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Purpose: Four-dimensional (4D) computed tomography (CT) ventilation imaging is a novel promis-
ing technique for lung functional imaging. The current standard 4D CT technique using phase-based
sorting frequently results in artifacts, which may deteriorate the accuracy of ventilation imaging. The
purpose of this study was to quantify the variability of 4D CT ventilation imaging due to 4D CT
sorting.
Methods: 4D CT image sets from nine lung cancer patients were each sorted by the phase-based
method and anatomic similarity-based method, designed to reduce artifacts, with corresponding ven-
tilation images created for each method. Artifacts in the resulting 4D CT images were quantified with
the artifact score which was defined based on the difference between the normalized cross correla-
tion for CT slices within a CT data segment and that for CT slices bordering the interface between
adjacent CT data segments. The ventilation variation was quantified using voxel-based Spearman
rank correlation coefficients for all lung voxels, and Dice similarity coefficients (DSC) for the spatial
overlap of low-functional lung volumes. Furthermore, the correlations with matching single-photon
emission CT (SPECT) ventilation images (assumed ground truth) were evaluated for three patients to
investigate which sorting method provides higher physiologic accuracy.
Results: Anatomic similarity-based sorting reduced 4D CT artifacts compared to phase-based sorting
(artifact score, 0.45 ± 0.14 vs 0.58 ± 0.24, p = 0.10 at peak-exhale; 0.63 ± 0.19 vs 0.71 ± 0.31,
p = 0.25 at peak-inhale). The voxel-based correlation between the two ventilation images was 0.69
± 0.26 on average, ranging from 0.03 to 0.85. The DSC was 0.71 ± 0.13 on average. Anatomic
similarity-based sorting yielded significantly fewer lung voxels with paradoxical negative ventilation
values than phase-based sorting (5.0 ± 2.6% vs 9.7 ± 8.4%, p = 0.05), and improved the correlation
with SPECT ventilation regionally.
Conclusions: The variability of 4D CT ventilation imaging due to 4D CT sorting was moderate
overall and substantial in some cases, suggesting that 4D CT artifacts are an important source of
variations in 4D CT ventilation imaging. Reduction of 4D CT artifacts provided more physiologi-
cally convincing and accurate ventilation estimates. Further studies are needed to confirm this result.
© 2013 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4820538]
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1. INTRODUCTION

Four-dimensional (4D) computed tomography (CT) ventila-
tion imaging has emerged as a novel promising technique for
lung functional imaging in the field of radiation oncology.1

The 4D CT-derived ventilation can be considered “free” in-
formation for lung cancer radiotherapy patients, since 4D CT
scans are currently in routine use for treatment planning pur-
poses at many centers (estimated to be >50% based on Simp-
son et al.2) and ventilation computation involves only image

processing and analysis. Moreover, 4D CT ventilation imag-
ing has a higher resolution, lower cost, shorter scan time,
and/or higher availability compared to competing techniques,
e.g., single-photon emission CT (SPECT) and magnetic res-
onance (MR) imaging. If a 4D CT scan is not in routine use,
it would require an extra dose of approximately 100 mGy
(Ref. 3) and an exam time of 10–20 min. In the literature,
there have been applications of 4D CT ventilation imaging
to treatment planning for functional avoidance4, 5 and assess-
ment of radiation-induced changes in pulmonary function.6, 7
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The animal subject studies have demonstrated reason-
able correlations between 4D CT ventilation and xenon CT
ventilation8–10 and also high reproducibility11 in healthy
lungs. However, the human subject studies have reported
low correlations between 4D CT ventilation and SPECT
ventilation12, 13 and poor to moderate reproducibility11, 14 in
diseased lungs with lung cancer, while Castillo et al.15 have
recently demonstrated strong correlations between functional
defect regions distal to tumor-induced airway obstruction de-
fined by 4D CT ventilation and SPECT perfusion. There
are several major differences between the animal and human
studies, including lung physiologic condition and 4D CT im-
age acquisition. Animal studies used animals with healthy
lungs, whereas human studies used patients with diseased
lungs. The 4D CT ventilation cannot distinguish actual inflow
of fresh gas (i.e., ventilation) from redistribution of alveolar
or dead space gas (i.e., pendelluft16), which may be consider-
able in diseased lungs such as chronic obstructive pulmonary
disease [COPD (Ref. 17)]. Most relevant to this study, the 4D
CT images have been acquired during well-controlled tidal
breathing with mechanical ventilation in the animal studies,
whereas in the human studies most uncontrolled tidal breath-
ing subject to variations throughout a scan. Although audio
and/or visual biofeedback respiratory training has been em-
ployed by several investigators,11, 14 it has been based on pa-
tient’s abdominal displacements, which do not necessarily
represent internal lung motion,18 and also there can still be
residual variations. Respiratory variations result in artifacts in
4D CT images and also inconsistent lung volumes.19 These
factors may deteriorate the accuracy and/or reproducibility of
4D CT ventilation imaging in diseased human subjects, and
might contribute to the conflicting results in the literature.

