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Purpose: A primary treatment option for lung cancer patients is surgical resection. Patients who
have poor lung function prior to surgery are at increased risk of developing serious and life-threaten-
ing complications after surgical resection. Surgeons use nuclear medicine ventilation-perfusion (VQ)
scans along with pulmonary function test (PFT) information to assess a patient’s pre-surgical lung
function. The nuclear medicine images and pre-surgery PFTs are used to calculate percent predicted
postoperative (%PPO) PFT values by estimating the amount of functioning lung tissue that would be
lost with surgical resection. Nuclear medicine imaging is currently considered the standard of care
when evaluating the amount of ventilation that would be lost due to surgery. A novel lung function
imaging modality has been developed in radiation oncology that uses 4-Dimensional computed
tomography data to calculate ventilation maps (4DCT-ventilation). Compared to nuclear medicine,
4DCT-ventilation is cheaper, does not require a radioactive contrast agent, provides a faster imaging
procedure, and has improved spatial resolution. In this work we perform a retrospective study to
assess the use of 4DCT-ventilation as a pre-operative surgical lung function evaluation tool. Specifi-
cally, the purpose of our study was to compare %PPO PFT values calculated with 4DCT-ventilation
and %PPO PFT values calculated with nuclear medicine ventilation-perfusion imaging.

Methods: The study included 16 lung cancer patients that had undergone 4DCT imaging, nuclear
medicine imaging, and had Forced Expiratory Volume in 1 second (FEV) acquired as part of a stan-
dard PFT. The 4DCT datasets, spatial registration, and a density-change-based model were used to
compute 4DCT-ventilation maps. Both 4DCT-ventilation and nuclear medicine images were used to
calculate %PPO FEV,. The %PPO FEV, was calculated by scaling the pre-surgical FEV; by
(1-fraction of total resected ventilation); where the resected ventilation was determined using either
the 4DCT-ventilation or nuclear medicine imaging. Calculations were done assuming both lobec-
tomy and pneumonectomy resections. The %PPO FEV; values were compared between the
4DCT-ventilation-based calculations and the nuclear medicine-based calculations using correlation
coefficients, average differences, and Receiver Operating Characteristic (ROC) analysis.

Results: Overall the 4DCT-ventilation derived %PPO FEV; values agreed well with nuclear
medicine-derived %PPO FEV, data with correlations of 0.99 and 0.81 for lobectomy and pneu-
monectomy, respectively. The average differences between the 4DCT-ventilation and nuclear medi-
cine-based calculation for %PPO FEV,; were less than 5%. ROC analysis revealed predictive
accuracy that ranged from 87.5% to 100% when assessing the ability of 4DCT-ventilation to predict
for nuclear medicine-based %PPO FEV values.

Conclusions: 4DCT-ventilation is an innovative technology developed in radiation oncology that
has great potential to translate to the surgical domain. The high correlation results when comparing
4DCT-ventilation to the current standard of care provide a strong rationale for a prospective clinical
trial assessing 4DCT-ventilation in the clinical setting. 4DCT-ventilation can reduce the cost and
imaging time for patients while providing improved spatial accuracy and quantitative results for sur-
geons. © 2016 American Association of Physicists in Medicine [https://doi.org/10.1002/mp.12026]
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1. INTRODUCTION

A primary treatment option for early stage lung cancer
patients is surgical resection. Lobectomy, pneumonectomy,
and wedge resection surgeries are often the first salvage ther-
apies considered for lung cancer patients. The complication
with resectional methods for lung cancer is that patients may
not have sufficient lung function to tolerate surgery. Patients
that have poor lung function prior to surgery are at increased
risk of developing serious and life-threatening complications
after surgical resection. As part of a standard pre-surgery
work-up, surgeons use nuclear medicine ventilation-perfusion
(VQ) scans along with pulmonary function test (PFT) infor-
mation to assess a patient’s lung function.! The nuclear medi-
cine images and pre-surgery PFTs are used to calculate
percent predicted postoperative (%PPO) PFT values by esti-
mating the amount of functioning lung tissue that would be
lost with surgical resection. In other words, the %PPO metric
presents pre-surgical PFT values that are scaled by the
amount of ventilation being lost due to surgery where the
amount of ventilation lost to surgery is determined using
nuclear medicine imaging. The %PPO values are considered
an essential part of the pre-surgery evaluation process
because they were found to be an independent predictor of
long-term survival after lung resection for lung cancer
patients.”

