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Abstract
Purpose: Four-dimensional computed tomography (4DCT)−ventilation-based functional avoidance uses 4DCT images to generate plans
that avoid functional regions of the lung with the goal of reducing pulmonary toxic effects. A phase 2, multicenter, prospective study was
completed to evaluate 4DCT-ventilation functional avoidance radiation therapy. The purpose of this study was to report the results for
pretreatment to posttreatment pulmonary function test (PFT) changes for patients treated with functional avoidance radiation therapy.
Methods and Materials: Patients with locally advanced lung cancer receiving chemoradiation were accrued. Functional avoidance
plans based on 4DCT-ventilation images were generated. PFTs were obtained at baseline and 3 months after chemoradiation.
Differences for PFT metrics are reported, including diffusing capacity for carbon monoxide (DLCO), forced expiratory volume in 1
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second (FEV1), and forced vital capacity (FVC). PFT metrics were compared for patients who did and did not experience grade 2 or
higher pneumonitis.
Results: Fifty-six patients enrolled on the study had baseline and posttreatment PFTs evaluable for analysis. The mean change in
DLCO, FEV1, and FVC was −11.6% § 14.2%, −5.6% § 16.9%, and −9.0% § 20.1%, respectively. The mean change in DLCO was
−15.4% § 14.4% for patients with grade 2 or higher radiation pneumonitis and −10.8% § 14.1% for patients with grade <2 radiation
pneumonitis (P = .37). The mean change in FEV1 was −14.3% § 22.1% for patients with grade 2 or higher radiation pneumonitis and
−3.9% § 15.4% for patients with grade <2 radiation pneumonitis (P = .09).
Conclusions: The current work is the first to quantitatively characterize PFT changes for patients with lung cancer treated on a
prospective functional avoidance radiation therapy study. In comparison with patients treated with standard thoracic radiation
planning, the data qualitatively show that functional avoidance resulted in less of a decline in DLCO and FEV1. The presented data can
help elucidate the potential pulmonary function improvement with functional avoidance radiation therapy.
© 2022 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Traditional radiation therapy techniques for locally
advanced lung cancer focus on standard lung dose metrics
such as mean lung dose, or volume of the lung receiving ≥20
Gy, to reduce the risk of patients developing clinical symp-
toms.1 Lung dose metrics assume spatially homogeneous lung
function without considering potential functional spatial het-
erogeneity. Approximately 70% of patients with lung cancer
demonstrate lung heterogeneity, owing to the tumor itself,
possible airway constriction, or underlying comorbidities
such as asthma or emphysema.2 To take lung function hetero-
geneity into account, functional avoidance radiation treatment
planning has been proposed.3 In brief, the concept of func-
tional avoidance is to use advanced treatment-planning tech-
niques to prioritize the protection of healthy lung tissue and
aims to spare portions of the lung that are higher functioning
(where higher-functioning lung is assessed by functional
imaging). The hypothesis of functional avoidance is that
reducing doses to functional portions of the lung will reduce
the probability that patients develop pulmonary adverse
effects after treatment.4

Ventilation imaging based on 4-dimensional computed
tomography (4DCT) (referred to as 4DCT-ventilation)
has been proposed as a means of generating functional
images for functional avoidance treatment planning. As
part of the treatment-planning process, most patients
with lung cancer undergo 4DCT imaging.5 Therefore,
generating 4DCT-based ventilation maps has benefit in
that it does not require an extra imaging procedure,
reduces costs, and reduces imaging-related radiation
dose.6,7 4DCT-ventilation has been validated against tra-
ditional forms of functional lung imaging, including
nuclear medicine planar ventilation-perfusion scans, sin-
gle-photon emission computed tomography imaging, and
more experimental forms of functional lung imaging.8-12

Retrospective studies showed the feasibility of 4DCT-ven-
tilation functional avoidance in reducing doses to func-
tional portions of the lung without sacrificing tumor dose
or exceeding neighboring normal-tissue constraints.13,14

Based on the retrospective data, a 2-institution functional
avoidance clinical trial using 4DCT-ventilation was com-
pleted.15 The trial reported the primary endpoint of clini-
cal toxicity and found that functional avoidance radiation
therapy reduced the rate of grade >2 radiation pneumoni-
tis compared with the historical rate (14.9% vs 25%).

