nonacid refl ux 
were demonstrated, and both types of refl ux were more common in scleroderma 
patients with ILD compared to those without. The demonstration of proximal 
esophageal refl ux suggests that GER in scleroderma may indeed lead to microaspi-
ration and ILD, but while the results from these studies suggest an association 
between GER and ILD, causality remains to be demonstrated. 

 In an attempt to address this, Gilson et al. did not fi nd an independent association 
between esophageal dysfunction and PFT decline [ 55 ]. In their prospective evalua-
tion of a large cohort of patients, esophageal dysfunction (as determined by manom-
etry) was not found to be a signifi cant, independent predictor of PFT decline after 
multivariate analysis was performed. While GER was not directly assessed, and 
radiographic imaging with CT provides a more sensitive assessment of ILD than 
pulmonary function, their results do not support either an association or a causative 
role of GER in scleroderma-associated ILD. In short, while several studies suggest 
an association between esophageal dysfunction and ILD in scleroderma, varying 
methodologies have lead to some confl icting reports such that further clinical inves-
tigation is needed. 

 It is reasonable to conclude that esophageal dysfunction may play a role in 
scleroderma lung disease and that esophageal dysfunction may lead to gastrointes-
tinal harm if it remains undiagnosed. Therefore, evaluating for the presence of GER 
seems reasonable for all patients with scleroderma including those with ILD. 
Impedance monitoring or manometry testing is a recommended as diagnostic 
tests. As GER is often asymptomatic in scleroderma, screening by symptoms alone 
is insensitive. Furthermore, as nonacid refl ux may contribute to GER, pH monitor-
ing alone may not capture the extent of the underlying disease. However, once diag-
nosed, it remains unclear if treating GER affects the development or the course of 
pulmonary fi brosis. Further research on the effect of treatments that target both acid 
and nonacid GER is certainly needed, and such research will further inform our 
understanding of the role of GER in the pathogenesis of ILD in scleroderma.  
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    GER in Patients with IPF 

 There is long-standing interest in the role of GER and repetitive microaspiration in 
the development of IPF that dates back over 50 years. A number of studies have 
more recently investigated the prevalence, incidence, and treatment effects of GER 
in patients with IPF over the last two decades. In this section, we review the land-
mark studies that have been performed that have contributed to our understanding 
of the role of GER in IPF. 

 In one of the fi rst clinical reports on GER and lung injury, Tobin and colleagues 
evaluated the prevalence of acid refl ux in patients with IPF and in control patients 
with other forms of ILD. In this prospective study, ambulatory pH monitoring to 
diagnose GER was performed on 17 consecutive, newly diagnosed IPF patients and 
in 8 control patients with non-IPF ILD. GER was signifi cantly more prevalent in the 
IPF group [ 56 ]. Specifi cally, 16 of the 17 (94 %) IPF patients had abnormal distal or 
proximal esophageal acid exposure compared to four of the eight (50 %) patients 
with ILD. Interestingly, most of the IPF patients with abnormal esophageal refl ux 
were asymptomatic, and there was no correlation between the DLCO and acid 
exposure. Of note, the IPF patients had a particularly high incidence of proximal 
acid exposure in the supine or nocturnal position, which is very uncommon in 
healthy individuals. The authors hypothesized that there are increased GER events 
during sleep when the upper esophageal sphincter pressure is greatly reduced and 
cough refl exes are suppressed. This increase in GER event frequency may lead to 
recurrent microaspiration events that may be a source of repetitive injury to the 
lungs of IPF patients. 

 In the largest prospective study to date, investigators examined 65 IPF patients 
and 133 asthma patients where the prevalence of abnormal acid refl ux in IPF patients 
was shown to be 87 %, which was signifi cantly higher than that for the asthmatic 
patients. They found that half of the IPF patients were asymptomatic and found no 
correlation of GER severity with pulmonary function [ 57 ]. In addition to using asth-
matics as controls, 65 % of the IPF patients were taking PPIs at the time, and there-
fore, the true prevalence of GER might have been even higher. The high prevalence 
of abnormal acid exposure in patients on PPIs also suggests that standard doses of 
this class of agents may not be effective in the management of GER in IPF. 

 Bandeira and colleagues also attempted to quantify the prevalence of abnormal 
acid refl ux in IPF. In a prospective study, 28 IPF patients underwent esophageal 
manometry, ambulatory 24-h pH probe testing, PFTs, and a symptom survey [ 58 ]. In 
agreement with Tobin’s study, they also confi rmed a signifi cantly high proportion 
(80 %) of patients with refl ux events in the supine position. Similarly, there was no 
association between pulmonary function and the presence of GER. Similar to non- 
ILD patients, the diagnosis of GERD in IPF is often made using a combination of 
diagnostic tools. In a recent study, GER was evaluated in IPF patients by a refl ux 
cough questionnaire, measurement of pepsin in the exhaled breath condensate (EBC), 
and  Helicobacter pylori  antibody detection by ELISA [ 59 ]. EBC measurement of 
pepsin is thought to be a reliable technique to measure pepsin as a surrogate for GER in 
the upper airways. Additionally, the relationship between pulmonary microaspiration 
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and pepsin concentration in BAL fl uid in animal and human studies has been demon-
strated. In this study, patients with IPF had signifi cantly higher refl ux questionnaire 
scores (19.6 %) vs. controls (3 %). Pepsin was detected via EBC in 2 out of 17 IPF 
patients but none of the controls, while there was no difference in  H. pylori  serologies 
between the two groups. The refl ex cough questionnaire scores, a validated measure 
of nonacidic airway refl ux, were signifi cantly higher in the IPF patients, suggesting 
the potential importance of nonacidic refl ux disease in these patients. 

 The investigation of GER in IPF patients referred for lung transplantation represents 
an opportunity to gain further insight from a more severe group of patients. 
In a study by Sweet and colleagues, 67 % of IPF patients referred for lung transplan-
tation had abnormal esophageal refl ux, while 65 % of these patients had a hypoten-
sive LES. Furthermore, 50 % of patients with refl ux had abnormal esophageal 
peristalsis [ 60 ]. The authors note that distal refl ux and markers of microaspiration 
have been associated with early chronic allograft rejection after transplantation, 
which suggest that microaspiration may cause direct lung injury [ 28 ,  61 ]. In addi-
tion to verifying a high prevalence of GER in IPF, this study also confi rmed the 
fi ndings that symptoms do not signifi cantly correlate with refl ux severity. 

 Elevated pepsin in BAL samples has proven to be a useful biomarker for aspiration 
in lung transplant recipients [ 62 ], and BAL pepsin levels were recently evaluated in a 
cohort of patients with IPF. It has been previously hypothesized that acute exacerba-
tions of IPF may be caused by microaspiration [ 63 ]. Indeed, signifi cantly elevated 
pepsin levels were detected in a signifi cant percentage of IPF patients experiencing 
exacerbations compared to control IPF patients with stable disease [ 64 ]. However, it 
remains to be determined if there is any difference in pepsin levels for patients with 
stable or early IPF as compared to healthy controls without lung disease. 

 It has been hypothesized that an asymmetric fi brotic pattern (one lung vs. the 
other) may be a potential indicator of GER with microaspiration as a risk factor. 
Among 32 IPF patients with more than 20 % asymmetrical fi brosis by CT scan, the 
prevalence of symptomatic refl ux and GER on objective testing was higher than in 
those who lacked an asymmetric fi brosis pattern (62.5 % vs. 31.3 %) [ 65 ]. 
Additionally, patients with asymmetric disease had a higher incidence of acute 
exacerbations of their IPF (46.9 % vs. 17.2 %), with the right lung being more com-
monly involved. These results not only support the potential role of GER in the 
etiology of acute exacerbations of IPF, but they also serve to underscore the notion 
that an asymmetric pattern on CT scan should raise the suspicion that underlying 
GER and microaspiration are present. 

 Hiatal hernia has been shown to have a known association with GER and may 
contribute to the development and/or severity of IPF. It is thought that the presence 
of a hiatal hernia contributes to weakness of the LES and is, therefore, associated 
with GER and esophagitis [ 17 ,  66 ]. In respiratory disorders, it is unclear how the 
presence of a hiatal hernia may affect or contribute to the nature of pressure varia-
tions in the thorax. We speculate that obstructive lung disorders, such as asthma or 
COPD, may cause increased intrathoracic pressures that push the hemidiaphragms 
downward and thereby promote the development of a hiatal hernia. In contrast, the 
volume loss and increased elastic recoil of the lung that is associated with fi brotic 
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ILD may lead to cranially directed forces being exerted on the diaphragm that may 
also potentially disrupt the integrity of the LES. Noth and colleagues demonstrated 
that the prevalence of hiatal hernia, which was diagnosed on CT scans, was signifi -
cantly higher in IPF patients (39 %), compared to the controls with asthma or COPD 
(16.7 % and 13.3 %, respectively) [ 5 ]. Although there were no differences in pulmo-
nary function or composite physiologic index (CPI) in IPF patients with and without 
hiatal hernia, IPF patients with hiatal hernia on anti-refl ux therapy had signifi cantly 
higher DLCOs compared to those not on therapy (58 % vs. 50 %). Furthermore, in 
a small subset of these patients who underwent esophageal pH monitoring and 
manometry, those with hiatal hernias were demonstrated to have signifi cantly higher 
DeMeester scores (22.8 vs. 10.2). Although previous studies were unable to demon-
strate an association between a decline in lung function with the presence of refl ux, 
this study suggests that the treatment of refl ux in IPF patients with hiatal hernias 
may have a protective role on lung function. 

 In summary, a multitude of clinical studies have been reported that show an 
increased prevalence of GER in IPF, and a variety of diagnostic modalities have 
been utilized, often in combination, to establish the presence of GER in patients 
with IPF. These include screening for the presence of refl ux symptoms, ambulatory 
esophageal pH monitoring, esophageal manometry, EBC, and detecting the pres-
ence of a hiatal hernia. Because many studies suggest that GER in IPF patients may 
be asymptomatic, clinicians are encouraged to have a low threshold to initiate an 
evaluation to detect the presence of GER.  

    Treatment of GERD in IPF 

 IPF is a relentless, progressive disease that is nearly uniformly fatal. Currently, there 
are no approved medications for patients with this disease. Historically, antifi brotic 
or anti-infl ammatory therapies have been proven ineffective in altering the progres-
sion of disease or survival. Therefore, the notion of treating refl ux disease in IPF has 
obvious appeal to both clinicians and investigators alike. However, how aggressive 
GERD should be addressed with medical or surgical interventions remains poorly 
defi ned, and no specifi c guidelines have been published. 

 Several studies have examined whether treating GERD, either medically or sur-
gically, can affect pulmonary symptoms and the progression of fi brosis. Raghu et al. 
[ 13 ] retrospectively reviewed the clinical course of four newly diagnosed IPF 
patients with documented abnormal GER to determine whether therapeutic inter-
vention to adequately suppress acid refl ux could have an impact on disease progression. 
These patients were treated with PPIs and Nissen fundoplication for repair of a 
hiatal hernia (if present), and the patients were followed regularly over 2–4 years 
with serial pulmonary function testing. Two out of the four patients showed deterio-
ration with non-adherence to antiacid therapy, but subsequently stabilized when 
acid suppression therapy was resumed. Although the clinical courses of these four 
patients were variable, the authors concluded that treatment of GER was associated 
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with stabilization or improvement in respiratory status as measured by FVC and 
DLCO. During the follow-up period, none of the patients required treatment for 
respiratory decompensation or experienced an acute exacerbation of IPF. Although 
the numbers were small, the authors suggested that suppression of acid and prevent-
ing GER (in the case of those who underwent surgery for hiatal hernia) halted the 
progression of fi brosis. Although limited by the small number of subjects and the 
retrospective nature of the study, it was the fi rst report to suggest that aggressive 
treatment of GER may be benefi cial in the natural history of pulmonary fi brosis, and 
these observations were thought to support the hypothesis that repetitive parenchy-
mal injury is mediated by the chronic microaspiration of refl uxed gastric acid. 

 As mentioned previously, the presence of refl ux in the setting of lung transplan-
tation might predispose individuals to the development of bronchiolitis obliterans. 
Linden and colleagues compared 14 IPF patients awaiting lung transplant who 
underwent laparoscopic Nissen fundoplication to IPF patients who did not undergo 
surgery [ 67 ]. There were no complications from surgery and the authors concluded 
that such laparoscopic procedures could be performed safely in patients with 
advanced IPF. Postsurgery, no patients had recurrent heartburn or regurgitation 
symptoms, although some experienced superfi cial wound infections and esophageal 
strictures. Furthermore, surgery was associated with a reduction in supplemental 
oxygen from 3.0 to 2.5 L/min, whereas those who did not undergo surgery had an 
average increase from 2.0 to 3.0 L/min. In addition, over a mean follow-up of 15 
months, exercise capacity and lung function remained stable in the surgical treat-
ment group. While these results are encouraging, this was a relatively small retro-
spective study, and larger randomized trials of surgical intervention in IPF patients 
with refl ux will be informative. 

 A recent large study of over 200 IPF patients that examined the survival of 
patients with GERD demonstrated that the use of GERD medications was an inde-
pendent indicator or predictor of longer survival [ 68 ], and the use of GERD medica-
tions was associated with a lower radiographic fi brosis score. While these results 
suggest that treatment of GERD may confer a survival benefi t, it is possible that 
nonrandomized patients receiving GERD therapy may also receive other valuable 
interventions such as pulmonary rehabilitation and pneumonia vaccinations. 
Moreover, patients who have GERD and are on medications may have been diag-
nosed with IPF sooner than others, resulting in a lead-time survival bias. 

 Cumulatively, these studies suggest that medical and/or surgical therapies for 
GER may have a positive effect on important clinical parameters in IPF including 
supplemental oxygen requirements, the trajectory of pulmonary function change 
over time, and perhaps even survival. Given the current lack of approved antifi brotic 
therapies in IPF and the relative ease of treating acid refl ux, many clinicians attempt 
empiric GER treatment. Further investigation is clearly needed to defi nitively clarify 
the role of GER treatment in the care of IPF patients. In addition, the results of stud-
ies to evaluate anti-refl ux surgical interventions in IPF will inform our understanding 
of the pathogenic role of duodenogastric refl ux. Because the production of biliary 
secretions may not be affected by PPI therapy, the distinction between duodenogas-
tric refl ux and gastric refl ux has both pathogenic and therapeutic implications.  
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    Summary 

 Multiple investigations have established an association between GER and IPF, and 
a potential role of refl ux and microaspiration in the development and natural history 
of IPF has been suggested. However, while abnormal GER may be highly prevalent 
among IPF patients, it is unknown how many patients have attributable microaspira-
tion events that contribute to their lung function decline. There is no gold standard 
test to diagnose microaspiration, but the detection of pepsin and bile salts in the 
BAL fl uid of IPF patients may represent a promising diagnostic tool. Until a good 
diagnostic test is established, acid refl ux disease will likely continue to serve as a 
surrogate diagnosis for microaspiration in these patients. More accurate diagnostic 
measures for microaspiration are needed to advance our understanding of the role of 
aspiration in causing pulmonary fi brosis. In particular, the question still remains 
whether GER causes fi brosis or, on the other hand, whether fi brosis causes refl ux. 
The former implies that repetitive injury, via aspiration of either acidic or nonacidic 
gastric or duodenogastric secretions, may cause epithelial damage and infl amma-
tion that can lead to poor wound healing and an exaggerated fi broproliferative 
response in the genetically susceptible host. Additionally, we hypothesize that the 
presence of severe pulmonary fi brosis may alter respiratory mechanics, which may 
cause and perpetuate associated refl ux disease. In particular, the decrease in lung 
compliance may lead to increased negative intrapleural pressures that can be trans-
mitted to other mediastinal structures, including the esophagus [ 41 ]. This relayed 
pressure can ultimately lead to a weakened LES, which may be a major etiology of 
GERD in patients with IPF. While this hypothesis is plausible, multiple studies have 
failed to demonstrate a relationship between the degree of lung function decline and 
the presence of GERD. Finally, it is unknown if treating or preventing GER and 
microaspiration will affect the course of IPF. Until a causal relationship is estab-
lished and an effective therapy is demonstrated, clinicians will continue to question 
the utility of treating IPF patients with signifi cant but asymptomatic GER. Further 
research into the pathophysiology of IPF and the response to therapeutic interven-
tions, including ones that target refl ux disease, is ongoing. These efforts will hope-
fully enhance our care of patients with this devastating disease.     
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    Abstract     Idiopathic pulmonary fi brosis (IPF) is the most common and most lethal 
diffuse fi brosing lung disease, with a mortality rate that exceeds that of many types 
of cancer. At present there is no effective standard treatment recommended by 
guideline documents. However, several high-quality clinical trials evaluating a 
number of novel therapies have recently been concluded. The results have mostly 
been disappointing, although some compounds have shown promising results. In 
particular, pirfenidone seems to be the most advanced agent for IPF treatment, hav-
ing been approved in Europe, Japan, and India. In general, due to the complexity 
and the uncertainties intrinsic to IPF, it is essential that each therapeutic strategy be 
tailored to the individual patient after discussing the potential benefi ts and pitfalls. 
Randomized controlled trials still represent a valid choice for IPF patients, and their 
completion is critically important to achieving the ultimate goal of curing IPF.  

  Keywords     Idiopathic pulmonary fi brosis   •   Clinical trials   •   Pirfenidone   •   Treatment   
•   Endpoints  

        Introduction 

 In the last decade, the pharmacological approach to the management of idiopathic 
pulmonary fi brosis (IPF) has changed considerably, thus mirroring the evolving 
understanding in the disease pathogenesis. The initial thinking was that a persistent 
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infl ammatory process triggered fi brosis and scarring of the lung. As such, trials did 
evaluate the effi cacy of drugs that primarily exert their functions by suppressing 
infl ammatory or immune responses, such as corticosteroids and immunomodula-
tory agents: the results of these trials have all been uniformly disappointing. Over 
the last decade, the perspective on IPF pathogenesis has profoundly changed, and 
nowadays the disease is thought to result from an aberrant reparative mechanism 
with excessive deposition of extracellular matrix, following an injury that primarily 
affects the lung epithelium [ 1 ]. Accordingly, more recent randomized, controlled 
trials have shifted their focus to molecules with antifi brotic and antiproliferative 
properties. Nonetheless, because the pathogenesis of IPF remains incompletely 
understood, the rationale of some trials evaluating the effi cacy of specifi c com-
pounds has been derived from post hoc analyses of previous studies. Several drugs 
approved for the treatment of different diseases, but with some background for 
being effective in fi brotic disorders, have also been evaluated in IPF clinical trials. 

 Available therapeutic options for IPF have recently been systematically assessed 
in keeping with current approaches to “evidence-based medicine” and according to 
the GRADE methodology (Table  14.1 ) [ 2 ,  3 ]. Thus, for the very fi rst time, clinicians 
confronted with an IPF patient can base their clinical decisions on the evidence 
derived from data obtained from randomized controlled trials.

   Table 14.1    Summary of the current evidence-based recommendations on pharmacological 
treatment of patients with IPF a    

 Recommendation 

 For  Against 

 Weak  Strong  Strong  Weak 

 Corticosteroids alone  × 
 Colchicine  × 
 Cyclosporin A  × 
 Cyclophosphamide + corticosteroids  × 
 Azathioprine + corticosteroids  × 
 Azathioprine + corticosteroids + NAC b   × 
 NAC alone  × 
 Interferon-γ-1b  × 
 Bosentan  × 
 Etanercept  × 
 Warfarin b   × 
 Pirfenidone  × 

   NAC N -acetylcysteine 
 Note: Offi cial recommendations are not available for sildenafi l and imatinib, as the results of clini-
cal trials evaluating these drugs have been published after the publication of the ATS/ERS/JRS/
ALAT 2011 guideline document [ 2 ]. See text for details 
  a Adapted from [ 2 ] 
  b Recommendations on these drugs are likely to change in the near future based on the results from 
recently published clinical trials  
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       Anti-infl ammatory and Immunomodulatory Drugs 

 Early therapeutic studies in IPF focused largely on the effects of corticosteroids, 
because of their anti-infl ammatory effects and wide use in clinical practice for a num-
ber of fi brotic lung disorder. Generally, these studies were conducted prior to the 
international guidelines published in 2000 [ 4 ], thus resulting in a more heterogeneous 
patient cohort than those currently defi ned as having IPF. The majority of these stud-
ies were anecdotal and noncontrolled and likely included patients with other idio-
pathic interstitial pneumonias (such as nonspecifi c interstitial pneumonia) that are 
more likely to respond to anti-infl ammatory therapies. A 2003 Cochrane systematic 
review of the results available for effi cacy of corticosteroids in IPF surprisingly did 
not identify any randomized controlled trial addressing this important clinical issue 
[ 5 ]. An update of that same systematic review published in 2010 [ 6 ] once again did 
not identify any properly designed trial, thus confi rming the absolute lack of evidence 
for the use of corticosteroids in IPF. On the other hand, long-term corticosteroid ther-
apy is associated with signifi cant treatment-related morbidity and various potentially 
severe side effects. As a result, current evidence-based guidelines [ 2 ] provide a strong 
recommendation against the use of corticosteroid monotherapy in IPF, albeit in the 
absence of any randomized placebo-controlled trial. Similarly, low-quality evidence 
is available for the use of nonsteroid immunomodulatory drugs, such as colchicine, 
cyclosporin A, cyclophosphamide, or azathioprine, either alone or in combination 
with corticosteroids [ 7 ]. As such, current guidelines [ 2 ] recommend against the use 
of immunomodulatory agents in the treatment of IPF patients. Nevertheless, azathio-
prine, which in combination with low-dose steroids has long represented the sug-
gested  standard of care  in IPF [ 4 ], warrants more extensive discussion. 

 Azathioprine, which is an antimetabolite, blocks most T-cell functions, inhibits 
primary antibody synthesis, and decreases the number of circulating monocytes and 
granulocytes [ 8 ]. In a prospective, double-blind, placebo-controlled trial, 27 newly 
diagnosed patients with IPF were randomized in a 1:1 ratio to prednisone [1.5 mg/
(kg day) for 2 weeks, with a biweekly taper until a maintenance dose of 20 mg/day] 
plus either placebo or azathioprine [3 mg/(kg day) to a maximum of 200 mg/day] 
[ 9 ]. After 1 year, changes in lung function, as measured by resting P[A–a]O 2 , forced 
vital capacity (FVC), and diffusing capacity of the lung for carbon monoxide 
(DLCO), were all somewhat better in the azathioprine/prednisone group than in the 
prednisone/placebo arm, although none of these comparisons were statistically sig-
nifi cant. The number of adverse events did not differ between groups.  

    Antioxidants 

 The IFIGENIA (Idiopathic Pulmonary Fibrosis International Group Exploring 
 N -Acetylcysteine) was a double-blind, randomized, placebo-controlled multicenter 
study that assessed the effectiveness over 1 year of a high oral dose (600 mg three 
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times daily) of  N -acetylcysteine (NAC), a precursor of the antioxidant glutathione, 
which has been shown to be reduced in the lungs of patients with IPF [ 10 ], added to 
 standard therapy  (i.e., a combination of prednisone and azathioprine) [ 11 ]. As com-
pared to prednisone plus azathioprine (the “placebo” arm), the use of this so-called 
triple therapy slowed the rate of deterioration of vital capacity (VC) and DLCO (the 
primary endpoints), by 9 % and 24 %, respectively. Weaknesses of this study related 
mainly to the lack of a true placebo arm, the fact that the reduction in the decline of 
VC and DLCO in the  N -acetylcysteine arm did not translate into a survival benefi t, 
and the high drop-out rate with the consequent impact on the statistics that were 
utilized for data analysis. Specifi cally, the least squared last observation carried 
forward imputations approach tends to preserve the sample size despite a high drop- 
out rate but may make unwarranted assumptions about the missing data, thus poten-
tially resulting in either underestimating or overestimating the treatment effects. 
Due to these drawbacks, and in spite of the positive results of the study, recent 
evidence- based guidelines made a weak recommendation against the use of this 
combination therapy. The inference of a weak recommendation is that the majority 
of patients with IPF should not be treated with this form of  triple therapy , but that 
this therapeutic approach may be a reasonable choice in a minority [ 2 ]. 

 To further investigate the possible effi cacy of  N -acetylcysteine in patients with 
IPF, the National Heart, Lung, and Blood Institute (NHLBI)-sponsored IPFnet con-
sortium designed a placebo-controlled, randomized three-arm trial, the PANTHER- 
IPF (Prednisone, Azathioprine, and  N -acetylcysteine: A Study That Evaluates 
Response in IPF) study in which patients with mild-to-moderate lung function 
impairment were randomized in a 1:1:1 ratio to prednisone, azathioprine plus NAC 
(combination therapy), NAC alone, or placebo. The primary outcome was the 
change in longitudinal FVC measurements over a 60-week time period. Secondary 
outcomes included mortality, time to death, frequency of acute exacerbations, and 
time to disease progression as defi ned by the composite end point of death or a rela-
tive drop in FVC ≥10 %. A prespecifi ed effi cacy and safety interim analysis 
(planned to occur at approximately 50 % of the data collection) unexpectedly 
showed that the combination therapy was associated with a statistically signifi cant 
increase in all-cause mortality (11 % vs. 1 %), all-cause hospitalizations (29 % vs. 
8 %), and treatment-related severe adverse events (31 % vs. 9 %) as compared to 
placebo [ 12 ]. These observations, coupled with no evidence of physiological or 
clinical benefi t for combination therapy, prompted the independent Data and Safety 
Monitoring Board to recommend termination of the combination therapy group at a 
mean follow-up of 32 weeks. The NAC alone and the placebo arms continue to 
enroll patients. These largely unexpected results not only provide evidence against 
the use of this combination of drugs in patients with IPF but also underscore the 
importance of placebo-controlled trials in areas where the effects of treatment are 
largely based on limited evidence or low-quality data.  
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    Interferon Gamma-1b 

 Interferon gamma-1b (IFN-γ-1b), a naturally occurring human protein secreted pri-
marily by T cells (CD4 T cells, CD8 T cells, and natural killer cells), is thought to 
play a key role in downregulating expression of TGF-β, thus limiting fi broblast 
proliferation and collagen synthesis. A pilot study by Ziesche and coworkers showed 
signifi cantly better lung function at 12 months in IPF patients treated with both IFN-
γ- 1b and prednisolone as compared to prednisolone alone [ 13 ]. In a large random-
ized, double-blind, placebo-controlled phase III trial, 330 IPF patients were assigned 
to receive subcutaneous IFN-γ-1b 200 μg three times weekly ( n  = 162) or placebo 
( n  = 168) [ 14 ]. The primary endpoint of progression-free survival, which was defi ned 
by time to disease progression or death, was not achieved. Similarly, no signifi cant 
treatment effect was observed on lung function, gas exchange, extent of fi brosis on 
HRCT, or quality of life. However, secondary analyses suggested that patients with 
mild-to-moderate impairment in lung function at study entry might be more likely 
to benefi t from IFN-γ-1b treatment. In addition, 10 % of patients in the IFN-γ-1b 
arm died as compared with 17 % of patients in the placebo group, although this dif-
ference did not reach statistical signifi cance ( p  = 0.08). While IFN-γ-1b was gener-
ally well tolerated with few discontinuations due to adverse events, there was an 
unexplained excess of nonfatal pneumonias in the IFN-γ-1b-treated group versus 
placebo. A subsequent meta-analysis involving 390 patients suggested that treat-
ment with IFN-γ-1b was associated with a signifi cant reduction in mortality when 
compared with the control group [ 15 ]. Based on these fi ndings, a larger randomized, 
controlled trial of over 800 patients with mild-to-moderate IPF (International Study 
of Survival Outcomes in Idiopathic Pulmonary Fibrosis with Interferon Gamma-1b, 
the INSPIRE trial) was specifi cally designed to assess the effi cacy of IFN-γ-1b on 
survival time in IPF patients with mild-to-moderate impairment in baseline pulmo-
nary function [ 16 ]. A protocol-defi ned interim analysis revealed that the hazard 
ratio for mortality among patients randomized to treatment with IFN-γ-1b crossed 
the predefi ned stopping boundary for lack of minimal benefi t. After a median dura-
tion of 77 weeks on therapy, 14.5 % of patients in the IFN-γ-1b group had died 
compared to 12.7 % of patients in the placebo group ( p  = 0.497). As such, current 
evidence-based guidelines recommend that patients with IPF should not be treated 
with IFN-γ (strong recommendation, high-quality evidence) [ 2 ].  

    Drugs Acting on the Pulmonary Vasculature 

 Data from basic science, animal, and translational studies lend support to the 
hypothesis that the endothelin system, and endothelin (ET)-1 in particular, is a 
potentially important contributor to the pathobiology of several fi brotic disorders 
including IPF [ 17 ]. In fact, ET-1 has been shown to modulate matrix production and 
turnover, leading to increased collagen synthesis and decreased interstitial collage-
nase production [ 18 ]. 
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    Bosentan 

 In a randomized, double-blind, placebo-controlled study (Bosentan Use in Interstitial 
Lung Disease, BUILD-1), 158 IPF patients received either bosentan, a dual ET recep-
tor antagonist (ET A  and ET B ), or placebo for 12 months [ 19 ]. Bosentan was not supe-
rior to placebo in affecting exercise capacity, as measured by a modifi ed 6-min 
walking test (6MWT). However, a post hoc analysis revealed a trend in favor of 
bosentan in time to death or disease progression in a subset of patients who had under-
gone a confi rmatory surgical lung biopsy and who exhibited very limited honeycomb-
ing on HRCT of the chest. This secondary analysis prompted a second, prospective, 
randomized (2:1), double-blind, placebo-controlled trial (BUILD-3) in patients with 
IPF ( n  = 616) of less than 3 years’ duration, confi rmed by surgical lung biopsy, and 
without extensive honeycombing (<5 %) on HRCT [ 20 ]. The primary endpoint was 
time to IPF worsening (a decrease from baseline in FVC ≥10 % and DLCO ≥15 %, 
or acute exacerbation of IPF) or death. However, despite the effi cacy signal from the 
subgroup analysis of BUILD-1, the primary objective of the BUILD-3 trial was not 
met ( p  = 0.2110). Similarly, no differences were observed between treatment groups 
with respect to changes from baseline to 1 year in health- related quality of life or 
dyspnea. A small and nonsignifi cant delay in the time to IPF worsening (excluding 
death) was observed, as were small differences favoring the bosentan treatment group 
in changes in absolute FVC and DLCO values from baseline to 1 year.  

    Ambrisentan 

 Ambrisentan is a selective antagonist of the ET A  receptor approved for the treatment 
of pulmonary arterial hypertension [ 21 ]. The ET A  receptor also exerts pro-fi brotic 
activities through the stimulation of transforming growth factor-β and by promoting 
epithelial-to-mesenchymal transition [ 22 ]. Importantly, evidence from preclinical 
models shows that the phenotypic and transcriptional responses to ambrisentan are 
different from bosentan, thus suggesting that clinical effects in IPF may also be 
different [ 23 ]. The ARTEMIS-IPF (Randomized, Placebo-Controlled Study to 
Evaluate Safety and Effectiveness of Ambrisentan in IPF) trial was a randomized, 
double-blind, placebo-controlled, multinational trial evaluating the effectiveness of 
ambrisentan in reducing the rate of progression of IPF. The results of this study have 
not yet been published in full; however, the trial was halted prematurely following 
an interim analysis that indicated a very low likelihood of effi cacy for the primary 
endpoint and a likely increase in disease progression for patients in the active treat-
ment arm [ 24 ].  

    Sildenafi l 

 Sildenafi l, a phosphodiesterase-5 inhibitor that induces pulmonary vasodilatation by 
stabilizing the second messenger of nitric oxide, cyclic guanosine monophosphate, 
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has been shown to induce pulmonary vasodilation in patients with pulmonary 
fi brosis [ 25 ]. Collard and colleagues evaluated the 6-min walk test distance (6MWD) 
before and after 3 months of sildenafi l therapy in an open-label study of patients 
with IPF and associated pulmonary hypertension [ 26 ]. The study included 14 
patients, although only 11 completed both 6MWTs. Sildenafi l treatment was associ-
ated with a signifi cant improvement in the 6MWD with more than half of the 
patients (57 %) improving their 6MWD by ≥20 %. These observations prompted a 
phase III, randomized controlled trial of sildenafi l in patients with IPF (Sildenafi l 
Trial of Exercise Performance in Idiopathic Pulmonary Fibrosis, STEP-IPF). One 
hundred and eighty subjects were randomized to sildenafi l (20 mg three times daily) 
or placebo for 12 weeks with a subsequent 12-week open-label phase in which all 
patients received active drug [ 27 ]. The difference in the primary outcome was not 
signifi cant, with 9 of 89 patients (10 %) in the sildenafi l group and 6 of 91 (7 %) in 
the placebo group having an improvement of ≥20 in the 6MWD ( p  = 0.39).    On the 
other hand, signifi cant differences favor sildenafi l in a number of secondary out-
comes, including the PaO 2 , DLCO, the degree of dyspnea, and quality of life. While 
the primary endpoint of this study was not met, the presence of some positive sec-
ondary outcomes creates clinical equipoise for further research.  

