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Introduction to CT-based ventilation 
imaging in radiation oncology
A form of lung function has been developed that uses 
phase-resolved CT images to generate lung ventilation 
maps. The idea is to use four-dimensional CT (4DCT) or 
breath-hold CT images along with image processing tech-
niques to generate lung function maps that provide a surro-
gate of lung ventilation. CT-based ventilation (referred to 
as CT-ventilation) has gained momentum in Radiation 
Oncology because many lung cancer patients undergo 
4DCT simulation as part of the standard treatment plan-
ning process.1 Therefore, CT-ventilation can provide lung 
function information without burdening the patient with 
an extra imaging procedure. CT-ventilation has progressed 
from an image processing research idea,2–6 to validation 
efforts,7–11 to retrospective presentation of clinical appli-
cations of CT-ventilation in Radiation Oncology,12–16 and 
most recently, to prospective clinical trials using CT-ven-
tilation (NCT02528942, NCT02308709, NCT02843568). 
This review will cover the calculation methodologies of 
CT-ventilation, review image validation efforts, present 

clinical applications of CT-ventilation in Radiation 
Oncology, summarize ongoing clinical trials, review poten-
tial uncertainties and shortcomings of CT ventilation, and 
discuss future directions of CT-ventilation research. The 
literature presented in the current review was identified 
using the author’s knowledge of the topic as well as using 
search terms of “CT ventilation,” “4D CT ventilation,” and 
“ventilation radiation,” on PubMed.

Calculation methodologies of CT-
based ventilation imaging
There have been two main methods proposed for calcu-
lating CT-ventilation: the Jacobian-based method4 and the 
Hounsfield unit (HU)-based method.3,17,18 Both methods 
involve using deformable image registration (DIR) to 
register lung voxels from the inhale to the exhale phases 
of the breathing cycle. The Jacobian-based method gener-
ates CT-ventilation images by calculating the Jacobian of 
the generated DIR and is based on the theory that local 
partial derivatives are related to the volume of change of a 
given lung voxel.4 The HU-based method is formed on the 
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because many lung cancer patients undergo four-dimensional CT simulation as part of the standard treatment planning 
process. Therefore, generating CT-ventilation images provides functional information without burdening the patient 
with an extra imaging procedure.
CT-ventilation has progressed from an image processing calculation methodology, to validation efforts, to retrospec-
tive demonstration of clinical utility in Radiation Oncology. In particular, CT-ventilation has been proposed for two 
main clinical applications: functional avoidance radiation therapy and thoracic dose–response assessment. The idea 
of functional avoidance radiation therapy is to preferentially spare functional portions of the lung (as measured by 
CT-ventilation) during radiation therapy with the hypothesis that reducing dose to functional portions of the lung will 
lead to reduced rates of radiation-related thoracic toxicity. The idea of imaging-based dose–response assessment is to 
evaluate pre- to post-treatment CT-ventilation-based imaging changes. The hypothesis is that early, imaging-change-
based response can be an early predictor of subsequent thoracic toxicity. Based on the retrospective evidence, the 
clinical applications of CT-ventilation have progressed from the retrospective setting to on-going prospective clinical 
trials. This review will cover basic CT-ventilation calculation methodologies, validation efforts, presentation of clinical 
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idea that the HU in a given lung voxel is composed of a linear 
combination of a water-like material and air-like material.17 The 
HU-based method first applies a DIR to map how the lung voxels 
in the inhale and exhale CT images are linked. Once the inhale 
and exhale voxels are linked, a density-change based equation is 
applied to calculate ventilation3,17 :

	﻿‍
Vin−Vex

Vex = 1000 HUin−HUex
HUex

(
1000HUin

) ,
‍� 1

where Vin and Vex are the inhale and exhale volumes and HUin 
and HUex are the inhale and exhale HUs of the individual lung 
voxels. Equation 1 calculates the local change in air content for 
each voxel and produces a three-dimensional map of a surrogate 
of ventilation. An example of a CT-ventilation image derived 
using the HU method is shown in Figure 1; with the bright colors 
representing functional lung and areas of blue representing 
ventilation defect regions. The patient shown in Figure 1 pres-
ents with a ventilation defect in the left lung due to a central mass 
occluding an airway.

For both the Jacobian- and HU-based methods of calcu-
lating ventilation, there are pre- and post-calculation image 
processing parameters that are typically applied. Two common 
examples of pre- and post-processing steps of CT-ventilation 
images are advanced lung segmentation and smoothing opera-
tions. Advanced lung segmentation is applied to determine the 
spatial domain where the CT-ventilation calculation occurs. For 
example, Castillo et al2 segment the lungs using a semi-automated 
approach to delineate out the bronchi, trachea, and pulmonary 
vasculature. The idea is that the calculation methodologies are 
determining ventilation and it is not physiologically accurate to 
calculate ventilation in the bronchi, trachea, or pulmonary vascu-
lature; therefore these structures are omitted using segmentation. 
Segmentation can also be used to remove potential artifacts due 
to poor quality 4DCTs (discussed in Section 6) by delineating 

out the partial volume image artifacts. The other operation that is 
typically applied is some level of smoothing of the CT ventilation 
images.3 The smoothing is intended to help mitigate some of the 
uncertainties of inaccurate DIRs. The level of smoothing that is 
applied to the ventilation images varies by research group and 
implementation.19

While the Jacobian and HU-based methods are the two main 
methods that are used for calculating CT-ventilation, there have 
been other methods proposed in the literature.11,20–22 Kipritidis 
et al proposed a modified HU-based approach where the values 
calculated from Equation 1 are scaled by the local density of a 
given voxel.11 Kipritidis et al note that a first order definition of 
physiological ventilation involves the product of local air-flow 
and local alveolar density. They hypothesize that the local alve-
olar density can be approximated by local tissue density while the 
local air-flow is modeled by Equation 1. In another work, Kiprit-
idis et al20 propose to calculate ventilation by a direct scaling of 
the HU values, bypassing the need for a DIR solution. Castillo et 
al22 have proposed an alternative to the Jacobian-based approach 
using a mass conserving point cloud density function. Neural 
networks have also been proposed as a means of generating 
ventilation images.21 The majority of described CT ventilation 
methods have been applied to 4DCT data; however, Eslick et 
al23 recently demonstrated improved accuracy of CT ventilation 
images using breath-hold CTs for ventilation image calculation. 
Although these more recently proposed methods of calculating 
CT ventilation are in their nascent state, early results suggest 
promise in overcoming some of the challenges associated with 
conventional CT-ventilation calculation methodologies.20,22

