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A B S T R A C T   

Four-Dimensional Gallium 68 Ventilation-Perfusion Positron Emission Tomography (68Ga-4D-V/Q PET/CT) al-
lows for dynamic imaging of lung function. To date there has been no assessment of the feasibility of adapting 
radiation therapy plans to changes in lung function imaged at mid-treatment function using 68Ga-4D-V/Q PET/ 
CT. This study assessed the potential reductions of dose to the functional lung when radiation therapy plans were 
adapted to avoid functional lung at the mid-treatment timepoint using volumetric arc radiotherapy (VMAT). 
Methods: A prospective clinical trial (U1111-1138–4421) was performed in patients undergoing conventionally 
fractionated radiation therapy for non-small cell lung cancer (NSCLC). A 68Ga-4D-V/Q PET/CT was acquired at 
baseline and in the 4th week of treatment. Functional lung target volumes using the ventilated and perfused lung 
were created. Baseline functional volumes were compared to the week 4 V/Q functional volumes to describe the 
change in function over time. For each patient, 3 VMAT plans were created and optimised to spare ventilated, 
perfused or anatomical lung. All key dosimetry metrics were then compared including dose to target volumes, 
dose to organs at risk and dose to the anatomical and functional sub-units of lung. 
Results: 25 patients had both baseline and 4 week mid treatment 68Ga-4D-V/Q PET/CT imaging. This resulted in a 
total of 75 adapted VMAT plans. The HPLung volume decreased in 16/25 patients with a mean of the change in 
volume (cc) − 28 ± 515 cc [±SD, range − 996 cc to 1496 cc]. The HVLung volume increased in 13/25 patients 
with mean of the change in volume (cc) + 112 ± 590 cc. [±SD, range − 1424 cc to 950 cc]. The functional lung 
sparing technique was found to be feasible with no significant differences in dose to anatomically defined organs 
at risk. Most patients did derive a benefit with a reduction in functional volume receiving 20 Gy (fV20) and/or 
functional mean lung dose (fMLD) in either perfusion and/or ventilation. Patients with the most reduction in 
fV20 and fMLD were those with stage III NSCLC. 
Conclusion: Functional lung volumes change during treatment. Some patients benefit from using 68Ga-4D-V/Q 
PET/CT in the 4th week of radiation therapy to adapt radiation plans. In these patients, the role of mid-treatment 
adaptation requires further prospective investigation.   

Introduction 

Radiation-induced lung injury is a common phenomenon with ra-
diation pneumonitis being a potentially life-threatening treatment- 
related toxicity from the curative intent treatment of non-small cell lung 

cancer (NSCLC).[1] Current standard of care treatment regards all lung 
function as spatially homogeneous based on the anatomical lung tissue 
seen on planning computed tomography (CT). In anatomically defined 
lung tissue there is a volumetric dose–response relationship and pneu-
monitis risk. The strongest correlation relates to two key dose-metrics; 
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the percentage of lung receiving 20 Gy (V20) and the mean lung dose 
(MLD) [1]. 

A number of advanced imaging modalities including positron emis-
sion tomography (PET), magnetic resonance imaging (MRI) and single 
photon emission computed tomography (SPECT) that have developed in 
the last decade are able to provide detailed information about the un-
derlying geographical distribution of functional sub-units of lung.[2] 
68Ga-4D-V/Q PET/CT has been demonstrated to have superior spatial 
and temporal resolution than SPECT.[3] The 68Ga-4D-V/Q PET/CT 
technique has been correlated with pulmonary function tests and has 
been used as the basis to validate other functional imaging techniques 
such as CT Ventilation.[4,5] Using functional imaging, planning to avoid 
sub-units of lung with higher function has been demonstrated to be 
possible.[2] This may lead to a reduction in toxicity as the higher 
functional regions of lung are more sensitive to radiation and those re-
gions are important to spare from fibrosis potentially caused by a course 
of thoracic radiation therapy [6]. 

