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Highlights:

What are the main findings?

• One out of four lung transplant recipients in the largest German center develop chronic lung
allograft dysfunction (CLAD), which corresponds to chronic lung transplant rejection.

• Transplant patients who develop severe CLAD subsequently lose more than two disability-
adjusted life years (DALYs).

What are the implications of the main findings?

• As CLAD disability slowly develops within a median of two years after lung transplantation,
there is room for better management of CLAD.

• Beyond already existing options (azithromycin, tacrolimus), new options have to be found for the
prevention of CLAD.

Abstract: Background: Chronic lung allograft dysfunction (CLAD) is the leading cause of death
after the first postoperative years of lung transplantation (LTx). Objective: To assess the number
of disability-adjusted life years (DALYs) per patient with severe CLAD. Methods: The clinical and
demographic data of patients who received their lung transplantation between 2010 and 2020 in
the Hanover Medical School (Germany) were evaluated. Results: A total of 1025 lung transplant
patients were followed for a median of 51 months (4.25 years); the median age at transplantation
was 52.8 (interquartile range (IQR) 19) years. More than a quarter of transplant patients (271/1025 or
26.4%) developed CLAD, mostly (60%) of the bronchiolitis obliterans syndrome (BOS) phenotype.
Of the CLAD patients, 99, or 36.5%, suffered from significant disability, which on average occurred
after 2 years (IQR 2.55). The survival of CLAD patients with disability after transplantation was
significantly lower compared to that of patients without CLAD (median 4.04 versus 5.41 years).
Adjusted to the DALY estimation approach, CLAD patients lost 1.29 life years (YLL) and lived
for 0.8 years with their disability (YLD), adding up to 2.09 DALYs (range 1.99–2.72) per patient.
Conclusions: CLAD after lung transplantation is a major public health problem and is associated
with substantial disability and costs. Further work is needed to develop therapeutic interventions
that reduce its development.

Keywords: lung transplantation; chronic lung allograft dysfunction; disability; bronchiolitis obliter-
ans syndrome; disability-adjusted life years; patient outcome assessment
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1. Introduction

Lung transplantation (LTx) is an established treatment modality in a number of lung
diseases, where it improves survival and quality of life. As activity has been increasing
over the last decade, in 2012, a total of 6470 lung transplantations were estimated to have
been performed worldwide: of those, 1964 were in Europe [1].

Post-transplant survival percentage reached in experienced centers is more than 90%
at one year, 60–70% at five years and 40–50% at ten years [2]. Chronic lung allograft
dysfunction (CLAD) is the major obstacle to the long-term success of LTx. According to
registries, this disease affects up to 50% of lung transplant recipients within 5 years after
transplant [3].

CLAD is not only the leading cause of death after the first postoperative year but also
causes significant morbidity and has limited treatment options. Most affected patients will
die from progressive respiratory failure, with a median survival of 2.5 years [4]. Chronic
lung allograft dysfunction (CLAD) has two main clinical presentations with potential over-
lap (mixed phenotype): bronchiolitis obliterans syndrome (BOS) and restrictive allograft
syndrome (RAS) [5]. RAS is characterized by restrictive lung function decline and intersti-
tial fibrotic process. The RAS and mixed phenotype occur in approximately 30% of CLAD
patients and have a worse prognosis than the BOS phenotype [6].

To assess the burden of CLAD in lung transplant patients, the determination of
disability-adjusted life years (DALYs) is the most suitable instrument. A DALY consists of
two additive components: years lost due to disability (YLD) and years of life lost due to
premature death (YLL); thus, DALY = YLL + YLD [7]. In contrast to quality-adjusted life
years (QALYs) which are simply the product of one life year gained and a constant value
representing the utility of suffering from a given disease, DALYs include a discounted
age-weighting function to take into account that value of life may vary with age and that
future events have a lower value when aggregated to a value in the present [7]. The goal
of this study was to evaluate the burden of significant disability in CLAD patients within
a large cohort of lung transplant recipients, which, to our knowledge, has not yet been
done before.

2. Methods
2.1. Clinical and Demographic Data Assessment

A prospective single-center cohort study was performed at the Hanover Medical
School (MHH), Germany. Patients after LTx were consecutively included between 1 January
2010 and 30 June 2020. They were transplanted between 1 January 2010 and 31 March 2020
and followed for at least 3 months of follow-up to allow for enough pulmonary function
tests to diagnose and classify CLAD and further investigated in the MHH outpatient clinic.
As CLAD is defined by a reduction in spirometry in relation to the baseline measurement
after transplantation (mean of the best two values), baseline forced expiratory volume
in one second (FEV1), forced vital capacity and total lung capacity had to be measured.
Patients were excluded from our study when computed tomography imaging or body
plethysmography were not available or when they were not able to fill out questionnaires
due to illiteracy and limited language skills. Informed consent to use patient data was
obtained according to the ethics vote of Hannover Medical School (2923-2015).

