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Background and purpose: Radiation-induced lung damage (RILD) is a common consequence of lung cancer
radiotherapy (RT) with unclear evolution over time. We quantify radiological RILD longitudinally and cor-
relate it with dosimetry and respiratory morbidity.
Materials and methods: CTs were available pre-RT and at 3, 6, 12 and 24-months post-RT for forty-five
subjects enrolled in a phase 1/2 clinical trial of isotoxic, dose-escalated chemoradiotherapy for locally
advanced non-small cell lung cancer. Fifteen CT-based measures of parenchymal, pleural and lung vol-
ume change, and anatomical distortions, were calculated. Respiratory morbidity was assessed with the
Medical Research Council (MRC) dyspnoea score and spirometric pulmonary function tests (PFTs): FVC,
FEV1, FEV1/FVC and DLCO.
Results: FEV1, FEV1/FVC and MRC scores progressively declined post-RT; FVC decreased by 6-months
before partially recovering. Radiologically, an early phase (3–6 months) of acute inflammation was char-
acterised by reversible parenchymal change and non-progressive anatomical distortion. A phase of
chronic scarring followed (6–24 months) with irreversible parenchymal change, progressive volume loss
and anatomical distortion. Post-RT increase in contralateral lung volume was common. Normal lung vol-
ume shrinkage correlated longitudinally with mean lung dose (r = 0.30–0.40, p = 0.01–0.04). Radiological
findings allowed separation of patients with predominant acute versus chronic RILD; subjects with pre-
dominantly chronic RILD had poorer pre-RT lung function.
Conclusions: CT-based measures enable detailed quantification of the longitudinal evolution of RILD. The
majority of patients developed progressive lung damage, even when the early phase was absent or mild.
Pre-RT lung function and RT dosimetry may allow to identify subjects at increased risk of RILD.

� 2020 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 148 (2020) 89–96
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Radiation-induced lung damage (RILD) is a common complica-
tion of lung cancer radiotherapy (RT) [1]. RILD disrupts normal pul-
monary physiology [2], reducing the quality of life of survivors [3–
7]. Traditionally, RILD is separated into two phases: an acute phase
(pneumonitis) during the first 6-months and a permanent phase
(pulmonary fibrosis) >6-months post-RT [8,9]. However, RILD is a
dynamic process with acute and chronic inflammatory processes
that are difficult to distinguish clinically; furthermore, it is unclear
how the acute and chronic phases relate to each other [9–12].

Radiological findings provide critical information on the post-
RT evolution of the respiratory system that is complementary to
functional and symptomatic information. Imaging endpoints in
particular allow the definition of objective measures that facilitate
quantification and clinical correlation [3,13–18]. Thus, computed
tomography (CT) imaging is commonly used to study RILD
[8,19,20]. Although impairment of pulmonary function is common
in survivors [4,7], correlating imaging findings and clinical symp-
toms has been challenging [3,16,17] likely due to various con-
founding factors that add complexity to the study of RILD
(including pre-existing lung conditions and use of combination
therapies) [21]. A more comprehensive evaluation of radiological
findings is necessary to distinguish acute and chronic inflamma-
tion, informing our understanding of underlying pathophysiology
that occurs in the lung post-RT which may facilitate the develop-
ment of personalised therapeutic interventions. The long-term
effects of RILD merit increased consideration as lung cancer treat-
ment and survival improves [22–25] and the use of immune check-
point inhibitors in radically treated patients increases [26,27].
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90 Evolution of RILD on serial CT imaging and PFTs
The aim of this study is to quantify the longitudinal evolution of
RILD during the first 24-months after RT and correlate it with
dosimetry and respiratory morbidity. We use clinical pulmonary
functions tests (PFTs) together with a suite of novel quantitative
CT-based measures [15] to describe the evolution of RILD. We
expect our objective and comprehensive analysis to enrich our cur-
rent understanding of how RILD develops and evolves, and to pro-
vide new insights that inform future, prospective studies of RILD.
Methods and materials

Study group

Data from subjects treated in a multicentre, non-randomized,
phase 1/2 chemoradiation trial of stage II/III non-small cell lung
cancer (IDEAL-CRT) were included in this study [24]. RT was
planned isotoxically (mean lung dose of 18.2 Gy in equivalent dose
in 2 Gy fractions) with tumour doses escalated up to 73 Gy. RT was
delivered in 30 fractions over 6 weeks (5 fractions per week) or
5 weeks (6 fractions per week, with one day a week of two frac-
tions), with two cycles of concurrent cisplatin and vinorelbine.
Most RT plans were 3D conformal (98%).
CT scans and pulmonary function tests

Protocol called for CT scans and PFTs to be performed pre-RT
and at fixed time-points post-RT (3, 6, 12 and 24-months) in all
patients. Of the 120 patients treated in IDEAL-CRT, 51 had CT scans
at all timepoints collected centrally. We excluded patients due to
poor CT quality (4), complete lung collapse (1), and with missing
dosimetry (1), leaving 45 datasets for analysis (Table 1).