Functional lung imaging at mid and post-treatment timepoints has 
shown improvements of ventilation and perfusion around the primary 
tumour compared with baseline.[6–15] These gains in both ventilation 
and perfusion are often seen in patients in the clinic undergoing thoracic 
treatment. Clinically this manifests as an improvement in breathlessness 
or physical findings such as increased aeration of a previously obstruc-
ted lobe.[16] Radiologically in these tumours often a geographic 
response is seen and this may enable re-perfusion and re-ventilation. 
[17] These can be viewed as geographical shifts on cone beam CT 
(CBCT) and may necessitate the need for re-planning.[17,18] There is an 
ongoing prospective study evaluating the role of SPECT in mid- 
treatment adaptation however, to date, there have been no in-
vestigations into PET [19]. 

Dose-response relationships have been demonstrated in patients with 
baseline and post-treatment functional lung imaging.[2,6,8,20,21] For 
perfusion imaging, the slope of this curve has been shown to approxi-
mate 0.6–0.75 % per Gy.[2] However, the majority of these studies have 
evaluated patients after the completion of radiation therapy. A number 
of functional lung studies have demonstrated that there is a phenome-
non of a regional function returning on imaging performed during or 
after radiation therapy.[2,6,20,22] This phenomenon of treatment- 
related re-perfusion and re-ventilation does require careful assessment 
in patients being treated with functional lung adaptation. Treatment 
plans performed to preferentially reduce dose to functional lung may 
increase the dose to non-functional lung as it appears at baseline; if non- 
functional lung re-perfuses/ventilates during treatment, any gains in 
dose reduction to functional lung may be offset by the increased dose to 
re-perfused/ventilated lung. 

In this study, we assess the change of functional lung volumes from 
baseline to the 4th week of treatment and evaluate the dosimetric im-
plications of mid-treatment functional avoidance planning in patients 
receiving conventionally fractionated radiotherapy for NSCLC to a total 
dose of 60 Gy in 30 fractions. 

Materials and Methods 

This study involved the first 25 patients recruited on an institutional 
ethics board-approved prospective observational study (U1111- 
1138–4421).[23] This trial involved serial 68Ga-4D-V/Q PET/CT scan-
ning pre-treatment, at week four of treatment and then at three and 
twelve months post-treatment. To be eligible for this mid-treatment 
study, patients were required to have a diagnosis of NSCLC and be un-
dergoing curative-intent radiation therapy with a prescription dose of 
60 Gy in 30 fractions with a 68Ga-4D-V/Q PET/CT at baseline and in 
week 4 of treatment. 

All planning was performed on the average CT dataset of the 68Ga- 
4D-V/Q PET/CT. Mid-treatment 68Ga-4D-V/Q PET/CT images were 
rigidly registered to the pre-treatment planning 68Ga-4D-V/Q PET/CT 
image in the region of the tumour. Target volumes were copied from the 

pre-treatment to the mid-treatment images based on this registration. 
Mid-treatment target volumes were reviewed by a single thoracic radi-
ation oncologist (GAT) and adjusted to account for any clear geographic 
differences between the baseline and week 4 CT which would have led to 
under-dosing of tumour. If the GTV decreased in size, target volumes 
were not altered however if there were clear geographic shifts or pro-
gressive disease on the repeat planning scan the target volumes were 
adjusted to account for this. Functional lung volumes were delineated on 
the baseline and week 4 datasets as ‘highly perfused’ (HPLung) and 
‘highly ventilated’ (HVLung), using a 70th centile threshold. These vol-
umes were reviewed and adjusted by a nuclear medicine physician using 
a semi-automated method described by Le Roux et al [24]. 

Three VMAT plans were created on the mid-treatment datatsets: 
Anatomical – a plan optimised to the anatomical lung, HPLung a plan 
optimised to avoid highly perfused lung and HVLung a plan optimised to 
avoid highly ventilated lung. Planning was performed using Monaco 
treatment planning system (v5.1, ElektaTM, Sweden). Dose constraints 
are described in Table 1. Plan quality was assessed by experienced ra-
diation therapists (LN) and radiation oncologists (NB, SS) to ensure 
clinically acceptable dosimetry was achieved. Functional dose volu-
metrics were assessed using the parameters of mean lung dose (MLD), 
functional MLD (fMLD) and both the anatomical lung volume receiving 
5, 20 Gy (V5, V20) and the functional lung volume receiving 5, 20 Gy 
(fV5, fV20). Plan quality was assessed for consistency with respect to 
conformity indices, and doses to critical structures. 

