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Abstract

Rationale and Objectives—A novel ventilation imaging method based on four-dimensional
(4D) computed tomography (CT) has been applied to the field of radiation oncology.
Understanding its reproducibility is a prerequisite for clinical applications. The purpose of this
study was to quantify the reproducibility of 4D CT ventilation imaging over different days and the
same session.

Materials and Methods—Two ventilation images were created from repeat 4D CT scans
acquired over the average time frames of 15 days for 6 lung cancer patients and 5 minutes for
another 6 patients. The reproducibility was quantified using the voxel-based Spearman rank
correlation coefficients for all lung voxels and Dice similarity coefficients (DSC) for the spatial
overlap of segmented high-, moderate-, and low-functional lung volumes. Furthermore, the
relationship between the variation in abdominal motion range as a measure of the depth of
breathing and variation in ventilation was evaluated using linear regression.

Results—The voxel-based correlation between the two ventilation images was moderate on
average (0.50 + 0.15). The DSCs were also moderate for the high- (0.60 + 0.08), moderate- (0.46
+ 0.06), and low-functional lung (0.58 £ 0.09). No patients demonstrated strong correlations. The
relationship between the motion range variation and ventilation variation was found to be
moderate and significant.

Conclusions—We investigated the reproducibility of 4D CT ventilation imaging over the time
frames of 15 days and 5 minutes and found that it was only moderately reproducible. Respiratory
variation during 4D CT scans was found to deteriorate the reproducibility. Improvement of 4D CT
imaging is necessary to increase the reproducibility of 4D CT ventilation imaging.
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In recent years, there have been significant advances in molecular and functional imaging as
applied to the field of radiation oncology. The most important applications include treatment
planning, especially for dose painting (ie, boosting dose to active tumor subregions) (1-3)
and functional avoidance (ie, sparing dose from high-functional subregions of normal
tissues) (4-6). The other important application is the assessment of tumor response to
treatment (7) and radiation-induced normal tissue injury (8-10). In lung cancer radiotherapy,
lung ventilation or perfusion imaging with single photon emission computed tomography
(SPECT) (4, 11-19) and magnetic resonance (MR) (5,20-23) have been used in such
applications. However, SPECT and MR imaging suffer from drawbacks such as low
resolution, high cost, long scan time, and limited availability.

Lung ventilation images can be created by a novel technique based on four-dimensional
(4D) computed tomography (CT) (24). The 4D CT-derived ventilation can be considered
“free” information for lung cancer radiotherapy patients, because 4D CT scans are currently
in routine use for treatment planning purposes at many centers (42.3%) (25) and ventilation
computation involves only image processing and analysis. Moreover, 4D CT ventilation
imaging has higher resolution, lower cost, shorter scan time, and/or higher availability
compared to SPECTor MR imaging. In the literature, there have been several applications of
4D CT ventilation imaging to functional avoidance (6,26) and assessment of radiation-
induced ventilation changes (27,28). Four-dimensional CT ventilation images have been
found to vary widely with deformable image registration (DIR) algorithms and ventilation
metrics (29), indicating the need for careful validation. Nevertheless, little validation has
been performed to date. Several investigators evaluated the physiologic accuracy of 4D CT
ventilation imaging by comparing with xenon CT ventilation imaging for animal subjects
and found reasonable correlations (30-32). Major drawbacks of these studies include limited
axial coverage (~3 cm). Castillo et al (33) and Yamamoto et al (34) compared 4D CT and
SPECT ventilation images for thoracic cancer patients. Although they observed some
regional agreements, the correlations were low overall, which was at least in part due to
central airway depositions of the SPECT radiotracer (ie, technetium-99m-labeled
diethylenetriamine pentaacetate) aerosols. Positive data on human subjects include
significantly lower 4D CT ventilation in emphysematous regions (ie, known low-signal
regions) than in nonemphysematous regions (ie, known high-signal regions) for 12 lung
cancer patients as demonstrated by Yamamoto et al (35). More recently, Castillo et al
compared 4D CT ventilation and SPECT perfusion images for 10 lung cancer patients and
demonstrated strong correlations in functional defect regions distal to airway obstruction
because of gross tumor (36). These results indicate the potential for a high physiologic
accuracy of 4D CT ventilation imaging. Given the lack of data showing strong correlations
with ground truth ventilation imaging for human subjects, however, further studies are
necessary. In addition, the reproducibility should also be investigated, which is particularly
important for longitudinal studies such as the assessment of radiation-induced ventilation
changes. Recently, Du et al investigated the reproducibility of 4D CT ventilation imaging
using repeat 4D CT scans acquired over less than 10 minutes for three anesthetized,
mechanically ventilated sheep and nine lung cancer patients (37). They found high
reproducibility for sheep, but relatively poor reproducibility for patients.
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The purpose of this study was to assess the reproducibility of 4D CT ventilation imaging
using repeat 4D CT scans acquired over two different time frames: different days (different-
day cohort) and same session (same-session cohort). First, we investigated the hypothesis:
4D CT ventilation is constant with time in the absence of therapeutic intervention. Second,
we performed a further analysis to investigate the hypothesis: the temporal variation in 4D
CT ventilation is related to the temporal variation in abdominal motion range to identify an
important factor that influences the reproducibility.

