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Pulmonary functional imaging has demonstrated potential to improve thoracic radiotherapy. The purpose of this
study was twofold: 1) to quantify ventilation/perfusion relationships in lung cancer patients using a new func-
tional imaging approach, gallium-68 (°®Ga)-positron emission tomography/computed tomography (PET/CT);
and 2) to compare ventilation/perfusion matching with diffusing capacity of the lung for carbon monoxide
(Drco). Voxel-wise correlations between ventilation and perfusion varied widely among 19 patients (range:
0.26-0.88). %Ga-PET/CT-measured percent gas exchanging lung volume was moderately correlated with Dyco

(<0.59). Our findings suggested that ®Ga-PET/CT ventilation/perfusion imaging provided complementary in-
formation and a reasonable surrogate for gas exchange in lung cancer patients.

1. Introduction

Pulmonary functional imaging has the potential to improve thoracic
radiotherapy (especially for lung cancer) and has been studied exten-
sively [1]. Image-guided functional avoidance radiotherapy, an
emerging strategy to preferentially avoid irradiating functionally
normal lung regions, may reduce pulmonary toxicity (e.g., radiation
pneumonitis) compared with standard radiotherapy [1,2] and has been
currently assessed in several clinical trials. Previous work on pulmonary
functional imaging in radiotherapy has been largely based on ventilation
or perfusion alone [1]. However, gas exchange is the primary function of
the lungs. Local ventilation/perfusion (V/Q) matching is the most
important mechanism determining gas exchange efficiency [3].
Although ventilation and perfusion are well matched in the normal lung,
V/Q mismatch occurs under pathological conditions [3]. Data on V/Q
matching in lung cancer is scarce and there have only been a few studies
using single-photon emission computed tomography (SPECT) [4-6],

which is limited by poor spatial resolution and regarded as nonquanti-
tative (due to lack of corrections for photon attenuation and scattering).
Moreover, technetium-99 m (°*™Tc)-diethylenetriamine pentaacetate
(DTPA) aerosols, one of the most commonly used radiotracers for
ventilation imaging with scintigraphy or SPECT, suffer from clumping in
central airways, leading to artifacts with spurious image values,
particularly in patients with chronic obstructive pulmonary disease
(COPD) [6,7].

A new lung functional imaging approach, gallium-68 (°3Ga)-Galli-
gas/%8Ga-macroaggregated albumin (MAA) positron emission tomog-
raphy/computed tomography (PET/CT) [8-13], provides quantitative
data and higher spatial resolution. Galligas aerosols (prepared with a
Technegas generator) are approximately five times smaller than DTPA
aerosols [7], leading to less clumping in central airways. Thus, %3Ga
PET/CT may improve the performance of V/Q imaging and allow for a
better understanding of V/Q matching compared to conventional ap-
proaches based on scintigraphy or SPECT. Previous work performed
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quantitative pixel- or voxel-wise analysis of V/Q relationships using
krypton-81 m (B™Kr) /2™ T scintigraphy [14], 99mre SPECT [15] and
8Ga PET/CT [16] in patients with pulmonary embolism, demonstrating
significantly greater V/Q mismatch in patients with embolism than
those without. In lung cancer, Le Roux et al. [12] used %8Ga PET/CT to
evaluate matching of ventilation and perfusion defect or non-defect re-
gions, while quantitative voxel-wise analysis has not been performed.

The purpose of this study was twofold: 1) to quantify V/Q relation-
ships at a voxel level in lung cancer patients using 68Ga PET/CT; and 2)
to compare %®Ga PET/CT-measured V/Q matching as a surrogate for gas
exchange with diffusing capacity of the lung for carbon monoxide
(DLco), a pulmonary function test (PFT) measurement, as a reference
standard.

2. Methods and materials
2.1. Patients

The same 30 consecutive patients with locally advanced or inoper-
able non-small cell lung cancer (NSCLC) included in the study by Le
Roux et al. [12] were evaluated for inclusion in this study. All patients
underwent *3Ga PET/CT V/Q imaging and PFT and were scheduled to
undergo definitive radiotherapy in a clinical trial (Australian-New-
Zealand Clinical Trial Registry ID 12613000061730). Patients were
excluded from this study if complete 4-dimensional (4D) PET/CT image
datasets were not available, substantially low °®Ga signal in the lungs,
the entire lungs were not within the field of view, or Dy co was missing.
We identified 19 evaluable patients for this study. The median age was
67 years (range 46-89 years). Twelve patients (63%) were male, and
seven patients (37%) were female. Tumor stage was as follows: T1 (6
patients, 32%), T2 (4 patients, 21%), T3 (7 patients, 37%) and T4 (2
patients, 11%), and nodal stage was as follows: NO (7 patients, 37%), N1
(4 patients, 21%), N2 (6 patients, 32%) and N3 (2 patients, 11%). Two
patients (11%) had metastatic disease. The study was approved by the
institutional ethics committee. All patients provided written informed
consent.