The purpose of this study was to quantify the variability of
4D CT ventilation imaging due to 4D CT sorting. The current
standard 4D CT technique with phase-based sorting20 results
in artifacts at an alarmingly high frequency [90% (Ref. 19)],
while there have been several improved sorting methods that
reduce artifacts.21–28 This study is the first to quantify the ven-
tilation variation arising from different 4D CT sorting meth-
ods. In addition, we also investigated which provides higher
physiologic accuracy by comparing with SPECT ventilation
(assumed ground truth).

2. METHODS AND MATERIALS

2.A. Patients

We studied nine thoracic cancer patients (seven males
and two females) with the average age of 67 years (range,
51–80 years). Patients were selected retrospectively with-
out prior knowledge of 4D CT artifacts from those on two

prospective clinical studies approved by Stanford University’s
Institutional Review Board. Both of these study protocols re-
quire 4D CT scans. All patients provided written informed
consent.

2.B. 4D CT imaging and sorting: Phase-based
and anatomic similarity-based

4D CT scans of the entire thorax were acquired on
a Discovery ST multislice positron emission tomography
(PET)/CT scanner (GE Healthcare, Waukesha, WI) in cine
mode. Simultaneously, patient’s abdominal displacements
were measured using a real-time position management (RPM)
system (Varian Medical Systems, Palo Alto, CA). Scan
parameters were set as follows: 120 kVp, approximately
100 mAs per slice, 0.5 s gantry rotation, 0.45 s cine interval,
and 2.5 mm slice thickness, as used clinically in our depart-
ment. The CT data were continuously acquired for a cine du-
ration that was approximately 1 s longer than the patient’s
estimated respiratory period. Since the axial coverage of the
scanner was 2 cm (eight slices), the cine CT acquisition was
performed at multiple couch positions to cover the entire tho-
rax. The voxel dimension was 1 (approximate) × 1 (approxi-
mate) × 2.5 mm. Further details on the 4D CT image acqui-
sition have been described elsewhere.20

The oversampled CT slices were then sorted into ten res-
piratory bins using two different methods: phase-based sort-
ing and anatomic similarity-based sorting, yielding two 4D
CT image sets per patient. Phase-based sorting is based on
the nearest neighbor criterion where the CT data segment is
selected such that the synchronized RPM phase is closest to
the prescribed target phase at each couch position.29 Phase-
based sorting was performed using GE Advantage 4D soft-
ware. Anatomic similarity-based sorting is designed to reduce
4D CT artifacts and is based on the correlation between CT
slices bordering the interface between adjacent couch posi-
tions (i.e., anatomic similarity), synchronized RPM abdomi-
nal displacement, and direction of breathing (i.e., exhale or
inhale). It selects candidate CT data segments about the pre-
scribed target displacement based on the nearest neighbor
criterion, followed by calculation of the correlation coeffi-
cients for all candidate CT slice pairs bordering couch in-
terfaces. Finally, CT data segments are selected to maximize
the correlation over the entire data set. Anatomic similarity-
based sorting was performed using an inhouse developed pro-
gram. Further details have been described by Johnston et al.28

They observed significantly reduced artifacts with anatomic
similarity-based sorting than phase-based sorting.

