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/Background. Subnormal lung function after lung transplantation (LTx) has increasingly been recognized as an inde-
pendent risk factor for mortality. Historically, baseline lung allograft dysfunction (BLAD) has been defined using the fixed
“< 80% predicted” threshold from population-wide reference equations, which disregards age- and sex-related variability
in spirometric values and can lead to systematic overdiagnosis, particularly in older and female recipients. While the lower
limit of normal (LLN), derived from Global Lung Initiative reference equations, has been accepted as technical standard in
spirometry, it has not yet been applied to define BLAD. Methods. A retrospective multicenter study included LTx recipi-
ents transplanted between 2014 and 2018. Lung function trajectories and allograft survival were followed-up until August
2024. The association of BLAD defined by forced expiratory volume in 1s (FEV1) or forced vital capacity (FVC) < LNN as
time-dependent variable with graft loss was studied using time-dependent Cox proportional hazard models. Results. We
analyzed 726 patients after LTx including 102 unilateral LTx recipients, of whom 470 (65%) of the cohort achieved normal
baseline lung function defined as FEV1 and FVC > LLN. Two hundred thirty-six patients experienced graft loss (n = 2 redo
LTx) and 179 developed chronic lung allograft dysfunction. After adjusting for age, disease, transplant type, and chronic
lung allograft dysfunction, baseline FEV1 or FVC < LLN was associated with graft loss (hazard ratio, 1.822; 95% confidence
interval, 1.372-2.418; P < 0.001). Conclusions. BLAD defined by concurrent baseline FEV1 or FVC below the LLN was
strongly associated with increased risk of graft loss. These findings extend prior studies that used the fixed 80% threshold
by demonstrating that an LLN-based, age- and sex-adjusted definition of BLAD identifies lung transplant recipients at risk,
thereby avoiding fixed cutoff associated age- and sex-bias.

(Transplantation Direct 2026;12: e1913; doi: 10.1097/TXD.0000000000001913.)

%

INTRODUCTION noninvasive procedure offering high diagnostic value at a
low cost.

While chronic lung allograft dysfunction (CLAD), defined
as a significant decline in lung function compared with an
individual baseline lung function, has been subject of intense
investigation for the last decades,! the failure to reach a normal

Monitoring allograft health after lung transplantation
(LTx) encompasses a number of structural and functional
assessments of the allograft, with serial spirometry meas-
urements playing a pivotal role as a cost-efficient and
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baseline lung function, termed baseline lung allograft dysfunc-
tion (BLAD) is drawing increasing attention in the past years.>s

Mohanka et al¢ and Paraskeva et al” demonstrated in their
landmark analyses the association between abnormal spirom-
etry values during the first year after transplantation and lung
allograft recipients’ survival. Approaching baseline lung func-
tion as a dynamic factor that might improve over time has
been investigated in several studies: Liu et al,2 Keller et al,’
Yamaguchi et al,® as well as our group* have shown associa-
tions between abnormal spirometry classified by fixed per-
centage predicted values and decreased survival.

In all of these studies, the thresholds for defining suboptimal
baseline lung function were defined using percentage predicted
values derived from lung function reference equations, such
as the Global Lung Initiative (GLI),® Crapo et al,'° and others.
The frequently used threshold of 80% predicted from refer-
ence equations aligns with its historical role in distinguishing
pathologically decreased lung function values from those that
are still considered normal, leading to overdiagnosis of abnor-
mal spirometric patterns, including airflow obstruction and
restriction, particularly among older and female patients.!!

The fixed 80% of predicted cutoff assumes that the distri-
bution of lung function is the same across all ages and body
sizes. Statistically, this is not correct, because spirometric val-
ues follow a normal distribution around the predicted mean
with a certain SD. As people get older, the mean declines and
the variation widens (heteroscedasticity). Using a fixed 80%
cutoff ignores this variation and leads to systematic misclas-
sification and a systematic overdiagnosis in older and female
individuals.

The lower limit of normal (LLN) is defined as the value
below the 5th percentile (approximately —1.645 SDs) of the
reference population after adjusting for age, sex, height, and
ethnicity. This statistical definition identifies the lowest 5% of
values as abnormal, regardless of the absolute predicted value.
In this way, LLN provides a more statistically valid threshold,
ensuring that the classification of “normal” versus “abnor-
mal” reflects the distribution of lung function in the popula-
tion, rather than an arbitrary percentage and avoids sex- and
age-biased overdiagnosis of disease.