Correlating CT-ventilation to existing 
lung function imaging modalities
Once the calculation methodology has been developed for a 
novel imaging modality it is desirable to validate the new imaging 
method against other forms of lung function imaging. Studies 
aiming to validate CT-ventilation, have compared it against 
nuclear medicine planar ventilation-perfusion (VQ) images,8,24 
Single photon emission CT (SPECT) perfusion and ventilation 
imaging,2,7,9 positron emission tomography (PET) imaging 
with a Galligas tracer,11 MRI using hyperpolarized helium,10,25 
xenon-based CT,15,26,27 and clinical correlations with pulmonary 
function testing (PFTs).9,28 An example of CT ventilation images 
compared with PET Galligas images from Kipritidis et al11 is 
presented in Figure 2. Correlations between CT-ventilation and 
other lung function imaging modalities have been assessed using 
Spearman correlations and dice similarity coefficients (DSC) 
evaluating contours of overlapping high and low functioning 
regions. Spearman correlations comparing CT-ventilation to 
other lung function imaging modalities have been reported to 
be in the range of 0.20–0.85 and DSCs evaluating functional 
and non-functional regions have been reported to range from 
0.3 to 0.9.11 For example Rankine et al25 reported correlations 
between CT-ventilation and Hyperpolarized 129Xe MRI of 0.39 ± 
0.15 in healthy volunteers and 0.53 ± 0.02 for radiation therapy 
patients prior to therapy. Castillo et al7 noted DSC of 0.78 for 
their study cohort comparing CT-ventilation to SPECT perfu-
sion images and Kipritidis et al reported correlations of 0.42 

Figure 1.A CT-ventilation image overlaid with a standard CT. 
Bright colors represent higher functioning regions of the lung 
while blue and darker tones represent areas of ventilation 
defect. The patient shown in Figure 1 presents with a ventila-
tion defect in the left lung due to a central mass occluding an 
airway (outlined in red).
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± 0.16 comparing CT-ventilation to PET Galligas imaging. In 
general, the correlations appear to be strongest on a global and 
lobar scale and get worse as the comparisons are made on a voxel 
to voxel level. Studies comparing CT-ventilation to PFTs show 
similar correlations in the range of 0.6–0.7.9,28

It is important to note the unique challenges that the field of 
CT-ventilation faces in the goal of physiological validations. 
In addition to the uncertainties of CT-ventilation, there are 
two aspects that complicate validation efforts: (1) different 
lung function imaging modalities are principally measuring 
different physiological quantities and (2) there is a lack of a true 
gold-standard. While all of the discussed imaging modalities are 
measuring some form of lung function, CT-ventilation measures 
voxel volume change and the amount of air change in a given 
voxel, while SPECT imaging, e.g. measures the percentage of 
counts that correlate with perfusion or ventilation. While these 
different thoracic physiological processes should theoretically 
correlate, there are physiological differences in certain patients 
that may make these quantities different. The other major chal-
lenge for physiological validation of CT-ventilation is that there 
are uncertainties in the existing lung function imaging modali-
ties that amount to a lack of a true gold standard. For example, 
while planar VQ imaging has been established as a clinical stan-
dard,29 it can suffer from aerosol deposition artifacts7 and poor 
spatial resolution. The shortcomings of VQ scans increase the 
complexity of the correlation studies and potentially decrease the 
noted correlations. Other imaging modalities (PET imaging with 
Galligas, hyperpolarized Helium-based MRI) are still consid-
ered experimental, may not be available to all clinics, and suffer 
from their own artifacts.11 The variation in the physiological 
lung quantity being measured and a lack of a ground truth have 
increased the complexity of the physiological validation efforts 
of CT-ventilation.

Applications of CT-ventilation in 
Radiation Oncology
There have been two main applications proposed for CT-ven-
tilation in Radiation Oncology: functional avoidance radiation 
therapy and thoracic dose–response assessment. Functional 
avoidance implies designing radiation treatment plans that 
avoid functional portions of the lung (as measured by CT-ven-
tilation) in favor of irradiating through less functioning tissue. 
The hypothesis is that reducing dose to functional portions of 
the lung can reduce the probability that patients develop thoracic 
toxicity (radiation pneumonitis and pulmonary fibrosis).12,30 
Early studies demonstrated the feasibility of reducing dose to 
functional portions of the lung while still meeting target coverage 
and respecting standard thoracic target and organ at risk (OAR) 
constraints.13 Modeling studies have demonstrated that metrics 
combining dose and function (based on CT-ventilation) were a 
better predictor of thoracic toxicity than dose metrics alone.12,31,32 
For example, Faught et al31 demonstrated that the volume of lung 
receiving ≥20 Gy (V20) predicted for ≥Grade 3 radiation pneu-
monitis with an area under the curve (AUC) value of 0.52, while 
a functional-based V20 metric predicted for ≥Grade 3 radiation 
pneumonitis with an AUC of 0.70. Lan et al32 demonstrated that 
dose–function metrics were a predictor for lung consolidation, 
volume loss, and airway dilation with AUC values ranging from 
0.63 to 0.80. Faught et al33 quantified the magnitude of the poten-
tial toxicity reduction with functional avoidance. They showed 
that by using functional avoidance, the probability of developing 
≥Grade 3 radiation pneumonitis can be reduced by 3.6% abso-
lute (18% relative) with reductions as high as 20% possible for 
individual patients. The retrospective work demonstrating that 
incorporating dose–function information can improve predic-
tion of thoracic toxicity suggests that prospectively incorporating 
functional information can reduce the rates of thoracic side-ef-
fect after radiotherapy.

Functional avoidance radiotherapy requires a modified 
approached to the treatment planning process in that func-
tional information has to be incorporating into the design of 
the treatment plan. There have been two methods proposed to 
incorporate functional information into treatment planning: 
the structure-based approach13,14,34–38 and the image-based 
approach.39,40 The structure-based approach involves generating 
a "functional" structure or structures by applying thresholds 
to the CT-ventilation image. The functional structures repre-
sent the functional or non-functional portions of the lung and 
are directly used for optimization. The image-based approach 
involves directly incorporating the CT-ventilation imaging 
information into the planning process. For both the structure 
and image-based approaches, functional avoidance is achieved 
by directing the optimizer to reduce dose to the functional lung 
and when appropriate, by changing the gantry, collimator, and 
couch angle to create favorable beam geometry to reduce dose 
to functional lung. There are advantages and disadvantages to 
the structure and image-based functional avoidance planning 
approaches. The structure-based approach is attractive to use 
because manipulating dose to structures is a standard work-
flow in treatment planning systems while altering dose to func-
tional images is an advanced technique that typically requires 

Figure 2.A comparison of CT ventilation images and PET 
Galligas images for three patients is presented from the work 
by Kipritidis et al11 (Printed with permission). The lower row of 
images shows scatter plots of the voxel correlations between 
the two imaging modalities for each patient. PET,positron 
emission tomography.
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customized scripting.14,41 On the other hand, converting func-
tional images to functional contours using thresholding by defi-
nitions reduces the functional resolution information of the 
original functional image.

