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Abstract

Purpose—4DCT-ventilation imaging is increasingly being used to calculate lung ventilation and 

implement functional-guided radiotherapy in clinical trials. There has been little exhaustive work 

evaluating which dose-function metrics should be used for treatment planning and plan evaluation. 

The purpose of our study was to evaluate which dose-function metrics best predict for radiation 

pneumonitis (RP).

Methods and Materials—Seventy lung cancer patients with 4DCT imaging and pneumonitis 

grading were used. Pre-treatment 4DCTs of each patient were used to calculate ventilation images. 

We evaluated 3 types of dose function metrics that combined that patient’s 4DCT-ventilation 

image and treatment planning dose distribution: 1) structure-based approaches 2) image-based 

approaches using the dose-function histogram (DFH) and 3) non-linear weighting schemes. Log-

likelihood methods were used to generate normal tissue complication probability (NTCP) models 

predicting grade 3+ pneumonitis for all dose-function schemes. The area under the curve (AUC) 

was used to assess the predictive power of the models. All techniques were compared to NTCP 

models based on traditional, total lung dose metrics.

Results—The most predictive models were structure-based approaches that focused on the 

volume of functional lung receiving ≥20Gy (AUC=0.70). Probability of grade 3+ RP of 20% and 

10% correspond to V20Gy to the functional sub-volumes of 26.8% and 9.3%, respectively. 

Imaging-based analysis with the DFH and non-linear weighted ventilation values yielded AUCs of 

0.66 and 0.67, respectively, when evaluating the percentage of functionality receiving ≥20Gy. All 

dose-function metrics outperformed the traditional dose metrics (mean lung dose, AUC=0.55).
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Conclusion—A full range of dose-function metrics and functional thresholds were examined. 

The calculated AUC values for the most predictive functional models occupied a narrow range 

(0.66–0.70) and all demonstrated notable improvements over AUC from traditional lung dose 

metrics (0.55). Identifying the combinations most predictive of grade 3+ RP provides valuable 

data to inform the functional-guided radiotherapy process.

Introduction

Dose limiting normal tissue tolerances used in lung radiation therapy are based on the 

assumption of homogenous underlying lung function (1–4). Recent literature (5,6) suggests 

that functional heterogeneity is present in a large portion of stage III lung cancers. The 

presence of functional defects and advances in imaging techniques has led to an interest in 

utilizing functional imaging modalities such as single photon emission computed 

tomography (SPECT) (7,8), hyperpolarized Helium or Xenon MRI (8,9), and more recently 

4DCT ventilation imaging (10–12), to identify areas of high functionality for the purpose of 

preferential sparing during the treatment planning process.

4DCT ventilation uses phase or amplitude resolved CT images to calculate pulmonary 

ventilation on a voxel-by-voxel basis (13–17). Studies have detailed the methodology of 

4DCT ventilation imaging (15,17), the validation of the technique (15,17,18), and its 

potential clinical uses as a functional imaging modality (12,19–22). Because 4DCT imaging 

is increasingly common amongst lung cancer patients, 4DCT ventilation imaging can be 

implemented with little to no added dosimetric or financial cost to the patient. There are 

several ongoing clinical trials investigating the use of CT ventilation imaging to 

preferentially spare areas of higher functioning lung (NCT02528942, NCT02773238, 

NCT02002052, NCT02308709, NCT02843568), a technique we refer to as functional-

guided radiotherapy.

Studies have shown that dose-function metrics are more predictive of radiation toxicity than 

dose alone(19,23,24). However, there has been little exhaustive work evaluating which dose-

function metrics should be used for treatment planning and plan evaluation for functional-

guided radiotherapy. The purpose of our study was to evaluate which dose-function metrics 

are most critical in assessing toxicity. Specifically, we retrospectively evaluated various 

types of dose-function metrics and determined which metrics are most critical in predicting 

clinical radiation pneumonitis (RP).