To quantitatively evaluate artifacts in the resulting 4D CT
images, we employed the artifact score (AS) defined by

AS = 1

N

b∑
s=a

(
NCC(I [s, k − 1], I [s, k]) + NCC(I [s + 1, 1], I [s + 1, 2])

2
− NCC(I [s, k], I [s + 1, 1])

)
· 100, (1)
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where NCC(I, I′) is the normalized cross correlation (NCC)
value between two CT slices (I and I′), I[s, i] is the ith slice in
the sth CT data segment, k is the number of slices per CT data
segment (k = 8 for the scanner used here), a is the index of
the CT data segment that contains the most superior slice of
the lung, b is the index of the CT data segment that contains
the most inferior slice of the lung, and N is the number of CT
data segments that contain a lung. Note that 4D CT artifacts
do not occur within a CT data segment. NCC(I[s, k − 1], I[s,
k]) and NCC(I[s + 1, 1], I[s + 1, 2]) reflect normal anatomic
changes alone, while NCC(I[s, k], I[s + 1, 1]) reflects possible
artifact-caused decrease in anatomic similarity in addition to
normal anatomic changes. Thus, the difference between these
NCC values is positive in principle. The averaged difference is
finally multiplied by a scale factor of 100 for ease of presenta-
tion. A NCC-based metric has been demonstrated to replicate
the findings of human observers.30 The artifact scores of the
phase-sorted and anatomic similarity-sorted 4D CT images
were compared using the two-tailed paired t-test.

2.C. 4D CT ventilation imaging

Two lung ventilation images were created from two 4D
CT image sets generated by phase-based sorting and anatomic

similarity-based sorting through (1) deformable image reg-
istration (DIR) for spatial mapping of the peak-exhale CT
image to the peak-inhale image, and (2) quantification of
regional air volume change. In this study, we used a vol-
umetric 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-
Lamé equation.31 Given that sliding motion of the lungs
against the pleura can cause large registration errors, the
DIR algorithm focused on only the lungs by assigning 0
HU to all the voxels with >0 HU. The registration ac-
curacy was previously studied through quantifying the tar-
get registration error (distances between the anatomic land-
marks including vessels and bronchial bifurcations) at the
target phase propagated manually from the reference phase
and those propagated by DIR. The target registration er-
rors were found to be less than the voxel dimension on
average.31–33 The same algorithm parameters were employed
in this study. To quantify regional air volume change, we
employed the Jacobian-based ventilation metric.9 The Ja-
cobian determinant (J) of the displacement vector, u, is
given by

J (x, y, z) =

∣∣∣∣∣∣∣∣∣∣∣

1 + ∂ux(x, y, z)

∂x

∂ux(x, y, z)

∂y

∂ux(x, y, z)

∂z
∂uy(x, y, z)

∂x
1 + ∂uy(x, y, z)

∂y

∂uy(x, y, z)

∂z
∂uz(x, y, z)

∂x

∂uz(x, y, z)

∂y
1 + ∂uz(x, y, z)

∂z

∣∣∣∣∣∣∣∣∣∣∣
, (2)

which represents the differential expansion (J > 1), no vol-
ume change (J = 1), or contraction (J < 1) at point (x, y, z).
Note that the scale of J is not linear, e.g., J = 2 and J = 0
represent different changes in volume. The volume of each
exhale voxel deformed into the inhale phase (Volvoxel

in ) can be
estimated by

Volvoxel
in (x, y, z) = Volvoxel

ex (x, y, z) · J (x, y, z), (3)

where Volvoxel
ex is the exhale voxel volume. In this study, the

ventilation metric (V ) was defined as exhale-to-inhale air vol-
ume change and can be expressed as

V (x, y, z) = Volvoxel
in (x, y, z) − Volvoxel

ex (x, y, z)

= Volvoxel
ex · {J (x, y, z) − 1} . (4)

A positive ventilation value represents local expansion, while
a negative value represents local contraction. Thus, ventila-
tion images in the peak-exhale phase domain were created
from the phase-sorted and anatomic similarity-sorted 4D CT
images. Further details on 4D CT ventilation imaging have
been described elsewhere.34, 35

The ventilation values outside the segmented lung
parenchyma volumes were zeroed before quantifying the

variability. The lung volume was segmented by delineating
lung voxels, of which the Hounsfield unit (HU) values were
smaller than a threshold of −250 (Refs. 12, 15, and 36) within
the lung outlines generated by the model-based segmentation
of a Pinnacle3 treatment planning system (Philips Radiation
Oncology Systems, Fitchburg, WI). Manual trimming of the
central airways and great vessels was also performed where
necessary.

