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ARTICLE INFO ABSTRACT

Purpose: 1t is still not conclusive which four-dimensional computed tomography (4DCT)-based ventilation
imaging algorithm is most accurate and efficient. In this study, we proposed a simplified algorithm (VIAAVG)
4DCT which only requires the average computed tomography (AVG CT) as input, and quantitatively compared its
SPECT ) accuracy and efficiency with three other popular algorithms.
gfcfzrsr?:lzfrgcctz; ff;liili:m Material and methods: Fifty patients with lung or esophageal cancer who underwent radiotherapy were enrolled.
Single photon emission computed tomography (SPECT) ventilation images (VI-SPECT) and 4DCT were acquired
1-3 days before the first treatment session. The end of exhalation and the end of inhalation CT were registered to
derive deformable vector field (DVF) using MIMvista. 4DCT-based ventilation images (CTVI) were first calcu-
lated respectively by means of four algorithms (VIAJAC, VIAHU, VIAPRO and VIAAVG). The computation times
were compared using paired t-test. The corresponding CTVIs (CTVIJAC, CTVIHU, CTVIPRO and CTVIAVG) and
VI-SPECT were segmented into three equal sub-volumes (high, medium and low function lung, respectively)
after smoothing and normalization. The Dice Similarity Coefficients (DSCs) were calculated for each sub-volume
between each CTVI and VI-SPECT. The average DSCs for high, medium and low function lung in different CTVIs
for each patient were compared using paired t-test.
Results: The mean DSCs for CTVIJAC, CTVIHU, CTVIPRO and CTVIAVG were 0.3255, 0.4465, 0.5865 and
0.5958, respectively. The average computation times for CTVIJAC, CTVIHU, CTVIPRO and CTVIAVG were
18.3s, 24.2s, 144.8s and 15.0s.
Conclusion: VIAAVG is available for clinical use because of its high accuracy, improved efficiency and less input
requirement compared to the other algorithms.

Keywords:
Ventilation image

1. Introduction Three ventilation imaging algorithms (VIA) to produce CTVI have

been reported. The first VIA (VIAHU) is described by Guerrero et al.

It is beneficial to utilize pulmonary function images, acquired by
single photon emission tomography (SPECT) [1] or positron emission
tomography (PET) [2] in radiotherapy. In recent years, four-dimen-
sional computed tomography (4DCT)-based ventilation imaging has
become a research hotpot. It can provide functional information in lung
without additional dose or monetary cost to the patient, since 4DCT
simulation is a clinical routine for thoracic cancer patient in most of
radiation oncology clinics. In clinical practice, the 4DCT-based Venti-
lation Image (CTVI) has been used for assessing the regional function
[3] or function changes [4-8] in lung tissue, predicting radiation
pneumonitis [9,10] and guiding radiotherapy treatment planning
[2,11-15].
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[16] which generates static 3D ventilation images based solely on the
physical density-change between the exhalation breath-hold and in-
halation breath-hold computed tomography (CT) images using de-
formable image registration (DIR) and the underlying CT density in-
formation. The second widely used VIA (VIAJAC) is introduced by
Reinhardt et al. [17], which utilizes the Jacobian determinant of the
DIR spatial transformation to quantify the regional volume-change of
lung volume elements. The third VIA (VIAPRO) is proposed by Kipri-
tidis et al. [18], which estimates the ventilation in terms of the 4D time-
averaged regional product of air and tissue densities at each voxel
without requiring DIR.

However, the correlations between the CTVIs based on any of above
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algorithms and the clinical golden standard (°°™Tc-SPECT [19] or %8Ga-
Galligas PET [20]) are highly variable [21-24]. Many causes have been
reported, such as the image quality [25], breathing variations [26], the
DIR inaccuracy [27,28], and the 4DCT sorting method [29]. It still re-
mains unclear which VIA is the most accurate and efficient for clinical
use.

Inspired by the study of Kipritidis et al. [18], in this study we
propose a simplified VIA (VIAAVG) , which requires only average CT
(AVG CT) as input data. Its availability is quantitatively evaluated by
comparing the accuracy and efficiency of VIAAVG with those VIAs
proposed before (i.e. VIAHU, VIAJAC and VIAPRO) for 50 enrolled
patients.