Material and Methods

Patients

We studied 12 patients who were enrolled on two different prospective clinical studies (six
patients for each study) approved by the Institutional Review Board. All patients provided
written informed consent. The primary objective of one of the two study protocols was to
develop physiologically accurate 4D CT ventilation imaging; that of the other protocol was
to investigate the role of a novel respiratory training system based on audiovisual
biofeedback on 4D imaging. The two protocols essentially had equivalent inclusion and
exclusion criteria, in which most patients with lung cancer of any histology to be treated by
radiotherapy would be eligible. Patients underwent two repeat 4D CT scans before
radiotherapy treatment on different days for the first protocol (different-day cohort), or
immediately in the same session for the second protocol (same-session cohort). The
rationale for the different-day scans was to model potential variations from image
acquisition and underlying physiologic change.

4D CT Ventilation Imaging

Four-dimensional CT ventilation imaging consists of the following three steps: 1)
acquisition of a 4D CT image set, 2) DIR for spatial mapping of the peak-exhale CT image
to the peak-inhale image, and 3) quantification of regional volume change, yielding a
ventilation image projected onto the peak-exhale phase. Each patient underwent two repeat
4D CT scans; therefore, two 4D CT ventilation images corresponding to the two time points
were created per patient. Each of the three steps is described in detail here.

The first step was the acquisition of a 4D CT image set for 10 respiratory phase-based bins.
Four-dimensional CT images are created by 1) acquiring oversampled CT data segments
consisting of multiple slices simultaneously with an external respiratory signal and 2)
retrospectively reconstructing a number of three-dimensional CT image sets correlated with
a given respiratory displacement range or phase range. In our department, 4D CT scans are
in routine use for thoracic and abdominal cancer. We acquired 4D CT scans of the entire
thorax on a Discovery ST multislice positron emission tomography/CT scanner (GE
Healthcare, Waukesha, WI) in cine mode. Simultaneously, a real-time position management
(RPM) system (Varian Medical Systems, Palo Alto, CA) was used to measure patient's
abdominal displacements by monitoring an infrared reflective box throughout a scan. Scan
parameters were set as follows: 120 kVp, approximately 100 mAs per slice, 0.5-second
gantry rotation, 0.45-second cine interval, and 2.5-mm slice thickness, as used clinically in
our radiation oncology department. The CT data were continuously acquired for a cine
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duration that was approximately 1 second longer than the estimated patient's respiratory
period. Because the axial coverage of the scanner was 2 cm, the cine CT acquisition was
performed at multiple couch positions such that the entire thorax was covered. GE
Advantage 4D software was used to create a 4D CT image set by sorting CT slices based on
the RPM phase information into 10 respiratory bins, yielding 10 three-dimensional CT
volumes. In this study, we used paired CT images at the peak-exhale and peak-inhale phases
for ventilation computation. Further details on the 4D CT image acquisition have been
described elsewhere (38).