A novel lung function imaging modality has been devel-
oped in radiation oncology that uses 4-Dimensional Com-
puted Tomography (4DCT)** data along with imaging
processing techniques to calculate lung ventilation maps™®
(4DCT-ventilation). 4DCT-ventilation has been an attractive
research topic in thoracic radiation oncology because 4DCTs
are typically acquired as standard of care for lung cancer
patients treated with radiation therapy. Therefore, calculating
lung function from 4DCT data enables the physician to
evaluate spatial lung function without added monetary or
dosimetric cost to the patient. In the radiation therapy setting,
4DCT-ventilation has been validated against nuclear medi-
cine imaging,”” other forms of lung function imaging,'*"
and PFTs®'? with promising results. The two most suggested
clinical uses of 4DCT-ventilation have been to evaluate lung
function throughout and after the completion of radiation
therapy'*'* and for functional avoidance. Functional avoid-
ance radiation therapy implies sparing functional portions of
the lung (as measured by 4DCT-ventilation) in favor of irradi-
ation through less-functioning lung tissue.'””'® The idea is
that by sparing functional lung the rate of complications after
radiation therapy would be reduced. Clinical trials are under-
way'??? to prospectively use 4DCT-ventilation imaging in
radiation therapy to spare functional lung.

In this work we evaluate the concept of using 4DCT-venti-
lation in the surgical setting, specifically for the purposes of
spatial lung function evaluation for lung cancer patients being
assessed for resectional surgery. The current lung function
imaging modality considered standard of care to calculate %
PPO PFT metrics is nuclear medicine planar perfusion imag-

ing.”'** However, studies have shown that spatial lung
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function assessment with nuclear medicine planar imaging
can be inaccurate”* and produce errors in predicting post-
surgical lung function.”> 4DCT-ventilation offers some
potentially attractive advantages over nuclear medicine imag-
ing in the surgical setting. Compared to nuclear medicine
imaging, 4DCT-ventilation is cheaper, does not require a
radioactive contrast agent, does not suffer from an aerosol
deposition artifact, provides a faster imaging procedure, has
improved spatial resolution, and is an imaging modality that
by definition provides anatomical (4DCT) and functional
(4DCT-ventilation) information. We perform a retrospective
study to assess the use of 4DCT-ventilation as a pre-operative
surgical lung function evaluation tool. Specifically, the pur-
pose of our work was to compare %PPO PFT values calcu-
lated with 4DCT-ventilation and %PPO PFT values
calculated with nuclear medicine ventilation-perfusion imag-
ing.

2. METHODS
2.A Patient population

16 lung cancer patients being considered for lung surgery
or radiotherapy were retrospectively reviewed. Clinical
parameters for the patient cohort are presented in Table 1.

The study cohort consisted of 25% stage I, 19% stage II,
50% stage III, and 6% stage IV lung cancer patients. Eligible
patients had undergone nuclear medicine imaging (both the
ventilation and perfusion scans were acquired) and PFTs as
part of a standard pre-surgical evaluation and 4DCT imaging
as part of the standard radiotherapy treatment planning pro-
cess. Nine patients had all 3 procedures (nuclear medicine,
PFTs, and 4DCT imaging) done within 50 d, 15/16 patients
had all 3 procedures done within 100 d, and 1 patient had
150 d between their nuclear medicine and 4DCT imaging.

TasLE 1. Patient and clinical characteristics for the patient population used
for the study.

Parameter Median (range) or number (%)
Age (y) 68.5 (45-87)
Gender

Female 8 (50)

Male 8 (50)
COPD*

Yes 8 (50)

No 8 (50)
Tumor location

Right 9 (56)

Left 7(44)
Stage

I 4(25)

I 3(19)

1 8 (50)

v 1(6)

“COPD = chronic obstructive pulmonary disease.
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Patients were excluded from the study if they had any signifi-
cant medical interventions (surgery or radiotherapy for exam-
ple) between the PFT, nuclear medicine imaging, and 4DCT
imaging.