Spirometry and body plethysmography were performed according to ATS/ERS stan-
dards [8,9]. CLAD was diagnosed by a persistent (at least 3-month) decline of FEV1 to
80% of baseline or below after exclusion and adequate treatment of secondary causes
such as infection, acute cellular/antibody-mediated rejection, or airway stenosis according
to current definitions [6]. The presence of persistent opacities on chest imaging with or
without pleural changes and a loss of lung volume (total lung capacity ≤ 90% baseline)
were used for case definition. The mixed phenotype was defined by persistent opacities
plus FEV1/FVC < 0.7, with accompanying total lung capacity (TLC) decline, while re-
strictive allograft syndrome (RAS) was defined as persistent opacities and pure restriction
on spirometry. Bronchiolitis obliterans syndrome was defined as obstructive physiology
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without opacities, with normal lung values. All other combinations of FEV1/FVC, TLC
and opacities were defined as the “other” phenotype.

CLAD severity was staged according to the International Society of Heart and Lung
Transplantation (ISHLT): CLAD 0: FEV1 > 80% of baseline, CLAD 1: FEV1 66–80% of
baseline, CLAD 2: FEV1 51–65% of baseline, CLAD 3: FEV1 35–50% of baseline and CLAD
4: FEV1 < 35% of baseline [5]. All CLAD patients received azithromycin (250 mg 3 times
per week) as standard treatment. Slowly progressive patients received add-on therapy
with montelukast (10 mg once daily); rapidly progressive patients were offered additional
extracorporeal photopheresis (ECP).

2.2. Calculation of DALYs

To assess the impact of CLAD on lung transplant patients we had to adjust the
calculation of disability-adjusted life years (DALYs), measured in units of one year, to our
cohort. Usually, to obtain the number of life years lost (YLL) due to a specific disease, the
number of premature deaths is multiplied by the standard life expectancy at the age at
which death occurs according to Equation (1):

YLL =
K·C·er·a

(r + β)2 ·
[
[1 + (r + β)·a]·e−(r+β)·a − [1 + (r + β)(L + a)]·e−(r+β)(L+a)

]
+

1 − K
r

(
1 − e−r·L

)
(1)

with · denoting the mathematical multiplication sign, and a = age of death (years),
r = discount rate (r = 0.03 in this study), β = age-weighting constant (β = 0.04),
K = age-weighting modulation constant (K = 1.00), C = age-weighting scaling constant
(C = 0.1658) and L = country-specific standard life expectancy at age of death (years).

In our cohort, in which standard life expectancy cannot be applied, the loss of life
expectancy of patients with severe CLAD has to be determined by subtracting their remain-
ing life expectancy from that of transplant patients without such a course. For this purpose,
age immediately after transplantation and age at death were determined in each subgroup.

To determine the years lived with the disability (YLD), a so-called “disability weight”
(DW) of a specific disease has to be incorporated. Currently, there is a fixed, standardized
set of so-called “disability weights” (DWs) for a limited range of medical conditions,
published at irregular intervals as the results of Global Burden of Disease (GBD) projects
since 1996 [10]. They are estimated by pairwise comparisons addressing which of two
individuals in different health states is healthier than the other. As a DW for CLAD patients
has not yet been validated, we used the clinical definitions of the most recent 2019 GBD
study [11] for severe COPD without heart failure as a substitute for “significant disability”.
In our view, the restrictions on mobility and independence of CLAD patients in everyday
life can best be described by the physical limitations listed for that DW: great difficulty in
walking even short distances or climbing any stairs, feels tired at rest. The corresponding
value for those patients is 0.408 with a uniform distribution between 0.273 and 0.556 [12].

Equation (2) can be used to calculate the YLD:

YLD = DW·
[

K·C·er·α

(r + β)2 ·
[
[1 + (r + β)·α]·e−(r+β)·α − [1 + (r + β)(T + α)]·e−(r+β)(T+α)

]
+

1 − K
r

(
1 − e−r·T

)]
(2)

Besides the DW, it also utilizes the duration of living with the impairment (T) and the
age of onset of disability in years (α). As significant disability in CLAD patients does not
occur immediately, but develops after a latency period, the median value of that gap before
death had to be assessed.