Respiratory morbidity was routinely assessed with spirometric
PFTs and Medical Research Council (MRC) dyspnoea scores
(Table 1). MRC qualitatively grades how breathlessness affects
day-to-day activities in a five-point scale [28] while PFTs
quantitatively measure pulmonary function. A data cleansing
protocol was applied to the PFT data (supplementary material A).
PFT change at follow-up (F) was expressed as relative
difference from pre-RT (baseline, B) measured values, i.e.,
DPFT ¼ 100� ðPFTF � PFTBÞ=PFTB; MRC is expressed as absolute
difference (DMRC ¼ MRCF �MRCB). PFT toxicity was graded
according to Radiation Therapy Oncology Group (RTOG) [29].
Radiological features of RILD

We recently developed a suite of twelve semi-automated, quan-
titative CT-based biomarkers of RILD to measure common post-RT
radiological findings (parenchymal, pleural and lung volume
changes) [15,20]. The biomarkers provide a detailed, continuous
description of RILD well beyond commonly used local density
changes in the lung parenchyma [14,18,30–35]. Table 2 sum-
marises the calculated measures; details on implementation, eval-
uation and limitations have been previously described [15]. Briefly,
CT images acquired pre- and post-RT are rigidly aligned. Regions of
anatomical interest are first automatically segmented and then
manually revised by a radiation oncologist and/or physicist (EC/
CV). Objective anatomical features are measured at each time-
point from the CT images and segmentations. Some features (NV,
RV, X, Z, C, a and M) are normalised by the corresponding feature
measure in the contralateral lung to account for variation in
inhalation level between scans and (except for RV) converted to
a percentage. The biomarkers (except for RV) are then defined as
the absolute or relative change in the features at follow-up from
pre-RT value. These biomarkers measure actual radiological change
and are not surrogates of other endpoints. To complement analysis
on post-RT volume loss, we also calculated the relative change
(from pre-RT value) of the normal contralateral, ipsilateral and
total lung volumes (DCV, DIV and DTV, Table 2).
Analysis

All radiological measures were calculated at serial time-points
for all subjects. The time-dependent relationships of the radiolog-
ical findings, RT dosimetry and PFTs were then investigated in
detail. Statistical analysis was performed using MATLAB 2019a Sta-
tistical Toolbox. Due to the exploratory nature of this study, the
statistical significance level was set as 10%. Corrections for multi-
ple comparison adjustment were done using Benjamini-Hochberg
procedure (10% false discovery rate). Since not every patient had
complete datasets (i.e., all radiological measures and PFTs at all
time-points), the dimensions of the samples used in different anal-
yses were variable.
Results

The time-dependent changes in MRC dyspnoea score and PFTs
are shown in Fig. 1. The incidence of grade 1+ PFT toxicity calcu-
lated according to RTOG (i.e., declines >10% in PFTs) was 32%,
55% and 48% at 24-months for FVC, FEV1 and DLCO, respectively;
no grade 3 events or higher (i.e., declines >50% in PFTs) were calcu-
lated. The MRC score progressively worsened over time. FVC
decreased at earlier time-points but from 12-months recovered
partially to pre-RT values. FEV1 and FEV1/FVC were unchanged
on average at 3-months from pre-RT values, and then decreased
progressively. The decline in DLCO from pre-RT was significant at
all time-points (Wilcoxon paired two-sided signed rank tests with
multiple comparison adjustment, p < 0.01) but was not progres-
sive. Changes in MRC score at 12 and 24-months (from baseline
readings) were statistically significant (p = {0.03,0.01}); FVC
changes were significant at 6 and 12-months (p = {0.04,0.03});
FEV1 changes were significant at 24-months (p = 0.02). MRC
changes, which are related to symptoms and patient well-being,
were linked mostly with decline in volume-based spirometry
(Pearson’s correlation coefficient r = {-0.41, -0.45}, p = {<0.01,
<0.01} for FVC and FEV1, respectively). Complete data shown in
supplementary material B (Tables S.1 and S.2, and Fig. S.1).

Radiological findings of RILD appeared and evolved during the
24-months after RT. Fig. 2 shows some illustrative cases. The range
of values measured per biomarker at serial time-points is shown in
Fig. 3. Radiological change was present from 3-months. Parenchy-
mal change (measured by RV) was common at 3-months and
peaked at 6-months, then reduced from 6 to 24-months. On visual
inspection, parenchymal changes evolved from ground-glass opac-
ities at 3-months to denser consolidation patterns, consistent with
the development of scarring (e.g. case III, Fig. 2). The affected lung
was seen to partially collapse from 6-months onwards (20% inci-
dence at 24-months), possibly due to airway stenosis, fibrotic
retraction or local recurrence (20% in-field recurrence at 24-
months, Table 1). Normal lung volume shrinkage (DNV) and most
measures of anatomical distortion (DX, DZ;Da, DM, Db and DtÞ
became more severe over time, peaking at 24-months. The remain-
ing measures of anatomical distortion peaked earlier and sta-
bilised, with Dh and DS stabilising between 12 and 24-months,
and DC recovering after 6-months. Pleural change (DP) was com-
mon at all time-points but its evolution varied across the patient
group.

Friedman test identified significant changes between time-
points for 10 out of the 12 biomarkers (p � 0.10). Post-hoc Wil-
coxon two-sided signed-rank tests with multiple comparison
adjustment were used to identify significant changes between
time-points. The most pronounced variations occurred from 3 to



Table 1
Patient characteristics.

Sex, no. (%)
Male 30 (67%)
Female 15 (33%)

Age (y), median (range)
64 (42–83)

Staging, no. (%)
IIB 3 (7%)
IIIA 29 (64%)
IIIB 13 (29%)

Radiotherapy dosimetry details (Gy), median (range)
Prescription dose 67.5 (63.0–73.0)
Mean lung dose 14.5 (8.8–20.0)
Mean heart dose 9.9 (1.1–30.8)

PTV size (cm3), median (range)
365 (139–821)

Fractionation scheme, no. (%)
6-week protocol 35 (78%)
5-week protocol 10 (22%)

Radiotherapy technique, no. (%)
Conformal 44 (98%)
IMRT/VMAT 1 (2%)

Recurrence status at 24-months, no. (%)
Any location 12 (27%)
Locoregional
within RT volume 9 (20%)
outside RT volume 3 (7%)

Distant 5 (11%)

CT imaging resolution (mm), median (range)
0.79 � 0.79 � 2.00 (0.57 � 0.57 � 0.50–1.37 � 1.37 � 5.0)

