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The outcomes of transplantation vary widely by organ.

Lung transplantation (LTx) has rather poor long-term

outcome, with a current median post-transplant survival of

6.0 years.1,2 Survival after organ transplantation is limited

by both graft-related and non‒graft-related factors. Allo-

llograft failure remains the leading cause of morbidity and

mortality across all organ groups and is the major cause of

death, accounting for >40% of deaths beyond the first year

post-LTx.1,2

Our understanding of the patterns and pathophysiology

of lung allograft dysfunction has evolved over time. Rela-

tively early in the history of LTx, the lung transplant com-

munity, through the International Society for Heart and

Lung Transplantation (ISHLT), recognized the need to

develop a standard approach to classification of persistent
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allograft dysfunction. In 1993, Cooper et al3 introduced the

first definition of “bronchiolitis obliterans syndrome”

(BOS) as the key manifestation of lung allograft dysfunc-

tion. BOS, a clinical syndrome, based on spirometry, was

suggested to be the clinical correlate of bronchiolitis oblit-

erans (BO), thought to be the pathologic hallmark of

chronic rejection.3 BOS was identified as a persistent

decline in forced expiratory volume in 1 second (FEV1) of

≥20%, compared with the reference FEV1, defined as the

mean of the 2 best post-operative FEV1 measurements

taken at least 3 weeks apart3 and after exclusion of other

known pulmonary and extrapulmonary causes of FEV1

decline. Since the original report by Cooper et al, a revised

definition by Estenne et al has been published, incorporat-

ing a new stage, “BOS 0-p,” characterized by a 10% to

20% drop in FEV1, signifying potential BOS.4 The inten-

tion of this new stage was to trigger early investigations

and therapy with the hope of preventing further allograft

dysfunction. More recently, a consensus guideline on the

diagnosis and treatment of BOS was published that
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.healun.2019.03.009&domain=pdf
mailto:geert.verleden@uzleuven.be
https://doi.org/10.1016/j.healun.2019.03.009
http://www.jhltonline.org


494 The Journal of Heart and Lung Transplantation, Vol 38, No 5, May 2019
evaluated the existing literature and used the GRADE sys-

tem to demonstrate the lack of evidence for most therapies

for BOS.5

It has become apparent that the diagnosis of BOS

requires further refinement. Some patients who had been

diagnosed with BOS proved to have reversible allograft

dysfunction after specific treatments, such as management

of gastroesophageal reflux6 and addition of a neomacrolide

antibiotic, usually azithromycin.7,8

In addition, different patterns of lung function decline

have been described in the last decade. Sato et al identified

a progressive decline in pulmonary function, which was

restrictive in nature rather than obstructive, and was accom-

panied by pleural changes and/or interstitial fibrosis on

imaging studies.9 This led to the introduction of the term

“restrictive allograft syndrome” (RAS), which was initially

described as a chronic, persistent restrictive decline in pul-

monary function (decline in total lung capacity of at least

10% compared with the mean of the 2 best post-operative

values) in the context of a decline in FEV1 of ≥20%, often

with persistent opacities on computed tomography (CT)

scan of the chest.10

As a consequence of these and other observations sup-

porting the heterogeneity within BOS, the term chronic

lung allograft dysfunction (CLAD), first introduced by

Glanville,11 has been proposed as an umbrella term to

describe the clinical manifestations of a range of pathologic

processes in the airway and parenchymal compartments of

the lung allograft that lead to a significant and persistent

deterioration in lung function (with or without chest radio-

logic changes) and occur >3 months after LTx.12,13

The lack of a consensus definition of CLAD and how it

relates to BOS has been problematic. Factors including the

varied timing and reproducibility of spirometry and the fre-

quent presence of potentially reversible conditions, such as

infection, pleural effusion, or acute rejection, that subse-

quently fail to improve with treatment may result in lack of

agreement about the presence and timing of onset of

CLAD.14 Furthermore, some authors have used the term

CLAD as a synonym for BOS, or a combination of BOS

and RAS, whereas others proposed to use CLAD for every

possible post-transplant decline in FEV1.
12

As a consequence, the Pulmonary Council of the ISHLT

assembled a group of experts to create a robust description

for the term CLAD that would encompass its definition,

etiology, phenotypes, pathology, treatment, and outcome.

It was acknowledged that the lack of literature available on

this specific topic mandated the generation of a consensus

report based on expert opinion.

The primary aim of this consensus report is to stan-

dardize the nomenclature of CLAD and its clinical phe-

notypes to facilitate collaboration among centers

investigating the pathogenesis, prevention, and treatment

of CLAD.