To estimate the number of patients who fulfilled the definition of “severe disability”,
an expert panel decided to use a standardized questionnaire which included three options
for describing and valuing health on every visit. The first one was the EQ-5D, which defines
health in terms of 5 dimensions: mobility, self-care, usual activities, pain/discomfort and
anxiety/depression [13]. The EQ-5D is a generic, standardized instrument for measuring
health-related quality of life. Each dimension has 5 possible responses, from no problems to
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extreme problems. In order to be able to show the differences between these five responses
as much as possible, each dimension was scored as 0 to 20 points in 5-point increments,
leading to a total score between 0 (lowest health status) and 100 (perfect health). The
EQ-5D-5L score was calculated as follows: subscores were equally summed up from 0
(lowest) to 20 (highest) in 5-point increments to form a total score between 0 (low) and 100
(highest) points. Based on pre-validations on a representative subsample of lung transplant
patients in 2009 (unpublished data), significant disability was defined as patients reporting
a persistent total EQ5D score of less than 60 points. The score also considers that patients
who rapidly progress to CLAD, i.e., have an FEV loss of more than 100 mL per month, may
experience more dyspnea, which might affect the individual perception of disability. To
more concretely describe the limitation of physical resilience that takes on a special role
in lung transplantation [14] beyond the generic category of “mobility”, we also asked for
about the number of stairs that could be climbed by the patient and whether a rollator or
wheelchair was continuously necessary. If there was need for a wheelchair or a rollator
or inability to climb one flight of stairs, the patient was considered significantly diseased,
even when the number of points in the EQ5D score was equal to or more than 60 points.

2.3. Statistics

Statistical analysis was performed with metric variables expressed as medians, the
interquartile range (IQR), i.e., the region between the 75th and 25th percentile, and cate-
gorical variables as absolute numbers and percentage of data entries. Univariate analyses
were performed using the Mann–Whitney test for continuous variables and chi-square
test for categorical variables. Survival analysis was performed using the Kaplan–Meier
method, and the differences in survival outcomes between groups were compared using the
log-rank test. Binary logistic regression analyses were conducted with significant disability
as the outcome variable. The level of significance was set at ≤0.10 to include variables
identified by univariate analysis between groups. Data were analyzed as observed, without
the imputation of missing values.

3. Results

A total of 1025 patients with complete data were identified (Figure 1), 489 females
(47.7%) and 536 males (52.3%). Patient demographics are displayed in Table 1. The majority
of patients received a bilateral transplantation, and the median follow-up was 51 months or
4.25 years. The median age at transplantation was 52.8 (25th percentile 40.0; 75th percentile
58.0; IQR 18) years. The most frequent comorbidities recorded during follow-up were
insulin-dependent diabetes (23%), coronary artery disease (5%) and significant kidney
dysfunction (4%).

Two hundred and twelve patients (20.7%) died during follow-up on average 2.9 years
(median) after lung transplantation (25th percentile 1.7; 75th percentile 4.3; IQR 2.6). The
most frequent causes of death were CLAD (41%), infections (14%) and malignancy (15%).
The median age at death of all included patients was 56.6 years (25th percentile 49.8;
75th percentile 62.7; IQR 13). One hundred and seventy-one patients reported persistent
significant disability during follow-up, which increased during follow-up (Figure 2). The
median onset of disability was two years after LTx (25th percentile 1.1; 75th percentile 3.65;
IQR 2.55). Seventy-seven deaths (31%) were preceded by significant disability.

Out of the 1025 patients, 274 (26.7%) developed CLAD during follow-up. The CLAD
phenotypes were BOS, RAS or mixed and other in 157 (65%), 70 (26%) and 14 (7%) patients,
respectively. Thirty-four patients developed pure RAS. In total, 171 patients reported per-
sistent significant disability during follow-up (84 patients by EQ5D < 60 points; in addition,
41 patients by wheelchair/rollator and 46 patients by immobility criterion (inability to
climb a flight of stairs)). The distribution of patients (in percent) on the individual levels
of the dimensions is shown in Supplementary Materials Table S1. Four hundred and
eighty-nine patients had their last visit during the pandemic (since 1 January 2020). One
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COVID-19 patient, who was recorded on 19 March 2020 and was included in our cohort,
remained stable and did not develop CLAD during the study period.
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Figure 1. Flowchart of patient identification.

Table 1. Patient characteristics.

n = 1025

Gender, female, n (%) 489 (48)
Age at transplant (years), median (25th, 75th percentile) 52.8 (40.0, 59.0)
Transplant procedure, n (%)
Bilateral 983 (96)
Single lung 25 (2)
Heart–lung 17 (2)
Diagnosis, n (%)
Fibrosis/interstitial lung disease 333 (33)
Chronic obstructive pulmonary disease/alpha1ATD 310 (30)
Cystic fibrosis/bronchiectasis 228 (22)
Pulmonary hypertension/pulmonary vascular diseases 67 (7)
Other 87 (9)
Median follow-up, months (25th, 75th percentile) 51 (27, 82)
Visits during follow-up, median (25th, 75th percentile) 17 (10, 25)
Death during follow-up, n (%) 212 (21)
Comorbidities during follow-up
CLAD (persistent FEV < 80% baseline) 274 (27)
CLAD stage 3 or 4 117 (46)
CLAD phenotype BOS 157 (65)
CLAD phenotype RAS or mixed 70 (26)
CLAD phenotype undefined 14 (7)
Obesity (BMI > 30 kg/m2) 24 (2)
Significant kidney disease (GFR < 30 mL/min/1.73 m2) 47 (5)
Osteoporosis 27 (3)
Malignancy 23 (2)
Insulin-dependent diabetes 240 (23)
Coronary artery disease 51 (5)
Neuropathy 8 (1)
Stroke 9 (1)
Depression/psychosis 30 (3)
Peripheral arterial occlusive disease 10 (1)
Last Charlson comorbidity index, median 2 (1, 3)

ATD = antitrypsin deficiency; CLAD = chronic lung allograft dysfunction; BOS = bronchiolitis obliterans syndrome;
RAS = restrictive allograft syndrome; BMI = body mass index; GFR = glomerular filtration rate.