2.B. Nuclear medicine imaging

The nuclear medicine scans were acquired on Siemens
scanners (Siemens ECAM or Siemens Symbia T16, Siemens,
Malvern, PA, USA) in planar mode using 1.0 mCi Tc-99 m
diethylene triamine pentaacetic acid (DTPA) aerosol for ven-
tilation and intravenous injection of a radioactive technetium
macro aggregated albumin (MAA) for perfusion. Immedi-
ately after radioactive contrast administration, 8 planar view
images were acquired: anterior, posterior, 4 oblique, and 2
lateral projections. Images were acquired with pixel resolu-
tion of 3.3 mm. The surgical guidelines suggest to use the
perfusion component of the nuclear medicine scan,' how-
ever; the ventilation component has also been used for resec-
tion assessment.”?’ We performed analysis using both the
perfusion and ventilation components of the nuclear
medicine scan.

2.C. Pulmonary function testing

PFTs use spirometry to measure air flow and are an estab-
lished way of measuring lung function. For each patient we
noted the Forced Expiratory Volume in 1 s (FEV,) which is
a standard PFT metric. The FEV| was reported as percentage
of predicted value which is based on healthy subjects with the
same anthropomorphic characteristics (height, age, gender,
and others) as the patient being tested.”®

2.D. 4DCT-ventilation image generation

Each patient underwent a standard 4DCT in the depart-
ment of radiation oncology. Patients were scanned on a Phi-
lips Brilliance Big Bore CT scanner (Philips Healthcare,
Andover, MA, USA) under free breathing conditions using
the gated lung protocol along with the bellows belt to track
the patient’s breathing trace. The 4DCT images were gener-
ated with a spatial resolution of 1 mm x 1 mm x 3 mm
voxels. Each 4DCT image was reviewed for artifacts and
patients were excluded if their 4DCT included substantial
volume averaging around the diaphragm.

A 4DCT-ventilation image was calculated using the
patient’s 4DCT imaging data. The Hounsfield Unit (HU) cal-
culation technique previously described™'**? was used to cal-
culate ventilation. Briefly, the first step was to segment the
lungs in the end-inhalation and end-exhalation image.
Deformable image registration was then performed to link
lung voxel elements from inhale to exhale.®® The spatial
accuracy of the deformable registration algorithm used for
the study was evaluated and found to be on the order of
1.25 mm for thoracic registration.”® Each deformation field
was manually reviewed for discontinuities or anomalies.
Once the inhale and exhale voxels were linked, a
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density-change-based equation was applied to calculate

ventilation:
Vi - Vex H Ui —H Uex
—— =1000 u

Ve HU,(1000 + HU;,)’

)

where V,, and V,, are the inhale and exhale volumes and HU,,
and HU,, are the inhale and exhale Hounsfield units of the
individual lung voxels. Eq. (1) calculates the local change in
air content for each voxel and produces a 3D map of ventila-
tion function. Figure 1 shows a 4DCT-ventilation image
example for a patient with a ventilation defect in the right
lung due to a central mass occluding an airway (with the
bright colors representing functional lung and areas of blue
representing ventilation defect regions). Each 4DCT-
ventilation image was manually reviewed for image artifacts,
particularly in regions of lung-tissue interphases. As previ-
ously described, there were few negative ventilation values in
the generated 4DCT-ventilation images.” All negative
ventilation values were converted to zeroes.

2.E. Percent predicted postoperative (%PPO)
metrics

The 4DCT-ventilation and nuclear medicine images were
used to calculate %PPO FEV, values. The first step was to
calculate the percent ventilation in each lung third for both
the 4DCT-ventilation and the nuclear medicine imaging. The
percent ventilation in each lung third is a standard metric
used in nuclear medicine imaging for surgical evaluation’"'
and is intended to geometrically approximate the ventilation
in each lobe. For the nuclear medicine images the percent
ventilation in each lung third was calculated using commer-
cially available software used in our clinic (GE Xeleris
v2.1753, GE, Milwaukee, WI, USA). For the 4DCT-ventila-
tion imaging, we used custom-written software to mimic the
data provided from the nuclear medicine scans. The software
divided the lung into equal superior-inferior geometrical
thirds and calculated the percent ventilation in each third.