Definition of CLAD

CLAD is defined as a substantial and persistent decline

(≥20%) in measured FEV1 value from the reference
(baseline) value. The baseline value is computed as the

mean of the best 2 post-operative FEV1 measurements

(taken >3 weeks apart). CLAD can present either as a pre-

dominantly obstructive ventilatory pattern, a restrictive pat-

tern, or a mixed obstructive and restrictive pattern that is

not explained by other conditions as outlined in Table 1 or

as a combination of these.11,12,15

The critical level of change in lung function is a ≥20%
fall from baseline FEV1 with or without a change in forced

vital capacity (FVC), to qualify for “possible” CLAD,

although it is accepted that most centers will trigger a series

of investigations at a ≥10% threshold for "potential"

CLAD (Figure 1), recognizing that this threshold falls out-

side the normal day-to-day variability of FEV1.
16 Prompt

investigations should be performed to exclude the causes

that may respond to intervention (Table 1). If lung function

parameters remain impaired on a second reading at least

3 weeks after the first ≥20% fall from baseline and after

adequate treatment of secondary causes such as infection,

acute cellular/antibody-mediated rejection, or airway steno-

sis has been implemented, then a diagnosis of “probable”

CLAD can be made. CLAD staging (as proposed in Table 2)

and clinical sub-typing into phenotypes (Table 3) should be

performed at this stage to stratify potential investigations

and therapies, including entry into clinical trials if avail-

able. It was the consensus of the writing group to no longer

use the classical BOS staging but to change to a CLAD

staging (from CLAD 0 to 4), which seems more appropriate

now that different phenotypes of allograft dysfunction have

been described. CLAD Stage 3 was adapted (>35% to

50%) and a Stage 4 (≤35%) was introduced to better reflect

differences in prognosis and to allow further clinical studies

with specific CLAD stages. Moreover, it was also decided

to no longer include a Stage 0-p, which was only introduced

into the BOS staging system to trigger further investiga-

tions. Instead, it is now advised to start investigations

whenever the FEV1 declines by ≥10% from baseline.

CLAD is “confirmed” if the physiologic abnormalities (i.e.,

FEV1 decline of ≥20%) persist for 3 months after the first

value is taken (Figure 1). Further investigation to exclude

any treatable causes or complications of therapy may be

warranted at any stage. Infection, acute rejection (cellular

or antibody-mediated), and aspiration are all relevant fac-

tors to consider when diagnosing the definitive presence

and timing of the onset of CLAD. These entities are all

known risk factors for acute allograft injury and subsequent

CLAD. For a diagnosis of CLAD in the setting of recent

infection, rejection, or aspiration, clinically appropriate

therapies must be completed, and we would advise a

prolonged course (at least 8 weeks) of neomacrolide ther-

apy (usually azithromycin) in patients not already on such

therapy. Although these therapies should have clinically

“eliminated” the acute insult, if the allograft function fails

to recover or continues to deteriorate beyond 3 months,

then CLAD can be confirmed (definite CLAD).5 The date

of onset of CLAD is defined as the date at which the first

value of FEV1 ≤80% of baseline is recorded.4,5 By defini-

tion, if lung function returns to >80% of baseline after

therapy, then the diagnosis of CLAD is not sustained



Figure 1 Flowchart of evolution of CLAD. The date of onset of CLAD is defined as the date at which the first value of FEV1 § FVC

≤80% of baseline was recorded, provided subsequent values remain at ≤80% of baseline. Undefined indicates patients who do not fit in the

current definitions of BOS, RAS, and mixed phenotypes (see Table 3). Asterisk (*) indicates non-CLAD causes, as described in Table 1.

BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; CT, computerized tomography; FEV1, forced expira-

tory volume in 1 second; FVC, forced vital capacity; RAS, restrictive allograft syndrome; TLC, total lung capacity.

Table 1 Processes and Diseases That May Lead to Chronic Loss of Allograft Function and Are Not Included in Current Definition of CLAD

A. Factors where recalculation/resetting of the FEV1 reference value may be valid (if FEV1 remains stable for at least 6 months):
1. Decreasing lung function due to the normal aging process.
2. Surgical factors.
� Transplant lung resection, chest-wall surgery, phrenic nerve damage.

3. Mechanical factors.
� Persistent pleural effusion.
� Persistent lung edema due to significant kidney/heart/liver failure.
� Airway stenosis.
� Myopathy, neuropathy, and Parkinson disease.
� Weight gain.
� Native lung hyperinflation after single-lung transplant.

4. Localized infection with chronic scarring.
� Abscess/empyema/mycetoma.

B. Factors that cannot be differentiated easily from CLAD and do not ever allow recalculation/resetting of the FEV1 reference value:
1. Any from (A) above where there is not a period of at least 6 months of stability.
2. Infiltration with tumor.
3. Infiltration of the allograft with proven disease recurrence from the underlying transplant indication (e.g., LAM, sarcoidosis, etc.).
4. Drug or other induced pulmonary toxicity (e.g., sirolimus, methotrexate, amiodarone, radiotherapy).
5. Pulmonary arterial strictures or emboli.
6. Acute/subacute generalized infection.
7. Acute/subacute cellular or antibody-mediated rejection.
8. Acute/subacute effects of aspiration.

C. Failing to reach normal predicted lung function (i.e., low FEV1 reference value such that FEV1 is ≤ 80% of the recipient predicted
value). This situation may include an age difference between donor and recipient where older donor lungs are implanted or when an
intra-operative allograft reduction surgery/lobectomy is performed.