Changes in functional volumes between the two timepoints were 
measured. Dose-metrics were compared between a) the anatomical plan 
and HVLung optimised plan and b) the anatomical plan and HPLung 
optimised plan. Other metrics that were compared were the target 
coverage and the conventional organ at risk constraints. 

Statistical analysis was performed in Python, version 3.7.1. The 
median, standard deviation and range of the data was used to describe 
differences. Estimation plots were used to plot the change in value per 
patient, and estimate of the difference in each metric in the sample size. 
[25] P values were calculated using Wilcoxon signed-rank test. 

Results 

The initial 25 patients recruited onto the GalliPET trial were included 
in this study. This resulted in a total of 75 adapted VMAT plans. Patient 
characteristics are described in Table 2. 

Functional volumes 

Baseline functional volumes were compared to the week 4 V/Q 
functional volumes. These changes are described in Fig. 1. The HPLung 
volume reduced by a mean of 28 ± 515 cc [±SD, range − 996 cc to 1496 

Table 1 
Planning Protocol.  

Structure Metric Per protocol 

PTV V60 >95 %  
Max dose 0.03 cc 72 Gy 

Spinal Cord Max dose 0.03 cc 50.0 Gy 
Lung-GTV Mean <20 Gy  

V30 <30 %  
V20 <35 %  
V5 <60 % 

Functional Lung-GTV Mean <20 Gy  
V20 <35 %  
V5 <60 % 

Oesophagus Max dose 0.03 cc <63 Gy  
Mean <34 Gy 

Heart V40 <35 %  
Mean <30 Gy  
Max dose 0.03 cc <70 Gy 

Brachial Plexus Max dose 0.03 cc <63 Gy  
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cc] between the baseline and the 4 week 68Ga-4D-V/Q PET/CT. The 
HPLung volume decreased in 16/25 patients. Outliers were investigated 
and a number of technical and physiological factors were identified that 
explained changes in lung function due to other conditions not related to 
treatment or tumour factors. For example, in the HPLung volume one 
outlier occurred due to an acute pulmonary embolus on the baseline 
scan. Once this had resolved, the functional volume increased in size 
significantly. Two patients were noted to have an increase in lung vol-
ume that was attributed due to a difference in the breathing pattern at 
the time of the 4D PET/CT. In both patients, the entire lung volume was 
different between the two-time points. This was most pronounced 
around the liver. Due to changes in the anatomical and functional vol-
ume, differences could not be reliably evaluated. Three patients were 
noted to have tumour response and therefore re-perfusion these patients 
had an increase in their perfused volumes. These patients were not 
excluded. Excluding the three outliers, a decrease in the size of this 
HPLung volume at 4 weeks was noted of 135 ± 393 cc. 

The HVLung volume increased by on average 112 ± 590 cc [±SD, 
range − 1424 cc to 950 cc]. The HVLung volumed increased in 13/25 
patients. Outliers were investigated and three removed. All three cases 
resulted were due to Galligas clumping in the proximal bronchial tree 
that was not sufficiently excluded using the published semi-automated 
method.[24] This caused a volume change without any observed func-
tional change in the lung parenchyma.[24] With the outliers excluded, 
the HVLung increased by on average 251 ± 479 cc. The increase in 
functional volume for the majority of patients was due to treatment 
response resulting in a decrease in tumour-related airway obstruction. 

Treatment-Related changes 

Fig. 2A demonstrates imaging of a patient who had re-perfusion in 
response to radiation therapy treatment. In this patient, the response of 
the primary tumour to radiation therapy allowed re-perfusion of the 
blood vessels due to reduced vascular compression. In some patients 
reduced function was noted in week 4 imaging. 

