
Chronic Allograft
Dysfunction

Christiane Knoop, MD, PhD*, Marc Estenne, MD, PhD
KEYWORDS

� Lung transplantation � Chronic lung allograft dysfunction
� Bronchiolitis obliterans � Bronchiolitis obliterans syndrome
� Neutrophilic reversible allograft/airways dysfunction
� Macrolides
Bronchiolitis obliterans (BO) in the context of lung
transplantation was first described in 1984 at
Stanford University in a patient who developed
progressive airflow obstruction after heart-lung
transplantation.1 Lung biopsies revealed intralumi-
nal polyps of fibromyxoid granulation tissue, which
tended to obliterate the lumen of terminal bronchi-
oles, and dense submucosal eosinophilic fibrous
scars (Fig. 1). Since this early report, BO has
been recognized as the major complication and
the leading cause of death after lung
transplantation.2

Because the small airway lesions have a patchy
distribution, they can hardly be demonstrated by
transbronchial lung biopsies (TBBs), which have
a low sensitivity (28%) and specificity (75%).3 As
a result, in order to establish the diagnosis of BO
without the need for open lung biopsy, the Interna-
tional Society for Heart and Lung Transplantation
(ISHLT) proposed in 1993 a clinical definition
based on pulmonary function criteria. The term,
bronchiolitis obliterans syndrome (BOS), was
coined to identify patients with a progressive and
irreversible decline in forced expiratory volume in
one second (FEV1). In the initial classification,
BOS was divided into 4 stages based on the
degree of loss in FEV1 compared with the best
postoperative value. In the updated classification
proposed in 2002, a potential BOS (BOS 0-p)
stage—defined by a decline in FEV1 or in midexpir-
atory flow rates (FEF25-75)—was added to detect
early but potentially important changes in pulmo-
nary function (Table 1).4 Several conditions
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needed to be satisfied for a patient to be classified
in the staging system: (1) the functional loss had to
be present for at least 3 weeks to exclude an
acute, reversible process; (2) the loss had to
include a decrease in both FEV1 and FEV1/vital
capacity ratio (ie, patients with a loss in FEV1 in
the context of a restrictive ventilatory defect are
not considered as having BOS), and (3) confound-
ing conditions that may produce a decrease in
FEV1 (eg, infection, acute rejection, anastomotic
complications, disease recurrence, and progres-
sion of native lung hyperinflation in patients with
single-lung transplantation [SLT] for emphysema)
needed to be excluded.

Transplant centers worldwide have adopted this
staging system as a descriptor of chronic lung allo-
graft dysfunction. This proved useful because it
provided a common language to classify patients
and compare results between programs. Several
limitations, however, have become apparent in
recent years. First, many patients who have con-
founding conditions cannot be staged for BOS.
Second, as the experience with lung transplanta-
tion accrued, an increasing number of patients
presented with forms of chronic allograft dysfunc-
tion that did not comprise all the characteristic
features of BOS. Several types of chronic allograft
dysfunction, which differ from BOS, were identi-
fied in the past years. These include (1) a reversible
phenotype characterized by airway neutrophilia
and functional improvement with azithromycin
(AZM), (2) a phenotype characterized by a restric-
tive ventilatory impairment associated with upper
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Fig. 1. Histological picture of post-transplant BO. The
lumen of the bronchiole is almost totally occluded by
fibromyxoid granulation tissue.
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lobe fibrosis or persistent parenchymal or pleural
abnormalities, (3) exudative or follicular bronchioli-
tis, and (4) large airway stenosis/malacia. This
review deals primarily with classical BOS, which
has been more extensively studied, but other
recently described presentations of chronic allo-
graft dysfunction also are addressed.

THE CLINICAL SPECTRUM OF CHRONIC
ALLOGRAFT DYSFUNCTION
Classical BOS

In the registry report of the ISHLT published in
2010,2 freedom from BOS in a cohort of 12,058
patients followed between April 1994 and June
2009 was 89.7% at 1 year, 67.4% at 3 years,
51.2% at 5 years, and 24.8% at 10 years after
surgery. These percentages represent a clear
decrease in the prevalence of the complication
compared with earlier series. Yet BOS remains
by far the most significant long-term complication
and the leading cause of late death after lung
transplantation, accounting for 20% to 30% of all
deaths after the third postoperative year.2
Table 1
Bronchiolitis obliterans syndrome classification syste

1993 Classification

FEV1 80% or more of baseline

BOS 1 FEV1 66% to 80% of baseline

BOS 2 FEV1 51% to 65% of baseline

BOS 3 FEV1 50% or less of baseline

Data from Estenne M, Maurer JR, Boehler A, et al. Bronchiolit
criteria. J Heart Lung Transplant 2002;21:297–310.
BOS may affect all lung transplant recipients
irrespective of donor and recipient character-
istics, type of transplantation, and pretransplant
disease. The clinical presentation of BOS is
heterogeneous.5 The type of presentation, the
time from transplantation to onset, and the rate
of progression are all variable between patients
(Fig. 2). BOS may present as an acute illness
and imitate a respiratory infection,5 but in most
patients it starts as an asymptomatic process
that produces an insidious decline in lung function.
In approximately 20% of patients, BOS develops
within 2 years of transplantation (early-onset
BOS), but the vast majority of patients develop
the complication at a later point in time.2,6 Some
patients present with a substantial loss of lung
function and are already in BOS stage 2 or 3
(high-grade onset) at presentation whereas others
show a slow decline over time.6 In a study by
Jackson and colleagues5 56% of 204 patients
who developed BOS showed a sudden drop in
FEV1, whereas 18% presented with a smooth
linear decline; time to BOS onset was longer in
the latter group. Acute rejection during the first 6
months was significantly associated with acute
onset of BOS. Auscultation of the lungs is often
normal, but squeaks and coarse crackles may be
heard. High-resolution CT may reveal air trapping
(Fig. 3) and bronchiectasis,7,8 without significant
parenchymal infiltrate. As the disease progresses,
permanent airway colonization with pathogens,
such as Pseudomonas aeruginosa and Aspergillus
fumigatus, frequently develops. Survival at 5 years
after diagnosis ranges from 26% to 43%,6,9–11 and
survival at 5 years after transplantation is 20% to
40% lower in patients with, compared to patients
without, BOS.11 There is also evidence that the
number of respiratory infections and the aggres-
siveness with which they are treated have an
impact on BOS progression.9 In addition to repre-
senting a major obstacle to long-term survival,
m