Therefore, the use of the LLN has gained value over fixed
percentage threshold in assessing lung health and is recog-
nized as technical standard in interpretation of spirometry.2
LLN and Z scores are based on statistical norms and SDs
from a reference population. This approach stands in contrast
to the use of the fixed 80% predicted threshold not taking
into account that the variability of the measured lung function
value is not proportional to the predicted value.!" Thus, LLN
provides a more individualized assessment of the patient’s
lung function accounting for population specific bias and
age-dependent dispersion. Thus, it enhances sensitivity and
specificity of diagnosing respiratory conditions by focusing on
statistical normality.!3 Many guidelines have acknowledged
the advantages of using LLN over fixed percentage threshold
to avoid over- and underdiagnosis.’214 However, all previous
studies published on BLAD in double lung transplant recipi-
ents solely relied on the 80% predicted cutoff, despite those
limitations.

The aim of this study was to investigate BLAD defined by
the LLN defined by the GLI reference equations as risk factor
for graft loss in lung allograft recipients using time-dependent
Cox regression models.
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MATERIALS AND METHODS

A retrospective multicenter cohort study was performed in
the 2 largest German lung transplant centers (Hannover and
Munich) to assess baseline forced vital capacity (FVC) and
forced expiratory volume in 1s (FEV1) defined by the GLI
reference equations compared with the respective LLN.

This study included all adult patients attending the special-
ized outpatient follow-up clinics and undergoing primary LTx
between January 1, 2014, and December 31, 2018. Patients
with a follow-up and survival of <1 y and patients with insuf-
ficient spirometric tests to calculate a baseline were excluded.
Lung allograft survival was defined as time until death or
retransplantation. Follow-up was recorded until August 31,
2024.

The study was performed according to the principles of
the Declaration of Helsinki. Both centers are part of the
German Center of Lung Research. The study was covered
by the institutional ethics committee’s vote of institutional
review board/ethics committee of the Hannover Medical
School (No 2923-2015, update September 24, 2021) and
by institutional ethics committee’s vote of institutional
review board/ethics committee of the Ludwig-Maximilians-
University of Munich (21-0020). Written consent was
obtained from all patients included at the Hannover side.
Institutional ethics committee’s vote of institutional review
board of the Ludwig-Maximilians-University of Munich
(21-0020) waived the need for informed consent for this ret-
rospective study.

The primary outcome of this study was graft loss defined as
death or retransplantation, whatever occurred first. Baseline
FEV1 and FVC lung function parameters within the first
year after LTx were defined as predictors for aforementioned
outcomes.

Age at transplantation, transplant type, transplant indi-
cation (diagnosis), and obstruction in pulmonary function
testing and CLAD were included as covariates into the mul-
tivariable analysis. Obstruction in pulmonary function test-
ing and CLAD were modeled as time-dependent covariates.
CLAD was defined and phenotyped according to the 2019
International Society for Heart & Lung Transplantation con-
sensus CLAD definition.! The baseline for BLAD designation
used the 2 highest postoperative FEV1 values separated by a
minimum of 3wk, and the corresponding FVC values analo-
gous to Verleden et al.! Obstruction was defined as current
FEV1/FVC ratio lower than the FEV1/FVC LLN calculated
by the GLI reference equation. Manual correction of base-
line FEV1, as used in the CLAD consensus report,! was not
applied.

BLAD was defined as baseline FEV1 or baseline FVC <
LLN, as time-dependent variable. Furthermore, exploratory
analyses associating baseline FEV1 and FVC < LLN as well as
exclusively baseline FEV1 or baseline FVC < LLN were per-
formed additionally. Time of reaching normal baseline lung
allograft function was defined as the first of both lung func-
tion timepoints forming the baseline.

Translating the BLAD grading system from the % pre-
dicted definition of LLN-based BLAD definition, BLAD
severity was graded according to the degree of deviation
of FEV1 Z scores from the predicted mean, distinguishing
mild (LLN to -2.5), moderate (-2.5 to —4), and severe (<—4)
impairment, in accordance with the European Respiratory
Society/American Thoracic Society technical standard.1?
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FIGURE 1. Study flow chart.

Baseline characteristics (eg, age, sex, underlying disease,
lung transplant procedure: bilateral, unilateral, or combined
organ transplantation) as well as lung function measurements
were collected from electronic health records.

