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Abstract. The goal of this study was to present a method for physiologic 
validation and show results for a comparison of the 4D-CT ventilation and 
SPECT ventilation or perfusion.  A 4D-CT and a SPECT ventilation/perfusion 
(V/Q) (VSPECT and QSPECT) scans were acquired for a lung cancer patient.  Two 
4D-CT ventilation images were created using two metrics: Hounsfield unit 
(HU)-change (V4D-CT

HU) and Jacobian determinant (V4D-CT
Jac), and were 

compared with SPECT.  The 4D-CT ventilation images were of higher 
resolution than SPECT.  Areas of visual agreement and disagreement were 
identified.  VSPECT suffered from central airway depositions.  Quantitatively, the 
correlation coefficients with VSPECT (QSPECT) were 0.030 (0.357) for V4D-CT

HU, 
and 0.184 (0.479) for V4D-CT

Jac.  The physiologic accuracy of 4D-CT ventilation 
imaging has been evaluated on a human subject.  The weak correlations with 
SPECT could be due to limitations of the 4D-CT and/or SPECT techniques.  
Further investigation and patient studies are needed. 

Keywords: Lung, functional imaging, ventilation, four-dimensional (4D) 
computed tomography (CT), single photon emission CT (SPECT). 

1 Introduction 

Imaging techniques of regional pulmonary function would further our understanding 
of pathophysiological characteristics of pulmonary diseases and also could be used for 
functional avoidance in lung cancer radiotherapy.  Regional pulmonary function can 
be represented by ventilation or perfusion.  There are several techniques for 
ventilation imaging which includes nuclear medicine imaging (the current standard of 
care) [1], hyperpolarized gas magnetic resonance (MR) imaging [2], and Xe gas 
computed tomography (CT) imaging [3].  These techniques have drawbacks such as 
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low resolution, high cost, long scan time, and/or low accessibility.  Ventilation images 
can be created by a novel four-dimensional (4D) CT-based technique in three steps, 
by (1) acquisition of 4D-CT scans, (2) spatial voxel-wise mapping of different 
respiratory phases of 4D-CT images using deformable image registration (DIR), and 
(3) quantitative analysis of the resultant displacement vector fields (DVFs) for 
computing the ventilation metric.  Guerrero et al. have originally developed this 
method using paired breath-hold CT images [4].  They used DIR to map the peak-
exhale CT image to the peak-inhale image, and calculated the change in the fraction 
of air per voxel as regional ventilation based on the theory proposed by Simon [5].  
Several investigators have applied this approach to 4D-CT images with some 
modifications [6-10].  The 4D-CT ventilation can be considered as ‘free’ information, 
because 4D-CT scans are in routine use for lung cancer radiotherapy in many centers, 
and ventilation computation involves only image processing (i.e., DIR) and analysis.  
Moreover, 4D-CT ventilation imaging has high resolution, low cost, short scan time, 
and high accessibility.  There are various DIR algorithms and two ventilation metrics 
that have been and could be used for 4D-CT ventilation imaging [4, 6-10].  
Variability in the DIR results between algorithms has been reported [11, 12], which 
could potentially impact 4D-CT ventilation imaging.  To date there has been limited 
physiologic validation of 4D-CT ventilation imaging.  Reinhardt et al. demonstrated a 
reasonably high correlation (average, R2 = 0.73) between the average ventilation 
values in 4 mm thick sub-regions determined by the 4D-CT ventilation and Xe-CT for 
5 anesthetized sheep [8].  Yamamoto et al. compared the 4D-CT ventilation in 
emphysematous (i.e., known low signal regions) and non-emphysematous lung 
regions for 12 patients, and demonstrated significantly lower ventilation in 
emphysema (p < 0.001) [13].  More recently, Castillo et al. compared the 4D-CT 
ventilation and single photon emission CT (SPECT) ventilation for seven patients, 
however demonstrated low Dice similarity coefficients (i.e., < 0.4 on average) for the 
functional lung segments.  More thorough validation is clearly needed for human 
subjects.  The goal of this study was to present a method for physiologic validation 
and show quantitative results for a comparison of the 4D-CT ventilation and SPECT 
ventilation or perfusion in a lung cancer patient. 