2002 Classification

FEV1 >90% of baseline and
FEF25-75 >75% of baseline

BOS 0

FEV1 81% to 90% of baseline
and/or FEF25-75 5 or <75%
of baseline

BOS 0-p

FEV1 66% to 80% of baseline BOS 1

FEV1 51% to 65% of baseline BOS 2

FEV1 50% or less of baseline BOS 3

is obliterans syndrome 2001: an update of the diagnostic
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Fig. 2. Changes in FEV1 over time elapsed since trans-
plantation in 3 patients with BOS. Stages refer to the
BOS classification, and horizontal lines indicate transi-
tions between stages 0 and 1, stages 1 and 2, and
stages 2 and 3. The figure illustrates the highly vari-
able pattern of functional evolution between patients
affected by BOS. (From Estenne M, Maurer JR, Boehler
A, et al. Bronchiolitis obliterans syndrome 2001: an
update of the diagnostic criteria. J Heart Lung Trans-
plant 2002;21:297–310; with permission.)
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BOS causes significant morbidity and loss of
health-related quality of life.12

BOS is used as a surrogate marker of BO but
does not equal BO. Therefore, as expected for
any functional marker, a drop in FEV1 is likely to
have a low specificity for the diagnosis of BO
(this is why exclusionary criteria were added to
the definition of BOS). This lack of specificity is
difficult to assess because a gold standard is
Fig. 3. Expiratory CT scan in a transplant recipient
with BOS. The arrow indicates lobules with low atten-
uation, a sign of the presence of air trapping. (From
Bankier AA, Muylem AV, Knoop C, et al. BOS in
heart-lung transplant recipients: diagnosis with
expiratory CT. Radiology 2001;218:533–9; with
permission.)
rarely available. Yet in a study of lungs explanted
at the time of retransplantation for BOS,13

pathology examination always showed at least
some degree of BO, but a wide range of other
pathologic processes of potential clinical signifi-
cance was also evident in half of the specimens.

Other Forms of Chronic Allograft Dysfunction

In contrast to classical BOS, which is character-
ized by a progressive, irreversible airflow obstruc-
tion and few, if any, parenchymal or pleural
abnormalities, recently described new phenotypes
of chronic allograft dysfunction may include one or
more of the following features: partial reversibility
of airway obstruction, restrictive ventilatory impair-
ment, parenchymal/pleural abnormalities, and
large airway stenosis/malacia.

Neutrophilic reversible allograft/airways
dysfunction
Because it is well known that macrolide antibiotics
are effective in treating airway diseases which, like
BOS, are associated with neutrophilic inflamma-
tion (eg, panbronchiolitis and cystic fibrosis),
Gerhardt and colleagues14 performed an open trial
with AZM in lung transplant recipients. In this
study, AZM (250 mg 3 times a week) was added
to the current immunosuppressive treatment in 6
patients with BOS; 5 patients responded with
a mean improvement in the FEV1 of 21.6% after
14 weeks. One patient even had a complete resto-
ration of FEV1 to peak post-transplant values. This
landmark study was followed by at least 6
studies,15–20 of which 4 confirmed the results pub-
lished by Gerhardt and colleagues.14 One study by
Benden and colleagues21 also reported a positive
effect of clarithromycin on FEV1. Taking these
publications together, approximately 35% of all
patients in different BOS stages responded to
macrolide treatment by a mean increase in FEV1

of approximately 14%. Furthermore, a higher
bronchoalveolar lavage (BAL) fluid neutrophilia
was associated with a greater likelihood of func-
tional response.18 Based on these observations,
Verleden and colleagues22 suggested that BOS
might be dichotomized into an AZM-responsive
phenotype characterized by airway neutrophilia
and functional improvement with AZM (the so-
called neutrophilic reversible allograft/airways
dysfunction [NRAD]), and an AZM-unresponsive
phenotype, which corresponds to the classical, fi-
broproliferative form of BO. These two phenotypes
might have different pathophysiology, clinical
presentation, and prognosis; for example, NRAD
might start earlier after transplantation and prog-
ress slower than fibroproliferative BOS; and cra-
ckles, increased sputum production, bronchiectasis,
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and mucus plugging might be more prominent in
the former than in the latter.
Upper lobe fibrosis
In 2005, a joint retrospective study by the Toronto
General Hospital and the Duke University Hospital
identified 13 of 686 lung transplant recipients who
developed upper lobe fibrosis.23 Radiographic
changes started initially as nonspecific interstitial
markings in the upper lobes and slowly pro-
gressed to honeycombing, traction bronchiec-
tasis, and volume loss (Fig. 4). Most patients had
a restrictive ventilatory defect, with some eventu-
ally developing concomitant airflow obstruction.
Open lung biopsy specimens revealed dense
interstitial fibrosis, with occasional features of
BO, acute fibrinous and organizing pneumonia,
bronchiolitis obliterans organizing pneumonia,
and aspiration. The rate of progression of clinical
symptoms ranged from slow to rapid but, overall,
the condition had a poor prognosis. The preva-
lence and cause of this form of chronic allograft
dysfunction are still unclear.
Recently, Woodrow and colleagues24 reported