2. Material and methods
2.1. Patients

Fifty thoracic cancer patients (lung or esophageal cancer) were
enrolled in this study and underwent radiotherapy in our hospital be-
tween 2015 and 2018. 4DCT images were acquired in 4DCT simulation
as routine part of radiotherapy prior to the treatment. SPECT ventila-
tion images (VI-SPECT) were also acquired 1-3 days before the first
radiotherapy session with the same supine position used in 4DCT si-
mulation. The time interval between 4DCT simulation and VI-SPECT
acquisition was less than 3 days to ensure the lung function of patient
stayed consistent without any therapeutics and drug intervention. The
research protocol was approved by the Clinical Research Committee
and the Ethics Committee at the Cancer Hospital, Chinese Academy of
Medical Science. In Table 1, the patient characteristics are reported.

2.2. 4DCT acquisition

Free-breathing 4DCT was acquired with patients in a supine position
using a Brilliance Bigbore CT scanner (Philips Healthcare, Andover,
MA) with no i.v. contrast. For each patient, 4DCT images of the entire
target and thorax, as well as upper abdomen were obtained. Real-time
Positioning Management (RPM, Varian Medical Systems, Palo Alto, CA)
was used for respiratory monitoring. The entire respiratory cycle was
recorded and divided into ten equal temporal phases, defining the peak-
inhalation phase as TOO and peak-exhalation phase as T50 [30]. The
raw data was sorted into corresponding phase bins and reconstructed
into ten phase CT datasets (T00-T90, respectively) with the dimension
of 512 x 512 and 5 mm slice thickness. AVG CT was reconstructed from
10-phase 4DCT data relating to the percentage of time with the same
spatial resolution and used as the planning CT (pCT). Hence, no dis-
placement existed between all phases of 4DCT and pCT.

2.3. VI-SPECT acquisition

Each patient received ventilation SPECT in the same supine position
on a dual head Discovery NM 670 SPECT/CT system (GE Healthcare,
Milwaukee, WI). *°™Tc-Technegas (Cyclomedica Australia Pty Ltd), an
ultra-fine suspension of carbon nanoparticles labeled with technetium
was inhaled into the resting tidal breathing patient to ensure 30 MBq of

Table 1
Clinical parameters for the patient population enrolled in the study.

Parameter Median (range) or number (%)

Age 62 (36-78)

Sex Male 40 (80%)/Female 10 (20%)

Tumor Lung cancer 20 (40%)/Esophageal cancer 30 (60%)
COPD YES 2 (4%)/NO 48 (96%)

YES 35 (70%)/NO 15 (30%)
10 (0%)/11 4 (8%)/111 32 (64%)/IV 14 (28%)

Smoking status
Tumor stage

Note: COPD is the abbreviation as ‘chronic obstructive pulmonary disease’.
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activity within the lungs. SPECT acquisitions were performed using 3°
steps through a 360° acquisition and 20 s per view (according to 20 min
acquisition time). A low-dose CT was also acquired by the same system
in the same session to perform attenuation correction of the °°™Tc
140 keV emission photons. Ventilation SPECT data were reconstructed
in a 64x64 matrix using the proprietary 3D ordered subsets expectation
maximization (OSEM) algorithm.

2.4. Registration between VI-SPECT and pCT

VI-SPECT and the pCT were registered using two-steps strategy in
order to improve the registration accuracy. First, the low-dose CT was
rigidly registered to the pCT using MIMvista 6.0 (MIM Software Inc.,
Cleveland, OH), a commercial software used for deformable registra-
tion without user defined parameters. The registration was validated by
an experienced radiation oncologist. Then, the displacement between
low-dose CT and pCT was directly used to correct the position mismatch
between VI-SPECT and pCT considering the changes in body mor-
phology between the VI-SPECT and low-dose CT scans were minimized
because they are performed by the same system in the same session.
The registered VI-SPECT was interpolated into the same spatial re-
solution with pCT (i.e. 512 x 512 and 5mm slice thickness) using
MIMvista.

2.5. Binary lung mask generation

The lung volume was contoured on each CT phase using threshold-
based approach with intensity cutoff between —250 HU and — 1000
HU in MIMvista. Central airway and great vessels where the °*™Tc-
Technegas physiologically concentrated were manually trimmed to
define the region of interest for comparison. The lung volume was
transformed into a 3D binary mask in which the value of voxel inside
and outside the lung was set equal to 1 and 0, respectively.