2 Methods and Materials 

First, we acquired a 4D-CT and a SPECT ventilation/perfusion (V/Q) (VSPECT and 
QSPECT) scans for a lung cancer patient.  Second, we created 4D-CT ventilation 
images.  Two different 4D-CT ventilation images were created using two metrics: 
Hounsfield unit (HU)-change (V4D-CT

HU) [4, 5, 7, 10, 13] and Jacobian determinant 
(V4D-CT

Jac) [7, 8, 13].  Finally, we quantified the physiologic accuracy of 4D-CT 
ventilation imaging by comparison with VSPECT and QSPECT.  Here we define the 
physiologic accuracy as the voxel-based correlation between the 4D-CT ventilation 
and SPECT.  Fig. 1 shows a schematic diagram for this process.  V4D-CT

HU and V4D-

CT
Jac were created in three steps, by (1) acquisition of 4D-CT scans, (2) spatial voxel-

wise mapping of the peak-exhale 4D-CT image to the peak-inhale image using DIR, 
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and (3) quantitative analysis of the resultant DVFs for computing the ventilation 
metric (see the section 2.2 for more details).  We also performed a SPECT/CT V/Q 
scan (see the section 2.3).  Each of V and Q scans consisted of a low-dose CT 
acquisition followed by a SPECT acquisition.  For the 4D-CT ventilation to SPECT 
comparison, the CT image of SPECT was aligned with the peak-exhale 4D-CT image 
using rigid image registration.  The derived translations and rotations were applied to 
the SPECT images to align with the 4D-CT ventilation images, assuming that the 
patient did not move between the SPECT and CT scans. 

 
Fig. 1. A schematic diagram for creating 4D-CT ventilation images, acquiring SPECT/CT V/Q 
images, and comparing these images.  For 4D-CT ventilation imaging, deformable image 
registration (DIR) was performed for spatial voxel-wise mapping of the peak-exhale 4D-CT 
image to the peak-inhale image.  Resultant displacement vector fields were analyzed to create 
ventilation images using two different metrics: Hounsfield unit (HU)-change (V4D-CT

HU) and 
Jacobian determinant of deformation (V4D-CT

Jac).  For SPECT/CT scans, the Q scan (QSPECT) 
was acquired first, followed by the V scan (VSPECT).  For the 4D-CT ventilation to SPECT 
comparison, the CT image of SPECT was aligned with the peak-exhale 4D-CT image using 
rigid image registration.  The derived translations and rotations were applied to the SPECT 
images to align with the 4D-CT ventilation images.  The activity-corrected SPECT Q image 
(Q’SPECT ) was subtracted from the V image to determine a net V (VSPECT

net). 

2.1 Patient 

This study was a prospective analysis approved by Stanford University’s Institutional 
Review Board.  We studied a radiotherapy patient (66 year-old male) who had a stage 
IIB lung cancer with a tumor mass in the left upper lobe extending into the left hilum.  
The patient had a smoking history of 25 pack-years and severe chronic obstructive 
lung disease (COPD) (GOLD class III). 
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2.2 4D-CT Pulmonary Ventilation Imaging 

4D-CT Scan Acquisition.  The 4D-CT ventilation images were created in three steps 
as follows.  The first step was the acquisition of a 4D-CT scan.  Four-dimensional CT 
images are created by acquiring oversampled CT data simultaneously with a 
respiratory trace and by reconstructing a number of 3D-CT data sets correlated with a 
given respiratory phase range [14].  The 4D-CT scan was acquired on the GE 
Discovery ST multislice positron emission CT (PET)/CT scanner (GE Medical 
Systems, Waukesha, WI) in cine mode with the Varian Real-time Position 
Management (RPM) system (Varian Medical Systems, Palo Alto, CA) to record 
patient respiratory traces.  The patient was in a supine position.  The CT data were 
acquired at multiple couch positions covering the entire lung for a cine duration that is 
a little longer than the estimated respiratory period at each position.  Audiovisual 
(AV) biofeedback [15] has been used to improve the patient breathing and to 
minimize the imaging artifacts.  Scan parameters were set as follows: 120 kVp, 
approximately 100 mAs per slice, 0.5 sec gantry rotation, 0.45 sec cine interval, 512 × 
512 matrix with a pixel size of 1 mm × 1 mm, and 2.5 mm slice thickness, as used 
clinically in our department.  The GE Advantage 4D software was used to create a 
4D-CT image set by sorting raw 4D-CT slices correlated with the RPM data into 10 
respiratory phase-based bins (i.e., 0% to 90% at 10% intervals).  We used paired 4D-
CT images at the peak-exhale (60% for the current patient) and peak-inhale (0%) 
phases for ventilation computation.  More details on the 4D-CT acquisition using the 
GE scanner with Advantage 4D have been described by Rietzel et al. [14].  The 4D-
CT scan was acquired before radiotherapy is started. 
 