Dose to target and organs at risk 

Doses to target and each organ at risk are summarised in Table 3. 
D98% or D2% of PTV was not significantly different between plans. 
There were no clinically significant doses to organs at risk between 
functional and anatomical plans. Although there was a statistically 

significant (p = 0.03) reduction in the mean oesophageal dose with 
HPLung and HVLung plans compared with the anatomical plan, the 
magnitude of the difference was small, in absolute terms, and remained 
well within the organ’s tolerance. Functional avoidance plans resulted 
in a consistent reduction in V5 Gy with HPLung and HVLung however the 
magnitude of the effect was small. 

Dose to functional Lungs 

Highly perfused lung 

The mean dose to the highly perfused lung volume was similar be-
tween plans. fMLD for the anatomical plans was 13.5 ± 3.3 Gy compared 
with 13.0 ± 3.1 Gy for HPLung plans (p = 0.094). fV20 for the anatomical 
plans was 23.8 ± 8.3 % compared with 23.0 ± 6.7 % (p = 0.303) for the 
HPLung plans. Although over the cohort included there was no signifi-
cant benefit to functional adaptation, there was a benefit at the indi-
vidual patient level for some patients as shown in Fig. 3. fV5 was higher 
in the anatomical plans 55.4 ± 9.7 % compared with 50.3 ± 8.6 % in the 
functional plans (p = 0.004). 

Table 2 
Population Characteristics.  

Variable Level/statistic Result (n = 25) 

Age Median [range] 75.5 [53–84] years 
Sex Male 12 (48 %) 

Female 13 (52 %) 
Smoking Never 4 (16 %) 

Ex-smoker 18 (72 %) 
Active smoker 3 (12 %) 

Performance status 0 13 (52 %) 
1 10 (40 %) 
2 2 (8 %) 

Stage I 4 (16 %) 
II 4 (16 %) 
III 6 (24 %) 
IV (oligometastatic) 5 (20 %) 
Salvage 6 (24 %) 

Histological type SCC 11 (44 %) 
Adenocarcinoma 12 (48 %) 
Other 2 (8 %) 

Treatment type Surg, Adj RT 1 (4 %) 
CRT 15 (60 %) 
RT alone 9 (36 %) 

Chemotherapy type Carboplatin / paclitaxel 8 
Cisplatin / etoposide 7  

Fig. 1. (A) shows the change in volume in the HPLung contour between the 
baseline and the perfusion PET in the 4th week of treatment. (B) shows the 
change in volume in the HVLung contour between the baseline and the venti-
lation PET in the 4th week of treatment. 

N. Bucknell et al.                                                                                                                                                                                                                               



Clinical and Translational Radiation Oncology 40 (2023) 100599

4

Highly ventilated lung 

The mean dose to the highly ventilated lung volume was similar 
between plans. fMLD for the anatomical plans was 13.7 ± 4.2 Gy 
compared with 13.1 ± 3.9 Gy for HPLung plans (p = 0.055). fV20 for the 
anatomical plans was 24.5 ± 10.3 % compared with 23.1 ± 8.6 % (p =
0.046) for the HPLung plans. Although over the cohort there was no 
significant benefit to functional adaptation, there was a benefit at the 
individual patient level for some patients as shown in Fig. 3. fV5 was 
higher in the anatomical plans 53.8 ± 11.4 % compared with 48.8 ± 9.5 
% (p = 0.014) in the functional plans. 

Individual patient Results 

As seen in Fig. 3 some patients derived dose-metric benefits from 

perfusion-based plans, others from ventilation-based plans and some 
from both modalities. Patient 9 is an example of a patient where re-
ductions in both HP and HV lung was observed using the respective 
functional adapted plans. HP fV20 was 31 % for HPLung plan and 37 % 
for the anatomical plans and HV fV20 was 29 % for HVLung and 39 % for 
the anatomical plans. Patient 15 had a dosimetric benefit for the HV but 
not HP plans. In this patient, HV fV20 was 38 % for functional and 46 % 
for the anatomical based plans but HP fV20 was 35 % for functional and 
33 % for the anatomical based plans. 