The second step was DIR for spatial mapping of the peak-exhale CT image to the peak-
inhale image, deriving a displacement vector field (DVF). In this study, we used a
volumetric elastic registration method that minimizes both a similarity function (sum of
squared difference between the peak-inhale and deformed peak-exhale CT images) and a
regularizing term (elastic regularizer) based on the Navier-Lame equation (39). The
registration accuracy was previously investigated through quantifying the target registration
error (distances between the anatomic landmarks [ie, vessel and bronchial bifurcations]) at
the target phase propagated manually from the reference phase and those propagated by
DIR. The target registration errors were found to be less than the voxel dimension on
average (39-41). The same algorithm parameters used in these studies were employed in the
current study as well.

The final step was the quantification of regional volume change through analyzing a DVF. In
this study, we investigated the Jacobian-based ventilation metric (29,31-33,35). The
Jacobian determinant (J) of the displacement vector, v, is given by

1+0uw(m,y,z) Oug(z,y,2) dug (x,y,2)
Dy ( Ox o 0% 5 E’?z
uy (T,y,2 uy (2,y,2 uy (2,y,2
J(x’ Y, Z): y@;L:J ) 1+ yayJ ) y@zy ) ,
Ous(z,y,2) Ouz(2,y.2) 1+ Ouz(2,y,2)
ox Oy 0z 1)

which represents the differential contraction or expansion at point (x; y; 2). The volume of
each exhale voxel deformed into the inhale phase Volivl?xel can be estimated by

Voli‘;fxel(;my, z):VOI;’XGl(Ly, z) - J(z,y,2), 2

where Vol'2*! is the exhale voxel volume. In this study, the ventilation metric (V) was
defined as exhale-to-inhale volume change and can be expressed as

V(:I,', Y, Z):V01¥r?xe}(x7 Y, Z) - VOlggxel(xa Y, Z):VOIE)(ZXM ’ {J(lya Z) - 1} (3)
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A value of zero corresponds to local volume preservation. A negative value represents local
contraction, and a positive value represents local expansion. Thus 4D CT ventilation images
at the peak-exhale phase were created for the first (V5t) and second ( V5q) scans. Further
details on each step of 4D CT ventilation imaging have been described elsewhere (29,35).

The ventilation values outside the segmented lung parenchyma volumes have been zeroed
before quantifying the reproducibility. The lung volume was segmented by delineating lung
voxels, of which the HU values were smaller than a threshold of —250 in a similar manner to
Guerrero et al (42) and Castillo et al (36) within the lung outlines generated by the model-
based segmentation of the Pinnacle3 treatment planning system (Philips Radiation Oncology
Systems, Fitchburg, WI). Manual trimming of the central airways and great vessels was also
performed where necessary.

Quantification of the Tidal Volume

The tidal volume was calculated from the 4D CT images to investigate variation in repeat 4D
CT scans. First, the air volumes in the peak-exhale and peak-inhale lungs were estimated by
integrating the air volumes of all the lung voxels for each phase. The air volume (Vol&") in
the voxel at location (X, y, 2) is estimated by

~ HU(z,y,2)

Vlvoxel )
1000 Vel @y, 2),

Vol (z,y, 2)= 4

where HU is the Hounsfield unit value (43). Note that the air and tissue densities were
assumed to be —1000 and 0 HU, respectively. Second, the air volume in the peak-exhale lung
was subtracted from that of the peak-inhale lung to determine a tidal volume.

Quantification of the Reproducibility of 4D CT Ventilation Imaging

The first and second 4D CT ventilation images were compared to assess the reproducibility.
For longitudinal imaging studies, images acquired at different time points must be registered
to a common reference domain before quantitative analysis. In this study, the same DIR
method described above was used to propagate the peak-exhale CT image of the second scan
to that of the first scan. The resulting DVF was then directly used to propagate the second
ventilation image to the domain of the first image, given that the original 4D CT and
ventilation images have exactly the same dimension and resolution. The reproducibility of
4D CT ventilation imaging was assessed qualitatively by visually comparing the two
ventilation images and quantitatively using two metrics:

1 Voxel-based Spearman rank correlation coefficients (p) for all voxels within the
lung

2. Dice similarity coefficients (DSC) (44) for the spatial overlap of segmented
functional (high, moderate, and low) lung volumes as defined by
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2 -FLV 15t NFLV 21q

DS C: )
FLV ;t+FLV 214 (5)

where FLVis the segmented high-, moderate-, or low-functional lung volume.