Lung toxic effects caused by radiation are commonly
scored via the Common Terminology Criteria for Adverse
Events16 or the Radiation Therapy Oncology Group
(RTOG) scoring system.1 Radiation pneumonitis can
present several clinical challenges: symptoms and radio-
graphic changes may not necessarily progress in parallel,
differentiation between pneumonitis and tumor progres-
sion is often challenging, more frequent prescription of
steroids may result in higher-grade pneumonitis more fre-
quently, and pneumonitis is often not thought of as a
quantitative measure.1,17,18

Pulmonary function tests (PFTs) include parameters
such as diffusing capacity for carbon monoxide (DLCO),
forced expiratory volume in 1 second (FEV1), and forced
vital capacity (FVC). PFTs are commonly used in lung
fibrosis or chronic obstructive pulmonary disease to mon-
itor disease progression.19-21 PFTs are also used to assess
lung function status for patients with lung cancer treated
with chemoradiation.22 A previous systematic review in
2017, which included 7 studies with more recent radiation
techniques, found decreases in DLCO and FEV1 after che-
moradiation.22 To obtain an objective measure of pulmo-
nary function change, the 4DCT-ventilation functional
avoidance study collected PFT data before and after che-
moradiation. The purpose of this study was therefore to
characterize pretreatment to posttreatment PFT changes
for patients treated with 4DCT-ventilation-based func-
tional avoidance radiation therapy.
Methods and Materials
Patients

All patients enrolled provided written informed con-
sent for an institutional review board (IRB)−approved
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Figure 1 An example of a 4-dimensional computed
tomography (4DCT)−ventilation image with a functional
lung contour for a patient enrolled on the trial. The bright
colors in the 4DCT-ventilation image represent functional
portions of the lung, whereas the darker colors represent
ventilation defect regions. A functional lung contour (out-
lined in light blue) that represented higher-functioning
portions of the lung was created to assist in treatment
planning using a threshold of a 15% or greater function
on the 4DCT-ventilation image. The purpose of func-
tional avoidance radiation therapy is to preferentially
spare the higher-functioning portions of the lung using
treatment-planning techniques, which for this patient
included portions of the right lower lobe and left lung.
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trial (ClinicalTrials.gov identifier: NCT02528942). The
trial was open to accrual at University of Colorado and
VA Eastern Colorado Health Care System (Aurora, CO,
IRB #14-1856) and Beaumont Health System (Royal Oak,
MI, IRB# 2016-037). The trial was designed as a phase 2
study with a primary endpoint of grade 2 or higher radia-
tion pneumonitis to be compared against a historical con-
trol. For inclusion, patients were required to have
pathologically confirmed non-small cell lung cancer or
small cell lung cancer, were planned to receive chemo-
therapy and radiation therapy with a prescription dose of
45 to 66 Gy, and were 18 years of age or older. Patients
treated with stereotactic body radiation therapy or
patients treated with a prescription dose of less than 45
Gy were excluded. Chemotherapy and/or immunotherapy
were given per standard of care. There were no limitations
for baseline patient performance status or baseline PFTs.
The trial included a 4DCT-ventilation image heterogene-
ity criterion that required both a quantitative 15% reduc-
tion in regional lung function near the tumor and a
qualitative ventilation defect, which was scored as a binary
“yes” or “no” by the treating radiation oncology team. The
quantitative 15% heterogeneity criteria have been
described previously and are based on nuclear medicine
concepts where the regional function in each lung lobe is
estimated using geometric approximations.23-25 The pur-
pose of the image heterogeneity criterion was that for
patients with homogeneous lung function, there are no
regions to preferentially spare. For patients with heteroge-
neous lung function, there are regions more likely to be
amenable to preferential functional avoidance. To be eligi-
ble for the current analysis, patients had to have com-
pleted PFTs both before and after chemoradiation.
Functional imaging and radiation treatment
planning

As part of the radiation treatment-planning process,
all enrolled patients underwent standard 4DCT imag-
ing using a gated lung CT protocol. Image processing
techniques previously described were applied to the
4DCT to generate 4DCT-ventilation images.4,6,8,9,26,27