Methods

Patient Population

A 70 patient cohort of non-small-cell lung cancer patients with 4DCTs and demonstrating 

heterogeneous lung functionality was used. Evaluating the heterogeneity of functionality is 

an important criterion in functional-guided radiotherapy because without areas of relative 

ventilation defects, the planning has no area to preferentially deposit dose in an effort to 

avoid higher functioning lung. A previous study details the heterogeneity screening process 

and its validation(25).
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The 70 patient population consisted of 8 with Stage 1 disease, 9 with Stage 2 disease, 49 

with Stage 3 disease, and 4 with Stage 4 disease. All patients were treated with standard 

fraction schemes (1.8Gy–2.0Gy per fraction). The clinical endpoint for analysis was grade 3 

and higher (denoted grade 3+) RP using the Common Terminology Criteria for Adverse 

Events (version 3.0) scoring system. The endpoint was determined using clinical 

presentation and radiographic findings. Among the 70 patients used, 14/70 (20%) were 

scored as grade 3+.

Ventilation Image Calculation

Pre-treatment 4DCTs of each patient were used in the calculation of the ventilation images. 

Images were acquired at 120 kVp and 800 mAs/slice. A varied pitch based on the patient’s 

breathing cycle was used. Segmentation of the peak inhale and peak exhale images was 

performed to exclude the trachea, main-stem bronchi, and pulmonary vasculature(17). 

Voxels from images of the two phases were linked using deformable image registration 

(DIR). A previous study found the accuracy of the deformation algorithm to be 1.25mm 

(26). All segmentation steps and the DIRs were visually inspected. A density changed based 

model, shown in Equation 1, was used to calculate ventilation based off a change in 

Hounsfield units (HU) between the two breathing phases.

(1)

In the equation, Vin and Vex are the inhale and exhale volumes, respectively, and HUin and 

HUex are the Hounsfield units of the individual lung voxels from the inhale and exhale 

phases, respectively. By assuming a linear combination of water-like material with HU value 

of 0 and air-like material with HU value of −1000 (27), a 3D ventilation map is calculated 

for each voxel within the lung (1,17).

Identification of Functional Lung

In the setting of functional-guided radiotherapy it will be important to evaluate both the dose 

and functional components of the treatment plan. In other words, metrics will be needed that 

assess the interplay of whether dose was deposited in functional lung.

To evaluate which dose-function metrics were most predictive for grade 3+ RP, we analyzed 

3 different types of dose function metrics: 1) structure-based approaches 2) image-based 

approaches and 3) non-linear weighting schemes. The structures-based approaches create a 

‘functional’ lung contour based on the ventilation image and calculate various dose metrics 

inside the functional contour. It should be underlined that there are 2 variables to consider in 

structure-based approaches: the threshold to use to define the functional contour and which 

standard dose metric (mean dose, V20Gy, etc.) to calculate inside the functional contour. 

Image-based approaches employ a dose-function histogram (DFH) concept(28,29) which is 

similar to the DVH except bins the function (defined by the 4DCT-ventilation) in each dose 

bin rather than binning the volume. Non-linear weighting schemes is an extension of the 

image-based concept where the ventilation values are weighted non-linearly and 
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subsequently used to calculate DFH metrics. The details of the calculation of each type of 

dose-function metric are provided below. Table 1 includes a summary of the dose-function 

metrics examined.

Structure-Based Evaluation of Dose-Function

Ventilation values from the 4DCT-ventilation image were binned into percentiles. The lung 

was then divided into regions of high-functioning and low-functioning lung based on a 

cutoff percentile value. The cutoff value of what defined functional lung was allowed to vary 

from 0% to 95%. When referring to a cutoff value, this means that regions of lungs with 

ventilation values above the cutoff value are treated as functional and regions of the lung 

with ventilation values below the cutoff value are treated as non-functional. As an example, 

a cutoff of the 90th percentile would treat the top 10% of all ventilation values as the 

functional region of the lung. Figure 1 displays how the functional contour changes in size 

when the threshold is changed from the 35th percentile to the 75th percentile.

As a second means of structure-based evaluation, areas of ventilation defect were identified 

as regions exhibiting a reduction in ventilation compared to a perfectly homogeneous lung. 

The calculation was performed by dividing the lung into superior-to-inferior thirds as 

reported in a previous assessment of 4DCT-ventilation imaging (6). This is a similar 

geometrical assessment of functionality used in nuclear medicine (30). Figure 2 shows an 

example of how the lungs are divided into thirds. Assuming lungs with perfectly 

homogenous function, each third would contain 16.7% (100% divided by six) of the total 

ventilation measured from the ventilation map. An area of functional defect was defined as 

regions in which the ventilation values deviated by a set percentage from the idealized 

homogenous value. The mathematical representation of the calculation is included in the 

Appendix for reference. NTCP models and analysis was performed for a range of values 

corresponding to ventilation threshold values 75% higher than the theoretical, homogeneous 

value to 95% lower than the homogeneous ventilation value. For both the percentile method 

and the geometrical-thirds method, we calculated mean dose, V5Gy, V10Gy, V20Gy, and 

V30Gy inside the functional contours.