Deformable Image Registration (DIR).  The second step was DIR for spatial voxel-
wise mapping of the peak-exhale 4D-CT image to the peak-inhale image, deriving a 
DVF.  To estimate regional ventilation, it is necessary to establish correspondence of 
the individual respiratory phases.  A common method for this task is elastic 
registration which tries to find a DVF such that one phase image (i.e., peak-inhale 4D-
CT image) is transformed into another phase (i.e., peak-exhale).  The resulting DVF 
points from the domain of the peak-exhale image into the domain of the peak-inhale 
image and therefore can be used for ventilation assessment.  Elastic registration 
minimizes both a certain similarity measure D and a regularizing term S.  By adding a 
regularizing term, the registration problem is well-posed.  For D, we chose the sum of 
squared differences.  For S, an elastic regularizer based on the Navier-Lamé equation 
was employed.  The elastic regularizer assumes that the underlying images can be 
characterized as an elastic and compressible material.  Its properties are modeled by 
the so-called Lamé constants, � and �.  Based on calculus of variations, we arrive at a 
system of non-linear partial differential equations to be solved, i.e.,  

� � � �uu TRTuu ������		
 ��� , (1) 

where Tu and R correspond to the displaced peak-inhale phase and the peak-exhale 
phase, respectively.  For the discretization of the formula (1), finite differences in 
conjunction with Neumann boundary conditions have been chosen.  The resulting 
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system of linear equations consists on one hand of a sparse, symmetric and highly 
structured matrix arising from the regularizer and, on the other hand, of a so-called force 
vector corresponding to the similarity measure.  By nature, the larger the contrast of 
misaligned image structures is, the larger the modulus of the force vector is.  Therefore, 
bone structures would be perfectly aligned in CT images, whereas soft tissue may not.  
This holds particularly for the lung-rib interface with on the one side the parenchyma 
following the motion, and on the other side the ribs staying in place or even moving in 
opposite direction.  To circumvent misalignment of parenchymal structures, we added a 
simple masking of the force vector.  For every voxel with a HU value greater than 0 in 
the reference phase, the force vector was set to 0 for this voxel location.  This results in 
a lung deformation which is not influenced by misalignment of the rib cage. 
 
Ventilation Computation.  The final step was quantitative analysis of the resultant 
DVFs for computing the ventilation metric.  Ventilation can be estimated for each 
voxel based on the established correspondence between the peak-exhale and peak-
inhale 4D-CT images.  In this study, we investigated two metrics exploiting: (1) HU-
change in corresponding parenchymal structures (V4D-CT

HU) [4, 5, 7, 10, 13], or (2) 
local volume changes of the computed DVF, i.e., Jacobian determinant (V4D-CT

Jac) [7, 
8, 13].  For V4D-CT

HU, we presumed that regional ventilation can be represented by the 
relative change in fraction of air as originally proposed by Simon [5].  The V4D-CT

HU 
value in the voxel at location (x) of the peak-exhale image is given by, 

� � � � � � �
� � � � �� �1000

1000
inhaleexhale

exhaleinhaleHU
CT4D 		

�	
�� xuxHUxHU

xHUxuxHUxV , (2) 

where HU(x) is the HU value and u(x) is the displacement vector mapping the voxel at 
location (x) of the peak-exhale image to the corresponding location of the peak-inhale 
image.  Given the influence of the statistical noise, the CT images have been smoothed 
with a Gaussian filter kernel with a variance, �2  = 1.5 mm2 before computing V4D-CT

HU.  
For V4D-CT

Jac, we presumed that regional ventilation can be represented by a Jacobian 
determinant of deformation.  The V4D-CT

Jac value in the voxel at location (x) is given by, 

� � � � �� � 1detJac
CT4D �	��� xuxxV . (3) 

For both V4D-CT
HU and V4D-CT

Jac, positive and negative values indicate local expansion 
and contraction, respectively. 