2.D. Quantification of the ventilation variability
due to 4D CT sorting methods

The two ventilation images derived from the phase-sorted
and anatomic similarity-sorted 4D CT images were compared
to quantify the ventilation variability due to 4D CT sorting
methods. The two ventilation images were rigidly aligned
for quantitative analysis. The ventilation variation was eval-
uated by visual inspection and quantitative analysis using two
metrics:

(1) Voxel-based Spearman rank correlation coefficients
(ρ) for all voxels within the lung
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(2) DSC (Ref. 37) for the spatial overlap of segmented
low-functional lung volumes as defined by

DSC = 2 · LFLphase ∩ LFLanatomy

LFLphase + LFLanatomy
, (5)

where LFL is the low-functional lung volume.
Mismatched lung voxels between the two ventilation im-

ages were excluded and only the intersecting voxels were in-
cluded in the analysis. Given that the two ventilation images
were derived from two 4D CT images reflecting different pa-
tient’s breathing levels, the ventilation values were globally
normalized by the overall mean ventilation (V ) of each image
as

Vn(x, y, z) = Volvoxel
ex · {J (x, y, z) − 1}

V
. (6)

The resulting normalized ventilation value is unitless. A pos-
itive value represents local expansion, while a negative value
represents local contraction. The low-functional lung volume
was defined as 33% lung volume with the lowest ventilation
values. The cutoff values proposed by Zou et al.38, 39 were uti-
lized to interpret the voxel-based correlation coefficients and
DSCs in Sec. 4.

2.E. Comparison of 4D CT ventilation
and SPECT ventilation

To investigate which of the two ventilation images pro-
vide higher physiologic accuracy, we qualitatively and quan-
titatively assessed the correlation with SPECT ventilation
images (assumed ground truth). Out of nine patients, six
patients (patients 1, 3–6, 8) received SPECT ventilation imag-
ing with technetium-99m-labeled diethylenetriamine pentaac-
etate (99mTc-DTPA) aerosols as part of one of the two
prospective clinical studies. SPECT ventilation scans in-
cluding low-dose CT scans for attenuation correction were
acquired on a GE Infinia Hawkeye SPECT/CT scanner.
99mTc-DTPA was aerosolized using an Insta/Vent system
(Medi/Nuclear, Baldwin Park, CA) and was then adminis-
tered to the patient in a supine posture through slow, mod-
erately deep breathing. SPECT projections were acquired in a
64 × 64 matrix with a 8.8 × 8.8 mm2 pixel size, 8.8 mm slice
spacing, 60 projections over 360◦, and 30 s per projection dur-
ing tidal breathing. SPECT images were reconstructed using
the 3D ordered-subsets expectation maximization (OSEM) al-
gorithm with attenuation correction. Out of six patients, three
patients were excluded from the analysis because of signifi-
cant depositions of DTPA aerosols in central airways, which
underrepresent ventilation in the peripheral lungs distal to
those regions.12, 40 Thus, only patients 3, 6, and 8 were in-
cluded in the analysis. Patients 3 and 6 received the SPECT
and 4D CT scans before the start of radiotherapy treatment
at an interval of 13 and 26 days, respectively. Patient 8 re-
ceived both scans on the same day. To compare 4D CT venti-
lation and SPECT ventilation images, the low-dose CT image
of SPECT was rigidly aligned with the peak-exhale 4D CT
image using the image fusion feature of the Pinnacle3 sys-
tem. The resulting transformation matrix was then directly

applied to the 4D CT ventilation image. For quantitative anal-
ysis, the DSCs for the spatial overlap between the segmented
low-functional lung volumes (i.e., 33% lung volume with the
lowest ventilation values) of 4D CT ventilation and those of
SPECT ventilation were determined in a similar manner to
quantification of the ventilation variability due to 4D CT sort-
ing methods (see Sec. 2.D).