Image-Based Evaluation of Dose-Function

Image based evaluation of dose-function metrics uses the dose-function histogram (DFH) for 

analysis. The DFH calculation tallies the dose by the physiologic function rather than the 

volume (as is done in a traditional DVH approach). The resulting histogram will 

communicate the fractional functional capacity receiving a particular dose. The DFH was 

used to calculated amount of functional lung receiving ≥ 5Gy (F5), 10Gy (F10), 20Gy (F20), 

and 30Gy (F30).

Non-Linear Weighting of Ventilation Values

Thus far the literature has focused on linear weighting of ventilation(19,28,32) and dose-

function binning approaches(23). To the best of our knowledge, there has been no work done 

to explore whether non-linear weighting of function is a more appropriate way to assess 

toxicity. We explored a sigmoidal function to scale the ventilation values used for functional 

dose metric calculation. The idea is that function below and above certain thresholds may 
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not be physiologically meaningful (i.e. there are thresholds and saturation effects with regard 

to spatial lung function). Non-linear weighting of PET SUV has been explored as a means of 

dose painting to areas of tumor hypoxia (33). Raw ventilation values from the original 

ventilation calculation were weighted by the sigmoid function given in Equation 2.

(2)

The ventilation in ith voxel is given by Vi and the maximum ventilation value in the map is 

Vmax. The parameters m and hc are sigmoid fitting parameters representing the slope and 

position of the sigmoid, respectively. NTCP models were calculated with values for the 

slope parameter, m, ranging from 0.5 to 16. The values for the position parameter, hc, used 

in the calculations ranged from 0.05 to 1. By constraining the values of m and hc, the 

weighting function maintained its sigmoid shape within the range of values encountered in a 

ventilation calculation (typically 0 to 1). Using the weighted ventilation values, a DFH was 

calculated for dose metric analysis.

Toxicity Modeling

Using the 70 patient cohort and an end-point of grade 3+ RP, normal tissue complication 

probability (NTCP) models were fit using log-likelihood methods. NTCP models were fit for 

each of the 3 types of dose-function metrics noted above. For reference, standard dose-

volume metrics (MLD, V5Gy, V10Gy, V20Gy, V30Gy) were also evaluated and fit to NTCP 

models. The calculated NTCP models were then used in receiver operating characteristic 

(ROC) analysis with the corresponding area under the curve (AUC) being used to quantify 

the ability of each dose and dose-function metric to predict for toxicity. We report AUC 

values, logistic regression significance (p) values, and model fitting parameters.

While we focused on the modeling of grade 3+ RP for this study, for completeness, we also 

modelled grade 2+ RP. A summary of the results from the grade 2+ modelling is included in 

the Appendix.

Results

Structure-Based Modeling

A summary of the AUCs, p-values, and optimal threshold values for all modeling which 

treated functional lung as a sub-volume is presented in Table 2. For comparison, the results 

when modeling standard total lung metrics without regard to functionality are included. 

There was no difference in predictive power for calculating grade 3+ RP using structure-

based analysis whether using percentile images of the ventilation map (AUC = 0.70) or 

changes from homogeneity (AUC = 0.70). Both methods of structure-based analysis showed 

superior predictive power with respect to traditional means of evaluating lung doses using 

mean lung dose (AUC = 0.58, p-value >0.05) and V20Gy (AUC = 0.52, p-value >0.05).

Another way to analyze structure-based approaches is to assess which threshold is optimal to 

define a ‘functional’ structure for a given DVH metric within the functional structure. A plot 
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of the AUC and p-value as a function of the threshold used for determining the functional 

lung sub-volume is shown in Figure 3. In the figure the threshold was calculated as a 

percentile of the ventilation value. The dose metric of analysis in this example was V20Gy. 

A clear trend towards higher AUC values (and reduced p-values) is observed as higher 

functioning lung is considered for evaluation compared to the total lung evaluated 

indiscriminately (0th percentile cutoff on the plot). It should also be noted that once a 

threshold above the 30th percentile is considered the variation in AUC is small (0.66 to 

0.70). Included in the Appendix is a complete table of maximum AUCs, p-Values, and the 

optimum dose-function metric for each of the percentiles used as a threshold in structure-

based analysis.