Advanced stage disease 

A subgroup analysis was performed to attempt to identify which 
patients derive most benefit from functional adaptive planning. This 
analysis involved repeating the analysis with the exclusion of patients 
with earlier stage disease. Six patients had stage III disease and five had 
oligometastic (stage IV) disease but with high thoracic disease burden 
(total n = 11). A majority of these patients benefitted from functional 
lung sparing with results shown in Fig. 4. Some patients benefited from 
plans optimised to HPLung only others to HVLung only and a majority 
achieved gains from both. However, due to the smaller sample size, this 
did not reach statistical significance. 

Discussion 

Our study demonstrated that using 68Ga-4D-V/Q PET/CT to perform 
mid-treatment functional adaptive planning in the 4th week of treat-
ment is possible. The recent availability of 68Ga-4D-V/Q PET/CT is of 
considerable interest for radiotherapy due its higher spatial resolution 
than the more common other nuclear medicine techniques. This makes 
derivation of functional volumes more accurate and would have been 
able to demonstrate plan differences that would otherwise be difficult to 
determine with other modalities such as SPECT.[26] CT Ventilation is 
another modality that is being investigated as a method to identify and 
avoid functional regions of lung.[27] A number of trials are underway to 
investigate this modality, This modality has been compared with 68Ga- 
4D-V/Q PET/CT and the correlation was found to be poor at voxel level 
however reasonable correlations at a lobar lung level [27,28]. 

Changes in functional volumes suggested that most patients experi-
ence a reduction in pulmonary perfusion in week 4 compared to baseline 
and an increase in ventilation. This appears to be related to a reduction 

Fig. 2. (A) demonstrates the perfusion component of the 68Ga-4D-V/Q PET/CT prior to treatment. (B) demonstrates the perfusion component of the 68Ga-4D-V/Q 
PET/CT in the 4th week of treatment. An increase in lung perfusion in the 4th week can be observed when compared to the baseline scan this corresponds with a 
tumour response on CT. 

Table 3 
Dose Metric Results.  

Volume/OAR Metric Plan Mean SD p Value 

PTV D98% Anatomical 60.2 Gy 0.9 Gy    
HPLung 60.1 Gy 1.3 Gy p = 0.58   
HVLung 60.4 Gy 1.1 Gy p = 0.38  

D2% Anatomical 66.8 Gy 1.0    
HPLung 66.0 Gy 1.0 Gy p = 0.20   
HVLung 66.5 Gy 0.8 Gy p = 0.47 

Spinal cord Max Anatomical 37.8 Gy 12.1 Gy    
HPLung 38.3 Gy 12.3 Gy p = 0.32   
HVLung 38.1 Gy 11.9 Gy p = 0.59 

Heart Mean Anatomical 7.9 Gy 6.4 Gy    
HPLung 8.2 Gy 7.0 Gy p = 0.54   
HVLung 8.3 Gy 7.2 Gy p = 0.44 

Oesophagus Mean Anatomical 23.4 Gy 11.5 Gy    
HPLung 22.8 Gy 11.6 Gy p = 0.03   
HVLung 23.2 Gy 11.4 Gy p = 0.47 

Lungs - GTV V5 Anatomical 52.5 % 7.4    
HPLung 50.0 % 7.9 p = 0.02   
HVLung 50.4 % 7.8 p = 0.04  

V20 Anatomical 26.2 % 5.8    
HPLung 25.8 % 5.8 p = 0.29   
HVLung 25.3 % 5.3 p = 0.06  

Mean Anatomical 14.3 Gy 2.8 Gy    
HPLung 14.2 Gy 2.8 Gy p = 0.14   
HVLung 14.1 Gy 2.7 Gy p = 0.28  
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in pulmonary perfusion within the treated volume and re-ventilation 
due to tumour response. Perfusion changes following radiation are 
attributed to changes including endothelial proliferation, microvascular 
changes and fibrosis which typically occur months following radiation. 
[29] The aetiology of the acute reduction in pulmonary perfusion is 
therefore unclear and deserves further evaluation. For select patients 
where tumour is causing vascular compression and airway obstruction 
both ventilation and perfusion improve. 