2.3 SPECT/CT V/Q Scan 

The SPECT/CT V/Q scan consisted of four parts: (1) CT for SPECT Q (QSPECT), (2) 
QSPECT, (3) CT for SPECT V (VSPECT), and (4) VSPECT.  The SPECT/CT V/Q scan was 
acquired on the GE Infinia Hawkeye SPECT/CT scanner.  For QSPECT, 1 mCi of 
technetium-99m-labeled macroaggregated albumin (99mTc-MAA) was injected 
intravenously.  For VSPECT, technetium-99m-labeled diethylenetriamine pentaacetate 
(99mTc-DTPA) was aerosolized.  The patient’s nose was clamped and an inhalation of 
99mTc-DTPA aerosols was given through a mouth piece of a nebulizer until the count 
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rate reached three times higher than the original count rate recorded after QSPECT.  The 
SPECT scans were acquired in a 64 × 64 matrix with a pixel size of 8.8 mm × 8.8 mm 
with 60 projections over 360° and durations of 25 s per projection for QSPECT, and 30 s 
for VSPECT.  The slice thickness was 8.8 mm.  The low-dose CT scans were also 
acquired at 120 kVp and 2.5 mAs.  The SPECT images were reconstructed with 
attenuation correction using the CT images.  For the SPECT/CT scan, the patient was 
in a supine position on a flat Lucite board placed on top of a concave couch in order 
to reduce registration errors between 4D-CT and SPECT images.   Both the SPECT 
and CT scans were acquired under free breathing as it took long.  The SPECT/CT 
scan was acquired on the same day as 4D-CT and hence the patient was expected to 
have the same functional status. 

2.4 Statistical Analysis 

The V4D-CT
HU and V4D-CT

Jac images were compared to VSPECT and QSPECT.  Here we 
assumed VSPECT as ground truth.  QSPECT was also used for the comparison as surrogate 
of VSPECT, given that there was concern for central airway depositions of aerosol 
particles in VSPECT for severe COPD patients [16].  The current patient had severe COPD 
as described above in the section 2.1.  Strong correlations between ventilation and 
perfusion have been demonstrated [17, 18] (e.g., 0.89 [17]), and therefore perfusion can 
be used as surrogate.  For the comparison, the CT image of SPECT was aligned with the 
peak-exhale 4D-CT image using rigid image registration (Fig. 1).  The derived 
translations and rotations were applied to the SPECT images to align with the 4D-CT 
ventilation images.  Given that VSPECT was acquired after QSPECT and 99mTc-MAA 
activity remained on VSPECT, the activity-corrected QSPECT (i.e., Q’SPECT) was subtracted 
from VSPECT to determine a net V (i.e., VSPECT

net).  The activity correction for QSPECT was 
simply based on an exponential decrease with a physical half-life of 99mTc (i.e., 6 h) and 
a biological half-life of MAA (i.e., 5 h [19]).  After registration, the Spearman’s rank 
correlation coefficients were determined to quantify the correlation between V4D-CT

HU or 
V4D-CT

Jac and VSPECT
net or QSPECT.  For the correlation analysis, the 4D-CT ventilation 

images were downsampled to the SPECT image resolution. 

3 Results 

Fig. 2 shows example images of 4D-CT, V4D-CT
HU, V4D-CT

Jac, VSPECT
net and QSPECT.  The 

V and Q images are shown with a scale from the 10th percentile value to the 90th 
percentile value.  The percentile values were determined for the V or Q values inside 
the lungs.  The V4D-CT images provided a higher resolution than VSPECT

net or QSPECT.  In 
the comparison between V4D-CT

HU or V4D-CT
Jac and VSPECT

net, there were several 
agreements in some regions and many disagreements throughout the lungs.  Overall, 
all V images showed higher ventilation in the right lung than in the left lung, which 
would be due to a large tumor mass near the left hilum compressing large bronchi.  
For V4D-CT

HU, we found reasonable agreements in the right lower region at mid-
anterior (low ventilation) and in the right upper region at mid-posterior and posterior 
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(high ventilation) for example.  However, disagreements were more obvious and were 
found throughout the lungs, e.g., V4D-CT

HU showed moderate ventilation in the left 
lung at anterior and mid-anterior, where VSPECT

net showed high ventilation.  In 
addition, we found disagreements in periphery, where V4D-CT

HU showed higher 
ventilation than VSPECT

net.  Presumably these disagreements are due to central airway 
depositions of aerosol particles in VSPECT

net as observed at mid-posterior, which would 
underrepresent peripheral ventilation.  The Spearman voxel-based correlation 
coefficient between V4D-CT

HU and VSPECT
net was 0.030.  Similarly V4D-CT

Jac also had 
many disagreements with VSPECT

net and the correlation was 0.184.  Fig. 3 shows the 
voxel-based relationships between V4D-CT

HU or V4D-CT
Jac and VSPECT

net or QSPECT.  There 
were considerable probabilities of negative 4D-CT ventilation values that are not 
supposed to appear during inhalation in principle, as observed by Christensen et al. 
[9].  This leaves open the question of DIR algorithm errors. 