3. RESULTS

3.A. Comparison of 4D CT images generated
by phase-based sorting and anatomic
similarity-based sorting

Table I shows characteristics of the phase-sorted and
anatomic similarity-sorted 4D CT images for the nine pa-
tients. The peak-exhale and peak-inhale lung volumes were
determined using the segmentation method described above
in Sec. 2.C. Overall, the two sorting methods resulted in com-
parable lung volumes and tidal volumes. However, there were
considerable differences in several patients, e.g., 39% differ-
ence in patient 6 tidal volume, and 31% difference in pa-
tient 8 tidal volume. It was because lung volume segmenta-
tion was affected by artifacts, and because the phase-sorted
and anatomic similarity-sorted 4D CT images were comprised
of different CT data segments acquired at different breathing
levels. Figure 1 shows a comparison of the 4D CT images
sorted based on phase and anatomic similarity for patients
6 and 4. Patient 6 demonstrated the greatest decrease in the
artifact score by anatomic similarity-based sorting compared
to phase-based sorting. This patient had substantial respira-
tory variations right at the time of scanning diaphragms, re-
sulting in severe artifacts as shown in the phase-sorted 4D
CT images. Anatomic discontinuities around the diaphragms
were reduced remarkably by anatomic similarity-based sort-
ing at both peak-exhale and peak-inhale. In contrast, patient 4
demonstrated the smallest change in the artifact score as nei-
ther the phase-sorted nor anatomic similarity-sorted 4D CT
images contained large artifacts. The two peak-inhale images
represented exactly the same information, i.e., phase-based
and anatomic similarity-based sorting selected the same CT
data segments to create 3D CT volumes.

Figure 2 shows a summary of the artifact scores of the
phase-sorted and anatomic similarity-sorted 4D CT images
for nine patients. On average, anatomic similarity-based sort-
ing decreased the artifact score from 0.58 ± 0.24 to 0.45
± 0.14 (p = 0.10) at peak-exhale, and from 0.71 ± 0.31 to
0.63 ± 0.19 (p = 0.25) at peak-inhale as expected. Anatomic
similarity-based sorting consistently yielded 4D CT images
with smaller or comparable artifact scores for all patients ex-
cept for patient 5 (peak-inhale).

3.B. Comparison of ventilation images derived
from the phase-sorted and anatomic similarity-sorted
4D CT images

Figure 3 shows a comparison of the ventilation images de-
rived from the phase-sorted and anatomic similarity-sorted
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TABLE I. Characteristics of the phase-sorted and anatomic similarity-sorted 4D CT images for the nine patients.

Patient 4D CT sorting method
Peak-exhale lung

volume (l)
Peak-inhale lung

volume (l)
Tidal

volume (l)

1 Phase-based 4.30 4.94 0.67
Anatomic similarity-based 4.23 4.97 0.75

2 Phase-based 3.02 3.53 0.51
Anatomic similarity-based 3.10 3.54 0.44

3 Phase-based 4.09 5.45 1.36
Anatomic similarity-based 4.10 5.44 1.34

4 Phase-based 4.75 5.66 0.91
Anatomic similarity-based 5.22 5.68 0.46

5 Phase-based 6.15 6.62 0.48
Anatomic similarity-based 6.18 6.66 0.48

6 Phase-based 2.09 2.21 0.13
Anatomic similarity-based 2.01 2.30 0.29

7 Phase-based 3.88 4.27 0.39
Anatomic similarity-based 3.91 4.35 0.45

8 Phase-based 2.68 2.85 0.17
Anatomic similarity-based 2.69 3.01 0.32

9 Phase-based 2.58 2.95 0.38
Anatomic similarity-based 2.52 2.96 0.44

Average Phase-based 3.72 ± 1.27 4.28 ± 1.49 0.55 ± 0.38
Anatomic similarity-based 3.77 ± 1.35 4.32 ± 1.47 0.55 ± 0.32