FiG. 1. An example of a 4DCT-ventilation image overlaid with a standard
CT. The bright colors represent functional lung while the shades of blue and
darker colors represent regions of ventilation defects. The 4DCT-ventilation
image was normalized by converting the raw image data to percentile values.
The displayed patient presents with a central right mass (contoured in red)
that is causing a ventilation defect in the right lung. [Color figure can be
viewed at wileyonlinelibrary.com]
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The percent ventilation in each lung third was used to cal-
culate the PPO FEV, using equations provided in standard
physiologic evaluation guidelines for lung resection.”’ Calcu-
lations were done assuming both pneumonectomy and lobec-
tomy resection. A pneumonectomy is a resectional surgery
where the surgeon removes an entire lung due to spread of
the disease (to the mediastinum) while a lobectomy is a pro-
cedure where only one lobe is removed (typically done for
early stage lung cancer patients).

For both pneumonectomy and lobectomy, we used the
equation

%PPOFEV | = preoperative FEV
total ventilation of resected

x (1 — fraction of

lung)

where the total ventilation of resected lung is determined
from the lung function imaging. The idea behind the equa-
tion is to scale the preoperative FEV, by the amount of func-
tioning lung tissue that would be lost with surgical resection.
For pneumonectomy, the ventilation of resected lung was
taken as the ventilation of the entire lung to be resected. For
lobectomy, we used previously published methods,*”> where
the ventilation of resected lung was calculated by assigning
each geometrical third to its accompanying lobe (the right
upper third was assigned to the right upper lobe for example).
For the left lung (which contains 2 lobes), the upper two-
thirds comprised the left upper lobe and the lower third com-
prised the left lower lobe.

%PPO FEV, values were calculated and compared using
4DCT-ventilation imaging and nuclear medicine imaging.
For nuclear medicine imaging, the calculations were done
using both the ventilation (V) and perfusion (Q) components
of the scan. The comparison between the %PPO FEV; met-
rics calculated with 4DCT-ventilation imaging and nuclear
medicine imaging was done using correlation coefficients
and scatter plots. In addition, the 4DCT-ventilation-based
PPO FEV, values were subtracted from the nuclear

(a) 4DCT-VentiIation
100

4DCT-Ventilation
Right (%) Left (%)
Top 32.8 1.4
Middle| 32.4 2.4
0 Lower 28.5 24
Total 93.8 6.2

(b) Nuclear Medicine Ventilation

medicine-based calculations and descriptive statistics of the
difference results [means, standard deviations, and 95% con-
fidence intervals (CI)] are provided.

Additional analysis was performed by applying PPO FEV,
thresholds. These are thresholds where certain values of PPO
FEV, are used to make clinical decisions. Our analysis tested
whether the decision would be the same using either nuclear
medicine or 4DCT-ventilation. The two noted thresholds in
the guidelines for preoperative physiologic assessment are
60% and 30%. Thirty percent is used to indicate an increased
risk of perioperative death and cardiopulmonary complica-
tions and 60% is a threshold that indicates additional testing
(a low technology exercise test for example).”' We used 30%
and 60% as thresholds and applied Receiver Operating Char-
acteristic (ROC) analysis to assess the specificity, sensitivity,
and accuracy of using the 4DCT-ventilation-based PPO
FEV, versus the nuclear medicine-based PPO FEV. In other
words, it was assessed whether there were cases where one
method of calculating PPO FEV; (nuclear medicine) pro-
duced results on one side of the threshold and the other
method (4DCT-ventilation) produced results on the other side
of the threshold. The ROC analysis enables the assessment of
the ability of 4DCT-ventilation to produce clinically congru-
ent results to nuclear medicine imaging.

In summary, the PPO FEV, values were calculated with
4DCT-ventilation imaging and compared to calculations done
with nuclear medicine-ventilation imaging as well as nuclear
medicine-perfusion imaging. For each comparison, calcula-
tions were done assuming both a pneumonectomy and lobec-
tomy resections.