For comparing two ventilation images acquired at different time points, normalization is
necessary because of the temporal change in patient's breathing level. The ventilation values
as determined by Equation 3 were globally normalized by the overall mean ventilation (1) at
each time point as:

Vol'oxelf J(z,y,2) — 1
Voot ol =

The high-, moderate-, and low-functional lung volumes were segmented by 1) computing a
cumulative distribution function of the ventilation values within the lung; 2) calculating the
ranges of ventilation values for the high, moderate, and low function such that the number of
voxels for each was equivalent; and 3) delineating lung voxels, of which the ventilation
values fall into each range using the Pinnacle? system. The cutoff values described in the
literature have been employed to interpret the Spearman correlation coefficients and DSCs.
Zou et al proposed the following cutoff values for the Spearman correlation coefficient: p =
1.0 as perfect, 0.8 < p < 1.0 as strong, 0.5 < p < 0.8 as moderate, 0.2 < p < 0.5 as weak, and
0 < p <0.2 as no correlation (45). For the DSC, we used the following cutoff values: 0.8 <
DSC < 1.0 as almost perfect, 0.6 < DSC < 0.8 as substantial, 0.4 < DSC < 0.6 as moderate,
0.2 < DSC <£0.4 as fair, 0 < DSC < 0.2 as slight, and DSC < 0 as poor overlap, which are
identical to the cutoff values for the kappa statistic proposed by Landis and Koch (46),
considering that DSC is a special case of the kappa statistic (47).

Regression Analysis for the Relationship between the Abdominal Motion Range Variation
and 4D CT Ventilation Variation

Given that the 4D CT—derived ventilation depends on the depth of breathing (Eq 3), a further
analysis was performed to test the hypothesis: temporal variation in 4D CT ventilation is
related to the temporal variation in abdominal motion range during 4D CT scans in order to
identify an important factor that influences the reproducibility. The temporal variation in 4D
CT ventilation (4V) was determined for each peak-exhale voxel by subtracting the first
ventilation from the second ventilation as expressed by

AV (2,y,2) =Vond (2,4, 2) = Vist (T, 4,2) . (7)

The temporal variation in abdominal motion range (4rm) was also determined for each peak-
exhale voxel. The abdominal motion range was used as a measure of the depth of breathing
and was determined based on abdominal displacements. Each CT data segment is assigned a
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particular RPM-measured abdominal displacement at the moment of scan. The motion range
was determined by calculating the difference between the peak-exhale and peak-inhale
abdominal displacements. A link between the peak-exhale and peakinhale voxels was
established using the same DVF calculated in ventilation imaging. The variation in motion
range (4m) was determined in a similar manner to the variation in ventilation by subtracting
the first motion range (/) globally normalized by the overall mean (/) from the second
motion range normalized by the overall mean as expressed by

Am(z,y z):and (z,y,2) | M (z,y,2)
s Mand s (8)

Note that the second ventilation or motion range images were propagated to the domain of
the first scan in a similar manner to quantify the reproducibility when calculating temporal
variations in ventilation or motion range.

Linear regression analysis was then performed to evaluate the global and regional
relationship between the abdominal motion range variation and 4D CT ventilation variation.
For the global relationship, the standard deviation of motion range variations (4rm) for all
voxels within the lung was quantified as a global measure of the variation in the depth of
breathing. The voxel-based correlation coefficients between the first and second 4D CT
ventilation images were used as a global measure of the ventilation variation. For the
regional relationship, the ventilation variations (4V) were averaged over the region with a
particular motion range variation, considering that the abdominal displacement was a global
measure for each CT data segment. The motion range variations were binned into intervals
of 0.1 (eg, —0.15 to —0.05, —0.05 to +0.05, +0.05 to +0.15), ranging from the 5th percentile
to the 95th percentile. The average ventilation variation was then determined for each bin of
motion range variation. The cutoff values proposed by Zou et al have been employed to
interpret the coefficient of determination (/2): /2 = 1.0 as perfect, 0.64 < /2 < 1.0 as strong,
0.25 < /2 < 0.64 as moderate, 0.04 < /2 < 0.25 as weak, and 0 < /2 < 0.04 as no correlation
(45). Furthermore, we also investigated the impact of abdominal motion range—based linear
normalization of the 4D CT ventilation on the reproducibility. The ventilation value was
linearly normalized by the corresponding motion range value for each voxel as expressed by