    Etanercept 

 Etanercept is a recombinant, soluble monoclonal antibody directed against the 
human tumor necrosis factor-alpha (TNF-α) receptor and neutralizes TNF-α activ-
ity. The rationale for its use in IPF comes from the observations that TNF-α has 
infl ammatory and fi brogenic properties, and elevated levels of this cytokine have 
been detected in the lungs of patients with IPF [ 28 ,  29 ]. Additionally, TNF antago-
nists inhibit pulmonary infl ammation and fi brosis in animal models of pulmonary 
fi brosis [ 30 ], suggesting that such agents could potentially diminish the fi brotic 
response in the lungs of patients with IPF. In a very carefully designed and con-
ducted phase II, randomized, prospective, double-blind, placebo-controlled multi-
center trial, IPF patients were randomly assigned to either placebo ( n  = 41) 
subcutaneous etanercept (25 mg;  n  = 46), which was given twice weekly [ 31 ]. At 48 
weeks, no signifi cant differences in effi cacy endpoints [changes in the % predicted 
FVC, % predicted DLCO, or the P(A–a)O 2  from baseline values] were observed 
between the groups. On the other hand, using rate of disease progression (death or 
absolute reduction in FVC) in a post hoc analysis, the authors observed a trend 
favoring etanercept that was statistically insignifi cant.  

    Pirfenidone 

 Pirfenidone is a pyridone compound with antifi brotic, anti-infl ammatory, and anti-
oxidant activity, although its precise mode of action is largely unknown. The fi rst 
report of its possible effi cacy in IPF was revealed in a phase II trial in patients with 
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advanced disease. In this open-label study, 54 consecutive patients with IPF who 
had deteriorating lung function despite conventional therapy or who were unable to 
tolerate or unwilling to try conventional therapy were treated with oral pirfenidone 
and followed for mortality, change in lung function, and adverse effects [ 32 ]. 
Pirfenidone appeared to slow the decline in lung function and enabled corticoste-
roid dosage to be reduced to discontinuation in the majority of patients. In addition, 
the drug was well tolerated. In a subsequent multicenter, randomized, double-blind, 
placebo-controlled phase II trial, 107 Japanese patients were randomly assigned to 
receive an escalating dosage of either pirfenidone or placebo [ 33 ]. There was no 
signifi cant difference between the pirfenidone and placebo groups in the primary 
endpoint measure, which was the change in the lowest blood oxygen saturation 
(SpO 2 ) during a 6-min steady-state exercise test. However, in a prespecifi ed subset 
of patients who maintained a SpO 2  greater than 80 % during the baseline 6-min 
exercise test, an improvement was noted in the lowest SpO 2  at 6 and 9 months in the 
pirfenidone group. Positive treatment effects were also observed in change in VC at 
9 months and rate of acute exacerbations, and acute exacerbations occurred exclu-
sively in the placebo group. Signifi cant adverse events were associated with pirfeni-
done; skin photosensitivity, gastrointestinal symptoms, and liver function test 
abnormalities were the most common ones, although there was no signifi cant differ-
ence in the treatment discontinuation rate between the two groups at 9 months. 

 In a subsequent larger, multicenter, double-blind, placebo-controlled, randomized 
phase III clinical trial of pirfenidone, 275 Japanese patients with IPF were randomly 
assigned in a 2:1:2 ratio to high dose (1,800 mg/day), low dose (1,200 mg/day), or 
placebo [ 34 ]. Signifi cant differences were observed in terms of decline in the VC (the 
primary endpoint) from baseline to week 52 between the placebo group (−0.16 L) 
and both the high- (−0.09 L;  p  = 0.042) and the low-dose groups (−0.08 L;  p  = 0.039). 
Further, signifi cant differences were observed in progression-free survival (PFS) 
time between the high-dose and the placebo arms ( p  = 0.028) and in the difference of 
mean changes in total lung capacity (TLC) between the low-dose and the placebo 
arms ( p  = 0.040). Similarly to the previous study, photosensitivity was the most com-
mon adverse event in the pirfenidone arm, but it was not a major reason for discon-
tinuation from the study. Overall, the drug-related adverse events were mild and 
disappeared with a decrease in dose or temporary withholding of the medication. 

 Finally, in two concurrent international, multicenter, randomized, double- 
blinded, placebo-controlled trials (PIPF 006: CAPACITY 1 and PIPF 004: 
CAPACITY 2), patients with IPF were randomly assigned to oral pirfenidone or 
placebo for a minimum of 72 weeks [ 35 ]. In study 004, patients were assigned in a 
2:1:2 ratio to pirfenidone 2,403 mg/day, pirfenidone 1,197 mg/day, or placebo, 
while in study 006, patients were assigned in a 1:1 ratio to pirfenidone 2,403 mg/
day or placebo. The primary endpoint was change in percentage predicted FVC at 
week 72. In study 004, the mean FVC change at week 72 was −8.0 % in the pirfeni-
done 2,403 mg/day arm and −12.4 % in the placebo group ( p  = 0.001), while mean 
change in percentage FVC in the pirfenidone 1,197 mg/day group was intermediate 
to that in the pirfenidone 2,403 mg/day and placebo groups. Conversely, in study 
006, the difference between groups in FVC change at week 72 was not signifi cant 
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( p  = 0.501). Intrinsic IPF heterogeneity, different prevalence of comorbidities (such 
as pulmonary hypertension), and the effect of genetic variations might explain the 
discrepancies in the results of these two parallel, otherwise identical, large trials. 

 All these trials have had suffi cient methodological quality to allow their inclu-
sion in a recent Cochrane systematic review [ 7 ]. Based on the results of this meta- 
analysis, it was concluded that pirfenidone appears to signifi cantly reduce the risk 
of disease progression (as measured by progression-free survival) by 30 % and to 
ameliorate the loss of lung function. Some limitations to the interpretation of these 
data still apply, mostly related to a certain degree of methodological heterogeneity 
across studies with regard to reporting of lung function data. 

 The recent approval in Europe of pirfenidone (already approved in Japan and 
India) for mild-to-moderate IPF patients further corroborates the potential relevance 
of this drug in IPF. Conversely, the US Food and Drug Administration (FDA) has 
declined approval of pirfenidone for treatment of IPF and asked for additional evi-
dence. As a result, a further phase III randomized, double-blinded, placebo- 
controlled trial (Assessment of Pirfenidone to Confi rm Effi cacy and Safety in IPF, 
the ASCEND trial) is currently enrolling patients in the USA. Current IPF guide-
lines, considering the cost of therapy and the potentially relevant side effects, 
expressed a weak recommendation against the use of this drug. However, it has to 
be noted that the majority of panel experts abstained in this voting. Whether pirfeni-
done should be given to all IPF patients is still a matter of debate. In any event, 
patients willing to receive pirfenidone should be fully informed of the available 
evidence attesting to the effi cacy of the drug as well as to its possible side effects.   

    Anticoagulants 

 Infl ammation and vascular injury have been proposed to contribute to a prothrom-
botic state in IPF [ 36 ]. Based on this pathogenetic hypothesis, 56 Japanese patients 
with IPF were randomly assigned to prednisolone alone or prednisolone plus anti-
coagulation (unfractionated or low-molecular-weight heparin during follow-up 
when rehospitalized and warfarin during outpatient treatment) in an unblinded 
study [ 37 ]. While the incidence of acute exacerbations did not differ between the 
groups, the mortality associated with acute exacerbation was signifi cantly reduced 
in the anticoagulant group compared to that in the non-anticoagulant group (18 % 
vs. 71 %, respectively;  p  = 0.008). In turn, this translated to a signifi cant improve-
ment in survival at 3 years (63 % in the anticoagulant group compared with 35 % in 
the non-anticoagulant one). Several methodological issues raise concerns regarding 
this study. These include absence of blinding, incidence of acute exacerbation 
higher than what is usually observed (64 % in the placebo group), patient recruit-
ment on initial hospitalization that may have caused a selection bias toward patients 
with more advanced and rapidly progressive disease, substantial withdrawals of 
patients in the anticoagulant group after randomization but before initiating treat-
ment (which makes it diffi cult to exclude the possibility that patients who withdrew 

14 Pharmacological Treatment of Idiopathic Pulmonary Fibrosis



306

were more ill and would have had higher mortality), and failure to exclude pulmo-
nary embolism as a potential cause of acute deterioration. Therefore, treatment with 
anticoagulants was not recommended for routine use in patients with IPF (weak 
recommendation, very low-quality evidence) [ 2 ]. 

 More recently, the Anticoagulant Effectiveness in Idiopathic Pulmonary Fibrosis 
(ACE-IPF) trial (sponsored by the IPFnet in the USA) was specifi cally designed to 
test the hypothesis that warfarin would reduce rates of mortality, hospitalization, 
and decline in FVC [ 38 ]. In this double-blind, placebo-controlled trial patients were 
randomly assigned in a 1:1 ratio to warfarin or matching placebo for a planned treat-
ment period of 48 weeks. Due to a low probability of benefi t and an increase in 
mortality observed in the subjects randomized to warfarin (14 warfarin vs. 3 pla-
cebo deaths;  p  = 0.005), the independent Data and Safety Monitoring Board recom-
mended stopping the study after 145 of the planned 256 subjects were enrolled (72 
warfarin, 73 placebo). Similar trends in the warfarin arm were observed in all-cause 
hospitalization, respiratory-related hospitalization, and acute exacerbation of IPF. 
In partial accordance with the current guideline recommendations, the results of this 
study strongly argue against the routine use of warfarin for the treatment of IPF. As 
such, recommendations on this drug are very likely to change in the near future.  

    Tyrosine Kinase Inhibitors 

 Tyrosine kinases regulate a variety of physiological cell processes that include metab-
olism, growth, differentiation, and apoptosis, and aberrant tyrosine kinase activity has 
been shown to promote the development and progression of both neoplastic and non-
neoplastic diseases [ 39 ,  40 ]. Signaling pathways activated by tyrosine kinases have 
also been suggested to be involved in lung fi brosis [ 41 ]. This, in turn, has prompted 
clinical trials evaluating the effi cacy of tyrosine kinase inhibitors in IPF. 

    Nintedanib (BIBF 1120) 

 The TOMORROW (To Improve Pulmonary Fibrosis With BIBF 1120) study (a 
12-month, randomized, double-blind, placebo-controlled trial) evaluated the safety 
and effi cacy of Nintedanib [ 42 ], which is an intracellular inhibitor of various tyro-
sine kinase receptors including platelet-derived growth factor receptors (PDGFR) α 
and β; vascular endothelial growth factor receptors (VEGFR) 1, 2, and 3; and fi bro-
blast growth factor receptors (FGFR) 1, 2, and 3 [ 43 ]. 

 Four different oral doses of Nintedanib (50 mg once a day, 50 mg, 100 mg, or 
150 mg all twice a day) were tested. The primary endpoint was the annual rate of 
decline in FVC. Secondary endpoints included acute exacerbations, quality of life 
(measured with the SGRQ), and total lung capacity. Nintedanib at a dose of 150 mg 
twice daily showed a trend toward a reduction in the decline in lung function (along 
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with fewer acute exacerbations and preserved quality of life) as compared with pla-
cebo. Specifi cally, in the group receiving 150 mg of Nintedanib twice a day, FVC 
declined by 0.06 L per year, as compared with 0.19 L per year in the placebo group, 
a 68.4 % reduction in the rate of loss of lung function. In addition, patients treated 
with 150 mg of Nintedanib twice daily had a lower incidence of acute exacerbations 
and a small decrease in SGRQ score (as compared with an increase with placebo). 
Additionally, Nintedanib showed an acceptable safety profi le. In fact, while gastro-
intestinal side effects (diarrhea, nausea, and vomiting) and increases in levels of 
liver aminotransferases were more frequent in the high-dose group than in the pla-
cebo arm, severe adverse events occurred with similar frequency in all groups. 
These results warrant the further investigation of Nintedanib in a phase III clinical 
study, which is underway with results expected to become available in 2014.  

    Imatinib 

 Imatinib is a tyrosine kinase inhibitor with activity against several fi brogenic factors 
(including PDGFR-α and β). It has been investigated in IPF based on encouraging 
data from animal models of lung fi brosis, and imatinib has been shown to inhibit 
lung fi broblast-myofi broblast transformation and proliferation as well as extracel-
lular matrix production through inhibition of PDGF and TGF-β signaling [ 44 ]. 

 In a phase II, randomized, double-blind, placebo-controlled study, 119 IPF 
patients collected from 13 centers in the USA and Mexico were randomly assigned 
to receive imatinib (600 mg orally once daily;  n  = 59) or placebo ( n  = 60) for 96 
weeks [ 45 ]. Patients were eligible if they had had clinical worsening within the past 
year as demonstrated by any one of the following: ≥10 % decrease in FVC% pre-
dicted, worsening chest X-ray, or worsening dyspnea at rest or on exertion. This 
trial specifi cally sought to study patients with “mild-or-moderate” IPF. The primary 
outcome was a combined measure of disease progression defi ned as a ≥10 % decline 
in FVC from baseline or death. Secondary endpoints included change from baseline 
in DLCO% predicted, change from baseline in the resting arterial blood gas assess-
ment of A–a gradient, change in the distance walked in a 6MWT, change from 
baseline in SGRQ assessments, and overall mortality, and all endpoints were evalu-
ated after 96 weeks. No differences in the predefi ned primary or secondary end-
points were observed between the imatinib and the placebo groups, and serious 
adverse events occurred at similar rates in the two study groups.   

    Summary 

 The last decade has been extraordinarily fruitful for the study of IPF with a steadily 
increasing number of high-quality clinical studies being designed, undertaken, and 
completed. This massive effort of both the medical community and pharmaceutical/
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biotechnology industry has led to the approval (in Japan, Europe, and India) of the 
fi rst drug (pirfenidone) for clinical use in IPF. In addition, the well-characterized 
patient datasets of these studies have provided valuable insights about the natural 
history of the disease. Crucial information has also been gained about the lack of 
effi cacy of specifi c drugs that had showed preclinical promise as potential inhibitors 
of fi brosis. The failure of both anticoagulants and endothelin receptor antagonists to 
show any benefi t in patients with IPF suggests that pathways involving the coagula-
tion cascade or the endothelin system are not as critical in disease pathogenesis as 
was previously thought. This serves to underscore the fact that our understanding of 
the intricate interaction of the diverse pathways involved in the development and 
progression of pulmonary fi brosis remains incomplete. These negative phase III 
study fi ndings should also encourage the development of new animal models (or the 
refi nement of existing ones) that are able to better recapitulate the complex pathobi-
ology of pulmonary fi brosis in humans [ 46 ]. 

 The growth in IPF clinical trials in the past few years has highlighted the chal-
lenge of identifying the appropriate patient population for enrollment. Thus far, 
clinical trials in IPF have enrolled patients with mild-to-moderate disease, as assessed 
by FVC. However, the identifi cation and inclusion of individuals at highest risk of 
disease progression, who are the ones more likely to respond to any given treatment, 
would permit enrichment in study populations and potentially allow a corresponding 
reduction in required sample sizes. In this regard, a recently developed multidimen-
sional prediction model that combines individual variables (gender [G], age [A], and 
two lung physiology variables [P] [FVC and DLCO]) could facilitate future research 
in IPF by identifying patients at high risk for clinically signifi cant outcomes, thus 
maximizing the effi ciency and power of future clinical trials [ 47 ]. 

 Considerable debate continues concerning the most appropriate, clinically mean-
ingful outcome measures that should be used in future clinical trials in IPF [ 48 ,  49 ]. 
Although enhanced survival is undoubtedly the most robust primary endpoint, the 
number of patients and study duration required for adequate power (particularly, for 
patients with “early” IPF) to be attained may be prohibitive, unless patients with 
advanced disease were also enrolled. On the other hand, such patients are likely to 
behave quite differently from those with mild-to-moderate disease and may fre-
quently die of pulmonary vascular complications rather than progressive fi brosis. 
As such, a number of surrogate markers for survival benefi t have been proposed. 
Of these, change in FVC (either  absolute  or  relative ) has been the most commonly 
employed measure of disease progression, because it closely fulfi lls the ideal char-
acteristics of being reliable, reproducible, easy to measure, and applicable to all IPF 
patients [ 50 ,  51 ]. Nevertheless, progression-free survival, which is usually employed 
in lung cancer patients, or composite endpoints, may also represent meaningful out-
comes in clinical trials of IPF. Improvement of the standard of care for patients with 
IPF requires the continued commitment and efforts of patients, expert clinicians, the 
pharmaceutical industry, and regulatory agencies. Thus, clinicians and patients 
alike need to be fully aware of all available clinical trials and urged to participate in 
the global effort to fi nd effi cacious treatment regimens for patients with IPF. 
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 A drug or drug regimen that provides a universally agreed upon standard of care 
for patients with IPF has yet to emerge. In addition, owing to the plethora of poten-
tial disease pathways, the future treatment of IPF will likely require a multi-agent 
strategy that targets all components of disease pathogenesis (injury, infl ammation, 
if any, and fi brosis). Nonetheless, the current momentum in this area of research, 
together with experience gained and emerging insights from more refi ned studies of 
genetic susceptibility, provides hope for future success in the treatment of this dev-
astating disease.     
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    Abstract     Idiopathic pulmonary fi brosis (IPF) is a progressive and unrelenting disease 
whose natural history may be complicated by multiple comorbidities. Among these, 
this chapter will highlight the prevalence, clinical approach, and management of the 
following: acute exacerbation (AE), combined pulmonary fi brosis and emphysema 
(CPFE), pulmonary hypertension (PH), gastroesophageal refl ux disease (GERD), 
thromboembolic disease, cardiovascular disease, lung cancer, and end-of-life care.  

  Keywords     Idiopathic pulmonary fi brosis comorbidities   •   Acute exacerbation   • 
  Combined pulmonary fi brosis and emphysema   •   Pulmonary hypertension   • 
  Gastroesophageal refl ux disease   •   Cardiovascular disease   •   Thromboembolic dis-
ease   •   Dyspnea   •   Palliative care  

        Introduction 

 The clinical course of patients with idiopathic pulmonary fi brosis (IPF) is often 
unpredictable but progressive and unrelenting. While many experience gradual 
decline in respiratory status due to progressive pulmonary fi brosis, some encounter 
unexpected acute illnesses, complications related to progressive respiratory insuf-
fi ciency, and the added burden of coexisting medical conditions. Eventual cause of 
death for the majority of patients is IPF itself though others may die from pneumonia, 
aspiration, myocardial infarction, stroke, and other non-pulmonary causes [ 1 ,  2 ]. 
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In this chapter, we highlight issues of acute exacerbation (AE), combined pulmonary 
fi brosis and emphysema (CPFE), pulmonary hypertension (PH), gastroesophageal 
refl ux disease (GERD), venous thromboembolism (VTE), cardiovascular disease, 
lung cancer, and end-of-life care (Table  15.1 ).

       Acute Exacerbation 

 Although IPF is generally progressive and unrelenting, its natural history may be 
punctuated by single or multiple deteriorations resulting in periods of rapid clinical 
decline and sometimes death. Prior studies have described the phenomenon of acute 

   Table 15.1    Comorbidities with associated frequency, risk of morbidity or mortality, and current 
therapies   

 Comorbidity  Frequency 
 Associated 
morbidity/mortality  Current therapy 

 AE  9.6–57 % over 2–3 
years [ 4 ,  8 ] 

 22–86 % mortality at the 
time of AE [ 14 ,  22 ]    

 High-dose steroids, 
supportive 
management 

 CPFE  5–28 % [ 38 ,  39 ]  Median survival 25 months 
[ 38 ]; 40 % mortality 
at 1 year [ 42 ] 

 Directed PH management 
(vasoactive drug, 
diuretic, etc.), 
unproven 

 PH  31.6–84 % [ 49 ,  50 ]  28 % mortality at 1 year [ 49 ]  Directed PH management 
 GERD  67–94 % [ 69 ,  70 ,  72 ]  Apparent longer 

survival with empiric 
treatment [ 76 ] 

 PPI, H2-blocker, 
behavioral modifi ca-
tions (head-of-bed 
elevation, diet) 

 VTE  1.5 % incidence [ 83 ], 
risk 34 % higher 
than in background 
population [ 85 ] 

 Increased risk of death 
and death at a younger 
age [ 85 ] 

 Directed anticoagulation 
if discovered, no 
evidence for 
prophylaxis 

 CV disease  28.6–65.8 % with CAD 
on heart cath [ 92 , 
 94 ], twice the risk of 
CV disease than the 
general population 
followed over 3 
years [ 83 ] 

 Unknown in terms 
of additional risk 
of morbidity or death 

 Directed therapy if 
known, no evidence 
for screening or 
improvement in 
outcomes with 
treatment 

 Lung cancer  4.2–22 % of IPF 
patients [ 102 ,  107 ] 

 Varied mortality at 2 
and 5 years less than 
the general population, 
increased perioperative 
morbidity due to 
pulmonary complications 

 Surgical resection if 
feasible in stage IA 
disease 

   AE  acute exacerbation,  CAD  coronary artery disease,  CPFE  combined pulmonary fi brosis with 
emphysema,  CV  cardiovascula,  GERD  gastroesophageal refl ux disease,  IPF  idiopathic pulmonary 
fi brosis,  PH  pulmonary hypertension,  PPI  proton pump inhibitor,  VTE  venous thromboembolism  
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exacerbation (AE) associated with chronic lung fi brosis and defi ned it by varied 
clinical and physiological parameters [ 3 – 5 ]. Kondoh et al. fi rst described acute 
respiratory failure without a defi nable precipitating cause in three patients with pul-
monary fi brosis [ 6 ]. A recent international consensus statement defi nes acute exac-
erbation in IPF by the following criteria (1) previous or concurrent diagnosis of 
fi brotic lung disease, (2) unexplained worsening of dyspnea within 30 days, (3) 
computed tomography (CT) fi ndings of increased ground glass or opacifi cation 
superimposed on underlying features of usual interstitial pneumonia, (4) exclusion 
of infection by bronchoscopic assessment, and fi nally, (5) the clinical exclusion of 
other known etiologies of acute respiratory failure including heart failure, pulmo-
nary embolism, or other causes of lung injury (aspiration, sepsis, drug toxicity, etc.) 
[ 7 ]. Room is provided in this defi nition for “suspected AE” where a complete work 
up may not be feasible in fully meeting the above criteria. 

 Prior studies [ 4 ,  8 ,  9 ] are limited in their assessment of the exact incidence and 
prevalence of AE, notably because of varied defi nitions prior to the 2007 interna-
tional consensus statement. Commonly referenced prevalences range from 9.6 to 
57 % at 2–3 years after diagnosis [ 4 ,  7 ,  8 ,  10 ]. A recent randomized controlled trial 
assessing the antifi brotic agent pirfenidone found an IPF-related death rate repre-
senting AE or rapid decline of 8 % in the control arm [ 11 ]. Most recently, Song et al. 
presented the largest retrospective cohort of patients with IPF to date describing 
both acute exacerbation and “rapid deterioration” and found a 1- and 2-year inci-
dence of 14.2 % and 20.7 %, respectively [ 12 ]. Nearly one-third of patients experi-
enced rapid deterioration requiring hospitalization with either AE or infection as the 
most common underlying etiologies. Longitudinally, AE was also associated with a 
greater risk of death and morbidity even in survivors (15.5 months vs. 60.6 months 
in those without AE) [ 12 ]. AE may also be the presenting manifestation of undiag-
nosed pulmonary fi brosis in some patients [ 12 – 14 ]. It has also been recognized to 
occur in fi brotic lung diseases other than IPF, such as the connective tissue disease- 
related ILDs and chronic hypersensitivity pneumonitis [ 14 – 16 ]. 

 The exact pathophysiology of AE remains elusive, with recent hypotheses sug-
gesting AE as a rapid progression of underlying fi brosis, manifestation of a biologi-
cally unique form of lung injury, or manifestation of an occult secondary injury 
unrelated to the fi brotic process [ 7 ,  17 ]. Recent work suggests the mechanism of AE 
may be dependent on Type II alveolar epithelial cell dysfunction along with endo-
thelial cell injury and coagulation abnormalities, with little evidence of Type I alve-
olar epithelial cell response or infl ammation [ 18 ,  19 ]. This hypothesis proposes 
rapid inappropriate cellular repair and fi brosis perhaps triggered by an unknown 
acute injury such as infection or aspiration [ 20 ,  21 ]. 

 Histopathologically, AE manifests as diffuse alveolar damage indistinguish-
able from the lung injury of acute respiratory distress syndrome (ARDS) or 
acute interstitial pneumonia (AIP) [ 22 ]. Underlying usual interstitial pneumonia 
(UIP) delineates AE of IPF from these other disease entities. AE has also been 
reported in patients with underlying histological nonspecifi c interstitial pneu-
monia (NSIP) and may pose similar risks of morbidity and mortality as seen in 
UIP or IPF [ 23 ]. Although AE most commonly manifests as diffuse alveolar 
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damage, organizing pneumonia has also been reported as the histopathologic 
pattern underlying AE [ 14 ,  24 ]. The current consensus statement does not 
require histopathological confi rmation for the diagnosis AE in IPF [ 7 ]. 

 Risk factors delineated from the largest retrospective cohort study to date note 
more severe baseline disease (lower forced vital capacity [FVC] and forced expira-
tory volume in one second [FEV 1 ]), nonsmoking history, and use of corticosteroids 
or cytotoxic agents as associated with increased risk of exacerbation [ 12 ]. A recent 
study investigating the risk of AE in patients with advanced IPF awaiting lung trans-
plant found an increased risk in those with pulmonary hypertension but no associa-
tion with other baseline characteristics [ 25 ]. Similarly, no defi nable baseline risk 
factors were consistently found in other cohort studies [ 3 ,  4 ,  14 ]. The presence of 
GERD and aspiration is believed to be associated with progression of fi brotic lung 
disease with a recent report fi nding increased pepsin levels in the bronchoalveolar 
lavage (BAL) fl uid of patients with AE compared to those with stable disease [ 21 ]. 
Reports also suggest an increased risk of AE in patients undergoing invasive diag-
nostic procedures [ 26 – 38 ]. 

 The approach to assessing and managing AE involves the diagnostic evaluation 
for known or secondary etiologies, including infection, heart failure, and pulmonary 
embolism. Patients usually present with rapid or acute increase in dyspnea and 
cough over several weeks. Fever or fl u-like symptoms without signifi cant produc-
tive sputum are commonly reported [ 3 ,  4 ,  14 ]. Physical exam is generally nonspe-
cifi c, and laboratory testing reveals mild to moderate leukocytosis and elevated 
serum lactate dehydrogenase (LDH) levels [ 3 ,  4 ]. As noted, AE may be associated 
with invasive procedures such as surgical lung biopsy or bronchoscopy [ 26 ,  29 ]. 
One recent report found increased 30-day risk of exacerbation associated with bron-
choalveolar lavage [ 30 ]. Radiologic features are nonspecifi c and commonly consist 
of ground-glass opacities superimposed on pulmonary fi brosis (peripheral honey-
combing and reticular opacities) at the time of exacerbation. Computed tomography 
fi ndings of diffuse or multifocal opacities have been reported to be associated with 
worse outcome compared to peripherally distributed disease [ 5 ], though this obser-
vation was not confi rmed on a subsequent radiological study [ 15 ]. CT quantitative 
scoring and comparison of pre- exacerbation severity of ground glass have been 
shown to be prognostically useful [ 31 ]. In general, bronchoalveolar lavage is recom-
mended to delineate an infectious etiology with neutrophilia the most commonly 
seen BAL differential cell count at the time of exacerbation [ 3 ,  4 ,  14 ]. 

 Once identifi able causes of acute deterioration have been excluded, management 
remains primarily supportive. Evidence for intravenous high-dose corticosteroids 
(e.g., 1 g of methylprednisolone daily) remains inconclusive and, although com-
monly practiced, is of unproven benefi t with survival remaining dismal. Prior stud-
ies have reported anecdotal success with the use of cyclosporine and other 
anti-infl ammatory agents [ 32 ,  33 ]. Short-term mortality associated with AE has 
ranged from 22 [ 22 ] to 86 % [ 14 ], with additional deaths occurring over the ensuing 
year [ 12 ]. The need for mechanical ventilation in the setting of AE portends a poor 
outcome, and despite lung-protective strategies, mortality remains high in those 
requiring intensive care unit admission [ 34 – 37 ]. The prognosis associated with 
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mechanical ventilation in the management of AE needs to be discussed with patients 
and their families prior to intubation. No particular prophylactic approach to 
decrease the incidence of AE is known, and continued research is needed to identify 
risk factors for AE and effective strategies to manage the underlying disease pro-
gression such that consensus can be reached regarding prevention and treatment of 
AE episodes.  

    Combined Pulmonary Fibrosis and Emphysema 

 Although believed to occur by separate pathophysiological mechanisms, recent 
reports have focused on the association of pulmonary fi brosis and emphysema 
(Fig.  15.1 ). Termed combined pulmonary fi brosis and emphysema (CPFE), debate 
continues as to whether this represents a distinct entity with unique features or sim-
ply the development of lung fi brosis in patients with preexisting emphysema related 
to smoking. Characteristic features of this syndrome include its predominantly male 
prevalence, association with pulmonary hypertension, and increased morbidity 
when compared to pulmonary fi brosis without emphysema.

   In 2009, Mejía et al. reported in a single-center retrospective review of IPF 
patients over a 10-year span a concomitant emphysema prevalence of 28 %, suggest-
ing a higher frequency than previously thought [ 38 ]. Similar to prior reports, there 
was a preponderance of male smokers, and combined disease was highly associated 
with pulmonary hypertension. Cottin et al. estimated a concomitant emphysema 
prevalence of around 5–10 % of patients with pulmonary fi brosis in their multicenter 
survey-based assessment of 61 cases defi ned by radiological appearance of com-
bined disease [ 39 ]. Predominant CT features were upper lobe emphysema and lower 

  Fig. 15.1    A 51-year-old male with combined lung fi brosis and emphysema. Note predominant 
 upper lobe  bullous emphysema and  lower lobe  interstitial fi brosis (patient reported 40 pack-years 
smoking history)       
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lobe fi brosis [ 40 ]. This study specifi cally excluded patients with secondary intersti-
tial lung disease and followed the progression of radiologic disease over time; com-
bined fi brosis and emphysema was discovered at the initial presentation in 
approximately half of the cases [ 39 ]. The median smoking history by pack-years 
was 5 (range of 0–60 pack-years) in the cohort reported by Mejía et al. [ 38 ] and a 
mean of 46 ± 27 years in the report by Cottin et al. [ 39 ], though no association of 
CPFE with pack-years was found. A majority were active smokers in one study [ 38 ], 
while only a third were active in another [ 39 ]. Pulmonary function fi ndings in CPFE 
have ranged from restrictive to a mixed obstructive restrictive pattern, with a consis-
tently low diffusing capacity for carbon monoxide (DLCO) [ 38 ,  39 ,  41 ,  42 ]. 

 Remarkably, all cohort studies reported the association of CPFE with advanced 
pulmonary hypertension (PH) [ 38 ,  39 ,  41 ]. Mejía et al. and Cottin et al. found a 
prevalence of 100 % [ 38 ] and 47 % [ 39 ], respectively, and noted increased morbidity 
and mortality associated with PH in combined disease compared with pulmonary 
fi brosis or emphysema alone. A reported delay of 16.5 ± 25 months between respira-
tory symptoms and right heart catheterization (RHC) confi rmation of pulmonary 
hypertension was noted in one report [ 42 ]. The mean right ventricular systolic pres-
sure (RVSP) as reported in one cohort [ 38 ] was notably severe at 82.3 mmHg, with 
right heart catheterization revealing a mean pulmonary artery pressure range from 24 
to 56 mmHg [ 42 ] in a second study. The majority of patients with CPFE progressed 
or presented with moderate to severe disease and appear to be at greater risk of death 
and cor pulmonale versus patients with lone idiopathic pulmonary artery hyperten-
sion or pulmonary hypertension associated with lone emphysema or lone pulmonary 
fi brosis [ 42 ]. It is theorized that smoking-related vascular injury may occur in a 
unique fashion in those patients with combined fi brotic and emphysematous disease, 
allowing more rapid progression and decline [ 43 ]. Hypoxemia may also be contribu-
tory to pulmonary hypertension with gas exchange being more impaired than in 
those with lone emphysema or fi brosis. No particular study exists regarding the spe-
cifi c management of pulmonary hypertension in CPFE and its effect on survival. 