2.6. DIR between TOO and T50

DIR was performed to link each lung voxel elements from the TOO to
the T50 using MIMvista. No user-defined parameters were used in order
to avoid the influence of user-defined parameters on the registration
accuracy. The deformable vector fields (DVFs), which defined the
spatial correspondence of HUs between TOO and T50, were exported
with the same dimension as pCT and then used for the computation of
the DIR-dependent CTVIs (CTVIHU and CTVIJAC).

Binary lung masks, DVFs, ten phases of 4DCT (T00, ..., T90) and
AVG CTs were saved as matrices by mean of an in-house image toolkit
called FLICT (i.e. Functional Lung Image based on 4DCT toolkit) de-
veloped with MATLAB (Mathworks Inc.) interface. These data would be
used as input for subsequent ventilation image computation with dif-
ferent VIAs. The VI-SPECTs after registration and interpolation were
also saved by FLICT and used as the standard for comparing the accu-
racy of different VIAs.

2.7. Computation of CTVIHU

The density-based specific ventilation, CTVIHU, was derived by the
following expression proposed by Castillo et al. [23] in term of regis-
tered CT numbers corresponding to inhalation and exhalation breathing
states:

vor
(Hroy — HUrso)

CTVIHU = 1000 .
HUrs0(1000 + Hg)

@

where HUrs, was the HU value of voxel in the peak exhalation phase CT
(i.e. T50), and HTVO%I was the average of all HU corresponding to the set
of TOO voxels that mapped into the T50 voxels under consideration.



Y. Tian, et al.

2.8. Computation of CTVIJAC

The jacobian-based specific ventilation (CTVIJAC) was derived by
quantifying the regional volume-change of lung volume elements with
the Jacobian determinant of the DVFs. This method was used in Kida

et al. study [15]:
CTVIJAC=J -1 (3]

where J was the regional volume change calculated from the Jacobian
determinant of DVFs:

1 4 SDVEx ADVFy ADVFy
ox ay 0z
J= JODVFy 1+ dDVEy ADVFy
ox ay 0z
4DVF, 3DVF, 1 8DVF,
ox dy 0z 3)

2.9. Computation of CTVIPRO

CTVIPRO was calculated in terms of the 4D time-averaged regional
product of air and tissue densities at each voxel, based on the method
proposed by Kipritidis et al. [18]:

N
CTVIPRO(X) = ), Vp(x)/N
1 C)]
where:
Air ‘Tissue :
V() = fo'(x) x 55" (x) if x € Ly
0 ifx & Ly
HUp(x) _, HUg(X)+1000 .
= ] —1000 1000 ifx €Ly
0 ifx ¢ Ly (5)

Here, HUy(x) was the HU value at voxel X and ¢ was the 4DCT
phase bin (T00, T10, ..., T90). L, was the binary lung mask defined on
each phase CT.

2.10. Computation of CTVIAVG

As indicated in Eq. (5), all phases of 4DCT and the corresponding
binary lung masks were required as input data for CTVIPRO compu-
tation. For the convenience of clinical use with less input requirement
and faster calculation speed, we proposed a simplified algorithm, in this
study called VIAAVG. It only required AVG CT and the corresponding
binary lung mask as input data to compute CTVIAVG:

Hli/;\(;glfx) HUAV(i(())(())0+ 1000 ifx € LAVG

0 ifx & Lave

CTVIAVG (x) = {
(6)

here HUyyg(x) and Layg were the HU value at voxel x and the binary
lung mask defined on AVG CT, respectively.

2.11. Post-processing of CTVIs

In order to avoid the influence of no lung voxels, dot product be-
tween CTVI and 3D binary lung mask defined on T50 CT (whose vo-
lume was theoretically the smallest) was first performed. A 3D median
filter was then applied to smooth noises and artifacts for each CTVI. For
easy comparison, the filter applied was the same as in Kipritidis et al.
study [18] within a cubic region of the dimension 7 X 7 x 7 voxels.
Finally, VI-SPECT and each CTVI was normalized to the max voxel
value and segmented into three equal volumes by the highest 1/3 value
and lowest 1/3 value in lung, which represented high (H), medium (M)
and low (L) function lung (FL) (i.e. HFL, MFL and LFL), respectively.
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2.12. Accuracy assessment of VIAs

To assess the accuracy of each VIA, the similarity (i.e. spatial
overlap) of each function lung between segmented VI-SPECT and each
segmented CTVIs were quantified with the Dice Similarity Coefficient
(DSQ).