Reference values were based on recipients’ characteristics
and on the 2022 GLI Global reference equations.!? Patient age
at transplantation was used for calculation of the predicted
FEV1, FVC, and FEV1/FVC ratio. Values below the LLN,
derived from the GLI reference equations, of baseline FEV1,
baseline FVC, and FEV1/FVC ratio were defined as abnormal.

Statistics

Cohort demographics were reported with metric variables
expressed as medians and 25% and 75% quartiles (interquar-
tile range [IQR]) and categorical variables by absolute num-
bers and percentage of data entries. Interferential statistics
was performed using the median test for continuous variables
and the chi-square test or Fisher exact test for categorical
variables.

Time-dependent Cox regression analysis was used to per-
form a univariate and multivariable analysis for evaluating
the association between the dynamic evaluation of baseline
FEV1, baseline FVC, and FEV1/FVC in relation to the respec-
tive LLN and lung allograft survival. Multivariable analysis
also included CLAD diagnosis and obstruction in pulmonary
function testing as dynamic risk factors and static variables
such as transplant age, disease indication for transplantation,
and transplantation type.

To compare the predictive performance of LLN versus 80%
predicted-based BLAD definitions as previously described,?
we fitted multivariable Cox proportional hazards models
using the counting-process formulation, with BLAD status as
time-varying variable. BLAD status (LLN or 80% predicted)
was included as a time-updated binary covariate with adjust-
ment covariates matching the main models. Discrimination
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for death or retransplantation was assessed using Harrell’s
C-index.

To assess the agreement between LLN-based and 80% fixed
percentage based BLAD classifications over time, Cohen’s k
coefficients were calculated for each follow-up month after
LTx. Confidence intervals (CIs) were calculated per patient-
level nonparametric bootstrapping.

The level of significance was set at <0.05 for including vari-
ables identified by univariate analysis between groups. No
imputation for missing data was performed.

RESULTS

Cohort Characterization

In total, 802 lung transplant recipients were screened
for the study. Seven hundred twenty-six fulfilled inclusion
criteria and were subsequently analyzed (Figure 1). Patient
demographics are displayed in Table 1. The majority (624,
85%) were bilateral lung transplant recipients, 13% (102)
underwent single LTx. Major exclusion criterion was graft
loss after <12 mo, with 47 deaths and 2 retransplantations.
Median follow-up of all included patients was 6.4 y (IQR,
5.0-7.9y).

Predicted Percentage Threshold Compared With
LLN

Comparing FEV1 percentage predicted across age and sex
of the investigated population revealed that LLN corresponded
consistently to 79% predicted or smaller. Comparison across
age groups and sex showed that the fixed 80% predicted cut-
off and the LLN diverged progressively with increasing age,
beginning around 30 y old. This divergence reflects the wider
dispersion of normal FEV1 values at older ages. Differences
between sexes were also observed, with lower % predicted
values at the LLN in females compared with males (Figure S1,
SDC, https:/links.lww.com/TXD/A831). This illustrates that
the LLN provides an age- and sex-adjusted threshold, thereby
avoiding the systematic bias inherent to the fixed 80% cutoff.

Baseline Lung Allograft Function

Four hundred seventy LTx recipients (65%) achieved a
combination of baseline FEV1 > LNN and baseline FVC >
LLN. Seventy-seven LTx recipients (11%) achieved a baseline
FEV1 > LLN only, whereas 33 LTx recipients (5%) reached
only baseline FVC > LNN. One hundred forty-six LTx recipi-
ents (20%) reached neither baseline FEV1 > LNN nor base-
line FVC > LLN.

Baseline FEV1 > LLN after LTx was reached by 464 of 624
(74%) bilateral LTx recipients (including combined trans-
plantations) at a median of 54 d after LTx (IQR, 33-103 d).
Thirty-seven of 102 (36%) size reduced LTx recipients (uni-
lateral and lobar transplantations) reached a baseline FEV1
> LLN at a median of 68 d after LTx (IQR, 52-112 d). In
bilateral LTx, recipients reached a median baseline of 85%
predicted (Z score —1.01) and 86% predicted (Z score —0.96)
for FEV1 and FVC, respectively. In unilateral LTX, recipi-
ents achieved a median baseline of 64% predicted (Z score
-2.11) and 67% predicted (Z score —2.09) for FEV1 and FVC,
respectively (Figure 2).