When comparing functional avoidance radiotherapy to stan-
dard thoracic treatment plans, treatment planning studies 
have reported reductions in dose to functional lung metrics 
on the order of 3–9% in functional V206,35,38,42–44 and reduc-
tions in mean dose to functional lung from 0 Gy up to 8.2 
Gy.13,14,34,35,37,40,42,45 The magnitude of reduction in dose to func-
tional lung that can be achieved with functional planning has 
been shown to be dependent on the spatial relationship between 
the tumor and ventilation distribution,46 dose–function metric 
being evaluated, thresholds used to generate functional contours, 
and treatment planning system and technique [e.g. differences 
between three-dimensional planning, intensity modulated radi-
ation therapy (IMRT), and rotational IMRT]. As a byproduct of 
reducing dose to functional lung, other dose metrics can suffer. 
Studies have shown that as the dose to functional lung is reduced 
the hot spot within the target can increase, the conformity of a 
plan can get worse, and doses to OARs (e.g. maximum dose to 
the spinal cord) can increase.14,34,40,42,43 However, it should be 
noted that most studies report that while certain dose metrics 
can degrade as dose to functional lung is reduced, the changes 
still result in clinically acceptable plans.13,41,42

With functional avoidance radiotherapy, it will no longer be suffi-
cient to evaluate dose metrics alone, rather metrics will be needed 
that combine dose and function. There has not been consensus 
as to which dose–function metrics are most important to eval-
uate. Faught et al investigated an array of dose–function metrics 
(including structured-based, image-based, and non-linear dose–
function metrics) and how well each metric predicted for toxicity.31 
The group showed that structure-based approaches of functional 
V20 produced the most accurate prediction of radiation pneumo-
nitis; however, the author’s also noted that modeling results were 
relatively insensitive to the choice of dose–function metric selec-
tion.31 On the other hand, Patton et al47 showed that the highest 
functioning regions of the lung showed the most dramatic func-
tional decline. Analysis of ongoing clinical trials will be needed to 
definitively determine which dose–function metrics are most crit-
ical when assessing for toxicity.

The other proposed use of CT-ventilation in Radiation Oncology 
is to evaluate imaging-based thoracic dose–response throughout 
and after radiation treatment.15,47–52 The idea is that early, imag-
ing-change-based response can be an early predictor of subsequent 
thoracic toxicity. Patton et al47 demonstrated CT-ventilation-based 
image reductions of 3.3% for regions receiving ≥20 Gy while 
King et al50 showed reduction on the order of 5% in lung regions 
receiving 20–40 Gy. Interestingly, Patton et al47 demonstrated 
that image-based reduction was greatest for lung regions with the 
greatest pre-treatment CT-ventilation values; supporting the idea 
of avoiding these regions in the functional avoidance planning 
process. Latifi et al53 showed that CT ventilation was significantly 
reduced for lung regions receiving ≥20 Gy for patients treated with 
SBRT. Although CT-ventilation studies have shown that imaging 

changes occur post radiation therapy; there have been no CT-ven-
tilation-specific studies linking the imaging changes to subsequent 
thoracic toxicity (there have been SPECT-based imaging studies 
which have shown that imaging-based changes can predict for 
subsequent thoracic toxicity54,55).

Multiple studies have shown that the CT-ventilation distribu-
tion can change throughout treatment both as a function of lung 
damage due to the delivered dose and re-ventilation due to reduc-
tion in tumor size and subsequent airway opening.48,51,52 The 
changing in spatial lung function throughout treatment makes 
an adaptive approach important for functional avoidance as the 
changing ventilation distribution can potentially negate the initial 
functional dose reductions. Yamamoto et al51 reported on a study 
that used the change in CT-ventilation distribution to design an 
adaptive planning approach that demonstrated reductions in func-
tional mean dose of 5% when compared to 3.6% using a non-adap-
tive strategy.

Ongoing prospective clinical trials 
using CT-ventilation in Radiation 
Oncology
Based on the retrospective data on functional avoidance and dose–
response modeling, there have been multiple prospective clinical 
trials initiated. The current review will cover three ongoing prospec-
tive clinical trials on functional avoidance: trials with ​ClinicalTrial.​
gov numbers of NCT02528942, NCT02308709, NCT02843568. 
The NCT02308709 study is enrolling at the University of California 
Davis and is titled Novel Lung Functional Imaging for Personal-
ized Radiotherapy. The study is a single arm functional avoidance 
study looking to accrue 33 lung cancer patients [both advanced 
stage and early stage patients being treated with Stereotactic Body 
Radiation Therapy (SBRT) are eligible]. The end point for the 
study is any grade ≥3 adverse events. The group have reported 
on the first patient treated with functional avoidance41 as well as 
preliminary results for the first 19 patients treated on the study.56 
The NCT02528942 study is a two-institution functional avoidance 
study titled Feasibility Study Incorporating Lung Function Imaging 
into Radiation Therapy for Lung Cancer Patients. The study goal 
is to accrue 67 patient at the University of Colorado and at the 
Beaumont Health System. The study is open to lung cancer patients 
receiving definitive radiotherapy (defined as prescription doses of 
45–75 Gy) and excludes patients getting treated with SBRT. The 
group has included an image heterogeneity assessment as an addi-
tional trial inclusion criteria42 which attempts to include patients 
with significant ventilation defects while excluding patients that 
have spatially homogenous lung function. The rationale for the 
imaging-based inclusion criteria is that if a patient has homog-
enous lung function, there are no regions to preferentially spare. 
On the other hand, if a patient displays a major ventilation defect; 
functional avoidance can be used to spare functional portions of 
the lung. The end point for the study is grade ≥2 radiation pneu-
monitis. An example of a functional avoidance plan generated for 
a patient on the study is shown in Figure 3. The group has reported 
on a planned interim analysis42 noting a 17.6% rate of grade ≥2 
radiation pneumonitis which met the futility criteria for the study. 
The NCT02843568 study is enrolling at the University of Wisconsin 
and is titled Improving Pulmonary Function Following Radiation 
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Therapy. The study is accruing 120 lung cancer patients. Patients 
being treated with both conventional fractionation and SBRT are 
being recruited. The study is designed as a two-arm, randomized 
study with separate cohorts for patients treated with conventional 
fractionation and SBRT. In total, there are four cohorts (with an 
accrual goal of 30 patients per cohort): functional avoidance SBRT 
cohort, non-functional avoidance SBRT cohort, functional avoid-
ance standard fractionation cohort, and non-functional avoid-
ance standard fractionation cohort. The end point of the study is 
imaging changes in CT-ventilation 3 months following radiation 
therapy. In addition to the noted primary study end points, all 
three studies are acquiring additional outcome metrics including 
PFTs, patient-reported outcomes, and other imaging assessments 
(VQ scans, follow up CT-ventilation, and PET imaging). The addi-
tional end points will aide in performing a complete analysis of 
post-treatment toxicity.