Time to imaging session since RT end (days), mean ± std
3-months 80 ± 7
6-months 172 ± 15
12-months 340 ± 25
24-months 707 ± 47

Clinical tests available, no. (%)

MRC1 FVC2 FEV1
3 FEV1/FVC4 DLCO5

Pre-RT 43 (96%) 45 (100%) 44 (98%) 44 (98%) 45 (100%)
3-months 42 (93%) 41 (91%) 41 (91%) 41 (91%) 37 (82%)
6-months 44 (98%) 38 (84%) 38 (84%) 38 (84%) 36 (80%)
12-months 43 (96%) 38 (84%) 38 (84%) 38 (84%) 38 (84%)
24-months 42 (93%) 34 (76%) 34 (76%) 33 (73%) 33 (73%)

Pre-RT MRC dyspnoea score, median (range)
1 (0–3)

Pre-RT pulmonary function, median (range)
FVC (%pred) 95 (70–132)
FEV1 (%pred) 77 (37–117)
FEV1/FVC (%) 67 (36–87)
DLCO (%pred) 67 (42–111)

1MRC = Medical Research Council dyspnoea score.
2FVC = Forced vital capacity.
3FEV1 = Forced expiratory volume in 1 s.
4FEV1/FVC = Tiffeneau-Pinelli Index.
5DLCO = Diffusion capacity for carbon monoxide (CO).
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6-months, where 9 out of 12 biomarkers showed statistically sig-
nificant changes. Changes in DX, DM and Db were statistically sig-
nificant between all time-points, while changes in DS and DC did
not reach significance between any time-points. All p-values
reported in supplementary material B (Table S.3).

Longitudinal worsening of DIV and DTV indicate loss of ipsilat-
eral and total lung volume. Results for DCV suggest a systematic
increase in volume of the contralateral lung post-RT. At 24-
months, the contralateral volume increased in 67% of the subjects.
However, the change from pre-RT values did not reach statistically
significant levels (Wilcoxon two-sided signed-rank test with mul-
tiple comparison adjustment, p = {0.19, 0.46, 0.10, 0.11} for t = {3, 6,
12, 24}-months). Full data is shown in supplementary material B
(Fig. S.3 and Table S.4).

Fibrotic damage associated with chronic inflammation often
results in permanent lung shrinkage whereas acute inflammation
disappears with time and normal lung volume partially returns
to previous values. To investigate whether the radiological findings
could distinguish acute from chronic changes, we divided the
patient group into two sub-groups according to the evolution of
DNV. Sub-group A (early peak) included 24 subjects where DNV
was most severe at 3–12-months. Sub-group B (late peak) included



Table 2
Summary of the CT-based imaging measures.

Symbol Name Description [units]

DNV Normal lung volume
shrinkage

Reduction in normal lung volume, defined
from total lung volume by applying a
threshold of intensities (HU � �500)* [%]

RV Volume of
consolidation

Ratio of high-intensity volume versus
total lung volume at follow-up (i.e.,
measure of parenchymal change, mostly
consolidation)* [1]+

DX Lung width reduction Reduction in maximum lung width* [%]
DZ§ Lung height reduction Reduction in maximum lung height* [%]
Dh Diaphragmatic

elevation
Change in the height difference between
ipsilateral and contralateral diaphragms
[mm]

DC Diaphragmatic
curvature

Change in the curvature of the diaphragm
surface* [%]

DS Diaphragmatic tenting Increase in the surface area of diaphragm
tented [mm2]

Da Main bronchus
rotation

Main bronchus rotation in coronal view*
[%]

DM Mediastinal shift Shift of the carina toward the ipsilateral
lung* [%]

Db Anterior junction line
rotation

Anterior junction line rotation toward the
ipsilateral lung [�]

Dt Anterior junction line
thickening

Ratio between the thickness of the
anterior junction line at follow-up and
baseline [1]+

DP Pleural change Increase in the surface of the chest wall
covered with pleural reactions [%]

DCV Normal contralateral
lung volume
shrinkage

Relative change (from pre-RT value) of the
normal contralateral volume$ [%]

DIV Normal ipsilateral
lung volume
shrinkage

Relative change (from pre-RT value) of the
normal ipsilateral lung volume$ [%]

DTV Normal total lung
volume shrinkage

Relative change (from pre-RT value) of the
normal total lung volume$ [%]

*Relative to contralateral lung. For example, the biomarker ‘‘normal lung volume
shrinkage” (DNV) is defined as the difference between the value measured for the
anatomical feature ‘‘normal lung volume” at baseline and at follow-up (NVB � NVF,
with B = baseline, F = follow-up). NV is normalized by the equivalent
measure from the contralateral lung and converted to a percentage. Therefore,
DNV ¼ 100� NVB;i=NVB;c � NVF;i=NVF;c

� �
.

+[1] = dimensionless.
§Definition was updated from the original publication [15].
$For example, ‘‘Normal contralateral lung volume shrinkage” is defined as
DCV½%� ¼ 100� ðNVB;c � NVF;cÞ=NVB;c. Absolute lung volume varies considerably
with inhalation level (exhale vs inhale scans), so these measures are not robust
when baseline and follow-up scans are acquired with inconsistent inspiration.

Fig. 1. Post-RT change in MRC score and PFTs. Circles indicate average value; h
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the remaining 21 subjects whose DNV was most severe at 24-
months. We then compared radiological and PFT data for these
two sub-groups (Fig. 4, supplementary material B Fig. S.4).