CLAD, chronic lung allograft dysfunction; FEV1, forced expiratory volume in 1 second; LAM, lymphangioleiomyomatosis.
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Table 2 CLAD Staging

Stage Spirometry

CLAD 0 Current FEV1 >80% FEV1 baseline
CLAD 1 Current FEV1 >65‒80% FEV1 baseline
CLAD 2 Current FEV1 >50‒65% FEV1 baseline
CLAD 3 Current FEV1 >35‒50% FEV1 baseline
CLAD 4 Current FEV1 ≤35% FEV1 baseline

CLAD, chronic lung allograft dysfunction; FEV1, forced expiratory

volume in 1 second. Once CLAD is diagnosed, staging is performed

according to the decline in FEV1, compared with baseline. The date of

onset of CLAD is defined as the date at which the first value of FEV1
≤80% of baseline was recorded when subsequent values taken at least

3 weeks (and for definite CLAD up to 3 months) apart also fell below

the threshold. The same principle holds for each stage.
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(Figure 2A). These time intervals are unavoidably arbitrary

and experience-based, as no hard evidence supports a time

threshold for determination of when physiologic changes

become permanent.

We do not recommend passive waiting to achieve a con-

firmed diagnosis of CLAD. Rather, active investigations

and therapies should be employed and graft function moni-

tored frequently. Every opportunity should be sought for a

useful therapeutic intervention. Reassessment is a valuable

tool to confirm staging and phenotype at 3 months and com-

parison should be made with initial staging and phenotype

at CLAD onset, which occasionally may evolve quickly

(e.g., from BOS to RAS).

In some circumstances, CLAD may be partly reversible

upon treatment (Figure 2B), suggesting that the observed

graft dysfunction was partly due to inflammation, and not

only to airway or parenchymal/pleural fibrosis, which are

thought to cause permanent damage.17 An acutely revers-

ible condition, such as acute infection and even acute rejec-

tion, may exist in conjunction with developing early

CLAD. These 2 conditions are not mutually exclusive, and

it is the net sum of persistent effects after a full course of

therapy that determines whether a firm diagnosis of CLAD

can be established.
Table 3 Basic Phenotypes of Chronic Lung Allograft Dysfunction

Obstructiona (FEV1/FVC <0.7) Restric

BOS Yes No
RAS No Yes
Mixedd Yes Yes
Undefinede Yes No

Yes Yes

BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfu

second; RAS, restrictive allograft syndrome; FVC, forced vital capacity; RAS, restr
aObstruction is defined by a fall in FEV1 (as described in the text) and associat
bRestriction is properly defined as a ≥10% reduction in baseline TLC.
cRefers to parenchymal opacities and/or increasing pleural thickening consi

cause a restrictive physiology, rather than the airway-based changes consistent

coexist, in some cases, the presence of bronchiectasis may reflect traction change
dBy definition, all cases that transition from a BOS phenotype to an RAS ph

histopathologic findings at explant/post-mortem.
eUndefined means definite CLAD, but with 2 possible combinations of varia

mixed phenotype).
CLAD phenotypes

The most common manifestation of CLAD is the develop-

ment of airflow limitation, caused by BO, which will con-

tinue to be termed BOS. The diagnostic criteria remain

largely as previously elaborated.4,5 Briefly, obstruction is

defined by a fall in FEV1 ≥20% (compared with baseline)

and associated with other indices of airflow limitation

(Table 3), without persistent radiologic pulmonary opacities

(as defined in what follows).

Up to 30% of patients with CLAD develop a restrictive

defect.10,18 In the presence of persistent radiologic pulmo-

nary opacities, this will continue to be called “restrictive

allograft syndrome” (RAS) (Table 3). RAS (previously

called restrictive [R]-CLAD) is defined physiologically by:

(1) a persistent ≥20% decline in FEV1 (§ FVC) compared

with the reference or baseline value; (2) a decrease in total

lung capacity (TLC) to ≤90% compared with baseline,

defined as the average of the 2 measurements obtained at

the same time as or very near to the best 2 post-operative

FEV1 measurements; and (3) the presence of persistent

opacities on chest imaging (chest X-ray [CXR] and/or com-

puted tomography [CT]). Restriction should be diagnosed

by a ≥10% decline in TLC relative to baseline. The poten-

tial role of an FVC decline ≥20% from baseline as a surro-

gate marker for restriction20 is addressed further in the

RAS consensus report.21 If, despite appropriate therapeutic

efforts, both features (restrictive physiology and CXR/CT

opacities) persist after 3 months, then the diagnosis of defi-

nite CLAD with the phenotype of RAS is confirmed.

Given the uncertainty inherent in relying solely on spi-

rometry to diagnose a restrictive ventilatory defect, we

strongly recommend measuring TLC by body plethysmog-

raphy to confirm a suspected diagnosis in all cases unless

specific contraindications exist. In this regard, obtaining a

baseline TLC at 3 and 6 months post-transplant in addition

to a high-resolution CT (HRCT) at 6 months will provide a

clinically useful baseline. FEV1/FVC ratio per definition

increases to >0.7 with a restrictive process, but such

changes are difficult to interpret in some situations. For
tionb (TLC decline ≥10% from baseline) CT opacitiesc

No
Yes
Yes
Yes
No

nction; CT, computed tomography; FEV1, forced expiratory volume in 1

ictive allograft syndrome; TLC, total lung capacity.

ed with other indices of airflow limitation (FEV1/FVC ratio <0.70).