Adv. Respir. Med. 2023, 91 437

Adv. Respir. Med. 2023, 91, FOR PEER REVIEW  6 
 

 

ATD = antitrypsin deficiency; CLAD = chronic lung allograft dysfunction; BOS = bronchiolitis oblit-

erans syndrome; RAS = restrictive allograft syndrome; BMI = body mass index; GFR = glomerular 

filtration rate. 

Two hundred and twelve patients (20.7%) died during follow-up on average 2.9 years 

(median) after lung transplantation (25th percentile 1.7; 75th percentile 4.3; IQR 2.6). The 

most frequent causes of death were CLAD (41%), infections (14%) and malignancy (15%). 

The median age at death of all included patients was 56.6 years (25th percentile 49.8; 75th 

percentile 62.7; IQR 13). One hundred and seventy-one patients reported persistent sig-

nificant disability during follow-up, which increased during follow-up (Figure 2). The me-

dian onset of disability was two years after LTx (25th percentile 1.1; 75th percentile 3.65; 

IQR 2.55). Seventy-seven deaths (31%) were preceded by significant disability. 

 

Figure 2. Incidence of significant disability during follow-up (patients alive). 

Out of the 1025 patients, 274 (26.7%) developed CLAD during follow-up. The CLAD 

phenotypes were BOS, RAS or mixed and other in 157 (65%), 70 (26%) and 14 (7%) pa-

tients,  respectively. Thirty-four patients developed pure RAS.  In  total, 171 patients  re-

ported persistent significant disability during follow-up (84 patients by EQ5D < 60 points; 

in addition, 41 patients by wheelchair/rollator and 46 patients by immobility criterion (in-

ability to climb a flight of stairs)). The distribution of patients (in percent) on the individ-

ual levels of the dimensions is shown in Table S1 of the supplement. Four hundred and 

eighty-nine patients had their last visit during the pandemic (since 1 January 2020). One 

COVID-19 patient, who was recorded on 19 March 2020 and was included in our cohort, 

remained stable and did not develop CLAD during the study period. 

Univariate analysis identified female gender, age, an underlying disease of COPD, 

pulmonal vascular disease, psychiatric illness and CLAD as risk factors  for developing 

disability (Table 2). In multivariate analysis, just the diagnosis of CLAD itself was inde-

pendently associated with significant disability (odds ratio 5.38; 95% confidence interval 

3.78 to 7.64). Disability increased with CLAD stage (Figure 3). In CLAD stage 3 and 4, the 

Figure 2. Incidence of significant disability during follow-up (patients alive).

Univariate analysis identified female gender, age, an underlying disease of COPD,
pulmonal vascular disease, psychiatric illness and CLAD as risk factors for developing
disability (Table 2). In multivariate analysis, just the diagnosis of CLAD itself was inde-
pendently associated with significant disability (odds ratio 5.38; 95% confidence interval
3.78 to 7.64). Disability increased with CLAD stage (Figure 3). In CLAD stage 3 and 4,
the prevalence was 50/120 (42%) in the BOS/other phenotype and 30/55 (55%) in the
RAS or mixed phenotype. In CLAD stages 1 and 2, the prevalence was 12/71 (17%) in the
BOS/other phenotype and 7/48 (15%) in the RAS or mixed phenotype.
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Table 2. Multivariate analysis of predictors of significant disability.

Covariate
Significant Disability (Percentage in

Brackets) n = 171 (17)
Significant Disability

n = 854 (83)
Univariate Multivariate

Odds Ratio (95% CI) p Odds Ratio (95% CI) p

Gender

Male 74 (14) 462 (86) (Ref) (Ref) (Ref) (Ref)

Female 97 (20) 392 (80) 1.545 (1.109, 2.151) 0.010 1.431 (0.998, 2.052) 0.051

Age at transplant, median years 53 (43, 58) 52 (39, 58) 1.007 (0.995, 1.020) 0.254

Transplant procedure

Bilateral 166 (17) 817 (83) (Ref) (Ref)

Single lung 3 (12) 22 (88) 0.656 (0.149, 2.897) 0.578

Heart–lung 2 (12) 15 (88) 0.671 (0.199, 2.268) 0.521

Underlying disease

Fibrosis/interstitial lung disease

No 113 (16) 579 (84) (Ref) (Ref)