On average, patients in sub-group A exhibited larger values for
the biomarkers up to 6-months: DNV and RV peaked at 6-months
and then became less severe; DP was common at earlier time-
points but tended to resolve over time; the remaining biomarkers,
which predominantly reflected lung volume loss with anatomical
distortions, stabilised or recovered between 6 and 24-months;
recovery in ipsilateral lung volume (DIV) and increased contralat-
eral lung (DCV) volume lead to less severe long-term total volume
loss (DTV). MRC scores worsened earlier after RT (and then stayed
constant). In sub-group B all biomarkers (except for DC and DS)
and MRC scores became progressively more severe over time; in
general, sub-group B reached by 24-months similar (or higher) val-
ues to sub-group A.

We found evidence of differences in pre-RT values for MRC
scores, FVC and DLCO (percent predicted values) between the
sub-groups (Wilcoxon two-sided rank-sum test, p = {0.01, 0.06,
0.01}), with sub-group B having in general poorer PFTs pre-RT.
We found no other significant differences between the two groups
when tested for other pre-RT factors (including age, prescription,
lung and heart dose metrics, GTV size, FEV1 and FEV1/FVC). Data
shown in supplementary material B (Table S.5).

The relationship between the radiological biomarkers and RT
dosimetry was investigated. Lung volume shrinkage (DNV and
DIV) over time correlated consistently and most strongly with glo-
bal RT dosimetry; correlations were generally moderate although
statistically significant. For example, DNV correlation with MLD
ranged between r = 0.30–0.40 (Pearson’s correlation coefficient,
p = 0.01–0.04) over all time-points. Correlations with dosimetry
are likely obscured by the isotoxic RT design. Data shown in
supplementary material B (Fig. S.5).

We also investigated the relationship between the time-
dependent radiological findings and respiratory morbidity. Data
from all subjects at all time-points was pooled for analysis. FVC
and FEV1 changes correlated consistently but modestly with radio-
logical measures of lung volume loss (DNV, DIV and DTV). For
example, DFVC correlations of r = -0.22 were found for DNV
(p = 0.01), r = -0.43 for DTV (p < 0.01), and r = -0.14 for Db
(p = 0.08). Lung volume loss correlated better with FVC and FEV1

when it was not normalised to the contralateral side (DIV and
DTV) than when it was (DNV). DFEV1/FVC had poorer correlation
orizontal line indicates no change; outliers fall outside the ±2.7 std range.



Fig. 2. Examples of evolution (from pre-RT to 24-months post-RT) of radiological changes and corresponding values calculated for selected CT-based biomarkers. Case I: The
observed changes, which included parenchymal damage, lung volume shrinkage and anatomical distortions, were mild but measurable, and worsened over time. The dashed
line highlights the evolution of rotation of the anterior junction line (Db) indicative of volume loss with anatomical distortions. Case II: Diffuse parenchymal change was
visible at 3-months (arrow); at 6-months those regions evolved into dense consolidation. Most parenchymal changes (RV) visually resolved by 24-months. Anatomical
distortions were modest and did not worsen after 6-months (Db). The pronounced loss in normal lung volume (DNV) at 6-months was explained primarily by inflammatory
changes and was not permanent. CASE III: Normal lung volume loss and consolidation volume peaked at 6-months (DNV and RV). As time progressed, the regions of
consolidation shrank and became denser while anatomical distortions were increasingly evident (Db). The observations reflecting inflammation tended to resolve whilst
those reflecting scarring progressed. CASE IV: Lung volume loss progressively worsened with time (DNV), with anatomical distortions also becoming more apparent as time
passed (Db). This is compatible with a dominant effect of permanent fibrotic scarring. The increase in high-intensity lung volume remained stable across time-points although
there was progressive lung volume shrinkage (RV and DNV). This was due to the presence of a residual mass that shrank across follow-up time-points in parallel with the
scarring process. Complementary projections in supplementary material B (Fig. S.2).
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Fig. 3. Post-RT CT-based biomarkers. Cases of non-measurable Dt, Da and DC were due to toxicities at the junction line, blocked airways and artefacts in the diaphragm.
Horizontal lines indicate statistically significant differences (pairwise Wilcoxon two-sided signed-rank tests after Benjamini-Hochberg procedure, 10% false discovery rate);
outliers fall outside the ±2.7 std range.

Fig. 4. Average value (±25/75% percentile) for selected radiological and PFT data, per sub-group at serial time-points; horizontal line indicates no change. Full data shown in
supplementary material B (Fig. S.3).
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with volume changes and correlated best with mediastinal rota-
tions: r = -0.12 for DNV (p = 0.17), r = -0.04 for DTV (p = 0.67),
and r = -0.29 for Db (p < 0.01). DLCO generally correlated poorly
with radiological findings.

It is likely that correlations with PFTs are obscured by heteroge-
neous sub-groups. We noticed that biomarkers in sub-group B cor-
related more strongly with PFTs than sub-group A. For example, a
correlation of r = -0.43 was found between DFVC and DTV
(p < 0.01) when considering all subjects; the correlation
was r = 0.03 for sub-group A subjects only (p = 0.78), and
r = -0.67 for sub-group B (p < 0.01). This disparity between
sub-groups was consistently found for other biomarkers and PFTs.
Data shown in supplementary material B (Fig. S.6). These findings
hence suggest differing radiological evolution patterns post-RT
with differing functional patterns in the radiologically-stratified
sub-groups.
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Discussion

In this study we demonstrate the use of CT-based imaging
biomarkers, together with PFTs, to investigate the evolution of
RILD in patients treated with isotoxically dose-escalated 3D-CRT.
To the best of our knowledge, this is the first time RILD up to 24-
months post-RT has been described in such detail in radically trea-
ted patients. We have demonstrated that a variety of intuitive
semi-automated radiological measures of parenchymal, lung vol-
ume and pleural change can be used to characterise reversible
and long-term lung damage which are not quantifiable by human
observers. Hyperinflation of the contralateral lung is identified as a
potential consequence of RILD. The ability of the biomarkers to
capture fine details of RILD morphology and of distinguishing dif-
fering longitudinal patterns of lung damage is confirmed.