stent with a diagnosis of pulmonary and/or pleural fibrosis and likely to

with bronchiectasis. Although the 2 (opacities and bronchiectasis) may

s on airways due to fibrotic parenchymal opacities.

enotype and vice-versa, will meet these criteria, which is in accord with

bles, making it difficult to categorize in the upper panels (BOS, RAS, or



Figure 2 Case studies. (A) In 1997, this patient underwent a

heart‒lung transplant for complex Eisenmenger syndrome, and

had several biopsy-proven acute cellular rejection episodes, which

were treated with courses of intravenous steroids and intravenous

anti-thymocyte globulins, and a shift from cyclosporine to tacroli-

mus and azathioprine to mycophenolate mofetil. Her FEV1

decreased gradually from 2.92 liters to 1.88 liters, and she was

diagnosed with CLAD Stage 2 (FEV1 decline to 64% of baseline),

phenotype BOS (obstructive and no CT opacities). At that time (in

2002), azithromycin was added (red arrow) and FEV1 normalized

within 2 months. CLAD could no longer be sustained, so it is

unlikely that her FEV1 decline before azithromycin was due to

development of BO (BOS). Later, she had another gradual decline

in FEV1, which was considered CLAD (initial BOS phenotype),

but subsequently demonstrated a mixed phenotype with TLC

decline (12%) and persistent pleuroparenchymal opacities on chest

CT scan. (B) In 2011, this patient underwent a re-do bilateral lung

transplant because of end-stage BOS. In 2014, after late biopsy-

proven acute rejection, he developed rapidly declining obstructive

spirometry, diagnosed as CLAD Stage 3, phenotype BOS. After

initiation of extracorporeal photophoresis, FEV1 increased from

2.12 liters to a maximum of 2.70 liters, after which it remained sta-

ble at around 2.35 liters. This patient showed partial reversibility
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instance, FVC may be falsely reduced due to an increased

residual volume (RV), rather pointing to obstruction. Also,

after single-LTx for chronic obstructive pulmonary syn-

drome (COPD), or in the presence of anastomotic stenosis

after bilateral LTx, the FEV1/FVC ratio may remain <0.7,
even if RAS, and hence restriction develops. In that case,

TLC decline may be the only indication for restriction in

the pulmonary function testing. Another pitfall in the inter-

pretation of the FEV1/FVC ratio is when the BOS pheno-

type moves into the mixed phenotype. In these patients,

usually the FEV1/FVC ratio will also remain <0.7, but it
may increase from the value at the last BOS spirometry. In

that situation, development of persistent opacities on chest

imaging and the associated decline in TLC of ≥10% may

be the best indicators of a mixed phenotype development.

Chest CT may reveal opacities (ground glass, consolida-

tion, small linear and reticular) that can be multilobar and/or

show increasing pleural thickening consistent with a diagno-

sis of pulmonary and/or pleural fibrosis. This should be the

probable cause of the restrictive physiology, rather than air-

way-based changes consistent with bronchiectasis, although

the 2 may coexist, the latter, in some cases, reflecting traction

changes on airways due to the former.

As a consequence, staging will be performed as follows:

when a patient meets the criteria for CLAD, the CLAD

stage will be attributed based on the percent FEV1 decline,

after which the phenotype will be mentioned based in the

aforementioned criteria and Table 3. For example, 1 patient

may have CLAD Stage 2 (FEV1 >50% to 65%) with pheno-

type BOS (obstructive physiology, without radiologic opac-

ities), whereas another patient may have CLAD Stage 1

(FEV1 >65% to 80%), with phenotype RAS (TLC decline

≥10% and persistent opacities).
(+27%), with a subsequent new decline, although the patient has

remained in CLAD Stage 2, phenotype BOS, illustrating that a

reversible (possibly inflammatory) part of CLAD (BOS) was

effectively treated, even though BO itself is not reversible. (C) In

1996, the patient underwent a bilateral lung transplantation for

pulmonary arterial hypertension. The best post-operative FEV1

was 3.9 liters (100% predicted). Current FEV1 is 3.1 liters (98%

predicted). Although there was an FEV1 decline of 0.8 liter (corre-

sponding to a 20.5% decline), this is not considered CLAD, as the

percent predicted has remained almost identical; thus, this may be

considered a natural FEV1 decline over the course of 22 years. (D)

In 2000, this patient underwent bilateral lung transplant for idio-

pathic pulmonary fibrosis. Her weight increased by 25 kg over the

next 5 years, but then remained stable. At the same time, her

FEV1 and FVC decreased by 20% compared with baseline. This

was initially considered CLAD Stage 1, with restrictive pulmo-

nary function (TLC decline 11%), but there were no opacities on

chest CT scan (hence not qualifying for RAS). After she under-

went a gastric bypass procedure (red arrow), resulting in a weight

loss of 30 kg, pulmonary function again normalized. The patient

did not have CLAD because her restrictive pulmonary function

decline was due to weight gain, and CLAD score was restored to 0

with substantial weight loss. CLAD, chronic lung allograft dys-

function; CT, computerized tomography; FEV1, forced expiratory

volume in 1 second; FVC, forced vital capacity; RAS, restrictive

allograft syndrome; TLC, total lung capacity.
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Despite taking all of these parameters into consideration

and making possible efforts to assign a phenotype, some

patients may still be difficult to classify as having a specific

phenotype. A patient with an obstructive defect who devel-

ops persistent opacities on HRCT but no decline in TLC or a

patient with a combined obstructive and restrictive decline in

pulmonary function without opacities on HRCT are repre-

sentative examples of such a situation (see Table 3), which

may represent a phenotype that has yet to be defined.