Agreement analyses between the LLN-based and 80%
predicted-based BLAD classifications demonstrated only
moderate overall agreement, indicating that a relevant subset
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Patient demographics

Parameters Cohort (n = 726)
Age at transplant, y, median (25%—75% percentiles) 54 (43-60)
Donor age, y, median (25%—75% percentiles) 50 (36-60)
Donor smoking, n (%) 310 (43)
Sex, n (%)
Female 346 (48)
Male 380 (52)
Type of transplant, n (%)
Unilateral LTx 95 (13)
Bilateral LTx 618 (85)
Combined LTx 6 (4)
Lobar LTx 7(1)
Ethnicity, n (%)
Caucasian 718 (99)
African 1(0.1)
Asian 3(0.4)
Other/ mixed 4(0.6)
Diagnosis, n (%)
Emphysema/alpha-1 antitrypsin deficiency 201 (28)
Fibrosis/interstitial lung disease 306 (42)
Cystic fibrosis/bronchiectasis 132 (18)
Pulmonary hypertension/vascular diseases 39 (5
Other 48 (7)
CLAD diagnosis, n (%) 179 (25)
CLAD type BOS 106 (15)
CLAD type RAS/mixed 34 (5)
CLAD of other type 39 (5)
Baseline lung function at end of follow-up, n (%)
Baseline FEV1 and FVC > LLN 470 (65)
Baseline FEV1 and FVC < LLN 146 (20)
Baseline FEV1 > LLN only 77 (10)
Baseline FVC > LLN only 33 (9)

BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; FEV1, forced
expiratory volume in 15s; FVC, forced vital capacity; LLN, lower limit of normal; LTx, lung trans-
plantation; RAS, restrictive allograft syndrome.

of patients was reclassified when applying the LLN-based
approach: Agreement decreased with increasing age and
was consistently lower among females compared with males
(Figure S2, SDC, https://links.lww.com/TXD/A831).

Outcomes

Two hundred thirty-six patients died (n =234) or under-
went retransplantation (n = 2) during the study period.

Exploratory univariate time-dependent Cox regression for
lung allograft survival analyses looking only at FEV1 or FVC
alone showed that baseline FEV1 < LLN was associated with
a significantly decreased allograft survival (hazard ratio [HR],
1.936; 95% CI, 1.492-2.511), similarly for baseline FVC
(1.967;95% CI, 1.514-2.556; Table 2).

When categorizing in (a) both baseline FEV1 and FVC <
LLN (defining BLAD), or (b) only baseline FEV1 < LLN, or
(c) baseline FVC only < LLN, time-dependent Cox regression
analysis showed a significant increase in mortality for a com-
bination of baseline FEV1 and FVC < LLN (HR, 2.313; 95%
CI, 1.737- 3.079) but not for baseline FEV1 < LLN only or
FVC < LLN only (Table 2).

One hundred seventy-nine patients (25%) developed
CLAD with bronchiolitis obliterans syndrome as the predom-
inant phenotype (59%), 34 (19%) had restrictive allograft
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syndrome (RAS) or mixed phenotype. Sixty-three patients
(27%) died from CLAD as documented cause of death.

Univariate Cox regression analysis found unilateral LTx
to be associated with shorter lung allograft survival. Further,
increased age at LTx was associated with shorter allograft
survival. Regarding underlying transplant indication, cystic
fibrosis/bronchiectasis disease was associated with a longer
allograft survival. Regarding pulmonary function testing,
obstruction, defined as spirometric FEVI/FVC < LNN, was
identified as time-dependent risk factor for shorter allograft
survival (HR, 1.916; 95% CI, 1.479-2.483). All CLAD phe-
notypes were associated with shorter survival, most pro-
nounced for RAS (Table 3).

Multivariable time-dependent Cox regression analysis of
the aforementioned covariates demonstrated concurrent base-
line FEV1 or FVC < LLN was significantly associated with
shorter allograft survival (Table 3; Figure S3, SDC, https:/
links.lww.com/TXD/A831). The multivariable model was
designed to evaluate the association between BLAD and graft
loss. Coefficients of adjustment covariates are shown for
transparency only and should not be interpreted as independ-
ent effects.!s

Compared with the main analysis presented in Table 3,
defining BLAD as FEV1 or FVC < LLN. Table S1 (SDC,
https:/links.lww.com/TXD/A831) provides a complementary
view by also assessing isolated impairments of FEV1 or FVC.
Here, the combined impairment of FEV1 and FVC < LLN was
significantly associated with reduced allograft survival, while
isolated impairments were not.