Uncertainties in CT-ventilation
As with any imaging modality, there are uncertainties and short-
comings associated with CT-ventilation. The quality of the gener-
ated CT-ventilation images has been noted to vary with the quality 
of the acquired 4DCT data and the accuracy of the DIR.57–59 Inac-
curate registrations can result in lung tissue being mapped to blood 
vessel voxels which will cause artifacts in the CT-ventilation image 
in both the Jacobian and HU formulations. One method that has 
been proposed for mitigating the uncertainties caused by inaccu-
rate registrations is to segment out the airway and blood vessels 
as described by Castillo et al.2 Repeat imaging studies have noted 
good reproducibility of CT-ventilation imaging in mechanically 
ventilated animals but reduced reproducibility in spontaneously 
breathing humans.60,61 Du et al noted mean Jacobian ratios (base-
line Jacobian divided by follow-up Jacobian values) of 1.022 ± 0.058 
for their human data.60 The decrease in reproducibility in humans 

has been noted to be caused by variations in breathing effort and 
inconsistent breathing patterns.60,62,63 Another limitations of 
CT-ventilation is that with current image processing techniques 
no perfusion data are provided. In the case of lung cancer, the 
data assessing whether there are clinically significant differences 
between the ventilation and perfusion components are limited 
and generally inconclusive.55,64,65 In a functional avoidance review, 
Ireland et al44 cited that perfusion may be more clinically relevant 
when performing functional avoidance than ventilation. More data 
are needed from the ongoing clinical trials (which capture nuclear 
medicine SPECT scans in addition to CT-ventilation) to defini-
tively determine whether ventilation or perfusion is more salient 
for functional avoidance.

Future work and summary
Efforts are ongoing to improve the accuracy and robustness of the 
CT-ventilation calculation methodologies20,22 including studies to 
develop a phantom for CT-ventilation validation.66 Techniques are 
emerging to perform 4D cone beam CT (4D CBCT) as part of daily 
patient set-up for treatment. The 4D CBCTs can potentially be used 
to calculate ventilation and provide functional data throughout 
treatment. Calculating ventilation with 4D CBCTs poses an even 
greater image processing challenge as 4D CBCTs are lower quality 
than 4DCT images. Studies are underway to address the challenges 
of calculating ventilation information from 4D CBCT images.22,52 
In terms of treatment planning, researchers are employing 
knowledge-based treatment planning approaches to potentially 
improve the quality of functional avoidance radiotherapy plans.67 
CT-ventilation based functional avoidance is also being explored 
retrospectively for use in thoracic proton radiotherapy.68 Finally, 
CT-ventilation is being evaluated for applications outside of 
thoracic Radiation Oncology, including assessment for esophageal 
cancer patients,69 thoracic surgery evaluation70,71 as well as pulmo-
nary function assessment in non-Radiation Oncology settings.9,72

CT-ventilation is a developing imaging modality in Radiation 
Oncology that uses phase-resolved CT data (4DCT or breath-
hold CT) and image processing to calculate a surrogate for 
lung ventilation. CT-ventilation is attractive to use in Radiation 
Oncology because most patients undergo 4DCTs as standard of 
care which enables the generation of CT-ventilation images at no 
extra burden to the patient. Retrospective studies have presented 
evidence for using CT-ventilation for functional avoidance radi-
ation therapy and for thoracic dose–response assessment. Based 
on the retrospective data, multiple early-phase clinical trials are 
underway to evaluate CT-ventilation in lung cancer patients in 
the prospective setting. Results from the ongoing clinical trials 
and work further developing CT-ventilation will guide future 
implementation of the novel imaging modality into large-scale 
trials and expanded clinical utility.

Figure 3.A comparison of a functional avoidance plan and a 
standard, non-functional plan. The CT, CT-ventilation images, 
isodose lines, and PTV (shown in red) are presented for both 
plans. The arrows highlight the regions with the most prev-
alent functional lung sparing. Printed with permission from 
Vinogradskiy et al.42 PTV, planning target volume.

References

	 1.	 National comprehensive cancer N. non-small 
cell lung cancer. NCCN Guidelines, version 
2012; 3.

	 2.	 Castillo R, Castillo E, Martinez J, Guerrero T. 
Ventilation from four-dimensional computed 
tomography: density versus Jacobian 

methods. Phys Med Biol 2010; 55: 4661–85. 
doi: https://​doi.​org/​10.​1088/​0031-​9155/​55/​
16/​004

https://doi.org/10.1088/0031-9155/55/16/004
https://doi.org/10.1088/0031-9155/55/16/004


6 of 8 birpublications.org/bjro BJR Open;1:20180035

BJR|Open  Vinogradskiy

	 3.	 Guerrero T, Sanders K, Castillo E, Zhang Y, 
Bidaut L, Pan T, et al. Dynamic ventilation 
imaging from four-dimensional computed 
tomography. Phys Med Biol 2006; 51: 777–91. 
doi: https://​doi.​org/​10.​1088/​0031-​9155/​51/​4/​
002

	 4.	 Reinhardt JM, Ding K, Cao K, Christensen 
GE, Hoffman EA, Bodas SV. Registration-
based estimates of local lung tissue expansion 
compared to xenon CT measures of specific 
ventilation. Med Image Anal 2008; 12: 
752–63. doi: https://​doi.​org/​10.​1016/​j.​media.​
2008.​03.​007

	 5.	 Yamamoto T, Kabus S, von Berg J, Lorenz C, 
Mittra ES, Quon A, et al. Four-dimensional 
computed tomography-based pulmonary 
ventilation imaging for adaptive functional 
guidance in radiotherapy. Journal of Thoracic 
Oncology 2009; 4: S959–S60.

	 6.	 Kipritidis J, Siva S, Callahan J, Hofman M, 
Keall P. TU-A-WAB-08: strong evidence for 
physiologic correlation of 4D-CT ventilation 
imaging with Respiratory-Correlated gallium 
68 PET/CT in humans. Medical Physics 2013; 
40(6Part25): 424. doi: https://​doi.​org/​10.​
1118/​1.​4815342

	 7.	 Castillo R, Castillo E, McCurdy M, Gomez 
DR, Block AM, Bergsma D, et al. Spatial 
correspondence of 4D CT ventilation and 
SPECT pulmonary perfusion defects in 
patients with malignant airway stenosis. Phys 
Med Biol 2012; 57: 1855–71. doi: https://​doi.​
org/​10.​1088/​0031-​9155/​57/​7/​1855

	 8.	 Vinogradskiy Y, Koo PJ, Castillo R, Castillo 
E, Guerrero T, Gaspar LE, et al. Comparison 
of 4-dimensional computed tomography 
ventilation with nuclear medicine 
ventilation-perfusion imaging: a clinical 
validation study. Int J Radiat Oncol Biol Phys 
2014; 89: 199–205. doi: https://​doi.​org/​10.​
1016/​j.​ijrobp.​2014.​01.​009

	 9.	 Yamamoto T, Kabus S, Lorenz C, Mittra 
E, Hong JC, Chung M, et al. Pulmonary 
ventilation imaging based on 4-dimensional 
computed tomography: comparison with 
pulmonary function tests and SPECT 
ventilation images. Int J Radiat Oncol Biol 
Phys 2014; 90: 414–22. doi: https://​doi.​org/​
10.​1016/​j.​ijrobp.​2014.​06.​006

	10.	 Mathew L, Wheatley A, Castillo R, 
Castillo E, Rodrigues G, Guerrero T, et al. 
Hyperpolarized (3)He magnetic resonance 
imaging: comparison with four-dimensional 
x-ray computed tomography imaging in 
lung cancer. Acad Radiol 2012; 19: 1546–53. 
doi: https://​doi.​org/​10.​1016/​j.​acra.​2012.​08.​
007

	11.	 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: 011910. 
doi: https://​doi.​org/​10.​1118/​1.​4856055