 Notably, the appearance of lone emphysema prior to pulmonary fi brosis was 
seen in approximately one-fourth of the cohort reported by Cottin et al. with a 
median of approximately 5 years between imaging studies [ 39 ]. Understanding the 
role of emphysema in the modifi cation of fi brosis or vice versa remains elusive. 
Prior reports suggest clinically occult fi brosis may be common in patients with 
advanced emphysema, the so-called smoking-related interstitial fi brosis (SRIF) 
whose pathology is distinctive from the idiopathic interstitial pneumonias [ 44 ,  45 ]. 
Katzenstein et al. described theses features as thickened alveolar interstitium fi lled 
by eosinophilic collagenous fi brosis, with occasional fi broblast foci, but without the 
typical architectural features of UIP or the other idiopathic or secondary interstitial 
lung diseases [ 45 ]. Of this reported cohort, none had radiographic or pulmonary 
function features of fi brosis or restriction. Such fi ndings suggest the presence of 
fi brosis to be more common than clinically suspected in patients with emphysema, 
but whether such fi brosis has any bearing on the progression of emphysema is 
unknown. Recent work suggests the role of matrix metalloproteases (MMP), a fam-
ily of structurally related enzymes involved in the degradation and formation of 
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extracellular matrix and basement membranes, in both IPF and emphysema. 
Members of this enzyme family are upregulated in both diseases and share overlap-
ping profi les at the histological level [ 46 ]. Rogliani et al. assessed the enzyme pro-
fi le of patients with lone fi brosis, lone emphysema, and combined fi brosis and 
emphysema and found a similar MMP profi le between those with IPF and com-
bined disease, suggesting similarity in the underlying fi brotic process of CPFE and 
IPF, though CPFE may represent a more rapid or aggressive form of fi brotic pro-
gression [ 46 ]. This fi nding supports CPFE as perhaps a predominantly fi brotic pro-
cess that may concomitantly drive emphysema. 

 The clinical implications of recognizing and identifying CPFE include the 
increased morbidity of the syndrome when compared to lone fi brosis, its increased 
association with severe pulmonary hypertension and cor pulmonale, and the diffi -
culty of following progression or response to therapy as pulmonary function testing 
may not fully refl ect the severity of respiratory impairment, with relatively well- 
preserved airfl ow and lung volumes. Inclusion of patients with CPFE in clinical 
trials may confound pulmonary function endpoints, and indeed in clinical practice, 
the longitudinal assessment of pulmonary function in such patients may not be 
prognostically relevant. A proposed composite physiological index score adjusting 
for fi brosis and inclusive of pulmonary function values was recently reported as 
predictive of mortality in a cohort of patients of which approximately half were 
diagnosed with CPFE [ 47 ]. No other markers of disease progression or response to 
therapy have been studied in this regard. Management remains diffi cult as no spe-
cifi c effect on survival from the management of pulmonary hypertension in patients 
with CPFE was found by Cottin et al. in their review, with treatments ranging from 
diuretics to bosentan and sildenafi l [ 42 ]. Caution was suggested by the authors 
based on the retrospective and uncontrolled nature of their study along with hetero-
geneity of the study population and treatment modalities.  

    Pulmonary Hypertension 

 Pulmonary hypertension (PH) secondary to ILD was included in the most recent 
international classifi cation [ 48 ] under section 3.2, which encompasses secondary 
lung disease and hypoxemia. Previous studies of PH associated with IPF have 
defi ned it as mean pulmonary artery pressure (mPAP) >25 mmHg on right heart 
catheterization (RHC) [ 49 ] without LV dysfunction or systolic pulmonary artery 
pressure (which is essentially equivalent to the right ventricular systolic pressure) 
greater than 35 mmHg as seen on transthoracic echocardiography (TTE) [ 50 ]. The 
practice of obtaining RHC is often reserved until the time of lung transplant evalu-
ation. However, a systematic approach to predicting and obtaining diagnosis of PH 
has been the subject of several reports, as it contributes signifi cantly to morbidity 
and mortality [ 51 – 54 ]. 

 The prevalence of PH in IPF ranges from approximately a third to nearly 85 % of 
patients with end-stage or advanced disease [ 49 ,  50 ,  55 ,  56 ]. Its prevalence is nearly 
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100 % in those with CPFE and portends an increase in morbidity and mortality [ 38 , 
 41 ,  42 ]. Given the overlap of clinical presentation between pulmonary fi brosis and 
PH, the presence of pulmonary vascular disease may easily be overlooked in patients 
with IPF. Studies evaluating CT features, pulmonary function testing, and echocar-
diographic fi ndings as predictors of PH have found these modalities to be relatively 
inaccurate in diagnosing underlying PH [ 54 ,  56 – 58 ]. Zisman et al. proposed a clini-
cal prediction tool based on oxygen saturation and percent-predicted FVC and 
DLCO which reported good sensitivity and negative predictive value at a specifi ed 
cutoff [ 53 ]. Others have evaluated functional parameters such as 6-min walk and 
return to resting heart rate after activity as correlating with the presence of PH [ 52 ]. 

 Clinical risk factors for the development of PH in IPF are not entirely clear. While 
pulmonary hypertension is well defi ned in patients with advanced fi brosis, its fre-
quency in patients with early disease is not well established, but is known to occur. 
Letteri et al. reported a linear correlation between mPAP and mortality in their sin-
gle-center study of patients undergoing RHC [ 49 ]. Even after exclusion of left ven-
tricular dysfunction, over half who died had PH as compared to only a third of 
survivors. Nadrous et al. reported a similar correlation with increasing systolic pul-
monary artery pressures as measured by echocardiography and worse survival [ 50 ]. 

 Predominant theories on the pathophysiology of PH in fi brotic lung disease include 
hypoxemic vascular remodeling and reduction in the total vascular bed by fi brotic 
obliteration. As the pulmonary vasculature develops in close proximity to airways 
and alveoli, it is theorized that lung destruction from fi brosis results in decreased 
vascular cross-sectional area and increased precapillary pressures [ 59 ]. Pathological 
examination of explanted lungs from IPF patients has noted increased neovascular-
ization in areas of cellular fi brosis but absent vascularity in end-stage fi brotic or hon-
eycomb regions [ 25 ]. This pathological feature suggests diffi culty in treating lung 
fi brosis as decreased blood fl ow to fi brotic regions makes advanced fi brosis likely 
irreversible. Presumably, regions of active fi brogenesis may be more amenable to 
therapeutic agents. Unfortunately local epithelial injury responsible for acute fi brotic 
processes also promotes vascular and endothelial cell injury and apoptosis, with 
increased production of vasoconstrictors and recruitment of fi broblasts and vascular 
smooth muscle cells leading to eventual vessel remodeling and further worsening of 
vascular resistance [ 60 ]. Histological examination of pulmonary arteries and arteri-
oles from explanted fi brotic lungs reveals broad structural alterations including 
increased intimal and smooth muscle wall thickening as well as plexiform lesions 
[ 61 ]. More severe vascular abnormalities are seen in regions of greater parenchymal 
fi brosis. Although such mechanisms support fi brosis over hypoxemic vasoconstric-
tion as the primary contributor to IPF-associated PH, the severity of fi brosis as found 
on radiologist CT scoring was not predictive of presence or severity of PH [ 54 ]. 

 IPF-associated PH has not been specifi cally studied as an endpoint in treatment 
trials, though 6-min walk distance and secondary markers of health-associated qual-
ity of life and delayed time to death or disease progression were evaluated in two 
randomized controlled trials of the endothelin receptor antagonist, bosentan [ 62 ,  63 ]. 
A trend towards improved quality of life and delay in clinical disease progression 
was found in a subset of patients with atypical CT features and biopsy-proven UIP, 

T. Moua and J.H. Ryu



321

likely representing early disease [ 62 ], although this fi nding was not confi rmed when 
disease progression (FVC) was used as the primary endpoint in a subsequent study 
[ 63 ]. Sildenafi l was shown to improve walking distance by a mean of 49 m after 3 
months of use in patients with IPF in an open-label study [ 64 ] with a prior study of 
16 patients with varied secondary fi brotic lung diseases also demonstrating physio-
logical improvements in cardiac index, mPAP, and pulmonary vascular resistance 
[ 65 ]. One report suggested inhaled iloprost as helpful in decreasing vascular resis-
tance in IPF-associated PH with effects comparable to that of inhaled nitric oxide or 
IV prostacyclin [ 66 ]. Treprostinil was reported as possibly helpful in bridging end-
stage disease to transplant in the setting of severe and advanced fi brosis- associated 
PH [ 67 ]. As PH contributes signifi cantly to increased morbidity and mortality in IPF, 
it is hoped that directed management may extend life, though defi nitive improve-
ments in survival with current treatments have yet to be established.  

    Gastroesophageal Refl ux Disease 

 Gastroesophageal refl ux disease (GERD) is frequently seen in patients with IPF, 
ranging from 67 to 94 % [ 68 – 70 ]. Defi ned by an elevated DeMeester score on 24-h 
pH monitoring [ 71 ] as well as clinical refl ux symptoms, the prevalence of GERD 
appears to be increased in patients with IPF as compared to those with other lung 
diseases including asthma and non-IPF interstitial lung diseases [ 69 ,  72 ]. 
Approximately 67 % of patients awaiting lung transplant who underwent esopha-
geal manometry and 24-h pH monitoring had GERD [ 70 ]. An increased association 
of symptomatic refl ux with occult lung fi brosis and scarring has also been reported 
[ 73 ,  74 ]. Patients reporting symptomatic GERD range from approximately a third to 
nearly half [ 70 ,  72 ,  75 ,  76 ], with most investigators proposing that symptoms are 
unreliable as predictors of refl ux and possible refl ux-associated fi brosis. 

 Although there is a notable increased association of IPF with gastroesophageal 
refl ux, the exact relationship between refl ux and fi brosis is unclear, particularly as 
GERD is commonly present in the general population while IPF is an uncommon 
disorder. Microaspiration of acidic gastric content has been demonstrated to increase 
fi brotic lung injury in experimental animal studies [ 77 ]. Increased pepsin seen in the 
BAL of patients with acute exacerbation suggests gastric content aspiration may be 
a possible trigger of this acute deterioration [ 21 ]. Interestingly, pathological identi-
fi cation of aspirated foreign bodies associated with acute exacerbation, early dis-
ease, or end-stage disease with explant or autopsy is uncommon. Both acidic and 
nonacidic microaspiration are likely contributory to lung injury based on the obser-
vation that proton pump inhibitor (PPI) or histamine-2 (H2) blocker usage does not 
decrease mechanical refl ux, and lung fi brosis progresses despite empiric medical 
therapy in many patients [ 78 ]. Changes in chest wall anatomy with perturbations of 
the esophagus as lung disease progresses have been proposed as contributory to 
abnormal lower and upper esophageal sphincter tone [ 75 ]. In that regard, increased 
GERD may be indicative of progressive lung disease rather than a direct cause of 
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lung injury itself. Some have proposed microaspiration as perhaps one among other 
triggers in the setting of a genetically susceptible patient, whose response to recur-
rent aspiration injury may be that of exuberant fi brosis and dysfunctional repair [ 79 ]. 

 A recent retrospective review found empiric treatment with PPI or H2 blockers 
was associated with a decreased CT fi brosis score and was an independent predictor 
of better survival [ 76 ], though others have found no association between the severity 
of GERD and the severity of radiologic manifestations of disease in IPF [ 68 ,  69 ]. 
Some propose that the decision to empirically treat may be appropriate, given the 
relatively safe profi le of current therapies, while also recognizing that mechanical 
refl ux is not affected by medical management. IPF patients with symptomatic GERD 
undergoing Nissen fundoplication while awaiting lung transplant were found to have 
stabilized oxygen needs in comparison to those without surgical intervention, though 
lung function remained similar between the two groups [ 80 ]. In post-transplant 
patients, fundoplication was shown to stabilize progression of bronchiolitis obliter-
ans in those with demonstrated mechanical refl ux or symptomatic GERD [ 81 ,  82 ]. 
Unfortunately, Nissen fundoplication or other surgical interventions may not guaran-
tee cure of mechanical refl ux and may only reduce or ameliorate the severity of dis-
ease. As microaspiration may simply be a trigger for fi brosis and not directly result 
in fi brotic injury, the morbidity of such a procedure has not been justifi ed for pre-
transplant IPF patients. If symptomatic GERD is present, the combination of both 
empiric PPI therapy and behavioral changes such as head-of- bed elevation, diet mod-
ifi cation, and weight reduction seems prudent, and it is not clear that a need for con-
fi rmatory invasive esophageal testing to confi rm disease is necessary [ 78 ]. Therefore, 
diagnostic testing for GERD in patients with IPF should be individualized.  

    Venous Thromboembolic Disease 

 Three prior population-based reports suggest an increased risk and incidence of 
venous thromboembolic disease (VTE) in patients with IPF (Fig.  15.2 ).    In a British 
study, 920 incident cases of IPF were compared to 3,593 matched controls assess-
ing the frequency of underlying cardiovascular and thromboembolic disease, and 
found patients with IPF had twice the incident risk of deep vein thrombosis (DVT) 
prior to diagnosis, and one and a half to seven times the risk after the diagnosis of 
IPF had been made [ 83 ]. Follow-up of incident usage of cardioprotective drugs in 
patients with or without IPF found increased usage of warfarin and ACE inhibitors. 
Sode et al. conducted a study of the Danish population examining the association 
of ever-diagnosed DVT and the risk of interstitial lung disease [ 84 ] and found 
increased ILD with diagnoses of both pulmonary embolism (PE) and DVT as com-
pared to controls, particularly in those never treated with anticoagulation. Finally, 
a US population-based study using death records of patients from 1998 to 2007 
found an increased risk of VTE at the time of death for IPF patients (34 %) and 
death at a younger age in IPF patients with VTE compared to those without [ 85 ]. 
The authors suggest higher epidemiological risk of thromboembolic disease in 
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those with IPF compared to that seen in COPD and lung cancer. Clinically, PE is of 
concern during acute exacerbations and patients are commonly evaluated with CT 
angiography. The incidence of underlying or associated PE in IPF patients experi-
encing acute deterioration is unknown. In a review of patients with IPF admitted 
with respiratory failure to an ICU, 2 of 32 (6 %) patients were diagnosed with 
pulmonary embolism [ 86 ].

   Decreased mobility associated with progressive pulmonary fi brosis is a risk fac-
tor for venous thromboembolism. In addition, a procoagulant state has been 
hypothesized to contribute to the fi brotic process in IPF and perhaps to thrombo-
embolic disease as well. Mechanisms for an association between fi brosis and 
venous thromboembolism have been proposed based on study of acute and chronic 
interstitial lung processes. Excessive fi brin turnover and deposition in the lung is 
believed to be secondary to tissue factor initiation and responsible for the abnormal 
coagulative state in the injured lung [ 87 ]. Proinfl ammatory and profi brotic cyto-
kines from acute injury promote alveolar deposition of fi brin through increased 
alveolar wall permeability and promotion of antifi brinolytic pathways [ 88 ]. The 
deposition of fi brin incorporates and reduces surfactant availability, resulting in 
further atelectasis with fi brin itself serving as a supportive matrix for recruitment 
and accumulation of fi broblasts and the initiation of fi brosis [ 87 ]. In COPD, clini-
cal risk factors associated with thromboembolic disease include increased seden-
tary state, low-grade chronic infl ammation, and recurrent infection, with pulmonary 
embolism, perhaps the underlying etiology of acute respiratory failure in one-fi fth 
to a quarter of so-called COPD exacerbations [ 89 ,  90 ]. Similar clinical risk factors 
for the development of VTE may be relevant in advanced or end-stage IPF. Sprunger 
et al., in their US population study, noted an increased risk of VTE in older female 
patients (>65) as compared to younger females with IPF and no risk difference 
across all ages in men [ 85 ]. 

 Given the increased risk of VTE and potential contribution of abnormal coag-
ulation to pulmonary fi brosis, the effi cacy of warfarin treatment was evaluated 
in IPF patients treated with prednisolone compared to prednisolone alone in 
Japan and was found to reduce the risk of death at 1 year (58 % vs. 78 %) [ 8 ]. 

  Fig. 15.2    Concomitant pulmonary embolism in a 58-year-old female presenting with acute exac-
erbation of IPF when the initial diagnosis of underlying fi brotic lung disease was made (confi rmed 
on biopsy as DAD superimposed on UIP)       
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Although randomization was attempted, the study was not blinded, and there was 
withdrawal of a substantial number of patients from the warfarin arm as compared 
to controls (~25 %) secondary to intolerance of frequent lab monitoring. A follow-
up, double-blind, randomized IPF-Net study involving 145 patients treated with 
warfarin versus placebo was stopped after interim review found an increased risk of 
death in those assigned to warfarin therapy (14 deaths vs. 3) [ 91 ]. The administra-
tion of anticoagulation therapy in an attempt to inhibit disease progression in IPF is 
not supported. Such therapy can only be recommended for patients if diagnosed 
with VTE.  

    Cardiovascular Disease 

 Several population-based, cross-sectional, and case–control studies have found an 
increased association of cardiovascular disease with interstitial lung disease and 
lung fi brosis [ 83 ,  92 – 95 ]. Panos et al. fi rst reported that cardiovascular disease and 
its related vascular complications accounted for nearly 27 % of deaths associated 
with IPF [ 2 ]. Olson et al. subsequently reported data from the National Center for 
Health Statistics between 1992 and 2003 indicating nearly 9.6 % of annual deaths 
in IPF were secondary to ischemic heart disease and congestive heart failure [ 96 ]. A 
study out of the United Kingdom suggested an increased risk of both cardiovascular 
disease and DVT in IPF patients twice that of the normal or control population [ 83 ]. 
Additionally, three studies of patients undergoing cardiac catheterization [ 92 – 94 ] 
prior to lung transplantation found a signifi cantly higher incidence of coronary 
artery disease (defi ned as greater than 50 % blockage in one or more coronary ves-
sels) in patients with IPF and lung fi brosis when compared to their non-fi brotic 
counterparts despite a higher prevalence of smoking history in COPD controls. 
Even when controlled for baseline cardiovascular risk factors, the presence of idio-
pathic pulmonary fi brosis appeared predictive of underlying coronary disease [ 94 ], 
and baseline cardiovascular risk factors did not differ between the two groups in one 
study [ 92 ]. Finally, Ponnuswamy et al. were unable to fi nd an association between 
statin use and ILD, but noted an increased association of ILD with ischemic heart 
disease [ 95 ]. They did not fi nd a difference in baseline cardiovascular risk factors 
between patients with lung fi brosis and control patients, contrary to the fi ndings of 
others who had proposed diabetes mellitus as a risk factor for lung fi brosis [ 97 ]. 

 Mechanisms proposed by Kizer et al. for the association of cardiovascular 
disease with lung fi brosis include a common injury or initiation from an unknown 
etiology, proclivity to develop fi brosis in patients with cardiovascular disease, or 
a causative relationship between fi brosis and coronary disease where fi brosis 
may initiate or worsen atherosclerosis [ 93 ]. It is appreciated that lung fi brosis 
may be an infl ammatory process with systemic implications despite its relatively 
poor response to anti-infl ammatory or immunosuppressive therapy. Similarly 
elevated infl ammatory markers such as IL-1, IL-8, and TNF-α are found in patients 
with IPF and atherosclerotic heart disease, and these cytokines may promote vascular 
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or endothelial injury [ 98 – 100 ]. The exact mechanism between fi brosis and athero-
sclerosis is unknown, and although the incidence of cardiovascular disease appears 
to be increased in patients with lung fi brosis, not all patients with cardiovascular 
disease have fi brotic lung disease. It may be more likely that the fi brotic process 
promotes atherosclerosis rather than both being secondary to a common but 
unknown infl ammatory or injurious mechanism. This is supported by the observed 
similarity in baseline cardiac risk factors such as hypertension or diabetes among 
patients with IPF and COPD, but an increased incidence of coronary artery disease 
(CAD) is observed in IPF patients compared to those with COPD. Death or morbid-
ity from cardiovascular disease in patients with IPF may also be secondary to an 
increased clotting tendency or prothrombotic state that is unique to IPF, as sug-
gested by a prior Japanese study [ 8 ], although anticoagulant interventions have not 
been helpful from a fi brosis standpoint. 

 No specifi c clinical trials or studies have evaluated the impact of increased 
screening or aggressive management of underlying cardiovascular disease on 
improving morbidity and mortality in IPF. Nonetheless, it is suggested that aware-
ness of an increased incidence of mild to moderate disease may lead to more aggres-
sive medical management, as masking of underlying coronary disease by respiratory 
symptoms from lung fi brosis may frequently occur. Nathan et al. propose the practi-
cal and effi cient use of coronary calcium scores in non-gated diagnostic and routine 
chest CT scans as a means of diagnosing and correlating ischemic heart disease in 
IPF patients, as there is good sensitivity and specifi city as well as strong kappa 
agreement among study radiologists [ 101 ]. No specifi c recommendations currently 
exist for the management of ischemic heart disease in IPF, and no data exist on 
whether mortality can be reduced with an aggressive approach to coronary disease 
detection and treatment.  

    Lung Cancer 

 Previous reports suggest an increased risk of cancer in the setting of lung fi brosis, 
with frequencies ranging from 4.8 [ 102 ] to 48 % [ 103 ] in IPF patients. The risk of 
malignancy appears increased from the general population, though recent reports 
are confl icting with older autopsy-based reviews [ 103 ,  104 ]. A US population-based 
study found the lowest reported incidence [ 102 ], while a recent British study found 
a malignancy risk in IPF increased to 1.5 times that of the general population [ 105 ] 
as compared to a previous study quoting seven to eight times the risk [ 106 ]. There 
remains confl icting data on the most commonly reported histological type, with 
apparent equal frequency of adenocarcinoma [ 103 ,  104 ] and squamous cell carci-
noma [ 107 – 109 ], while small cell carcinoma was suggested as highly frequent in 
one report [ 110 ], a fi nding dissimilar to the general population. Reported clinical 
risk factors include extensive smoking history, male gender [ 104 ,  107 ,  111 ], and 
older age at the time of diagnosis [ 107 ,  111 ], though baseline risk appears increased 
in IPF patients compared to the general population even when smoking was 
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accounted for [ 106 ]. In particular, gender may be a confounding variable, as IPF is 
more common in males, and men have a higher smoking frequency in some cohorts 
[ 107 ]. One report suggested acute exacerbation may occur with occult lung fi brosis 
secondary to UIP seen incidentally with lung resection for malignancy [ 112 ]. 

 Radiologic features of IPF-associated lung malignancy have also been confl ict-
ing. The theoretical association of malignancy with fi brosis is supported by CT fi nd-
ings of increased malignancy in the peripheral lower lung zones [ 108 ,  110 ,  113 ] 
surrounding fi brosis and honeycombing, and can present as focal amorphous con-
solidation or infi ltrate [ 108 ,  110 ]. Others report a similar distribution, but more 
defi ned nodular densities with lobulation or spiculation are present [ 114 ]. In con-
trast, Park et al. reported nearly half of their IPF-associated lung cancers presenting 
with upper lobe-predominant, non-peripheral lesions on initial CT assessment [ 107 ]. 
Additionally, an increased specifi city of positron emission tomography (PET) use as 
compared to CT for detecting lymph node spread in IPF-associated malignancy has 
been proposed, as lymphadenopathy is a common feature in IPF [ 115 ]. 

 The presence of concomitant IPF and lung malignancy portends a signifi cantly 
worse prognosis despite surgical resection of the tumor (when such resection is 
appropriate). Patients with IPF may have limited lung function precluding tumor 
resection as seen in patients with advanced COPD. Prior studies suggest actuarial 
survival ranging from 52 % at 2 years [ 116 ] to 54 % at 3 years [ 117 ], and reports 
of 5-year survival have ranged from 0 [ 116 ] to 62 % [ 109 ,  118 ], with cause of 
death equally distributed between disease progression due to pulmonary fi brosis 
and recurrence of malignancy. Fujimoto et al. reported an increased recurrence of 
cancer in IPF patients after resection as compared to the general population [ 116 ], 
and serious immediate postoperative complications have been reported [ 109 ,  117 , 
 119 ] including acute exacerbation [ 109 ] with substantial mortality (26–64 %) 
[ 120 ]. Preoperative risk factors that predict operative complications or survival 
are confl icting. Kushibe et al. suggested that patients with low preoperative FVC 
(<90 %) should be assessed carefully prior to resection [ 120 ], and Fujimoto et al. 
endorsed ascertaining a pathological UIP diagnosis prior to tumor resection, 
given the substantially increased risk of morbidity when underlying fi brosis is 
present [ 116 ]. 

 The exact mechanism of fi brosis-associated lung malignancy is not well estab-
lished, though proposed hypotheses suggest that a number of processes (genetic 
deletions or mutations, uncontrolled aberrant cell growth and dysplasia, and altered 
cell-to-cell communication) increase the risk of fi brosis-associated malignancy 
[ 121 ]. Recently, autoantibodies to p53, a tumor suppressor gene, were similarly 
elevated in the serum of patients with lung malignancy, IPF without malignancy, 
and patients with IPF-associated lung cancer, suggesting that p53 mutations accu-
mulate in both malignant and fi brotic processes [ 122 ]. Others have proposed that 
carcinogens are deposited in focally fi brotic regions, though this appears discor-
dant with recent fi ndings of malignancy outside areas of fi brosis [ 123 ]. It is sug-
gested, nonetheless, that smokers should be encouraged to quit. No studies have 
looked at screening protocols to detect earlier disease in light of the noted increased 
malignancy risk.  
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    Quality of Life, Dyspnea, and End-of-Life Care 

 Respiratory failure remains the primary cause of death in the majority of patients 
with IPF [ 124 ,  125 ]. As the disease is progressive and unrelenting, quality-of-life 
(QOL) and end-of-life issues have recently gained interest as areas of study, particu-
larly in advanced and end-stage diseases. Palliative care is defi ned as a systematic 
approach to reducing physical pain and suffering as well as addressing spiritual and 
psychosocial concerns of patients and their families in the setting of non-curable 
life-threatening disease [ 126 – 128 ]. Where underlying disease management is lim-
ited but symptom burden is high, appropriateness of palliation and other aspects of 
improving patient quality of life are not in question. 

 Prior reports have suggested that signifi cantly poor QOL is experienced by 
patients with IPF as their disease progresses [ 129 – 132 ]. Specifi c health-related qual-
ity-of-life (HRQOL) scores used in the past include the SF-36 (an 8-domain, 36-item 
questionnaire used for assessment of general health) [ 133 ]; the St. George’s 
Respiratory Quotient (SGRQ) [ 132 ], which is a three-domain COPD-specifi c ques-
tionnaire; and the World Health Organization Quality-of-Life Assessment 
(WHOQOL-100) [ 129 ]. All tests uniformly demonstrated worse quality of life in IPF 
patients when compared to controls or as found in disease-specifi c focus groups. 
No test has yet been designed to assess disease-specifi c quality of life in IPF, although 
prior studies have recommended the WHOQOL-100 [ 134 ] or SGRQ [ 132 ] over oth-
ers. When reviewed in summary, there appears to be a correlation between QOL 
scores and specifi c physiological indicators (including pulmonary function testing 
and 6-min walk distance), although they appear weaker than the most correlative 
subjective domain of dyspnea [ 135 ,  136 ]. One study found positive correlations 
between higher PaO 2  and better SF-36 scores and higher FEV 1  values correlated with 
better “social functioning” and reduced bodily pain, suggesting decreased suffering 
[ 133 ]. When assessing improvement in HRQOL scores with treatment, one study 
that sought to holistically manage symptoms via cognitive behavioral therapy found 
worse HRQOL scores after a 6-week intervention versus baseline, although anxiety 
in spouses and family members was signifi cantly improved [ 137 ]. Studies involving 
medical intervention have included HRQOL testing as endpoints, although the most 
appropriate scoring test has not been standardized, and few studies have found sig-
nifi cant changes in overall QOL with the exception, perhaps, of an improvement in 
dyspnea [ 138 ]. Only pulmonary rehabilitation as nonmedical management has found 
promise in improving exercise capacity and overall quality of life [ 139 ,  140 ]. 

 Nearly all studies report dyspnea at diagnosis in patients with IPF and note pro-
gressive severity over time. Grading dyspnea may be done with several tests, the 
most common of which is the Medical Research Council (MRC) scale, a fi ve-tier 
scale denoting progressively worse dyspnea based on activity tolerance [ 138 ]. When 
assessed, dyspnea appears to correlate well with functional decline and lower PaO 2  
and oxygen saturations. Oxygen therapy appears to improve dyspnea with little evi-
dence for its use in the absence of hypoxemia, though overall HRQOL appears to be 
worse in patients requiring oxygen, perhaps suggesting oxygen use as a surrogate 
for overall declining health [ 138 ]. Pulmonary rehabilitation has been studied in 
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patients with IPF and other forms of ILD [ 141 ] with noted improvement in exercise 
capacity and symptoms, while others have found improvement in the 6-min walk 
distance and SGQR as compared to baseline over an 8–10-week treatment period 
[ 140 ]. A smaller study found similar improvements in subjective assessments of 
general health and dyspnea with a home-based regimen [ 142 ], while a recent study 
suggested not only measurable improvements in distance walked but subjective 
improvement in fatigue [ 139 ]. In all, pulmonary rehabilitation appears promising in 
terms of improving quality of life and ameliorating the natural deconditioning asso-
ciated with dyspnea-related inactivity. 

 Cough is a common symptom associated with progressive IPF and can be debili-
tating. Ten of eleven patients in an open-label study using thalidomide reported 
resolution of IPF-associated cough [ 143 ]. Other studies addressing the specifi c 
management of cough include the use of corticosteroids and opioids [ 144 ,  145 ]. No 
defi nitive conclusions specifi c to IPF can be made, and general cough treatment 
with cough suppressants both opioid and non-opioid based may be appropriate 
according to symptom burden and side-effect tolerance. 

 Depression is common with a reported prevalence of 23.5 % [ 129 ] in one cohort 
and 21 % in a recent study [ 146 ] involving ILD patients. Depression has been noted 
to be associated with dyspnea, pain severity, lower forced vital capacity (FVC), and 
poor sleep quality. No specifi c management has been recommended, but these stud-
ies suggest baseline screening for depression and perhaps supportive therapy. An 
American Thoracic Society guideline suggests the use of selective serotonin uptake 
inhibitors or benzodiazepines in these patients [ 128 ]. 

 End-of-life management remains challenging in patients with IPF given the vari-
able nature of the disease course [ 147 ]. Determining when to pursue pharmacologic 
therapy for IPF versus general symptom control may be diffi cult as effective disease- 
specifi c therapies are lacking and an individual patient’s course is not entirely pre-
dictable. As no specifi c prognostic tool is in common clinical practice, the decision 
to offer palliation is recommended on an individualized basis. Nonetheless, many 
reports suggest signifi cant morbidity and mortality in patients with acute exacerba-
tion or those with end-stage disease requiring intensive care unit admission with or 
without mechanical ventilatory support [ 35 ,  86 ,  148 ]. In such situations, outcomes 
remain poor both acutely and in the long term. The decision to pursue invasive ven-
tilation may best be addressed as part of early care discussion with alignment of 
goals and interventions prior to acute deterioration as such invasive maneuvers are 
unproven in extending survival or improving end-of-life comfort.  

    Summary 

 The clinical course of IPF is generally progressive and unrelenting, though it may 
be highly variable in individual patients. Recognized complications and comorbidi-
ties in patients with IPF are numerous and include acute exacerbations, PH, com-
bined presence of pulmonary fi brosis and emphysema, GERD, VTE, cardiovascular 
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disease, and lung cancer. The optimal management of these diagnoses and their 
relative impact on the outcome of patients with IPF is not entirely clear at the pres-
ent time. In the absence of effective therapy for the progressive pulmonary fi brosis 
that characterizes IPF, the identifi cation and treatment of these problems may reduce 
symptom burden and improve QOL in affected patients.     
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    Abstract     Pulmonary rehabilitation and supplemental oxygen therapy are two 
interventions commonly employed in the treatment of patients with idiopathic pul-
monary fi brosis (IPF). Results from a number of studies reveal that pulmonary reha-
bilitation is associated with several benefi cial effects in patients with IPF, including 
increased exercise capacity and improved quality of life. In fact, the data appear 
robust enough to support participation in a pulmonary rehabilitation program as 
standard of care for patients with IPF. Supplemental oxygen therapy is universally 
prescribed for IPF patients with hypoxemia at rest, with exertion, or during sleep, 
but few studies have been performed to assess its effectiveness in these patients.  

  Keywords     Idiopathic pulmonary fi brosis   •   Pulmonary rehabilitation   •   Exercise   • 
  Supplemental oxygen   •   Dyspnea   •   Quality of life  

        Introduction 

 In patients with idiopathic pulmonary fi brosis (IPF), pulmonary physiological 
restriction and hypoxemia induce dyspnea, and it is primarily dyspnea that drives 
impairments in functional capacity and quality of life (QOL) [ 1 – 4 ]. Another bother-
some yet often overlooked symptom plaguing IPF patients is fatigue or low 
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energy—or even more precisely, “exhaustion”—which may or may not be attrib-
uted entirely to episodic or continuous blood oxygen desaturation [ 3 ,  4 ]. 
Psychological distress is common, with clinically signifi cant depression detected in 
23 % of patients with IPF [ 5 ] and higher levels of anxiety than healthy controls [ 6 ]. 
As fi brosis advances, resting and exertional hypoxemia, dyspnea, and exhaustion 
worsen, patients become less and less physically active, and they are unable to per-
form even the most basic physical activities (e.g., dressing and bathing) without 
becoming severely short of breath. A number of detrimental downstream effects 
(Fig.  16.1 ) are put into motion, including aerobic and skeletal muscle decondition-
ing, social isolation, and impaired emotional well-being [ 7 ].