Yes 58 (17) 275 (83) 1.081 (0.763, 1.530) 0.662

COPD/alpha1ATD

No 110 (15) 605 (85) (Ref) (Ref) (Ref) (Ref)

Yes 61 (20) 249 (80) 1.347 (0.953, 1.904) 0.091 1.247 (0.827, 1.879) 0.292

Cystic fibrosis/bronchiectasis

No 146 (18) 651 (82) (Ref) (Ref) (Ref) (Ref)

Yes 25 (11) 203 (89) 0.549 (0.349, 0.863) 0.009 0.656 (0.392, 1.097) 0.108

PH/vascular disease

No 153 (16) 805 (84) (Ref) (Ref) (Ref) (Ref)

Yes 18 (27) 49 (73) 1.933 (1.096, 3.408) 0.023 1.664 (0.862, 3.210) 0.129
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Table 2. Cont.

Covariate
Significant Disability (Percentage in

Brackets) n = 171 (17)
Significant Disability

n = 854 (83)
Univariate Multivariate

Odds Ratio (95% CI) p Odds Ratio (95% CI) p

Comorbidity

CLAD

No 72 (10) 679 (90) (Ref) (Ref) (Ref) (Ref)

Yes 99 (36) 175 (64) 5.335 (3.774, 7.541) <0.001 5.375 (3.783, 7.639) <0.001

BMI > 30 kg/m2

No 167 (17) 834 (83) (Ref) (Ref)

Yes 4 (17) 20 (83) 0.999 (0.337, 2.960) 0.998

GFR < 30

No 160 (16) 818 (84) (Ref) (Ref)

Yes 11 (23) 36 (77) 1.562 (0.779, 3.134) 0.209

Osteoporosis

No 166 (17) 832 (83) (Ref) (Ref)

Yes 5 (19) 22 (81) 1.139 (0.425, 3.051) 0.796

Malignancy

No 166 (17) 836 (83) (Ref) (Ref)

Yes 5 (22) 18 (78) 1.399 (0.512, 3.821) 0.513

Insulin-dependent diabetes

No 131 (17) 654 (83) (Ref) (Ref)

Yes 40 (17) 200 (83) 0.998 (0.677, 1.472) 0.994

Coronary artery disease

No 161 (17) 813 (83) (Ref) (Ref)

Yes 10 (20) 41 (80) 1.232 (0.605, 2.509) 0.566
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Table 2. Cont.

Covariate
Significant Disability (Percentage in

Brackets) n = 171 (17)
Significant Disability

n = 854 (83)
Univariate Multivariate

Odds Ratio (95% CI) p Odds Ratio (95% CI) p

Neuropathy

No 170 (17) 847 (83) (Ref) (Ref)

Yes 1 (12.5) 7 (87.5) 0.712 (0.087, 5.823) 0.751

Stroke

No 168 (17) 848 (83) (Ref) (Ref)

Yes 3 (33) 6 (67) 2.524 (0.625, 10.191) 0.194

Depression/psychosis

No 162 (16) 833 (84) (Ref) (Ref) (Ref) (Ref)

Yes 9 (30) 21 (70) 2.204 (0.991, 4.899) 0.053 2.184 (0.922, 5.173) 0.076

Peripheral arterial occlusive disease

No 170 (17) 845 (83) (Ref) (Ref)

Yes 1 (10) 9 (90) 0.552 (0.070, 4.388) 0.574
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The survival of transplants with CLAD and significant disability was clearly lower than
that of patients without (median 4.04 years for patients with CLAD versus 5.41 years for
patients without, p < 0.001), resulting in a difference of 1.37 years. As disability developed
on average only after 2 years, patients with CLAD and significant disability lived for
unadjusted 2.04 years with their restrictions before death (Table 3). When inserting the
corresponding values into both equations, the YLL in CLAD patients were 1.288 years, and
the YLD were 0.804 years. Consequently, the DALYs of those patients were on average
2.092 years. In sensitivity analysis for the DW, the YLD were 0.354 using the lower and
0.722 using the upper bound, resulting in DALYs of 1.99 and 2.71.

Table 3. Assumptions for calculating DALYs in CLAD patients with significant disability.