Results

Patients

Basic characteristics of 12 patients and repeat 4D CT scans are described in Table 1. For the
different-day cohort, the first scans were acquired as part of routine treatment simulation in a
treatment position for all patients. The second scans were acquired on different days over the
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average time frame of 15 days. The second scans were acquired before the start of lung
cancer radiotherapy treatment for all patients, except for patients 4 and 6 who received the
scans after delivering 7% (3.7 Gy) and 5% (3 Gy) of the prescribed dose, respectively,
because of scheduling reasons. Radiation-induced changes in regional ventilation would be
minimal considering low-dose levels. To accommodate another objective of the study
protocol, the patients were asked to bring their arms down and the immobilization devices
were not used in the second scans for patients 1, 2, 3, and 6. For the same-session cohort, the
two scans were acquired in the same session without changing the patient position over the
average time frame of 5 minutes. The use of audiovisual biofeedback was switched from the
first scan to the second scan.

There were significant differences in the air volumes between the two scans at both the
peak-exhale (first 3498 + 1659 cmS vs. second 264 + 1251 cm3, P< .01) peak-inhale phases
(3957 + 1646 cm3 vs. 3465 + 1288 cm?3, P< .01). However, the lung volumes were
comparable at both the peak-exhale (4384 + 1804 cm3 vs. 4321 + 1862 cm?3, P=.62) and
peak-inhale phases (4872 + 1793 cm3 vs. 4920 + 1919 cm3, A= .67). The tidal volumes (ie,
the difference between the peak-exhale and peakinhale air volumes) were also comparable
(460 +144 cm3 vs. 501 + 171 cm?3, P=.17). The abdominal motion ranges as measured by
the RPM system were comparable as well (0.79 + 0.23 cm vs. 0.81 £ 0.31 cm, P=.85).

Reproducibility of 4D CT Ventilation Imaging

Figure 1 shows a comparison of the first and second 4D CT ventilation images for patient 1
of the same-session cohort, which demonstrated a moderate voxel-based Spearman
correlation coefficient of 0.75 that was the highest in that cohort. In general, there were
visually good agreements in the distributions of high (right lower and left upper lobes) and
low ventilation (right upper and middle lobes) between the two images. However,
considerable disagreements were also observed in several regions, especially around the left
lower lobes. The DSCs for the segmented functional lung volumes were substantial or
moderate (0.72, 0.59, and 0.76 for the high-, moderate-, and low-functional lung,
respectively). Another comparison of the first and second 4D CT ventilation images for
patient 6 of the different-day cohort is shown in Figure 2, which demonstrated a weak voxel-
based correlation of 0.36 that was the lowest in that cohort. Although there were some
agreements between the two ventilation images, the disagreements were more apparent
throughout the lungs in contrast to patient 1 of the same-session cohort. For example, the
right lower lobe clearly changed from a homogeneous distribution of high ventilation in the
first scan to an inhomogeneous distribution in the second scan. The DSCs for the segmented
functional lung volumes were moderate (0.54, 0.44, and 0.53 for the high-, moderate-, and
low-functional lung, respectively). Table 2 shows a summary of the voxelbased Spearman
correlation coefficients and DSCs for the 12 patients. On average, the voxel-based
correlation was found to be moderate (0.50 £ 0.15), and the DSCs were also moderate (0.60
+0.08, 0.46 £ 0.06, and 0.58 + 0.09 for the high-, moderate-, and low-functional lung,
respectively). The correlations for the different-day cohort were comparable to those for the
same-session cohort (voxel-based correlation, 0.48 £ 0.11 vs. 0.53 £ 0.20, A= .50). None
ofthe 12 patients demonstrated either a strong voxel-based correlation or DSC between the
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two ventilation images. The moderate-functional lung volumes demonstrated lower DSCs
compared to the high- and low-functional lung volumes consistently in all patients.