   Pulmonary rehabilitation is a program that combines exercise training, disease- 
specifi c education, and psychosocial support in an attempt to reduce symptoms, opti-
mize functional status, and increase participation in daily life activities [ 8 ]. Pulmonary 
rehabilitation programs were traditionally designed for people with chronic obstruc-
tive pulmonary disease (COPD) in whom completion of pulmonary rehabilitation 
has been observed to induce a number of benefi cial effects. Respiratory rate decreases 
(by prolonging expiration), tidal volume and oxygen saturation increase [ 9 ], cardiac 
conditioning improves, lean body mass increases [ 10 ], the quadriceps become more 
fatigue resistant [ 11 ], and the effi ciency of skeletal muscle function is enhanced at 
the cellular and molecular levels [ 8 ]. These effects translate to statistically signifi cant 
and clinically meaningful improvements in exercise capacity, QOL, and dyspnea [ 8 ]. 

  Fig. 16.1    Conceptual framework for how IPF affects various life domains. Reprinted from 
Respiratory Medicine, 102/12, Jeffrey J. Swigris, Kevin K. Brown, Barry J. Make, Frederick S. 
Wamboldt, Pulmonary rehabilitation in idiopathic pulmonary fi brosis: a call for continued investi-
gation, 1675–80, Copyright 2008, with permission from Elsevier       
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Because of the lack of effective drug therapy for IPF, and building on the vast data 
supporting the benefi ts of PR in COPD, there is growing enthusiasm for recommend-
ing that IPF patients participate in a pulmonary rehabilitation program. Although 
research into the effects of pulmonary rehabilitation on patients with IPF has only 
recently taken off [ 12 – 15 ], early results are promising. 

 Another nonmedicinal intervention commonly prescribed for IPF patients is 
supplemental oxygen. Like pulmonary rehabilitation, it seems obvious that supple-
mental oxygen would help IPF patients in a number of ways, including increasing 
physical activity and staving off pulmonary hypertension, but little research has 
been conducted to inform these intuitions. In this chapter, we discuss the use of 
pulmonary rehabilitation and supplemental oxygen therapy in patients with IPF.  

    Pulmonary Rehabilitation 

 At the time of writing, only two randomized, controlled trials have been conducted 
to evaluate the effectiveness of pulmonary rehabilitation for people with IPF [ 14 , 
 15 ]. A combined total of 62 participants with IPF and mean transfer capacity of the 
lung for carbon monoxide (TLCO) of 52 % predicted underwent 8–9 weeks of 
twice-weekly supervised exercise training consisting of aerobic and strengthening 
exercises. Supplemental oxygen was used, when required, to maintain peripheral 
oxyhemoglobin saturation above 85–90 %. Pooled data from these trials indicate 
that immediately after the training period there were signifi cant improvements in 
6-minute walk distance (mean improvement 27 m, 95 % confi dence interval 3–50 m) 
[ 13 ]. There were also improvements in QOL, with a trend towards reduction in 
dyspnea. Effect sizes for these outcomes were moderate, with slightly larger effects 
for exercise tolerance and QOL compared to dyspnea (Fig.  16.2 ). In one trial, inves-
tigators followed participants for an additional 6 months after completion of pulmo-
nary rehabilitation. Disappointingly, they observed that the benefi ts in exercise 
capacity, symptoms, and QOL that were evident immediately after completion of 
the program were not maintained [ 14 ]. As part of the trial, subjects were asked (but 
not required) to exercise at home, but subjects’ activity levels were not systemati-
cally followed after completion of the formal pulmonary rehabilitation program.

   Pulmonary rehabilitation may also positively impact other domains in people 
with IPF. Two non-randomized trials in people with interstitial lung disease (ILD), 
some of whom had IPF, suggest that 6–8 weeks of pulmonary rehabilitation may 
reduce depression [ 12 ,  16 ]. A trend towards reduced anxiety has been documented 
following rehabilitation in people with IPF [ 17 ]. Importantly, pulmonary rehabilita-
tion reduces fatigue [ 14 ,  17 ], a very disabling symptom for many people with IPF. 
Recent studies suggest that people with IPF may not achieve the same degree of 
improvement in certain clinical outcomes from pulmonary rehabilitation that have 
been observed in patients with other chronic lung diseases, [ 18 ] and in IPF, the ben-
efi cial effects may not last as long. However, the magnitude of changes in exercise 
capacity and QOL is clinically signifi cant (Table  16.1 ), especially in the context of 
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  Fig. 16.2    Effect sizes for pulmonary rehabilitation outcomes in randomized controlled trials in 
patients with IPF. Data are mean effect size and 95 % confi dence intervals, based on Holland and 
Hill [ 13 ]       

   Table 16.1    Signifi cance of changes in clinical outcomes following pulmonary rehabilitation for IPF   

 Outcome  Measure  Study  Design 

 Mean change 
following PR 
 (95 % CI) 

 Exceeds 
minimal 
important 
difference 

 Exercise 
tolerance 

 6-minute walk test  Holland et al. [ 14 ]  RCT  16 m 
 (−13 to 46 m) 

 No 

 6-minute walk test  Nishiyama et al. [ 15 ]  RCT  46 m 
 (6 to 80 m) 

 Yes 

 Quality 
of life 

 Chronic Respiratory 
Disease 
Questionnaire 

 Holland et al. [ 14 ]  RCT  14.1 units 
 (2.1–26.0 units) 

 Yes 

 St George’s 
Respiratory 
Questionnaire 

 Nishiyama et al. [ 15 ]  RCT  −6.0 units 
 (−11.7 to −0.5 units) 

 Yes 

 Dyspnea  Modifi ed Medical 
Research Council 
Scale 

 Holland et al. [ 14 ]  RCT  0.7 units 
 (0.1–1.3 units) 

 No 

 Baseline Dyspnea 
Index 

 Nishiyama et al. [ 15 ]  RCT  0.4 units 
 (−0.6 to 1.4 units) 

 No 

 Fatigue  Chronic Respiratory 
Disease 
Questionnaire 
Fatigue Domain 

 Holland et al. [ 14 ]  RCT  3.0 units 
 (0.13 to 5.9 units) 

 Yes 

 Fatigue Severity 
Scale 

 Swigris et al. [ 17 ]  OBS  −1.5 units 
 (−2.5 to −0.5 units) 

 Yes 

 Anxiety  General anxiety 
disorder-7 

 Swigris et al. [ 17 ]  OBS  −1.4 units 
 (−3.4 to 0.6 units) 

 NS 

   PR  pulmonary rehabilitation,  RCT  randomized controlled trial,  OBS  observational study,  NS  not 
specifi ed  
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a disease with few treatment options. The current multinational consensus guidelines 
on the management of IPF contain a weak recommendation for enrolling IPF 
patients in formal pulmonary rehabilitation programs [ 19 ]. This indicates that the 
consensus writers believe that the majority of IPF patients would want to enroll in 
pulmonary rehabilitation but that some patients would not. The lack of strength (i.e., 
weakness) of the recommendation stems from the lack of data surrounding durable, 
longer-term effects of pulmonary rehabilitation [ 19 ]. Because pulmonary rehabilita-
tion is now considered by many experts to be part of standard treatment for most 
people with IPF, it is important that patients have access to a pulmonary rehabilita-
tion program at a time when they are likely to benefi t.

      When Should Pulmonary Rehabilitation Be Offered 
to People with IPF? 

 The natural history of IPF is variable, but the median survival from the time of diag-
nosis is between 3 and 5 years in the majority of studies. Most individuals experi-
ence a gradually progressive disease course; however, some remain stable for long 
periods, while others experience rapid clinical decline [ 19 ]. The burden of attending 
rehabilitation must be offset by likely benefi ts, especially for those individuals with 
severe or rapidly progressing disease. 

 Investigators have conducted studies in an attempt to identify the best time to 
refer IPF patients to a pulmonary rehabilitation program so that short- and longer- 
term benefi ts are maximized. The data are somewhat confl icting: two studies sug-
gest that greater improvements are gained from pulmonary rehabilitation when it is 
offered earlier in the disease course. For example, greater 6-minute walk distances 
were associated with higher forced vital capacity (FVC), less severe exercise- 
induced peripheral oxygen desaturation, and a lesser degree of disability at baseline 
[ 20 ,  21 ]. Subjects with higher nadir peripheral oxygen saturations during a baseline 
6-minute walk test were more likely to experience sustained improvements in exer-
cise tolerance at 6 months following the program [ 20 ]. Interestingly, subjects with 
more dyspnea at baseline achieved greater long-term relief of dyspnea after com-
pleting pulmonary rehabilitation [ 20 ]. These studies indicate that individuals with 
less advanced, but highly symptomatic, disease are particularly likely to experience 
benefi ts from pulmonary rehabilitation, possibly due to a greater degree of physical 
deconditioning or mood disturbance—features that can be addressed successfully in 
a rehabilitation program. In another study, baseline dyspnea, oxygen use, FVC, and 
diffusing capacity of the lung for carbon dioxide were not predictors of benefi cial 
response to pulmonary rehabilitation, but baseline 6-minute walk distance was [ 12 ]. 
And although nearly every subject improved their 6-minute walk distance after pul-
monary rehabilitation, there was an inverse relationship between baseline 6-minute 
walk distance and post-pulmonary rehabilitation 6-minute walk distance [ 12 ]. 

 In our opinion, people with IPF should be afforded the opportunity to participate 
in pulmonary rehabilitation programs as early as practicable in order to maximize 
the likelihood of achieving clinically important gains. However, we believe that 
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even patients with more severe disease should be considered for participation and 
encouraged to participate in pulmonary rehabilitation. An exercise prescription that 
is tailored to the needs of individuals with high disability or severe exercise-induced 
oxygen desaturation (e.g., interval training rather than continuous training) may 
provide a better training stimulus and a greater chance to achieve benefi ts in this 
group. Because no data exist on which method of exercise is most benefi cial in 
patients with IPF, this statement is purely speculative. Clearly, this is an area that is 
ripe for research.  

    Components of Pulmonary Rehabilitation for IPF 

 Exercise training is a core component of pulmonary rehabilitation programs for IPF 
and makes an important contribution to rehabilitation outcomes [ 14 ]. Typical exer-
cise programs for people with IPF have been conducted in the outpatient setting. 
Programs are from 6 to 8 weeks in duration, with 2 or 3 supervised sessions each 
week [ 14 ,  15 ,  17 ,  21 ]. Participants undertake 20–30 min of endurance exercise 
(treadmill or hallway walking, stationary bike, or elliptical-type trainer), with inten-
sity and duration escalated as tolerated over the course of the program. If a patient 
has recently completed a maximal cardiopulmonary exercise test (CPET), then data 
from it can be used to set the starting point and exercise goals for the program. For 
example, some programs use 60 % of the maximum workload from the CPET as a 
starting point, with intensity increased gradually if the duration goal is met. When 
CPET data are not available, 60 % of the age-predicted maximum heart rate can be 
used instead of workload to set the starting point. Most programs also include light 
resistance exercises—using either weights, resistance bands, or Pilates machines—
for the upper and lower limbs. Heart rate and SpO 2  are usually monitored during 
each session, and supplemental oxygen is used to maintain normoxia. Some pro-
grams also incorporate breathing training (or retraining) exercises and instruction in 
pacing [ 12 ,  17 ,  21 ]. Although there are no data to support the benefi ts of pursed-lip 
breathing—and it really makes no physiological sense—in IPF, our anecdotal expe-
rience is that IPF patients routinely use and rave about pursed-lip breathing. Rather 
than promoting lung emptying, as in COPD, in IPF, the use of PLB likely only 
encourages diaphragmatic breathing and a greater sense of calm and control by get-
ting patients to focus more on controlled respiration. 

 Education sessions to improve disease management are commonly included in 
pulmonary rehabilitation programs. Because the majority of existing pulmonary 
rehabilitation programs were designed for and may predominantly enroll patients 
with COPD, their educational components may need to be modifi ed to meet the 
unique requirements of people with IPF. Suggested topics include symptom man-
agement, oxygen use, prevention and treatment of IPF exacerbations, energy con-
servation, managing mood, medication management including side effects, 
preparation for lung transplantation, and advanced care planning [ 22 ]. The impact 
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of such educational and psychosocial interventions for IPF is not clear. In one 
randomized, controlled trial, investigators found that six weekly sessions of a dis-
ease management intervention, focusing on symptom management and mood, had 
a negative impact on the physical aspects of health-related QOL, along with a trend 
for greater anxiety [ 23 ]. However, subjects valued the opportunity to meet others 
with IPF. These fi ndings suggest that peer support may be an important component 
of pulmonary rehabilitation, but that educational topics should be individualized to 
meet patient needs. 

 A comprehensive patient assessment is a key element of pulmonary rehabilita-
tion. At the commencement of the program, all participants should undertake a 
medical assessment and an objective measure of exercise tolerance. This should 
include measurement of exercise-induced oxyhemoglobin desaturation so that sup-
plemental oxygen can be used appropriately during training. Evaluation of symp-
toms and health-related QOL should be undertaken using standardized measurement 
tools that are sensitive to change in IPF. The multidisciplinary nature of pulmonary 
rehabilitation provides a unique opportunity to evaluate the presence and impact of 
mood disorders such as anxiety, panic, and depression. These may respond to the 
usual components of pulmonary rehabilitation [ 16 ,  17 ] or may require individual-
ized therapies. Because patients with IPF are at risk for coronary artery disease 
(CAD) [ 24 ], either due entirely to their age or, perhaps, because of circulating fac-
tors that promote CAD, consideration should be given to having patients undergo 
cardiac stress testing prior to starting pulmonary rehabilitation. All participants 
should be reevaluated after the pulmonary rehabilitation program to establish its 
effects on exercise capacity, symptoms, QOL, and mood and to plan for the ongoing 
care needs of the individual.  

    Special Considerations for Pulmonary Rehabilitation in IPF 

 People with IPF often exhibit marked hypoxemia during exercise, which is known 
to limit exercise performance [ 25 ]. Pulmonary rehabilitation facilities must have the 
capacity to provide supplemental oxygen during all aspects of exercise training for 
people with IPF, including provision of high-fl ow oxygen if needed to prevent sig-
nifi cant desaturation. Pulmonary hypertension is common in people with IPF [ 26 ] 
and may worsen during exercise. Patients with pulmonary hypertension may require 
modifi cations to the standard exercise prescription, including a reduction in inten-
sity of endurance and resistance exercises [ 27 ]. Clinicians should be trained to 
detect important signs and symptoms requiring cessation of exercise, including diz-
ziness, hypotension, pre-syncope, excessive fatigue, palpitations, tachycardia, or 
chest pain. Finally, it must be recognized that some people with advanced IPF will 
require close supervision and support during all phases of exercise in order to 
achieve a suffi cient training stimulus while maintaining adequate oxygenation and 
symptom control.   

16 The Role of Pulmonary Rehabilitation and Supplemental Oxygen Therapy…



344

    Supplemental Oxygen 

 Because large-scale, systematic investigations of supplemental oxygen in IPF have 
never been performed, the fi eld’s knowledge of this therapy is based predominantly 
on scientifi c rationale, anecdote, and inferences formulated by extrapolation of data 
published in the COPD literature. However, even in COPD, the data on the benefi -
cial effects of supplemental oxygen are limited and surprisingly controversial [ 28 ]. 
Although there is strong, yet dated [ 29 ,  30 ], evidence that supplemental oxygen 
improves survival in COPD patients with severe hypoxemia at rest, for those patients 
with mild to moderate resting hypoxemia or blood oxygen desaturation only during 
exertion or sleep, the data are far less compelling and even contradictory [ 28 ]. 

 Very little research has been conducted on the merits and pitfalls of supplemental 
oxygen in patients with IPF. In two small studies, investigators observed that sup-
plemental oxygen improved exercise endurance and other exercise-specifi c out-
come measures (e.g., maximal oxygen uptake) in patients with ILD, at least some of 
whom likely had IPF as it is currently defi ned [ 31 ,  32 ].    In a more recent study, Visca 
and colleagues examined the effects of supplemental oxygen on outcomes collected 
in relation to a timed walk test (6MWT) [ 33 ]. They found that among 52 subjects 
with ILD (including 34 with a fi brotic interstitial pneumonia of whom some had 
IPF) compared with baseline values collected while subjects breathed ambient air, 
the use of supplemental oxygen during the 6-minute walk test led to improvements 
in mean walk distance, end- test peripheral oxygen saturation (SpO 2 ), dyspnea, and 
SpO 2  recovery time. 

 In a few studies conducted in patients with ILD (some with IPF), investigators 
found that supplemental oxygen led to immediate improvements in either 6-minute 
walk distance or certain variables collected during a maximal cardiopulmonary exer-
cise test [ 31 – 33 ]. Almost entirely unknown is how durable those benefi ts are and 
whether supplemental oxygen has any benefi cial effects on patient-reported outcomes 
(e.g., cough, dyspnea, or QOL) or survival. Swinburn and colleagues studied 10 inpa-
tients with ILD who were hypoxemic at rest and found that supplemental oxygen 
reduced dyspnea as measured by a visual analog scale. However, it is not mentioned 
why these patients were hospitalized or whether any of them had IPF. 

 Despite an absence of data to suggest that supplemental oxygen improves how 
patients with IPF feel, function, or survive, most clinicians caring for IPF patients 
believe that supplemental oxygen is warranted [ 34 ] and prescribe it when resting, 
during exercise, or when nocturnal peripheral oxygen saturation (SpO 2 ) falls below 
89 %. This belief is likely driven by clinicians’ unwillingness to leave uncorrected 
something (SpO 2 ) that can be remedied when so many other aspects of the disease 
are untreatable. 

 In Denver (altitude 5,280 ft above sea level), IPF patients generally require 
higher fl ows of supplemental oxygen than they do at sea level to maintain a SpO 2  
>89 %, and it is not uncommon for IPF patients to require concentrators and deliv-
ery devices capable of delivering high oxygen fl ows (i.e., >6 L/min). Using these 
fl ows causes portable tanks to run out of oxygen relatively quickly and leads to 
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signifi cant drying of the nasal passages. Because production of copious, thick sputum 
is not the norm for patients with IPF, oxygen delivery via a transtracheal catheter is 
an attractive option for some patients, and intratracheal oxygen delivery can lower 
fl ow rates required to attain a target SpO 2  level. Although transtracheal catheter has 
been associated with a number of benefi cial effects [ 35 ], there are no published 
studies of this mode of oxygen delivery in IPF patients specifi cally.  

    Summary 

 Pulmonary rehabilitation is a promising intervention for patients with IPF that can 
lead to clinically important improvements in dyspnea, QOL, and mood. Current IPF 
treatment guidelines support the inclusion of pulmonary rehabilitation in the treat-
ment plan of the majority of people with IPF. Although not entirely clear, there are 
data to suggest that patients with less severe disease but signifi cant symptoms may 
achieve the greatest and most sustained benefi t. Thus, individuals with IPF should 
be encouraged to participate in pulmonary rehabilitation as early as possible. There 
are a number of unanswered questions about pulmonary rehabilitation for IPF 
patients. For example, what is the ideal format for exercise training? What is the 
optimal duration for pulmonary rehabilitation programs? Although clinicians have 
a strong intuition that supplemental oxygen should be prescribed for IPF patients if 
SpO 2  falls below 89 % at rest, with activity, or during sleep, there are few data sup-
porting this practice. Like pulmonary rehabilitation, there is a great deal to learn 
about the benefi ts of supplemental oxygen for patients with IPF.     
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    Abstract     Acute exacerbation of idiopathic pulmonary fi brosis (IPF) is a clinically 
important complication of IPF that carries a high morbidity and mortality. In the last 
decade, we have learned much about this event, but there are many remaining ques-
tions: What is it? Why does it happen? How can we prevent it? How can we treat it? 
This chapter attempts to summarize our current understanding of the epidemiology, 
etiology, and management of acute exacerbation of IPF and point out areas where 
additional data are sorely needed.  

  Keywords     Acute exacerbation   •   Risk factors   •   Pathobiology   •   Diagnosis   •   Prognosis   
•   Management  

        A Case 

 A 78-year-old man was referred for surgical lung biopsy in the evaluation of his 
interstitial lung disease (ILD). At baseline, he reported mild dyspnea on exertion 
and a chronic, dry cough. His past medical history was signifi cant for hypertension 
and gastroesophageal refl ux (GER) disease. His medications included an antihyper-
tensive medication and a proton pump inhibitor. He was a lifelong nonsmoker and 
worked as a dentist. He had no family history of ILD. His physical exam was signifi -
cant for dry inspiratory crackles at both bases and normal resting oxygen saturation. 
His pulmonary function was abnormal with a forced vital capacity of 57 % 
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predicted and a diffusing capacity for carbon monoxide of 67 % predicted. His high- 
resolution computed tomography (HRCT) scan demonstrated peripheral, subpleural 
predominant reticulation and traction bronchiectasis without honeycombing. 

 He was referred for surgical lung biopsy and had a video-assisted thoracic sur-
gery procedure with biopsies obtained from the right lung. His perioperative course 
was uncomplicated. His pathology was reviewed and was consistent with a usual 
interstitial pneumonia (UIP) pattern, confi rming the diagnosis of IPF. His initial 
postoperative course was uncomplicated, but approximately 5 days postoperatively, 
he developed increased dyspnea and cough with occasional production of clear spu-
tum. He had new-onset hypoxemia (88 % on room air) with diffuse crackles to 
auscultation that were more prominent in the left chest. A repeat HRCT demon-
strated new ground-glass opacities in the left lung (Fig.  17.1 ). All microbiologic 
data were negative, and there was no evidence of cardiac dysfunction or ischemia.

   This case was thought to be due to an acute exacerbation (AEx) of IPF triggered 
by surgical lung biopsy possibly due to single lung ventilation of the left lung. 
Unfortunately, the patient progressively worsened despite supportive care and sub-
sequently died from his AEx of IPF.  

    Epidemiology, Clinical Features, and Risk Factors 

 Our view of the natural history of IPF has changed over the last decade with the 
recognition that there are several distinct clinical courses that patients may follow 
[ 1 ]. Although most patients with IPF experience a steady decline in lung function 
over time, some will decline quickly, while others seem stable for many years. 
Increasingly, we recognize that some patients may also have a more unpredictable 
course [ 2 ]. These patients experience periods of relative stability followed by acute 
episodes of worsening in their respiratory status [ 3 ]. Episodes of acute respiratory 
decline in IPF can be secondary to complications such as infection, pulmonary 

  Fig. 17.1     Bottom left  image is presurgery demonstrating peripheral reticulation and traction bron-
chiectasis without honeycombing.  Upper right  image is 5 days postoperatively, demonstrating 
diffuse ground-glass opacities, most prominent in the left lung       
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embolism, pneumothorax, or heart failure [ 3 ,  4 ]. Such episodes of acute respiratory 
deterioration have been termed AEx of IPF when the cause for the acute worsening 
cannot be identifi ed. Acute exacerbations likely comprise almost 50 % of these 
acute respiratory events, and the clinical characteristics and prognosis are indistin-
guishable from acute exacerbations of known cause. This chapter will discuss only 
AEx of IPF. 

 The phenomenon of AEx has been recognized since the late 1980s, when it was 
initially reported in the Japanese literature [ 5 – 8 ]. A survey of providers in the USA 
suggests that most clinicians believe AEx to be somewhat or very common [ 9 ]. The 
true incidence of AEx remains unknown, and the incidence may vary by country 
due to different genetic and environmental factors. Largely due to differences in 
case defi nition, patient population, sample size, and duration of follow-up, the range 
of AEx incidence in clinical studies ranges anywhere from 1 % to 24 % [ 3 ,  4 ]. The 
largest and probably most robust study of 461 patients with IPF that were followed 
longitudinally over 3 years found a 1- and 3-year incidence of 14.2 % and 20.7 %, 
respectively [ 4 ]. 

 The clinical presentation of AEx is generally quite dramatic and characterized by 
acute to subacute worsening of dyspnea over days to weeks [ 3 ]. Some patients expe-
rience symptoms of worsening cough, sputum production, and fever mimicking a 
respiratory tract infection [ 10 ,  11 ]. Most reported cases of AEx have required 
unscheduled medical attention (emergency room or hospital care), but there may 
well be less severe cases that do not get noted by patients and providers and, there-
fore, are not documented. 

 The occurrence of AEx is unpredictable and can sometimes be the presenting 
manifestation of IPF [ 11 – 13 ]. A few risk factors have been identifi ed, including 
lower baseline forced vital capacity (FVC) % predicted and having been a non-
smoker [ 4 ]. It seems likely that patients with more severe IPF are more likely to 
develop clinically signifi cant AEx of disease, and this perception is supported by the 
increased incidence of AEx that was observed in the only study of advanced disease 
reported in the literature to date, namely, STEP-IPF [ 14 ]. Precipitating factors such 
as surgical lung biopsy and bronchoalveolar lavage (BAL) have also been reported 
[ 11 ,  15 – 20 ]. The occurrence of AEx after videoscopic-assisted surgical lung biopsy 
is particularly intriguing, as the exacerbation appears to be more pronounced in the 
lung that was ventilated (i.e., the nonsurgical side receiving single lung ventilation) 
[ 19 ]. However, the precise relationship between these precipitating factors and AEx 
remains unclear. 

 Acute exacerbations have also been described in non-IPF ILD, including nonspe-
cifi c interstitial pneumonia (NSIP) [ 21 ], connective tissue disease-associated ILD 
[ 21 – 23 ], and hypersensitivity pneumonitis [ 24 ,  25 ]. Compared to IPF AEx, patients 
with an underlying NSIP pattern appeared to have a better prognosis following their 
AEx [ 21 ]. A UIP pattern may be a risk factor for AEx in the context of connective 
tissue disease-associated ILD and hypersensitivity pneumonitis, as the presence of a 
UIP pattern appeared to be a risk factor in some case series [ 21 ,  25 ]. Whether AEx 
of non-IPF forms of ILD shares a similar pathobiology as AEx of IPF is unknown.  
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    Etiology and Pathobiology 

 The etiology of AEx of IPF remains unknown. Several hypotheses have been 
 proposed, including the following: (1) AEx of IPF represents an abrupt acceleration 
of the patients underlying disease; (2) AEx is a collection of occult, pathobiologi-
cally distinct conditions (e.g., infection, heart failure); or (3) AEx is a combination 
of both processes that can serve as an occult trigger that leads to acceleration of the 
underlying fi broproliferative process. 

 Occult aspiration of gastric contents has been suggested as a possible trigger or 
cause of AEx of IPF. GER is nearly universal in patients with IPF [ 26 ,  27 ] and is 
thought to be a risk factor for aspiration [ 28 ,  29 ]. BAL pepsin levels, a biomarker 
for aspiration of gastric secretions, were shown to be elevated in a subset of patients 
with AEx of IPF [ 30 ]. In addition, patients with asymmetric IPF on HRCT scan had 
a higher rate of GER and AEx compared to patients with non-asymmetric disease, 
suggesting a role for GER and occult aspiration in a subset of patients with IPF [ 31 ]. 

 Infection has also been suggested as a cause of AEx of IPF. Data in support of 
this hypothesis include animal studies [ 32 ] as well as some human studies [ 33 ,  34 ]. 
In one case series, 75.7 % of 37 AEx cases occurred between December and May 
[ 10 ], lending further support to occult infection as a cause of AEx. However, in a 
prospective study of AEx of IPF ( n  = 47), acute viral infection, as determined by the 
most current genomics-based methodologies, was found in only 9 % of this cohort 
[ 35 ]. While some cases may well have been missed (i.e., the virus had come and 
gone by the time testing was obtained), these data suggest that there are many cases 
of AEx that are not primarily due to occult infection. 

 An alternative explanation is that AEx of IPF is caused by an inherent accelera-
tion of the pathobiology of IPF [ 3 ]. There is indirect evidence for this in several 
studies that evaluated serum biomarkers and gene expression in AEx. Serum bio-
markers of alveolar epithelial cell injury/proliferation have been shown to be 
increased in AEx, in a pattern that is qualitatively distinct from what is seen in acute 
lung injury (Table  17.1 ).

      Gene expression studies performed in patients with AEx of IPF [ 37 ] have shown 
that patients have increased expression of genes encoding proteins involved in epi-
thelial injury and proliferation including CCNA2 and alpha-defensins. Interestingly, 
there was no evidence from the same study for upregulation of genes commonly 
expressed in viral infection.  

    Work-Up and Diagnostic Criteria 

    Laboratory Evaluation 

 There are no specifi c laboratory tests that aid in the evaluation and diagnosis of AEx 
of IPF. Often, patients are found to have impaired gas exchange with a decrease in 
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their arterial oxygen tension [ 10 ]. In patients that can tolerate bronchoscopy with 
lavage, an increase in BAL neutrophils has been reported [ 11 ,  45 ]. Nonspecifi c 
elevations in serum lactate dehydrogenase (LDH) and C-reactive protein (CRP) 
have also been observed [ 10 ]. Serial levels of serum KL-6 and baseline thrombo-
modulin may help identify patients at increased risk for death from AEx [ 42 ,  43 ]. 
Although many experimental biomarkers have been investigated, as shown in 
Table  17.1 , none are routinely used in clinical practice.  

    Radiologic Evaluation 

 High-resolution CT scans are often obtained during AEx of IPF. The fi ndings 
include new, generally bilateral, ground-glass opacities and/or consolidation super-
imposed on the underlying UIP pattern [ 46 ]. The pattern of ground-glass changes 
during an AEx may have prognostic signifi cance, with more diffuse abnormality 
correlating with worse outcomes [ 46 ].  

    Histopathologic Evaluation 

 Surgical lung biopsy is not frequently obtained during AEx of IPF. A small case 
series of seven patients who had a surgical lung biopsy during their AEx demon-
strated primarily diffuse alveolar damage (DAD) associated with underlying 
changes typical for UIP (Fig.  17.2 ) [ 47 ]. One case had organizing pneumonia and 
UIP and another case had DAD without underlying UIP. Autopsy series and other 
case series have demonstrated similar fi ndings [ 6 ,  11 ,  45 ,  48 – 50 ].

       Diagnostic Criteria 

 Several defi nitions have been used over the last decade to defi ne AEx of IPF [ 3 ,  6 , 
 50 ]. In order to standardize these criteria, a consensus defi nition was proposed by 
the National Institutes of Health-funded US IPF Network (IPFNet) in 2007 
(Table  17.2 ) [ 3 ]. Other defi nitions that have been described are generally similar; 
however, they often include a reduction in PaO 2  as one of their criteria as well as 
bilateral chest x-ray abnormalities (instead of a HRCT scan) [ 6 ,  50 ].

   The IPFNet criteria have helped to standardize the defi nition of AEx of IPF, but 
satisfaction of all criteria is quite diffi cult to achieve in many clinical settings. 
Specifi cally, it is not infrequent that in patients who appear to have AEx of IPF, 
microbiologic data and occasionally radiologic data are not collected due to the 
severity of illness or because the clinician does not feel the tests will change clinical 
management. By maximizing specifi city at the cost of sensitivity, these criteria 

J.S. Lee and H.R. Collard



355

(along with the selection of only mild to moderate patients for enrollment) have 
likely contributed to the low prevalence of AEx observed in recent clinical trials 
[ 51 – 53 ]. The choice of defi nition has signifi cant implications for outcome analyses 
in clinical trials and should be a focus for further discussion among clinical trialists.   

    Management and Prognosis 

 There is no known effective treatment for preventing or improving outcomes in 
AEx of IPF. 

  Fig. 17.2    Section from lung explant shows subpleural fi brosis with honeycombing typical of 
usual interstitial pneumonia. The central lung tissue shows diffuse alveolar septal thickening by 
edema and type II pneumocyte hyperplasia, and airspace consolidation by edema and fi brin (H&E, 
×100). Figure courtesy of Kirk Jones, MD       

   Table 17.2    IPFNet consensus criteria for acute exacerbation of idiopathic pulmonary fi brosis a    

 Previous or concurrent diagnosis of idiopathic pulmonary fi brosis 
 Unexplained development or worsening of dyspnea within 30 days 
 High-resolution computed tomography with new bilateral ground-glass abnormality and/or 

consolidation superimposed on a background reticular or honeycomb pattern consistent with 
usual interstitial pneumonia 

 No evidence of pulmonary infection by endotracheal aspirate or bronchoalveolar lavage 
 Exclusion of alternative causes, including left heart failure, pulmonary embolism, and other 

identifi able causes of acute lung injury 

   a Patients who do not meet all fi ve criteria should be termed “suspected acute exacerbation”  
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    Prevention 

 While there are no data to support effi cacy, vaccination and treatment of comor-
bidities like heart disease and GER seem prudent as measures that could prevent 
episodes of acute decline in respiratory function due to known causes such as 
infection, heart failure, and aspiration. Some novel therapies have suggested a 
reduction in AEx in clinical trials; these include warfarin [ 54 ], pirfenidone [ 55 ], 
and, most recently, BIBF 1120 [ 56 ]. Unfortunately, both warfarin and pirfenidone 
have subsequently been shown to have no impact on the rate of AEx, suggesting 
that the initial observations were inaccurate [ 51 ,  57 ].  

    Medical Therapy During AEx 

 Although commonly prescribed for the treatment of AEx of IPF, there have been no 
controlled trials assessing the effi cacy of high-dose corticosteroids. Recent interna-
tional guidelines on IPF management suggested that the majority of IPF patients 
with AEx could be treated with corticosteroids [ 58 ]; however, approaches to dosing, 
route, and duration of therapy were not provided. 