Age of death: 56.64 years (IQR 11.9)

Life expectancy at age of death years (compared to non-CLAD patients): 4.04

Discount rate: 0.03

Age weight: 0.04

Disability weight: 0.408 (0.354–0.722) [12]

Age of onset of disability: 54.6 years (IQR 22.2)

Duration of disability: 2.04 years (IQR 2.55)

Type of DALY used: definition of Murray 1996 [7]

4. Discussion

To our knowledge, this is the first study analyzing disability in chronic lung allograft
dysfunction. It is well known that the onset of CLAD is associated with impaired survival
after lung transplantation in comparison to patients without CLAD. The exact number
of life years lost due to CLAD is unknown, but mortality seems to be associated with
the CLAD phenotype. In our study, a considerable fraction of 29% of all lung transplant
patients developed CLAD, mostly with the BOS phenotype, whereby more than one-
third developed significant disability. The calculated 2.09 DALYs (range 1.99–2.71) in
this subgroup impressively demonstrate the impact of CLAD on lung transplant patients.
Whilst the survival in unadjusted absolute numbers of CLAD patients with disability is
already reduced by about 25% compared to patients without CLAD, nearly 10 adjusted
months (0.804 years) are lost due to the restrictions of the disability itself. The impact of
disability in our CLAD patients is probably underestimated as a minority (10%) of the
751 non-CLAD patients also developed significant disability. This was, however, not the
focus of our evaluation.

The costs associated with lung transplantation are substantial. A 2019 study using
US electronic medical records estimated the total costs of transplantation, including the
transplant episode and one year of follow-up, as between USD 280,485 and USD 512,144 [15].
With respect to the subsequent development of CLAD, Sheshadri and coworkers estimate
additional US costs due to inpatient admissions in years 1 and 2 following CLAD diagnosis
of USD 99,372 and USD 83,348, respectively [16]. Consequently, each DALY associated with
CLAD represents not only individual suffering but considerable economic losses, which in
Germany have to be taken by the statutory health insurances.

It is well known that the onset of CLAD is associated with impaired survival after
lung transplantation in comparison to patients without CLAD. The exact number of life
years lost due to CLAD is unknown, but mortality seems to be associated with the CLAD
phenotype [17].

Of note, according to our data, disability does not occur immediately but slowly
develops within a median of 2 years after LTx. This fact offers options for the consistent
drug prevention of CLAD. In a recently published study [18], Dellgren and coworkers
demonstrate that tacrolimus-based immunosuppression once daily significantly reduced
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the incidence of CLAD compared to ciclosporine twice daily, and tacrolimus should be
regarded as the first calcineurin inhibitor choice after LTx. Azithromycin has been shown
to increase the BOS-free survival with a hazard ratio of 0.27 (95% CI 0.092–0.816). However,
in contrast, there was no significant difference in overall survival with azithromycin in
comparison to placebo [19].

This study has some limitations: First, it is a study at a single German center, and
although a considerable number of patients were observed over a long period of time,
it remains uncertain whether the results can be transferred to other countries. Second,
only patients’ statements were considered in calculating significant disease, but the use of
walking aids (wheelchair and rollator) was crosschecked by health care professionals using
frailty scales. Third, we used an extended EuroQol 5D/5L questionnaire but otherwise
followed Global Burden of Disease methods. However, our extension of the EuroQol has
allowed us to approach as much as possible the criteria of severe COPD as defined by
the GBD as a substitute for significant disability in CLAD patients. Fourth, some of our
patients were selected at the beginning of the COVID-19 pandemic, and the last visit of
489 patients still coincided with the first six months after the pandemic. Thus, as SARS-
CoV-2 infection in LTx patients may result in a significant decline in lung function and a
higher mortality [20,21], it cannot be excluded that the results of our study might have
been impaired by COVID-19. However, only one COVID-19 patient was included in the
study cohort, and they survived the disease without disability.

There are also reports that SARS-CoV-2 mRNA vaccines in lung transplant recipients
may potentially trigger the rejection and the development of CLAD [22]. In our LTx patients,
however, the first vaccination was performed in January 2021, i.e., after the study period.
In contrast, we have no information on the social distancing of those LTx patients who still
had their rounds in the early months of the COVID-19 pandemic and may have benefited
from a lower number of respiratory infections [23].

In conclusion, CLAD after lung transplantation is a major public health problem and
is associated with substantial disability and costs. Further work is needed to develop
therapeutic interventions that reduce its development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/arm91050033/s1, Table S1: Distribution of different groups of
lung transplant patients to quality-of-life categories in the extended EuroQol 5D/5L questionnaire.

Author Contributions: Conceptualization: J.G. and R.D.; methodology: J.G., S.S. and R.D.; writing—
original draft preparation: J.G. and R.D.; review and editing: J.G., S.S. and R.D. All authors have read
and agreed to the published version of the manuscript.

Funding: J.G. and R.D. report grants from German Center of Lung Research (DZL) during the
execution of this study.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Research Ethics Committee of the Hannover Medical
School (Ethics Reference Number (2923-2015).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: See Supplementary Materials.

Acknowledgments: We thank Johanna Benndorf, Institute of Biological Sciences, University of
Edinburgh, UK, for her assistance with data management.