Relationship between the Abdominal Motion Range Variation and 4D CT Ventilation

Variation

Figure 3 shows a comparison ofthe abdominal motion range images of the first scan, second
scan, and variation between the two scans for the same patients as those in Figures 1 and 2.
Patient 1 of the same-session cohort demonstrated motion ranges close to 1 (ie, overall mean
throughout the lungs), whereas patient 6 of the different-day cohort showed motion ranges
considerably deviated from 1 in both the first and second scans. As a result, the mation
range variation image of patient 1 of the same-session cohort demonstrated smaller
variations with the standard deviation of 0.21 compared to 0.41 of patient 6 of the different-
day cohort. Figure 4 shows the relationship between the standard deviation of motion range
variation as a global measure of the variation in the depth of breathing and voxel-based
Spearman correlation coefficients between the two 4D CT ventilation images for the 12
patients, indicating a moderate, statistically significant linear relationship (2 = 0.55, P< .
01).

Figure 5a shows a comparison of the images of abdominal motion range variation and 4D
CT ventilation variation for patient 2 of the different-day cohort. Visually, there were good
correlations between the two images especially in the upper lobes, where the ventilation
variation increased with increasing motion range variation. From linear regression analysis,
the relationship between the motion range variation and ventilation variation was found to be
strong and statistically significant for this particular case (/2 = 0.90, P< .01; Fig 5h).
Another comparison for patient 6 of the differentday cohort is shown in Figure 6, which
demonstrated no relationship (72 = 0.01, P=.83). Even though there were visually
remarkable disagreements throughout the lungs, there were some agreements around the
upper lobes. Table 3 shows a summary of the linear regression analysis results for the 12
patients. The relationship between the motion range variation and ventilation variation was
found to be statistically significant and strong for 4 patients, moderate for 2 patients, and
weak for 1 patient. Five patients showed nonsignificant relationships. Overall, a moderate,
significant relationship was observed based on all patients (2 = 0.42, P< .01).

Figure 7 shows a comparison of the first and second 4D CT ventilation images with and
without abdominal motion range—based linear normalization. This particular case
demonstrated a slight improvement in the correlation between the two ventilation images
from 0.50 (voxel-based) without normalization to 0.56 with normalization. However, overall,
motion range—based linear normalization resulted in the mean voxel-based correlation
coefficient of 0.48 + 0.20, which was comparable to 0.50 + 0.15 without normalization (P=.
15).

Discussion

An investigation on the reproducibility of 4D CT ventilation imaging over two different time
frames, 15 days (differentday) and 5 minutes (same-session), was performed using repeat 4D
CT scans for 12 lung cancer patients. Overall, the correlations between the repeat 4D CT
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ventilation images were found to be moderate based on the voxel- and segment-wise
analyses. Also, the correlations for the different-day cohort were comparable to those for the
same-session cohort. None of the 12 patients demonstrated strong correlations between the
repeat ventilation images. Recently, Du et al quantified the reproducibility of 4D CT
ventilation imaging over the time frame of less than 10 minutes for three anesthetized,
mechanically ventilated sheep and 9 lung cancer patients (37). They found high
reproducibility for sheep, but relatively poor reproducibility for patients, which is consistent
with our results. There have been several studies quantifying the reproducibility of other
ventilation imaging modalities, including hyperpolarized 3He MR imaging (48-50) and
planar scintigraphy (51). These studies demonstrated high reproducibility for healthy
subjects (49,51), chronic obstructive pulmonary disease (COPD) patients (48), and pediatric
cystic fibrosis patients (50) at least over a time frame of 1 day in contrast to our findings.
The reproducibility of 4D CT ventilation imaging would be deteriorated by variations
arising from several factors. One of the important factors would be respiratory variation
during 4D CT scans. Four-dimensional CT images are created by acquiring oversampled CT
data segments at multiple couch positions over multiple respiratory cycles. Respiratory
variations result in mismatches in the respiratory phase between CT data segments, which
manifest as artifacts in 4D CT images at an alarmingly high frequency (52). Thus, we
attempted to relate the temporal variation in ventilation to the temporal variation in
abdominal motion range as a measure of the depth of breathing, which resulted in a
moderate, significant relationship overall based on both the global and regional analyses.
Our results indicate that the reproducibility of 4D CT ventilation imaging could be increased
by decreasing respiratory variation during 4D CT scans. Abdominal motion range-based
linear normalization did not improve the reproducibility of 4D CT ventilation imaging,
which was at least in part due to uncertainties in the relationship between the motion range
variation and ventilation variation as reflected by large error bars in Figures 5b and 6b. The
large uncertainties would be because the motion ranges were calculated from the abdominal
displacements that provide only global information for each CT data segment, whereas
regional ventilation would likely change with breathing nonuniformly. In addition, there
were deformed exhale voxels that belonged to two different CT data segments especially
around the segment interface in ventilation computation. However, any such effect was not
taken into account when calculating motion ranges, which would introduce uncertainties to
the voxel-by-voxel correspondence between the motion range and ventilation. Several
patients demonstrated nonsignificant relationships between the motion range variation and
ventilation variation, which may be due to weak correlations between the abdominal motion
and lung volume change. lwasawa et al reported emphysematous patients showing
paradoxical motion of the diaphragm (53,54). Also there have been several studies
demonstrating varying correlations between the external respiratory signal and internal
motion (eg, diaphragm and lung tumor) (55-57). Considering these studies, we cannot rule
out possibility of weak correlations between the abdominal motion and lung volume change
for our patient cohort. Spirometry provides lung volume information, and hence may
improve the relationship with the ventilation variation.