2 X FLVspger N FLVeTv
FLVsprer + FLVervr

DSC =

)

where FLVgprcr and FLVcry; were the corresponding segmented lung
volumes (i.e. HFL, MFL and LFL, respectively) in VI-SPECT and CTVIs.

The average DSC for each CTVI was calculated and used as an index
to evaluate the overall similarity between segmented VI-SPECT and
segmented CTVIs.

DSCypr, + DSCyrr, + DSCrpy,
3 (8)

We hypothesized that all CTVIs have the same similarity (i.e., ac-
curacy) with the VI-SPECT. The average DSC values were compared one
by one among four CTVIs using 2-tailed paired t test. The same cutoff
values proposed by Yamamoto [31] were used to interpret DSC 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,
0.0 < DSC = 0.2 as slight.

The computation, post-processing, and qualitative accuracy assess-
ment of CTVI were all performed in FLICT running on a workstation
with dual-core Intel Xeon processors and 64 GB RAM. The total com-
putation time for each CTVI was recorded and compared using 2-tailed
paired t test.

Average DSC =

3. Results

A visual comparison between different ventilation images is illus-
trates in Fig. 1 for a specific patient in transverse (first row) and coronal
(second row) view. The correctness of segmentation algorithm used in
this study can be confirmed by comparing the original VI-SPECT (first
column) and the segmented VI-SPECT (second column). Generally,
segmented CTVIPRO and CTVIAVG are very similar, and showing a
high similarity with segmented VI-SPECT. However, the similarity be-
tween segmented CTVIJAC, as well as segmented CTVIHU, with seg-
mented VI-SPECT seems poor, especially in the COPD region (middle
lobe of right lung and lower lobe of left lung, indicated by yellow ar-
Trows).

Fig. 2 shows a box plot of DSC distribution for all CTVIs in different
function lung regions. Castillo et al. [23] reported that, the highest
correlation between VI-SPECT and CTVIHU and CTVIJAC lies within
the lowest percentile range (1-20%).

In our study, the normality and the equality of error variances are
found not good enough after Shapiro-Wilk’s test of normality and
Levene’s test of equality of error variances. We have to use Dunnett T3
test, a non-parametric test, to analysis the relationship among VIAs,
function lung regions and DSC values. We only find significant differ-
ences in DSC for CTVIJAC between function lung regions, with the LFL
having the largest DSC comparing to two others (p < 10~ %). This is in
agreement with the result of Castillo et al. However, for three other
CTVIs (CTVIHU, CTVIPRO and CTVIAVG), MFL have the significantly
smallest DSCs (p < 10~*) while no significant difference in DSC are
found between LFL and HFL. In addition, we find that there is a strong
interaction between VIAs and function lung regions (p < 10~%. The
other key finding is that the DSC values are significantly different
among different VIAs in the same function lung region. From large to
small they are CTVIAVG, CTVIPRO, CTVIHU and CTVIJAC. The dif-
ferences in DSC among different VIAs are also analyzed using the
average DSC in all lung and explained in the following text.

The DSC values of each lung third for a specific enrolled patient are
showed in Table 2. DSC values of CTVIPRO and CTVIAVG are nearly



Y. Tian, et al.

Segmented
CTVIJAC

Segmented Segmented

CTVIHU

TT
T I N
Ll
il
n
n
1

LFL

Original
VI-SPECT

T T
L L '
1
1
1

HFL

VI-SPECT

0.9000
0.8000
0.7000
0.6000
0.5000

0.4000

—

0.3000

0.2000

Dice Similarity Coefficient

0.1000

0.0000
MFL

Fig. 2. The distribution of Dice similarity coefficient (DSC) between segmented
VI-SPECT and each of CTVI (CTVIHU, CTVIJAC, CTVIPRO and CTVIAVG are
shown in red, blue, green and orange, respectively) for high, medium and low
function lung (HFL, MFL and LFL, respectively). The average DSC for each CTVI
and each function lung region are marked as ‘-’ in the figure. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2
DSC values for each lung third between segmented VI-SPECT and CTVIs for a
specific patient.