These processing techniques included contouring the
lungs at the end of inspiration and the end of expira-
tion, using deformable registration to link lung voxel
elements in each phase of breathing, and applying a
density-change−based equation to calculate ventilation
in each voxel.6,27,28 A functional lung contour that
represented higher-functioning portions of the lung
was created to assist in treatment planning using a
threshold of 15% or greater function on the 4DCT-
ventilation image.24,29 An example of a 4DCT-ventila-
tion image with a functional lung contour is shown in
Fig. 1.
The radiation oncologist delineated the gross tumor
volume, planning target volume, and relevant organs at
risk, including the lungs, spinal cord, heart, and esopha-
gus.30 Planning was performed using intensity modulated
radiation therapy techniques, and institutions followed
Quantitative Analysis of Normal Tissue Effects in the
Clinic (QUANTEC), RTOG 0617, NRG LU 001, and
RTOG 0538 guidelines and dose constraints.30-32 The
functional avoidance plan was generated by using favor-
able arc geometry to avoid the functional lung contour
and by decreasing doses to the functional lung contour
during intensity modulated radiation therapy optimiza-
tion. Target coverage and standard organ-at-risk dose
constraints were not sacrificed to reduce doses to the
functional contour, thus ensuring the plans met standard
lung cancer radiation therapy criteria.
Pulmonary function testing

The trial’s primary outcome of a reduction in grade 2
or higher radiation pneumonitis was reported previously
with results showing a 14.9% grade 2 or higher radiation
pneumonitis rate for the study cohort, which met the
phase 2 study criteria.15 As a secondary trial endpoint,
pretreatment and posttreatment PFTs were collected.
Patients underwent baseline PFT assessment before che-
moradiation with functional avoidance planning and a
planned PFT assessment 3 months after treatment. Stan-
dard PFT procedures were followed at the 2 enrollment
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centers and were supervised by the pulmonologists on the
protocol. No bronchodilators were used for the PFT
assessments. The PFT assessments included DLCO,
FEV1, FVC, and FEV1/FVC ratio. The DLCO was
recorded in milliliters per millimeter mercury per minute
and as a percentage of normal standardized values (based
on height, sex, and age).33 The FEV1 was recorded in liters
and as a percentage of normal standardized values. The
FVC was recorded in liters and as a percentage of normal
standardized values. The FEV1/FVC ratio was recorded as
the ratio of FEV1 to FVC.
PFT quantitative and qualitative analysis

The trial was designed as a phase 2 study with a sec-
ondary endpoint of PFT changes for patients treated with
4DCT-ventilation functional avoidance radiation therapy.
The purpose of this study was therefore to quantitatively
characterize the pretreatment PFT values, posttreatment
PFT values, and pretreatment to posttreatment PFT
changes. Pretreatment and posttreatment PFT metrics
(mean, standard deviation, and range) are presented as
both raw values and as percentages based on normal stan-
dardized values. The pretreatment to posttreatment PFT
changes were calculated by subtracting the posttreatment
raw and normal standardized values from the pretreat-
ment raw and normal standardized values.34 The PFT
change results are presented with descriptive statistics
(mean, standard deviation, and range) and visually using
histogram distribution plots.

Although the study was not powered to compare PFT
differences in different lung cancer cohorts, it is instructive
to qualitatively compare PFT changes with functional avoid-
ance against PFT changes for patients with lung cancer
treated with standard thoracic radiation planning. Two stud-
ies were used to characterize the historical rates of PFT
changes for patients with lung cancer treated with standard
thoracic radiation planning: a 2005 review article by
Mehta,35 which included 10 studies, and a more recent
meta-analysis in 2017, which included 8 studies.22 Mehta
reported an FEV1 change from baseline ranging from −20%
to 0.6% after chemoradiation for lung cancer.35 Further-
more, a DLCO change from baseline ranging from −27% to
−3.5% was reported in the study. The 2017 meta-analysis,
which included studies assessing the effects of chemoradia-
tion on patients with lung cancer, showed a FEV1 change
ranging from −24% to −1% and a DLCO change ranging
from −26% to −10%.22 Results for FVC and FEV1/FVC
were not reported in these 2 analyses. Combining the
reported DLCO and FEV1 results from the individual studies
included in the 2 reviews,22,35 we calculated a mean DLCO
change of−15.7% and a mean FEV1 change of −6.4%.