The underlying pathology of BOS is considered to be

BO, which may be early, with an excess of sub-epithelial

fibrous tissue, or late, with obliteration of the lumen by

fibrosis. Remnants of smooth muscle may be identified in

the scar of an obliterated bronchiole, and may be better

demonstrated in the elastic lamina with an elastic van

Gieson stain.

The pathology of RAS is commonly late−onset, diffuse
alveolar damage progressing to end-stage pulmonary fibro-

sis with or without pleural involvement.5,19−22 Post-mortem

and explant analysis of lung tissue from patients with a

restrictive defect commonly demonstrates BO as well

as fibroelastosis (FE), which may be pleuroparenchymal

(PPFE) or scattered in the lung parenchyma, and is qualita-

tively different from parenchymal fibrosis seen in non-

transplant patients.19,21,22 The concurrent finding of these 2

histopathologic changes in 1 biopsy sample can explain the

finding of a combined obstructive and restrictive ventilatory

defect and the potential evolution from one CLAD pheno-

type to another.
Non-CLAD causes of pulmonary function
decline

As defined earlier, CLAD represents a loss of lung function

due to pathologic airway and parenchymal/pleural processes,

encompassing BOS, RAS, mixed, and an (as-yet) undefined

phenotype (Table 3). There are, however, a number of cir-

cumstances, comorbidities, and new-onset diseases that can

also lead to a loss of lung function post-transplant, but these

are not incorporated into the CLAD definition (Table 1).

Note that some of these processes may be stable and

chronic (e.g., aging, lung or chest wall surgery, weight

gain, and airway narrowing, as outlined in Table 1, section

A). If these or other issues are identified, then the patient’s

“new” baseline FEV1 should be redefined for future moni-

toring for any subsequent decline in lung function. The

baseline FEV1 should be reset when the underlying non-

CLAD condition (Table 1, section A conditions only) has

been stable for at least 6 months. In this 6-month period,

the mean of 2 best FEV1 measurements, taken at least 3

weeks apart, will be the new reference baseline FEV1.

Lung function will indeed change over time in the aging

lung, which may confound the application of the CLAD cri-

teria detailed previously. This situation can usually be

resolved by analysis of whether there has been a significant

change in the percentage of predicted lung function

(Figure 2C). When graphed over time, a step change in

slope is suggestive of the development of CLAD. Similarly,
the body habitus of the patient may change with increasing

weight, leading to a restrictive pulmonary function (without

any opacities on CXR/CT scan). Diagnosing CLAD may be

difficult in these cases, except when there is subsequent

weight loss with an improvement of pulmonary function

(Figure 2D). Consideration should also be given to the

donor-predicted values. This is particularly important when

a donor/recipient sex mismatch occurs, when there is a

large variance in age between the donor and recipient or

between predicted lung sizes based on a height mismatch.

Lungs from older smoking donors may also display some

emphysematous changes, which will likely be reflected on

the best FEV1 achieved post-LTx. Once again, in each of

these situations, a stable baseline is usually achieved within

3 to 6 months (rarely several years) of transplant, which

can then be used to compute the reference values and the

development of CLAD.

Other circumstances (as outlined in Table 1, section B)

are unpredictable in the actual variability of extent (e.g.,

tumor- or drug-induced parenchymal infiltration), and both

the presence of CLAD, as well as the timing of its onset,

are difficult to clarify with accuracy.
Tools for diagnosis of CLAD phenotype and
suggested follow-up

The phenotype of CLAD is established using the diagnostic

criteria outlined earlier (Table 3), and response to treatment

is assessed predominantly by lung function and imaging.

Patients with a first drop in FEV1 of ≥10% should be inves-

tigated thoroughly and reassessed within 4 to 6 weeks,

especially if a new treatment has been initiated. Spirometry

(performed according to ATS/ERS standards) should be

assessed at every clinic visit.23 If bronchodilator response

is performed, post-bronchodilator FEV1 values should be

used to exclude other (reversible) etiologies for obstruction.