 
Fig. 2. Example images at the same coronal level of peak-exhale 4D-CT, 4D-CT ventilation 
derived by the Hounsfield unit (HU) metric (V4D-CT

HU) or the Jacobian metric (V4D-CT
Jac), the net 

SPECT ventilation (VSPECT
net), and perfusion (QSPECT).  Each row represents different coronal 

level.  The ventilation and perfusion images are shown with a scale from the 10th percentile 
value (V10 or Q10) to the 90th percentile value (V90 or Q90).  The xth percentile value is the 
ventilation (perfusion) value at which x% of the total lung volume has lower value.  Note that 
the V4D-CT values outside the lungs are masked out, while VSPECT

net and QSPECT are not masked 
out to show central airway depositions of aerosol particles in the VSPECT

net image. 

In the comparison between V4D-CT
HU or V4D-CT

Jac and QSPECT, there were both 
agreements and disagreements as with VSPECT

net, however there were clearly more 
agreements for QSPECT compared to VSPECT

net from visual inspection (Fig. 2).  The QSPECT 
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image also showed higher perfusion in the right lung than in the left lung similarly to 
the V images, which would be due to a large tumor compressing large vessels.  For V4D-

CT
HU, we found reasonable agreements in the left upper region at anterior and mid-

anterior (moderate ventilation) and in the right upper region at mid-posterior (high 
ventilation) for example.  Disagreements were found in the right lung at anterior for 
example, where V4D-CT

HU showed high ventilation, however QSPECT showed low to 
moderate ventilation.  The Spearman voxel-based correlation coefficient between V4D-

CT
HU and QSPECT was 0.357 (Fig. 3).  V4D-CT

Jac also demonstrated better agreements with 
QSPECT than with VSPECT

net and the correlation coefficient was 0.479. 
Two different ventilation metrics led to spatially variant 4D-CT ventilation images 

(V4D-CT
HU and V4D-CT

Jac) (Fig. 2).  From visual inspection, there were good agreements in 
the right upper region at mid-posterior (high ventilation) and in the left lung at posterior 
(low ventilation).  However, V4D-CT

HU showed low ventilation in the right lower region 
at mid-anterior and mid-posterior, where V4D-CT

Jac showed high ventilation in contrast.  
The Spearman voxel-based correlation coefficient between V4D-CT

HU and V4D-CT
Jac was 

0.459.  Also, V4D-CT
HU demonstrated a more heterogeneous distribution with a 

coefficient of variation (i.e., the ratio of the standard deviation to the mean) of 0.160 
than V4D-CT

Jac with 0.072, which is reflected in more scattered distributions in Fig. 3. 

 
Fig. 3. Four-dimensional (4D) computed tomography (CT) ventilation vs. single photon 
emission CT (SPECT) ventilation or perfusion.  The Spearman correlation coefficients and 
least square regression lines are also shown. 
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4 Discussion 

