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Introduction
Respiratory-induced motion can cause artifacts on free-breathing 

planning CT images for lung cancer patients. Tumor motion can also 
lead to suboptimal treatment from a patient-customized plan. There 
are many approaches to manage respiratory-related motion problems, 
including phase or amplitude gating and breath-hold techniques (active 
and passive) [1-5]. Although breath-hold techniques are effective in 
immobilizing treatment target of lung cancer patients, they are often 
uncomfortable for patients with compromised pulmonary capacity. 
Some of these patients are often unable to perform within reasonable 
scan time. Their discomfort of breath-holds during CT simulation 
may be alleviated by phase-triggering (or gating) CT scanner. Some 
commercial products have been used in clinic, like Varian Real-Time 
Position Management (RPM) system [6] (Varian Medical Systems, 
Palo Alto, CA) and the Active Breathing Control (ABC) system [7] 
(Elekta Oncology Systems, Norcross, GA). 4D imaging has been 
demonstrated by retrospectively sorting helical data sets from single [8-
10] or multi-slice [11-13] CT scanners according to their time stamp.
It is easy for multiple-slice CT scanners to associate respiration phases
with the recorded respiratory signals [14]. However, some clinics do
not have these advance multiple-slice CT scanners, especially those in
developing countries. It is relative hard for single-slice CT scanners
to scan so many phases. In this study we propose a new approach to
reconstructing 4D CT data sets from a limited number of phase-specific
CT scans on a Picker PQ 5000 (Philips/Marconi Medical Systems,
Cleveland, OH) single-slice CT scanner with an image registration
algorithm.

Materials and Methods
3d Block searching image registration algorithm

The 3D block searching method is a coarse-to-fine direct image 
registration approach [15-17]. The target image volume was divided 
into multiple non-overlapping blocks of voxels. There are total 
two levels of iterations: the resolution of the images increase at the 

outer level to transfer the current estimation of displacement field 
into the next higher resolution. At the inner level, the estimation 
of displacement filed can be improved through a local search. For 
example, a typical dimension of image volume is 512 x 512 x 128 
voxels. The image resolution can be 32 x 32 x 32, 64 x 64 x 64 and 
128 x 128 x 64 voxels. For each image resolution, a local correlation 
search was conducted by a small block (typical dimension from 2 x 2 
x 2 voxels to 4 x 4 x 4 voxels). All the voxels in this small block can be 
shifted to maximize its correlation scores with the corresponding block 
in the target image volume. The searching usually is limited within its 
neighborhood (about 2 to 3 voxels). The displacement found on the 
low (coarse) resolution can be used in the next finer resolution through 
linear interpolation to match the new image and block dimension. The 
advantage of this searching strategy is that it can avoid local minima 
in regional searching and speed up the convergence because the 
searching starts with an initial starting point from the previous search. 
The cost function to be minimized consists of two parts: the similarity 
measurement part and the smoothing part for regulation purpose. 
The first part is used to find two best matching regional blocks and 
the second part is to preserve the continuity of tissues due to limited 
elasticity it has. The cost function can be defined as:
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Where (i,j,k) is the voxel of block A in the moving volume and block 
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Abstract
A 3D block searching image registration algorithm was used to reconstruct 4D CT image sets from limited two 

or three phase-specific CT scans. A modified first-aid thorax phantom was used to verify the algorithm by acquiring 
ten known-phase (0º, 20º, 40º, 60º, 80º, 100º, 120º, 140º, 160º and 180º) image sets simulating breath-holding lung 
with an inflatable balloon. Two methods were used to reconstruct 4D image sets: two-phase approach and three-
phase approach. The former only used two extreme phases: end-of-exhalation (0º phase) and end-of-inhalation 
(180º phase). The three-phase approach adds an intermediate phase. The average overlapping ratio for the two-
phase approach is 95.3% with its range between 93.2% and 97.5%. For the three-phase approach, the average 
overlapping ratio is 97.3 with its range between 95.6% and 98.4%. Except the extreme top, the maximum 2D contour 
deviation was 3 mm for the two-phase approach and 1 mm for the three-phase approach respectively.  A clinical 
lung patient case was also used to test the algorithm. There were total three phase-specific CT scans (0º, 90º, 
and 180º) and the middle phase (90º phase) was used to verify the accuracy of the reconstructed middle phase. 
The overlapping ratio is 98.5% and the maximum contour deviation is 1.5 mm. With this approach, it is feasible to 
reconstruct 4D image sets with limited phase-specific, breath-holding CT scan on a single-slice CT scanner in an 
acceptable accuracy range. 
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B in the target volume respectively. If the displacement vector φ can 
be set arbitrarily, the similarity (first part of the above equation on the 
right side) can be close to zero by moving a similar-intensity voxel 
in the moving image set. The resultant image can be very ‘noisy’ and 
useless. The second part on the right side is a Laplacian operator to 
enforce ‘smoothing’ on the resultant image set through minimization. 
This effect is similar to the elasticity enforcement for the imaging tissue.  
The weighting factor a is used to balance the two terms and its value 
reflects the emphasis (importance) of the ‘smoothing’ or ‘regulation’. 
A larger value of a can be used for suppressing noise in the CT image 
sets and for less elastic (motion) tissue. Our selection of this weighting 
factor is a trial-and-error procedure. Its range is between 0 and 100 
[16]. 

