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Quantitative Image Analysis at Chronic Lung
Allograft Dysfunction Onset Predicts Mortality
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Background. Chronic lung allograft dysfunction (CLAD) phenotype determines prognosis and may have therapeutic implica-
tions. Despite the clarity achieved by recent consensus statement definitions, their reliance on radiologic interpretation intro-
duces subjectivity. The Center for Computer Vision and Imaging Biomarkers at the University of California, Los Angeles (UCLA)
has established protocols for chest high-resolution computed tomography (HRCT)-based computer-aided quantification of both
interstitial disease and air-trapping. We applied quantitative image analysis (QIA) at CLAD onset to demonstrate radiographic
phenotypes with clinical implications. Methods. We studied 47 first bilateral lung transplant recipients at UCLA with chest
HRCT performed within 90 d of CLAD onset and 47 no-CLAD control HRCTs. QIA determined the proportion of lung volume
affected by interstitial disease and air-trapping in total lung capacity and residual volume images, respectively. We compared
QIA scores between no-CLAD and CLAD, and between phenotypes. We also assigned radiographic phenotypes based solely
on QIA, and compared their survival outcomes. Results. CLAD onset HRCTs had more lung affected by the interstitial disease
(P = 0.003) than no-CLAD controls. Bronchiolitis obliterans syndrome (BOS) cases had lower scores for interstitial disease as
compared with probable restrictive allograft syndrome (RAS) (P < 0.0001) and mixed CLAD (P = 0.02) phenotypes. BOS cases
had more air-trapping than probable RAS (P < 0.0001). Among phenotypes assigned by QIA, the relative risk of death was
greatest for mixed (relative risk [RR] 11.81), followed by RAS (RR 6.27) and BOS (RR 3.15). Conclusions. Chest HRCT QIA
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at CLAD onset appears promising as a method for precise determination of CLAD phenotypes with survival implications.

)

hronic lung allograft dysfunction (CLAD) is the lead-

ing cause of morbidity and mortality beyond the first
year post-lung transplantation,' but the course of disease
is heterogeneous. It is increasingly recognized that CLAD
phenotypes determine, at least in part, the prognosis after
CLAD onset,"” but definitions and our understanding of
CLAD phenotypes are evolving. In 2019, the International
Society of Heart and Lung Transplantation (ISHLT) for-
malized definitions for CLAD and CLAD phenotypes in
2 consensus statements.*” CLAD is a persistent decline in
forced expiratory volume in 1 second (FEV,) of 20% or
more from the post-transplant baseline.

CLAD can present as obstructive, restrictive, or mixed
obstructive/restrictive phenotypes. The diagnosis of
restrictive CLAD, officially termed restrictive allograft syn-
drome (RAS), is defined as CLAD with both a concomitant
>10% decline in total lung capacity (TLC) from the post-
transplant baseline and persistent pulmonary opacities
on chest imaging. Obstructive CLAD, still termed bron-
chiolitis obliterans syndrome (BOS), is defined as CLAD
with associated indices of airflow limitation and without
radiographic pulmonary opacities. Mixed CLAD is defined
by physiologic restriction, airflow limitation, and persis-
tent radiographic pulmonary opacities. CLAD with other
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combinations of restriction, obstruction, and pulmonary
opacities are considered to have an undefined phenotype.
These consensus definitions have since been validated in
a single-center study where the BOS phenotype exhibited
better post-CLAD survival than RAS or mixed CLAD.?