4D CT images for patients 6 and 4. Patient 6, who showed the
greatest decrease in the artifact score, demonstrated a voxel-
based Spearman correlation of 0.62. There were marked dis-
agreements around the lower lobes, in which significant 4D
CT artifacts were observed in the phase-sorted image. Phase-
based sorting provided a number of negative ventilation val-
ues in those regions, whereas anatomic similarity-based sort-
ing yielded positive values. Considering that we quantified
the exhale-to-inhale air volume change as defined by Eq. (4),
positive ventilation values (i.e., regional expansion) are more
physiologically convincing and negative ventilation values
(i.e., regional contraction) are not supposed to appear in prin-
ciple. However, we cannot rule out the possibility that some
lung regions may contract during inhalation, especially in the

P k h l P k i h l

Phase-based

Peak-exhale
Anatomic 

similarity-based Phase-based

Peak-inhale
Anatomic 

similarity-based

Patient 6

Patient 4

FIG. 1. 4D CT images (peak-exhale and peak-inhale) sorted based on phase
and anatomic similarity for patients 6 and 4. Patient 6 showed the great-
est decrease in the artifact score from 1.1 (phase-based) to 0.48 (anatomic
similarity-based) at peak-exhale, and from 1.4 to 0.83 at peak-inhale. Patient
4 showed the smallest change in the artifact score from 0.42 to 0.43 at peak-
exhale, and from 0.43 to 0.43 at peak-inhale.

diseased lungs. Patient 4, who showed the smallest change in
the artifact score, demonstrated a voxel-based correlation of
0.85. Overall, very little disagreement was observed through-
out the lungs, though anatomic similarity-based sorting pro-
vided some negative ventilation values around the right di-
aphragm, which would be attributed to a blurring (Fig. 1).

0.0

0.5

1.0

1.5

1 2 3 4 5 6 7 8 9 Avg

A
rt

ifa
ct

 s
co

re

Patient

Phase-based

Anatomic similarity-based
Peak-exhale

0.0

0.5

1.0

1.5

1 2 3 4 5 6 7 8 9 Avg

A
rt

ifa
ct

 s
co

re

Patient

Phase-based

Anatomic similarity-based
Peak-inhale

FIG. 2. Artifact scores of the 4D CT images (peak-exhale and peak-inhale)
sorted based on phase and anatomic similarity for nine patients.
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FIG. 3. Ventilation images derived from the phase-sorted and anatomic
similarity-sorted 4D CT images for patients 6 and 4. The segmented low-
functional lung volumes are also shown (nonlow functional lung volumes
shaded white). Patients 6 and 4 demonstrated voxel-based Spearman correla-
tions of 0.62 and 0.85, respectively. Note that ventilation is normalized by the
overall mean value [see Eq. (6)]. A positive value represents local expansion,
while a negative value represents local contraction. The coronal levels of the
images are the same as those of Fig. 1.

Figure 4 demonstrates a summary of the DSCs and voxel-
based correlation coefficients for nine patients. The DSC was
found to be 0.71 ± 0.13 on average, ranging from 0.39 (pa-
tient 8) to 0.82 (patient 9). The voxel-based correlation was
0.69 ± 0.26 on average, ranging from 0.03 (patient 8) to 0.85
(patient 4). Compared with Fig. 2, lower correlations were not
necessarily consistent with changes in the artifact score. For
example, patient 2 showed a voxel-based correlation of 0.67,
even though there was only a small change in the artifact score
from 0.37 (phase-based) to 0.36 (anatomic similarity-based)
at peak-exhale. Patient 8 demonstrated the lowest DSC and
voxel-based correlation, which was due to a number of para-
doxical negative ventilation values provided by phase-based
sorting (29.3%) compared to anatomic similarity-based sort-
ing (6.6%). It should be noted that patient 8 showed rela-
tively small artifact scores for both phase-sorted and anatomic
similarity-sorted 4D CT images (Fig. 2), since artifacts oc-
curred in low contrast regions (i.e., lung parenchyma) and
did not contribute much to the artifact score. Nevertheless,
anatomic similarity-based sorting decreased the artifact score
at both peak-exhale and peak-inhale.
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FIG. 4. Dice similarity coefficients (segmented low-functional lung regions)
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lung) between the ventilation images derived from the phase-sorted and
anatomic similarity-sorted 4D CT images for nine patients.
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images derived from the phase-sorted and anatomic similarity-sorted 4D CT
images for nine patients.