3. RESULTS

A representative patient example is shown in Fig. 2 with
good agreement between the 4DCT-ventilation and nuclear
medicine ventilation images. Qualitatively, both imaging
modalities demonstrate a significant ventilation defect in the

(¢) Nuclear Medicine Perfusion

FiG. 2. An example patient displaying good agreement between a 4DCT-ventilation image (a), a nuclear medicine ventilation image (b), and a nuclear medicine
perfusion image (c). The 4DCT-ventilation and nuclear medicine demonstrate good agreement with both images showing a non-functional left lung. The division
of each lung into individual lung third is schematically presented for each imaging modality and the quantitative results for each lung and lung third are shown in
the table. The quantitative results show good agreement between 4DCT-ventilation and nuclear medicine. [Color figure can be viewed at wileyonlinelibrary.com]
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(b) Nuclear Medicine Ventilation

4DCT-Ventilation
Right (%) Left (%)

Top 20.2 259
Middle| 12.6 18.9
Lower 10.6 11.8
Total 43.4 56.6

(c) Nuclear Medicine Perfusion

Fic. 3. An example patient displaying poor agreement between a 4DCT-ventilation image (a), a nuclear medicine ventilation image (b), and a nuclear medicine
perfusion image (c). The 4DCT-ventilation image demonstrates lower ventilation in the right lung while the nuclear medicine ventilation and perfusion images
demonstrate lower function in the left lung. The division of each lung into individual lung third is schematically presented for each imaging modality and the
quantitative results for each lung and lung third are shown in the table. [Color figure can be viewed at wileyonlinelibrary.com]

left lung. Quantitatively, the percent ventilation in each lung
and lung third shows good agreement between the two
imaging modalities. The percent ventilation in the right and
left lung were 93.8% and 6.2%, respectively, with 4DCT-ven-
tilation and 91.3% and 8.7% with nuclear medicine imaging
for the example patient. The representative patient presented
in Fig. 2 had a pre-treatment FEV| of 51%. Assuming a
pneumonectomy of the left lung, the patient in Fig. 2 would
have a %PPO FEV, of 47.8% calculated with 4DCT-ventila-
tion, 48.5% calculated with nuclear medicine ventilation, and
46.5% calculated with nuclear medicine perfusion. An exam-
ple patient with poor agreement between the 4DCT-
ventilation and nuclear medicine scans is displayed in Fig. 3.
The 4DCT-ventilation image for the patient presented in
Fig. 3 shows lower ventilation in the right lung while the
nuclear medicine ventilation and perfusion images display
lower function in the left lung.

Table II presents the quantitative results comparing the
PPO FEV, values calculated with 4DCT-ventilation imaging
and nuclear medicine imaging for both the pneumonectomy
and lobectomy calculations. Overall the PPO FEV, values
calculated with 4DCT-ventilation and nuclear medicine
demonstrated good agreement. The correlation coefficient
between PPO FEV, values calculated with 4DCT-ventilation
and nuclear medicine for the pneumonectomy calculation
was on the order of 0.8 (0.81 for nuclear medicine-ventilation
and 0.78 for nuclear medicine-perfusion). For the lobectomy
calculations the correlation coefficient was 0.99 comparing
the 4DCT-ventilation and nuclear medicine-based PPO FEV,
values. The average difference for both the pneumonectomy
and lobectomy calculations between the 4DCT-ventilation-
based %PPO FEV, values and the nuclear medicine-based %
PPO FEV; values were less than 5% (Table II). Maximum
difference for any individual patient between 4DCT-ventila-
tion and nuclear medicine-based calculation was 24.2% and
10.7% for pneumonectomy and lobectomy, respectively.
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TasLe II. Comparison of %PPO FEV, values calculated with 4DCT-ventila-
tion and nuclear medicine imaging (results for both nuclear-medicine-ventila-
tion and nuclear medicine-perfusion are presented). The lobectomy %PPO
FEV; values were calculated using the geometrical approximations of each
lung third.

Nuclear medicine Nuclear medicine

ventilation perfusion
Correlation coefficient 0.81 0.78
pneumonectomy
Correlation coefficient 0.99 0.99
lobectomy

Average difference 4.1% + 8.5% 4.2% £+ 10.7%

pneumonectomy* [—0.1% to 2.9%] [—1.0% to 9.5%]
Average difference 2.9% + 3.0% 23% £ 3.1%
lobectomy* [1.4% to 4.4%] [0.8% to 3.8%]
Maximum difference 24.2% 23.6%
pneumonectomy

Maximum difference 9.7% 10.7%
lobectomy

“Average differences are presented as mean + standard deviation [95% confi-
dence intervals].