Despite the improvement in clarity achieved by the con-
sensus statements, several aspects limit uniform application
in practice. First, measurement of post-transplant TLC is
not routinely performed in many transplant centers. In the
absence of TLC measurements to define restriction, forced
vital capacity (FVC) loss of 220% from the post-transplant
baseline can be used to imply restriction and meet criteria
for “probable” RAS.*” However, FVC loss can also occur
with air-trapping and hyperinflation, which are hallmarks
of severe obstruction. Persistent radiographic pulmonary
opacities support classification as RAS, but determina-
tion is subjective. In other instances, RAS might be pre-
sent without meeting the FVC loss threshold at CLAD
onset. Probable RAS was not examined in the previously
mentioned CLAD definition validation study.® Previously,
we showed that the presence of parenchymal opacities
at CLAD onset, even in the absence of FVC loss 220%,
was sufficient to identify patients with a worse progno-
sis, implying RAS.? RAS like opacities also portend worse
survival in patients with an undefined CLAD phenotype.®
The second source of incertitude is the requirement for
airflow limitation to diagnose BOS. The consensus sug-
gests an FEV /FVC <0.7 can indicate airflow limitation.
However, data supporting the utility for FEV /FVC <0.7
to define obstruction after lung transplantation are lack-
ing. High-resolution computed tomography (HRCT) with
end-expiratory images at residual volume (RV) can iden-
tify air-trapping.” However, radiographic air-trapping was
not included in criteria to define BOS.

Quantitative chest CT may also provide prognos-
tic information in patients diagnosed with CLAD.'
The Center for Computer Vision and Imaging Biomarkers
at the University of California, Los Angeles (UCLA) has
established protocols for HRCT-based computer-aided
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quantification of both interstitial lung disease and air-trap-
ping. In this study, we applied quantitative image analy-
sis (QIA) to chest HRCT at CLAD onset to demonstrate
radiographic phenotypes with clinical implications.

MATERIALS AND METHODS

Study Cohorts

We conducted a retrospective study of first bilateral
lung transplant recipients at UCLA between July 1, 2005
and June 30, 2014 (n = 194) (UCLA IRB# 18-000355).
Data were collected through December 31, 2018. CLAD
was defined as a sustained >20% decline in FEV, as com-
pared with the average of the 2 best post-transplant FEV,
measured at least 3wk apart in the absence of other clini-
cal confounders.” Patients with CLAD (n = 72) who had
undergone standard of care noncontrast volumetric thin
section chest CT within 90 d from CLAD onset (n = 54
CLAD) were eligible for inclusion. We excluded 7 poten-
tial CLAD cases because of conditions that confounded
QIA (Figure 1), leaving 47 eligible CLAD onset CT scans.
We also identified 47 no-CLAD controls with CT scans
performed in stable bilateral lung recipients at similar
durations post-transplant (Figure 1).

All patients received standardized immunosuppression,
pulmonary function test follow-up, surveillance bronchosco-
pies, and other clinical management as previously described.'!
Treatment of CLAD was not standardized and differed on a
case-by-case basis. However, macrolide therapy was routinely
included for the treatment of CLAD. The study was approved
by the UCLA Institutional review board (10-001492).

CLAD Phenotype Determination

CLAD phenotypes were determined according to ISHLT
consensus definitions,*’ with the following modifications.
Restriction was inferred from FVC loss of 220% from the
post-transplant baseline at CLAD onset, thus classifica-
tion as “probable” RAS when present in combination with

47 No CLAD
Controls

9 cases without useable
RV images

38 CLAD Cases for air-
trapping comparison

FIGURE 1. Selection of CLAD cases and no-CLAD controls. CLAD, chronic lung allograft dysfunction; TLC, total lung volume; RV,

residual volume.
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persistent pulmonary infiltrates and no airflow obstruc-
tion. Airflow obstruction was inferred by FEV /FVC <0.7,
and when present in the absence of FVC loss and without
pulmonary infiltrates, subjects were classified as BOS. The
presence of persistent pulmonary infiltrates was abstracted
from clinical radiology reports. When both restriction and
obstruction were inferred simultaneously by pulmonary
function (eg, FEV, loss 220%, FVC loss of 220%, and
FEV /FVC <0.7), subjects were classified as BOS in the
absence of pulmonary infiltrates, and as mixed CLAD in
the presence of persistent pulmonary infiltrates. All other
combinations of restriction, obstruction, and pulmonary
infiltrates were classified as undefined CLAD.