In an exploratory analysis, we compared the discriminatory
ability of LLN- and 80% predicted-based BLAD definitions
using multivariable Cox models with time-updated BLAD sta-
tus. Discrimination was very similar for both approaches with
a Harrell’s C-index of 0.724 (95% CI, 691-0.757) and 0.716
(95% CI, 0.681-0.751) for the LLN-based definition and for
the 80% predicted definition, respectively.

In a further exploratory analysis, CLAD was not more
likely in BLAD patients, with a time-dependent Cox regres-
sion analysis regarding time to CLAD, not providing evidence
that LTx recipients with BLAD have a higher or lower risk
of developing CLAD (HR for baseline FEV1 or FVC < LLN,
1.185; 95% CI, 0.861-1.629). Moreover, increasing BLAD
severity defined by LLN was associated with progressively
shorter graft survival (Table S2, SDC, https://links.lww.com/
TXD/A831).

DISCUSSION

To our knowledge, this is the first study using LLN to define
BLAD after LTx. To date, all studies investigating BLAD have
relied on a fixed 80% predicted cutoff. As a result, a fixed per-
centage threshold leads to systematic overdiagnosis in elderly
and female patients. The LLN, defined as the 5th percentile
of the reference population adjusted for age, sex, height, and
ethnicity, avoids these limitations and provides a statisti-
cally valid, individualized threshold. Concordance agreement
between the LLN-based and 80% predicted-based BLAD
classifications decreased with age and was consistently lower
among females compared with males (Figure S2, SDC, https:/
links.Iww.com/TXD/A831), supporting the notion that reli-
ance on fixed % predicted thresholds may lead to systematic
overdiagnosis of BLAD in elderly and female patients.
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FIGURE 2. Distributions of baseline FEV1 and FVC represented as Z scores in bilateral and unilateral lung allograft recipients. FEV1, forced
expiratory volume per 1s; FVC, forced vital capacity; LLN, lower limit of normal.

Time-dependent Cox regression allograft survival analysis for (l) baseline FEV1 < LLN compared with reference (base-
line FEV1 > LLN), (ll) baseline FVC < LLN compared with reference (baseline FVC > LLN), and for (lll) baseline FVC and/or
FEV1 < LLN compared with reference (both baseline FEV1 and FVC > LLN)

Hazard ratio

Variables Category (95% confidence interval) P
Time-dependent Cox regression analysis |
Baseline FEV1 FEV1 > LLN Reference
FEV1 < LLN 1.936 (1.492-2.511) <0.001
Time-dependent Cox regression analysis |l
Baseline FVC FVC > LLN Reference
FVC < LLN 1.967 (1.514-2.556) <0.001
Time-dependent Cox regression analysis Il
Baseline FEV1 and FVC FEV1 and FVC > LLN Reference
FEV1 < LLN only 1.278 (0.790-2.054) 0.31
FVC < LLN only 1.272 (0.762-2.144) 0.37
FEV1 and FVC < LLN 2.313 (1.737-3.079) <0.001

FEV1, forced expiratory volume in 1s; FVC, forced vital capacity; LLN, lower limit of normal.

Our study is the first to demonstrate that BLAD, also
when defined by LLN, is strongly associated with graft loss,
introducing a definition that aligns with current standards in
pulmonary function testing. This approach may provide the
lung transplant community with a more precise and unbiased
framework for identifying patients at risk.

Defining thresholds for normal versus abnormal baseline
lung function after LTx is an ongoing matter of debate. Several
publications used an 80% predicted threshold for baseline
FEV1 and baseline FVC; however, these were based on differ-
ent reference equations (Liu et al,2 Li et al,3 and Keller et al’).
Recently, published studies have identified the different defini-
tions as a source of variability in the presented associations.!¢
While the continued use of definitions based on percentage
predicted threshold will ensure better comparability with ear-
lier studies (disregarding differences in previous definitions),
one has to acknowledge that international technical guides to