 Although most clinicians would treat patients who develop an AEx of IPF with 
high-dose corticosteroids, the effi cacy of this treatment is unclear. Perhaps we 
should be more critical of the use of corticosteroids to treat AEx of IPF. There are 
two distinct viewpoints regarding the role of corticosteroids in AEx of IPF. The fi rst 
viewpoint is that AEx of IPF is histopathologically similar to acute respiratory dis-
tress syndrome (ARDS) characterized by DAD and acute lung injury [ 59 ] and 
should, therefore, be treated similarly to ARDS. In the ARDS literature, the mortal-
ity benefi t of corticosteroids is unclear [ 60 – 65 ]. In one study, increased mortality 
was observed in ARDS patients treated with delayed corticosteroids (after 14 days) 
[ 65 ]. If we were to follow the ARDS paradigm, most clinicians would not use cor-
ticosteroids in the treatment of AEx of IPF. A second viewpoint for the role of cor-
ticosteroids in IPF is that some patients with AEx of IPF have organizing pneumonia 
on biopsy [ 49 ]. Organizing pneumonia is generally thought to be steroid responsive, 
and it may be that the pathobiology is different enough between ARDS and AEx of 
IPF to warrant continued use of corticosteroids. There remains equipoise on the 
effi cacy of corticosteroids in AEx of IPF, and this treatment intervention should be 
studied more carefully [ 42 ]. 

 The use of another immunosuppressant, cyclosporine A, to treat AEx of IPF has 
been reported. These studies suggest some benefi t to the use of cyclosporine A plus 
corticosteroids [ 66 – 68 ]. However, conclusions that can be made from these data are 
limited by problems with study design and small sample size, and benefi t has not yet 
been validated in a randomized controlled trial. 

 Other experimental therapies that have reported possible effi cacy to treat AEx of 
IPF include tacrolimus [ 69 ], hemoperfusion with polymyxin B-immobilized fi ber 
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column [ 70 – 72 ], and sivelestat [ 73 ]. These investigations were all limited by small 
numbers and suboptimal study design.  

    Supportive Therapy During AEx 

 Supportive therapy is the standard of care in AEx of IPF. Supportive care for respira-
tory failure almost always requires higher oxygen supplementation and consideration 
of additional means of ventilatory support, including mechanical ventilation (see dis-
cussion below) and noninvasive positive-pressure ventilation (NIPPV). Yokoyama 
et al. described the outcomes of patients with AEx of IPF treated with NIPPV to 
avoid intubation in acute respiratory failure [ 74 ]. In this retrospective case series of 
11 patients, 6 patients failed a NIPPV trial and went subsequently succumbed to 
respiratory failure. The other fi ve patients survived more than 3 months after the 
onset of their AEx. However, the use of ventilatory support in AEx (both mechanical 
ventilation and NIPPV) has never been studied in a randomized controlled trial.  

    Lung Transplantation 

 A few select centers have experience with emergent transplantation for AEx of IPF 
[ 75 – 78 ]. These critically ill IPF patients have generally been bridged to lung trans-
plant with extracorporeal membrane oxygenation (ECMO) and/or mechanical ven-
tilation [ 76 ]. Outcomes of patients who have undergone emergent transplantation 
have been mixed [ 77 ,  78 ]. Emergent lung transplantation requires careful patient 
selection and is not done at all transplant centers.  

    Prognosis 

 The prognosis of AEx of IPF is poor, with most case series reporting very high 
short-term mortality rates [ 11 ,  79 – 83 ]. This is particularly true for those patients 
requiring mechanical ventilation. A systematic review of mechanical ventilation in 
IPF and respiratory failure ( n  = 135), including AEx, reported a hospital mortality of 
87 % [ 81 ]. Short-term mortality (within 3 months of hospital discharge) was 94 %. 
The routine use of mechanical ventilation in patients with AEx of IPF is not recom-
mended in the international consensus guidelines because of its low likelihood of 
benefi t and high risk of complications and further suffering [ 58 ]. Careful consider-
ation regarding intubation and goals of care must be made, given the poor prognosis 
associated with this condition. Ideally, a discussion concerning end-of-life issues 
should be held between the patient and their provider in the outpatient setting with 
the inclusion of the patient’s family, if applicable.   
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    Summary 

 Acute exacerbation of IPF is responsible for substantial morbidity and mortality in 
patients with IPF. We suggest that AEx of IPF represents an acute acceleration of 
the fi broproliferative process (i.e., the underlying pathobiology of IPF) that is trig-
gered by some generally occult stress or insult to the lung (e.g., infection, aspira-
tion, mechanical stretch from ventilation or lavage, high inspired oxygen 
concentration during surgery). As many patients with AEx of IPF will not meet the 
current consensus criteria due to missing data, it may be more useful clinically to 
defi ne AEx by less stringent criteria. It seems likely that the prevention and treat-
ment of AEx of IPF must focus on both disease-specifi c (e.g., anti-fi brotic thera-
pies) and non-disease-specifi c (e.g., vaccination, prevention of stress) areas. The 
next decade will hopefully answer many of the unresolved questions concerning 
AEx of IPF.     
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    Abstract     Despite advances in the development of novel pharmaceutical agents to 
treat idiopathic pulmonary fi brosis (IPF), there are no medical therapies known to 
resolve fi brosis or improve lung function in IPF. Therefore, lung transplantation 
remains the only life-saving therapy available to treat patients with IPF. However, a 
shortage of suitable donor organs limits the number of affected individuals who can 
undergo this procedure, and this shortage highlights the need to allocate donor lungs 
to those who are in the greatest need of a life-saving therapy yet ensure that those 
who undergo transplantation will have a reasonable expectation of long-term survival. 

    Chapter 18   
 Lung Transplantation for Idiopathic 
Pulmonary Fibrosis 

             Daniela     J.     Lamas      and     David     J.     Lederer     

 Publications based on SRTR/OPTN 2010 Annual Report data [ 3 ] should include the following 
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Still, outcomes remain relatively poor for many patients after lung transplantation, 
although a sizable minority of patients can enjoy long-term survival after lung 
transplantation.  

  Keywords     Lung transplantation   •   Idiopathic pulmonary fi brosis   •   Lung allocation 
score   •   Transplant candidate selection   •   Deceased donor organ allocation    

     Background 

 Lung transplantation is a surgical procedure during which one or both diseased 
lungs are replaced by organs from a deceased organ donor (or, less commonly, by 
lobes from living donors) (Table  18.1 ). Although survival time after lung transplan-
tation is typically limited, transplantation can confer substantial benefi ts, including 
prolongation of life, to selected candidates with advanced lung diseases such as 
idiopathic pulmonary fi brosis (IPF) [ 1 ]. Between 1988 and 2011, there were 23,652 
lung transplant procedures performed in the USA, of which 5,565 (24 %) were per-
formed for IPF [ 2 ]. In recent years, the proportion of lung transplant procedures 
performed for IPF in the USA has increased, and in 2007, IPF surpassed chronic 
obstructive pulmonary disease as the leading indication for lung transplantation in 
the USA (Fig.  18.1 ) [ 3 ]. In 2011, 36 % of US lung transplant procedures were per-
formed for IPF [ 2 ]. In this chapter, we will review the role of lung transplantation 
for patients with IPF, including candidate selection criteria, the evaluation process, 
organ allocation in the USA, and outcomes and complications of transplantation.

    Table 18.1    Types of lung transplant procedures   

 Procedure  Description 
 Number performed 
in the USA in 2010 a  

 Single lung transplantation  Replacement of a single lung with a 
deceased donor lung 

 539 

 Bilateral sequential lung 
transplantation 

 Replacement of both lungs with deceased 
donor lungs with two main stem 
bronchial anastomoses 

 1,212 

 En bloc bilateral lung 
transplantation 

 Replacement of both lungs with deceased 
donor lungs with a single tracheal 
anastomosis 

 19 

 Heart-lung transplantation  Replacement of both lungs and the heart 
with deceased donor lungs and heart 

 41 

 Living-donor lung 
transplantation 

 Replacement of both lungs with lobes 
from two living donors 

 0 

   a  Source : OPTN data as of May 4, 2012  
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        Timing of Referral of IPF Patients for Lung 
Transplant Evaluation 

 IPF has been estimated to affect as many as 89,000 Americans [ 4 ]. Yet, in 2011 only 
666 adults underwent lung transplantation for IPF in the USA [ 2 ]. While some 
patients with IPF do not meet criteria for lung transplantation or may be too well for 
the procedure, the surprisingly small number of patients with IPF undergoing trans-
plantation annually largely refl ects the scarcity of suitable lungs from deceased 
organ donors. While there were in excess of 12,000 deceased donor kidney trans-
plants performed in the USA in 2011, only 3,160 lungs from deceased organ donors 
were used for transplantation. This discrepancy is largely due to unsuitable pulmo-
nary conditions at the time of death in the majority of donors, such as pneumonia, 
ARDS, and pulmonary contusion [ 2 ]. 

 In the face of this organ shortage, lung transplant providers must not only bal-
ance the risks and benefi ts of lung transplantation for individual patients but must 
also attempt to allocate deceased donor organs in a fashion that maximizes the over-
all public good achieved through transplantation (a utilitarian approach to the prin-
ciple of distributive justice) [ 5 ]. Therefore, patients who stand to benefi t from 
transplantation, but who are also at exceedingly high risk of early death after trans-
plantation, should not undergo lung transplantation in geographic regions where a 

  Fig. 18.1    Number of patients undergoing lung transplantation in the USA stratifi ed by LAS diag-
nostic group, 1998–2009.  Group A , obstructive lung disease.  Group B , pulmonary vascular dis-
ease.  Group C , cystic fi brosis.  Group D , restrictive lung disease including IPF. Adapted from data 
provided in Organ Procurement and Transplantation Network (OPTN) and Scientifi c Registry of 
Transplant Recipients (SRTR). OPTN/SRTR 2010 Annual Data Report. Rockville, MD: 
Department of Health and Human Services, Health Resources and Services Administration, 
Healthcare Systems Bureau, Division of Transplantation; 2011. Available at   http://srtr.transplant.
hrsa.gov/annual_reports/2010/chapter_index.htm       . Accessed 31 May 2012       

 

18 Lung Transplantation for Idiopathic Pulmonary Fibrosis

http://srtr.transplant.hrsa.gov/annual_reports/2010/chapter_index.htm
http://srtr.transplant.hrsa.gov/annual_reports/2010/chapter_index.htm


366

donor shortage exists. Stated simply, a patient must be “sick enough” to warrant 
transplantation, but also “well enough” to tolerate the procedure and potentially 
enjoy many years of additional life after transplantation. 

 For these reasons, the selection of appropriate candidates for lung transplantation 
is challenging. In 2006, the International Society for Heart and Lung Transplantation 
(ISHLT) published guidelines to aid in the selection of candidates for lung trans-
plantation [ 6 ]. In general, these guidelines recommend that patients be referred for 
transplant evaluation when it is estimated that a patient has only a 50 % chance of 
surviving the next 2–3 years or has New York Heart Association class III or IV 
symptoms [ 6 ]. Given the poor prognosis of patients with IPF, the guidelines specifi -
cally recommend that patients with IPF be referred for lung transplantation upon 
identifi cation of “histologic or radiographic evidence of UIP irrespective of vital 
capacity” [ 6 ]. In a joint statement, the American Thoracic Society, the European 
Respiratory Society, the Japanese Respiratory Society, and the Latin American 
Thoracic Association have recommended that IPF patients undergo transplant eval-
uation “at the fi rst sign of objective deterioration,” but details or specifi c criteria for 
“deterioration” were not provided in this guideline document [ 7 ]. 

 While these recommendations have strong face validity, current evidence sug-
gests that many patients are not referred for subspecialty or transplant care early in 
the course of their disease. Two prior studies have shown that the median delay 
between symptom onset and accessing subspecialty pulmonary care (by an ILD 
expert or transplant pulmonologist) is 2 years [ 8 ,  9 ] and that longer delays are asso-
ciated with a higher risk of death independent of lung function and age [ 9 ]. 

 While some clinicians have used failure of a trial of corticosteroids as an indica-
tion for transplant referral (as prior guidelines have suggested [ 10 ]), one arm of a 
recent clinical trial of immunosuppressive therapy for IPF was halted early when an 
interim effi cacy analysis indicated that increased mortality, hospitalizations, and 
adverse events were observed among study participants allocated to a combination 
of prednisone, azathioprine, and  n -acetylcysteine [ 11 ]. In the absence of the avail-
ability of an effective medical therapy for IPF, a trial of medical therapy should not 
delay referral of patients with IPF for transplant evaluation. 

 One recent study demonstrated that a higher titrated oxygen requirement (TOR) 
was associated with greater mortality in IPF, independent of forced vital capacity 
and 6-minute walk test results, with higher TOR values having greater specifi city to 
predict the risk of death [ 12 ]. It may be reasonable to include TOR in clinical deci-
sion making, but there are insuffi cient data to support TOR as a sole criterion to 
delay referral for transplantation. 

 Early referral for lung transplant evaluation allows suffi cient time for a thorough 
evaluation of the medical, surgical, and psychosocial candidacy of the patient, per-
mits longitudinal evaluation of progression by the transplant team, ensures adequate 
transplant-specifi c education, and avoids high-risk emergent transplantation of 
patients with severe hypoxemic respiratory failure. It is our recommendation that 
patients with IPF be referred for lung transplantation as soon as the diagnosis is 
made. In cases in which delayed referral is favored by providers, it is our opinion 
that referral should occur no later than upon determination that supplemental oxy-
gen is required during ambulation and/or exercise.  
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    Contraindications to Lung Transplantation 

 ISHLT-recommended contraindications to lung transplantation are listed in 
Table  18.2  [ 6 ]. There is general agreement that malignancy, severe chronic comorbid 
illness, psychosocial barriers, and the other absolute contraindications in Table  18.2  
should prohibit lung transplantation for most candidates. On the other hand, the bar-
rier that each of the relative contraindications listed in Table  18.2  poses to transplan-
tation will vary according to candidate- and center-specifi c characteristics. These 
relative contraindications are largely factors refl ecting body composition and surgi-
cal suitability that increase the risk of complications after lung transplantation.

   Older age is associated with shorter survival time after lung transplantation [ 13 ]. 
The median survival time for adults over age 65 is only 3.5 years compared to 6.7 
years for those age 35–49 (Fig.  18.2 ) [ 14 ]. Despite this increased risk, the propor-
tion of lung transplants performed for older individuals has increased over time: in 
2011, 26 % of all lung transplant procedures in the USA were performed for adults 
65 years of age and older [ 2 ]. The ISHLT guidelines state that age alone should not 
be used as the sole criterion to deny lung transplantation, but instead should be con-
sidered as one of the many factors when determining suitability for transplantation.

   Obesity, defi ned as a body mass index (BMI) >30 kg/m 2 , is an independent risk 
factor for increased early mortality and primary graft dysfunction after lung 

      Table 18.2    Contraindications to lung transplantation   

 Absolute contraindications 
 • Malignancy in the last 2 years, with the exception of cutaneous squamous and basal cell 

tumors. In general, a 5-year disease-free interval is prudent 
 • Untreatable advanced dysfunction of another major organ system (e.g., heart, liver, or kidney) 
 • Non-curable chronic extrapulmonary infection including chronic active viral hepatitis B, 

hepatitis C, and human immunodefi ciency virus 
 • Signifi cant chest wall or spinal deformity 
 • Documented nonadherence or inability to follow through with medical therapy or offi ce 

follow-up, or both 
 • Untreatable psychiatric or psychological condition associated with the inability to cooperate 

or comply with medical therapy 
 • Absence of a consistent or reliable social support system 
 • Substance addiction (e.g., alcohol, tobacco, or narcotics) that is either active or within the last 

6 months 

 Relative contraindications 
 • Age older than 65 years 
 • Critical or unstable clinical condition (e.g., shock, mechanical ventilation, or extracorporeal 

membrane oxygenation) 
 • Severely limited functional status with poor rehabilitation potential 
 • Colonization with highly resistant or highly virulent bacteria, fungi, or mycobacteria 
 • Obesity defi ned as a body mass index (BMI) exceeding 30 kg/m 2  
 • Severe or symptomatic osteoporosis 
 • Mechanical ventilation 
 • Suboptimal treatment of other medical conditions that have not resulted in end-stage organ damage, 

such as diabetes mellitus, systemic hypertension, peptic ulcer disease, or gastroesophageal refl ux 

  Table created with data from [ 6 ]  
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transplantation in IPF [ 15 ,  16 ]. The mechanisms underlying these fi ndings are not yet 
clear, but may involve secretion of pro-infl ammatory mediators from macrophages in 
adipose tissue [ 17 ]. The magnitude of harm from obesity in IPF may be substantial, 
with an estimated twofold increased risk of primary graft dysfunction and a 30 % 
increased risk of death, and it appears that obesity might account for as many as 20 % 
of all deaths in the fi rst year after transplantation for IPF [ 15 ,  16 ]. Based on these 
risks, mild elevations in BMI should not prohibit lung transplantation in all candi-
dates, but instead the risks associated with obesity should be balanced with other risk 
factors and the potential benefi t of transplantation for each individual candidate. In 
some cases, it may be reasonable to withhold lung transplantation from obese candi-
dates (particularly with severe forms of obesity) until weight loss has been achieved. 
Healthcare providers should provide counseling, and, when indicated, interventions 
in order to achieve a healthy weight for all patients with IPF should be recommended, 
regardless of disease severity. For a discussion of the impact of age and obesity in 
lung transplantation, we refer the reader to a recent review on this topic [ 18 ].  

    Candidate Evaluation and Timing of Listing 
for Lung Transplantation 

 Once referred for lung transplant evaluation, patients with IPF should undergo a 
thorough evaluation to determine if they are suitable candidates for lung transplan-
tation based on the selection criteria described above and in Table  18.2 . There are 

  Fig. 18.2    Unadjusted survival of adult lung transplant recipients in the ISHLT registry stratifi ed 
by age group, 1990–June 2009. The median survival time for lung transplant recipients over the 
age of 65 years is 3.5 years compared to a median survival time of 6.7 years for lung transplant 
recipients age 35–49. Reprinted from The Journal of Heart and Lung Transplantation, 30/10, 
Christie JD, Edwards LB, Kucheryavaya AY, Benden C, Dobbels F, Kirk R, et al., The Registry of 
the International Society for Heart and Lung Transplantation: Twenty-eighth Adult Lung and 
Heart-Lung Transplant Report—2011, 1104–1122, 2011, with permission from Elsevier       
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few published descriptions of the required elements of the evaluation of a lung 
transplant candidate, making the evaluation largely center specifi c. Candidate eval-
uation typically begins with a review of medical records to determine if any abso-
lute contraindications exist. If none are identifi ed, the candidate meets with a 
transplant pulmonologist, thoracic surgeon, and/or a transplant coordinator during 
which an extensive history and physical examination is performed, and the patient 
and his or her family are educated about the evaluation process, the transplant pro-
cedure, postoperative expectations, complications, post-transplant lifestyle changes, 
and survival statistics. In addition, this opportunity is taken to individualize the 
discussion of risks and benefi ts of transplantation and to discuss the patient’s spe-
cifi c barriers to transplantation (such as obesity, underweight, poor functional sta-
tus, and comorbidities), and recommendations to improve candidacy are made. 

 Following the initial consultation, patients typically undergo an extensive evalua-
tion to determine their suitability for lung transplantation (Table  18.3 ). Once the 
evaluation has been completed, the patient’s case is discussed at a multidisciplinary 
team selection meeting. If deemed a suitable candidate for transplantation, the patient 
is placed on the active waiting list for transplantation. Commonly, patients will not be 
deemed candidates until they complete miss components of the evaluation, achieve 
strict health-related goals (such as weight loss and participation in pulmonary 

   Table 18.3    Suggested evaluation of lung transplant candidates   

 Radiologic and functional studies 
 • Chest radiograph and high-resolution chest computed tomography scan 
 • Quantitative ventilation/perfusion lung scan 
 • Complete pulmonary function tests with arterial blood gas 
 • Cardiopulmonary exercise testing (if deemed necessary) 
 • 6-minute walk test 
 • Echocardiogram and electrocardiogram 
 • Right heart catheterization 
 • Left heart catheterization with coronary angiography in patients above age 45 or with risk 

factors for CAD 
 • Bone densitometry 
 • Barium esophagram 

 Laboratory evaluation 
 • Complete blood count, electrolytes, BUN/creatinine, liver function studies, fasting lipid profi le, 

quantitative immunoglobulin levels, viral serologies (HIV, HBsAg, HBsAb, HBcAb, HCV, 
HSV, CMV, EBV, VZV), toxoplasma antibody, aspergillus antibodies, blood type and screen, 
urinalysis, MDRD calculation of creatinine clearance, prostate-specifi c antigen (males over the 
age of 40), panel reactive antibody testing, and identifi cation of specifi c anti-HLA antibodies 

 • PPD testing 

 Consultations 
 • Psychosocial evaluation is completed by a transplant social worker and, if deemed necessary, 

supplemented by psychiatric evaluation 
 • Rehabilitation medicine 
 • Nutritionist, if deemed necessary on the initial nutritional screening 
 • Dental evaluation 
 • Ophthalmologic evaluation 

 Age- and gender-appropriate cancer screening 

18 Lung Transplantation for Idiopathic Pulmonary Fibrosis



370

rehabilitation), or until additional follow-up shows signs of disease progression. The 
timing of listing for lung transplantation is based largely on the estimated risk of 
respiratory failure and death for patients with IPF. Table  18.4  shows known predic-
tors of an increased risk of death in IPF that are recommended by the ISHLT as 
thresholds for listing patients with IPF for lung transplantation [ 6 ]. In addition to 
these criteria, patients with IPF who have an interval increase in oxygen requirements 
or develop pulmonary hypertension should also be considered for active listing for 
lung transplantation. Additional factors that might favor earlier listing for lung trans-
plantation (depending on local donor availability) include pre- sensitization to human 
leukocyte antigens, need for bilateral transplantation, and short stature.

        Deceased Donor Lung Allocation in the USA 

 Prior to 2005, allocation of deceased donor lungs in the USA was based on waiting 
time, with the highest priority given to those with the longest waiting time. Aside 
from a 90-day credit for patients with IPF, disease severity was not a factor in deter-
mining waiting list priority. In 1999, the US Department of Health and Human 
Services issued the “Final Rule,” which requires that deceased organ allocation sys-
tems de-emphasize waiting time and instead allocate organs based on “objective 
and measureable medical criteria… ordered from most to least medically urgent…” 
[ 19 ]. In response, UNOS/OPTN and the SRTR developed the Lung Allocation 
Score (LAS) system, which was put into place on May 4, 2005 [ 20 ]. The LAS sys-
tem prioritizes waiting list candidates based on two criteria: medical urgency (the 
predicted risk of dying within 1 year) and estimated transplant benefi t (the number 
of additional days of life expected from lung transplantation during the next year). 
Transplant benefi t is calculated as the difference between expected survival time 
after lung transplantation and expected waiting list survival time (medical urgency). 
Medical urgency and expected survival after lung transplantation are estimated 
from multivariable regression models that contain the predictors given in Table  18.5 . 
The LAS, which varies from 0 to 100, is then derived from output of these models. 
Those with the greater medical urgency and expected transplant benefi t receive 
higher LAS scores. After accounting for other criteria (geographic proximity to 
the donor, pediatric age, and blood type), deceased donor lungs are offered fi rst to those 
with higher LAS scores. The LAS has been updated since its inception to include 

  Table 18.4    ISHLT 
recommendations for the 
timing of listing for lung 
transplantation in IPF  

 Diffusing capacity of carbon monoxide of less than 39 % 
predicted 

 A 10 % or greater decrement in forced vital capacity during 
6 months of follow-up 

 A decrease in pulse oximetry below 88 % during 6-minute 
walk testing 

 Honeycombing on HRCT (fi brosis score of > 2) 

  Table created with data from [ 6 ]  
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the addition of the partial pressure of carbon dioxide in arterial blood, and the addi-
tion of serum bilirubin is planned (to aid the estimation of medical urgency for those 
with right heart failure due to pulmonary arterial hypertension). In addition, exten-
sive modifi cations to the LAS calculation are currently undergoing public comment 
and will likely be instituted in the near future.

   The LAS system has had a number of notable consequences overall and for 
patients with IPF in particular. First, the transplantation rate for actively listed 
patients has increased dramatically with the greatest increase observed among those 
with IPF (Fig.  18.3 ), leading to IPF becoming the leading indication for lung trans-
plantation in the USA (see Fig.  18.1 ) [ 3 ]. Second, waiting list mortality rates, which 
were decreasing prior to institution of the LAS system, have begun to increase, 
particularly for patients with IPF (Fig.  18.4 ) [ 3 ]. Whether this increase in waiting 
list mortality is due to removal of healthier patients from the waiting list, due to list-
ing of more severely affected patients, and/or an inadequate number of donors 
remains to be determined. Third, as discussed above, older patients are now being 
considered more commonly for transplantation, opening up this treatment modality 
to a wider pool of patients with IPF.

    While the LAS score appears to have increased the availability of transplantation 
for patients with IPF, concern remains that the scoring system—by preferentially 
emphasizing pre-transplant urgency—may be prioritizing those at highest risk for 
poor post-transplant outcomes. Indeed, one study suggested there might be higher 
rates of primary graft dysfunction and longer intensive care unit stays under the 
LAS system [ 21 ]. Two studies have also suggested that higher LAS scores are asso-
ciated with higher mortality rates after lung transplantation [ 22 ,  23 ]. These studies 
raise questions about the utility of a system that grants organs to the sickest patients, 
increasing the likelihood of performing “futile” transplantation (i.e., transplantation 
of a donor organ without a consequent prolongation of life). Development of inno-
vative methods to predict perioperative and post-transplant risk is under way and 
may ultimately lead to improved allocation methods and may aid in optimizing the 
timing of lung transplantation.  

   Table 18.5    Variables included in the LAS calculation   

 Category  Waiting list urgency  Post-transplant survival 

 Disease severity  Forced vital capacity  Forced vital capacity 
 Mechanical ventilation  Mechanical ventilation 
 Diagnosis  Diagnosis 
 Oxygen requirement  Pulmonary capillary wedge pressure 
 Pulmonary artery pressure 
 Partial pressure of carbon dioxide 

in arterial blood 
 Physiologic reserve  Age  Age 

 Functional status  Functional status 
 Diabetes mellitus  Serum creatinine 
 Body mass index 
 6-minute walk distance 
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  Fig. 18.3    Rate of lung transplantation for waiting list candidates in the USA stratifi ed by LAS diag-
nostic group, 1998–2009.  Group A , obstructive lung disease.  Group B , pulmonary vascular disease. 
 Group C , cystic fi brosis.  Group D , restrictive lung disease including IPF. Adapted from Organ 
Procurement and Transplantation Network (OPTN) and Scientifi c Registry of Transplant Recipients 
(SRTR). OPTN/SRTR 2010 Annual Data Report. Rockville, MD: Department of Health and Human 
Services, Health Resources and Services Administration, Healthcare Systems Bureau, Division of 
Transplantation; 2011. Available at   http://srtr.transplant.hrsa.gov/annual_reports/2010/chapter_index.
htm    . Accessed 31 May 2012       

  Fig. 18.4    Mortality rate of adults on the lung transplant waiting list, by LAS diagnosis group, 1998–
2009.  Group A , obstructive lung disease.  Group B , pulmonary vascular disease.  Group C , cystic fi brosis. 
 Group D , restrictive lung disease including IPF. Adapted from Organ Procurement and Transplantation 
Network (OPTN) and Scientifi c Registry of Transplant Recipients (SRTR). OPTN/SRTR 2010 Annual 
Data Report. Rockville, MD: Department of Health and Human Services, Health Resources and 
Services Administration, Healthcare Systems Bureau, Division of Transplantation; 2011. Available at 
  http://srtr.transplant.hrsa.gov/annual_reports/2010/chapter_index.htm    . Accessed 31 May 2012       
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    Types of Transplant Procedures 

 While fi ve different lung transplant procedures have been developed (see Table  18.1 ), 
the vast majority of lung transplant procedures performed in the modern era are 
either bilateral sequential lung transplantation or single lung transplantation. In gen-
eral, bilateral lung transplantation is indicated for patients with septic lung disease 
(such as bronchiectasis) and is preferred in patients with moderate-to-severe pulmo-
nary hypertension. In IPF, many patients are candidates for either a bilateral or sin-
gle lung transplant procedure, and there are advantages to each procedure: bilateral 
transplantation confers greater improvement in lung mechanics and avoids native 
lung complications (such as malignancy), while single lung transplantation is a sim-
pler, shorter operation with a shorter waiting time that leaves the recipient with 
native lung function that may aid gas exchange during allograft complications, such 
as primary graft dysfunction [ 24 ]. 

 The fi rst isolated lung transplant procedures were single lung transplant proce-
dures for IPF and other interstitial lung diseases [ 25 ,  26 ]. Over time, bilateral lung 
transplantation has become the preferred procedure for IPF in the USA (Fig.  18.5 ) 
[ 27 ], yet controversy remains regarding whether one procedure confers a survival 
benefi t over the other. The earliest report comparing single to bilateral lung trans-
plantation came from Washington University and found that among 45 patients with 
IPF who underwent lung transplantation between 1988 and 1998, single lung trans-
plantation was associated with longer survival time than bilateral lung transplanta-
tion [ 28 ]. An analysis of OPTN data comprising 821 patients with IPF who 
underwent lung transplantation between 1994 and 2000 also found that single lung 
transplantation was associated with improved survival compared to double lung 
transplantation only among patients younger than 50 (which may refl ect a popula-
tion enriched for ILDs other than IPF) [ 29 ]. In contrast, a report from Cleveland of 

  Fig. 18.5    Distribution of single and bilateral lung transplantation for IPF in the USA, 1998–2010. 
Data from the Organ Procurement and Transplantation Network       
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82 patients with IPF transplanted between 1990 and 2005 suggested that bilateral 
lung transplantation was associated with improved survival compared to single lung 
transplantation [ 30 ]. ISHLT registry data suggest that patients who have undergone 
single or bilateral lung transplantation for IPF have fared similarly over the fi rst 2 
years after lung transplantation, but that single lung transplant recipients have had 
higher risks of death after that time period [ 14 ].

   Observational studies of treatments are typically confounded by the indication 
for the treatment itself [ 31 ], making interpretation of these studies problematic. One 
group attempted to overcome this issue by performing an observational comparative 
effective study of single versus bilateral lung transplantation for IPF using OPTN 
data [ 27 ]. In propensity-matched analyses, single and bilateral lung transplant recip-
ients with IPF fared equally well, suggesting that earlier studies did not adequately 
take confounding factors (such as disease severity) into account. The authors did 
note a small increase in early mortality among bilateral recipients (perhaps related 
to surgical factors) and a small increase in late mortality (perhaps related to malig-
nancy) among single recipients. 

 In clinical practice, the decision to offer single or bilateral lung transplantation to 
patients with IPF is often informed by the presence of pulmonary hypertension and 
the candidate’s perceived surgical suitability for one procedure or the other. For 
candidates thought to be eligible for either procedure, single lung transplantation 
should be preferred, since the other lung could be used to transplant a second can-
didate, and available data suggest that overall outcomes are similar between proce-
dures. Indeed, patients with IPF listed for single lung transplantation have higher 
transplantation rates and lower waiting list mortality rates than those listed for bilat-
eral lung transplantation [ 32 ].  

    Outcomes and Complications of Lung Transplantation 

 Overall survival after lung transplantation has improved over time, with the median 
survival time improving from 4.7 years in the 1988 to 1994 ISHLT cohort to 5.9 
years in the 2000–2009 ISHLT cohort [ 14 ]. For patients with IPF, the historical 
median survival time is 4.5 years (see Fig.  18.2 ), and unfortunately patients with 
IPF have the lowest 5- and 10-year survival rates compared to patients with other 
diagnoses [ 14 ]. Risk factors for 1-year mortality after lung transplantation for 
patients with IPF include older age, mechanical ventilation or hospitalization at the 
time of listing, prior pregnancy, elevated bilirubin, and elevated creatinine [ 14 ]. 
Despite these risks, observational studies suggest that, on average, lung transplanta-
tion prolongs life for patients with IPF [ 1 ,  33 ]. 

 Most lung transplant recipients have improved functional status, with over 80 % 
of surviving lung transplant recipients having no activity limitation at 1, 3, or 5 
years after transplantation, and approximately 50 % of 5-year survivors work full or 
part time (or are retired) [ 14 ], suggesting a signifi cant personal benefi t of lung trans-
plantation to many recipients. 
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 Despite these benefi ts, lung transplantation carries signifi cant risk. During the 
fi rst post-transplant year, approximately 30 % of lung transplant recipients experi-
ence an episode of acute rejection and 60 % are re-hospitalized, most commonly for 
infection or rejection [ 14 ]. Metabolic and cardiovascular complications are also 
common, with 54 % developing systemic hypertension, 24 % developing chronic 
kidney disease, 29 % developing hyperlipidemia, and 30 % developing diabetes 
within 1 year of lung transplantation [ 14 ]. The leading causes of death in the fi rst 
year after transplantation are graft failure and non-CMV infection [ 14 ]. 