Presented in the results are the best performing (highest AUC) dose-function metrics for 

each example of structure-based modeling. In the Appendix a table of the highest AUC and 

associated p-Value for the other dose-function metrics (e.g. V5Gy, V10Gy, etc.) are 

presented.

The data presented in the current study aims to help establish guidelines for the 

implementation of functional-guided radiotherapy for prospective clinical trials. To that end, 

the optimal dose-function metric for each type of scheme is presented in Table 3 along with 

the dose constraints needed to achieve 10% and 20% probability of grade 3+ RP.

Image-based metrics: Dose Function Histogram and Non-linear Weighted Ventilation

The results for NTCP models generated from dose function histograms (DFH) and using 

nonlinear weighting of the ventilation values in the calculation of DFHs is presented in 

Table 2 along with the results from normal lung metric modeling for reference. 

Incorporation of functional status into the prediction of grade 3+ pneumonitis was superior 

to that of normal lung metrics. The sigmoidal weighting of the ventilation values showed a 

comparable predictive power for grade 3+ pneumonitis (AUC=0.67) with respect to the 

linear weighting used in traditional DFH analysis (AUC = 0.66). The model parameters used 

in the sigmoidal weighting of ventilation values that yielded the highest AUC while 

providing a significant fit to the data (p-Value <0.05), were found to be 0.2 for the position 

parameter hc and 8 for the slope parameter m. A table of the model parameter results for 

grade 3+ and grade 2+ modeling are included in the Appendix. The most predictive dose-

function metrics for both the DFH and non-linear weighting scheme were F20Gy. Included 

in the Appendix are the AUCs and associated p-values to the dose-function metrics that were 

not as predictive as F20Gy.

Discussion

Three salient points can be assessed from our study. The inclusion of functional information 

improves the prediction of radiation toxicity. Non-linear weighting of function does not 

demonstrate an appreciable improvement in toxicity prediction. While the dose-function 

metric of V20Gy/F20Gy consistently was shown to be most predictive of toxicities, the 

exact cutoff or delineation of functional/non-functional lung was less sensitive than broadly 

choosing to incorporate functional status. With regard to whether dose-function information 

improved toxicity, our NTCP model results for RP demonstrated improved predictive results 
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for dose-function metrics when compared to standard lung dose metrics. Both structure-

based and image-based schemes all outperformed there standard dosimetric counterparts. As 

an example, the AUC results showed values of 0.58 for MLD and 0.73 for mean dose in a 

functional contour. Other studies have reported similar improvements in predicting 

RP(19,24) and radiation fibrosis(23) when incorporating functional information into 

predictive models. Our data along with previous work(19,23,24) demonstrates that 

regardless of which dose-function metric is used, incorporating functional information 

provides improved prediction of toxicity when compared to dose metrics alone. 

Retrospective demonstration of improved toxicity prediction with dose function metrics 

further supports the rationale for the ongoing prospective trials in thoracic functional-guided 

radiotherapy.

Our study was one of the first to examine a non-linear weighting scheme using a sigmoid 

mathematical function to weight function. The idea is that function below and above certain 

thresholds may not be physiologically meaningful. Our sigmoid modeling results showed a 

non-appreciable improvement in AUC compared to conventional DFH metrics (0.67 

compared to 0.66) suggesting sigmoid-based weighting of function does not provide 

improved prediction of toxicity compared to structure-based or image-based metrics.

The central aim of this work was to provide data to help identify which metrics should be 

used for treatment planning and treatment evaluation in functional-guided radiotherapy. We 

sampled a wide dose-function sample space including 3 different types of dose function 

metrics (structure-based, image-based, and sigmoid weighting based), various thresholds to 

identify functional versus non-functional lung in structure-based approaches, and various 

dose metrics within each type of dose-function scheme. Our results revealed that for 

structure-based approaches the optimal metric was V20Gy (AUC=0.7) using the 84th 

percentile as the threshold to define functional lung for the percentile method and −35% 

reduction from homogenous for the percent deviation model. Similarly, the optimal metric 

was F20Gy for the DFH method and the sigmoid weighting method (AUC = 0.66 and 

AUC=0.67, respectively). The AUC values of 0.70 for structure-based methods slightly 

outperformed the AUC value of 0.67 and 0.66 for image-based methods using sigmoidal 

weighting and traditional DFH analysis, respectively. One important observation in 

evaluating a full suite of dose-function metrics is that the sensitivity between the treatment 

of functional lung (e.g. structure based analysis versus the DFH approach) is small. Even 

within a single means of analysis, the exact cutoff and metric is less important than the 

broad use of functional status. For example, in Figure 3 in the cutoff range between the 30th 

percentile and 95th percentile the AUC only varies from a 0.66 to 0.69. This difference is 

much smaller than the difference compared to normal lung dose metrics where the AUC was 