Our findings indicate an evolution of RILD from predominantly
acute inflammation, characterised by early (3–6 months) reversi-
ble parenchymal change (RV) and non-progressive anatomical dis-
tortion, into chronic inflammatory scarring (6–24 months),
characterised by irreversible parenchymal change, progressive
lung volume loss (DNV) and anatomical distortions (DX, DZ, Da,
DM, Db and Dt). Our findings are consistent with the study by Bern-
chou et al. (2013) investigating parenchymal change in 131 NSCLC
patients receiving IMRT, where they describe a dose-dependent
evolution consistent with the superposition of early (pneumonitis)
and late (fibrosis) components, mathematically modelled using
skewed bell and sigmoid shape functions [34].

The evolution of DNV guided the separation of the study popu-
lation into two sub-groups based purely on radiological findings.
The sub-grouping differentiated subjects with predominantly
acute inflammatory reactions versus patients with mostly persis-
tent fibrotic RILD. Our study provides quantitative evidence that
the majority of subjects progressed to develop late RILD, even
when imaging findings were absent or mild in the early phase
[9,11]. Patients in the late change group had poorer pulmonary
function pre-RT. We believe our suite of biomarkers to be a valu-
able tool to test hypotheses and guide future investigations into
the loss of lung function post-RT [36]. For example, Kong andWang
discuss how patients with poorer spirometry may tolerate RT bet-
ter than patients with normal function [21,37]. They speculate that
COPD may protect against radiation toxicity as emphysematous
lung contains less parenchymal tissue and has poorer cellular
oxygenation.

Lung volumes change as consequence of RT. Our data indicates
a trend toward contralateral lung expansion after RT. This effect
may have been overlooked historically by a focus on post-RT total
lung volume loss. Further investigation on its clinical impact is
warranted as hyperexpansion of non-irradiated regions may not
necessarily improve gas exchange and/or lung mechanics [11,38].

Decline in pulmonary function after RT is common and time-
dependent. Most subjects report long-term impairment of pul-
monary function. Lopez Guerra et al. describe similar temporal pat-
terns for FEV1/FVC and DLCO, reporting average declines of 3.7%
and 17%, respectively, at 9–12 months [4]. Torre-Bouscoulet et al.
report serial lung function up to 48 weeks after 3D-CRT, and also
found a significant reduction in total lung capacity and PFT deteri-
oration [7]. We found that FVC partially recovers, which might
relate to inflammation abating after 6-months. Decline in FVC
and FEV1 correlated with change in MRC scores and radiological
lung volume loss. The progressive decline in FEV1 and FEV1/FVC
suggests long-term obstructive airways disease that did not corre-
late with lung volume loss but which linked to biomarkers reflect-
ing progressive mediastinal distortion. Although we found modest
correlations between radiological findings, dosimetry and PFTs,
similar to other studies [16], there is evidence that differing
functional trends between population sub-groups obscures these
relationships.

Our study has certain limitations. The number of patients in our
analyses allows demonstration of quantitative trends but pre-
cludes the development of firm conclusions. We only included
patients that survived 24-months as we wanted to study the longi-
tudinal evolution of RILD. This inclusion criterion is likely to have
excluded cases where severe radiological and respiratory changes
occurred earlier and may have affected morbidity and therefore
patient follow-up. PFTs and MRC scores only allow crude charac-
terisation of a patient’s functional and symptomatic status. Like-
wise, whilst the biomarkers describe a wide spectrum of
radiological change, they only provide measures of damage at a
global scale. Further work is necessary to comprehensively
describe damage at a regional level. We have also not distinguished
parenchymal features such as consolidation, ground-glass opaci-
ties, reticulation and traction bronchiectasis [39]. When RILD
evolves, these patterns can develop from one type to another.
The extent of damage may remain constant despite its pathophys-
iological phenotype altering. More nuanced classification of
parenchymal features should enhance our understanding of the
morphological evolution of lung damage post-RT. A degree of
uncertainty is also attributable to CT segmentation errors and vari-
ability in inhalation level, scan quality and acquisition [15]. Future
work should address these current limitations by investigating lar-
ger patient cohorts, expanding the suite of biomarkers to measure
different types of parenchymal change [14,32,33] and fully
automating the required pipelines. Prospective studies are needed
to allow inhalation levels and image acquisition to be standardised
and should include comprehensive patient reported measures of
respiratory symptoms and function.

In summary, we have quantified the evolution of radiological
RILD and shown how it relates to RT dosimetry and respiratory
morbidity. The key findings of our study are: (1) detailed radiolog-
ical measures allow tracking and separation of acute and chronic
patterns of RILD; (2) RILD is associated with hyperexpansion of
the contralateral lung, which may be clinically relevant; (3) the
majority of lung cancer survivors develop progressive RILD, even
when early phase damage appears absent or mild; (4) pre-RT PFTs
may help identify sub-groups at risk of early acute RILD; (5) global
radiological damage is linked with higher mean lung RT doses; (6)
post-RT radiological lung volume loss is linked with decline in
volume-based spirometry. These findings should be tested
prospectively in larger cohorts.
Conflict of interest statement

CV reports other support from charitable donation, during the
conduct of the study. EC reports other support from charitable
donation, during the conduct of the study. JJ reports personal fees
from Roche, personal fees from Boehringer Ingelheim, outside the
submitted work. AS reports other support from charitable dona-
tion, during the conduct of the study. JRM reports other support
from charitable donation during the conduct of the study, and sup-
port from Elekta outside the submitted work.
Acknowledgments

The authors would like to thank the Cancer Research UK and
UCL Trials Unit, in particular Yenting Ngai, Laura Hughes, Ben Gal-
lagher, Laura Farrelly, Nicholas Counsell, Gita Parmar, and Kate
Frost. The IDEAL CRT trial was funded by Cancer Research UK, grant
no. C13530/A10424 and C13530/A17007. CV is supported by the
Royal Academy of Engineering under the Research Fellowship



96 Evolution of RILD on serial CT imaging and PFTs
scheme (RF\201718\17140). JJ is supported by a Wellcome Trust
Clinical Research Career Development Fellowship (209553/Z/17/
Z). JRM is supported by a Cancer Research UK Centres Network
Accelerator Award Grant (A21993) to the ART-NET consortium.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.radonc.2020.03.026.