Scatter plots visually demonstrate the comparison between
PPO FEV, calculated with 4DCT-ventilation and both
nuclear medicine ventilation and nuclear medicine perfusion
(Fig. 4).

We applied thresholds of 30% and 60% and used ROC
methods to calculate the sensitivity, specificity, and accuracy
of calculating PPO FEV,; with 4DCT-ventilation against cal-
culating PPO FEV; with nuclear medicine imaging. For the
30% threshold all comparisons (comparing 4DCT-ventilation
to both nuclear medicine ventilation and perfusion, using
both lobectomy and pneumonectomy calculations) yielded
sensitivity, specificity and accuracy of 100%. In other words,
there were no cases where the nuclear medicine PPO FEV;
produced values on one side of the 30% threshold and the
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FiG. 4. A scatter plot showing a comparison between the 4DCT-ventilation calculated %PPO FEV, values (y-axis) and the nuclear medicine calculated %PPO
FEV1 values (x-axis). The 4DCT-ventilation comparisons are shown against nuclear medicine perfusion for lobectomy (a), nuclear medicine perfusion for pneu-
monectomy (b), nuclear medicine ventilation for lobectomy (c), nuclear medicine ventilation for pneumonectomy (d). The line y = x (black) is provided as a ref-
erence for perfect agreement on each plot. [Color figure can be viewed at wileyonlinelibrary.com]

4DCT-ventilation %PPO FEV, produced values on the other
side of the threshold. For the 60% threshold, the lobectomy
calculation produced an accuracy of 87.5% (14/16) and the
pneumonectomy calculation produced an accuracy of 93.8%
(15/16). In all the disagreement cases in the ROC analysis,
the 4DCT-ventilation-based calculation produced PPO FEV,
values less than the 60% threshold while the nuclear medi-
cine-based calculations produced values greater than the 60%
threshold.

4. DISCUSSION

Overall, our correlation values (range 0.79 to 0.99) and
scatter plot results demonstrate good agreement between the
4DCT-ventilation-based %PPO FEV, values and the nuclear
medicine-based %PPO FEV, values. Our results are in line
with previous work which report correlations of 0.80 to 0.88
for Magnetic Resonance Imaging (MRI) and quantitative
CT,** and correlations of 0.96 comparing CT-ventilation
against Positron Emission Tomography.*® The ROC analysis
demonstrated similarly promising results with sensitivity,
specificity and accuracy on the order of 90% to 100%;
demonstrating the ability of 4DCT-ventilation to produce
clinically congruent results to nuclear medicine imaging. The
maximum difference results of 24.2% (pneumonectomy) and
10.7% (lobectomy) demonstrate that 4DCT-ventilation and
nuclear medicine can produce different %PPO results for
individual patients.

Previous work by Eslick et al. presented an evaluation of
CT-based ventilation in the surgical setting. The study used
breath-hold CTs to calculate CT-based ventilation®® and
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compared CT-based ventilation to positron emission tomog-
raphy (PET)-based ventilation. Both the CT-based ventilation
and PET-based ventilation were also compared to the seg-
ment counting method of calculating %PPO FEV . The study
found that CT-based and PET-based ventilation correlated
well with each other and that both imaging modalities had
low correlations with the segment counting method.*® There
are several differences between our study and the work done
by Eslick et al.*® Our study compared CT-based ventilation
to nuclear medicine ventilation-perfusion using DTPA and
MAA radio-contrast agents while Eslick et al. compared their
results to PET-based Galligas ventilation imaging.*® Ventila-
tion imaging with PET-Galligas has improved image quality
over nuclear medicine ventilation-perfusion imaging with
DTPA and MAA due to the smaller particle size of Galligas.
On the other hand, PET-Galligas is not widely available and
is not considered the standard of care imaging modality for
surgical assessment. In addition, PET-Galligas provides the
ventilation component of lung function, while our work was
able to evaluate both the ventilation and perfusion compo-
nents. There were also differences in the method of CT-based
calculation between our work and Eslick et al. Eslick et al.*®
calculated CT-based ventilation using inhale and exhale
breath-hold CTs while we performed ventilation calculations
using 4DCTs. In addition, Eslick et al. used a modified ver-
sion of Eq. (1) to calculate ventilation by adding a density
scaling factor.*''® Using the CT portions of each imaging
modality, Eslick et al. calculated %PPO metrics using con-
tours of lung lobes rather than relying on geometrical approx-
imation. Although there are some differences between our
work and the study presented by Eslick et al.,*® both studies
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suggest promise for CT-based ventilation to be used as a
functional imaging modality for surgical resection evaluation.