on lung transplant recipients who had a decline
in lung function associated with persistent
parenchymal (alveolar, nodular, ground-glass, or
interstitial) abnormalities on chest CT—not speci-
fically involving the upper lobes (Fig. 5). No precise
cause was found for the parenchymal infiltrates
and the patients showed a functional deterioration
over time that paralleled the course of patients
with classical BOS. A similar proportion of patients
(approximately 50%) had a restrictive ventilatory
defect in the group with, and in the group without,
parenchymal infiltrates.
Fig. 4. CT scans obtained at two different levels (A and B
pattern of upper lobe fibrosis. Culture for infectious agen
zones and transbronchial biopsies showed nonspecific inf
Chronic pleural inflammation
In a study by Woodrow and colleagues,24 36% of
the radiographic abnormalities were pleural, and
another study showed that at 1 year after trans-
plantation, 50 of 58 patients (86%) had pleural
abnormalities (most frequently pleural thickening)
on chest CT.25 Such abnormalities may obviously
restrict lung volumes, but their relationship with
a process of chronic rejection and their long-term
impact remain to be clarified.
Exudative/follicular bronchiolitis
In 2008, McManus and colleagues26 reported on
13 of 99 transplant recipients who presented with
exudative bronchiolitis, which appeared on high-
resolution CT as a tree-in-bud pattern (centrilobu-
lar nodules and branching lines). This condition
was associated with early infection post-
transplant and a history of Aspergillus infection.
Neutrophil count in bronchial washing was
increased and most patients improved clinically
and radiologically with AZM. Yet, exudative bron-
chiolitis increased markedly the likelihood of
developing BOS. Recently, Vos and colleagues27

described a patient who developed follicular bron-
chiolitis characterized by abundant peribronchio-
lar lymphoid follicules; this condition was also
associated with the development of BOS.
Large airway stenosis/malacia
A recent article by Akindipe and colleagues28

reported on 5 patients who had to be retrans-
planted for severe recurrent airway narrowing. In
all patients, allograft lung pathology revealed
evidence of BO. This observation suggests
a possible link between airway ischemia/hypoxia,
) in a lung transplant recipient showing the peculiar
ts of BAL specimens were repeatedly negative in these
lammation and fibrotic changes.



Fig. 5. This patient with CF had been transplanted for 10 years when she developed an acute, rapidly progressive,
and completely therapy-resistant drop in lung function. CT scan of the lungs repeatedly showed peripheral infil-
trates in the upper (A) but also lower (B) lung zones. BAL showed prominent neutrophilia but also—even if to
a lesser extent—eosinophilia. No infectious agents could be incriminated; in particular, there were no diagnostic
criteria for invasive pulmonary aspergillosis. She, eventually, could undergo redo-double lung transplantation.
The explanted lungs showed zones of nonspecific interstitial fibrosis with pneumocyte hyperplasia and fibroblast
proliferation in the areas of the parenchymal abnormalities, and advanced BO lesions in other lung regions.
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large airway stenosis/malacia, and the develop-
ment of BO.

PATHOGENESIS AND RISK FACTORS
Pathogenesis

In the earlier days of lung transplantation, BOS/BO
was believed to be equivalent to chronic allograft
rejection (ie, a process caused by an alloimmune
reaction). The lung is uniquely exposed to the envi-
ronment, however, and thus to recurrent nonal-
loimmune insults, such as infections, inhalation of
toxic fumes, or gastroesophageal reflux. Further-
more, recent studies suggest a possible role of
autoantibodies developed against specific epithe-
lial proteins and of airway hypoxia in the pathogen-
esis of BOS/BO. The current view is that these
insults, acting alone or in combination, up-
regulate dendritric cells in the airway epithelium,
leading to epithelial damage and inflammation
with production of chemokines and cytokines by
airway epithelium and smooth muscle cells,
macrophages, and neutrophils. Activated neutro-
phils further increase epithelial damage via the
production of reactive oxygen species and metal-
loproteinases. After the initial inflammatory phase,
a fibroproliferative phase occurs, driven by growth
factors and leading to proliferation of smooth
muscle cells and myofibroblasts. This process
eventually results in aberrant collagen deposition,
excessive fibroproliferation, and small airway oblit-
eration. BO would thus represent a final common
pathway lesion secondary to multiple, repetitive
insults to the airway epithelium.29,30
Alloimmune Risk Factors

Ninety-five percent of patients receive grafts with 3
or more HLA mismatches. Using the Collaborative
Transplant Study database, 5-year graft outcome
according to HLA mismatch was examined in
8020 lung transplants performed during 1989
through 2009. Graft survival rates showed a step-
wise decrease as the combined number of HLA-
A1B1DR mismatches increased from 1 to 6,
with a high number of HLA mismatches having
an unfavorable impact on survival.31 Because of
the average high number of mismatches, studies
to examine the effect of HLA mismatching on the
incidence of acute rejection have proved difficult
and their results have been inconsistent. Most of
them have, however, identified some negative
impact of HLA mismatching.32,33 Multivariate
logistic regression analyses of data on 3549 adult
lung transplant recipients retrieved from the United
Network for Organ Sharing/ISHLT registry demon-
strated an association between mismatching at
the HLA-A locus (but not at the HLA-B or
HLA-DR loci) and acute rejection episodes
requiring hospital admission.34 Several studies
have confirmed that the development of anti-HLA
class I and class II antibodies after surgery is
associated with a risk for acute rejection and
BOS.35–39 Binding of these antibodies to airway
epithelial cells may induce epithelial injury and
proliferation.40