CLAD patients may stabilize their FEV1 spontaneously or

after treatment. In stable CLAD patients with stable FEV1

or a very slow decline in FEV1 (so-called plateau phase), it

is advised to have lung function measured at least every 3

or 4 months. Home spirometry is a useful technique to

detect early changes in graft function and to determine

when to intervene.24

We recommend measuring TLC in LTx patients at 3 and

6 months after transplant and annually thereafter. TLC

measurements should also be obtained if FEV1 changes

≥10% from previous values. The “gold standard” technique

to assess TLC is body plethysmography.25

The initial CT scans (inspiratory views with a maximum

width of 3-mm sections, and expiratory sections as well)

without contrast media are recommended in all LTx

patients at 6-month follow-up (when spirometry is usually

optimal). Repeat CT studies should be obtained when

CLAD is initially diagnosed to better visualize air trapping

and various subtle opacities. Dettmer et al recently demon-

strated that a chest CT obtained at the onset of CLAD can

predict the development of RAS as well as survival.26 In

addition, opacities on CXR that are not explained by
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obvious causes (e.g., infection, drug toxicity, rejection, and

malignancy) are indicators for a repeat chest CT. Multilo-

bar opacities (ground glass, consolidation, small linear and

reticular changes) that persist for 3 months with or without

pleural changes are hallmark features of the RAS pheno-

type of CLAD.21

Transbronchial biopsy and bronchoalveolar lavage

(BAL) have a major role in the detection of treatable causes

prior to the diagnosis of definite CLAD and should be per-

formed at the start of the diagnostic process to investigate

the decline in lung function not explained by obvious, non-

CLAD causes (Table 1). Once the diagnosis of CLAD has

been established, these investigations have little role in fol-

low-up of CLAD patients. There are no specific features

that can be obtained from BAL, biopsy, or serum that are

useful to phenotype CLAD. Rather, cytologic and microbi-

ologic (including bacteria, viral and fungal) assessments of

the BAL fluid should be obtained. Although transbronchial

biopsy may detect an area of active or inactive BO, histo-

pathologic evidence of BO is relatively uncommon, as the

process is patchy and bronchial sampling is relatively lim-

ited. The detection of lymphocytic bronchiolitis after a

diagnosis of CLAD is a poor prognostic indicator associ-

ated with decreased survival and the development of RAS27

and BOS.28

Abnormalities seen on BAL cytology, such as when neu-

trophilia (>15%) or eosinophilia (≥2%) are present, have

been associated with the development of CLAD.29,30 In the

absence of infection or colonization, persistent early BAL

neutrophilia may signal the onset of BOS.29 BAL eosino-

philia that correlates with blood eosinophilia and raised

C-reactive protein (CRP) has been associated with the devel-

opment of RAS through unknown mechanisms. Peripheral

blood eosinophilia is also associated with poor graft survival

after the diagnosis of RAS.27 BAL should also be assessed

for signs of aspiration, which is suggested by the presence of

multinucleated giant cells or foreign organic material (such

as meat and plant material), and/or of lipid, as demonstrated

on a lipid stain such as oil red-O or Sudan black and/or bile

acids (detected by enzymatic assay).31

Treatment of CLAD

There are few treatment options for CLAD and, to date, these

have mostly been reported in patients with BOS and have

shown limited efficacy. Effective pharmacologic therapy of

CLAD remains an unmet medical need. Retransplantation

may be the only therapeutic option for advanced CLAD in

well-selected patients. However, retransplantation is associ-

ated with lower peak lung function as compared with a

matched cohort of first transplant patients and carries a

higher post-operative mortality, especially for RAS.32,33

In CLAD (BOS), sustained administration of high-dose

corticosteroids should be avoided due to harmful side

effects and lack of efficacy.5 Other options include: conver-

sion of cyclosporine to tacrolimus; a trial of azithromycin

for ≥8 weeks; and fundoplication for documented gastro-

esophageal reflux in selected cases.5 There are no formal

treatment guidelines for RAS, and management is relatively
experimental, as no clinical studies have demonstrated the