CTVI Algorithm DSC

HFL MFL LFL Average DSC
CTVIHU 0.5417 0.3807 0.5209 0.4811
CTVIJAC 0.2488 0.3317 0.2524 0.2776
CTVIPRO 0.6190 0.4505 0.6688 0.5795
CTVIAVG 0.6261 0.4575 0.6959 0.5932

substantial (~0.6), especially for the HFL and LFL, and obviously higher
than those of CTVIHU and CTVIJAC. The DSC results for other patients
have the similar pattern. The average DSC is the average of DSC values
for HFL, MFL and LFL.

The distribution of average DSC of all patients for different CTVI is
illustrated in Fig. 3. The mean of average DSC values are also reported
in the figure. After 2-tailed paired t test one by one, the differences of
average DSCs between each two algorithms are all significant
(p < 0.002). From highest to lowest, the mean of average DSC values
are 0.5958, 0.5865, 0.4465 and 0.3255 for segmented CTVIAVG,
CTVIPRO, CTVIHU and CTVIJAC, respectively. Ventilation image gen-
erated by VIAAVG is much more similar to the clinical golden standard
(VI-SPECT).

The total computation times (Fig. 4) for each CTVI are all generally
less than 5min. The null hypothesis is that all VIAs take the same
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Fig. 1. Visual comparison between original
VI-SPECT (first column), segmented VI-

SPECT (second column), segmented
CTVIHU  (third column), segmented
CTVIJAC (fourth column), segmented

CTVIPRO (fifth column) and segmented
CTVIAVG (sixth column) in transverse (first
row) and coronal (second row) view. HFL,
MFL and LFL are shown in yellow, red and
black color in segmented VI-SPECT and
CTVIs which masked by refined lung volume
generated on T50 CT. All images in each
row are on the same CT slice. COPD is ob-
served in the middle lobe of left lung and
lower lobe of right lung (indicated by the

Segmented Segmented reported yellow arrow). (For interpretation
CTVI-PRO CTVIAVG of the references to colour in this figure le-
gend, the reader is referred to the web ver-
sion of this article.)
1.0000 — mean of average DSC
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Fig. 3. The distribution of average DSC of all patients for different CTVIs. The
mean of average DSC values are marked as ‘-’ in the figure. P values derived
from 2-tailed paired t test between each two segmented CTVIs are all less than
0.002.

350
— Average of computation time
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150 T 144.8
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4183 T 242 L 150

CTVIHU CTVIJAC CTVIPRO CTVIAVG

CTVI Algorithm

Fig. 4. The distribution of computation time of all patients for different CTVI.
The mean of computation time were marked as ‘-’ in the figure. P values derived
from 2-tailed paired t test between each two segmented CTVIs were all less than
0.001.

computation time to generate CTVIs. However, after 2-tailed paired t
test one by one, we find that the differences in computation time be-
tween each two VIAs are significant (p less than 0.001). VIAPRO take a
much longer computation time than other three VIAs, while the time for
computing CTVI based on VIAAVG is the shortest with an average value
of 15.0 s. The computation time of CTVIPRO distributes in a large range
from 97.0s to 252.0s, since VIAPRO should process 10 phases 4DCT
and much more sensitive with the slice number of each phase CT.

4. Discussion

In this study, we propose a simplified algorithm, VIAAVG, inspired
by the method proposed by Kipritidis et al. with the aim to reduce input
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requirement and computation time. In VIAHU and VIAJAC, two phases
of 4DCT images (T50 and TO0O0) are required as input data. In VIAPRO,
even all phases of 4DCT images are required. In contrast, the simplified
algorithm requires only AVG CT to compute CTVIAVG. The availability
of this algorithm is evaluated by comparing its accuracy and efficiency
with other three algorithms proposed for all enrolled patients. To the
best of our knowledge, it is the largest patient cohort in this kind of
studies. This makes our results more convincing in term of statistics
with all p values no more than 0.002.