 The most feared complication of lung transplantation is bronchiolitis obliterans 
syndrome (BOS), a disorder recognized clinically as an irreversible reduction in 
FEV 1  below the post-transplant baseline (Table  18.6 ) that occurs in approximately 
50 % of lung transplant recipients by 5 years and 75 % by 10 years [ 14 ,  34 ]. BOS is 
often due to obliterative bronchiolitis and manifests as airfl ow obstruction, but alter-
native causes have been described [ 35 ] and a restrictive allograft syndrome without 
airfl ow obstruction is increasingly recognized [ 36 ]. BOS is likely a fi nal common 
pathway of multiple causes of airway injury, including alloimmune-mediated 
infl ammation, infection, and gastroesophageal refl ux [ 37 ], suggesting a variety of 
methods to potentially prevent BOS. Nevertheless, once BOS is present, there are 
(by defi nition) no known methods to improve lung function. BOS is often progres-
sive and is the leading cause of death after the fi rst year of transplantation [ 14 ].

       Summary 

 Lung transplantation is an effective therapy for highly selected patients with 
advanced IPF. Early referral to a lung transplant program should be considered for 
all patients with IPF. Because selection criteria continue to evolve, referring clini-
cians should consider referral of patients who may not have been candidates in past 
years, such as adults over the age of 70 and those with acute illness.     

  Table 18.6    Bronchiolitis 
obliterans syndrome (BOS) 
staging  

 
 BOS stage     FEV 1  criterion  FEF25-75 criterion 

 BOS 0  90 % or more of baseline  >75 % of baseline 
 BOS 0-p  81–90 % of baseline  ≤75 % of baseline 
 BOS 1  66–80 % of baseline  Any 
 BOS 2  51–65 % of baseline  Any 
 BOS 3  ≤50 % of baseline  Any 

  Adapted from The Journal of Heart and Lung Transplantation, 
21/3, Estenne M, Maurer JR, Boehler A, Egan JJ, Frost A, 
Hertz M, et al., Bronchiolitis obliterans syndrome 2001: an 
update of the diagnostic criteria, 297–310, 2002, with permis-
sion from Elsevier  
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    Abstract     Genomic-scale transcript profi ling approaches provide an unbiased view 
of the transcriptome of organs, tissues, and cells. Such technologies have been 
applied to the study of lungs and cells of patients with fi brotic lung disease and 
animal models of lung disease with the goal of detecting key molecules that play a 
signifi cant role in pathogenesis, identifying potential drug targets, and developing 
biomarkers of disease presence, progression, and outcome. Genomic profi ling stud-
ies have also been used to classify and distinguish different interstitial lung diseases 
such as IPF, nonspecifi c interstitial pneumonia (NSIP), lung fi brosis associated with 
scleroderma, and hypersensitivity pneumonitis (HP). In this chapter, we describe 
the progress and insights derived from applying genomic-scale transcript profi ling 
approaches to fi brotic lung diseases as well as the potential impact of new technolo-
gies and NIH-funded projects on the fi eld of genomics.  

  Keywords     Interstitial lung diseases (ILD)   •   Idiopathic pulmonary fi brosis (IPF)   • 
  Genome-scale transcript profi ling  

        Introduction 

 The central dogma of gene expression in eukaryote cells assumes that a process is 
initiated by a signal that triggers the transcription of a DNA sequence into messen-
ger RNA (mRNA), which is then translated to create a protein. Recent analyses 
suggest that this initial dogma may have been oversimplifi ed. Many other factors 
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may be involved that have a signifi cant role for epigenetic modifi cation of DNA by 
large and small noncoding RNA molecules and posttranslational mechanisms 
(Fig.  19.1 ). This new and complex image of gene expression is a direct result of 
genomics, a discipline that emerged out of the Human Genome Project [ 1 ], and the 
rapid spread of technologies that allowed for genome-scale transcript profi ling and 
variant calling, as well as the advanced computational and analytical methods that 
are required for this approach. This discipline, which is dedicated to the study of the 
sequence, expression, and function of multiple genes in parallel with the goal of 
understanding their biological function and interactions in health and disease, is 
rapidly becoming a key component of twenty-fi rst-century medical research and 
represents an important component of efforts to redesign the practice of medicine 
such that a more precise and personalized approach can be offered to patients. While 
genomics includes both genome-scale studies of genetic code (DNA) and tran-
scripts (RNA), because the DNA variant profi ling approaches fi t more readily into a 
discussion of the genetic sources of disease, we will mainly focus on advances in 
applying genome-scale transcript profi ling approaches in this chapter.

       Genome-Scale Transcript Profi ling 

 The concept of genome-scale transcript profi ling was initially developed as a slide 
hybridization-based gene expression detection technology. Gene expression 
microarrays were originally developed by Fodor and colleagues [ 2 ] and based on 

  Fig. 19.1    The new dogma of gene expression regulation has shifted from a linear view of DNA 
leading to RNA leading to protein synthesis to a complex model in which proteins and nonprotein 
coding RNAs act as regulators of genome expression potential on multiple levels       
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the principle of light-directed, in situ oligonucleotide synthesis with the later 
development of cDNA and oligonucleotide arrays [ 3 ,  4 ]. More recently, novel 
methods that utilize high-throughput sequencing technologies have been applied 
to genome-scale transcript profi ling. Such technologies, which will soon render 
gene arrays obsolete, provide transcript-level information that can be combined 
with gene structure information such as alternative splicing, information about 
noncoding RNAs, and posttranscriptional modifi cations, as well as genomic vari-
ants at the base-level resolution [ 5 ]. 

 Regardless of the technology, experiments are performed with RNA 
extracted from the tissue or cell of interest and depend on the purity and integ-
rity of the RNA. Genome-scale transcript profiling experiments measure the 
expression of a large number of transcripts (typically around 40,000–50,000), 
which generates a large amount of information that has to be preprocessed, 
analyzed, and validated before the results can be used. Obtaining the right 
information out of these large datasets represents the major challenge when 
analyzing such large genomic datasets. Before describing the most significant 
results obtained from genomic studies in lung fibrosis, it is critical to under-
stand the steps required after the completion of microarray experiments. These 
steps can be summarized as comprising three broad categories: quality assess-
ment, normalization, and statistical analysis. Because quality assessment and 
normalization approaches vary greatly with technology, they will not be dis-
cussed here. 

 Once the genomic dataset is (1) assessed for quality and normalized and (2) 
outliers and batch effects (if present) are handled satisfactorily, investigators can 
then proceed to perform statistical analyses. Different algorithms for statistical 
analyses can be used for genome-scale transcriptome data, and their use depends 
on the objectives of the study. Typically, the statistical algorithms used for gene 
expression profi ling in human disease can be grouped into four major study objec-
tives as defi ned by Simon and colleagues [ 6 ]: class comparison, class prediction, 
class discovery, and pathway analysis. Two additional study objectives may also 
be considered for inclusion in this group: outcome analysis and meta-analysis. 
Table  19.1  provides a description of the types of transcriptome study objectives 
and lists some of the available algorithms that can be applied to each type of 
objective. Some of these algorithms can be used independently, be part of a com-
putational software program (such as GeneSpring GX, Bioconductor [ 43 ], and 
BRB array tools [ 44 ]), or be used in a statistical environment, the most widely 
used being the R statistical environment [ 45 ]. However, regardless of the tools, 
attention to testing multiple hypotheses and using effective visualization are criti-
cally important.

   After the statistical analysis is completed, the number of differentially 
expressed transcripts may still be too large to validate and study in depth. 
Traditionally, two different approaches have been used to deal with this issue. 
One can use the reductionist or “cherry picking” approach versus the global or 
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“systems” approach [ 46 ]. In the “cherry picking” approach, researchers select 
differentially expressed transcripts for which there is prior biological knowl-
edge. Such transcripts are validated at the RNA and protein level if a given 
transcript is a coding RNA. Following this validation, in-depth in vitro and in 
vivo studies are required to determine its relevance to the disease. The fi ndings 
are then translated back to humans to confi rm an association with the disease of 
interest, and the transcripts’ potential use as a biomarker or as a therapeutic 
target is assessed. When using the global or “systems” approach, researchers try 
to study gene expression profi les as a unit by using the concept that differen-
tially expressed genes belong to a common pathway that is relevant to disease 
or that a number of genes can interact with each other depending on their pattern 
of expression. The global approach has been made possible with the use of gene 
ontology annotations, previously published knowledge of gene interactions, and 
pathway analysis with a focus on the identifi cation of differentially expressed 
genes occurring in the same molecular pathway. 

 Finally, the selection of relevant genes for validation can be facilitated with 
the integration of patient clinical information with the analysis of gene expres-
sion data, which can facilitate the identifi cation of profi les that characterize a 
clinical variable of interest. This is typically used to study gene profi les associ-
ated with response to drug therapy, disease severity and progression, and subse-
quent outcomes. 

 In summary, the analysis of genome-scale transcript profi ling experiments 
requires dedicated quality control, data normalization, and statistical analysis that 
are based on the objectives of the study. The selection of gene(s) for validation and 
potential translation to patient care can be facilitated using a reductionist approach, 
a global approach, or both. In addition, depending on the ultimate goal of the study, 
clinical variables could be introduced to the analysis of gene expression to ensure an 
easier translation to clinical practice.  

    The Contribution of Genomics to Our Mechanistic 
Understanding of Lung Fibrosis 

 In contrast to hypothesis-driven experimental approaches that are based on 
what is known, the results of genome-scale transcript profiling experiments 
often contain results that were unforeseen or even contrary to currently 
accepted paradigms. When one considers that many breakthroughs in modern 
medicine were the result of serendipity [ 47 ,  48 ], one could consider large-
scale genomic profiling experiments as a means that can introduce serendipity 
into pulmonary research and thereby identify new hypotheses and provide new 
insights. 
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    The Lung Phenotype in IPF Is Not a Result of Passive 
Accumulation of Extracellular Matrix 

 A passive accumulation of extracellular matrix was the dominant paradigm that was 
perceived to explain pulmonary fi brosis in the last decade of the twentieth century, 
and this explanation assumed that fi brosis and accumulation of extracellular matrix 
were the result of a protease–antiprotease imbalance. This concept was accompa-
nied by an apparent increase in the activity of naturally occurring inhibitors of 
metalloproteases accompanied by an associated reduction in the activity of matrix 
metalloproteases that was thought to lead to the accumulation of extracellular matrix 
[ 49 ]. This paradigm was supported by observations from a limited set of hypothesis 
based, albeit carefully designed experiments, but it was never tested in a global non- 
biased analysis of the lung environment in IPF. 

 When Zuo et al. [ 50 ] analyzed lung tissue of patients with IPF and compared 
them with healthy controls, they immediately noticed that multiple members of the 
matrix metalloproteinase (MMP) family (including MMP 1, 7, and 9) were upreg-
ulated at the mRNA and protein level in IPF lungs. Among the overexpressed 
genes in IPF, MMP-7 was the most informative and was localized to the alveolar 
epithelium, a fi nding that suggested an active role of the alveolar epithelium in the 
lung remodeling that characterizes IPF. Interestingly, MMP-7 knockout mice were 
relatively protected from bleomycin-induced fi brosis, suggesting the potential role of 
this protease as a regulator of fi brosis. Indeed, it is impressive that despite the fact 
that these original observations were obtained on a very small number of tissues, 
they have been repeatedly verifi ed [ 51 – 53 ]. 

 The proteolytic effects of MMP-7 can mediate the cleavage of molecules such as 
collagen type IV, aggrecan, laminin, fi bronectin, gelatin, entactin, decorin, tenascin, 
vitronectin, osteonectin, elastin, and SPP1 (among others) [ 54 ]. MMP-7 is also an 
example of a metalloprotease that may have regulatory effects that can be inferred by 
looking at its bioactive substrates that potentially include fi brosis-relevant proteins 
such as FAS ligand, β4 integrin, E-cadherin, pro-HB-epidermal growth factor, plas-
minogen, pro-TNF-α, pro-α-defensin, endostatin, syndecan, and insulin growth fac-
tor-binding protein-3 (IGFBP-3) [ 55 ]. While the local effects of MMP-7 overexpression 
in the alveolar epithelium in humans are not clear, evidence from mice concerning its 
regulation of neutrophil egress, regulation of dendritic cells, and activation of defen-
sins [ 56 – 58 ] suggests that it may have a signifi cant role in regulating the local infl am-
matory milieu. Its effect on SPP1 provides additional support in this regard [ 59 ]. 

 Other MMPs, including MMP 1, 2, 3, 9, 10, and 19 [ 49 ,  60 – 62 ], have been consis-
tently found to be increased in IPF lungs, and some of these proteins have been shown 
to be relevant to the pathogenesis of pulmonary fi brosis. As an example, Yamashita 
et al. demonstrated that rats transfected with an adeno-MMP-3 vector developed tran-
sient pulmonary fi brosis, and in vitro treatment of lung epithelial cells with MMP-3 
resulted in activation of the β-catenin signaling pathway followed by subsequent 
induction of epithelial-mesenchymal transition (EMT), which is one of the proposed 
mechanisms for the development of lung fi brosis [ 61 ]. More recently, after performing 
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microarray expression studies of the lung microenvironment obtained by laser capture 
microdissected lung tissue from IPF patients, our group identifi ed MMP-19 overex-
pression in hyperplastic epithelial cells from patients with IPF when compared with 
normal appearing epithelial cells. The presence of MMP-19 was confi rmed by immu-
nohistochemistry in hyperplastic epithelial cells that were overlying fi brotic areas, but 
in contrast to what was observed with MMP-7, MMP-19 knockout mice developed 
worse fi brosis when exposed to bleomycin, suggesting that MMP19 overexpression 
failed to provide protection. Thus, genome-scale transcript profi ling studies have led 
to a paradigm shift in the perception of the role of proteases in lung fi brosis, and 
instead of the simplistic protease–antiprotease imbalance paradigm, we now have a 
more complex understanding that suggests that proteases have multiple and some-
times opposing roles in lung fi brosis. The roles of these MMPs depend on their tem-
poral expression, the MMP-producing cell type and spatial distribution, and the 
availability of substrates [ 63 ]. 

 Genome-scale transcript profi ling studies have not only generated relevant infor-
mation regarding the presence and potential role of some of the MMP family mem-
bers in IPF but also opened a new biomarker fi eld for their use in IPF diagnosis, 
disease monitoring, and mortality prediction. Based on our previous fi ndings [ 50 ], 
our group applied a targeted proteomic approach and identifi ed a protein signature 
that includes MMP-1, MMP-7, MMP-8, IGFBP-1, and TNFRSA1F [ 53 ], and this 
signature was able to distinguish IPF from healthy controls with a sensitivity of 
98.6 % and specifi city of 98.1 %. Two members of this signature, MMP-1 and 
MMP-7, differentiated IPF patients from those with subacute/chronic hypersensi-
tivity pneumonitis (HP) with a sensitivity of 96.3 % and specifi city of 87.2 %. 
Increased concentrations of MMPs, including MMP-7, have also been shown in the 
bronchoalveolar lavage (BAL) of IPF patients [ 53 ,  64 ], confi rming that these mol-
ecules not only participate in disease pathogenesis but can also be used as makers of 
disease presence. More recently, we also demonstrated that increased plasma con-
centrations of MMP-7 at the initial clinical presentation were predictive of subse-
quent increased mortality in IPF [ 65 ], especially when MMP-7 was used along with 
clinical variables. These fi ndings have potential implications for risk stratifi cation, 
patient counseling, and prioritization for lung transplantation in the future. 

 Thus, the emergence of MMPs as mechanistically important in determining the 
lung phenotype in IPF and other interstitial lung diseases (as well as their role as 
new peripheral blood biomarker candidates) can be fully attributed to unbiased 
genome-scale transcript profi ling.  

    The Wnt Pathway in IPF 

 As previously discussed, one of the advantages of the “systems” approach over the 
“cherry picking” approach for genome-scale transcript profi ling is that by group-
ing differentially expressed genes in gene sets based on their attributes, research-
ers are allowed to identify pathways (and genes within the pathways) that 
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characterize the differences between the analyzed groups. This procedure enables 
the generation of new hypotheses regarding disease pathogenesis by focusing on 
pathways that were not considered relevant to the disease. This also helps research-
ers to focus on differentially expressed genes within a pathway that might other-
wise have been missed. 

 Following a “systems” approach, we reanalyzed the microarray datasets gener-
ated by our group using more powerful pathway analysis tools and, surprisingly, 
identifi ed a large number of developmental pathway genes [ 66 ]. Some of the 
development- related genes that were found overexpressed in IPF included members 
of transcription factor families (such as the Sry-related high-mobility group box and 
forkhead box) and genes related to the Wnt/β-catenin pathway [ 67 ]. In our analysis, 
the Wnt pathway was one of the most signifi cantly overexpressed pathways in IPF, 
and, interestingly, this was not the case in HP. 

 The Wnt pathway consists of a network of glycoproteins that are involved in 
embryogenesis and development, and this pathway was especially characterized 
after the identifi cation that a mutation in one of its genes, “Wingless,” was associ-
ated with the development of wingless  Drosophila melanogaster  fl ies (fruit fl y) 
[ 68 ]. The key player of the canonical Wnt signaling is β-catenin, which, after it 
accumulates in the cytoplasm, eventually translocates into the nucleus and interacts 
with transcription factors of the LEF/TCF family, which affects gene transcription 
[ 69 ]. Most Wnt proteins bind to the frizzled family of receptors and LRP5/6 co- 
receptors, and these, in turn, inhibit the phosphorylation and degradation of 
β-catenin, which allows its translocation into the nucleus [ 70 ]. Without Wnt signal-
ing, β-catenin is degraded by its destruction complex. 

 Experiments in mice have demonstrated that β-catenin is required for the normal 
differentiation of the bronchiolar and alveolar epithelium [ 71 ]. Wnt7b-defi cient 
mice exhibit impaired alveolar type I cell differentiation, have hypoplastic lungs, 
and die at birth of respiratory failure [ 72 ]. Similarly, Wnt5a-defi cient mice exhibit 
increased proliferation of lung epithelial and mesenchymal compartments and die 
shortly after birth due to respiratory failure [ 73 ,  74 ]. In humans, mutations and 
genetic variations in genes of the Wnt pathway have been associated with condi-
tions such as cancer, neuropsychiatric disorders, cardiac diseases, and bone disor-
ders [ 75 ]. Several reports that appeared following publication of our microarray 
fi ndings validated the increase of functional Wnt in IPF. Chilosi et al. demonstrated 
β-catenin accumulation in fi broblastic foci of IPF lungs and its expression co- 
localized with two Wnt downstream target genes (cyclin-D1 and MMP-7) in prolif-
erative bronchiolar lesions [ 76 ]. This report was followed by the fi ndings of 
Königshoff et al. who demonstrated the overexpression of Wnt1, 7b and 10b, Fzd2 
and 3, beta-catenin, and Lef1 expression in IPF lungs by qRT-PCR and localized 
Wnt1, Wnt3a, β-catenin, and Gsk-3β expression to alveolar and bronchial epithe-
lium by immunohistochemistry [ 77 ]. Along with the discovery of increased func-
tional Wnt in IPF, there is evidence of reversal of pulmonary fi brosis after the 
inhibition of Wnt/β-catenin [ 78 ]. Interestingly, MMP7, which was recently men-
tioned as both a mechanistically relevant molecule and a peripheral blood  biomarker, 
is a repeatedly validated Wnt pathway target gene [ 79 ]. 
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 In summary, the observation of overexpression of Wnt signaling in IPF suggests 
an aberrant activation of developmental pathways that are not usually involved in 
normal lung health. A better understanding of these mechanisms could lead to 
potentially effective therapeutic strategies for this devastating lung disease.  

    Apoptosis in Lung Fibrosis from a Genomic Perspective 

 Two studies using genomics-based approaches (and published only a month apart) 
confi rmed the role of apoptosis in IPF pathogenesis. Bridges et al. [ 80 ] performed 
microarray gene expression experiments with cells obtained from normal lung sam-
ples and compared them with cells from IPF lungs (including samples obtained 
from microdissected fi broblastic foci). They used class discovery (unsupervised 
clustering) and class comparison (t-test) analyses and identifi ed Twist 1 as one of 
the most consistently up-regulated transcription factors in the IPF lung. In this 
study, researchers determined that overexpression of Twist1 led to increased viabil-
ity of rat lung fi broblasts exposed to pro-apoptotic molecules (lipid 4-HNE and 
thapsigargin). However, lower concentrations of these proapoptotic stimuli resulted 
in a reduction  of Twist1, which in turn resulted in increased activity of caspase-3, 
which is a marker of apoptosis.. They also demonstrated that profi brotic growth fac-
tors such as platelet derived growth factor (PDGF) induced Twist1 expression in rat 
lung fi broblasts, which was necessary to protect these cells from apoptosis, particu-
larly in the continued presence of these growth factors. In summary, the results 
demonstrated an anti-apoptotic role of Twist1 by promoting fi broblast viability 
when these cells where exposed to growth factors.

  Our group corroborated the fi ndings confi rming the role of apoptosis in the 
pathogenesis of acute exacerbations of IPF [ 81 ]. We performed microarray experi-
ments and compared lung tissue of IPF patients with acute exacerbation of IPF, 
lung tissue from IPF subjects with stable disease, and non-IPF lungs with normal 
histology using a class comparison approach (signifi cance analysis of microarrays). 
A total of 579 genes were found to be differentially expressed between the lungs of 
patients with acute exacerbations of IPF versus patients with stable IPF; specifi -
cally, cyclin A2 (CCNA2), a cell cycle regulatory gene, was one of the top overex-
pressed genes in this signature and was localized to alveolar epithelial cells in 
subjects with acute exacerbations of IPF. Increased CCNA2 protein expression was 
localized to proliferating epithelial cells, and this fi nding suggests the presence of 
accelerated epithelial cell proliferation, which could potentially refl ect a compensa-
tory response to injured epithelium. The fi nding that lungs of IPF patients showed 
widespread apoptosis by in situ TUNEL assay was of even greater interest. Taken 
together, these observations suggest an aberrant proliferative response of the alveo-
lar epithelium in reaction to apoptosis during acute exacerbations of IPF.  
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    Global Analysis of IPF Lungs Reveals Dramatic Changes 
in Epithelial Cell Phenotype 

 While the histopathologic hallmark of IPF is the presence of fi broblastic foci, there is 
growing evidence of the role of the alveolar epithelium in the pathogenesis of IPF [ 82 , 
 83 ], and the observation that a large number of differentially expressed genes in IPF 
are localized to the alveolar epithelium supports this concept. We have demonstrated 
that MMP-1, MMP-7, and MMP-19 localize to the alveolar epithelium as do SPP1, 
N-cadherin, IGFBP-4, and CCNA2. Similarly, the Wnt pathway genes Wnt1, Wnt3a, 
β-catenin, and Gsk-3β have also been localized to the alveolar and bronchial epithe-
lium as well as HIF1A and VEGF [ 50 ,  59 ,  76 ,  77 ,  84 – 86 ]. Impressively, a global view 
of known epithelial cells in IPF (Fig.  19.2 ) demonstrates a shift in epithelial cell mark-
ers with a decline in traditional epithelial markers and an increase in markers that are 
not normally expressed. Many other genes that may be associated with preservation of 
a normal epithelial cell phenotype are differentially expressed in IPF, suggesting that 
key transcriptional events in IPF occur in an injured alveolar epithelium, which, in 
turn, responds with the expression of profi brotic markers.

  Fig. 19.2    Illustrative fi gure of changes in epithelial gene expression in IPF lungs. Genes known to 
be expressed in the epithelium were extracted from a larger microarray dataset. Increased shades 
of  yellow  mean increased gene expression,  gray  means unchanged, and increased shades of  purple  
decreased. Note the reduction in genes known to be expressed in type II cells and the change in the 
cytokeratin profi le of IPF lungs       
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       Gene Expression Profi ling and the Classifi cation of Interstitial 
Lung Diseases 

 The diagnosis of interstitial lung diseases in clinical practice can be challenging at times 
given the fact that some of the patients can present with radiological patterns that are 
inconclusive [ 87 – 89 ]. Further, in some cases, lung histology may show discordant pat-
terns such as a usual interstitial pneumonia (UIP) pattern in one lobe and a nonspecifi c 
interstitial pneumonia (NSIP) pattern in a different lobe from the same patient [ 90 ,  91 ]. 

 The diagnostic dilemma usually is more common when comparing cases of chronic 
HP, NSIP, and ILD associated with collagen vascular disease from those with IPF. One 
of the goals of genomic studies in ILD has been to fi nd transcript profi les that could dif-
ferentiate these entities in order to develop more accurate diagnostic strategies. We will 
discuss the gene expression studies addressing these issues in the following section.  

    Differences in Gene Expression Between IPF and HP 

 To study gene expression differences in lung tissue from patients with IPF 
versus patients with HP, our group performed gene expression microarrays and 
compared transcript levels using a class comparison ( t -test) and class prediction 
(threshold number of misclassifi cations—TNoM) approach and identifi ed 407 
genes that accurately distinguished IPF from HP [ 84 ]. The pathway analysis of this 
signature confi rmed the prior knowledge regarding the pathogenesis of these 
two entities. While the HP signature is characterized by enrichment of pathways 
associated with cytokine and T-cell activation, infl ammation, and humoral 
immune responses, the IPF signature is characterized by cell adhesion, extracel-
lular matrix, and smooth muscle differentiation as well as genes associated with 
lung development, heparin binding, enzyme inhibitor activity, and insulin 
growth factor binding [ 46 ]. It is clear after looking at the gene pathway differ-
ences between these two conditions that gene expression associated with infl am-
mation is more pronounced in HP, while increased expression of genes involved 
in matrix turnover and developmental pathways is more characteristic of IPF. 
These fi ndings are consistent with the knowledge that evidence of infl ammation 
in IPF is not as prominent as initially thought [ 92 ].  

    IPF and Familial Pulmonary Fibrosis (FPF) Are Unexpectedly 
Different While IPF and NSIP Are Unexpectedly Similar 

 Yang et al. [ 93 ] performed gene expression microarrays of lung tissue from 
patients with sporadic IPF, FPF, NSIP, and normal controls. However, because 
these investigators were unable to identify statistically signifi cant differences 
between IPF and NSIP, the results were considered somewhat disappointing but 
were in agreement with our prior observations [ 84 ]. An interesting fi nding was 
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the identifi cation of differentially expressed genes between sporadic IPF and 
FPF, diseases that have considerably more similarities than differences. While 
the genes distinguishing familial cases from the sporadic ones were part of the 
same functional pathways as genes distinguishing IPF from normal samples, 
they seemed to exhibit larger changes. One conclusion was that familial pulmo-
nary fi brosis may represent a more extreme molecular phenotype of the same 
disease process as sporadic IPF. However, while this is certainly possible, we 
suggest that the stage in the natural history of the disease when tissue sampling 
was performed may have played a role in these differences [ 94 ], because 50 % 
of the familial samples were obtained from open lung biopsies, whereas 90 % of 
sporadic cases were collected from explant or autopsy, suggesting that the dif-
ferences may be due to differences in disease stage.  

    Different Forms of UIP Share Very Similar Gene 
Expression Patterns 

 The UIP pattern in lung biopsies of patients with systemic sclerosis (SSc) can be 
indistinguishable from the UIP pattern of IPF patients [ 95 ], a fi nding that contrasts 
with the major clinical differences between these two entities. In an attempt to better 
elucidate the molecular mechanisms behind the differences in SSc and IPF, Hsu and 
colleagues [ 96 ] performed gene expression profi ling in patients with SSc and clas-
sifi ed patients as having a predominance of pulmonary fi brosis (with a UIP pattern) 
or as a pulmonary arterial hypertension (PAH) phenotype and compared them with 
lung tissue from IPF and idiopathic pulmonary arterial hypertension (IPAH) 
patients. Using a class comparison approach (effi ciency analysis and signifi cance 
analysis of microarrays), they identifi ed 242 differentially expressed genes between 
the studied subclasses of SSc patients. Focusing on the comparison that is relevant 
to our discussion and similar to what was observed between IPF and NSIP, the gene 
expression profi le of the UIP lung of IPF patients was very similar to the UIP lung 
of systemic SSc patients, with only 25 genes being uniquely expressed in IPF lung 
tissue and 20 genes uniquely expressed in the UIP lung tissue of SSc patients. 

 The authors of this study acknowledge that one of their limitations was the use 
of explanted lung tissue of patients undergoing lung transplant, which could repre-
sent end-stage disease, suggesting that comparisons in gene expression between 
SSc and IPF at earlier stages could potentially provide a better molecular character-
ization of these two entities.   

    Identifi cation of Gene Expression Profi les Associated 
with Disease Severity in the IPF Lung and Peripheral Blood 

 It has been shown that IPF patients have different patterns of disease progression. 
Although some patients can be stable for long period of time, others can quickly 
deteriorate or have an acute exacerbation and die as a consequence of an accelerated 
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disease course [ 97 ]. The recognition of this erratic clinical behavior of some IPF 
patients prompted Selman et al. [ 85 ] to study gene expression profi les of IPF patients 
with evidence of rapid progression (defi ned as symptoms starting 6 months prior to 
initial presentation) and compare them with IPF patients with slow progression 
(defi ned as symptoms present for more than 24 months) using a class comparison 
and class prediction approach. The investigators identifi ed a group of 437 differen-
tially expressed genes between these two patient groups. When a pathway analysis 
was performed, patients with evidence of rapid progression had overexpression of 
genes involved in morphogenesis, cancer, oxidative stress, cell proliferation, apop-
tosis, and genes from fi broblast/smooth muscle cells. The discovery of overexpres-
sion of genes associated with cell proliferation and apoptosis preceded the fi ndings 
by Konishi et al. [ 81 ] who demonstrated evidence of overexpression of cyclins (cell 
cycle regulators) along with overwhelming apoptosis in the lung of patients with an 
acute exacerbation. This observation again suggested the potential presence of aber-
rant proliferative responses in response to apoptosis in patients with rapid progres-
sion of their IPF. 

 Konishi et al. [ 81 ] discovered another interesting fi nding in the lung tissue of IPF 
patients with acute exacerbations; alpha-defensins, particularly defensin alpha 3 
(DEFA3) and 4 (DEFA4), were overexpressed, and these authors also demonstrated 
increased levels in the serum of these natural antimicrobial peptides, which are a 
component of innate immunity and participate in host defense [ 98 ]. Interestingly, 
defensins released in response to microbial invasion can activate an adaptive 
immune response [ 99 ], a mechanism that has been described in IPF [ 100 ], by 
attracting antigen-presenting dendritic cells to the site of invasion. Defensins are 
mostly expressed by neutrophils, epithelial cells, and paneth cells, and, interest-
ingly, they are activated via proteolytic cleavage by MMP-7 [ 58 ]. In summary, these 
fi ndings support the notion that defensins are not only surrogates of disease activity 
and severity, but they may also be closely associated with IPF pathogenesis. 

 The overexpression of defensins has been validated in the peripheral blood tran-
scriptome of IPF patients with evidence of advanced disease by Yang et al. [ 101 ]. 
These investigators performed gene expression profi ling of patients with IPF who 
were stratifi ed according to disease severity. They defi ned severe disease as DLCO 
≤35 % or FVC ≤50 % and compared them with IPF patients with mild disease that 
was defi ned as DLCO ≥65 % or FVC ≥75 %. They also compared these two sub-
classes of IPF patients with age and gender-matched healthy controls using a class 
comparison approach (signifi cance analysis of microarrays). When comparing 
patients categorized by percent-predicted DLCO ≥65 % with patients with DLCO 
≤35 %, the authors identifi ed 13 differentially expressed transcripts including 
DEFA3 and DEFA4. DEFA3 also differentiated mild and severe IPF cases from 
healthy controls, confi rming the relevance of defensins in IPF progression. 

 The functional analysis performed in the study by Yang et al. [ 101 ] using the 13 
differentially expressed transcripts differentiating mild and severe cases of IPF 
revealed a fi nding that is contradictory to our prior observations in lung tissue of IPF 
individuals. Specifi cally, they reported overexpression of genes associated with 
infl ammatory responses and immune traffi cking in the severe IPF group. While this 
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could represent evidence that infl ammatory responses are indeed potentially relevant 
in IPF, it can also indicate that a more infl ammatory phenotype is present in patients 
with more rapid disease progression. 