References

[1] Koenig TR, Munden RF, Erasmus JJ, Sabloff BS, Gladish GW, Komaki R, et al.
Radiation injury of the lung after three-dimensional conformal radiation
therapy. AJR Am J Roentgenol 2002;178:1383–8. https://doi.org/10.2214/
ajr.178.6.1781383.

[2] Ghafoori P, Marks LB, Vujaskovic Z, Kelsey CR. Radiation-induced lung injury.
Assessment, management, and prevention. Oncol Williston Park N
2008;22:37–47 [discussion 52–53].

[3] Marks LB, Fan M, Clough R, Munley M, Bentel G, Coleman RE, et al. Radiation-
induced pulmonary injury: symptomatic versus subclinical endpoints. Int J
Radiat Biol 2000;76:469–75. https://doi.org/10.1080/095530000138466.

[4] Lopez Guerra JL, Gomez DR, Zhuang Y, Levy LB, Eapen G, Liu H, et al. Changes in
pulmonary function after three-dimensional conformal radiation therapy,
intensity-modulated radiation therapy, or proton beam therapy for non-small
cell lung cancer. Int J Radiat Oncol Biol Phys 2012;83:e537–43. https://doi.org/
10.1016/j.ijrobp.2012.01.019.

[5] Mehta V. Radiation pneumonitis and pulmonary fibrosis in non–small-cell
lung cancer: pulmonary function, prediction, and prevention. Int J Radiat Oncol
2005;63:5–24. https://doi.org/10.1016/j.ijrobp.2005.03.047.

[6] Simone CB. Thoracic radiation normal tissue injury. Semin Radiat Oncol
2017;27:370–7. https://doi.org/10.1016/j.semradonc.2017.04.009.

[7] Torre-Bouscoulet L, Arroyo-Hernández M, Martínez-Briseño D, Muñoz-
Montaño WR, Gochicoa-Rangel L, Bacon-Fonseca L, et al. Longitudinal
evaluation of lung function in patients with advanced non-small cell lung
cancer treated with concurrent chemoradiation therapy. Int J Radiat Oncol
2018;101:910–8. https://doi.org/10.1016/j.ijrobp.2018.04.014.

[8] Choi YW, Munden RF, Erasmus JJ, Park KJ, Chung WK, Jeon SC, et al. Effects of
radiation therapy on the lung: radiologic appearances and differential
diagnosis. RadioGraphics 2004;24:985–97. https://doi.org/10.1148/
rg.244035160 [discussion 998].

[9] Williams JP, Johnston CJ, Finkelstein JN. Treatment for radiation-induced
pulmonary late effects: spoiled for choice or looking in the wrong direction?.
Curr Drug Targets 2010;11:1386–94. https://doi.org/10.2174/
1389450111009011386.

[10] Svane G, Rotstein S, Lax I. Influence of radiation therapy on lung tissue in
breast cancer patients. CT-assessed density changes 4 years after completion
of radiotherapy. Acta Oncol Stockh Swed 1995;34:845–9. https://doi.org/
10.3109/02841869509127195.

[11] McDonald S, Rubin P, Phillips TL, Marks LB. Injury to the lung from cancer
therapy: clinical syndromes, measurable endpoints, and potential scoring
systems. Int J Radiat Oncol Biol Phys 1995;31:1187–203. https://doi.org/
10.1016/0360-3016(94)00429-O.

[12] Kong F-M, Haken RT, Eisbruch A, Lawrence TS. Non-small cell lung cancer
therapy-related pulmonary toxicity: an update on radiation pneumonitis and
fibrosis. Semin Oncol 2005;32:42–54. https://doi.org/10.1053/j.
seminoncol.2005.03.009.

[13] Ghobadi G, Wiegman EM, Langendijk JA, Widder J, Coppes RP, van Luijk P. A
new CT-based method to quantify radiation-induced lung damage in patients.
Radiother Oncol J Eur Soc Ther Radiol Oncol 2015;117:4–8. https://doi.org/
10.1016/j.radonc.2015.07.017.

[14] Cunliffe A, Armato III SG, Castillo R, Pham N, Guerrero T, Al-Hallaq HA. Lung
texture in serial thoracic computed tomography scans: correlation of
radiomics-based features with radiation therapy dose and radiation
pneumonitis development. Int J Radiat Oncol 2015;91:1048–56. https://doi.
org/10.1016/j.ijrobp.2014.11.030.

[15] Veiga C, Landau D, Devaraj A, Doel T, White J, Ngai Y, et al. Novel CT-based
objective imaging biomarkers of long-term radiation-induced lung damage.
Int J Radiat Oncol 2018. https://doi.org/10.1016/j.ijrobp.2018.06.006.

[16] Ma J, Zhang J, Zhou S, Hubbs JL, Foltz RJ, Hollis DR, et al. Association between
RT-induced changes in lung tissue density and global lung function. Int J
Radiat Oncol 2009;74:781–9. https://doi.org/10.1016/j.ijrobp.2008.08.053.

[17] Fan M, Marks LB, Lind P, Hollis D, Woel RT, Bentel GG, et al. Relating radiation-
induced regional lung injury to changes in pulmonary function tests. Int J
Radiat Oncol 2001;51:311–7. https://doi.org/10.1016/S0360-3016(01)01619-
4.