0.52. We interpret these numbers as assigning value to performing functional-guided 

radiotherapy as a process much more than the small differences in the choice of functional/

nonfunctional delineations.

Our study advances functional-guided radiotherapy in several critical ways. We offer the 

results of modeling a clinically pertinent toxicity end-point (RP) while other studies have 

focused on imaging-based changes(23). We evaluated a full suite of dose-function metrics 

including varying types of dose-function assessment, thresholds to define functional lung, 
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weighting schemes, and dose metrics. Previous studies have typically analyzed a few chosen 

dose-function metrics(32,34) but have not assessed them in a systematic or continuous way 

as is done in the current study. We also present an examination of non-linear weighting 

schemes that evaluated whether physiological function has upper and lower thresholds 

beyond which changes in ventilation values may not have physiological significance. The 

data presented in the current study aims to help establish guidelines for the implementation 

of functional-guided radiotherapy for prospective clinical trials. The results presented in 

Table 3 provide dosimetric goals for the reduction of toxicity probability from 20% to 10%. 

With the goal of functional-guided radiotherapy being the reduction of toxicities based on 

physiological information, the results in Table 3 are valuable, quantitative guidelines for this 

exciting new way to treat lung cancer patients.

In addressing the limitations to the study it is important to note that 4DCT ventilation 

imaging is a new technology under continual improvement. Specific efforts are being made 

to reduce the impact of imaging artifacts, uncertainties in the deformable image 

registration(35), means of normalizing the ventilation values(36), and the actual calculation 

of the ventilation values(37). This study also examines the initial ventilation maps calculated 

from pre-treatment 4DCT scans. There is evidence to suggest that as treatment progresses, 

changes in the treatment volume may result in changes in the ventilation maps 

corresponding to re-ventilation of previously occluded regions of the lung(38). Although 

radiation pneumonitis is a clinically pertinent end-point, the CTCAE grading system of 

pneumonitis has been noted to be subjective to both the patient and the clinician. Due to the 

subjectivity of the grading, we have chosen to also include toxicity modeling results for 

grade 2+ RP in the Appendix. Most of our optimal dose-function metrics were related to 

V20Gy. Because it is challenging to fully isolate the dose and function components, it is 

possible that our dose-function results were related to the most predictive dose metrics 

within our study cohort. Data set where other dose metrics (MLD for example(39)) are most 

significant in predicting toxicity may find other dose-function metrics to be relevant. Final 

treatment planning objectives will be based on the ongoing clinical trials in functional-

guided radiotherapy; however, the retrospective data presented here provides a seminal 

baseline for the choice of dose-function metrics used in functional planning.

Conclusion

4DCT-ventilation imaging presents exciting opportunities in radiation therapy to account for 

functional lung status in creating individualized treatment plans for patients. With 

acquisition of 4DCT scans increasingly common in the current clinical care routine, 

ventilation images can be calculated at no extra cost to the patient and without delivering 

additional imaging dose. We used structure-based and image-based concepts of evaluating 

lung function and calculated NTCP models for a full suite of dose-function metrics to 

predict for radiation toxicity. The calculated AUC values for the most predictive functional 

models occupied a narrow range in values, 0.66–0.70, and all demonstrated notable 

improvements over traditional total lung dose metrics. The work presented in this paper 

shows a benefit towards using functional lung status to predict grade 3+ radiation 

pneumonitis and provides the metrics with highest predictive power for those toxicities. 