Acute vascular rejection histology graded
greater than or equal to A2 has been identified in
many studies as a statistical risk factor for BOS.
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Yousem41 reported in 1996 that untreated acute
vascular rejection grade A2 leads to the develop-
ment of BOS in 50% of patients. Several studies
have shown that the risk of BOS increases when
acute vascular rejection is histologically severe or
persistent or recurs after treatment (studies re-
viewed by Knoop and Estenne42). The impact of
minimal acute rejection (grade A1) on the develop-
ment of BOS, however, has been long neglected.
Recently, in a study by Hopkins and colleagues43

less than10% of grade A1 rejections were as-
sociated with clinical symptoms but 34% of the
asymptomatic patients progressed to higher-
grade acute rejection or lymphocytic bronchiolitis
(LB) within 3 months. In this report also, patients
with multiple A1 episodes during the first 12
months post-transplant had a significantly higher
risk of developing BOS, and this occurred earlier
than in patients with 1 or less grade A1 episode.43

Khalifa and colleagues44 retrospectively examined
data from 228 lung transplant patients followed
over a 7-year period and confirmed that grade
A1 rejection is a distinct risk factor for BOS.
Hachem and colleagues45 from the same group
determined that even a single episode of A1 rejec-
tion, without recurrence or subsequent progres-
sion to a higher rejection grade, was a significant
risk factor for the development of BOS. Treatment
of grade A1 rejection with diverse approaches in
order to augment the net immunosuppression
decreased the risk for subsequent progression to
BOS stage 1.44

LB in the absence of acute vascular rejection
may also predate BOS.46,47 Glanville and
colleagues48 retrospectively assessed data from
1770 TBB specimens obtained from 341 patients
over a period of 10 years and showed that the
cumulative incidence of BOS was significantly
associated with the severity of LB. Another retro-
spective analysis of 2697 TBB specimens obtained
from nearly 300 consecutive patients followed
during the first 2 postoperative years at the Univer-
sity of Copenhagen showed that the cumulative
incidences of LB (� B2) were 33%, 53%, 62%,
and 68% at 1 month, 3 months, 6 months, and 12
months, respectively. Approximately 25% and
50% of patients had a second episode graded B2
or higher within 3 months and 2 years of transplan-
tation, respectively. In this study, LB during the first
2 years was independently associated with the
frequency and/or severity of acute rejection, and
LB grade B2 or higher was associated with an
increased risk of BO.49

The concept of acute or chronic antibody-
mediated rejection is still controversial after lung
transplantation.50 There are now well documented
reports that this type of rejection exists,51
however, and data on its possible contribution to
chronic allograft dysfunction are beginning to
appear.52 The observation that patients devel-
oping HLA antibodies fare less well than those
who do not and the novel data on self-antibodies
directed against epithelial antigens in patients
with BOS/BO (discussed later) lend some credi-
bility to this hypothesis.

Autoimmune Risk Factors

Recently, the development of autoimmune
processes directed against epithelial-specific
proteins has been incriminated in the development
of BOS/BO. In one study, collagen type V-reactive
CD41 T cells were associated with a nearly 10-fold
increase in the risk of BOS in clinical lung
transplantation.53 In another study, anti-K–a1
tubulin antibodies were present in a significant
number of patients with BOS.54 Anti-K–a1 tubulin
circulating antibodies may induce profibrotic
growth factors from airway epithelial cell lines,
thus providing evidence that autoimmunity—like
alloimmunity—may induce fibrosis.55 Conversely,
it has also been shown that alloimmune responses
in the lung can promote the development of
collagen type V and K-a1-tubulin autoimmunity.56

Thus, the picture has become more complex:
alloimmunity, autoimmunity, and the innate
immune system (discussed later) may all trigger
allograft airway fibrosis, and these processes are
moreover likely intertwined.57

Other Risk Factors

As discussed previously, the association between
acute rejection and BOS has been reported for
both early and late rejection episodes. Yet many
patients with acute rejection do not develop
BOS, and some patients with BOS have never
experienced acute rejection. One possible expla-
nation is that the use of intense induction and
maintenance immunosuppression and of aggres-
sive treatment of rejection might uncouple the
association between acute rejection and BOS.
Another potential explanation, however, is that
BOS/BO might be triggered by nonalloimmune–
dependent factors. These may directly injure the
airways—as is the case for gastric aspiration—
and/or augment the alloimmune response via acti-
vation of the innate immune system, as is the case
for respiratory bacterial and viral infections.58

Bacterial colonization of the graft was formerly
believed to be the consequence of BOS/BO. It
has been recently reported, however, that bacte-
rial colonization, notably with Pseudomonas
aeruginosa, might be one of the possible
alloimmune-independent risk factors for BOS/OB.
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In a study by Botha and colleagues,59 including
155 lung transplant recipients, the development
of allograft colonization with Pseudomonas was
strongly associated with the development of
BOS within 2 years of transplant (23.4% and
7.7% in those colonized and not colonized,
respectively). The isolation of Pseudomonas
predated the diagnosis of BOS in more than
75% of affected patients by a median exceeding
200 days. Similar findings have been reported
for Aspergillus colonization.60 Valentine and
colleagues61 analyzed the role of bacterial and
fungal respiratory tract infections in the develop-
ment of BOS in a single-center study comprising
161 lung recipients who had survived at least
180 days. Multivariate analysis indicated that
gram-negative, gram-positive, and fungal pneu-
monias were associated with the development of
BOS. Gram-positive pneumonia and fungal pneu-
monia in the first 100 days conferred hazard ratios
of 3.8 and 2.1, respectively. They concluded that
early recognition and treatment of these patho-
gens might improve long-term outcomes.