	12.	 Vinogradskiy Y, Castillo R, Castillo E, 
Tucker SL, Liao Z, Guerrero T, et al. Use of 
4-dimensional computed tomography-based 
ventilation imaging to correlate lung dose 
and function with clinical outcomes. Int J 
Radiat Oncol Biol Phys 2013; 86: 366–71. 
doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​2013.​01.​
004

	13.	 Yaremko BP, Guerrero TM, Noyola-Martinez 
J, Guerra R, Lege DG, Nguyen LT, et al. 
Reduction of normal lung irradiation in 
locally advanced Non–Small-Cell lung 
cancer patients, using ventilation images for 
functional avoidance. International Journal of 
Radiation Oncology*Biology*Physics 2007; 68: 
562–71. doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​
2007.​01.​044

	14.	 Yamamoto T, Kabus S, von Berg J, Lorenz 
C, Keall PJ. Impact of four-dimensional 
computed tomography pulmonary 
ventilation imaging-based functional 
avoidance for lung cancer radiotherapy. Int J 
Radiat Oncol Biol Phys 2011; 79: 279–88. doi: 
https://​doi.​org/​10.​1016/​j.​ijrobp.​2010.​02.​008

	15.	 Bayouth J, Du K, Christensen G, Smith 
B, Buatti J, Reinhardt J. Establishing a 
relationship between radiosensitivity of lung 
tissue and ventilation. International Journal 
of Radiation Oncology*Biology*Physics 2012; 
84: S31–S32. doi: https://​doi.​org/​10.​1016/​j.​
ijrobp.​2012.​07.​086

	16.	 King MT, Maxim PG, Diehn M, Loo BW, 
Xing L. Analysis of long-term 4-dimensional 
computed tomography regional ventilation 
after radiation therapy. Int J Radiat Oncol 
Biol Phys 2015; 92: 683–90. doi: https://​doi.​
org/​10.​1016/​j.​ijrobp.​2015.​02.​037

	17.	 Simon BA. Non-invasive imaging of regional 
lung function using X-ray computed 
tomography. J Clin Monit Comput 2000; 
16(5-6): 433–42. doi: https://​doi.​org/​10.​1023/​
A:​1011444826908

	18.	 Guerrero T, Sanders K, Noyola-Martinez 
J, Castillo E, Zhang Y, Tapia R, et al. 
Quantification of regional ventilation from 
treatment planning CT. International Journal 
of Radiation Oncology*Biology*Physics 2005; 
62: 630–4. doi: https://​doi.​org/​10.​1016/​j.​
ijrobp.​2005.​03.​023

	19.	 Kipritidis J, Cazoulat G, Tahir B, Hofman 
M, Siva S, Callahan J, et al. The vampire 
challenge: results of an international multi-
institutional validation study to evaluate CT 
ventilation imaging algorithms: th-ef-605-04. 
Medical Physics 2017; 44: 3311.

	20.	 Kipritidis J, Hofman MS, Siva S, Callahan J, 
Le Roux P-Y, Woodruff HC, et al. Estimating 
lung ventilation directly from 4D CT 
Hounsfield unit values. Med Phys 2016; 

43: 33–43. doi: https://​doi.​org/​10.​1118/​1.​
4937599

	21.	 Zhong Y, Vinogradskiy Y, Chen L, Myziuk 
N, Castillo R, Castillo E, et al. Deriving 
ventilation imaging from 4DCT by deep 
convolutional neural network. 2018; 
180806982arXiv preprint arXiv.

	22.	 Castillo E, Castillo R, Vinogradskiy Y, Solis 
D, Thompson A, Guerrero T. Cone Beam 
CT-Ventilation From Mass Conserving Point 
Cloud Density Functions. AAPM National 
2018 meeting: Medical Physics; 2018.

	23.	 Eslick EM, Kipritidis J, Gradinscak D, 
Stevens MJ, Bailey DL, Harris B, et al. CT 
ventilation imaging derived from breath hold 
CT exhibits good regional accuracy with 
Galligas PET. Radiother Oncol 2018; 127: 
267–73. doi: https://​doi.​org/​10.​1016/​j.​radonc.​
2017.​12.​010

	24.	 Kanai T, Kadoya N, Ito K, Kishi K, Dobashi 
S, Yamamoto T, et al. Evaluation of 
four-dimensional computed tomography 
(4D-CT)-based pulmonary ventilation: The 
high correlation between 4D-CT ventilation 
and (81m)Kr-planar images was found. 
Radiother Oncol 2016; 119: 444–8. doi: 
https://​doi.​org/​10.​1016/​j.​radonc.​2016.​04.​030

	25.	 Rankine LJ, Wang Z, Driehuys B, Marks LB, 
Kelsey CR, Das SK. Correlation of regional 
lung ventilation and gas transfer to red blood 
cells: implications for Functional-Avoidance 
radiation therapy planning. Int J Radiat 
Oncol Biol Phys 2018; 101: 1113–22. doi: 
https://​doi.​org/​10.​1016/​j.​ijrobp.​2018.​04.​017

	26.	 Fuld MK, Easley RB, Saba OI, Chon D, 
Reinhardt JM, Hoffman EA, et al. CT-
measured regional specific volume change 
reflects regional ventilation in supine sheep. J 
Appl Physiol 2008; 104: 1177–84. doi: https://​
doi.​org/​10.​1152/​japplphysiol.​00212.​2007

	27.	 Lapointe A, Bahig H, Blais D, Bouchard H, 
Filion Édith, Carrier J-F, et al. Assessing lung 
function using contrast-enhanced dual-
energy computed tomography for potential 
applications in radiation therapy. Med Phys 
2017; 44: 5260–9. doi: https://​doi.​org/​10.​
1002/​mp.​12475

	28.	 Brennan D, Schubert L, Diot Q, Castillo 
R, Castillo E, Guerrero T, et al. Clinical 
validation of 4-dimensional computed 
tomography ventilation with pulmonary 
function test data. Int J Radiat Oncol Biol 
Phys 2015; 92: 423–9. doi: https://​doi.​org/​10.​
1016/​j.​ijrobp.​2015.​01.​019

	29.	 Parker JA, Coleman RE, Grady E, Royal HD, 
Siegel BA, Stabin MG, et al. SNM practice 
guideline for lung scintigraphy 4.0. J Nucl 
Med Technol 2012; 40: 57–65. doi: https://​doi.​
org/​10.​2967/​jnmt.​111.​101386