For the different-day cohort, the reproducibility of 4D CT ventilation imaging could be
deteriorated by additional variations arising from image acquisition, image registration, and
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underlying physiologic change. Although the same 4D CT scan parameters were used in the
two repeat scans, there were several considerable differences including patient's arm position
(up or down) and the use of the immaobilization devices. Couser et al investigated the
respiratory consequences of arm elevation during tidal breathing and demonstrated
significant increases in ventilatory and metabolic requirements for simple arm elevation
compared to arms down (58). The difference in arm position might also contribute to the
temporal variation in regional ventilation. Variations in arm position and the use of
immobilization devices would also lead to variation in patient's anatomy that impacts image
registration between the two 4D CT images, even though the lung volumes in the two scans
were comparable to each other for both the peak-exhale and peak-inhale phases. The air
volumes in the lungs were markedly different between the two scans. The cause is not clear;
however, it might be due to the uncertainty in estimating the air volume by Equation 4.
Furthermore, underlying physiologic changes might occur because of tumor growth and/or
airway narrowing or closure in COPD for example. Mathew et al found moderate
reproducibility for the ventilation defect volume measured by repeat hyperpolarized He MR
imaging over a 7-day time frame, while they found high reproducibility over a 7-minute time
frame for 24 subjects including healthy volunteers and COPD patients (48). They explained
that lower reproducibility for the 7-day time frame might be due to physiologic changes in
COPD. Nevertheless, these variations were considered to be minimal in this study, given that
the reproducibility of 4D CT ventilation imaging for the different-day cohort was
comparable to that for the same-session cohort.

The findings from this study suggest that the reproducibility of 4D CT ventilation imaging
could be increased by decreasing respiratory variation during 4D CT scans. In the literature,
there have been several strategies to reduce respiratory variation for improved 4D CT
imaging, including respiratory training (59-61) and respiration-synchronized acquisition
(62—-64). Also a new generation of multidetector CT (65) enables most of the thorax to be
scanned at a single couch position, and hence would minimize respiratory variation. With
these strategies, the reproducibility of 4D CT ventilation imaging may be increased.

Conclusions

We investigated the reproducibility of 4D CT ventilation imaging over the two different time
frames of 15 days and 5 minutes for 12 patients. Four-dimensional CT ventilation images
were found to be only moderately reproducible over the both time frames based on the
voxel- and segment-wise analyses. Respiratory variation during 4D CT scans was found to
be a significant factor that deteriorates the reproducibility. Improvement of 4D CT imaging
would be necessary to increase the reproducibility of 4D CT ventilation imaging.
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Figure 1.
Comparison of the first and second peak-exhale four-dimensional (4D) computed

tomography (CT) and ventilation images at different coronal levels for patient 1 of the same-
session cohort, showing the highest correlation in that cohort with the voxel-based Spearman
correlation coefficient of 0.75. Note that ventilation is normalized by the overall mean value
and that the second 4D CT and ventilation images are propagated to the domain of the first
scan.
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Comparison of the 1st and 2nd peak-exhale four-dimensional (4D) computed tomography