Computer-aided Quantification of Interstitial
Disease and Air-trapping

QIA of the lung parenchyma on TLC scans was per-
formed using a previously published in-house algorithm
scoring as a percentage the extent of quantitation of
ground glass (QGG), quantitation of lung fibrosis (QLF),
and quantitation of honeycombing (QHC).'>" Total
quantitation of interstitial lung disease (QILD) represents
the sum of QHC + QLF + QGG. Quantitative air-trapping
scores from end-expiration or RV HRCT images were cal-
culated as percents of voxels below -856 hounsfield units
from the histogram of segmented lung.

Statistical Methods

Demographic and baseline characteristics were sum-
marized using descriptive statistics. Continuous variables
were summarized as median and interquartile range (IQR).
Categorical variables were summarized using counts and
percentages. Nonparametric Wilcoxon # tests (2-tailed P)
were used to assess differences for demographic and base-
line characteristics across groups, and Fisher exact tests
were used to evaluate frequency differences. QIA scores
for interstitial disease (QILD, QLE, and QGG) and for
air-trapping were compared using Kruskal-Wallace and
post hoc Dunn tests. Overall survival and freedom from
retransplant or death were estimated using the Kaplan-
Meier method. We constructed a Cox proportional haz-
ards model to assess for an association between CLAD
phenotypes and post-CLAD mortality. Statistics were per-
formed in GraphPad Prism 6 or JMP Pro 15.

RESULTS

Subject Characteristics

Of the 54 potential cases identified based on HRCT per-
formed within 90 d of CLAD onset, we excluded 7 for con-
ditions that confounded QIA; 5 for suspected pneumonia,
1 for acute rejection, and 1 for a large hiatal hernia causing
atelectasis (Figure 1). Of the 47 eligible CLAD cases, 42 had
adequate expiratory images for air-trapping assessments.
For the 47 no-CLAD controls, 38 had adequate expiratory
images. The characteristics of CLAD cases and no-CLAD
controls are shown in Table 1. Subjects in each cohort were
generally similar without significant differences.

Quantitative Image Analysis for CLAD Onset Cases
and No-CLAD Controls

The proportion of lung affected by honeycomb changes
was very low and not different between CLAD onset and

Weigt et al 1255
Subject characteristics
Controls CLAD P
Sex, n (%) 0.14
Male 23 (49) 31 (66)
Female 24 (51) 16 (44)
Age at transplant, y 56 (47-59) 54 (42-60) 0.85
Race, n (%) 0.13
White 36 (77) 32 (68)
Black 5(011) 2 (4)
Other 6(13) 13 (28)
Pretransplant diagnosis 0.77
group, n (%)
A (obstructive lung 13 (28) 10 (21)
disease)
B (pulmonary 3(6) 5(11)
vascular disease)
C (cystic fibrosis) 5(11) 7 (15)
D (restrictive lung 26 (55) 25 (53)
disease)
Days posttransplant 743 (546-1373) 838 (549-1517)  0.45
to CT chest

CLAD, chronic lung allograft dysfunction; CT, computed tomography.

no-CLAD control HRCTs. However, CLAD onset HRCTs
had significantly more lung affected by QLE QGG, and
total QILD (Table 2 and Figure 2).

The proportion of lung volume affected by air-trapping
in CLAD onset HRCTs was 9.3% (IQR 1.6-24.1%), as
compared with 5.1% (IQR 1.6-12.1%) in no-CLAD con-
trols, which was not statistically significant (P = 0.18)
(Figure 3).

Quantitative Image Analysis for CLAD Phenotypes

We classified CLAD cases as BOS, probable RAS, mixed
CLAD, or undefined CLAD based on 2019 ISHLT consen-
sus definitions for CLAD phenotypes. Among our 47 cases,
we classified 15 BOS, 13 probable RAS, 4 mixed CLAD,
and 15 undefined CLAD phenotypes. We compared HRCT
scores for interstitial disease and its components, as well
as for air-trapping, between CLAD phenotypes (Figure 4).
BOS cases had significantly lower scores for QGG and
total QILD, as compared with probable RAS, mixed, and

TABLE 2.