Prior work has demonstrated that PFT metrics can
predict severe radiation pneumonitis in patients receiv-
ing radiation therapy.36 To further assess the
correlation between an objective measure, specifically
PFTs, and a clinical outcome, specifically radiation
pneumonitis, we evaluated PFT change differences
between groups that did or did not experience grade 2
or higher radiation pneumonitis for patients treated
with functional avoidance radiation therapy. PFT
changes for patients who did or did not experience
grade 2 or higher pneumonitis were compared using t
test analysis with a significance level of .05.
Results
Patients and treatment

The trial was open to accrual between April 11, 2015,
and December 13, 2019. A total of 101 patients were con-
sented to accrue 67 evaluable patients. Of the 67 evaluable
patients, 56 patients enrolled on the study had both base-
line and posttreatment PFTs available for analysis.
Patient, treatment, and clinical characteristics of the study
population are provided in Table 1. The median age was
65 years (range, 45-86 years), 36 (64.3%) were female, and
20 (35.7%) were male. The median Karnofsky perfor-
mance status score was 90 (range, 60-100), 29 (51.8%)
had preexisting chronic obstructive pulmonary disease,
and 53 (94.6%) were current or former smokers. Among
those who currently or previously smoked, the median
pack-year history was 37.5 years (range, 1-150 years).
Forty-six patients (82.1%) were diagnosed with non-small
cell lung cancer, and 43 (76.8%) had stage III disease.
Seven patients (12.5%) underwent surgery as part of their
treatment, including 6 who received a lobectomy and 1
who received a pneumonectomy. The median dose was
60 Gy (range, 45-66 Gy) delivered in 30 fractions (range,
23-33 fractions). Fifty patients (89.3%) received concur-
rent chemotherapy, and 17 (30.4%) were treated with
immunotherapy. There were no patients on the study
who had preexisting interstitial lung disease. With a
median follow-up period of 10.6 months (range, 3.0-14.0
months) from the time of treatment, a total of 3 patients
(5.4%) experienced regional tumor progression.
Pulmonary function testing

Pulmonary function tests were obtained at baseline
and a planned 3 months (median, 3.1 months; range, 0.5-
6.0 months) after radiation therapy. A total of 52 patients
(92.9%) had PFTs performed 3 § 1.5 months from the
time of radiation therapy treatment completion. The
mean, standard deviation, and range for DLCO, FEV1,
FVC, and FEV1/FVC both pretreatment and posttreat-
ment are shown in Table 2. The mean change in DLCO
was −1.4 § 5.1 mL/mm Hg/min (range, −14.6 to



Table 1 Patient, treatment, and clinical characteristics
for the study cohort

Parameter Number (%) or median (range)

Patients 56

Sex

Female 36 (64.3)

Male 20 (35.7)

Age, y 65 (45-86)

Race

White 53 (94.6)

Black 2 (3.6)

Asian-Pacific 1 (1.8)

KPS index 90 (60-100)

COPD

Yes 29 (51.8)

No 27 (48.2)

Smoking status

Nonsmoker 3 (5.4)

Current smoker 14 (25)

Former smoker 39 (69.6)

Type of lung cancer

NSCLC 46 (82.1)

SCLC 10 (17.9)

Stage

I 2 (3.6)

II 5 (8.9)

III 43 (76.8)

IV 6 (10.7)

Surgery

Yes 7 (12.5)

Lobectomy 6 (10.7)

Pneumonectomy 1 (1.8)

No 49 (87.5)

Chemotherapy

Concurrent 50 (89.3)

Sequential 2 (3.6)

Induction 4 (7.1)

Immunotherapy

Yes 17 (30.4)

No 39 (69.6)

Radiation prescription

Total dose, Gy 60 (45-66)

Number of fractions 30 (23-33)

Fractionation pattern

Daily 49 (87.5)

Twice daily 7 (12.5)

Abbreviations: COPD = chronic obstructive pulmonary disease;
KPS = Karnofsky Performance Status; NSCLC = non-small cell lung
cancer; SCLC = small cell lung cancer.