Although over the whole sample studied, there was no systematic 
gain, on a per-patient basis there were some patients who may benefit 
from mid-treatment adaptation. It was also observed that some indi-
vidual patients had benefit on perfusion planning alone or ventilation 
planning alone whereas others achieved benefits on both perfusion and 
ventilation based functional planning. Interestingly some patients had 
worse functional metrics for the functional adapted plan compared with 
the anatomical plan which may indicate further optimisation is 
required. This work is consistent with our previous study which per-
formed functional lung avoidance at the baseline time point and found 
that reductions in functional lung dosimetry were achievable using In-
tensity Modulated Radiation therapy (IMRT).[30] Similar magnitude of 
per-patient gains were seen although, across the entire population, no 
significant differences were observed. 

Importantly, this work demonstrates that this mid-treatment func-
tional adaptive technique is possible and does not result in excess dose to 
organs at risk. However, further work is required to define which pop-
ulation would benefit most from this technique. Our unplanned sub-
group analysis does support a hypothesis that patients with more 

extensive disease may derive more benefit from a mid-treatment 
replanning approach. Conversely those with small tumours or no gross 
tumour (such as patients receiving adjuvant radiation therapy) appeared 
to derive less benefit from adaptive replanning. This hypothesis should 
be tested in future trials. 

A major limitation of this work is that there is no established clinical 
benefit of adapting radiation therapy plans to avoid functional lung. 
Current trials underway use a single baseline time point to perform 
functional avoidance. To our knowledge this study is the first of its kind 
to consider adapting at a mid-treatment time point. Another limitation 
of functional lung avoidance is differences in definitions of functional 
lung volumes.[26] This is due to likely differences between definitions 
of function between different imaging modalities.[2] In this paper we 
used our previously published method to define functional lung, In 
addition to this there are no known dose constraints for functional lung 
volumes.[26] Most current work aims to achieve dose as low as 
reasonably achievable. 

This work demonstrates the geographic distribution of lung function 
is dynamic over the course of radiation treatment. Some patients expe-
rience large changes in the geographic distribution of lung function due 
to re-perfusion and re-ventilation. In these patients, treatment planning 
based on a pre-treatment baseline functional lung imaging may result in 
excess dose to regions of lung that regain function over time. To maxi-
mise gains from functional avoidance, future trial designs should 
consider adapting at a mid-treatment time point. Patients with larger 
volume tumour and higher nodal burden appeared to derive most 
dosimetric benefit from our functional avoidance technique. In design of 

Fig. 3. (A) Difference in HPLung fV20 (percent) in all patients with functional plans compared to the anatomical plan. (B) Difference in HPLung fMLD (Gy) in all 
patients with functional plans compared to the anatomical plan. (C) Difference in HVLung fV20 (percent) in all patients with functional plans compared to the 
anatomical plan. (D) Difference in HVLung fMLD (Gy) in all patients with functional plans compared to the anatomical plan. 
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future trials to testing if FLA can reduce toxicity, restricting the trial 
population to this cohort should be considered. Selection of patients 
with more advanced disease has two major benefits a) these patients 
have a higher risk of radiation pneumonitis due to higher lung doses and 
use of systemic therapies and b) this group has been observed to derive 
more benefit from FLA planning. 

Conclusion 

Replanning radical radiation therapy using 68Ga-4D-V/Q PET/CT in 
the 4th week of treatment is possible in the treatment of thoracic tu-
mours. Patients with larger volumes of disease appear to derive most 
benefit from adaptive replanning. The role of mid-treatment adaptation 
is undefined so future prospective evaluation of this concept is required 
to define a patient group that would derive most benefit from this 
technique and to assess if these techniques result in reduction in toxicity 
or improvement in quality of life. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

Nicholas Bucknell is supported by the RANZCR Windeyer Fellowship 
and an Australian Commonwealth government Research Training 

Program Scholarship Shankar Siva is supported by the Cancer Council 
Victoria Colebatch Fellowship Michael Hofman is supported by a Peter 
MacCallum Foundation Research Leadership Grant. 