Chest HRCT QIA Scores for ILD components and total ILD

Controls CLAD P
Quantitation of 0.1% (0.1-0.2) 0.1% (0.1-0.3) 0.19
honeycombing
(QHC)
Quantitation of lung 0.8% (0.5-1.7) 1.5% (0.6-4.8) 0.005
fibrosis (QLF)
Quantitation of ground  5.0% (2.9-7.1) 9.4% (3.7-19.2)  0.004
glass (QGG)
Total ILD (QILD) 59% (3.6-8.3) 10.8% (4.4-21.7)  0.003

CLAD, chronic lung allograft dysfunction; HRCT, high-resolution computed tomography; QHC,
quantitation of honeycombing; QLF, quantitation of lung fibrosis; QGG, quantitation of ground
glass; QILD, quantitation of interstitial lung disease.
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FIGURE 2. Quantitative image analysis for components of interstitial disease in no-CLAD controls (A) and CLAD cases (B). CLAD,

chronic lung allograft dysfunction; TLC, total lung capacity.

undefined CLAD phenotypes. BOS cases also had lower
scores for QLF than probable RAS or undefined CLAD
phenotypes. In contrast, the extent of air-trapping was
higher for BOS than with probable RAS or undefined
CLAD phenotypes.

CLAD Phenotyping by HRCT Quantitative Image
Analysis Scores

Given the potential misclassification of CLAD pheno-
types in the absence of lung volumes, we explored CLAD

phenotype classification based solely on HRCT QIA at
TLC (QILD) and RV (air-trapping). For CLAD cases, we
plotted the proportion of lung with air-trapping versus
the proportion with ILD (Figure 5). Based on the distri-
bution of points on the graph, we established thresholds
for abnormal QILD (>7.5%) and air-trapping (>10.0%),
corresponding to 4 radiographic phenotypes. Seventeen
CLAD cases had high QILD and low air-trapping scores
and were classified as radiographic RAS. Thirteen had low
QILD and high air-trapping scores and were classified as

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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FIGURE 3. Quantitative image analysis for air-trapping in no-CLAD controls (A) and CLAD cases (B). CLAD, chronic lung allograft

dysfunction; RV, residual volume.

radiographic BOS. Eight cases had high QILD and high
air-trapping scores and were classified as mixed CLAD.
Four cases had low scores for both were classified as unde-
fined CLAD (Figure 35).

Agreement between 2019 ISHLT consensus and HRCT
QIA CLAD phenotypes was 66.7% (28/42), with a cor-
responding Kappa of 0.550 (SE = 0.089, 95% confidence

interval, 0.375-0.725) indicating moderate agreement.
There were 14 instances of discordant phenotype classi-
fication: 1 case defined as BOS by ISHLT consensus was
classified as mixed by HRCT QIA; 2 cases of mixed CLAD
by ISHLT consensus were classified as RAS by HRCT
QIA; and 2 cases of probable RAS by ISHLT consensus
was classified as mixed by HRCT QIA. Most CLAD cases

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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FIGURE 4. Box plots for chest HRCT QIA scores for each CLAD phenotype. P represents Dunn’s multiple comparisons tests. BOS,
bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; HRCT, high-resolution computed tomography; QGG, quantitation
of ground glass; QIA, quantitative image analysis; QILD, quantitation of interstitial lung disease; RAS, restrictive allograft syndrome.

with an undefined 2019 ISHLT consensus phenotype were
reclassified by HRCT QIA: 13 undefined cases with con-
ventional classification and only 4 using QIA methods. Of
the 9 undefined cases that were classified differently by CT
quantification, 5 were reclassified as RAS, 1 as BOS, and 3
as mixed phenotype.