Table 2 Pretreatment and posttreatment PFT metrics
for the study cohort

PFT metric Mean § SD Range

DLCO*

Pretreatment

Raw 15.8 § 6.0 2.8-30.1

Predicted, %y 64.8 § 16.3 39.0-100.0

Posttreatment

Raw 14.3 § 5.9 6.0-39.1

Predicted, %y 52.6 § 15.6 27.0-95.0

FEV1
z

Pretreatment

Raw 2.1 § 0.7 1.1-3.7

Predicted, %y 76.0 § 19.8 36.0-123.0

Posttreatment

Raw 1.9 § 0.7 1.0-4.4

Predicted, %y 71.0 § 15.7 31.0-106.0

FVCz

Pretreatment

Raw 3.2 § 0.9 1.7-5.3

Predicted, %y 88.9 § 15.8 58.0-131.0

Posttreatment

Raw 2.9 § 1.0 1.4-5.7

Predicted %y 80.3 § 17.1 45.0-118.0

FEV1/FVC ratio

Pretreatment 65.6 § 12.9 41.0-100.0

Posttreatment 67.3 § 11.6 41.0-89.0

Abbreviations: DLCO = diffusing capacity for carbon monoxide;
FEV1 = forced expiratory volume in 1 second; FVC = forced vital
capacity; PFT = pulmonary function test; SD = standard deviation.
* DLCO raw values are recorded in milliliters per millimeter mer-
cury per minute.
y Predicted percentage takes into account patient height, sex, and age.
z FEV1 and FVC raw values are recorded in liters.
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14.5 mL/mm Hg/min) and −11.6% § 14.2% of the pre-
dicted (range, −50.0% to 27.0%) (Table 3). The mean
change in FEV1 was −0.2 § 0.5 L (range, −2.1 to 1.3 L)
and −5.6% § 16.9% of the predicted (range, −59.0% to
24.0%). The mean change in FVC was −0.3 § 0.6 L
(range, −2.5 to 0.7 L) and −9.0% § 20.1% of predicted
(range, −61.0% to 27.0%). The mean change in FEV1/
FVC was 1.7 § 8.0 (range, −32.0 to 19.0). The PFT
change results are presented visually, using histogram dis-
tribution plots, in Fig. 2.

A total of 10 patients in the cohort (17.9%) experi-
enced grade 2 or higher radiation pneumonitis, at a
median of 6.0 months (range, 0-7.0 months) after radia-
tion treatment. For patients with grade 2 or higher radia-
tion pneumonitis, the mean change in DLCO was
−15.4% § 14.4% (range, −45.0% to 4.0%), and for
patients with grade <2 radiation pneumonitis, the mean



Table 3 Changes in PFT metrics following radiotherapy
for the study cohort

PFT metric Mean § SD Range

DLCO change*

Raw −1.4 § 5.1 −14.6 to 14.5

Predicted, %y −11.6 § 14.2 −50.0 to 27.0

FEV1 change
z

Raw −0.2 § 0.5 −2.1 to 1.3

Predicted, %y −5.6 § 16.9 −59.0 to 24.0

FVC changez

Raw −0.3 § 0.6 −2.5 to 0.7

Predicted, %y −9.0 § 20.1 −61.0 to 27.0

FEV1/FVC ratio changez 1.7 § 8.0 −32.0 to 19.0

Abbreviations: DLCO = diffusing capacity for carbon monoxide;
FEV1 = forced expiratory volume in 1 second; FVC = forced vital
capacity; PFT = pulmonary function test; SD = standard deviation.
* DLCO raw values are recorded in milliliters per millimeter mer-
cury per minute.
y Predicted percentage takes into account patient height, sex, and
age; change metrics were calculated by subtracting the posttreatment
raw and predicted percentage values from the pretreatment raw and
predicted percentage values.
z FEV1 and FVC raw values are recorded in liters.
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change in DLCO was −10.8% § 14.1% (range, −50.0% to
27.0%) (P = .37) (Table 4). For patients with grade 2 or
higher radiation pneumonitis, the mean change in FEV1