	30.	 Marks LB, Spencer DP, Bentel GC, Ray SK, 
Sherouse GW, Sontag MR, et al. The utility of 

https://doi.org/10.1088/0031-9155/51/4/002
https://doi.org/10.1088/0031-9155/51/4/002
https://doi.org/10.1016/j.media.2008.03.007
https://doi.org/10.1016/j.media.2008.03.007
https://doi.org/10.1118/1.4815342
https://doi.org/10.1118/1.4815342
https://doi.org/10.1088/0031-9155/57/7/1855
https://doi.org/10.1088/0031-9155/57/7/1855
https://doi.org/10.1016/j.ijrobp.2014.01.009
https://doi.org/10.1016/j.ijrobp.2014.01.009
https://doi.org/10.1016/j.ijrobp.2014.06.006
https://doi.org/10.1016/j.ijrobp.2014.06.006
https://doi.org/10.1016/j.acra.2012.08.007
https://doi.org/10.1016/j.acra.2012.08.007
https://doi.org/10.1118/1.4856055
https://doi.org/10.1016/j.ijrobp.2013.01.004
https://doi.org/10.1016/j.ijrobp.2013.01.004
https://doi.org/10.1016/j.ijrobp.2007.01.044
https://doi.org/10.1016/j.ijrobp.2007.01.044
https://doi.org/10.1016/j.ijrobp.2010.02.008
https://doi.org/10.1016/j.ijrobp.2012.07.086
https://doi.org/10.1016/j.ijrobp.2012.07.086
https://doi.org/10.1016/j.ijrobp.2015.02.037
https://doi.org/10.1016/j.ijrobp.2015.02.037
https://doi.org/10.1023/A:1011444826908
https://doi.org/10.1023/A:1011444826908
https://doi.org/10.1016/j.ijrobp.2005.03.023
https://doi.org/10.1016/j.ijrobp.2005.03.023
https://doi.org/10.1118/1.4937599
https://doi.org/10.1118/1.4937599
https://doi.org/10.1016/j.radonc.2017.12.010
https://doi.org/10.1016/j.radonc.2017.12.010
https://doi.org/10.1016/j.radonc.2016.04.030
https://doi.org/10.1016/j.ijrobp.2018.04.017
https://doi.org/10.1152/japplphysiol.00212.2007
https://doi.org/10.1152/japplphysiol.00212.2007
https://doi.org/10.1002/mp.12475
https://doi.org/10.1002/mp.12475
https://doi.org/10.1016/j.ijrobp.2015.01.019
https://doi.org/10.1016/j.ijrobp.2015.01.019
https://doi.org/10.2967/jnmt.111.101386
https://doi.org/10.2967/jnmt.111.101386


7 of 8 birpublications.org/bjro BJR Open;1:20180035

BJR|OpenReview article: CT-based ventilation imaging in radiation oncology

SPECT lung perfusion scans in minimizing 
and assessing the physiologic consequences 
of thoracic irradiation. Int J Radiat Oncol Biol 
Phys 1993; 26: 659–68. doi: https://​doi.​org/​
10.​1016/​0360-​3016(​93)​90285-4

	31.	 Faught AM, Yamamoto T, Castillo R, Castillo 
E, Zhang J, Miften M, et al. Evaluating which 
dose-function metrics are most critical for 
functional-guided radiotherapy with CT 
ventilation imaging. International Journal of 
Radiation Oncology* Biology* Physics 2017; 
99: 202–9.

	32.	 Lan F, Jeudy J, Senan S, van Sornsen de Koste 
JR, D'Souza W, Tseng H-H, et al. Should 
regional ventilation function be considered 
during radiation treatment planning to 
prevent radiation-induced complications? 
Med Phys 2016; 43: 5072–9. doi: https://​doi.​
org/​10.​1118/​1.​4960367

	33.	 Faught AM, Miyasaka Y, Kadoya N, 
Castillo R, Castillo E, Vinogradskiy Y, 
et al. Evaluating the toxicity reduction 
with computed tomographic ventilation 
functional avoidance radiation therapy. Int J 
Radiat Oncol Biol Phys 2017; 99: 325–33. doi: 
https://​doi.​org/​10.​1016/​j.​ijrobp.​2017.​04.​024

	34.	 Siva S, Thomas R, Callahan J, Hardcastle 
N, Pham D, Kron T, et al. High-resolution 
pulmonary ventilation and perfusion PET/
CT allows for functionally adapted intensity 
modulated radiotherapy in lung cancer. 
Radiother Oncol 2015; 115: 157–62. doi: 
https://​doi.​org/​10.​1016/​j.​radonc.​2015.​04.​013

	35.	 Huang T-C, Hsiao C-Y, Chien C-R, Liang 
J-A, Shih T-C, Zhang GG. IMRT treatment 
plans and functional planning with 
functional lung imaging from 4D-CT for 
thoracic cancer patients. Radiat Oncol 2013; 
8: 3. doi: https://​doi.​org/​10.​1186/​1748-​717X-​
8-3

	36.	 Christian JA, Partridge M, Nioutsikou E, 
Cook G, McNair HA, Cronin B, et al. The 
incorporation of SPECT functional lung 
imaging into inverse radiotherapy planning 
for non-small cell lung cancer. Radiother 
Oncol 2005; 77: 271–7. doi: https://​doi.​org/​
10.​1016/​j.​radonc.​2005.​08.​008

	37.	 Munawar I, Yaremko BP, Craig J, Oliver 
M, Gaede S, Rodrigues G, et al. Intensity 
modulated radiotherapy of non-small-cell 
lung cancer incorporating SPECT ventilation 
imaging. Med Phys 2010; 37: 1863–72. doi: 
https://​doi.​org/​10.​1118/​1.​3358128

	38.	 Ireland RH, Bragg CM, McJury M, 
Woodhouse N, Fichele S, van Beek EJR, 
et al. Feasibility of image registration and 
intensity-modulated radiotherapy planning 
with hyperpolarized Helium-3 magnetic 
resonance imaging for Non–Small-Cell lung 
cancer. International Journal of Radiation 
Oncology*Biology*Physics 2007; 68: 273–81. 

doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​2006.​12.​
068

	39.	 Seppenwoolde Y, Engelsman M, De Jaeger 
K, Muller SH, Baas P, McShan DL, et al. 
Optimizing radiation treatment plans 
for lung cancer using lung perfusion 
information. Radiother Oncol 2002; 63: 
165–77. doi: https://​doi.​org/​10.​1016/​S0167-​
8140(​02)​00075-0

	40.	 St-Hilaire J, Lavoie C, Dagnault A, Beaulieu 
F, Morin F, Beaulieu L, et al. Functional 
avoidance of lung in plan optimization with 
an aperture-based inverse planning system. 
Radiother Oncol 2011; 100: 390–5. doi: 
https://​doi.​org/​10.​1016/​j.​radonc.​2011.​09.​003

	41.	 Yamamoto T, Kabus S, Bal M, Keall P, 
Benedict S, Daly M. The first patient 
treatment of computed tomography 
ventilation functional image-guided 
radiotherapy for lung cancer. Radiother 
Oncol 2016; 118: 227–31. doi: https://​doi.​org/​
10.​1016/​j.​radonc.​2015.​11.​006

	42.	 Vinogradskiy Y, Rusthoven CG, Schubert L, 
Jones B, Faught A, Castillo R, et al. Interim 
analysis of a Two-Institution, prospective 
clinical trial of 4DCT-Ventilation-based 
functional avoidance radiation therapy. Int J 
Radiat Oncol Biol Phys 2018; 102: 1357–65. 
doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​2018.​07.​
186

	43.	 Waxweiler T, Schubert L, Diot Q, Faught A, 
Stuhr K, Castillo R, et al. A complete 4DCT-
ventilation functional avoidance virtual trial: 
developing strategies for prospective clinical 
trials. J Appl Clin Med Phys 2017; 18: 144–52. 
doi: https://​doi.​org/​10.​1002/​acm2.​12086