The current standard of practice to calculate %PPO met-
rics is nuclear medicine imaging.”’ 4DCT-ventilation offers
several potential image quality advantages over using nuclear
medicine to calculate %PPO metrics. 4DCT-ventilation theo-
retically provides finer spatial resolution than the spatial reso-
lution of a nuclear medicine scan. Nuclear medicine suffers
from an aerosol deposition artifact where for patients with
Chronic Obstructive Pulmonary Disease (COPD) the aerosol
can get stuck in the airway and produce false hotspots toward
the center of the lung that distort the entire image [example
shown in Fig. 2(b) and 2(c)]. 4DCT-ventilation does not suf-
fer from an aerosol deposition artifact because there is no
contrast requirement. In addition, 4DCT-ventilation provides
an imaging modality that by definition presents anatomical
(4DCT) and functional information (4DCT-ventilation). The
anatomical and functional information can enable physicians
to contour the lung lobe and provide anatomically accurate
ventilation values for each lung lobe rather than relying on a
surrogate of dividing the lung into geometrical thirds.
Although nuclear medicine imaging has been a clinically
established method, studies have shown that spatial lung
function estimation with nuclear medicine can be inaccu-
rate’>° and that prediction errors may be large.”” The
improved spatial resolution, no aerosol artifact, and multi-
modality information with 4DCT-ventilation can potentially
improve assessment of pre-surgical lung function and predic-
tion of post-surgical function. In terms of patient and practi-
cal considerations, 4DCTs are generally cheaper than nuclear
medicine scans, have a faster acquisition time, and do not
require the production of a radioactive aerosol or any contrast
agent. With respect to imaging radiation dose to the patient,
4DCT generally provides a higher imaging dose than nuclear
medicine imaging.””

There have been other, more experimental methods pro-
posed to generate functional information to calculate %PPO
metrics including dynamic contrast-enhanced MRI as well as
contrast-enhanced quantitative CT.>* 7% 4DCT-ventilation
has advantages over both of these methods in that a contrast
agent is not required. Compared to contrast-enhanced MRI,
4DCT-ventilation is able to provide a finer slice thickness
(generally 2.5 mm for 4DCT-ventilation compared to 10 mm
for the MRI images). The contrast-enhanced quantitative CT
methods previously presented®” use thresholding techniques
to extract lung parenchyma and do not provide functional
information; whereas the presented 4DCT-ventilation method
is able to provide direct functional information by calculating
the amount of air movement in a given voxel. Another imag-
ing modality that has been proposed in the surgical evaluation
setting is Single-photon emission computed tomography
(SPECT) imaging and particularly SPECT-CT.** SPECT-CT
imaging addresses some of the limitations of a planar VQ
scan with 3D imaging data and anatomical information but
still suffers from many of the same image quality issues as
planar imaging including limited spatial resolution and radio-
aerosol clumping artifacts.*’ In addition, SPECT-CT scans
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are currently not standard of care for’' lung function assess-
ment. There have been studies which have evaluated SPECT
and SPECT-CT in the thoracic surgical setting with inconclu-
sive results.*>*>*! One study cited a difference between using
SPECT-CT and planar VQ imaging®> for surgical evaluation
and other studies noted little improvement in using SPECT
over planar VQ imaging for surgical assessment.*’ Future
clinical trials can help elucidate some of the differences
between 4DCT-ventilation, SPECT-CT, and planar nuclear
medicine VQ imaging.