[18] Sharifi H, van Elmpt W, Oberije C, Nalbantov G, Das M, Öllers M, et al.
Quantification of CT-assessed radiation-induced lung damage in lung cancer
patients treated with or without chemotherapy and cetuximab. Acta Oncol
2016;55:156–62. https://doi.org/10.3109/0284186X.2015.1080856.

[19] Ikezoe J, Takashima S, Morimoto S, Kadowaki K, Takeuchi N, Yamamoto T, et al.
CT appearance of acute radiation-induced injury in the lung. AJR Am J
Roentgenol 1988;150:765–70. https://doi.org/10.2214/ajr.150.4.765.

[20] Veiga C, Landau D, McClelland JR, Ledermann JA, Hawkes D, Janes SM, et al.
Long term radiological features of radiation-induced lung damage. Radiother
Oncol 2018;126:300–6. https://doi.org/10.1016/j.radonc.2017.11.003.

[21] Kong (Spring) F-M, Wang S. Nondosimetric risk factors for radiation-induced
lung toxicity. Semin Radiat Oncol 2015;25:100–9. https://doi.org/10.1016/j.
semradonc.2014.12.003.

[22] Maguire J, Khan I, McMenemin R, O’Rourke N, McNee S, Kelly V, et al. SOCCAR:
a randomised phase II trial comparing sequential versus concurrent
chemotherapy and radical hypofractionated radiotherapy in patients with
inoperable stage III Non-Small Cell Lung Cancer and good performance status.
Eur J Cancer Oxf Engl 1990;2014:2939–49. https://doi.org/10.1016/j.
ejca.2014.07.009.

[23] Hoover DA, Capaldi DP, Sheikh K, Palma DA, Rodrigues GB, Dar AR, et al.
Functional lung avoidance for individualized radiotherapy (FLAIR): study
protocol for a randomized, double-blind clinical trial. BMC Cancer
2014;14:934. https://doi.org/10.1186/1471-2407-14-934.

[24] Landau DB, Hughes L, Baker A, Bates AT, Bayne MC, Counsell N, et al. A phase 1/
2 trial of isotoxic dose-escalated radiation therapy and concurrent
chemotherapy in patients with stage II/III non-small cell lung cancer. Int J
Radiat Oncol Biol Phys 2016;95:1367–77. https://doi.org/10.1016/j.
ijrobp.2016.03.031.

[25] Liao Z, Lee JJ, Komaki R, Gomez DR, O’Reilly MS, Fossella FV, et al. Bayesian
adaptive randomization trial of passive scattering proton therapy and
intensity-modulated photon radiotherapy for locally advanced non-small-
cell lung cancer JCO2017740720. J Clin Oncol 2018. https://doi.org/10.1200/
JCO.2017.74.0720.

[26] Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al. Overall
survival with durvalumab after chemoradiotherapy in stage III NSCLC. N Engl J
Med 2018;379:2342–50. https://doi.org/10.1056/NEJMoa1809697.

[27] Bhalla N, Brooker R, Brada M. Combining immunotherapy and radiotherapy in
lung cancer. J Thorac Dis 2018;10:S1447–60. https://dx.doi.org/10.21037%
2Fjtd.2018.05.107.

[28] Medical Research Council MRC. MRC Dyspnoea scale / MRC Breathlessness
scale 2016. https://www.mrc.ac.uk/research/facilities-and-resources-for-
researchers/mrc-scales/mrc-dyspnoea-scale-mrc-breathlessness-scale/
#definition [accessed November 7, 2017].

[29] Bezjak A. RTOG 0813: Seamless phase I/II study of stereotactic lung
radiotherapy (SBRT) for early stage, centrally located, non-small cell lung
cancer (NSCLC) in medically inoperable patients.

[30] Defraene G, van Elmpt W, Crijns W, Slagmolen P, De Ruysscher D. CT
characteristics allow identification of patient-specific susceptibility for
radiation-induced lung damage. Radiother Oncol 2015;117:29–35. https://
doi.org/10.1016/j.radonc.2015.07.033.

[31] Stroian G, Martens C, Souhami L, Collins DL, Seuntjens J. Local correlation
between Monte-Carlo dose and radiation-induced fibrosis in lung cancer
patients. Int J Radiat Oncol 2008;70:921–30. https://doi.org/10.1016/j.
ijrobp.2007.10.033.

[32] Ma J, Zhang J, Zhou S, Hubbs JL, Foltz RJ, Hollis DR, et al. Regional lung density
changes after radiation therapy for tumors in and around thorax. Int J Radiat
Oncol Biol Phys 2010;76:116–22. https://doi.org/10.1016/j.
ijrobp.2009.01.025.

[33] Phernambucq ECJ, Palma DA, Vincent A, Smit EF, Senan S. Time and dose-
related changes in radiological lung density after concurrent
chemoradiotherapy for lung cancer. Lung Cancer 2011;74:451–6. https://doi.
org/10.1016/j.lungcan.2011.05.010.

[34] Bernchou U, Schytte T, Bertelsen A, Bentzen SM, Hansen O, Brink C. Time
evolution of regional CT density changes in normal lung after IMRT for NSCLC.
Radiother Oncol J Eur Soc Ther Radiol Oncol 2013;109:89–94. https://doi.org/
10.1016/j.radonc.2013.08.041.

[35] Bernchou U, Christiansen RL, Asmussen JT, Schytte T, Hansen O, Brink C. Extent
and computed tomography appearance of early radiation induced lung injury
for non-small cell lung cancer. Radiother Oncol 2017;123:93–8. https://doi.
org/10.1016/j.radonc.2017.02.001.