Conflicts of Interest: J.G. reports grants from Deutsche Forschungsgemeinschaft (DFG), grants from
Breath Therapeutics and personal fees from Novartis, outside of the submitted work. RD declares no
conflict of interest.

https://www.mdpi.com/article/10.3390/arm91050033/s1
https://www.mdpi.com/article/10.3390/arm91050033/s1


Adv. Respir. Med. 2023, 91 443

References
1. GODT. Organ and Transplantation Activities 2021. Available online: https://www.transplant-observatory.org/2021-global-

report-5/ (accessed on 11 October 2023).
2. Khush, K.K.; Cherikh, W.S.; Chambers, D.C.; Harhay, M.O.; Hayes, D., Jr.; Hsich, E.; Meiser, B.; Potena, L.; Robinson, A.; Rossano,

J.W.; et al. International Society for Heart and Lung Transplantation. The International Thoracic Organ Transplant Registry of the
International Society for Heart and Lung Transplantation: Thirty-Sixth Adult Heart Transplantation Report-2019; Focus Theme:
Donor and Recipient Size Match. J. Heart Lung Transplant. 2019, 38, 1056–1066, Erratum in J. Heart Lung Transplant. 2020, 39, 91.

3. Bos, S.; Vos, R.; Van Raemdonck, D.E.; Verleden, G.M. Survival in adult lung transplantation: Where are we in 2020? Curr. Opin.
Organ. Transplant. 2020, 25, 268–273. [CrossRef]

4. Finlen Copeland, C.A.; Snyder, L.D.; Zaas, D.W.; Turbyfill, W.J.; Davis, W.A.; Palmer, S.M. Survival after bronchiolitis obliterans
syndrome among bilateral lung transplant recipients. Am. J. Respir. Crit. Care Med. 2010, 182, 784–789. [CrossRef]

5. Verleden, G.M.; Glanville, A.R.; Lease, E.D.; Fisher, A.J.; Calabrese, F.; Corris, P.A.; Ensor, C.R.; Gottlieb, J.; Hachem, R.R.; Lama,
V.; et al. Chronic lung allograft dysfunction: Definition, diagnostic criteria, and approaches to treatment-A consensus report from
the Pulmonary Council of the ISHLT. J. Heart Lung Transplant. 2019, 38, 493–503. [CrossRef]

6. Levy, L.; Huszti, E.; Renaud-Picard, B.; Berra, G.; Kawashima, M.; Takahagi, A.; Fuchs, E.; Ghany, R.; Moshkelgosha, S.; Keshavjee,
S.; et al. Risk assessment of chronic lung allograft dysfunction phenotypes: Validation and proposed refinement of the 2019
International Society for Heart and Lung Transplantation classification system. J. Heart Lung Transplant. 2020, 39, 761–770.
[CrossRef]

7. Diel, R.; Lampenius, N. Cost-effectiveness analysis of interventions for tuberculosis control: DALYs versus QALYs. Pharmacoeco-
nomics 2014, 32, 617–726. [CrossRef]

8. Miller, M.R.; Hankinson, J.; Brusasco, V.; Burgos, F.; Casaburi, R.; Coates, A.; Wanger, J.; ATS/ERS Task Force. Standardisation of
spirometry. Eur. Respir. J. 2005, 26, 319–338. [CrossRef]

9. Wanger, J.; Clausen, J.L.; Coates, A.; Pedersen, O.F.; Brusasco, V.; Burgos, F.; Viegi, G. Standardisation of the measurement of lung
volumes. Eur. Respir. J. 2005, 26, 511–522. [CrossRef]

10. World Health Organization. Global Burden of Disease: 2004 Update; World Health Organization (WHO): Geneva, Switzerland, 2008.
11. Global Burden of Disease 2019. Available online: http://ghdx.healthdata.org/gbd-results-tool (accessed on 11 October 2023).
12. Global Burden of Disease Study 2019 (GBD 2019) Disability Weights. Available online: https://ghdx.healthdata.org/record/

ihme-data/gbd-2019-disability-weights (accessed on 11 October 2023).
13. The 5-level EQ-5D version (EQ-5D-5L). Available online: https://euroqol.org/eq-5d-instruments/eq-5d-5l-about/ (accessed on

11 October 2023).
14. De Vito Dabbs, A.; Dew, M.A.; Stilley, C.S.; Manzetti, J.; Zullo, T.; McCurry, K.R.; Kormos, R.L.; Iacono, A. Psychosocial

vulnerability, physical symptoms and physical impairment after lung and heart-lung transplantation. J. Heart Lung Transplant.
2003, 22, 1268–1275. [CrossRef]

15. Keller, C.A.; Gonwa, T.A.; White, L.J.; Rucci, M.E.; Visscher, S.L.; Kennedy, C.C.; Naessens, J.M. Utilization and cost analysis
of lung transplantation and survival after 10 years of adapting the lung allocation score. Transplantation 2019, 103, 638–646.
[CrossRef]