 Boon and colleagues [ 102 ] also studied and compared gene expression profi les 
from lung tissue of IPF patients with evidence of disease progression or relatively 
stable disease, defi ned respectively as FVC% and DLCO% decline ≥10 % and 
≥15 % versus decline of <10 % and <15 % over a 12-month period. For this study, 
the investigators used serial analysis of gene expression (SAGE), a technique that 
has the same goal of microarrays with the difference that SAGE sampling is based 
on sequencing of short tags of mRNA, while microarrays are based on hybridization 
of mRNAs to probes. Using a class comparison ( t -test) and class discovery (hierar-
chical clustering) approach, 134 differentially expressed transcripts distinguished 
the two cohorts. While this study is also limited by the small number of samples (six 
in each group), it certainly provided interesting fi ndings, because some of the over-
expressed genes in the group of patients with evidence of IPF progression included 
surfactant protein A1 (SFTPA1), SPP1, and heat shock 70 KDa protein 1A 
(HSPA1A) among others. These fi ndings correlated with previously noted associa-
tions of surfactant protein A levels in serum and autoantibodies against heat shock 
protein 70 (HSP70) with worse survival in IPF [ 103 ,  104 ]. We have previously 
reported consistent overexpression of SPP1 when analyzing gene expression pro-
fi les of IPF lung tissue compared to normal controls [ 59 ] and have also demon-
strated increased SPP1 levels in BAL of IPF patients. We also found evidence 
suggesting that SPP1 activates MMP-7 and co-localizes with this molecule in alveo-
lar epithelial cells of IPF patients, resulting in a profi brotic effect on lung fi broblasts 
and epithelial cells. Others have demonstrated the relative protection to bleomycin- 
induced fi brosis in SPP1 knockout mice and increased SPP1 levels in serum of 
patients with interstitial lung disease. In summation, this body of evidence suggests 
that SPP1 is not only relevant to the pathogenesis of IPF but could also be a poten-
tial biomarker for disease progression. Table  19.2  includes a summary of some of 
the most relevant molecules identifi ed in IPF (based on gene expression studies).

      Noncoding RNAs in IPF 

 One of the direct results of the Human Genome Project and the large next- 
generation sequencing studies that followed, including ENCODE [ 108 ], was the 
recognition that noncoding RNAs are critically important in determining cell and 
organ phenotype through their effects on gene and protein expression (see 
Fig.  19.1 ). While the data are only now emerging, it is already obvious that at least 
one family of noncoding RNAs, that of microRNAs, is critically important in IPF. 
MicroRNAs are small, noncoding RNAs (21–25 nucleotides) that bind via base 
pairing to the 3′ untranslated region of their target mRNAs. In most cases they 
repress gene expression by increasing mRNA degradation or by disrupting trans-
lation initiation [ 109 ]. In two recent studies that utilized different generations of 
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microRNA profi ling technologies, we determined that approximately 10 % of the 
microRNAs measured were differentially expressed in IPF [ 110 ,  111 ]. Our fi rst 
report focused on let-7d microRNA [ 110 ], an epithelial microRNA that is down-
regulated in IPF lungs, and found evidence that let7d is a modulator of transforming 
growth factor-β signaling and a sustainer of epithelial cell phenotype. Thus, when 
we inhibited let-7 microRNAs in vitro and in vivo, we found a change in epithelial 
cell phenotype with increased expression of mesenchymal markers and a pheno-
type consistent with EMT. We then focused on microRNAs increased in IPF lungs 
and identifi ed 43 signifi cantly upregulated microRNAs [ 111 ]. Over half of them 
were localized to chromosome 14q32. Among the increased microRNAs, mir-
154, which was increased in IPF fi broblasts, emerged as a regulator of fi broblast 
proliferation and migration through its permissive effect on WNT pathway activa-
tion in lung fi broblasts. This provides further supportive, evidence of aberrant 
WNT pathway activation in IPF. Several other studies suggested roles for mir-21 
[ 112 ], mir-200 [ 113 ], mir-31 [ 114 ], and the mir-17-92 cluster [ 115 ] and even sug-
gested a defect in microRNA processing in IPF [ 116 ]. Taken together, these studies 
indicate a profound dysregulation of microRNAs in IPF that may have signifi cant 
mechanistic roles and potentially therapeutic implications in IPF [ 117 ]. The 
recent recognition of the expression of microRNAs in the peripheral blood in 
other disease entities [ 118 ,  119 ] in addition to their potential role in the pathogen-
esis of lung fi brosis should encourage investigators to extend their studies to the 
blood. Finally, considering that microRNAs are only one family of microRNAs, it 
is highly likely that other noncoding RNAs, such as large intergenic, noncoding 
RNAs (lincRNAs), are also probably aberrantly expressed and functionally rele-
vant [ 120 ,  121 ].  

    Epigenomic Changes in IPF Lungs 

 Epigenetic mechanisms, such as DNA methylation and histone modifi cations, are 
key adaptive mechanisms by which lasting changes in cell or organism phenotypes 
are induced in response to environmental or other stresses without changes in DNA 
content [ 122 ]. In addition to several reports of changes in the promoter methylation 
state in specifi c genes in IPF [ 123 – 125 ], two recent reports have suggested that 
global methylation changes occur in IPF lungs [ 126 ,  127 ]. 

 Rabinovich et al. [ 127 ] employed Agilent human CpG Islands Microarrays 
and methylated DNA immunoprecipitation (MEDIP) to characterize both IPF 
and control lungs (this method applies antibodies to methylated cytosine to iden-
tify differential methylation). They identifi ed 625 differentially methylated CpG 
islands, some of which they then validated. Interestingly, they compared IPF 
methylation patterns to lung cancer or control samples and discovered that IPF 
lungs displayed an intermediate methylation profi le between lung cancer and 
controls with 402 differentially methylated CpG islands overlapping between 
IPF and cancer. Sanders et al. [ 128 ] utilized the bisulfi te conversion assay that 
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converts unmethylated cytosine into uracil and determined that 870 genes were 
differentially methylated. These authors identifi ed 16 genes with inversely 
related signifi cant changes in gene methylation and expression, 8 of which were 
previously shown to be associated with fi brosis. While at this stage it is impos-
sible to draw any fi nal conclusions from the small number of samples [ 129 ], both 
studies suggest that the changes in methylation, which represents one aspect of 
epigenetics, are indeed relatively signifi cant and justify additional forays into 
genome-scale profi ling of epigenetic changes in IPF.   

    Summary and Future Direction 

 In this chapter, we discussed the discipline of genomics and its impact on our 
understanding of fi brotic lung diseases with a focus on IPF, the most common and 
lethal idiopathic interstitial lung disease. Of genomic technologies, the technique 
that has had the greatest impact to date is genome-scale transcript profi ling using 
microarrays. Indeed, most of the signifi cant fi ndings (including the role of matrix 
metalloproteases, the role of developmental pathways such as the Wnt pathway 
and apoptosis, and the role of the alveolar epithelium) that have emerged from 
microarray experiments have fostered a paradigm shift in our understanding of 
the pathogenesis of IPF. 

 The contribution of genomic studies in fi brotic lung disease is not limited to 
pathogenesis. The transcript profi ling fi ndings also led to the identifi cation of MMP- 
7, one of the emerging peripheral blood biomarkers for IPF diagnosis and outcome 
prediction, as well as many other markers. Similarly, we reviewed the differences 
and similarities in gene expression profi ling between IPF and other forms of ILD as 
well as the identifi cation of gene expression profi les associated with disease severity 
in lung tissue and the peripheral blood of IPF patients. Although these results are 
less developed, they still highlight the depth of information that is relevant to this 
disease and can be gleaned from genome-scale transcript profi les, and these exciting 
fi ndings should serve to encourage larger and more detailed studies. 

 While the fi eld of genomics is continuously evolving and new discoveries in ILD 
are constantly appearing, extensively analysis and review of the available data, and 
at least from a “systems” perspective, has greatly advanced our knowledge of what 
characterizes abnormalities in the IPF lung. It is clear that new studies are required 
to provide an in-depth look into other less common forms of ILD and to explore the 
differences between the two physiologic extremes of pulmonary ailments, namely, 
the obstructive versus the restrictive lung diseases. Future study designs that may 
potentially impact the care of patients should include the use of large transcriptomic 
analyses of peripheral blood on a serial basis, because this could lead to the devel-
opment of biomarkers that provide a closer representation of disease activity and 
progression at the molecular level [ 130 ]. Additionally, it is also important to develop 
studies that integrate clinical data as well as other regulatory portions of the genome 
such as microRNAs and long intergenic noncoding RNAs. This integration has 
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already started with the fi nancial support of the National Institute of Health (NIH) 
through their funding of the Lung Tissue Research Consortium (  http://www.
ltrcpublic.com/    ) and the Lung Genomics Research Consortium (  http://www.
lung- genomics.org/    ), which    have generated genetic and genomic information of 
more than 700 lung tissues that are available to the public for data analysis. 

 Finally, it is critical for investigators and clinicians to push the integration of the 
genetic and genomic information into patient care. In addition to the fi ndings 
described within this chapter, several recent studies have applied genome-wide 
association studies to identify novel variants associated with IPF [ 131 ,  132 ]. So that 
the progress achieved in the discipline of genomics can materialize into meaningful 
change in how we manage ILD patients, it is essential that a concerted effort is 
undertaken, including “buy-in” and collaboration among clinicians, the scientifi c 
community, industry, and regulatory agencies. This chapter presents strong evi-
dence of the importance of the genomic fi eld to the study of lung fi brosis, its poten-
tial for translation into patient care, and the potential for ongoing development and 
discovery. However, all these efforts will be for naught if they are not focused on a 
specifi c cause and goal, which remains the optimal evaluation and treatment of 
patients with fi brotic lung diseases.     
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    Abstract     Idiopathic pulmonary fi brosis (IPF) is a progressive disorder with variable 
rates of disease progression (Raghu et al., Am J Respir Crit Care Med 183:788–824, 
2011). Development of therapeutic interventions has proven quite challenging, which, 
in part, refl ects the complex underlying biology, the diffi cult nature of identifying the 
optimal endpoints for pivotal studies, and the varying rate of disease progression (Raghu 
et al., Am J Respir Crit Care Med 185:1044–8, 2012). Over the past 10 years, signifi cant 
advances have occurred in the conduct of clinical trials in IPF (Luppi et al., Curr Opin 
Pulm Med 18:428–32, 2012). Table 20.1 enumerates published trials over this time 
period with characteristics of the individual studies. The advances included in these tri-
als include the adoption of guideline-based diagnostic criteria, standard approaches to 
initial evaluation and characterization of study subjects, and a robust methodology to 
study conduct. Numerous challenges remain, however, including identifying the opti-
mal primary endpoint(s) for late- stage development, the role of biomarkers or interme-
diate markers in clinical trials, defi ning disease progression in individual study subjects 
to allow study enrichment, and targeting novel pathways in future clinical trials. This 
chapter will describe the approach to diagnosis and characterization of study subjects, 
the approach to physiological assessment, and the modalities that are needed to design 
and conduct proof of concept (POC), early-phase, and late-phase therapeutic trials   .  

  Keywords     Biomarkers   •   Clinical practice guideline   •   Clinical trial   •   Endpoint 
determination   •   Idiopathic pulmonary fi brosis   •   Therapeutics  

     Idiopathic pulmonary fi brosis (IPF) is a progressive disorder with variable rates of 
disease progression [ 1 ]. Development of therapeutic interventions has proven quite 

    Chapter 20   
 Idiopathic Pulmonary Fibrosis Clinical Trials: 
Evolving Concepts 

             Fernando     J.     Martinez     

        F.  J.   Martinez ,  M.D., M.S.      (*) 
  Division of Pulmonary and Critical Care Medicine, Department 
of Internal Medicine ,  University of Michigan Health System ,   1500 E Medical 
Center Drive, Room 3916 TC ,  Ann Arbor ,  MI   48109-5360 ,  USA   
 e-mail: fmartine@umich.edu  

403K.C. Meyer and S.D. Nathan (eds.), Idiopathic Pulmonary Fibrosis: A Comprehensive 
Clinical Guide, Respiratory Medicine 9, DOI 10.1007/978-1-62703-682-5_20, 
© Springer Science+Business Media New York 2014



404

challenging, which, in part, refl ects the complex underlying biology, the diffi cult 
nature of identifying the optimal endpoints for pivotal studies, and the varying rate 
of disease progression [ 2 ]. Over the past 10 years signifi cant advances have occurred 
in the conduct of clinical trials in IPF [ 3 ]. Table  20.1  enumerates published trials 
over this time period with characteristics of the individual studies. The advances 
included in these trials include the adoption of guideline-based diagnostic criteria, 
standard approaches to initial evaluation and characterization of study subjects, and 
a robust methodology to study conduct. Numerous challenges remain, however, 
including identifying the optimal primary endpoint(s) for late-stage development, 
the role of biomarkers or intermediate markers in clinical trials, defi ning disease 
progression in individual study subjects to allow study enrichment, and targeting 
novel pathways in future clinical trials. This chapter will describe the approach to 
diagnosis and characterization of study subjects, the approach to physiological 
assessment, and the modalities that are needed to design and conduct proof of con-
cept (POC), early-phase, and late-phase therapeutic trials.

      Diagnostic Approach to IPF in Therapeutic Studies 

 The diagnostic approach to the idiopathic interstitial pneumonias and IPF in par-
ticular has been standardized by international respiratory societies over the past 
decade [ 1 ,  4 ]. These groups generally recommend the defi nition of the usual inter-
stitial pneumonia (UIP) pattern with either imaging (high-resolution computed 
tomography, HRCT) or surgical biopsy (Table  20.2 ). In principle, these approaches 
have been incorporated in therapeutic trials conducted over the past 10 years (see 
Table  20.1 ). The earlier methodological approaches (see Table  20.1 ) included com-
binations of HRCT and SLB fi ndings that were made operational in numerous ther-
apeutic trials (see Table  20.1 ). The more recent revisions have combined HRCT and 
SLB fi ndings, creating categories of defi nite, probable, or possible IPF. This latter 
approach has recently been incorporated into a series of therapeutic trials (see 
Table  20.1 ). Some therapeutic trials required minor HRCT abnormalities and surgi-
cal biopsy confi rmation of a defi nite UIP pattern [ 5 ,  6 ].

   The overall approach to IPF diagnosis has proven challenging, with only modest 
interobserver agreements between expert clinicians, radiologists, and pathologists 
[ 7 ,  8 ]. The level of interobserver agreement is even lower when comparing aca-
demic experts with community-based clinicians, radiologists, and pathologists [ 9 ], 
and the interpretation of HRCT can be particularly challenging in the setting of 
concomitant emphysema and lead to a decrease in interobserver agreement [ 10 ]. 
International consensus statements support the use of an iterative, interactive 
approach that includes all of these specialties [ 1 ]. One early study demonstrated 
reasonable concordance between study-site and core radiologists [ 11 ]. A separate 
multicenter group included central review of HRCT by a panel of three expert radi-
ologists and lung biopsy by three expert pathologists [ 8 ], and a prospective study 
has confi rmed that such an approach improves diagnostic agreement among partici-
pating physicians [ 7 ]. The therapeutic trials listed in Table  20.1  have taken varying 
approaches to the implementation of guideline criteria for IPF diagnosis. 
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 Future studies should ensure that a systematic approach to diagnostic criteria is 
adopted for inclusion of patients in clinical trials. A central approach that utilizes 
review of imaging and histopathological data enhances the likelihood that subjects 
will have a diagnosis that follows international guidelines, but this creates the issues 
of operational challenges and lesser generalizability. An approach that allows local 
interpretation and assessment of diagnostic criteria is easier to implement, but it will 
likely suffer from an increased rate of enrolling patients with inconsistent diagno-
ses. A hybrid model (as used by the IPFnet) is likely the best approach and utilizes 
intense training and retraining of local investigators (including radiologists and 
pathologists), central reading of primary data from the initially enrolled subjects at 
each site, and subsequent central reading of diagnostic tests from a random number 
of enrolled subjects. This approach to diagnosis in multicenter trials has proven 
straightforward and adaptable (Table  20.3 ).

       Characterization of Disease Severity in Clinical Trials 

 The approach to characterizing disease severity has varied in accordance with the 
intended target(s) of the therapeutic trial. In general, physiological severity classifi -
cation includes spirometric measurement (principally FVC; forced vital capacity) 
and assessment of gas exchange [ 12 ]. The former has been traditionally utilized as 
a measure of abnormal lung compliance and may be refl ective of the extent of fi bro-
proliferation and matrix deposition [ 13 ]. A lower baseline FVC has been associated 
with impaired mortality in cohort studies [ 12 ] and in several clinical trials [ 14 ]. Ley 
and colleagues, in a three-center study, identifi ed a decreased FVC as independently 
predictive of survival with thresholds of 50–75 % predicted and <50 % predicted, 
suggesting increasing risk of death [ 15 ]. Du Bois and colleagues examined results 
from two large IPF clinical trials and defi ned a risk prediction model for mortality 

    Table 20.3    Combining HRCT and pathology interpretation to determine if IPF is present in the 
IPFnet a    

 HRCT diagnosis  Pathology diagnosis  Diagnosis of IPF 

 Defi nite UIP  Defi nite UIP  Yes 
 Defi nite UIP  Probable UIP  Yes 
 Defi nite UIP  Possible UIP  Yes 
 Defi nite UIP  Not UIP  No 
 Defi nite UIP  Unavailable  Yes 
 Consistent with UIP  Defi nite UIP  Yes 
 Consistent with UIP  Probable UIP  Yes 
 Consistent with UIP  Possible UIP  No 
 Consistent with UIP  Not UIP  No 
 Consistent with UIP  Unavailable  No 
 Suggests alternative diagnosis  Any  No 

   a Adapted from [ 32 ]  
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at 1 year [ 14 ]. Baseline FVC was predictive in multivariate modeling (thresholds of 
<50, 51–65, and 66–79 % associated with progressively impaired survival). 
Numerous clinical trials have included FVC to confi rm “milder” disease. Future 
clinical trials should include this measurement to provide a simple measure of phys-
iological severity and to allow comparison to other clinical trials. 

 Gas exchange is most frequently assessed by recording the diffusing capacity for 
carbon monoxide (DLCO). This parameter tracks with the extent of parenchymal 
abnormality [ 13 ] as well as pulmonary vasculopathy [ 16 ]. Numerous cohort studies 
[ 12 ] and analyses from clinical trials [ 14 ] have suggested that lower baseline DLCO 
is associated with worse mortality. The work of Ley and Collard suggests that a 
DLCO <36–65 % predicted and ≤35 % are associated with increasing mortality 
[ 17 ]. Similar (but less predictive) results have been reported in the post hoc analyses 
of two large IPF therapeutic trials [ 14 ]. Diffi culty in the interpretation of this physi-
ological parameter is seen in the setting of IPF when coexistent emphysema is pres-
ent; the DLCO is disproportionately decreased in this setting [ 18 ]. Several clinical 
trials have utilized DLCO thresholds to defi ne “milder” disease (see Table  20.1 ), 
and some investigators have suggested that the composite physiological index 
(CPI), which includes FVC, DLCO, the FEV 1  and the extent of HRCT abnormality, 
allows a composite approach to address physiological severity in IPF patients with 
concomitant emphysema [ 19 ]. One recent IPF clinical trial that tested the role of 
sildenafi l in IPF used the DLCO as a key inclusion criterion (DLCO <35 % pre-
dicted) to enrich the population for subjects who were likely to have pulmonary 
vasculopathy [ 20 ]. Interestingly, an independent analysis of echocardiography in 
this study suggested that pulmonary hypertension, as defi ned by increased right 
ventricular systolic pressure or abnormal right ventricular structure or function, was 
only present in a minority of study participants [ 21 ]. Despite these limitations 
DLCO should routinely be measured at baseline to provide additional physiological 
assessment. 

 An additional physiological measure that serves as a measure of disease severity 
is assessment of exercise capacity. Early studies confi rmed that complex cardiopul-
monary exercise testing could be used to defi ne subjects with interstitial pneumo-
nias at risk of poor outcome [ 13 ,  22 ]. A more recent cohort study using the latest 
diagnostic criteria for IPF confi rmed that a maximal VO 2  less than 8.3 ml/(kg min) 
was independently associated with worse prognosis [ 23 ]. In an effort to utilize a 
simpler and more widely available measure, the 6-minute walk test has been used 
by numerous groups to assess disease severity. Several groups have suggested that 
this test is reproducible over a 1-week interval in fi brotic interstitial pneumonias 
[ 24 ] and that the distance walked can predict survival [ 25 ,  26 ]. Some groups have 
extended this to demonstrate that exertional desaturation portends a particularly 
poor prognosis [ 27 ,  28 ]. Although there appears to be a trough and ceiling to 
6- minute walk distance [ 29 ], this parameter has generally been utilized in IPF clini-
cal trials when the walk distance has been used as a key outcome (see Table  20.1 ). 

 As noted earlier the HRCT has been shown to be instrumental for the diagnosis 
of IPF, but its role for defi ning disease severity has proven controversial. One group 
has suggested that the typical HRCT features of UIP are associated with an impaired 
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prognosis (median survival 2.08 years) compared to IPF patients with a nondiag-
nostic HRCT whose diagnosis was confi rmed by histopathological assessment of 
surgical lung biopsies (median survival 5.81 years) [ 30 ]. In contrast, two other 
groups have not confi rmed that typical HRCT features are associated with impaired 
survival in a clinical trial [ 11 ] or in multicenter cohorts [ 31 ]. In clinical trials that 
have been reported to date, HRCT is generally utilized for its diagnostic value (see 
Table  20.1 ) and not usually as a measure of disease severity. A post hoc analysis in 
one therapeutic trial suggested that very mild HRCT disease (<5 % honeycomb 
change) was associated with a benefi cial response to bosentan [ 5 ]. A subsequent 
trial using this HRCT criterion did not confi rm this benefi cial effect [ 6 ]. In other 
therapeutic trials, HRCT has been utilized to exclude signifi cant concomitant 
emphysema because of its potential confounding effect given the inclusion of an 
antioxidant agent in the active drug combination [ 32 ].  

    Molecular Markers in Clinical Trials 

 Biomarkers are “characteristics that are objectively measured and evaluated as indi-
cators of normal biological processes, pathogenic processes, or pharmacological 
responses to an intervention” [ 33 ]. Biomarkers may (1) defi ne populations that 
respond to therapeutic interventions, (2) improve drug development, (3) predict dis-
ease progression and clinical outcomes, (4) document therapeutic effects, and (5) 
identify new biological pathways [ 34 ]. With regard to drug development, the Food 
and Drug Administration (FDA) will accept qualifi cation of a biomarker for several 
specifi c contexts of use, including (1) to stratify patient populations, (2) for dose 
ranging, and (3) as a measure of disease outcome. The availability of molecular 
biomarkers that enhance diagnostic criteria, defi ne individuals at risk of disease 
progression, and serve to defi ne therapeutic response or disease activity could revo-
lutionize the management of IPF patients and alter the design and conduct of clini-
cal trials [ 35 ,  36 ]. The development process for these molecular biomarkers has 
been facilitated by regulatory actions. The FDA and the Institute of Medicine pro-
vided a clear guideline for the identifi cation and development of relevant biomark-
ers. The evaluation framework includes (1) analytical validation, (2) qualifi cation, 
and (3) utilization [ 33 ]. The qualifi cation process has been facilitated by a clear 
guidance for industry by global regulatory authorities [ 37 ] (  http://www.ema.europa.
eu/ema/index.jsp?curl=pages/regulation/document_listing/document_list-
ing_000319.jsp&murl=menus/regulations/regulations.jsp&MCID=WC0b01ac058
0022bb0#    ). Qualifi cation means that regulatory bodies will accept results of clinical 
trial that use the biomarker within the context approved. 

 The development of biological markers in IPF has been the subject of much 
investigation, particularly circulating molecular biomarkers [ 35 ,  36 ]. However, 
diagnostic molecular biomarkers have been less robust, particularly when used to 
separate IPF from other diffuse parenchymal lung disorders [ 35 ]. Table  20.4  enu-
merates selected cohort studies that have studied a variety of circulating molecular 
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415   Table 20.4    Selected studies of circulating molecular markers in IPF a    

 Circulating marker  Diagnostic  Disease severity 
 Disease 
progression  Mortality  References 

 IL-8  Y  FVC, TLC, 
DLCO, 
PaO 2  

 Disease 
progression 

 –  [ 79 ] 

 Y  FEV1, FVC  –  –  [ 80 ] 
 KL-6  N  –  –  Y  [ 81 ] 

 N  –  –  –  [ 82 ] 
 Y  –  –  –  [ 83 ] 
 Y  –  –  –  [ 84 ] 

 SP-A  N  –  –  –  [ 82 ] 
 Y  –  –  –  [ 83 ] 
 –  N  –  Y  [ 85 ] 
 –  N  N  Y  [ 86 ] 
 –  N  N  Y  [ 87 ] 
 Y  –  –  –  [ 84 ] 

 SP-D  Y  –  –  –  [ 82 ] 
 Y  –  –  –  [ 83 ] 
 –  –  –  –  [ 85 ] 
 –  N  N  Y  [ 86 ] 
 –  N  Δ FVC/TLC  Y  [ 87 ] 
 Y  –  –  –  [ 84 ] 

 MMP-1  Y  N  –  –  [ 38 ] 
 MMP-7  Y  FVC/DLCO  –  –  [ 38 ] 

 –  –  –  Y  [ 88 ] 
 CCL 18  –  TLC, DLCO  Δ TLC  –  [ 89 ] 

 –  –  Δ FVC/TLC  Y  [ 89 ] 
 VEGF  –  N  Δ VC  –  [ 90 ] 
 YKL-40  –  N  –  Y  [ 91 ] 

 –  DLCO, AaDO 2 , 
PaO 2  

 –  –  [ 92 ] 

 Osteopontin  N  PaO 2   –  –  [ 93 ] 
 Periostin  Y  NA  Δ FVC/TLC  –  [ 94 ] 

 –  –  Disease 
progression 

 –  [ 95 ] 

 Napsin A  Y  FVC  –  –  [ 84 ] 
 cCK-18  Y  –  –  –  [ 96 ] 
 CEA  –  FVC/DLCO  –  –  [ 97 ] 
 CCN2 (CTGF)  Y  –  Δ FVC  –  [ 98 ] 
 Fibrocytes  –  N  –  Y  [ 99 ] 
 CD4:CD28+ T cells  –  FVC  Δ FVC/TLC  Y  [ 100 ] 
 Regulatory T cells  Y  FVC, DLCO  Δ FVC/TLC  –  [ 101 ] 
 Semaphorin 

7a + regulatory T 
cells 

 –  Disease 
progression 

 [ 102 ] 

 Red cell width  –  FEV 1 , DLCO  –  Y  [ 103 ] 
 Blood transcriptome  Y  DLCO  –  –  [ 104 ] 

  NA, not available 
  a Adapted from [ 36 ]  
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biomarkers in IPF. Those markers that aid in the diagnostic approach to IPF are the 
most limited, as the majority of series compare diseased subjects with normal con-
trols. Rosas and colleagues applied a targeted proteomic approach and identifi ed 
MMP-1 and MMP-7 among a series of circulating proteins that segregated IPF from 
controls and hypersensitivity pneumonitis; MMP-7 was also increased in subclini-
cal ILD as well as patients with clinically evident IPF [ 38 ]. Further work is required 
to determine if such a biomarker-driven approach improves diagnostic ability in 
future IPF clinical trials.

   The ability to defi ne disease course in individual IPF patients would signifi cantly 
enhance clinical care and improve our ability to defi ne subjects in clinical trials who 
are most likely to experience disease progression. Such subjects would represent 
those who are most likely to benefi t from therapeutic interventions, and focusing on 
this patient subset would improve the effi ciency of clinical trials, particularly earlier 
phase studies. As such, there has been intensive investigation that seeks to identify 
molecular biomarkers in the peripheral circulation that prove to be predictive of 
disease course. Table  20.3  enumerates the extensive work reported in the fi eld. It is 
evident that a series of circulating molecular biomarkers have been associated with 
varying physiological measures of disease severity, varying defi nitions of disease 
progression, and mortality. KL-6, SP-A, and SP-D have been studied for the longest 
time, but their acceptance has been limited by relatively small study cohorts and 
lack of robust replication [ 35 ]. Circulating CCL 18, YKL 40, and periostin have 
been related to disease progression, including mortality. Various circulating cells 
(including T cells, fi brocytes, and monocytes) have been associated with disease 
progression and/or mortality. Unfortunately, the lack of extensive validation in mul-
tiple cohorts has limited the broad acceptance of these markers in the clinical setting 
or in therapeutic trials, and none of these measures have been utilized as stratifi ca-
tion or enrichment modalities in clinical trials. It is clear that a concerted approach 
that includes investigators, trial sponsors, and regulatory authorities is vitally impor-
tant to extend these concepts and biomarker use into future clinical trials.  

    Endpoints in Clinical Trials 

 Table  20.1  supports the increasing interest among federal and industry sponsors in 
supporting clinical trials of novel therapeutic approaches in IPF. Also notable is the 
range in endpoints utilized by the various investigative groups and the predomi-
nantly negative results of the published trials. The reasons for the negative results 
have been discussed by others [ 3 ,  39 ], but these may refl ect ineffective therapies, the 
heterogeneity of the IPF population, or problems with the endpoints used to defi ne 
treatment response. The latter has led to an ongoing debate in the published litera-
ture [ 2 ,  39 – 42 ]. 

 There has been extensive guidance in the literature regarding the approach to 
defi ning the nature of endpoints in clinical trials. The ideal endpoint should be reli-
able, responsive to change in disease status, clinically meaningful, predictive of 
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   Table 20.5    Categorization of outcome measures, according to the level of evidence regarding 
effi cacy in selected cardiovascular, infectious disease, and pulmonary disorders a    

 Level 1. A true clinical effi cacy measure 
  Death 
  {Death or hospitalization}, in heart failure 
  (Death, lung transplantation, or hospitalization for pulmonary arterial hypertension) in PAH 
  (Cardiovascular death, stroke, or symptomatic myocardial infarction) in acute coronary 

syndrome 
  (Stroke or systemic embolic event) in atrial fi brillation 
  (Cough, dyspnea, chest pain, or fever [if defi ned as symptomatic warmth and chills]) in 

community-acquired pneumonia 
  Pain at the area of skin lesions in acute bacterial skin and skin structure infections 
 Level 2. A validated surrogate (for a specifi c disease setting and class of interventions) (when 

interventions are safe, with strong evidence that risks from off-target effects are acceptable) 
  Systolic and diastolic blood pressure, in multiple classes of antihypertensives 
  >40-m improvements in 6-minute walk distance, in pulmonary arterial hypertension 
  Human immunodefi ciency virus (HIV) infection, if the mechanism of the HIV prevention 

intervention only reduces susceptibility rather than impacting disease progression or 
infectiousness should infection occur 

 Level 3. A non-validated surrogate, yet one established to be “reasonably likely to predict clinical 
benefi t” (for a specifi c disease setting and class of interventions when interventions are safe, 
with evidence that risks from off-target effects are acceptable) 

  Large and durable effects on viral load, in some treatment of HIV infection settings 
 Level 4. A correlate that is a measure of biological activity, but not established to be at a higher 

level 
  CD-4 in HIV-infected patients 
  Fever (if defi ned as elevated body temperature) in community-acquired bacterial pneumonia 
  Decolonization of vancomycin-resistant enterococcus (VRE) in the gastrointestinal tract to 

prevent VRE bacteremia 
  Decolonization of  Staphylococcus aureus  in preventing wound or bloodstream infections 
  Antibody levels and cell mediated immune responses in vaccines for prevention of HIV 
  FEV 1  and FVC, in pulmonary diseases 
  Silent myocardial infarction in cardiovascular diseases 
  Negative cultures and polymerase chain reaction tests in treating various infectious diseases 

  Composite endpoints are denoted by { brackets } 
  a Adapted from [ 43 ]  

clinical outcome, and responsive to an intervention [ 40 ]. The most important char-
acteristic of an endpoint has been suggested to be that effects on the endpoint pro-
vide “reliable evidence about whether the intervention provides clinically meaningful 
benefi t” [ 43 ]. To extend this concept, the primary outcome measure in a defi nitive 
trial should be “a clinical event relevant to the patient” [ 44 ] or one that “measures 
directly how a patient feels, functions, or survives” [ 45 ]. Within this construct end-
points can be considered as primary, clinically meaningful endpoints, or surrogate 
endpoints [ 43 ]. The latter have been defi ned as outcomes that are “used as a substi-
tute for a clinically meaningful endpoint” [ 45 ]. An abbreviated list of outcome mea-
sures characterized as a four-point hierarchy in cardiovascular, infectious disease, or 
pulmonary disorders is enumerated in Table  20.5 .
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   The approach to the defi nition and validation of surrogate endpoints has been 
described by various investigators [ 43 – 45 ]. A guiding principle in these discussions 
includes the concept that “a correlate does not a surrogate make” [ 43 ]. Challenges 
in applying this principle include an understanding that biomarkers that are strongly 
correlated with clinical effi cacy but are not in the causal pathway of disease pro-
cesses may provide misleading information. Similarly, the multidimensionality of 
causal mechanisms in disease may prove challenging to the interpretation and appli-
cation of surrogate endpoints. The lack of knowledge about the magnitude and 
duration of effect on a disease pathway required to achieve a particular effect size 
also limits the ability to interpret and decreases reliability of trials designed with 
surrogate endpoints [ 43 ]. Ideally, one would have confi dence in the validity of a 
specifi c surrogate if there is a comprehensive understanding of (1) the principal 
pathways through which the disease process affects how a patient feels, functions, 
or survives; (2) the extent to which the biomarker captures “on target” effects of an 
intervention; and (3) the nature of “off-target” effects not captured by the biomarker 
[ 43 ,  46 ]. The application of these concepts to defi nition and validation of surrogate 
measures in IPF has proven particularly challenging. This, in part, refl ects a differ-
ence of opinion as to the meaning of the term “clinically meaningful” for IPF sur-
rogate endpoints and the level of validation required [ 2 ,  42 ]. 