efficacy of any intervention.21 However, some case reports

and a small case series have demonstrated marginal effects

(such as improvement or stabilization of interstitial changes

and lung function) with off-label use of pirfenidone, ninte-

danib, or alemtuzumab.34−37 Other therapeutic options for

CLAD (BOS) include total lymphoid irradiation (TLI) or

extracorporeal photopheresis (ECP).38−42 TLI may reduce

the rate of decline in graft function associated with BOS,

which is mostly observed in "rapid decliners" (defined as

those with an FEV1 decline >100 ml/month pre-treat-

ment).38,39 Similar effects are seen with ECP, however,

mostly in BOS patients with a slowly progressive FEV1

decline and increased BAL neutrophilia. ECP is less likely

to attenuate disease progression in rapidly declining BOS

patients without significant BAL neutrophilia or in patients

with RAS.40−43

Non-controlled studies in which azithromycin was added

demonstrated an improvement and even normalization of

the FEV1 in a significant proportion of patients diagnosed

with BOS and was typically associated with BAL neutro-

philia.7,8,43−46 A placebo-controlled, randomized trial pub-

lished by Corris et al corroborated these results and also

demonstrated that a treatment delay of several months did

not have a negative impact on the improvement in FEV1.
47

Some beneficial effects with add-on montelukast have also

been suggested in a small, open-label, pilot study and in a

randomized, placebo-controlled, single center trial, although

controversy of its effects remains.48,49
Preventive treatment for CLAD

Although various allograft infections have been associated

with CLAD onset and/or progression, randomized trials

with anti-infective therapy as a primary preventive treat-

ment for CLAD are lacking. However, interventions that

target specific infections may reduce the prevalence of

new-onset or progressive BOS, as was demonstrated in a

randomized trial in LTx recipients with respiratory syncy-

tial virus.50 Similarly, sinus surgery and daily nasal care

after LTx in cystic fibrosis patients has been advocated as a

potential preventive measure for CLAD. Although such an

approach may prevent aspiration of post-nasal secretions

and reduce allograft infections and colonization, results

from a recent randomized clinical trial did not demonstrate

improved survival or a decreased incidence of CLAD.51

At present, only prophylactic treatment with azithromy-

cin has been demonstrated to significantly reduce the preva-

lence of BOS in a randomized clinical trial.52,53 Non-

randomized studies have also suggested a reduced rate of

BOS in LTx recipients receiving statins in comparison to

non-treated patients, with a trend for a lower BOS preva-

lence in statin-treated patients and better maintenance of

lung function after LTx.54,55 A recent randomized, controlled

trial with high-dose vitamin D did not demonstrate a decrease

in BOS prevalence or improvement in BOS-free survival.56

Two randomized, open-label clinical trials, one comparing

mycophenolate sodium vs delayed-onset administration of
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everolimus (both in combination with cyclosporine and corti-

costeroids) and the other comparing induction with alemtuzu-

mab vs thymoglobulin, showed no difference in efficacy for

prevention of BOS.57,58 De-novo tacrolimus use, as compared

with cyclosporine, was associated with a significantly reduced

risk for BOS Grade ≥1 at 3 years after LTx, although the

primary end-point was not assessed by independent data

review.59 Inhaled cyclosporine was reported to extend BOS-

free survival compared with placebo in a small, randomized

trial,60 but these results were not supported in the CYCLIST

trial.61
Possible future treatments

A European multicenter, randomized, controlled Phase 3

trial with pirfenidone in BOS (NCT02262299) is currently

ongoing (enrolling until mid-2019). Another study on the

role of ECP for the management of progressive BOS

(NCT02181257) is currently active.

Mesenchymal stromal cell therapy, shown to be safe and

feasible,62 is under investigation as a treatment for CLAD,

and is currently being investigated in an Australian Phase

2, multicenter, randomized study (NCT02709343). In a ret-

rospective analysis, Tikkanen et al suggested increased

BOS-free survival when using normothermic ex-vivo lung

perfusion (EVLP) in a comparison with contemporaneous

cold preservation of lungs from brain-dead donors.63 Long-

term clinical results from a randomized trial with EVLP

(INSPIRE) regarding pulmonary function and prevalence

of CLAD are pending as of this writing.64 Pre-emptive cir-

culating antibody-directed treatment may mitigate the risk

of later CLAD associated with human leukocyte antigen

(HLA) donor-specific antibodies (DSA). However, evi-

dence from placebo-controlled trials is needed to determine

the efficacy of this approach.65 Other non-medical interven-

tions, such as supplemental oxygen or supervised

pulmonary rehabilitation, may reduce CLAD-associated

patient-reported complaints (dyspnea) or complications

(deconditioning), but randomized data with which to base

firm recommendations on symptomatic treatments are lack-

ing.5 Mobile health interventions may also be associated

with reduced risk of BOS, most likely by facilitating

improved self-management and compliance with complex

post-transplant medical regimens.66
Limitations and future directions

The definitions introduced in this report are limited to the

consensus opinions of experts in LTx and thus lack the

“hard data” to support individual statements. Consequently,

there remains significant subjectivity in the CLAD defini-

tion, and the astute clinician must take this into account.

Specific limitations are outlined in what follows.
Limitations

Subjectivity in the CLAD definition. CLAD remains a clini-

cal diagnosis. In spite of the definitions given in this
consensus report, subjectivity in the exact classification of

patients, as well as timing of onset of CLAD, cannot be

eliminated. These caveats must be incorporated into the

design of future research studies and the assessment of pub-

lished literature on the subject.

The CLAD definition itself, which is based on a sus-

tained ≥20% drop in FEV1 compared with baseline, is a rel-

atively objective approach to the diagnosis, but the

threshold is perforce arbitrary. The exclusion of other diag-

noses is more nuanced. In some cases, CLAD may occur

concurrently with other complications, such as pleural effu-

sion, diaphragmatic dysfunction, weight gain, and other

causes, as discussed earlier. Therefore, the essential ques-

tion is whether the decrease in FEV1 is due to CLAD or to

a concurrent disease/disorder (or both), which is often a

subjective decision. Another question is whether the post-

transplant FEV1 baseline should be reset after certain dis-

eases or processes have been identified that permanently

affect lung function and are not directly related to allograft

complications (such as a lobectomy or weight gain)

(Table 1, section A). In these settings, a diagnosis of CLAD

should be based on the new FEV1 baseline value, as

described earlier. Such considerations should be made on a

case-by-case basis, but such instances relatively rare. How-

ever, the baseline should not be reset after conditions that

are known risk factors for CLAD (such as acute cellular or

antibody-mediated rejection, and infection), as these often

cause a stepwise decline in FEV1 in the progression of graft

dysfunction to CLAD.