was −14.3% § 22.1% (range, −59.0% to 13.0%), and for
patients with grade <2 radiation pneumonitis, the mean
change in FEV1 was −3.9% § 15.4% (range, −47.0% to
24.0%) (P = .09).
Discussion
Figure 2 Histogram distribution plots for diffusing
capacity for carbon monoxide (DLCO, in green), forced
expiratory volume in 1 second (FEV1, in red), forced vital
capacity (FVC, in blue), and the FEV1/FVC ratio (in yel-
low) change. The plots assess the percentage change for
4DCT-ventilation functional avoidance is a promising
technique to reduce the probability of patients developing
pulmonary toxicity after radiation treatment without bur-
dening the patient with an extra imaging procedure.15 To
our knowledge, the presented work is the first study to
characterize PFT changes for patients treated on a 2-insti-
tution, prospective functional avoidance clinical trial
where PFT data collection was prospectively acquired.
Our data show mean changes in DLCO, FEV1, and FVC
of −11.6%, −5.6%, and −9.0%, respectively. Based on
previous studies, 2 clinically pertinent PFT metrics rele-
vant to patients with lung cancer treated with radiation
therapy are pretreatment to posttreatment DLCO and
FEV1 changes.

22,35 Although a statistical analysis was not
possible, our results can be qualitatively compared against
PFT changes presented in the literature for patients
treated with standard thoracic radiation therapy techni-
ques. Averaging the results from 2 large review studies,
we calculate a mean DLCO change of −15.7% and a



Table 4 Pretreatment to posttreatment PFT change for patients with and without grade 2 or higher RP

PFT metric Mean § SD Range P value

DLCO

Grade 2 or higher RP −15.4 § 14.0 −45.0 to 4.0 .37

Less than grade 2 RP −10.8 § 14.1 −50.0 to 27.0

FEV1

Grade 2 or higher RP −14.3 § 22.1 −59.0 to 13.0 .09

Less than grade 2 RP −3.9 § 15.4 −47.0 to 24.0

Abbreviations: DLCO = diffusing capacity for carbon monoxide; FEV1 = forced expiratory volume in 1 second; PFT = pulmonary function test;
SD = standard deviation; RP = radiation pneumonitis.
Numbers reported represent change metrics, which were calculated by subtracting the posttreatment predicted percentage values from the pretreat-
ment predicted percentage values. P values were obtained using unpaired t test analysis with a significance level of .05.
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mean FEV1 change of −6.4%.22,35 Compared with histori-
cal results, our data show less of a decline in DLCO
(−11.6% with functional avoidance and −15.7% histori-
cally) and FEV1 (−5.6% with functional avoidance and
−6.4% historically) for patients treated with functional
avoidance.

Major determinants of gas exchange in the lung include
diffusion of gases, measured by DLCO, as well as gas move-
ment, measured by FEV1.

19-21,35 Typically, DLCO is
affected more by local lung dysfunction.35 Our results are
in line with previous reviews showing a reduction in PFTs
after treatment, with DLCO being most pronounced.22,35

By minimizing irradiation of functional lung, however, the
decline in DLCO after treatment appeared to be less than
historical rates of DLCO decline for patients treated with
standard thoracic radiation therapy techniques. It is possible
that with functional avoidance there is a reduction in dose
to local pulmonary microvasculature, which functions in
gas exchange. For example, even low radiation doses given
to large lung volumes in rats can lead to microvascular
damage.37 Reduction in FEV1, which reflects airflow
obstruction rather than microvascular alteration, was only
slightly improved with functional avoidance compared with
historical rates.19-22,35

Grading pneumonitis is commonly used as a marker
for measuring lung toxic effects after radiation; however,
there are shortcomings to a subjective grading
approach.1,17,35 Pneumonitis is defined according to the
presence or absence of symptoms such as cough and
shortness of breath, radiographic changes, and the treat-
ments required to manage symptoms.1,17 PFT testing can
be a beneficial quantitative metric to follow once patients
complete treatment for lung cancer, and several studies
have attempted to use PFTs as a predictor for
the separate pulmonary function test (PFT) metrics from
pretreatment to posttreatment. Change metrics were cal-
culated by subtracting the posttreatment percentage pre-
dicted values from the pretreatment percentage predicted
values. The dashed line in each histogram represents the
mean for the specific PFT metric.
pneumonitis.22,35,38 To evaluate whether PFT changes
correlated with clinical pneumonitis, our study compared
mean PFT changes for patients with and without grade 2
or higher radiation pneumonitis. The mean change in
DLCO was −15.4% § 14.4% for patients with grade 2 or
higher radiation pneumonitis and −10.8% § 14.1% for
patients with grade <2 radiation pneumonitis (P = .37).
The mean change in FEV1 was −14.3% § 22.1% for
patients with grade 2 or higher radiation pneumonitis
and −3.9% § 15.4% for patients with grade <2 radiation
pneumonitis (P = .09). These results align with previous
work suggesting that PFT changes can potentially differ-
entiate between patients with and without
pneumonitis.22,35,38