	44.	 Ireland RH, Tahir BA, Wild JM, Lee CE, 
Hatton MQ. Functional image-guided 
radiotherapy planning for normal lung 
avoidance. Clin Oncol 2016; 28: 695–707. doi: 
https://​doi.​org/​10.​1016/​j.​clon.​2016.​08.​005

	45.	 Vinogradskiy Y, Waxweiler T, Diot Q, 
Castillo R, Guerrero T, Castillo E, et al. 
SU-C-BRA-06: developing clinical and 
quantitative guidelines for a 4DCT-
Ventilation functional avoidance clinical 
trial. Medical Physics 2015; 42(6Part2): 
3196–7. doi: https://​doi.​org/​10.​1118/​1.​
4923816

	46.	 Vinogradskiy Y, Schubert L, Diot Q, 
Waxweiller T, Koo P, Castillo R, et al. 
Regional lung function profiles of stage I 
and III lung cancer patients: an evaluation 
for functional avoidance radiation 
therapy. International Journal of Radiation 
Oncology*Biology*Physics 2016; 95: 1273–80. 
doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​2016.​02.​
058

	47.	 Patton TJ, Gerard SE, Shao W, Christensen 
GE, Reinhardt JM, Bayouth JE. Quantifying 
ventilation change due to radiation therapy 

using 4DCT Jacobian calculations. Med Phys 
2018; 45: 4483–92. doi: https://​doi.​org/​10.​
1002/​mp.​13105

	48.	 Vinogradskiy YY, Castillo R, Castillo E, 
Chandler A, Martel MK, Guerrero T. Use 
of weekly 4DCT-based ventilation maps 
to quantify changes in lung function for 
patients undergoing radiation therapy. Med 
Phys 2012; 39: 289–98. doi: https://​doi.​org/​
10.​1118/​1.​3668056

	49.	 Vinogradskiy Y, Faught A, Castillo R, 
Castillo E, Guerrero T, Miften M, et al. 
Using 4DCT-ventilation to characterize 
lung function changes for pediatric patients 
getting thoracic radiotherapy. J Appl Clin 
Med Phys 2018; 19: 407–12. doi: https://​doi.​
org/​10.​1002/​acm2.​12397

	50.	 King MT, Maxim PG, Diehn M, Loo Jr BW, 
Xing L. Analysis of long-term 4-Dimensional 
computed tomography regional ventilation 
after radiation therapy. International Journal 
of Radiation oncology, biology. Physics 2015; 
92: 683–90.

	51.	 Yamamoto T, Kabus S, Bal M, Bzdusek K, 
Keall PJ, Wright C, et al. Changes in regional 
ventilation during treatment and Dosimetric 
advantages of CT ventilation image guided 
radiation therapy for locally advanced lung 
cancer. Int J Radiat Oncol Biol Phys 2018; 
102: 1366–73. doi: https://​doi.​org/​10.​1016/​j.​
ijrobp.​2018.​04.​063

	52.	 Kipritidis J, Hugo G, Weiss E, Williamson 
J, Keall PJ. Measuring interfraction and 
intrafraction lung function changes during 
radiation therapy using four-dimensional 
cone beam CT ventilation imaging. Med Phys 
2015; 42: 1255–67. doi: https://​doi.​org/​10.​
1118/​1.​4907991

	53.	 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: 265–70. 
doi: https://​doi.​org/​10.​1007/​s13566-​015-​
0200-0

	54.	 Seppenwoolde Y, De Jaeger K, Boersma 
LJ, Belderbos JSA, Lebesque JV. Regional 
differences in lung radiosensitivity after 
radiotherapy for non–small-cell lung cancer. 
Intern J Radiat Oncol Biol Phys 2004; 60: 
748–58. doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​
2004.​04.​037

	55.	 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. Intern J Radiat 
Oncol Biol Phys 2000; 47: 681–90. doi: 
https://​doi.​org/​10.​1016/​S0360-​3016(​00)​
00454-5

https://doi.org/10.1016/0360-3016(93)90285-4
https://doi.org/10.1016/0360-3016(93)90285-4
https://doi.org/10.1118/1.4960367
https://doi.org/10.1118/1.4960367
https://doi.org/10.1016/j.ijrobp.2017.04.024
https://doi.org/10.1016/j.radonc.2015.04.013
https://doi.org/10.1186/1748-717X-8-3
https://doi.org/10.1186/1748-717X-8-3
https://doi.org/10.1016/j.radonc.2005.08.008
https://doi.org/10.1016/j.radonc.2005.08.008
https://doi.org/10.1118/1.3358128
https://doi.org/10.1016/j.ijrobp.2006.12.068
https://doi.org/10.1016/j.ijrobp.2006.12.068
https://doi.org/10.1016/S0167-8140(02)00075-0
https://doi.org/10.1016/S0167-8140(02)00075-0
https://doi.org/10.1016/j.radonc.2011.09.003
https://doi.org/10.1016/j.radonc.2015.11.006
https://doi.org/10.1016/j.radonc.2015.11.006
https://doi.org/10.1016/j.ijrobp.2018.07.186
https://doi.org/10.1016/j.ijrobp.2018.07.186
https://doi.org/10.1002/acm2.12086
https://doi.org/10.1016/j.clon.2016.08.005
https://doi.org/10.1118/1.4923816
https://doi.org/10.1118/1.4923816
https://doi.org/10.1016/j.ijrobp.2016.02.058
https://doi.org/10.1016/j.ijrobp.2016.02.058
https://doi.org/10.1002/mp.13105
https://doi.org/10.1002/mp.13105
https://doi.org/10.1118/1.3668056
https://doi.org/10.1118/1.3668056
https://doi.org/10.1002/acm2.12397
https://doi.org/10.1002/acm2.12397
https://doi.org/10.1016/j.ijrobp.2018.04.063
https://doi.org/10.1016/j.ijrobp.2018.04.063
https://doi.org/10.1118/1.4907991
https://doi.org/10.1118/1.4907991
https://doi.org/10.1007/s13566-015-0200-0
https://doi.org/10.1007/s13566-015-0200-0
https://doi.org/10.1016/j.ijrobp.2004.04.037
https://doi.org/10.1016/j.ijrobp.2004.04.037
https://doi.org/10.1016/S0360-3016(00)00454-5
https://doi.org/10.1016/S0360-3016(00)00454-5


8 of 8 birpublications.org/bjro BJR Open;1:20180035

BJR|Open  Vinogradskiy

	56.	 Daly ME, Kabus S, Bal M, Keall P, Wright C, 
Qi L, et al. CT-Ventilation functional image-
guided radiation therapy for lung cancer: 
feasibility and Dosimetric endpoints from 
the first prospective clinical trial. Intern J 
Radiat Oncol Biol Phys 2017; 99: E449–E450. 
doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​2017.​06.​
1679