References 

[1] Palma DA, Senan S, Tsujino K, Barriger RB, Rengan R, Moreno M, et al. Predicting 
radiation pneumonitis after chemoradiation therapy for lung cancer: an 
international individual patient data meta-analysis. Int J Radiat Oncol Biol Phys 
2013;85(2):444–50. 

[2] Bucknell NW, Hardcastle N, Bressel M, Hofman MS, Kron T, Ball D, et al. Functional 
lung imaging in radiation therapy for lung cancer: A systematic review and meta- 
analysis. Radiother Oncol 2018;129(2):196–208. 

[3] Callahan J, Hofman MS, Siva S, Kron T, Schneider ME, Binns D, et al. High- 
resolution imaging of pulmonary ventilation and perfusion with 68Ga-VQ 
respiratory gated (4-D) PET/CT. Eur J Nucl Med Mol Imaging 2014;41(2):343–9. 

[4] Kipritidis J, Siva S, Hofman MS, Callahan J, Hicks RJ, Keall PJ. Validating and 
improving CT ventilation imaging by correlating with ventilation 4D-PET/CT using 
68Ga-labeled nanoparticles. Med Phys 2014;41(1):011910. 

[5] Le Roux P-Y, Siva S, Steinfort DP, Callahan J, Eu P, Irving LB, et al. Correlation of 
68Ga Ventilation-Perfusion PET/CT with Pulmonary Function Test Indices for 
Assessing Lung Function. J Nucl Med 2015;56(11):1718–23. 

[6] Farr KP, Møller DS, Khalil AA, Kramer S, Morsing A, Grau C. Loss of lung function 
after chemo-radiotherapy for NSCLC measured by perfusion SPECT/CT: 
Correlation with radiation dose and clinical morbidity. Acta Oncol 2015;54(9): 
1350–4. 

[7] Fan M, Marks LB, Hollis D, Bentel GG, Anscher MS, Sibley G, et al. Can we predict 
radiation-induced changes in pulmonary function based on the sum of predicted 
regional dysfunction? J Clin Oncol 2001;19(2):543–50. 

[8] Garipagaoglu M, Munley MT, Hollis D, M. Poulson J, Bentel GC, Sibley G, et al. The 
effect of patient-specific factors on radiation-induced regional lung injury. Int J 
Radiat Oncol Biol Phys 1999;45(2):331–8. 

[9] Levinson B, Marks LB, Munley MT, Poulson J, Hollis D, Jaszczak R, et al. Regional 
dose response to pulmonary irradiation using a manual method. Radiother Oncol 
1998;48(1):53–60. 

Fig. 4. (A) Difference in HPLung fV20 (percent) in patients with stage 3 lung cancer with functional plans compared to the anatomical plan. (B) Difference in HPLung 
fMLD (Gy) in patients with stage 3 lung cancer with functional plans compared to the anatomical plan. (C) Difference in HVLung fV20 (percent) in patients with stage 
3 lung cancer with functional plans compared to the anatomical plan. (D) Difference in HVLung fMLD (Gy) in patients with stage 3 lung cancer with functional plans 
compared to the anatomical plan. 

N. Bucknell et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2405-6308(23)00024-1/h0005
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0005
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0005
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0005
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0010
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0010
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0010
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0015
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0015
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0015
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0020
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0020
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0020
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0025
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0025
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0025
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0030
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0030
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0030
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0030
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0035
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0035
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0035
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0040
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0040
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0040
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0045
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0045
http://refhub.elsevier.com/S2405-6308(23)00024-1/h0045


Clinical and Translational Radiation Oncology 40 (2023) 100599

7

[10] 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(4):469–75. 

[11] Marks LB, Hollis D, Munley M, Bentel G, Garipagaoglu M, Fan M, et al. The role of 
lung perfusion imaging in predicting the direction of radiation-induced changes in 
pulmonary function tests. Cancer 2000;88(9):2135–41. 