With regard to limitations of the current study, the
patient population under study was heterogeneous and
included both patients with non-small cell lung cancer
and small cell lung cancer and once-daily versus twice-
daily radiation treatment regimens, and not all patients
received immunotherapy after initial chemoradiation.
There are several key differences between our study and
the studies used for PFT comparison purposes. Many
prior studies did not include chemotherapy with radia-
tion, used 3-dimensional conformal therapy planning
techniques, had performance status limitations, did not
include patients who received immunotherapy, or prohib-
ited surgery as part of the treatment assessment.22,35 Pre-
scription doses used in the Mehta review35 included 45 to
76.9 Gy, and the follow-up was from 1.5 to 38 months.
Prescription doses used in the 2017 meta-analysis22

included 54 to 77 Gy in 24 to 58 fractions, and the follow-
up was from 1 to 12 months.

Intensity modulated radiation therapy, which was used in
the functional avoidance study, has been shown to reduce pul-
monary complications compared with 3-dimensional confor-
mal therapy.39,40 The patient cohort used in the functional
avoidance work included 17 patients (30%) who received
immunotherapy per the results of the PACIFIC trial.41 Immu-
notherapy, when combined with radiation, has been shown to
increase rates of lung toxicity.42,43 In addition, 7 patients
(12.5%) underwent surgery as part of their treatment in the
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study. When patients who underwent surgery were excluded
from the analysis, similar PFT changes were noted from pre-
treatment to posttreatment. Specifically, the mean DLCO
change was −11.2% § 13.6% (range, −45% to 27%), the
mean FEV1 change was −5.8% § 17.5% (range, −59% to
24%), and the mean FVC change was−8.9%§ 19.9% (range,
−61% to 27%), thus demonstrating the results obtained were
largely unaffected by resection status.

Pulmonary function tests were only assessed once after
chemoradiation for patients treated with functional avoid-
ance radiation therapy. It is possible that if further assess-
ment was done after 3 months, continued PFT changes
may have occurred, including either decline or improve-
ment. Future studies examining PFT change should look to
obtain serial measurements over time to better predict for
late pulmonary toxic effects. Uncertainties of 4DCT-ventila-
tion have been described previously and include potential
registration inaccuracy and numerical instability.10,44,45

Although this study focused on 4DCT-based methods, it
should be noted that other established forms of lung func-
tion imaging have been proposed for radiation therapy,
including functional avoidance using single-photon emis-
sion computed tomography imaging, positron emission
tomography−based functional imaging, and magnetic reso-
nance imaging−based perfusion.12,46-48 Although the inclu-
sion criteria in the study were broad and an appropriate
historical control for PFT changes is challenging to deter-
mine, the presented PFT changes present seminal data that
functional avoidance radiation therapy may mitigate decline
in pulmonary function.
Conclusion
The present work quantitatively characterized PFT
changes for 56 patients with lung cancer treated on a 2-
institution, 4DCT-ventilation functional avoidance radia-
tion therapy protocol. The study found a mean change in
DLCO of −11.6% § 14.2%, a mean change in FEV1 of
−5.6% § 16.9%, and a mean change in FVC of −9.0% §
20.1%. Patients with grade 2 or higher radiation pneumoni-
tis had a mean FEV1 decline of −14.3% § 22.1%, whereas
patients who did not experience grade 2 or higher radiation
pneumonitis had a mean FEV1 decline of −3.9% § 15.4%.
The presented data elucidate the potential pulmonary func-
tion improvement with functional avoidance radiation
therapy and help refine functional avoidance techniques to
reduce toxicity for patients with lung cancer.
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