	57.	 Yamamoto T, Kabus S, von Berg J, Lorenz 
C, Loo BW, Keall PJ. 4D-CT pulmonary 
ventilation image-guided radiotherapy 
planning is significantly influenced by 
deformable image registration algorithms 
and metrics. Intern J Radiat Oncol Biol Phys 
2010; 78: S185–S85. doi: https://​doi.​org/​10.​
1016/​j.​ijrobp.​2010.​07.​450

	58.	 Yamamoto T, Kabus S, Klinder T, von Berg J, 
Lorenz C, Loo BW, et al. Four-dimensional 
computed tomography pulmonary 
ventilation images vary with deformable 
image registration algorithms and metrics. 
Med Phys 2011; 38: 1348–58. doi: https://​doi.​
org/​10.​1118/​1.​3547719

	59.	 Castillo E, Castillo R, Vinogradskiy Y, 
Guerrero T. The numerical stability of 
transformation-based CT ventilation. Int J 
Comput Assist Radiol Surg 2017; 12: 569–80. 
doi: https://​doi.​org/​10.​1007/​s11548-​016-​
1509-x

	60.	 Du K, Bayouth JE, Cao K, Christensen GE, 
Ding K, Reinhardt JM. Reproducibility of 
registration-based measures of lung tissue 
expansion. Med Phys 2012; 39: 1595–608. 
doi: https://​doi.​org/​10.​1118/​1.​3685589

	61.	 Yamamoto T, Kabus S, von Berg J, Lorenz C, 
Chung MP, Hong JC, et al. Reproducibility 
of four-dimensional computed tomography-

based lung ventilation imaging. Acad Radiol 
2012; 19: 1554–65. doi: https://​doi.​org/​10.​
1016/​j.​acra.​2012.​07.​006

	62.	 Du K, Reinhardt JM, Christensen GE, Ding 
K, Bayouth JE. Respiratory effort correction 
strategies to improve the reproducibility of 
lung expansion measurements. Med Phys 
2013; 40: 123504. doi: https://​doi.​org/​10.​
1118/​1.​4829519

	63.	 Mistry NN, Diwanji T, Shi X, Pokharel S, 
Feigenberg S, Scharf SM, et al. Evaluation 
of fractional regional ventilation using 4D-
CT and effects of breathing maneuvers on 
ventilation. Int J Radiat Oncol Biol Phys 2013; 
87: 825–31. doi: https://​doi.​org/​10.​1016/​j.​
ijrobp.​2013.​07.​032

	64.	 Theuws JC, Seppenwoolde Y, Kwa SL, 
Boersma LJ, Damen EM, Baas P, et al. 
Changes in local pulmonary injury up to 48 
months after irradiation for lymphoma and 
breast cancer. Int J Radiat Oncol Biol Phys 
2000; 47: 1201–8. doi: https://​doi.​org/​10.​
1016/​S0360-​3016(​00)​00546-0

	65.	 Bell J, McGivern D, Bullimore J, Hill J, Davies 
ER, Goddard P. Diagnostic imaging of post-
irradiation changes in the chest. Clin Radiol 
1988; 39: 109–19. doi: https://​doi.​org/​10.​
1016/​S0009-​9260(​88)​80003-5

	66.	 Miyakawa S, Tachibana H, Moriya S, Sato 
M. quantitative Evaluation of Ct-based 
Pulmonary Ventilation Imaging Using a 
New Non-rigid Phantom That Ventilates 
Air: tu-c2-gepd-j (a)-05. Medical Physics 
2017; 44: 3114–5.

	67.	 Faught AM, Olsen L, Schubert L, Rusthoven 
C, Castillo E, Castillo R, et al. Functional-
guided radiotherapy using knowledge-based 

planning. Radiother Oncol 2018; 129: 494–8. 
doi: https://​doi.​org/​10.​1016/​j.​radonc.​2018.​03.​
025

	68.	 Huang Q, Jabbour SK, Xiao Z, Yue 
N, Wang X, Cao H, et al. Dosimetric 
feasibility of 4DCT-ventilation imaging 
guided proton therapy for locally advanced 
non-small-cell lung cancer. Radiat Oncol 
2018; 13: 78. doi: https://​doi.​org/​10.​1186/​
s13014-​018-​1018-x

	69.	 Pinder-Arabpour A, Jones B, Castillo R, 
Castillo E, Guerrero T, Goodman K, et al. 
Characterizing spatial lung function for 
esophageal cancer patients 2018. Intern J 
Radiat Oncol Biol Phys 2018;.

	70.	 Vinogradskiy Y, Jackson M, Schubert L, 
Jones B, Castillo R, Castillo E, et al. Assessing 
the use of 4DCT-ventilation in pre-operative 
surgical lung cancer evaluation. Med Phys 
2017; 44: 200–8. doi: https://​doi.​org/​10.​1002/​
mp.​12026

	71.	 Eslick EM, Bailey DL, Harris B, Kipritidis 
J, Stevens M, Li BT, et al. Measurement 
of preoperative lobar lung function with 
computed tomography ventilation imaging: 
progress towards rapid stratification of lung 
cancer lobectomy patients with abnormal 
lung function. Eur J Cardiothorac Surg 
2016; 49: 1075–82. doi: https://​doi.​org/​10.​
1093/​ejcts/​ezv276

	72.	 Murphy K, Pluim JPW, van Rikxoort EM, 
de Jong PA, de Hoop B, Gietema HA, et al. 
Toward automatic regional analysis of 
pulmonary function using inspiration  
and expiration thoracic CT. Med Phys 2012; 
39: 1650–62. doi: https://​doi.​org/​10.​1118/​1.​
3687891

https://doi.org/10.1016/j.ijrobp.2017.06.1679
https://doi.org/10.1016/j.ijrobp.2017.06.1679
https://doi.org/10.1016/j.ijrobp.2010.07.450
https://doi.org/10.1016/j.ijrobp.2010.07.450
https://doi.org/10.1118/1.3547719
https://doi.org/10.1118/1.3547719
https://doi.org/10.1007/s11548-016-1509-x
https://doi.org/10.1007/s11548-016-1509-x
https://doi.org/10.1118/1.3685589
https://doi.org/10.1016/j.acra.2012.07.006
https://doi.org/10.1016/j.acra.2012.07.006
https://doi.org/10.1118/1.4829519
https://doi.org/10.1118/1.4829519
https://doi.org/10.1016/j.ijrobp.2013.07.032
https://doi.org/10.1016/j.ijrobp.2013.07.032
https://doi.org/10.1016/S0360-3016(00)00546-0
https://doi.org/10.1016/S0360-3016(00)00546-0
https://doi.org/10.1016/S0009-9260(88)80003-5
https://doi.org/10.1016/S0009-9260(88)80003-5
https://doi.org/10.1016/j.radonc.2018.03.025
https://doi.org/10.1016/j.radonc.2018.03.025
https://doi.org/10.1186/s13014-018-1018-x
https://doi.org/10.1186/s13014-018-1018-x
https://doi.org/10.1002/mp.12026
https://doi.org/10.1002/mp.12026
https://doi.org/10.1093/ejcts/ezv276
https://doi.org/10.1093/ejcts/ezv276
https://doi.org/10.1118/1.3687891
https://doi.org/10.1118/1.3687891