2.2. %8Ga PET/CT V/Q imaging

68Ga PET/CT V/Q imaging was performed based on: 1) 4D CT; 2) 4D
PET following inhalation of ®®Ga-Galligas; and 3) 4D PET following
intravenous injection of ®®Ga-MAA. Further details have been previously
described [11]. The PET images were corrected for attenuation and
scatter. The end-expiration phase of 4D PET/CT image datasets, which
showed the highest spatial overlap between the PET- and CT-defined
lungs [11], were used for the analysis in this study.

2.3. Image processing and analysis

The CT image datasets were resampled to the dimensions of the PET
image datasets. The end-expiration phases of 4D PET and CT image
datasets were rigidly co-registered. Residual activities from the PET
ventilation scan were subtracted after decay correction from the PET
perfusion image datasets in a similar manner to Willowson et al. [17].
The CT images were segmented to define lung volumes using a region
growing method and manual trimming. The PET images were
segmented by thresholding with manually selected threshold values that
removed major activity spillover out of the CT-defined lung volumes.
Only PET voxels within the CT-defined lung volumes were included in
the statistical analysis. Within the CT-defined lung volumes, PET voxels
with values above and below the same threshold were classified as
ventilated (or perfused) and non-ventilated (or non-perfused) voxels,
respectively. The PET image value of each voxel was normalized to the
total value of all voxels within the CT-defined lung volumes. V/Q ratios
were calculated for individual voxels using the normalized PET venti-
lation and perfusion values in a similar manner to previous studies
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showing correlations between V/Q imaging measurements and gas ex-
change impairment [14,15,18-20]. A base-10 logarithm was applied to
produce a symmetric measure for V/Q mismatch. Gas exchange effi-
ciency is maximum when ventilation and perfusion are perfectly
matched (V/Q = 1.0, i.e., log(V/Q) = 0), and decreases with increasing
deviations of log(V/Q) values from zero due to pathological conditions
[3,21]. Fig. S1 in the supplementary materials shows a flowchart of
image processing/analysis performed in this study.

2.4. PFT

As part of PFT, Dico was measured according to the American
Thoracic Society and European Respiratory Society guidelines [22]. The
percent predicted Dyco was used for the analysis in this study.

2.5. Statistical analysis

V/Q relationships were quantified with voxel-wise Spearman’s rank
correlations (r) between the PET ventilation and perfusion images for
each patient. Furthermore, we calculated the percent gas exchanging
lung volume, defined as the proportion of voxels that were either
ventilated or perfused (determined by thresholding) and had a log(V/Q)
value falling within a threshold range to the total number of voxels, and
compared with Dy co. Thresholds were set based on a deviation from zero
and changed between 0.05 and 0.4 in increments of 0.05. For example, a
threshold of 0.4 would include voxels with a log(V/Q) value falling
within a range between —0.4 and 0.4. Voxels that were neither venti-
lated nor perfused were not considered to participate in gas exchange,
and hence excluded from the numerator. The correlation between the
percent gas exchanging lung volume and the percent predicted Dy o was
calculated with the Spearman’s rank correlation.

3. Results

Voxel-wise correlations between the PET ventilation and perfusion
images varied widely between 19 patients, with r ranging from 0.26 to
0.88. Fig. 1 shows PET ventilation and perfusion images and voxel-wise
correlations between the two for two representative patients (cases 1
and 19). In case 1, ventilation and perfusion were highly correlated with
r of 0.88, despite heterogeneous distributions of each of the two. In
contrast, ventilation and perfusion were poorly correlated with r of 0.26
in case 19.

Fig. 2 shows PET-measured log(V/Q) images and frequency distri-
butions for two representative patients (cases 6 and 11). Case 6 had a
larger percent gas exchanging lung volume (91%) determined with a log
(V/Q) threshold deviation of 0.25, i.e., 91% of the voxels within the CT-
defined lung volumes were either ventilated or perfused and had a log
(V/Q) value falling within a range between —0.25 and 0.25. This case
showed a homogeneous distribution of log(V/Q) with a nearly normal
frequency distribution without major skewness. In contrast, case 11 had
a smaller percent gas exchanging lung volume (75%), showing a het-
erogeneous distribution of log(V/Q) throughout the lungs with a skewed
and dispersed frequency distribution. Among the eight different
threshold deviations (between 0.05 and 0.4 in increments of 0.05) used
to determine the percent gas exchanging lung volume, a threshold de-
viation of 0.25 demonstrated the highest Spearman’s rank correlation (r
= 0.59, P<0.01) between the percent gas exchanging lung volume and
Dico for the 19 patients as shown in Fig. S2 in the supplementary ma-
terials. Table S1 in the supplementary materials shows correlations and
P-values as a function of the threshold deviation.