With clinical trials underway to prospectively apply functional-guided radiotherapy using 
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4DCT-ventilation imaging, this work provides valuable data for the evaluation and 

optimization of functional avoidance plans for lung cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Appendix

Calculation of Percent Deviation from Homogeneity

Areas of functional defect were identified as regions with ventilation values below a 

calculated cutoff. The calculation of the cutoff value is based on a percent deviation from an 

ideal, homogeneous functional distribution within the lung. The theoretical ventilation value 

that corresponds to perfectly homogenous functionality is a mean of the average ventilation 

value in six lung regions, divided superior to inferior into thirds for both the left and right 

lung. The cutoff at which defects were identified is given in Equation A. 1.

(A.1)

Where x is the percent reduction from homogeneous function, and Vave,i is the average 

ventilation value of the ith third. All voxels with ventilation values greater than VT were 

classified as functional lung and included in the functional lung contour used to calculate 

functional dose metrics.

Mathematically the values for x can span +100% to −500%. Realistically the range is much 

more limited as it is unlikely that all of a patient’s ventilation occurs within a highly 

localized region (x = −500%) and in the limit that x approaches +100%, metrics would be 

derived for the entire lung and be equivalent to standard lung planning dose metrics. As an 

example, an input value of −50% would produce a ventilation threshold equal to 1.5 times 

theoretically homogeneous value. Likewise, an input of +50% means that the threshold value 

for identifying functional lung would be one half of the theoretically homogeneous value. In 

other words, in the latter case, all areas of the lung with ventilation values greater than 0.5 

times the homogeneous ventilation value would be binned to the functional contour.
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Modeling Results for Grade 2+ Radiation Pneumonitis

Table A.1

The predictive power (AUC) and significance of fit (p-Values) for NTCP models using 

different functional sub-volumes is presented for Grade 2+ radiation pneumonitis. For 

comparison, the normal means of evaluating lung dose from the total lung is reported for the 

examined patient cohort.

Grade 2+ Pneumonitis

Model Metrics Maximum AUC p-Value Threshold

Percentile V20Gy 0.73 <0.01 86th Percentile

Mean 0.73 <0.01 69th Percentile

Percent Deviation V20Gy 0.73 <0.01 −50

Mean 0.73 <0.01 −15

Total Lung V20Gy 0.55 0.36 N/A

Mean 0.58 0.12 N/A

Table A.2

The predictive power (AUC) and significance of fit (p-Values) for NTCP models using 

different dose function histogram calculations is presented for Grade 2+ radiation 

pneumonitis. For comparison, the normal means of evaluating lung dose from the total lung 

is reported for the examined patient cohort.

Grade 2+ Pneumonitis

Model Metric AUC p-Value

DFH F10Gy 0.70 0.02

Sigmoidal Weighting F20Gy 0.74 <0.01

Total Lung
V20Gy 0.55 0.36

Mean 0.58 0.12
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Calculating the Dose-Function of Interest for Different Structure-Based 

Thresholds

Table A.3

The dose metric providing the highest predictive power (AUC) for structure-based modeling 

is reported for different functional cutoff thresholds. The functional cutoff thresholds used 

were based on a percentile image of the ventilation values. For example, the 90th percentile 

would treat the top 10% of all ventilation values as the functional sub-volume used for 

analysis.

Grade 3+ Pneumonitis

Threshold AUC p-Value Metric

Total Lung 0.55 0.290 Mean

5th 0.58 0.160 V30Gy

10th 0.61 0.111 V30Gy

15th 0.63 0.076 V30Gy

20th 0.64 0.055 V30Gy

25th 0.65 0.044 V20Gy

30th 0.66 0.036 V20Gy

35th 0.66 0.032 V20Gy

40th 0.67 0.029 V20Gy

45th 0.67 0.027 V20Gy

50th 0.68 0.035 V30Gy

55th 0.68 0.024 V20Gy

60th 0.68 0.023 V20Gy

65th 0.69 0.021 V20Gy

70th 0.69 0.020 V20Gy

75th 0.68 0.021 V20Gy

80th 0.69 0.024 V20Gy

85th 0.70 0.033 V20Gy

90th 0.68 0.062 V20Gy

95th 0.66 0.110 V20Gy
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Model Parameters for Non-Linear Weighting

Table A.4

The model parameters for the sigmoidal weighting of ventilation values prior to DFH 

calculation are presented. These parameters provided the highest predictive power (as 

determined by AUC) while maintaining significance (p-Value < 0.05) with respect to 

predicting Grade 2+ and Grade 3+ radiation pneumonitis. Also presented are the dose-

function metrics which provided the highest predictive power for the model. The parameter 

hc corresponds to the relative position of the sigmoid and the parameter m represents the 

slope of the central region.