HRCT QIlA-based CLAD Phenotyping Predicts
Outcomes

The estimated post-CT survival for each CLAD pheno-
type, determined by conventional classification methods
and by HRCT QIA is shown in Figure 6. With each clas-
sification method, survival was similarly worse for mixed
disease and RAS, as compared with BOS. However, the
cases classified as undefined based on conventional meth-
ods had survival most similar to those classified as BOS,

while those classified as undefined by CT quantification
behaved as if they did not have CLAD. For QIA deter-
mined phenotypes, the relative risk of death after chest
HRCT was higher for RAS, BOS, and mixed phenotypes as
compared with no-CLAD controls (Table 3). Survival was
also significantly worse for mixed CLAD than for BOS.
While no mortality was observed in patients classified as
undefined CLAD based on QIA, the sample size was too
small for statistical comparisons.

We also examined phenotype changes over time based
on conventional criteria. We did not observe any changes
in phenotype for those with BOS or mixed phenotype at
CLAD onset. However, 4 probable RAS patients were
observed to change to a mixed phenotype during follow-
up. At CLAD onset, QIA classified 2 of these cases as RAS
and 2 as mixed phenotype. Among the undefined CLAD
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cases at CLAD onset, 2 cases eventually met criteria for
BOS, one of which was classified as BOS by QIA at CLAD
onset. Four undefined cases at CLAD onset developed
probable RAS, 3 of which were classified as RAS and 1 as
Mixed CLAD by QIA at CLAD onset. Finally, 2 undefined
cases developed a mixed CLAD phenotype, both of which
were classified as RAS at CLAD onset by QIA.

DISCUSSION

The development of CLAD is the most important limi-
tation for long-term survival after lung transplantation.
Although CLAD in general has a poor prognosis, CLAD
phenotyges translate to meaningful differences in prog-
nosis.”>* It is also speculated that CLAD phenotypes
could involve different molecular pathways and that the
phenotype may ultimately guide treatment selection. In
this article, we explored computer-aided quantification of
interstitial disease and air-trapping in chest HRCT images
at CLAD onset, and we demonstrate that chest HRCT QIA
may provide useful phenotype data.

Our findings fit with expectations and provide construct
validity for HRCT QIA measures at CLAD onset. There
was moderate agreement, based on a Kappa statistic,
between conventional and QIA phenotype classification
methods. The implications of QIA determined phenotypes
were also similar to conventional methods, in that survival
was generally worse for mixed and RAS phenotypes, as
compared with BOS. However, while cases classified as
undefined phenotype based on conventional methods had
observed outcomes most similar to those classified as BOS,
those classified as undefined by QIA behaved as if they
did not have CLAD. Given the small number (n = 4) of

undefined cases by QIA, it is not possible to make any firm
conclusions, but it will be interesting to study this group
further in larger cohorts.

Conventional CLAD phenotype classification relies on
measurements of TLC at CLAD onset and on serial TLC
measures before CLAD to establish the post-transplant
baseline. Many lung transplant centers, including ours, do
not perform routine TLC measurements post-transplant
because of limitations in availability. A potential advan-
tage of QIA is that it does not rely on prior TLC measures.
The recent ISHLT consensus statement stipulates that FVC
loss of 220% from the post-transplant baseline can be used
to imply restriction in the absence of TLC measures.®’
However, FVC loss may also occur with air-trapping and
hyperinflation, which are hallmarks of severe obstruction,
and may result in misclassification. QIA-based phenotype
classification also avoids the potential problems with infer-
ring restriction from FVC loss.

In addition, our findings suggest that QIA could be a
more sensitive classification method at CLAD onset. A
relatively high proportion of CLAD cases were of unde-
fined phenotype by conventional classification methods at
CLAD onset. Most of these cases were classified as RAS
or Mixed CLAD by QIA. This suggests that the FVC loss
220% criteria may be insensitive for identifying restric-
tion at CLAD onset. Furthermore, most undefined cases
at CLAD onset eventually met conventional criteria for
BOS, probable RAS, or mixed CLAD. Interestingly, for
these cases where the phenotype became apparent during
follow-up, QIA at CLAD onset often predicted the final
phenotype. These findings raise the key question about
whether QIA measures in patients with acute lung allograft

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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dysfunction (FEV1 decline 210% to <20%) could predict
progression to CLAD or the eventual CLAD phenotype.
Future studies should be designed to address this question.