4. Discussion
To the best of our knowledge, this is the first PET/CT-based quan-

titative assessment of V/Q relationships at a voxel level in lung cancer
patients. This study demonstrated that voxel-wise correlations between
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Fig. 1. %®Ga PET/CT ventilation and perfusion images and voxel-wise correlations between ventilation and perfusion for two representative patients: case 1 with the
highest correlation (r = 0.88) and case 19 with the lowest correlation (r = 0.26). Both ventilation and perfusion images are normalized to the total value of all voxels

in the CT-defined lung volumes.
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Fig. 2. %®Ga PET/CT-measured log(V/Q) images and frequency distributions for two representative patients: case 6 with a larger percent gas exchanging lung volume
(91%) and higher D;co (81% predicted) and case 11 with a smaller percent gas exchanging lung volume (75%) and lower Dyco (43% predicted). The percent gas
exchanging lung volume was determined with a threshold deviation of 0.25. Voxels with no log(V/Q) values in case 11 were neither ventilated nor perfused

(determined by thresholding).

ventilation and perfusion varied widely between patients, suggesting
that V/Q imaging provides unique and complementary information for
physiologic assessment of lung cancer patients.

Our findings are consistent with those of a previous study by Sando et
al. [4] reporting wide variations in the standard deviation of SPECT-
measured V/Q ratio among lung cancer patients. We also demon-
strated a significant and moderate correlation between the percent gas
exchanging lung volume (defined as the proportion of voxels with V/Q
ratios falling within a threshold to the total number of voxels) and Dy o,

10

suggesting that 58Ga PET/CT V/Q imaging may provide a reasonable
surrogate for gas exchange. The study by Le Roux et al. [12] reported a
comparable correlation (0.55) between the percent mismatched defect
regions and Dy o based on region-wise (not voxel-wise) analysis.
Imaging of ventilation or perfusion alone has been used in radio-
therapy for lung cancer to guide functional avoidance radiotherapy
planning and to predict pulmonary toxicity after radiotherapy [1,2].
Given the basic physiologic principle that gas exchange is the primary
function of the lungs and previous work demonstrating an association
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between Dy o and toxicity [23-26], V/Q imaging may serve as a better
imaging biomarker for planning and improve toxicity prediction
compared to imaging of ventilation or perfusion alone. Furthermore, V/
Q imaging offers opportunities for applications in pulmonary medicine,
such as early detection and phenotyping of COPD [27], assessment of
severity of infection with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and response to therapy [28].

We acknowledge several limitations to Dyco used as reference to
compare with 58Ga PET/CT-measured V/Q matching. First, Dico only
provides global measurements of lung function, and hence are insensi-
tive to local abnormalities. Second, Dy co is influenced by not only local
V/Q matching (although regarded as most important [3]) but also
structural properties, e.g., thickness of the alveolar-capillary membrane.
Comparisons with gas exchange imaging, such as hyperpolarized xenon-
129 (1*°Xe) magnetic resonance imaging (MRI) [29], would provide
greater insights into the accuracy of ®®Ga PET/CT V/Q imaging as a
surrogate for regional gas exchange. However, such studies would be
challenging because of limited availability of ®®Ga PET/CT as well as
129%e MRI. Comparisons with ground truth (histopathology) is also
challenging. Another limitation of this study is uncertainty in perfusion
quantification. The mean ratio of overall ®*Ga-MAA activity concen-
tration in the lungs to overall °®Ga-Galligas activity concentration in the
lungs was 7.8 (standard deviation, 3.3), which is higher than a ratio of 4
that is generally considered sufficient for perfusion evaluation [30].
However, two cases had a ratio of < 4 (2.2 in case 4 and 3.0 in case 5),
which might have influenced perfusion quantification. Although resid-
ual activities of ®3Ga-Galligas were accounted for by image subtraction,
its clearance was not considered and resulting uncertainty in perfusion
quantification could be substantial especially if the activity ratio is low.

In conclusion, this study demonstrated that voxel-wise correlations
between ®8Ga PET/CT-measured ventilation and perfusion varied
widely between patients and that the percent gas exchanging lung vol-
ume was correlated significantly and moderately with Dyco. Our find-
ings suggested that °8Ga PET/CT V/Q imaging could provide unique and
complementary information and a reasonable surrogate for regional gas
exchange for physiologic assessment of lung cancer patients.
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