Kumar and colleagues62 screened serial surveil-
lance and diagnostic BAL specimens obtained
from 93 lung transplant recipients over 3 years
for community-acquired respiratory viral infections
(CARVIs) using sensitive molecular methods that
simultaneously detected 19 respiratory viral
types/subtypes. Respiratory viruses—rhinovirus,
parainfluenza virus 1 to 4, coronavirus, influenza,
metapneumovirus, and respiratory syncytial
virus—were isolated in 48 of 93 (51.6%) patients
in at least one BAL sample. Biopsy-proven acute
rejection (� A2) or decline in FEV1 greater than or
equal to 20% occurred in 33.3% of CARVI-
positive patients (within 3 months of CARVI)
compared with only 6.7% of CARVI-negative
patients. No significant difference was seen in
the incidence of acute rejection between symp-
tomatic and asymptomatic patients. Biopsy-
proved BO was diagnosed in 10 of 16 (62.5%)
patients within 1 year of infection, indicating that
symptomatic or asymptomatic viral infection may
trigger acute rejection and/or BOS/BO. In
contrast, Gottlieb and colleagues63 found that
only symptomatic CARVI increases the risk of
BOS. Chlamydia pneumoniae64,65 and human
herpesvirus 6 respiratory infections66 are also
known to increase the risk of BOS.

CMV mismatching (ie, seronegative recipients
receiving organs from seropositive donors) and
CMV pneumonitis have been associated with
BOS in several series, but others found only
a marginal or no relationship at all. These differ-
ences might be accounted for, at least in part, by
the different strategies used to match recipients
with regard to CMV status and to prevent and treat
CMV illness over the decades. Valentine and
colleagues61 reported that CMV pneumonitis
within the first 100 days conferred a hazard ratio
of 3.1 to develop BOS. The same group reported
on their experience with ganciclovir (GCV) prophy-
laxis in 130 patients surviving at least 100 days.
CMV pneumonitis occurred in 16%, 8%, 17%,
and 19% of patients in the D1R1, D�R1, D1R�
and D�R� groups, respectively. Ninety patients
received indefinite GCV prophylaxis whereas 40
patients discontinued the prophylaxis (STOP).
Cumulative incidences of CMV pneumonitis in
the indefinite GCV prophylaxis and STOP groups
at 5 years were 2% and 57%, respectively. In
the STOP cohort, 15 of 40 patients developed
CMV pneumonitis after GCV was stopped, and 10
of these developed BOS. The risk of CMVpneumo-
nitis in the STOP cohort was significantly higher
when GCV prophylaxis was discontinued within
the first year. BOS-free survival and survival were,
however, similar across groups.67 On the
contrary, Tamm and colleagues68 showed in their
series that CMV pneumonitis, when treated with
GCV, is not a risk factor for BOSanddoes not affect
survival.

Gastroesophageal reflux disease (GERD) is
thought to be a risk factor for the development or
progression of BOS/OB. GERD is observed in
approximately half of all lung transplant patients.69

The prevalence of delayed gastric emptying is also
high.69 In addition, these patients have an
impaired cough reflex because of lung denervation
and have altered mucociliary clearance. Taken
together, these factors increase the likelihood of
aspiration and subsequent airway injury. Pepsin70

and bile acids71 can be readily found in the BAL
fluid of many lung transplant recipients, which
confirms the frequent occurrence of gastric aspi-
ration. The finding of increased bile acids in BAL
fluid (a marker of nonacidic reflux) correlates with
the presence of BOS/BO.70,71 Exposure of the
airway epithelium to bile acids may predispose to
colonization with Pseudomonas aeruginosa and
airway neutrophilia. Because of concern that
GERD increases the risk of BOS, the general trend
has been to propose a surgical solution, namely
gastric fundoplication, to all recipients presenting
with significant GERD. Supportive evidence for
this strategy is derived from retrospective studies
in which gastric fundoplication within 3 months
after transplant was associated with greater
freedom from BOS and increased survival.72

Another study from the same center showed that
fundoplication improved lung function in many
patients with established BOS.73 Before adopting
this radical approach for every single lung
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transplant recipient, however, it is important to be
aware that (1) the best way to diagnose GERD in
lung transplant recipients—pH monitoring versus
impedance monitoring—is at present controver-
sial; (2) GERD—as well as the cough reflex—may
improve over time; (3) fundoplication may have
serious side effects (eg, significant weight loss,
which can be of importance in recipients with
significant malnutrition); (4) the protective function
of the surgical sleeve may wane over time; (5) the
precise indications, timing, and choice of fundopli-
cation technique are yet to be defined; and (6) the
overall impact on lung function and survival are
unknown because there are no controlled studies
to date.74

Allograft ischemia may arise during the period of
warm ischemia during explantation, because of
the absence of bronchial arterial reanastomosis
at implantation, or through small airway microvas-
cular damage at later time points.75 In a study of
334 lung transplant recipients of whom 65 devel-
oped primary graft dysfunction (which is a severe
form of ischemia/reperfusion lung injury), this
complication was an independent risk factor for
BOS.76 Allograft ischemia might result in hypoxic
inflammatory conditions leading to vascular re-
modeling and angiogenesis, which may in turn
be a potent stimulus for airway fibrosis.77,78 By
gaining a better understanding of the complex
interaction between airway ischemia, vascular
remodeling and angiogenesis-mediated airway
fibroproliferation, it might become increasingly
possible to rationally design therapies that can
halt conditions of maladaptive fibrosis79 and,
possibly, decrease the risk of BOS/BO.
The role of other risk factors for BOS, such as

graft ischemic time, donor-recipient gender or
size mismatch, and type of surgical procedure, is
currently controversial.
The Role of Neutrophils