pulmonary function interpretation!3!7 as well as studies!t:18-20
and guidelines?! in other respiratory condition areas?? increas-
ingly prefer Z score and LLN over the use of percentage pre-
dicted. The comparison of LLN values stratified by sex and
age with fixed percentage predicted thresholds, as shown in
Figure S1 (SDC, https://links.lww.com/TXD/A831), highlights
a striking discrepancy: the fixed 80% predicted cutoff sub-
stantially overestimates the prevalence of suboptimal lung
function, particularly among older individuals and even more
markedly in women. This illustrates a key limitation of using
fixed cutoffs ignoring age- and sex-dependent heteroscedastic-
ity inherent in lung function. As a result, reliance on the 80%
threshold risks systematic overdiagnosis of BLAD in elderly
and female patients. This underscores the importance of using
LLN-based thresholds, which are now widely recommended
in pulmonary function testing for their ability to account for
natural population variability.
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Lung allograft survival analysis by univariate and multivariable time-dependent Cox regression analysis

Univariable Cox regression analysis

Multivariable Cox regression analysis

Hazard ratio (95% Hazard ratio (95%
Variable Category n confidence interval) P confidence interval) P
Transplant type  Bilateral (incl. combined) 624 Reference Reference
Unilateral (incl. lobar) 102 2.105 (1.060-2.886) <0.001 1.002 (0.690-1.456) 0.990
BLAD= Baseline FEV1 and FVC > LLN b Reference Reference
Baseline FEV1 or FVC < LLN (BLAD) b 1.842 (1.424-2.382) <0.001 1.822 (1.372-2.418) <0.001
Obstruction? FEV1/FVC > LLN b Reference Reference
FEV1/FVC < LLN b 1.916 (1.479-2.483) <0.001 1.486 (1.093-2.020) 0.011
Diagnosis COPD/emphysema 201 Reference Reference
Pulmonary vascular diseases 39 0.931 (0.515-1.674) 0.811 1.393 (0.709-2.738) 0.336
Cystic fibrosis/bronchiectasis 132 0.478 (0.309-0.741) <0.001 0.843 (0.476-1.495) 0.560
Pulmonary fibrosis 306 0.859 (0.641-1.150) 0.306 0.910 (0.670-1.236) 0.546
Other 48 0.621 (0.338-1.139) 0.124 0.658 (0.348-1.242) 0.197
Age category ~ 38-50y 155 Reference Reference
<38y 144 1.253 (0.779-2.016) 0.353 0.222 (0.716-2.178) 0.433
51-57y 165 1.681 (1.090-2.592) 0.019 1.811(1.161-2.824) 0.009
58-61y 115 1.935 (1.225-3.053) 0.004 2.014 (1.257-3.227) 0.004
>61y 147 2.947 (1.949-4.454) <0.001 2.949 (1.865-4.661) <0.001
CLAD= No CLAD b Reference Reference
BOS phenotype b 3.791 (2.697-5.328) <0.001 2.986 (2.042-4.368) <0.001
RAS/mixed phenotype b 5.000 (3.379-7.400) <0.001 4.109 (2.726-6.195) <0.001
Phenotype, other/unknown b 3.941 (1.595-9.734) <0.001 2.829 (1.106-7.237) 0.030

aModeled as time-dependent covariate.

tModeled as time-dependent covariate; category membership may change over time; hence, baseline absolute counts (n) are not applicable.
BLAD, baseline lung allograft dysfunction; BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory
volume in 1s; FVC, forced vital capacity; LLN, lower limit of normal; RAS, restrictive allograft syndrome.

Beyond the time-varying HRs, our exploratory analyses
comparing LLN- and 80% predicted-based BLAD definitions
showed nearly identical predictive performance. Using Cox
models with time-updated BLAD status, Harrell’s C-indices
for subsequent death or retransplantation were very similar
with overlapping ClIs, indicating no clinically meaningful dif-
ference in discrimination within the limits of our sample size
and event numbers. These findings align with previous work
in other lung diseases,!?2324 where LLN- and fixed-threshold
definitions typically yield comparable prognostic discrimi-
nation despite differences in individual classification. In our
cohort, this suggests that the choice between LLN and an
80% predicted cutoff does not materially alter survival pre-
diction, supporting the prognostic validity of earlier studies
that used fixed thresholds.

At the same time, these results do not imply that LLN and
80% predicted are interchangeable concepts. LLN retains
clear methodological advantages, most notably its physio-
logic grounding and avoidance of systematic misclassification
across age and body size strata, as demonstrated in our main
analyses.