 It is generally accepted that improving mortality with a therapeutic intervention 
would be seen as a robust clinical effect [ 2 ]. In fact, one therapeutic trial has been 
conducted with all-cause mortality as the primary endpoint [ 47 ]. The results of this 
groundbreaking study defi nitively answered ongoing controversy at the time con-
cerning the clinical effect and role of interferon gamma-γ as a novel therapeutic 
agent for IPF. In addition, the recent IPFnet STEP study failed to meet its primary 
endpoint, but it approached signifi cance on improving mortality, a predefi ned sec-
ondary endpoint [ 20 ]. The main diffi culty in requiring mortality as the primary end-
point in future therapeutic trials in IPF refl ects concerns raised by some investigators 
regarding the practicality of conducting such trials, particularly in patients with 
earlier-stage disease and lower rates of mortality events [ 41 ,  42 ]. 

 Hospitalization is considered an alternate, “clinically meaningful,” endpoint in 
IPF clinical trials [ 2 ]. The negative implications of these events are easy to interpret 
for patients and their caregivers. Furthermore, respiratory hospitalizations have 
been frequently reported in IPF patients participating in a clinical trial [ 48 ], and 
these events have been demonstrated to be predictive of 1-year mortality in the 
pooled data from two large clinical trials [ 14 ]. Critics have highlighted the limited 
data regarding the response to therapy of this clinical event in clinical trials and the 
variability in hospitalization use across a range of healthcare systems [ 42 ]. 
Importantly, hospitalizations have already been incorporated as primary endpoints 
in several clinical trials (see Table  20.1 ), and this endpoint has demonstrated nega-
tive treatment effects with active therapy in IPF in two recent clinical trials [ 32 ,  49 ]. 

 Patient-reported outcomes (PROs) are “any report of the status of a patient’s 
health condition that comes directly from the patient, without interpretation of the 
patient’s response by a clinician or anyone else” [ 50 ]. As such, these parameters 
would be relevant to defi ning how a patient “feels” and would be considered 
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clinically meaningful. Unfortunately, there are no validated PROs for use in IPF 
clinical trials. Two IPF-specifi c PROs have been developed (ATAQ-IPF and the 
SGRQi) but have not yet been validated for use in clinical trials [ 39 ]. Interestingly, 
instruments developed for use in the COPD patient population have demonstrated 
treatment responsiveness in an IPF therapeutic trial of sildenafi l [ 20 ]. 

 The major controversy revolves around the role of physiological tests as mea-
sures of treatment responsiveness. Some have considered these to be “clinically 
meaningful,” [ 41 ,  42 ] while others have considered these to be correlates of disease 
severity but not validated surrogate endpoints [ 2 ]. The FVC has been the most 
widely used physiological measure in clinical trials (see Table  20.1 ). The FVC has 
proven to be reliable with acceptable variation over time during short-term testing 
in the same IPF subjects [ 51 ,  52 ]. Several groups have demonstrated that serial 
changes in FVC are predictive of mortality in the clinical setting [ 29 ,  53 – 55 ], and a 
10 % decrement in this variable has proven particularly predictive. A recent analysis 
of data from two clinical trials supports these concepts [ 14 ,  52 ], and an additional 
analysis suggests that a relative change ≥10 % was more predictive of 2-year 
transplant- free survival than an absolute change in FVC [ 56 ]. In addition, several 
groups have suggested that changes in FVC as little as 5 % are predictive of survival 
in IPF patients [ 14 ,  52 ,  57 ]. FVC has proven responsive in some, but not all, recent 
therapeutic trials (see Table  20.1 ), including one with a threshold of 5 % [ 58 ]. The 
totality of these data has compelled some to consider FVC as a “clinically meaning-
ful” measure and an appropriate primary endpoint [ 41 ,  42 ]. 

 Unfortunately, there are limitations to the use of FVC in clinical trials, which has 
tempered the views of other investigators [ 2 ]. The robustness of the FVC as a mea-
sure of progressive disease is highly dependent on the presence of concomitant 
emphysema. Several groups have demonstrated that the combination of emphysema 
and IPF attenuates the change in FVC over time [ 59 ] and impairs the ability of lon-
gitudinal change in FVC to predict survival [ 60 ]. The lack of consistent therapeutic 
responsiveness of FVC to therapy has been highlighted by the markedly different 
responses noted in the two CAPACITY trials comparing pirfenidone to placebo. In 
two recent IPFnet studies, there was a marked imbalance in mortality between 
active treatment and matched placebo groups with no difference in FVC change 
between the study groups [ 32 ,  49 ]. Similarly, sildenafi l therapy resulted in little 
change in FVC in the IPFnet STEP trial, while sildenafi l improved health status and 
symptoms, and treatment with sildenafi l also showed a trend towards improved 
mortality [ 20 ]. These data argue against the FVC as a robust measure of therapeutic 
effect in the IPF patient. Although overinterpretation of the data as indicating an 
inability to detect a negative impact of therapy has been cautioned [ 41 ], it is notable 
that the deaths in the IPFnet studies were predominantly respiratory in nature, and 
this makes one unsure of the ability of the FVC to identify “off-target” effects of 
therapy in IPF patients. 

 The 6-minute walk distance has been advocated as a measure of functional 
capacity in the IPF patient [ 61 ]. As noted above, baseline distance and the presence 
of desaturation are predictive of mortality in clinical IPF cohorts. Longitudinal 
change in 6-minute walk distance and desaturation during testing has been shown to 
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be predictive of outcomes in the clinical setting [ 29 ]. Using data from clinical trials, 
the minimum important difference in distance walked has been suggested to range 
from 28 [ 62 ] to 45 m [ 61 ]. Unfortunately, responsiveness in IPF therapeutic trials 
has ranged from negative [ 5 ,  20 ] to, at best, inconsistent benefi t [ 63 ]. As noted ear-
lier, the IPFnet sildenafi l study demonstrated improvement in health status and 
symptoms despite showing little change in 6-minute walk distance [ 20 ]. 

 Composite endpoints have increasingly been touted as having the potential to 
serve as robust alternate measures of treatment effi cacy in clinical trials [ 40 ,  64 ]. 
Although this is an attractive approach, it must be noted that composites are limited 
by the components that comprise the endpoint. These components should be clini-
cally meaningful as individual endpoints and have similar clinical relevance. A 
robust literature has developed that highlights the limitation of composites in study 
design, conduct, and interpretation in a variety of settings [ 65 ]. Composites have 
been incorporated as primary endpoints in several IPF therapeutic trials (see 
Table  20.1 ) with inconclusive results.  

    Summary 

 Tremendous advances have occurred in understanding IPF biology and in develop-
ing promising therapeutic targets. Clinical trial design has advanced accompanied 
by a keen understanding of the diagnostic process among a range of clinical sites. 
Similarly, the approach to baseline characterization has been standardized among 
numerous trials. Major questions remain regarding the optimal endpoints in future 
clinical trials. It is likely that FVC serves as a reasonable endpoint for smaller phase 
II studies, particularly if biomarker strategies allow enrichment for subjects who are 
likely to experience disease progression over short-time frames. The optimal end-
point for pivotal, advanced-phase studies remains highly controversial with clini-
cally meaningful endpoints favored.     
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    Abstract     Idiopathic pulmonary fi brosis (IPF) is a fi brotic interstitial pneumonia 
of unclear etiology, and there is wide variability in clinical phenotype and rate of 
disease progression among patients who meet criteria for this diagnosis. In this 
chapter, we highlight the remaining challenges posed to basic and clinical research-
ers and discuss how these challenges might be best addressed in order to ultimately 
direct future care that leads to improved patient outcomes. We begin by describing 
avenues of future research in terms of biologic pathogenesis and genetics. From the 
clinical standpoint, we emphasize pathways that may lead to better classifi cation of 
distinct clinical phenotypes, studies that will defi ne more accurate clinical endpoints 
for clinical research, and interventions (including potentially preventive measures) 
that may decrease the tempo of disease progression. Lastly, novel therapies, includ-
ing monoclonal antibodies in early clinical trials and regenerative strategies, are 
discussed. In this way, we encompass what is on the horizon for IPF research and 
treatment.  
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        Introduction 

 Idiopathic pulmonary fi brosis (IPF) is currently defi ned as a chronic and progressive 
fi brotic interstitial pneumonia of unclear etiology. In the appropriate clinical setting, 
a precise pattern of “defi nite” usual interstitial pneumonia (UIP) is a required fea-
ture in high-resolution computed tomography (HRCT) images of the lung and/or in 
surgical lung biopsy for an accurate diagnosis of IPF [ 1 ]. A multidisciplinary dis-
cussion among experts in interstitial lung disease (pulmonologists-radiologists- 
pathologists) can arrive at an accurate diagnosis using clinical and radiographic data 
with various combinations of defi ned patterns of UIP on HRCT and pathology [ 1 ]. 

 While the recent evidence-based guidelines have provided criteria to arrive at an 
accurate diagnosis of IPF, the heterogeneity of the patient population that includes 
sporadic and familial IPF and diversity in the rate of disease progression is evident. 
Currently, there are no predictable biomarkers that can be reliably used in clinical 
practice to identify the subpopulations of patients with IPF. Efforts to further sub-
classify patients with distinct phenotypes and to enhance diagnostic specifi city are 
warranted. This will be largely dependent on further understanding of the pathogen-
esis of the disease, how environmental and genetic factors confer risk to disease 
development, and how these variables affect prognosis. On the basis of this knowl-
edge, new treatment strategies may be developed for a disease in which the median 
survival is only 2–3 years from the time of diagnosis with the limited current man-
agement options [ 2 ]. In this chapter, we discuss prospects to pursue future avenues 
for both basic science and clinical science research with the hopes of enhancing 
clinical management and improving outcomes for patients with IPF.  

    New Directions in Basic Science: Disease Pathogenesis 
and Genetics 

 The pathologic hallmark of IPF, usual interstitial pneumonia (UIP), is characterized 
by temporal heterogeneity of histologic abnormalities with the abrupt transition of 
fi brosis, sub-epithelial fi brotic foci, and microscopic honeycombing to adjacent 
areas of normal pulmonary parenchyma. This occurs mainly in the sub-pleural 
areas, especially in the lower lobes. Often the fi brotic foci are made up of activated 
myofi broblasts and are located adjacent to areas of apparent epithelial damage. This 
has led to the hypothesis that recurrent micro-injuries to the epithelial barrier of the 
alveolar wall trigger aberrant mesenchymal changes leading to fi brosis and loss of 
gas exchange units. Restoration of the structural integrity and functional status of 
the alveolar wall requires epithelial cell regeneration, remodeling of the basement 
membrane of the alveolar wall in the damaged lung, switching the proliferating 
mesenchymal cells to quiescent stages of the cell cycle, decreasing synthesis of 
extracellular matrix, and degrading the excessive extracellular matrix deposited in 
the pulmonary parenchyma. From our perspective, we believe that considering 
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IPF as a neo-proliferative disorder of the lung will provide a platform for fruitful 
scientifi c research that will lead to the development of novel anti-fi brotic agents for 
patients with this devastating disease. Indeed, IPF and cancer both share fundamen-
tal pathogenic hallmarks including genetic alterations, response to growth and 
inhibitory signals, resistance to apoptosis, myofi broblast origin and behavior, 
altered cellular communications, and intracellular signaling pathways [ 3 ]. 

    Genetics 

 Recent genetic approaches have been focused on large-scale unbiased association 
studies to identify genes that may affect risk and epigenetic changes that may repre-
sent lasting genetic modifi cations of environmental exposure. The future lies in vali-
dation of these genetic markers, understanding the mechanisms behind their 
associations, and further development of epigenetics as a method that leads to a 
better understanding of the interaction between genes and the environment. 

 Genetic associations with the development of sporadic IPF thus far are few and 
include  TERT  mutations and  MUC5B  [ 4 ,  5 ]. Genome-wide association studies to 
identify genes important to the development of IPF have thus far been underpow-
ered and the mechanisms of the associations only putative. Future studies should 
include genome-wide association studies with larger sample sizes to facilitate and 
enhance the detection of signifi cant gene aberrations. Additionally, exome sequenc-
ing could be employed, since this technology sequences only the coding regions of 
the genome and enhances the ability to capture lower frequency variants that may 
have larger effects. 

 In addition to more detailed genetic studies, the future of understanding gene- 
environment interactions may rely on epigenetics. Epigenetic regulation takes place 
with changes in DNA methylation, histone modifi cation, or microRNA (miRNA) 
expression that can lead to heritable changes without causing changes in DNA con-
tent. However, environmental factors can also result in epigenetic changes that are 
long lasting and may lead to changes in gene expression. To date, two large epigen-
etic studies in an IPF population have found several genes with differential methyla-
tion [ 6 ,  7 ]. However, there was no signifi cant overlap in gene methylation patterns 
between the two studies. Future research must focus on whether there are notable 
changes in corresponding gene expression and how this mechanistically relates to 
the pathogenesis of IPF.  

    Myofi broblast Origin and Behavior 

 The activated myofi broblast drives extracellular matrix deposition and remodeling, 
which is key to the pathogenesis and pathobiology of IPF. Understanding which 
cells transition to this damaging phenotype is important to our understanding of the 
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basic biology of IPF. Importantly, preventing or reversing this transition could 
provide a therapeutic strategy for IPF patients. There is evidence that a diversity of 
cell types may contribute to the activated myofi broblasts in these fi broblastic foci, 
including alveolar epithelial cells, mesenchymal cells, mesothelial cells, and circu-
lating stem cells [ 8 ]. 

 Alveolar epithelial cells may be a source of activated myofi broblasts through a 
process called epithelial-mesenchymal transition (EMT). While in vitro data are 
strong, studies in vivo have yet to show that alveolar epithelial cells can acquire a 
full mesenchymal phenotype. Further research will need to delineate whether type I 
or type II alveolar epithelial cells have differing transitional potential, which may 
depend, at least in part, on variable mesenchymal gene expression amongst the alve-
olar epithelial cells. Additional studies will also need to address whether these cell 
types occur in vivo in IPF patients. 

 Mesenchymal cells themselves may take on a more aggressive phenotype. 
Patients with IPF have been found to have an invasive fi broblast present that was 
dependent on the hyaluronan-producing enzyme, hyaluronan synthase 2 (HAS2) 
[ 9 ]. While this is one potential mechanism, other means by which mesenchymal 
cells may be activated or induced into a more proliferative and invasive phenotype 
are not known. Another type of mesenchymal cell, the pericyte, may play a role in 
IPF. Pericytes have been more extensively studied in kidney fi brosis, where they are 
felt to be a major source of collagen production. Future research is needed to better 
characterize this cell type and explore its role in IPF. 

 Given the sub-pleural location of fi brosis in UIP, the ability of mesothelial cells 
to contribute to the activated myofi broblast population is currently under investiga-
tion. These pleural-derived cells are able to migrate into lung parenchyma, and sec-
tions of lung from IPF patients show mesothelial cells in fi brotic areas [ 10 ]. Future 
research will need to validate and further delineate to what extent this cell type plays 
a mechanistic role in the development of pulmonary fi brosis. 

 Much of our understanding described above has been derived from studies using 
bleomycin-induced lung injury models in mice or rats. While it is well recognized 
that bleomycin-induced “pulmonary fi brosis” is by no means a model for IPF, one 
of the essential future avenues of research will be to establish an improved model 
that demonstrates histological features of UIP. This should incorporate new knowl-
edge of genetic susceptibility and include the use of aging mice or, potentially, aged 
relaxin-defi cient mice, which acquire a phenotype that is similar to IPF [ 11 ]. In this 
way, future research efforts can be focused on a model of pathogenesis that more 
closely mimics human disease, thereby enhancing its relevance.  

    Altered Signaling Pathways and Gene Expression 

 One of the interesting recent discoveries in IPF pathogenesis has been the recogni-
tion of reactivation of developmental signaling pathways—again mimicking cancer 
biology. These pathways include Sonic hedgehog (SHH) [ 12 ], Notch [ 13 ,  14 ], and 
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Wingless protein (Wnt) [ 15 ], which are all variably involved in lung development. 
Activation of these pathways has been suggested to contribute to the pathologic 
processes of fi broblast activation and EMT. Although these signaling pathways are 
complex, further delineation of which facets of these pathways lead to accumulating 
fi brosis will be important and may lead to additional therapeutic targets. 

 Additionally, soluble mediators of fi brosis have been discovered and have led to 
the development of new therapeutic targets. Lysophosphatidic acid (LPA) is one of 
these soluble mediators that inhibits apoptosis in fi broblasts and mediates fi broblast 
recruitment [ 16 ,  17 ]. Another soluble mediator, lysyl oxidase-like 2 (LOXL2), is an 
amine oxidase that participates in cross-linking of the extracellular matrix compo-
nents, collagen, and elastin. A monoclonal antibody to LOXL2 has been shown to 
inhibit lung fi brosis in mice [ 18 ]. Connective tissue growth factor (CTGF) is a pep-
tide mitogen that promotes the production and deposition of collagen and fi bronec-
tin. Bronchoalveolar lavage cells from patients with idiopathic pulmonary fi brosis 
showed higher expression of CTGF as compared to controls, while CTGF has also 
been shown to accumulate in murine bleomycin models [ 19 ,  20 ]. Lastly, serotonin 
induces fi broblast proliferation via its receptors specifi c to the lung [ 21 ]. Dissecting 
the roles of these mediators is key to future research, as they make excellent poten-
tial therapeutic targets that might modify the activation and recruitment of fi bro-
blasts and extracellular matrix deposition. Humanized monoclonal antibodies to 
LPA, LOXL2, and CTGF are in clinical development and are discussed further in 
the treatment section below. 

 Altered intracellular signaling may also be affected by miRNAs. These are very 
small, noncoding RNAs that regulate the translation of messenger RNAs (mRNAs) 
by translational suppression or transcript degradation. In IPF, several miRNAs have 
been associated with the modulation of fi brosis by either enhancing [ 22 ,  23 ] or sup-
pressing the fi brotic process [ 24 ,  25 ]. Whole lung tissue RNA samples comparing 
10 IPF patients and control subjects on a miRNA microarray showed that 18 miR-
NAs were signifi cantly decreased in IPF [ 22 ]. These authors showed that one of 
these miRNAs, let-7D, was downregulated by TGF-β(beta). Additionally, inhibition 
of let-7D led to increases in multiple mesenchymal markers, and in vivo inhibition 
of let-7D caused alveolar septal thickening and increases in collagen, ACTA2, and 
S100A4 expression in an alveolar epithelial cell line. Other miRNAs have been 
shown to be decreased in IPF fi broblasts and to negatively regulate fi brosis, includ-
ing miR-200 and miR-31 [ 24 ,  25 ]. These studies suggest that miRNAs may be 
important regulators of many of the pathways known to be involved in IPF, and 
further insight into their effects may also lead to novel therapeutic possibilities.  

    Altered Cellular Communication 

 Integrins are transmembrane glycoprotein receptors that mediate adhesion to a vari-
ety of extracellular matrix proteins. One of these integrins is α(alpha)Vβ6, which is 
expressed by lung epithelial cells and induces TGF-β in cultured lung epithelial 
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cells [ 26 ]. A monoclonal antibody against αVβ6 has been shown to prevent 
radiation- induced pulmonary fi brosis [ 27 ] and to reduce bleomycin-induced colla-
gen deposition [ 28 ]. Interestingly, knockout mice for the β(beta)6 subunit have 
enhanced pulmonary infl ammation in response to bleomycin [ 26 ] .  Targeting αVβ6 
as a therapeutic strategy is currently under investigation in IPF clinical trials. 

 One of the yet unstudied pathways in IPF pathogenesis is the ability of ongoing 
cellular damage to seemingly evade the adaptive immune response, which is similar 
to a neoplastic state. T regulatory cells, a lymphocyte key to immune homeostasis, 
have been shown to be impaired in limiting infl ammation when obtained from BAL 
fl uid from patients with IPF [ 29 ], and there is also evidence that extracellular matrix 
components can modulate T regulatory cell responses [ 30 ,  31 ]. Additionally, circu-
lating CD4 +  T cells with downregulated CD28 [ 32 ] have been associated with a 
poor prognosis in IPF. Potentially harnessing the immune response to detect aber-
rant matrix production could lead to future therapeutic strategies, but research in 
this area has yet to be pursued.   

    New Directions in Clinical Science of IPF: 
Clinical Management 

    Diagnosis and Identifi cation of Phenotypes 

 There are relatively new data suggesting that serum proteins and peripheral blood 
cell populations may be able to detect disease risk, onset, and progression, although 
these have not yet been validated in clinical populations. Not only would the identi-
fi cation of accurate biomarkers be an advance for patient care, it would offer the 
possibility for monitoring disease progression or potentially provide a surrogate 
endpoint in research studies. The biomarkers established thus far as candidates can 
be separated into those that identify disease susceptibility, facilitate diagnosis, or 
provide a prognosis. Ideally, useful and validated biomarkers could be used in the 
future to more accurately predict slow progressors versus rapid decliners as well as 
to identify those at high risk to have an acute exacerbation of IPF.  

    Biomarkers: Personalized Molecular Approaches 
with Signature Signals 

 Biomarkers that provide signatures for the presence of IPF have been found when 
these patients are compared to healthy control subjects. However, many of these 
proteins are also increased in smokers and other forms of ILD, which limits their 
utility. To truly identify a signature for IPF or subcategorize patients with IPF, it 
may be necessary to combine serum markers with genetic or expression profi les. 

C. Mikacenic and G. Raghu



433

One example of this next-generation approach using proteomics found a protein 
signature to distinguished IPF from other lung diseases, including COPD, sarcoid-
osis, and hypersensitivity pneumonitis [ 33 ]. The proteins MMP-8, IGFBP-1 and 
TNFRSA1F, MMP-1, and MMP-7 were identifi ed as part of this protein signature 
[ 33 ]. Using combinations of these biomarkers and clinical factors may help with 
prognostication for individual patients. For example, one study combined MMP-7 
levels with gender, % predicted FVC, and % predicted diffusion capacity for carbon 
monoxide (DLCO) to create a personal clinical and molecular mortality prediction 
index that had a C-index for early mortality of 84 [ 34 ]. It will be essential to study 
these biomarkers longitudinally in patients over time, as these proteins may or may 
not be related to the pathology of IPF and may not fl uctuate appropriately with dis-
ease activity. 

 In an attempt to fi nd biomarkers that can differentiate individuals with stable 
disease versus progressive disease, gene expression profi les using both transcrip-
tome and targeted approaches have been used. The fi rst transcriptome was devel-
oped by comparing lung biopsies at the time of IPF diagnosis between those with 
stable disease versus progressive disease [ 35 ]. This study was able to develop a 
molecular signature, but given the small sample size of original subjects used to 
develop the signature and the small number of subjects in an independent cohort 
used to test the signature, the utility remains unknown. Another transcriptome was 
developed using gene expression profi les from peripheral blood RNA collected from 
IPF patients with mild or severe disease and healthy controls [ 36 ]. When severity of 
disease was classifi ed as % predicted DLCO, 13 differentially expressed gene tran-
scripts were found. Again, utility of this signature requires future validation in larger 
cohorts. Using a more targeted approach, Toll-like receptor 9 (TLR9) expression 
was studied on the basis of its ability to promote myofi broblast differentiation in 
lung fi broblasts cultured from biopsies of patients with IPF [ 37 ]. TLR9 expression 
distinguished between rapidly versus slowly progressive forms of IPF. These studies 
suggest that differential expression of genes in IPF patients may predict disease 
progression. However, for clinical utility, larger cohorts will need to be studied in a 
longitudinal manner with validation in independent patient populations.  

    Monitoring and Assessment of Treatment Response by Clinically 
Meaningful Endpoints for Phase III Clinical Trials 

 Ideally, a clinically meaningful endpoint should directly measure how a patient 
feels, functions, or survives [ 38 ]. For IPF, measures of patient-related outcomes, 
such as quality of life or how the patient perceives and reports his or her own symp-
toms (e.g., dyspnea/cough), are not frequently incorporated into clinical studies. 
Much of this may be because tools to measure these outcomes that are specifi c for 
IPF patients have not been validated. Because this is fundamental to our ability to 
improve the quality of a patient’s life, these tools should be developed and validated 
in the near future. 
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 In terms of functional assessment of IPF patients, the 6-minute walk distance 
(6MWD) has been used in some clinical trials. However, the variability in conduct-
ing this test amongst various treatment centers is a problem and limits its practical 
use as a meaningful endpoint. An absolute need to develop surrogate endpoints for 
a clinically meaningful endpoint such as survival continues to persist for this patient 
population. However, simple correlation of a surrogate endpoint with a clinical end-
point is not adequate. Validation requires evidence that an intervention on the clini-
cally meaningful endpoint is reliably predicted by the effect of the intervention on 
the surrogate endpoint. For example, it is unknown if improvement in FVC, a fre-
quently used endpoint, reliably predicts decreased hospitalization, and this is a topic 
that is highly debated [ 39 ,  40 ]. For this reason, validation of novel surrogates that 
accurately predict meaningful clinical effects are necessary for the future of clinical 
trials and IPF research in general. 

 In essence, combinations of biomarkers, clinical measures, and patient-reported 
outcomes will be the key to the future for patients and clinical researchers to best 
assess meaningful predictors of prognosis. Development of accurate quality of life 
and other patient-reported measures and validation of surrogate endpoints are key to 
the future of clinical IPF research.   

    Novel Treatment Strategies 

 Idiopathic pulmonary fi brosis is characterized by distortion of the pulmonary archi-
tecture and lung destruction. Treatment strategies, therefore, typically aim to arrest 
disease progression rather than to restore the lung to its normal architecture and 
function (Fig.  21.1 ). In the future, we should focus on taking a more personalized 
treatment approach that is based upon an improved understanding of genetics, the 
identifi cation of truly useful biomarkers, and devising regenerative strategies.

      Novel Monoclonal Antibodies 

 Monoclonal antibodies may provide a patient-specifi c approach and are therefore an 
exciting future therapeutic direction. There are currently several monoclonal anti-
bodies that are being studied in patients with IPF including anti-IL13, anti-CCL2, 
and anti-TGF-beta. Other novel targets for monoclonal antibodies in IPF have been 
found and are under investigation (including antibodies against LOXL2, CTGF, and 
αVβ6). 

 A monoclonal antibody against the LOXL2 is in early stages of entry into the 
pharmacologic pipeline. This enzyme cross-links collagen and has been shown to 
be upregulated in IPF [ 18 ] as well as in fi brotic liver diseases [ 41 ]. In a murine 
model, a monoclonal antibody against LOXL2 can attenuate fi brosis due to bleomy-
cin injury [ 18 ]. A phase I trial in IPF is currently underway with this monoclonal 
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antibody (GS-6624), to determine safety and pharmacologic properties in adult sub-
jects (NCT01362231). 

 Connective tissue growth factor (CTGF), a peptide that promotes the produc-
tion and deposition of collagen and fi bronectin, is a relatively new target for ther-
apy. A monoclonal antibody to CTGF has been studied in other fi brotic diseases 
and is now under study in IPF for safety, pharmacokinetics, and biologic activity 
(NCT00074698). 

 The integrin, αVβ6, which is highly expressed by lung epithelial cells in a state 
of infl ammation and known to promote fi brosis, provides another novel therapeutic 
target [ 26 ,  27 ]. It is hoped that the recently initiated and ongoing phase II clinical 
trial using humanized monoclonal antibody against αVβ6, STX-100, will yield use-
ful biomarkers and clinical signals that lead to phase III clinical trials. Ideally, tar-
geting this pathway will modulate the pathobiology of IPF and improve outcomes 
that are clinically meaningful for patients with the disease (NCT01371305).  

    Regenerative Strategies 

 In the fi brotic lung, the use of stem cell populations to regenerate normal, functional 
lung tissue is a desirable future treatment option. One of the most studied cell popu-
lations is mesenchymal stem cells (MSCs) originating from multiple tissues includ-
ing bone marrow, adipose tissue, and cord blood. These cells are pleiotropic and 

  Fig. 21.1    Future directions in IPF therapy: concepts in modulating some pathways in the patho-
genesis and therapeutic strategies. In a genetically predisposed host, recurrent epithelial and base-
ment membrane injury activates cells to produce proinfl ammatory and pro-fi brogenic molecules 
(TGF-β). Via epithelial–mesenchymal (EMT) transition or from other cell sources, activated myo-
fi broblasts form aggregates of fi brotic foci with fi broblast recruitment, proliferation, and deposi-
tion of extracellular matrix (ECM). Anti-gastroesophageal refl ux (GER) therapy or monoclonal 
antibodies to the integrin αVβ6, lysophosphatidic acid receptor (LIPAr), lysl oxidase-like-2 
(LOXL2), and connective tissue growth factor (CTGF) may interrupt these pathogenic processes       
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also bear immunomodulatory properties. The ability of MSCs to fully differentiate 
into alveolar epithelial cells remains a subject of debate [ 42 ]. In murine studies, the 
ability of bone marrow-derived MSCs and cord blood MSCs to attenuate experi-
mentally induced lung injury has been shown on multiple occasions [ 43 – 45 ]. 
However, it is unknown whether it is the immunomodulatory effects of the MSCs or 
the MSCs ability to differentiate that explains this attenuation. 

 Importantly, the safe delivery of MSCs to patients with idiopathic pulmonary 
fi brosis has not been demonstrated. Trials in patients with graft-versus host disease, 
multiple sclerosis, and Crohn’s disease have suggested both safety and effi cacy 
[ 46 – 48 ]. Clearly, the ability to repair and restore normal lung epithelium would be 
ideal, and this possibility will continue to drive future research.  

    Preventive Measures: Gastroesophageal Refl ux 

 Abnormal gastroesophageal refl ux (GER) is highly prevalent in patients with idio-
pathic pulmonary fi brosis, and notably the majority of these patients have asymp-
tomatic GER [ 49 ,  50 ]. Mechanistically, abnormal GER via chronic tracheobronchial 
aspiration is thought to induce the pathologic changes common in IPF. Animal 
models of gastric aspiration support this hypothesis. Furthermore, a retrospective 
cohort study of IPF patients suggests that the use of anti-refl ux medications or fun-
doplication not only is associated with prolonged stabilization and lower radiologic 
fi brosis scores but also independently predicts survival time in patients with IPF 
[ 50 ,  51 ]. 

 Further understanding of the pathologic mechanisms of GER is important, as this 
may help direct future treatment strategies. It is not known whether GER contrib-
utes to the profi brotic phenotype of alveolar epithelial and mesenchymal cells and/
or contributes to epithelial-mesenchymal transition in IPF. Additionally, GER 
includes acidic and alkaline components as well as pepsin,  Helicobacter pylori , and 
bile salts. How these various components might modify the development of fi brosis 
is unknown. Recent studies have demonstrated the presence of pepsin in bronchoal-
veolar lavage fl uid obtained from patients manifesting acute exacerbations of IPF 
[ 52 ]. Therefore, microaspiration has been implicated in the pathogenesis of IPF as 
well as acute exacerbation of the disease [ 53 ]. 

 Future clinical studies should be directed at the correlation of molecular markers 
of GER, including pepsin,  Helicobacter pylori , and bile salts with differential gene 
expression in airway epithelial cells from patients with IPF. This might enable the 
identifi cation of a molecular signature refl ecting airway epithelial cell dysfunction. 
Importantly, human studies will need to address whether GER and the treatment of 
GER modulates established molecular biomarkers of IPF disease activity. 

 Antiacid treatment in patients with IPF epitomizes a well-known aphorism in 
medicine: “prevention is better than the cure.” Most drugs being tested in IPF aim 
to slow disease progression by targeting fi broproliferation, synthesis, and deposi-
tion of extracellular matrix in the lung. In addition, most clinical trials in IPF have 
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not demonstrated any benefi cial effect on clinically meaningful outcomes such as 
acute exacerbations. Treatment with antiacid therapy, if effective, would be unique 
in that its presumed mechanism of action would be through the prevention of further 
insults to the IPF lung, which may be due to the attenuation of an important stimulus 
that can promote a fi broproliferative response. Future prospective clinical trials of 
anti-refl ux therapies, both medical and surgical by Nissen fundoplication, should 
directly address whether treatment will improve survival in IPF.   

    Summary 

 In summary, the future of IPF should be focused on better delineation of subcatego-
ries of patients so that we can best address how to improve both the quality and 
duration of life. In the not so distant future, our goal should be to direct the care of 
our patients with an integrated approach using information regarding their genetic 
predisposition, comorbid conditions including GER, and serum biomarker levels. 
We should aim to prevent manifestations of IPF in genetically susceptible individu-
als with measures such as avoiding exposures to known extrinsic environmental 
factors and/or intrinsic environmental factors such as silent GER and microaspira-
tion. Ideally, by using novel information from genetics and biomarkers, we will be 
able to subcategorize IPF patients who may respond to specifi c targeted therapies 
with monoclonal antibodies. There is reason to be optimistic that signifi cant prog-
ress will soon be made at both the bench and the bedside and that effective treat-
ments will be discovered and made available to improve outcomes for patients with 
this devastating disease.     
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