It is widely accepted that BOS/BO involves
a neutrophilic airway inflammation, although this
feature is lacking in a substantial proportion of
patients. Recent studies (summarized by Verleden
and colleagues22) have shown that interleukin (IL)-
17 may have an important role in the development
of BOS/BO. IL-17 is a potent indirect neutrophil-
attracting chemokine through its ability to induce
IL-8 secretion from different cell types in the
airways. IL-17 is increased in the airways of
patients with BOS/BO and induces production of
IL-8 by airway smooth muscle and epithelial cells,
which, in turn, promotes airway neutrophilia. The
IL-17/IL-8 axis may be triggered by both alloim-
mune and autoimmune mechanisms, airway
bacterial colonization, and GERD,22 but the
reasons why BOS is accompanied by airway neu-
trophilia in some patients and not in others remain
unclear. The effect of AZM on this inflammatory
process is likely primarily accounted for by its
ability to inhibit the IL-17/IL-8 pathway; other
potential mechanisms include a positive effect of
AZM on GERD (AZM is a known agonist of motilin)
as well as its inhibitory effect on bacterial growth.

Open Questions and Controversial Issues

It is important to stress that BOS and the newly
described phenotypes of chronic allograft
dysfunction are syndromes defined by clinical
criteria, changes in pulmonary function, radio-
graphic features, and analysis of BAL cellularity,
alone or in combination. These entities are merely
descriptive and do not sort by specific pathogenic
pathways, risk factors, pathology, or prognosis.
Patients may have more than one phenotype at
a time or over time, and different pathogenic path-
ways and pathology may coexist (discussed previ-
ously). More work is required to understand the
clinical relevance and pathogenesis of each entity
as well as the mechanisms by which the different
risk factors produce one phenotype or another.
For the time being, we still have to work with the

current definition of BOS (ie, a progressive and
irreversible airflow obstruction due to a loss of
small airway function attributed to BO) although
the difficulties associated with a staging system
based on a retrospective diagnosis and exclu-
sionary criteria are acknowledged. BOS should
probably no longer be presumed to reflect specif-
ically a process of chronic rejection because non-
alloimmune insults likely often contribute to the
development of the small airway lesions. Finally,
whether or not NRAD should be considered
a subtype of BOS or a distinct entity is currently
debated in the transplant community (discussed
later).

DIAGNOSIS

To the extent that current therapies work to stop or
slow down the progression of BOS, they do so
mostly by an anti-inflammatory, not an antifibrotic,
effect. Therefore, they are more likely to be effec-
tive in the early stage of the disease. For this
reason, various parameters have been evaluated
as early biomarkers of BOS.

Lung Function

Spirometry is appealing as an early marker
because it is widely available, noninvasive, repro-
ducible, and relatively inexpensive. Two studies
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have assessed the predictive value of BOS stage
0-p for the diagnosis of BOS stage 1. In the study
by Hachem and colleagues,80 which included 203
adult bilateral lung transplant (BLT) recipients, the
FEV1 criterion had a sensitivity, specificity, positive
predictive value, and negative predictive value of
74%, 86%, 79%, and 82%, respectively; corre-
sponding values for the modified FEF25-75 criterion
(computed using baseline values obtained at the
time of the two highest FEV1 measurements)
were 66%, 88%, 81%, and 76%, respectively. In
the 197 SLT recipients studied by Lama and
colleagues,81 the FEV1 criterion was also predic-
tive of BOS 1; its predictive value was superior to
that of the FEF25-75 criterion and was superior in
patients with underlying restrictive as opposed to
obstructive physiology.

Exhaled Biomarkers

Distribution of ventilation
The slope of the alveolar plateau of the single-
breath washout test reflects the homogeneity of
ventilation distribution and increases as ventilation
becomes more heterogeneous. The single-breath
test can be performed using an inspiration of
pure oxygen and measuring the concentration of
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Fig. 6. In patients presenting BOS, the slope of the alveol
more heterogeneous and this early marker of BOS becom
fulfilled. This figure shows changes in FEV1 and in the slop
a single-breath washout test (SHe) in one heart-lung tran
corresponds to 100% of the two best postoperative valu
(BOS stage 1). In the lower panel, the dashed line corresp
values, and the continuous line is the upper limit of the 97.
plant patients. Note that a significant change in SHe is obse
Muylem A, Knoop C, Estenne M. Early detection of c
biomarkers. Am J Respir Crit Care Med 2007;175:731–6; w
nitrogen during expiration; a gas mixture contain-
ing inert gases (for example helium) can also be
used during inspiration, and the concentration of
these gases be measured during expiration. Two
prospective studies have assessed the usefulness
of the single-breath test for the early detection of
BOS in BLT recipients. In these studies, nitrogen
slope became abnormal 17882 and 15183 days
before the criterion for BOS 1 was met. The posi-
tive predictive value of the test was 70% to 80%
and the negative predictive value approximately
100%. Furthermore, 2 studies by Estenne and
colleagues82 and Van Muylem and colleagues84

showed that helium slope is an even earlier marker
than nitrogen slope (Fig. 6).