Segmented CTVIAVG shows significantly (p < 0.002) higher simi-
larity with segmented VI-SPECT than other three CTVIs. The difference
of the average DSC is large between VIAAVG and other two DIR-de-
pendent VIAs, but marginal between VIAAVG and VIAPRO. No matter
for lung cancer patient or esophageal cancer patient (with more or less
probability of tumor obstruction, respectively), VIAPRO and VIAAVG,
show nearly substantial correlation with VI-SPECT. The mean of
average DSC values are 0.5812, 0.5928 and 0.5901, 0.5978, for lung
cancer patients and esophageal cancer patients respectively. The ac-
curacy of this simplified algorithm is at least not inferior to VIAs pro-
posed before.

The simplified algorithm, VIAAVG, takes significantly less time to
compute CTVI than other proposed algorithms. P values derived from 2-
tailed paired t test between each two segmented CTVIs are all less than
0.001. Particularly, when compared to the second accurate algorithm,
VIAPRO, the computation time is reduced by nearly 9 times since 10
phases matrices have to be processed for VIAPRO while only one matrix
has to be processed for VIAAVG. Also it should be noted that the
computation time recorded in this study is just the required time used
for computing CTVIs when each input data is ready. The time spend on
the pre-processing, such as deformable registration, CT image and DVF
processing, lung volume contouring on relevant phase of 4DCT and
converting the lung volume into mask are not included. If all times
spend in the entire workflow are taken into account, the advantage of
VIAAVG in computation time would be more obvious. Even with the
help of artificial intelligence or deep learning in lung volume con-
touring, people have to take time to check the accuracy of the contours
outlined automatically at the current state of art.

In addition, since our method only relies on the AVG CT, which is
the preferred pCT in clinic when 4DCT was available [32], this makes
the application of 4DCT-based ventilation image more convenient in
clinical practice. For example, it is easy to collect the dose and lung
function distribution parameters on the same AVG CT geometry to
analysis the correlation between the dose-functional parameters and
occurrence of radiotherapy induced complications, thereby avoiding
the additional time and introduced errors by mapping function dis-
tribution onto the pCT.

VIAJAC only relies on the DVFs, which theoretically has ability to
avoid the uncertainty from image noise and artifacts, but VIAJAC seems
as the least accurate algorithm for CTVI generation in this study after 2-
tailed paired t test one by one. The mean of average DSC of CTVIJAC is
significantly lower (0.3255 vs. 0.4465, p < 0.001) even compared
with other DIR-dependent VIA (VIAHU) in this study. Meanwhile, the
mean of average DSC of two DIR-dependent VIAs (i.e., VIAHU and
VIAJAQ) are still lower compared with other two DIR-independent VIAs
(i.e., VIAPRO and VIAAVG). Although these two results are respectively
consistent with the key finding reported by Castillo et al. [23] and Ki-
pritidis et al. [18], it is still difficult to give a definitive conclusion that
DIR-dependent VIAs are inferior to the DIR-independent VIAs because
different DIR algorithms and user-defined parameters employed may
produce different DVF that favors the DIR-dependent CTVIs [31,28].
The effect of DIR errors on the spatial accuracy of DIR-dependent VIAs
is the current research endeavor [27]. But it is still hard to make a clear
conclusion even if the accuracy of DIR algorithm provided by the
commercial software MIMvista has been evaluated and assessed equal
to 0.6 voxel widths [33]. The stability or reproducibility of DIR-de-
pendent CTVI should be pay more attention in the future works [34].
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Kipritidis et al. [18] also reported that DIR-dependent VIAs ap-
peared more accurate for visualizing tumor obstruction defect and ab-
normal lung voxels with HU > —600 or so [18]. However, we find an
opposite result that VIAJAC and VIAHU would overestimate the lung
function in clinical defect region (see the arrows in Fig. 1). This may be
due to the following reasons: 1) the DIR algorithms used are different,
and 2) the 4DCT scans in the study of Kipritidis et al. were also used for
PET attenuation correction, while in this study 4DCT scans are acquired
on a CT simulator. Our study provides 4DCT images with much higher
quality and excludes the possibility of correlated image noise between
4DCT and VI-SPECT that favors the CTVIPRO or CTVIAVG.

5. Conclusion

The simplified algorithm proposed in this study, VIAAVG, shows a
nearly substantial correlation with the commonly used clinic-gold-
standard lung functional image (VI-SPECT). Compared with other
proposed algorithms, it is a promising modality for the further appli-
cation of 4DCT-based ventilation imaging in radiation therapy because
of less input requirement, improved computation efficiency and in-
dependence on DIR.
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