The correlations between the 4D-CT ventilation and SPECT ventilation (assumed 
ground truth) were weak, which is consistent with Castillo et al. [6].  The weak 
correlations could be due to limitations of the 4D-CT and/or SPECT techniques.  The 
limitations of the 4D-CT ventilation imaging technique include (1) a potential bias in 
the HU metric, (2) the need for the physiologic validation, and (3) the artifacts in 4D-
CT images.  There is a possibility that the HU metric underestimates the actual HU 
change, given that the DIR algorithm used in this study minimizes the sum of squared 
differences, however this effect would be small considering that it is also based on the 
elastic regularizer.  Our recent study demonstrated significantly lower ventilation in 
emphysematous lung regions than in non-emphysematous regions (p < 0.001), which 
indicates a potential of 4D-CT ventilation imaging to achieve the high physiologic 
accuracy [13].  However, this study focused on the global accuracy only.  Artifacts 
are observed in the 4D-CT images at an alarmingly high frequency (i.e., 90%) [20], 
which could impact 4D-CT ventilation imaging.  Although we used AV biofeedback 
to minimize the artifacts, several artifacts still remained in the images.  There are 
several more strategies to improve 4D-CT, including a wide-area detector CT scanner 
with a greater coverage [21], improved sorting methods [22, 23], and post-scan image 
processing [24, 25].  The limitations of the SPECT ventilation scan with 99mTc-DTPA 
aerosols include central airway depositions in severe COPD patients [16].  That was 
the case in the current study as the patient had severe COPD.  Central deposition 
limits the uniform penetration of aerosol particles to periphery, yielding non-
representative SPECT ventilation [26, 27].  In a recent study, an ultrafine dispersion 
of technetium-99m-labeled carbon (i.e., Technegas) has been found to be superior to 
99mTc-DTPA for COPD patients [26].  In addition to these limitations of the 4D-CT 
and SPECT techniques, several differences between these two techniques might lead 
to the weak correlation.  The differences include the spatial resolution, patient 
positioning and respiratory phase.  For the difference in the resolution, appropriate 
smoothing for creating a 4D-CT ventilation image may result in an improved 
correlation.  The patient received the 4D-CT and SPECT scans separately on the 
different scanners, where there was a considerable difference in positioning even 
though we tried to minimize it.  We would not be able to disregard this difference 
unless a SPECT/CT scanner with the 4D-CT capability is used to acquire both 4D-CT 
and SPECT scans.  The difference in the respiratory phase is another issue, i.e., the 
4D-CT ventilation was based on the peak-exhale and peak-inhale phases only, 
however the SPECT ventilation was acquired under free breathing.  Integrating the 
4D-CT ventilation created from all the 4D-CT images over a full respiratory cycle 
would more appropriately represent free breathing and may improve a correlation. 

The correlations between the 4D-CT ventilation and SPECT perfusion were much 
higher than those with the SPECT ventilation.  However, they were still weak, which 
could be due to a potential difference between ventilation and perfusion in addition to 
limitations of the 4D-CT and/or SPECT techniques as described above.  It has been 
demonstrated that regional ventilation is tightly matched to perfusion in large 
laboratory animals under normal conditions [17, 18], even though its mechanisms 
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remain unresolved.  Altemeier found a strong correlation between ventilation and 
perfusion in pigs with an average correlation coefficient of 0.89 [17].  There are 
several potential causes degrading this matching, which include pathological 
conditions and mechanical ventilation [28].  Mismatch between ventilation and 
perfusion occurs mainly due to pulmonary vascular disease such as pulmonary 
embolism and hypoplasia/aplasia of pulmonary artery [19].  In this study, the patient 
had no clear evidence of such diseases, however had a lung cancer and COPD that 
might degrade the ventilation and perfusion matching.  Another difference may come 
from the effect of posture and gravity on the relationship between ventilation and 
perfusion [29, 30].  Recently, Petersson et al. investigated this effect using the SPECT 
V/Q scan for 7 healthy volunteers in a supine posture [29].  They found more uniform 
V/Q ratios close to 1 in the superior-inferior direction compared to an upright posture, 
however there were slight increases up to approximately 1.3 in the inferior regions. 

The 4D-CT ventilation imaging technique has higher spatial and temporal 
resolution, lower cost, shorter scan time, and/or higher accessibility compared with 
other techniques (including nuclear medicine, hyperpolarized gas MR, and Xe-CT).  
The 4D-CT ventilation can be considered as ‘free’ information, because 4D-CT scans 
are in routine use for lung cancer radiotherapy in many centers, and ventilation 
computation involves only image processing (DIR) and analysis.  Furthermore, 4D-
CT ventilation imaging has an inherent advantage, i.e., perfect registration to the 
original CT images, which enables high-resolution anatomic correlation.  Once 
validated, 4D-CT ventilation images could be used in lung cancer radiotherapy to 
avoid high-functional lung regions from radiation that may allow pulmonary toxicity 
reduction [31, 32].  Also, the functional response to radiotherapy treatment could be 
investigated with 4D-CT ventilation imaging. 

5 Conclusion 

The physiologic accuracy of 4D-CT ventilation imaging has been quantitatively 
evaluated on a human subject by comparison with the SPECT/CT V/Q scan.  The 
correlation between the 4D-CT ventilation and SPECT V was very weak, where the 
SPECT V showed significant central airway depositions of aerosol particles.  The 
correlation between the 4D-CT ventilation and SPECT Q was much higher, which 
indicates a potential of 4D-CT ventilation imaging to achieve the high physiologic 
accuracy.  A further study is necessary to investigate the differences between the 4D-
CT ventilation and SPECT V/Q and to improve the accuracy through acquiring more 
patient data including non-COPD patients. 
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