Two recent studies in recipients of SLT for
emphysema or fibrosis suggested that when per-
formed in lateral decubitus, the single-breath test
may also provide information on ventilation distri-
bution in the graft in this patient population.85,86
Exhaled gases
Exhaled nitric oxide (eNO) is a well-recognized
biomarker of airway inflammation. In stable lung
transplant recipients and patients with BOS, eNO
reflects the expression of bronchial epithelial
noitatnalpsnarTr
27660645842463
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ar plateau for helium increases as ventilation becomes
es abnormal before spirometric criteria for BOS 1 are
e of the alveolar plateau for helium obtained during
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onds to the average of the two lowest postoperative
5% CI computed from data obtained in 10 stable trans-
rved 631 days before the 20% drop in FEV1. (From Van
hronic pulmonary allograft dysfunction by exhaled
ith permission.)
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Fig. 7. Changes in eNO, in eCO, and in the slope of
the alveolar plateau for helium (SHe) over time in
one transplant recipient. The continuous lines indi-
cate the confidence interval. Note that values of SHe

become abnormal before BOS 0-p, and then increase
progressively with the BOS stage; in contrast, values
of eNO and eCO are much more variable between
successivemeasurements and do not show a consistent
trend as BOS progresses.
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inducible NO synthase and positively correlates
with airway neutrophilia.87–90 Carbon monoxide
(CO) is produced endogenously by the stress
protein heme oxygenase, which is increased in a
variety of oxidant/inflammatory-mediated injuries.
In BO lesions, heme oxygenase staining correlates
with myeloperoxidase expression (reflecting
oxidant load) and with neutrophilic infiltration of
the bronchial wall. Heme oxygenase degrades
heme with the production of iron, biliverdin, and
CO. Therefore, both eNO87–89 and exhaled CO
(eCO)90 may reflect airway neutrophilia and,
hence, be used as surrogate markers of BOS.
Four studies have shown that eNO is increased

in patients with BOS compared with patients
without BOS,89,91–93 independent of the type of
surgical procedure. The potential contribution of
serial eNO measurements to the early detection
of BOS, however, was difficult to assess from
these studies. In a recent study of 65 recipients
of bilateral grafts who were followed for approxi-
mately 1250 days, Van Muylem and colleagues84

found that eNO and eCO only transiently increased
in BOS 0-p and then returned to baseline as BOS
progressed (Fig. 7). The sensitivity of exhaled
gases for the diagnosis of BOS 0-p was only
50% to 60%, but it increased to approximately
80% when values of eNO and eCO were
combined; yet, on average, the increase in exhaled
gases did not precede the diagnosis of BOS 0-p.
This may be due, at least in part, to a significant
proportion of patients with early BOS having no
increase in airway neutrophilia.
In summary, eNO and eCO have a fair sensitivity

and nitrogen or helium slope has a good sensitivity
for the detection of BOS. All biomarkers also have
a high negative predictive value, but their speci-
ficity and positive predictive value are much lower.
The low specificity reflects that these markers—
like the FEV1—may be affected by complications
other than BOS (eg, acute rejection, lymphocytic
bronchiolitis, and infection). From a clinical point
of view, the high negative predictive value should
help detect conditions that may confound the
diagnosis of BOS, because in the absence of
a significant rise in exhaled biomarkers, BOS is
an unlikely explanation for a decline in spirometry.
Conversely, a persistent rise in slope or in eNO/
eCO should be interpreted as a warning signal
and prompt close monitoring of a patient’s lung
function and clinical condition.
Other Markers

Several other surrogate markers of BOS have
been proposed, but their clinical utility is limited
by one or more of the following factors: they are
invasive or potentially toxic, they are expensive,
they are not widely available, or their predictive
value has not been appropriately tested or is
controversial. These surrogate markers include
exhaled breath condensate,94 induced sputum,95

analysis of cellular composition and inflammatory
markers in BAL fluid, and imaging techniques,
such as CT—in particular, quantification of air
trapping at full expiration (see Fig. 3),7,8,96 and hy-
perpolarized 3He MRI.97
TREATMENT
Optimization and/or Change in
Immunosuppressive Regimen

All interventions that target risk factors and may
prevent the development of BOS are valuable
because therapy is often ineffective when BOS is
established. In this context, optimization of the
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immunosuppressive regimen to prevent the
occurrence of acute rejection is a critical issue
(discussed previously). Several studies have
looked at the effects of increasing the net level of
immunosuppression (eg, by using high-dose
methylprednisolone, cytolytic therapy, or metho-
trexate) and/or changing the maintenance regimen
(eg, by shifting from cyclosporine A to tacrolimus
or from azathioprine to mycophenolate mofetil, or
by adding inhaled cyclosporine A) in patients
with established BOS (reviewed by Knoop and
Estenne42). In some patients, these modalities
have been shown to stabilize lung function or
decrease the rate of decline of FEV1 for short
periods of time. The small number of patients
studied, the mostly retrospective design of these
studies, the lack of adequate control group, and
the relatively short follow-up time, however,
make it difficult to assess the effectiveness of
these treatments. No single strategy has proved
more successful than another. In addition,
augmented immunosuppression increases the
risk of toxicity and predisposes to intercurrent
bronchopulmonary infections, which must be
factored into the risk-benefit analysis as they
may promote the progression of BOS (discussed
previously).
Macrolides

As discussed previously, several studies with
a follow-up of 12 to 40 weeks have shown that
macrolide treatment improves FEV1 in approxi-
mately one-third of patients in different BOS
stages. Two studies20,98 have assessed the long-
term effect of AZM. The study by Gottlieb and
colleagues included 81 patients with a median
follow-up of 1.3 years20 and the study by Vos
and colleagues98 included 108 patients treated
for a median time of 612 days. An initial response
(defined as a 10% or more increase in FEV1) was
observed in 30% to 40% of the patients, but
30% to 40% of these subsequently relapsed. By
multivariate analysis, initial response to AZM and
earlier post-transplant time of initiation of treat-
ment were protective factors for disease progres-
sion or relapse; in contrast, the level of BAL
neutrophilia had no predictive value. These longi-
tudinal data thus show that AZM provides a sus-
tained functional improvement in the long-term in
only a small minority of patients with BOS (approx-
imately 10%–15%). This observation suggests,
therefore, that in most patients (even those with
the NRAD phenotype), BOS is a condition that
worsens with time.