(CT)

and ventilation images at different coronal levels for patient 6 of the different-day

cohort, showing the lowest correlation in that cohort with the voxel-based Spearman
correlation coefficient of 0.36. Note that ventilation is normalized by the overall mean value

and t
scan.

hat the second 4D CT and ventilation images are propagated to the domain of the first
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Figure 3.
Comparison of the abdominal motion range images of the first scan, second scan, and

variation between the two scans for patient 1 of the same-session cohort and patient 6 of the
different-day cohort. The standard deviation of motion range variation of patient 1 of the
same-session cohort was 0.21, which was markedly smaller than 0.41 of patient 6 of the
different-day cohort. Note that motion range is normalized by the overall mean value and
that the second motion range images are propagated to the domain of the first scan.
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Figure 4.
Standard deviations of abdominal motion range variations versus voxel-based Spearman

correlation coefficients between the first and second four-dimensional (4D) computed
tomography (CT) ventilation images for 12 patients, showing a moderate, significant linear
relationship (/2 = 0.55, < .01). The line of best fit is also shown.
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Figureb5.
(a) Comparison of the images of abdominal motion range variation and four-dimensional

(4D) computed tomography (CT) ventilation variation at different coronal levels for patient
2 of the different-day cohort, showing the strongest linear relationship (/2 = 0.90, A< .01).
(b) Abdominal motion range variation versus 4D CT ventilation variation for the same
patient. Points represent the average ventilation variations within motion range variation
bins. Error bars represent the standard deviations.
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Figure 6.
(a) Comparison of the images of abdominal motion range variation and four-dimensional

(4D) computed tomography (CT) ventilation variation at different coronal levels for patient
6 of the different-day cohort, showing the weakest linear relationship (2 = 0.01, 2= .83). (b)
Abdominal motion range variation versus 4D CT ventilation variation for the same patient.
Points represent the average ventilation variations within motion range variation bins. Error
bars represent the standard deviations.
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Figure7.
Comparison of the images of the first and second abdominal motion range, and four-

dimensional (4D) computed tomography (CT) ventilation without and with motion range-
based linear normalization for patient 1 of the different-day cohort, showing the largest
improvement in the voxel-based correlation between the two ventilation images from 0.50 to
0.56. Motion range-based normalization increased or decreased regional ventilation as
denoted by white arrows in the first ventilation image and resulted in better agreements with
the second ventilation image.
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Table 2
Voxel-based Spearman Correlation Coefficients (All Voxelswithin the Lung) and Dice
Similarity Coefficients (Segmented Functional Lung Volumes) between the First and
Second Four-dimensional Computed Tomography Ventilation Images for 12 Patients

Dice Similarity Coefficient

Patient Voxel-based Correlation High Moderate Low

Different-day cohort

1 0.50 0.57 0.43 0.56

2 0.65 0.66 0.44 0.65

3 0.38 0.56 0.40 0.47

4 0.45 0.56 0.46 0.56

5 0.53 0.60 0.44 0.54

6 0.36 0.54 0.44 0.53
Mean + SD 0.48+£0.11 058+0.0 5044+0.02 0.55+0.06

Same-session cohort

1 0.75 0.72 0.59 0.76
2 0.66 0.64 0.47 0.67
3 0.42 0.60 0.49 0.57
4 0.69 0.74 0.54 0.67
5 0.34 0.49 0.38 0.52
6 0.31 0.51 0.46 0.51
Mean + SD 0.53+0.20 062+0.1 1049%£0.07 0.62+0.10
All patients
Mean + SD 0.50+0.15 0.60+0.0 80.46+0.06 0.58+0.09
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Slopes, r2, and P Values of the Linear Regression Models for the Relationship between the

Abdominal Motion Range Variation and Four-dimensional Computed Tomography

Ventilation Variation for 12 Patients

Patient Slope r2 P Value
Different-day cohort
1 0.88 0.81 <.01
2 0.70  0.90 <.01
3 0.48 0.29 .06
4 030 0.23 .03
5 055 0.35 .30
6 -0.04 0.01 .83
Same-session cohort
1 0.33 0.07 44
2 111 0.85 <.01
3 0.17  0.02 .65
4 1.03 0.83 <.01
5 035 0.28 <.01
6 0.46 041 .01
All patients
026 042 <.01
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