In a previous single-center retrospective study, a quan-
titative density metric (QDM) derived from HRCT histo-
grams was associated with survival after CLAD onset.'”
QDM values above the median were also associated with
increased mortality within BOS and RAS subtypes. There
are important differences between the HRCT histogram
analyses in the previous study and our current methods
for quantifying interstitial disease. We utilized a texture

TABLE 3.

Cox proportional hazards model for survival after
HRCT based on quantitative image analysis determined
phenotype

Comparison
Level 1 Level 2  Risk ratio P Lower 95%  Upper 95%
RAS No-CLAD 6.27 <0.0001 2.57 15.28
BOS No-CLAD 3.15 0.02 1.21 8.21
Mixed  No-CLAD 11.81 <0.0001 4.41 31.58
Mixed  BOS 3.75 0.01 1.38 1017
Mixed  RAS 1.88 017 0.76 4.63
RAS BOS 1.99 0.14 0.80 4.93

BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; RAS, restrictive
allograft syndrome.

feature classification that extends a simple density thresh-
old approach for parenchymal assessment.'*'? In addition,
we integrated measures of air trapping to further the abil-
ity to phenotype patients, which has not been done before.
Thus like QDM, QILD scores predict worse survival, but
with the addition of air-trapping scores patients can be
phenotyped from a single HRCT examination analogous
to the ISHLT consensus that includes mixed and undefined
phenotypes, in addition to RAS and BOS.

Inherent with any retrospective design, there are impor-
tant limitations to our study. As noted above, this study
lacks TLC measurement as lung volumes are not routinely
performed in our center. Our study is also limited by
relatively small sample size, especially within subgroups.
Validation in an independent cohort is required to draw
firm conclusions about the accuracy or prognostic value.
This is a single-center study and findings may not be gen-
eralizable. Although our standard of care HRCT protocol
for lung transplant patients includes noncontrast images at
end inspiration (TLC) and end expiration (RV), the rigor
of ensuing standardized breath-holds is not confirmed.
Although a goal of this study was to eliminate subjectiv-
ity in CLAD phenotype determination, the QIA measures
used are not specific for CLAD parenchymal or airway
abnormalities and can be confounded by other comorbid
disease processes. We excluded cases with superimposed
radiologic findings and this may limit the generalizability
of our methods. Ideally, a chest CT would be repeated after
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the resolution of the confounding condition, but in this
retrospective study, we could not control when the CT was
done or whether it was repeated. Additionally, the selec-
tion of thresholds to define CLAD phenotypes was some-
what arbitrary, and these thresholds require validation
and potential optimization. We also included only bilateral
lung transplant recipients to avoid the confounding effects
introduced by a native lung. Finally, the QIA software
we used to score HRCTs is not clinically available and it
would not be possible to apply our methods in the clinical
setting at this time. However, numerous clinical trials have
utilized our QIA tool as secondary or exploratory end-
points.'*!” Future studies could potentially employ HRCT
QIA at screening as eligibility criteria or as stratification
within CLAD treatment arms of a clinical trial.

In this initial exploratory study, we demonstrate that
computer-aided quantification of interstitial lung disease
and air-trapping on chest HRCT at CLAD onset can effec-
tively identify clinically relevant CLAD phenotypes with
survival implications. More work is required to deter-
mine optimal cutoffs and to validate in external cohorts.
However, chest HRCT QIA at CLAD onset appears prom-
ising as a method for precise determination of CLAD
phenotypes and could be an important tool for CLAD
research aimed at discovering new treatments and improv-
ing outcomes for lung transplant patients.
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