[12] Meng X, Frey K, Matuszak M, Paul S, Ten Haken R, Yu J, et al. Changes in 
functional lung regions during the course of radiation therapy and their potential 
impact on lung dosimetry for non-small cell lung cancer. Int J Radiat Oncol Biol 
Phys 2014;89(1):145–51. 

[13] Siva S, Hardcastle N, Kron T, Bressel M, Callahan J, MacManus MP, et al. 
Ventilation/Perfusion Positron Emission Tomography-Based Assessment of 
Radiation Injury to Lung. Int J Radiat Oncol Biol Phys 2015;93(2):408–17. 

[14] Yuan S(, Frey KA, Gross MD, Hayman JA, Arenberg D, Cai X-W, et al. Changes in 
global function and regional ventilation and perfusion on SPECT during the course 
of radiotherapy in patients with non-small-cell lung cancer. Int J Radiat Oncol Biol 
Phys 2012;82(4):e631–8. 

[15] Zhang J, Ma J, Zhou S, Hubbs JL, Wong TZ, Folz RJ, et al. Radiation-induced 
reductions in regional lung perfusion: 0.1-12 year data from a prospective clinical 
study. Int J Radiat Oncol Biol Phys 2010;76(2):425–32. 

[16] Lee JW, Lee JH, Kim HK, Shim BY, An HJ, Kim SH. The efficacy of external beam 
radiotherapy for airway obstruction in lung cancer patients. Cancer Res Treat 
2015;47(2):189–96. 

[17] Chen M, Yang J, Liao Z, Chen J, Xu C, He X, et al. Anatomic change over the course 
of treatment for non-small cell lung cancer patients and its impact on intensity- 
modulated radiation therapy and passive-scattering proton therapy deliveries. 
Radiat Oncol 2020;15(1). 

[18] MacManus M, Everitt S, Schimek-Jasch T, Li XA, Nestle U, Kong F-M-S. Anatomic, 
functional and molecular imaging in lung cancer precision radiation therapy: 
treatment response assessment and radiation therapy personalization. Transl Lung. 
Cancer Res 2017;6(6):670–88. 

[19] Lee E, Zeng J, Miyaoka RS, Saini J, Kinahan PE, Sandison GA, et al. Functional lung 
avoidance and response-adaptive escalation (FLARE) RT: Multimodality plan 
dosimetry of a precision radiation oncology strategy. Med Phys 2017;44(7): 
3418–29. 

[20] Seppenwoolde Y, Muller SH, Theuws JCM, Baas P, Belderbos JSA, Boersma LJ, 
et al. Radiation dose-effect relations and local recovery in perfusion for patients 
with non-small-cell lung cancer. Int J Radiat Oncol Biol Phys 2000;47(3):681–90. 

[21] King MT, Maxim PG, Diehn M, Loo Jr BW, Xing L. Analysis of Long-Term 4- 
Dimensional Computed Tomography Regional Ventilation After Radiation 
Therapy. Int J Radiat Oncol Biol Phys 2015;92(3):683–90. 

[22] Latifi K, Dilling TJ, Feygelman V, Moros EG, Stevens CW, Montilla-Soler JL, et al. 
Impact of dose on lung ventilation change calculated from 4D-CT using deformable 
image registration in lung cancer patients treated with SBRT. J Radiat Oncol 2015; 
4(3):265–70. 

[23] Siva S, Callahan J, Kron T, Martin OA, MacManus MP, Ball DL, et al. A prospective 
observational study of Gallium-68 ventilation and perfusion PET/CT during and 
after radiotherapy in patients with non-small cell lung cancer. BMC Cancer 2014; 
14(1). 

[24] Le Roux P-Y, Siva S, Callahan J, Claudic Y, Bourhis D, Steinfort DP, et al. Automatic 
delineation of functional lung volumes with 68Ga-ventilation/perfusion PET/CT. 
EJNMMI Res 2017;7(1). 

[25] Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A. Moving beyond P values: 
data analysis with estimation graphics. Nat Methods 2019;16(7):565–6. 
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