Pneumonitis Grade Dose-Function Metric hc m AUC p-Value

Grade 2+ F20Gy 0.3 8 0.74 <0.01

Grade 3+ F20Gy 0.2 8 0.67 0.03

Table A.5

The highest AUCs and associated p-values are presented for all the structure-based dose-

function metrics examined in the study.

Dose-Function Metric

V5Gy V10Gy V20Gy V30Gy Mean Dose

Method AUC p-Value AUC p-Value AUC p-Value AUC p-Value AUC p-Value

% Deviation 0.55 0.78 0.60 0.25 0.70 0.02 0.68 0.02 0.66 0.04

Percentile 0.55 0.61 0.59 0.35 0.70 0.03 0.68 0.03 0.66 0.06

Table A.6

The highest AUCs and associated p-values are presented for all the image-based dose-

function metrics examined in the study.

Dose-Function Metric

F5Gy F10Gy F20Gy F30Gy

Method AUC p-Value AUC p-Value AUC p-Value AUC p-Value

DFH 0.48 0.92 0.54 0.55 0.66 0.04 0.66 0.04

Non-Linear Weighting 0.53 0.75 0.57 0.39 0.67 0.03 0.65 0.04
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Summary

We performed a retrospective analysis of 70 lung cancer patients with 4DCT images to 

assess which dose-function metrics are most predictive of clinical radiation pneumonitis 

and should be used in functional-guided radiotherapy. Normal tissue complication 

probability models were developed based on standard lung dose metrics and four 

additional functional schemes that considered lung function as determined from 4DCT 

ventilation imaging. Results provide valuable data in the guidance of prospective clinical 

trials in functional-guided radiotherapy.

Faught et al. Page 15

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Axial (left), sagittal (center), and coronal (right) planes of the functional sub-volume contour 

are presented for threshold values of 35th percentile (top) and 75th percentile (bottom). The 

red contour represents the target and blue and green represent the respective functional 

contours. The choice of threshold in delineating between functional and non-functional lung 

affects the size of the functional contour used during treatment planning optimization.
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Figure 2. 
A coronal image of the ventilation calculation registered to the CT is presented. The right 

and left lung are divided into thirds as shown by the overlaid lines on the image. Brighter 

colors (reds, yellows, and greens) correspond to areas of higher ventilation while the darker 

colors (blue and purple) correspond to regions of lower ventilation. A clear ventilation defect 

is present in the right lower lobe of this patient.
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Figure 3. 
A plot of the area under the curve (solid blue) and the p-Value (dashed orange) as a function 

of the cutoff in determining functional lung sub-volumes demonstrates the trend toward 

higher predictive power in modeling grade 3+ pneumonitis when evaluating areas of higher 

functioning lung. The metric of evaluation is the percent of functional lung receiving ≥20Gy.
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Table 2

The predictive power (AUC) and significance of fit (p-Values) for NTCP models using different structure-

based and imaging-based analysis is presented for grade 3+ radiation pneumonitis. For comparison, the normal 

means of evaluating lung dose from the total lung is reported for the examined patient cohort.

Structure-Based Modeling of Grade 3+ Pneumonitis

Model Metrics Maximum AUC p-Value Threshold

Structure-Based Percentile V20Gy 0.70 0.03 84th Percentile

Structure-Based Percent Deviation V20Gy 0.70 0.02 −35

Imaging-Based DFH F20Gy 0.66 0.04 N/A

Imaging-Based Sigmoidal Weighting F20Gy 0.67 0.03 N/A

Total Lung V20Gy 0.52 0.49 N/A

Mean 0.55 0.29 N/A
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Table 3

The dose reductions required to reduce the normal tissue complication probability of Grade 3+ radiation 

pneumonitis is presented for the two functional sub-volume metrics shown to be most predictive as well as for 

the normal, total lung dose metrics.

Model Sub-Volume Cutoff Metric NTCP = 10% NTCP = 20%

% Deviation −35% V20Gy 13.3% 27.3%

Percentile 84th Percentile V20Gy 9.3% 26.8%

DFH N/A F20Gy 20.4% 31.0%

Sigmoidal Weighting N/A F20Gy 17.2% 30.2%

Total Lung N/A V20Gy 4.5% 34.0%

N/A Mean 10.2 Gy 20.7 Gy
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