16. Sheshadri, A.; Sacks, N.C.; Healey, B.; Cyr, P.; Boerner, G.; Huang, H.J. The healthcare resource utilization and costs of chronic
lung allograft dysfunction following lung transplantation in patients with commercial insurance in the United States. J. Med.
Econ. 2022, 25, 650–659. [CrossRef]

17. Sato, M.; Ohmori-Matsuda, K.; Saito, T.; Matsuda, Y.; Hwang, D.M.; Waddell, T.K.; Singer, L.G.; Keshavjee, S. Time-dependent
changes in the risk of death in pure bronchiolitis obliterans syndrome (BOS). J. Heart Lung Transplant. 2013, 32, 484–491. [CrossRef]

18. Dellgren, G.; Kromann Lund, T.; Raivio, P.; Leuckfeld, I.; Svahn, J.; Skov, O.; Magnusson, J.; Scanclad, A. Scandinavian Multicenter
Randomized Study Evaluating if Once-Daily Tacrolimus Versus Twice-Daily Cyclosporine Reduces the 3-Year Incidence of
Chronic Lung Allograft Dysfunction after Lung Transplantation. Available online: https://ssrn.com/abstract=4420785 (accessed
on 11 October 2023). [CrossRef]

19. Vos, R.; Vanaudenaerde, B.M.; Verleden, S.E.; De Vleeschauwer, S.I.; Willems-Widyastuti, A.; Van Raemdonck, D.E.; Verleden,
G.M. A randomised controlled trial of azithromycin to prevent chronic rejection after lung transplantation. Eur. Respir. J. 2011, 37,
164–172. [CrossRef]

20. Antonacci, F.; Petroncini, M.; Salvaterra, E.; Bertoglio, P.; Daddi, N.; Lai, G.; Brandolini, J.; Solli, P.; Dolci, G. Lung Transplant
Recipients and COVID-19: Report of Two Cases. J. Clin. Med. 2023, 12, 4287. [CrossRef]

21. Roosma, E.; van Gemert, J.P.; de Zwart, A.E.S.; van Leer-Buter, C.C.; Hellemons, M.E.; Berg, E.M.; Luijk, B.; Hoek, R.A.S.; van
Kessel, D.A.; Akkerman, O.W.; et al. The effect of COVID-19 on transplant function and development of CLAD in lung transplant
patients: A multicenter experience. J. Heart Lung Transplant. 2022, 41, 1237–1247. [CrossRef]

https://www.transplant-observatory.org/2021-global-report-5/
https://www.transplant-observatory.org/2021-global-report-5/
https://doi.org/10.1097/MOT.0000000000000753
https://doi.org/10.1164/rccm.201002-0211OC
https://doi.org/10.1016/j.healun.2019.03.009
https://doi.org/10.1016/j.healun.2020.04.012
https://doi.org/10.1007/s40273-014-0159-5
https://doi.org/10.1183/09031936.05.00034805
https://doi.org/10.1183/09031936.05.00035005
http://ghdx.healthdata.org/gbd-results-tool
https://ghdx.healthdata.org/record/ihme-data/gbd-2019-disability-weights
https://ghdx.healthdata.org/record/ihme-data/gbd-2019-disability-weights
https://euroqol.org/eq-5d-instruments/eq-5d-5l-about/
https://doi.org/10.1016/S1053-2498(02)01227-5
https://doi.org/10.1097/TP.0000000000002227
https://doi.org/10.1080/13696998.2022.2071065
https://doi.org/10.1016/j.healun.2013.01.1054
https://ssrn.com/abstract=4420785
https://doi.org/10.2139/ssrn.4420785
https://doi.org/10.1183/09031936.00068310
https://doi.org/10.3390/jcm12134287
https://doi.org/10.1016/j.healun.2022.06.011


Adv. Respir. Med. 2023, 91 444

22. Goda, Y.; Nakajima, D.; Tanaka, S.; Yamada, Y.; Yutaka, Y.; Unagami, K.; Yoshikawa, M.; Egawa, H.; Date, H. Efficacy and safety of
the SARS-CoV-2 mRNA vaccine in lung transplant recipients: A possible trigger of rejection. Gen. Thorac. Cardiovasc. Surg. 2023,
71, 251–257. [CrossRef]

23. De Zwart, A.E.S.; Riezebos-Brilman, A.; Lunter, G.A.; Neerken, E.C.U.; van Leer-Buter, C.C.; Alffenaar, J.C.; van Gemert, A.P.;
Erasmus, M.E.; Gan, C.T.; Kerstjens, H.A.M.; et al. Impact of COVID-19 social distancing measures on lung transplant recipients:
Decline in overall respiratory virus infections is associated with stabilisation of lung function. Eur. Respir. J. 2022, 60, 2200085.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s11748-022-01887-3
https://doi.org/10.1183/13993003.00085-2022

	Introduction 
	Methods 
	Clinical and Demographic Data Assessment 
	Calculation of DALYs 
	Statistics 

	Results 
	Discussion 
	References