The timing of CLAD onset is an important discussion

point, particularly as it is greatly influenced by the frequency

of pulmonary function testing (PFT). We recommend PFT

values used for assessment should be consistently obtained

at a single, accredited PFT laboratory to assure that the val-

ues measured are compared with standardized equations not

utilized at smaller PFT laboratories. Similarly, home spirom-

etry devices may provide more variable results as they are

not calibrated on a routine basis. These factors should be

taken into account when comparing data from different cen-

ters. A good consensus on timing of CLAD onset is impera-

tive and definitions must be standardized to facilitate the

objectivity in uniformity for enrollment criteria and outcome

measures in clinical trials.

This consensus report thus has defined that CLAD onset

occurs at the time of measurement of the first decline in

FEV1 ≥20% from baseline. This differs from previously

used criteria that excluded data showing initial FEV1 ≤80%
of baseline if associated with rejection or infection, and

rather, CLAD was declared if FEV1 remained suppressed

yet active rejection or infection were excluded. These crite-

ria are considered by this group to be too subjective and

highly dependent on the frequency of surveillance tests

such as spirometry, body plethysmography, bronchoscopy,

biopsy, and other diagnostic tests. Thus, the criteria to

determine the presence of CLAD is failure of FEV1 to

improve to >80% of baseline after adequate treatment of

infection or rejection, and the start of CLAD is noted at the

first test to demonstrate a decrease in the FEV1 ≥20% from

baseline.
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We acknowledge that the ≥20% decline in FEV1 is

somewhat arbitrary. Specific quantification is relevant and

probably should be reassessed in the modern era in the con-

text of RAS and BOS definitions.

Defining CLAD in the absence of PFT remains a difficult

issue. Some patients have clear (acute-onset) lung allograft

dysfunction but are too sick to have spirometry. Our consen-

sus group has determined that the term CLAD should not be

employed in these instances. In some patients, radiologic

evidence (air trapping, bronchiectasis, pleuroparenchymal

opacities) or pathologic evidence (BO, pleuroparenchymal

fibroelastosis) of CLAD is noted, yet serial spirometric data

have not been collected. More precise definitions need to be

developed for these CLAD-like clinical entities.

At this time, CLAD is defined as the presence of an irre-

versible or partly reversible (to ≤80% of baseline) FEV1

change upon treatment. However, the definition will need to

be revised if more effective therapies for CLAD are introduced

that reverse the disease process to within >80% of baseline.

This report has focused on the 3 phenotypes (BOS, RAS,

and the mixed phenotype) described to date. However,

other phenotypes may exist, based on a different combina-

tion of lung function variables and other clinical features

(undefined, see Table 3). Ultimately, endotypes will likely

be developed that are based on biologic variables rather

than clinical phenotypes. The field continues to evolve

as clinicians strive to determine which classifications are

most relevant to prognosis, early diagnosis, and response to

treatment.
Future directions

Future research and discussions regarding CLAD diagnosis

should focus on:

� Better characterization of other (undefined) phenotypes

of CLAD.
� Better definition of post-transplant predicted lung func-

tion values.
� Use of other pulmonary function tests to characterize

CLAD subtypes, such as forced expiratory flow and dif-

fusing capacity for carbon monoxide (DLCO).
� Quantitative assessment of chest CT opacities.
� Magnetic resonance imaging (MRI) allowing serial

assessments of ventilation and opacities without radia-

tion exposure and contrast media.67

� Better descriptions of CLAD-like entities that do not fit

the definition, such as:

1. Failure to achieve adequate lung function. Indeed,

underlying processes may affect baseline lung function

immediately after LTx, with the recipient achieving a

very low maximal FEV1. Multiple factors may contrib-

ute to this inability to achieve an adequate lung func-

tion, but this does not change the approach to CLAD

diagnosis, although it has an impact on survival.68

2. Allograft dysfunction in the absence of PFT data.

3. Overlap processes.
In summary, in this report we have aimed to further

unify the CLAD-specific language within the LTx commu-

nity with the aim of improving our understanding of CLAD

mechanisms and allowing for standardized measurements

within multicenter studies and clinical trials that aim to

develop effective therapies.

The path toward these goals can be summarized in the

following 3 categories:

1. Improving graft surveillance for early detection of

CLAD: Patterns of spirometric and/or volumetric

changes over time, combined with quantitative meas-

urements of radiographic findings and biologic markers

will allow a more comprehensive longitudinal monitor-

ing of LTx recipients.

2. From physiologic phenotyping to biologic endotyping:

Recent data have identified many biomarkers of CLAD,

RAS, and BOS that affect survival. These markers include

BAL proteins and RNA transcripts, lung tissue RNA tran-

scripts, and allograft-derived cell analyses.5,69−74 Biologic

markers such as these can be evaluated to define endo-

types of CLAD that reflect the underlying pathology of

the disease process. Characterizing CLAD patients based

on up- or downregulated biologic processes may help bet-

ter predict responsiveness to specific therapies in the

future. There are no biomarkers that specifically identify

any single CLAD phenotype. Studies in this area are cur-

rently in progress.

3. Tailoring of therapeutic modalities: More effective person-

alized immunomodulatory therapies as well as anti-fibrotic

approaches are greatly needed in LTx. Better understand-

ing of CLAD phenotypes and endotypes will help in the

development and selection of such therapeutics.

4. Clear definitions of CLAD phenotypes, as described in

this consensus report, will help us harmonize patient

recruitment for multicenter studies.
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