Figure 5 shows a summary of the percentage of lung vox-
els with negative ventilation values provided by phase-based
and anatomic similarity-based sorting for nine patients. On
average, anatomic similarity-based sorting yielded a signif-
icantly fewer negative ventilation values than phase-based
sorting (5.0 ± 2.6% vs 9.7 ± 8.4%, p = 0.05). Furthermore,
we found a significant correlation between the artifact score
of the 4D CT image and percentage of lung voxels with neg-
ative ventilation values (R = 0.56, p = 0.02) as shown in
Fig. 6. These results indicate that reduction of 4D CT ar-
tifacts provides more physiologically convincing ventilation
estimates.

Figure 7 shows the comparison of the two 4D CT ventila-
tion images and SPECT ventilation image for three patients.
Patients 6 and 8 demonstrated a marked change from para-
doxical negative to positive ventilation in the lower and mid-
dle regions, respectively. These regions were found to have
high ventilation as observed in the SPECT ventilation im-
ages, suggesting that reduction of 4D CT artifacts increases
physiologic accuracy of ventilation estimates. However, a
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FIG. 6. Artifact scores of the 4D CT images (average of peak-exhale and
peak-inhale) vs percentages of lung voxels with negative values in the venti-
lation images for nine patients, indicating a significant correlation (R = 0.56,
p = 0.02).
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FIG. 7. 4D CT ventilation images (phase-based and anatomic similarity-
based sorting) and SPECT ventilation image for patients 3, 6, and 8. Note that
both 4D CT ventilation and SPECT ventilation are normalized by the overall
mean value. A positive 4D CT ventilation value represents local expansion,
while a negative value represents local contraction. A positive SPECT venti-
lation value represents local depositions of DTPA aerosols, while a negative
value represents no depositions.

massive SPECT ventilation defect in the right upper lobe
was not well estimated by 4D CT ventilation with either
phase-based or anatomic similarity-based sorting. Patient 3
had a correlation of 0.81 between the two 4D CT ventila-
tion images, both of which demonstrated reasonable correla-
tions with SPECT ventilation. The DSCs for the spatial over-
lap between the segmented low-functional lung regions of
4D CT ventilation and those of SPECT ventilation increased
slightly but consistently in all the three patients from 0.34,
0.40, and 0.24 (phase-based) to 0.39, 0.42, and 0.29 (anatomic
similarity-based) in patients 3, 6, and 8, respectively.

4. DISCUSSION

This investigation is the first to quantify the variability of
4D CT ventilation imaging due to 4D CT sorting. We found
that the ventilation variability was moderate overall and could
be remarkable in some cases, depending on the particular na-
ture or severity of 4D CT artifacts. Several investigators re-
ported the effect of 4D CT artifacts on ventilation imaging.
Castillo et al.15 observed mismatch between 4D CT ventila-
tion showing a cold-spot band arising from 4D CT artifacts
and SPECT perfusion showing no functional defect in that
region. More recently, Mathew et al.41 also observed similar
mismatch between 4D CT ventilation showing cold-spot and
hyperpolarized 3He MR ventilation showing no defect. Their
results are consistent with our results, i.e., patients 6 and 8
demonstrated mismatch between 4D CT ventilation (phase-
based) showing cold-spot and SPECT ventilation showing no
defect (Fig. 7). Furthermore, we also demonstrated that reduc-
tion of 4D CT artifacts provided more physiologically con-
vincing and accurate ventilation estimates with significantly

reduced negative ventilation values and improved correla-
tions with SPECT ventilation. Castillo et al.15 and Mathew
et al.41 might have obtained higher correlations with SPECT
perfusion and hyperpolarized 3He MR ventilation, respec-
tively, if 4D CT artifacts were mitigated as with our study.
We have employed a commercially available sorting method
(i.e., phase-based sorting), which is a standard in clinical prac-
tice, and a published method designed to reduce artifacts (i.e.,
anatomic similarity-based sorting). Investigation of other sort-
ing methods such as displacement-based sorting21, 22, 24 and
internal anatomic feature-based sorting27 could be a subject
of future work.