Despite this relatively modest effect of AZM on
lung function, 3 studies in patients with BOS
have shown that this treatment is associated with
a significant reduction in the risk of death.20,98,99

In studies by Gottlieb and colleagues20 and by
Vos and colleagues,98 responders had signifi-
cantly better overall survival compared with nonre-
sponders; as expected, the difference between
groups was more pronounced when only
responders with a sustained response were taken
into account.

Using AZM for the prevention of BOS (ie, when
patients are still in BOS stage 0) may have an
even greater clinical impact than using it as a treat-
ment. In a recent prospective randomized trial of
AZM (40 patients) versus placebo (43 patients),
Vos and colleagues100 initiated treatment at
discharge and followed the patients for 2 years.
BOS occurred less in patients receiving AZM
(12.5%) than placebo (44.2%), and BOS-free
survival was better with AZM. Patients receiving
AZM demonstrated better FEV1, lower BAL neu-
trophilia, and less systemic inflammation. There
was no difference in survival between groups,
but this may be due to the short follow-up time.

Statins

In a large retrospective study published in 2003,
Johnson and colleagues101 found that patients
who received statins during the first year after
transplantation for treatment of hypercholesterol-
emia were at less risk of developing BOS than
patients who were not treated. In addition, patients
receiving statins were less likely to develop severe
BOS and had better survival. Unfortunately, there
have been no subsequent reports to confirm these
observations nor have there been controlled
studies. In vitro, it has been demonstrated that
simvastatin attenuates the release of airway
neutrophilic and remodeling mediators from
primary bronchial epithelial cells from stable lung
transplant patients and inhibits their up-
regulation by transforming growth factor b and
IL-17.102 In practice, many lung transplant
programs systematically prescribe a statin in order
to exploit this immunomodulatory effect even if the
true clinical benefit is still hypothetical.

Total Lymphoid Irradiation

Fisher and colleagues103 summarized their experi-
ence with total lymphoid irradiation in 37 patients
treated for progressive BOS. In the 27 recipients
who completed more than 80% of the treatment,
the rate of decline in FEV1 decreased from
122.7 mL/mo pre–total lymphoid irradiation to
25.1 mL/mo post–total lymphoid irradiation.
Patients with a greater rate of functional decline
before treatment were more likely to respond.
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Results of these studies are promising, but in the
absence of adequately powered randomized
control trials, they should be regarded as providing
suggestive, rather than convincing, evidence.

Photospheresis

Two recent single-center reports document expe-
rience with extracorporeal photopheresis in the
treatment of BOS. Benden and colleagues104

reported on a series of 12 patients with various
stages of BOS; rate of decline in FEV1 was 112
mL/mo before photopheresis and 12 mL/mo after
completion of 12 cycles. No complications related
to therapy were recorded in this study. In a larger
study of 60 patients with BOS, Morrell and
colleagues105 documented a similarly dramatic
reduction in rate of decline in FEV1 from 116
mL/mo prior to treatment to 28.9 mL/mo during
the 6 months after initiation of photopheresis.
Eight patients experienced catheter-related bact-
eremias, one patient had a catheter-associated
thrombus, and one patient experienced transient
hypotension during a treatment. The mechanisms
by which photopheresis exerts immunomodula-
tory and anti-inflammatory effects remain poorly
understood. In the absence of randomized trials,
it is premature to endorse photopheresis as
a definitive therapy for BOS.

Retransplantation

In 1998, Novick and colleagues106 reported results
of 230 retransplants performed at 47 centers
worldwide, 63% of which were performed for
BOS. The report indicated that early survival after
retransplantation was reduced compared with first
transplants, but results of retransplants performed
for BOS were not different than those done for
other indications. In addition, recurrent BOS was
observed in a frequency similar to that seen after
first transplants. Subsequently, three single-
center reports have confirmed this observation.
Brugière and colleagues107 reported on long-term
outcome in 15 single-lung retransplantations for
BOS. Themedian time between primary lung trans-
plantation and retransplantation was 31 months
(range, 12 to 39 months). Actuarial survival rates
at 1 year, 2 years, and 5 years after retransplanta-
tion were 60%, 53%, and 45%, respectively. Ten
patients died during long-term follow-up, 6 of
them from infection (60%). The retained graft was
the initial site of the fatal infection in 4 of these
patients. Two other patients experienced disabling
chronic purulent expectoration arising from the old
graft. Lung retransplantation thus offered a viable
therapeutic option for selected SLT recipients
with BOS, but given the morbidity and mortality
related to the retained graft, the team now favors
replacement of the primary graft when retransplan-
tation is considered.107 Strueber and colleagues108

reported on 54 redo-transplants among 614 lung
transplantation procedures performed at their
institution. Retransplantation for BOS achieved
1-year and 5-year survival rates of 78% and 62%,
respectively, which were not different from those
observed after first-time lung transplantations.
Recipients had a similar incidence of BOS after re-
transplantation for BOS versus after a first proce-
dure. The same group published similar results
for 7 retransplantations performed in children.109

At present, 1% to 2% of lung transplantations per-
formed yearlyworldwide are retransplantations.2 In
assessing these procedures, medical issues and
the issue of equitable use of scarce resources
need be addressed.
SUMMARY

Chronic allograft dysfunction, especially BOS/BO,
remains the major obstacle to long-term survival
after lung transplantation. Major advances in
understanding the risk factors and pathogenic
mechanisms leading to irreversible small airway
lesions have been made and new options for the
prevention and treatment of BOS/BO are avail-
able. There is no doubt that the coming years will
further improve our ability to cope with this devas-
tating complication of lung transplantation.
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