[36] Erven K, Weltens C, Nackaerts K, Fieuws S, Decramer M, Lievens Y. Changes in
pulmonary function up to 10 years after locoregional breast irradiation. Int J
Radiat Oncol 2012;82:701–7. https://doi.org/10.1016/j.ijrobp.2010.12.058.

[37] Wang J, Cao J, Yuan S, Ji W, Arenberg D, Dai J, et al. Poor baseline pulmonary
function may not increase the risk of radiation-induced lung toxicity. Int J
Radiat Oncol 2013;85:798–804. https://doi.org/10.1016/j.ijrobp.2012.06.040.

[38] Papandrinopoulou D, Tzouda V, Tsoukalas G. Lung compliance and chronic
obstructive pulmonary disease. Pulm Med 2012;2012. https://doi.org/
10.1155/2012/542769.

[39] Gotway MB, Reddy GP, Webb WR, Elicker BM, Leung JWT. High-resolution CT
of the lung: patterns of disease and differential diagnoses. Radiol Clin North
Am 2005;43:513–42. https://doi.org/10.1016/j.rcl.2005.01.010.

https://doi.org/10.1016/j.radonc.2020.03.026
https://doi.org/10.2214/ajr.178.6.1781383
https://doi.org/10.2214/ajr.178.6.1781383
http://refhub.elsevier.com/S0167-8140(20)30157-2/h0010
http://refhub.elsevier.com/S0167-8140(20)30157-2/h0010
http://refhub.elsevier.com/S0167-8140(20)30157-2/h0010
https://doi.org/10.1080/095530000138466
https://doi.org/10.1016/j.ijrobp.2012.01.019
https://doi.org/10.1016/j.ijrobp.2012.01.019
https://doi.org/10.1016/j.ijrobp.2005.03.047
https://doi.org/10.1016/j.semradonc.2017.04.009
https://doi.org/10.1016/j.ijrobp.2018.04.014
https://doi.org/10.1148/rg.244035160
https://doi.org/10.1148/rg.244035160
https://doi.org/10.2174/1389450111009011386
https://doi.org/10.2174/1389450111009011386
https://doi.org/10.3109/02841869509127195
https://doi.org/10.3109/02841869509127195
https://doi.org/10.1016/0360-3016(94)00429-O
https://doi.org/10.1016/0360-3016(94)00429-O
https://doi.org/10.1053/j.seminoncol.2005.03.009
https://doi.org/10.1053/j.seminoncol.2005.03.009
https://doi.org/10.1016/j.radonc.2015.07.017
https://doi.org/10.1016/j.radonc.2015.07.017
https://doi.org/10.1016/j.ijrobp.2014.11.030
https://doi.org/10.1016/j.ijrobp.2014.11.030
https://doi.org/10.1016/j.ijrobp.2018.06.006
https://doi.org/10.1016/j.ijrobp.2008.08.053
https://doi.org/10.1016/S0360-3016(01)01619-4
https://doi.org/10.1016/S0360-3016(01)01619-4
https://doi.org/10.3109/0284186X.2015.1080856
https://doi.org/10.2214/ajr.150.4.765
https://doi.org/10.1016/j.radonc.2017.11.003
https://doi.org/10.1016/j.semradonc.2014.12.003
https://doi.org/10.1016/j.semradonc.2014.12.003
https://doi.org/10.1016/j.ejca.2014.07.009
https://doi.org/10.1016/j.ejca.2014.07.009
https://doi.org/10.1186/1471-2407-14-934
https://doi.org/10.1016/j.ijrobp.2016.03.031
https://doi.org/10.1016/j.ijrobp.2016.03.031
https://doi.org/10.1200/JCO.2017.74.0720
https://doi.org/10.1200/JCO.2017.74.0720
https://doi.org/10.1056/NEJMoa1809697
http://refhub.elsevier.com/S0167-8140(20)30157-2/h0135
http://refhub.elsevier.com/S0167-8140(20)30157-2/h0135
http://refhub.elsevier.com/S0167-8140(20)30157-2/h0135
https://www.mrc.ac.uk/research/facilities-and-resources-for-researchers/mrc-scales/mrc-dyspnoea-scale-mrc-breathlessness-scale/%23definition
https://www.mrc.ac.uk/research/facilities-and-resources-for-researchers/mrc-scales/mrc-dyspnoea-scale-mrc-breathlessness-scale/%23definition
https://www.mrc.ac.uk/research/facilities-and-resources-for-researchers/mrc-scales/mrc-dyspnoea-scale-mrc-breathlessness-scale/%23definition
https://doi.org/10.1016/j.radonc.2015.07.033
https://doi.org/10.1016/j.radonc.2015.07.033
https://doi.org/10.1016/j.ijrobp.2007.10.033
https://doi.org/10.1016/j.ijrobp.2007.10.033
https://doi.org/10.1016/j.ijrobp.2009.01.025
https://doi.org/10.1016/j.ijrobp.2009.01.025
https://doi.org/10.1016/j.lungcan.2011.05.010
https://doi.org/10.1016/j.lungcan.2011.05.010
https://doi.org/10.1016/j.radonc.2013.08.041
https://doi.org/10.1016/j.radonc.2013.08.041
https://doi.org/10.1016/j.radonc.2017.02.001
https://doi.org/10.1016/j.radonc.2017.02.001
https://doi.org/10.1016/j.ijrobp.2010.12.058
https://doi.org/10.1016/j.ijrobp.2012.06.040
https://doi.org/10.1155/2012/542769
https://doi.org/10.1155/2012/542769
https://doi.org/10.1016/j.rcl.2005.01.010

	Investigation of the evolution of radiation-induced lung damage using serial CT imaging and pulmonary function tests
	Methods and materials
	Study group
	CT scans and pulmonary function tests
	Radiological features of RILD
	Analysis

	Results
	Discussion
	Conflict of interest statement
	Acknowledgments
	Appendix A Supplementary data
	References