4D CT ventilation imaging has been found to vary with
DIR algorithms35, 42 and ventilation metrics to quantify re-
gional air volume change.10, 35, 42 This study has further sug-
gested that 4D CT artifacts are another important source of
variations in 4D CT ventilation. The animal subject stud-
ies have consistently demonstrated good physiologic accu-
racy and reproducibility of 4D CT ventilation imaging,8–11

while the human subject studies have reported inconsistent
results.11–13, 15 4D CT image acquisition is one of the major
differences between the animal and human studies. In the an-
imal studies, the 4D CT images have been acquired during
well-controlled tidal breathing with mechanical ventilation,
yielding artifact-free 4D CT images. In contrast, in the hu-
man studies, the 4D CT images have been primarily acquired
during uncontrolled tidal breathing that is subject to varia-
tions throughout a scan, yielding 4D CT images with poten-
tially significant artifacts. It is therefore anticipated that 4D
CT artifacts might have deteriorated the accuracy or repro-
ducibility of ventilation imaging and contributed to inconsis-
tent findings in the human studies. Several ventilation met-
rics based on different assumptions have been proposed in the
literature.1, 9, 10, 14 All of those metrics are based on the basic
assumption that the two image locations mapped by DIR rep-
resent two different respiratory phases (e.g., peak-exhale and
peak-inhale). This assumption would not be valid in the pres-
ence of 4D CT artifacts, given that CT data segments with ar-
tifacts have a phase deviated from the target phase. Thus, 4D
CT artifacts are considered to be an important source of vari-
ations in 4D CT ventilation, regardless of what metric is used
to quantify regional air volume change. Nevertheless, it can
be a subject of future work to investigate what metric would
be more robust to 4D CT artifacts.

In addition to improved sorting21–28 as studied here,
there have been several other strategies to improve 4D CT
in the literature, including postprocessing,43–45 respiratory
training,46–48 respiration-synchronized acquisition,49–51 and a
wide-area detector multidetector CT (MDCT).52 These ap-
proaches have been demonstrated to improve 4D CT im-
age quality, however, each approach has different disadvan-
tages as described below. Postprocessing approaches create
a 3D CT volume at a predefined breathing level by DIR-
based image interpolation, which requires a heavy computa-
tional burden and a well-validated DIR algorithm. Respira-
tory training (e.g., audiovisual biofeedback) to improve res-
piratory regularity requires patient compliance and may not
work well especially for those with poor pulmonary function.
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Respiration-synchronized acquisition approaches gate image
acquisition based on predefined tolerances of the breathing
level (e.g., phase and displacement) and real-time monitoring
of the respiratory signal, which prolong the acquisition time
and have not been implemented for actual scans. A new gen-
eration wide-area detector MDCT enables most of the thorax
to be scanned at a single couch position, yielding high qual-
ity 4D CT images, however, it has very limited availability.
Nevertheless, the physiologic accuracy and/or reproducibil-
ity of 4D CT ventilation imaging may be increased by these
strategies.

In this study, the 4D CT ventilation images have been cre-
ated using only peak-exhale and peak-inhale CT images yield-
ing ventilation images in the peak-exhale phase domain, while
the SPECT ventilation images have been acquired during tidal
breathing over many respiratory cycles yielding blurred ven-
tilation images. There have been no attempts to create blurred
or averaged ventilation images with 4D CT in the literature to
the best of our knowledge. Future work will utilize all the ten
respiratory phases of 4D CT images to create burred or aver-
aged ventilation images, which would, in principle, represent
physiology during tidal breathing more accurately and may
improve the correlation with SPECT ventilation.

5. CONCLUSIONS

We quantified the variability of 4D CT ventilation imaging
due to 4D CT sorting for nine lung cancer patients. Variations
in 4D CT ventilation were found to be moderate overall and
substantial in some cases. Our results suggest that 4D CT ar-
tifacts are an important source of variations in 4D CT ventila-
tion. Reduction of 4D CT artifacts provided more physiolog-
ically convincing and accurate ventilation estimates. Further
studies are needed to confirm this result.
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