An important question to address is whether the ventila-
tion (V) or perfusion (Q) component is important for evalua-
tion in the surgical setting. Current image processing
techniques can only produce ventilation maps from 4DCT
data. The surgical guidelines suggest to use the perfusion
component of the VQ scan,l’21 however; the ventilation com-
ponent has also been used for resection assessment,”*’ and
studies have found little difference between using ventilation
or perfusion for pre-surgical lung function assessment.*> In
clinical practice, either the perfusion component is acquired
or both the perfusion and ventilation portions are acquired for
each patient. Large mismatches of ventilation and perfusion
information is generally expected for patients with pulmonary
embolism,* which is unlikely in the lung cancer population
we evaluated. In the case of lung cancer, the data assessing
whether there are clinically significant differences between
the ventilation and perfusion components is limited and gen-
erally inconclusive.***® One advantages of nuclear medicine
perfusion over ventilation is that perfusion images are less
prone to aerosol deposition artifacts than ventilation images.
Future prospective clinical trials will have to be conducted to
provide conclusive answers on whether it will be sufficient to
only evaluate the ventilation component using 4DCT-ventila-
tion for surgical resection or if it will be necessary to also
include the perfusion aspect.

The promising results provide a strong rationale for a
prospective clinical trial to evaluate 4DCT-ventilation in the sur-
gical setting. The clinical trial would use pre-surgery PFT and
4DCT-ventilation imaging to calculate %PPO PFTs and directly
compare the results to post-surgical PFTs (which can be consid-
ered the comparison gold standard). A prospective clinical trial
would enable us to overcome some of the uncertainties associ-
ated with the current retrospective work including a small
patient dataset, a larger time interval between imaging datasets
and incomplete PFT information [missing Diffusing capacity of
the lungs for carbon monoxide (DLCO) for example].

Although there are potential advantages to using 4DCT-
ventilation in the surgical setting; 4DCT-ventilation also has
some limitations. While 4DCTs are common in thoracic radi-
ation oncology, breathing-based, 4DCTs are not common in
radiology. Most gated (4D) CTs acquired in radiology are
gated by the cardiac signal*’ or are dynamically synced with
contrast injection.*® The calculation techniques described by
Eslick et al.*® do not require a full 4DCT but rather breath-
hold images, while our calculation are based on an entire
4DCT dataset. Breath-hold CT images are generally less
prone to motion artifacts than 4DCT while 4DCT images
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provide more flexibility in terms of ventilation image calcula-
tion options. Future work will have to evaluate whether it is
sufficient to calculate CT-based ventilation images from
breath-hold CTs or whether 4DCTs are necessary. The calcu-
lation techniques of 4DCT-ventilation are still being opti-
mized. 4DCT-ventilation image quality can be affected by the
quality of the 4DCT,* deformable image registration algo-
rithm,50 calculation technique,” and normalization meth-
ods.”" We attempted to mitigate the impact of 4DCT and
deformable image registration quality by manually reviewing
the 4DCT images and the registration results. With improved
segmentation, registration, and ventilation image processing
techniques we believe the quality of 4DCT-ventilation for sur-
gical assessment could be further improved. To facilitate a
direct comparison between 4DCT-ventilation and the current
standard of care methods with nuclear medicine imaging, we
used methods previously presented’® and calculated %PPO
FEV, values using geometrical thirds rather anatomically
segmenting the lung lobes. Previous work has found that con-
touring the lung lobes and using functional imaging to calcu-
late anatomically accurate %PPO FEV, can produce results
that differ statistically from the geometrical methods***® and
produce more accurate post-operative prediction when com-
pared to true, post-operative PFTs.*>* In future work, we
will aim to contour the lung lobes to calculate 4DCT-ventila-
tion-based %PPO FEV, values and specifically assess the dif-
ferences between anatomical methods of calculating PPO
FEV, and geometrical methods.

5. CONCLUSION

Our study is one of the first to provide data comparing
4DCT-ventilation, to the current standard in surgical evalua-
tion imaging. The correlation coefficients of 0.81 and 0.99
and high sensitivity, specificity and accuracy results
demonstrate good agreement between %PPO FEV, calcu-
lated with 4DCT-ventilation and nuclear medicine. The data
presented in the current work provide a strong rationale for
a prospective clinical trial to assess 4DCT-ventilation as a
lung function imaging modality for surgical resection evalu-
ation. 4DCT-ventilation is an innovative technology devel-
oped in radiation oncology that has great potential to
translate to the surgical domain. 4DCT-ventilation can
reduce the cost and imaging time for patients and while
providing improved spatial accuracy and quantitative results
for thoracic surgeons.
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