The rationale for adopting LLN lies in statistical validity:
spirometric values follow a normal distribution with increas-
ing dispersion at older ages (heteroscedasticity), which the
fixed 80% cutoff does not take into account. In contrast,
LLN defines abnormality as values below the 5th percentile
of a reference population adjusted for age, sex, height, and
ethnicity. By applying this individualized threshold, our study
demonstrates that BLAD defined by LLN is strongly associ-
ated with graft loss, extending prior work based on the fixed
80% cutoff and aligning the definition of BLAD with current
standards in pulmonary function testing.

Our results show that applying the LLN as threshold to
define BLAD is feasible. BLAD defined by baseline FEV1 or
FVC < LLN is associated with significantly shorter allograft
survival (Table 2). Effects on allograft survival are weaker if
only baseline FEV1 or even only baseline FVC is below LLN
(Table 2). Multivariable time-dependent Cox regression anal-
ysis highlights baseline FEV1 and FVC < LLN as independ-
ent risk factor, with spirometric obstruction, increasing age,
and CLAD bronchiolitis obliterans syndrome phenotype and
CLAD RAS phenotype as confounders (Table 3).

No association between BLAD prevalence and CLAD inci-
dence were seen, which is in line with previous BLAD studies
and indicates that CLAD and BLAD are separate entities with
different underlying pathomechanisms.

Exploratory analysis analyzing isolated FEV1 or FVC
impairments separately (Table S1, SDC, https:/links.Ilww.
com/TXD/A831) highlights that patients with isolated FEV1
or FVC impairment did not show significantly worse outcomes
than patients without BLAD. Nevertheless, we used a BLAD
definition of FEV1 or FVC < LLN to maintain comparability
with previous study and upcoming consensus guidelines.

LLN corresponds to systematically lower percentage pre-
dicted, varying by sex and age of the lung transplant recipient,
but generally lower than the fixed 80% cutoff. Consequently,
patients reach baseline lung allograft function earlier after
transplantation compared with previous BLAD definitions.
We demonstrate BLAD defined by LLN as a risk factor for
limited allograft survival with a similar effect size to previous
publications and characterize BLAD as independent risk fac-
tor from CLAD and other known risk factors. We also propose
BLAD grades defined by LLN: Grading BLAD severity based
on Z scores provides additional granularity and supports the
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prognostic relevance of the LLN-based framework, as greater
deviations from the predicted mean were associated with pro-
gressively worse outcomes. We aimed to provide a grading
approach analogous to the % predicted BLAD definition pre-
sented earlier, ensuring comparability across frameworks.

In summary, this study provides arguments for the use of
LLN and against the use of fixed 80% percentage predicted
cutoffs, as widely accepted for the diagnosis by pulmonary
testing. A multitude of other pulmonary disease areas have
adapted LLN for diagnosis successfully, such as in COPD,2s
cystic fibrosis,?? or asthma.2¢

Overall, the appropriateness of criteria and thresholds for
defining BLAD is somewhat open for interpretation. Criteria
that more distinctly differentiate between patients with high
and low mortality risk might be preferred for BLAD defini-
tion. However, only anchoring the BLAD definition to mor-
tality might hold caveats, as the association between BLAD
and mortality risk may be influenced by underlying (latent)
clinical factors, not directly linked to BLAD.

We believe our study holds several strengths, including a
multicenter design with a large number of patients for the
shown comprehensive (multivariable) analyses including a
wide spectrum of transplant indications, as well as a wide
range of transplant age. We treated pulmonary function testing
results as well as CLAD diagnosis as time-dependent covari-
ates acknowledging the dynamic nature of those risk factors.

Despite being, to our knowledge, the largest study on
BLAD by patient number, a limitation of this study is center-
and country-specific effects still exist and may limit general-
izability of the results, that would ideally be replicated in a
study with more centers, also addressing the limited ethnic
diversity in the study cohort. With respect to potential con-
founders included in the analysis, residual confounding from
prior episodes of acute rejection or infection, data not avail-
able in this study, cannot be excluded. Also, removing lung
allograft recipients with short survival precludes any conclu-
sions on associations between BLAD and early mortality.

To date, BLAD remains a spirometric phenomenon, most
likely caused by a diverse set of etiologies. However, a pre-
cise definition could aid the elucidation of pulmonary and
extrapulmonary causes.’® Epidemiological studies showed
that incorporating sex and age-specific normal range into
the spirometry interpretation by using LLN avoids under- or
overdiagnosis in specific sets of patients, which might hold
true in lung allograft recipients as well.
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