A modified respiration phantom

A modified T1Man CPR training phantom (First Aid Products, 
CA) was used to simulate respiratory-induced motion. A cavity was 
cut in the thoracic region of the phantom to accommodate an inflatable 
latex balloon to simulate human’s lung. The balloon was connected to a 
plastic tube via an adaptor (Figure 1) while the tube was connected to an 
air pump driven by an oscillating piston.  The piston is connected and 
driven by a direct-current motor (Figure 1a). A dial was attached on the 
oscillator to indicate phases of a simulated respiration cycle (Figure 1b). 
The motor can stop at any specific phase or smoothly transmit to other 
respiration phases. Since the air balloon is a closed system, it can keep 
the shape and volume at a specific phase during CT scanning. There 
were 10 total CT scans acquired with the balloon volume at different 
phases of ‘breathing’: 0º, 20º, 40º, 60º, 80º, 100º, 120º, 140º, 160º, and 
180º by using a single-slice Picker PQ5000 CT scanner. The 0º and 
180º phases are two extreme positions in a simulated respiration cycle:  
end-of-exhalation and end-of-inhalation respectively. In the two-phase 
approach, they can be used to reconstruct the rest intermediate phases 
through the 3D block searching image registration. In the three-phase 
approach, a third middle phase (80º) is used to reconstruct the rest 
phases. The reconstructed image sets were then compared with their 
corresponding phase-known image sets. There are total 46 CT slices 
for each phase.

In the two-phase approach, the 0º phase was used as the target 
image set and the 180º phase was used as the moving image set. As 
part of the registration process, the 160º phase was first reconstructed.  
This new reconstructed phase was then used as the new source and was 
registered to the same target (0ºphase). This procedure was repeated 
until all the other six phases (including 120º, 100º, 80º, 60º, 40º and 20º) 
were reconstructed. 

In the three phases approach, the middle phase (80º) was first used 
as the target and it was registered by 180º phase in the first stage. Four 
middle phases (160º, 140º, 120º and 100º) were reconstructed. In the 
second stage the 80º phase used as moving object was registered to the 
00 phase (target). Three phases (60º, 40º and 20º) were reconstructed. 

A clinical case

CT images of three phases (0º, 90º and 180º) were acquired from 
a lung cancer patient. The breath-holding technique was carried out 
with an active breathing control (Aktina Inc., Congers, New York). 
The ABC system is a spirometer-based system which monitors the 
volume of air in-and-out of the patient. Before the formal scan, the 
patient underwent a training session to familiarize himself/herself with 
the monitoring system. After training, the patient was able to maintain 
breath-holding about 12 seconds each time. The pre-selected phase 
signal was synchronized with beam-on time of our spiral CT scanner.  

Results
The phantom case

In the two-phase approach (Figure 2a), the reconstructed volumes 
of different phases (green) were overlapped on the original CT 
volumes (gray). The average overlapping ratio (defined as percentage 
of overlapping volume to the target volume) is 95.3% with a range 
between 93.2% and 97.5%.  In the three-phase approach (Figure 2b), 
the average overlapping ratio is 97.3 with its range between 95.6% 
and 98.4%. The overlapping ratios are improved in the three-phase 
situation. The centroid movement of lung mass was calculated (Figure 
3) in order to trace their motion. The two motion trajectories of the 
reconstructed lung volumes are compared with the centroid movement 
of the original lung volume (the red trajectory). In the case of two-
phase approach (the blue trajectory), the maximum differences in X, 
Y and Z direction are 1.1 mm, 2.8 mm and 4.8 mm respectively. In the 
three-phase approach (the black trajectory), the maximum differences 
in X, Y and Z directions were 1.0 mm, 1.6 mm and 0.0 mm. The 
three-phase approach achieves better agreement than the two-phase 
approach due to the fact that the middle phase (the 80º phase) was used 
as constraint in image registration and with less deformation between 
the moving and the target. The 2D contours on the reconstructed 
volumes were also calculated and compared with the original contours. 
The maximum deviations were 3 mm and 1 mm (except the extreme 
top) for the two-phase and three-phase approaches respectively. 

Figure 1: A modified first-aid thorax phantom (a) and a phase-indicated mater 
(b).

 
(a) (b)  

Figure 2: Overlapping of the reconstructed (green) and the original volumes 
(gray) of different phases for two-phase approach (a) and three-phase 
approach (b).  
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The clinical case 

Only three phase (0º, 90º, and 180º) CT scans were obtained in 
order to reduce the scanning time. The two extreme phases (0º and 
180º) were used to reconstruct three intermediate phases: 45º, 90º and 
135º.  The original 90º phase was used to compare the reconstructed 
90º phase. Figure 4 shows the three reconstructed phases (45º, 90º 

and 135º) with the original two phases (0º and 180º) viewed from the 
direction of the lung apex. Figure 5 shows the overlapping between 
the reconstructed 90º phase (green) and the original 90º phase. The 
overlapping ratio is 98.5%. The contour deviation was also calculated 
and the maximum deviation is 1.5 mm. 

Conclusion

A 3D block searching image registration method was used to 
reconstruct 4D CT image sets through specific two- or three-phase 
CT scans.  Our phantom study shows the three-phase approach is 

better than the two-phase approach. Our clinical case also shows that 
two CT scans (0º phase and 180º phase) can be used to reconstruct 
other intermediate phases (45º, 90º and 135º). For those hospitals with 
only single-slice traditional CT scanners, this approach provides an 
alternative way to reconstruct 4D CT sets within acceptable accuracy 
range and makes it possible to do 4D treatments for cancer patients.  
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Figure 3: Motion trajectories of two-phase approach (blue) and three-phase 
approach (black) compared with the original measured trajectory (red). 
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Figure 4: Three reconstructed intermediate phases (45º, 90º, 135º) and two 
original phases (0º and 180º) viewed from the tip of the lung. 
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Figure 5: Overlapping of the reconstructed 90º phase (green) with the original 
90º phase (gray).
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