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Abstract

Purpose Lower lobe lung tumors move with amplitudes of up to 2 cm due to respiration. 
To reduce respiration imaging artifacts in planning CT scans, four-dimensional (4D) 
imaging techniques are used. Currently, we use a single (mid-ventilation) frame of 
the 4D data set for clinical delineation of structures and radiotherapy planning. A 
single frame, however, often contains artifacts due to breathing irregularities, and is 
noisier than a conventional CT scan since the exposure per frame is lower. Moreover, 
the tumor may be displaced from the mean tumor position due to hysteresis. The 
aim of this work is to develop a framework for the acquisition of a good quality scan 
representing all scanned anatomy in the mean position by averaging transformed 
(deformed) CT frames, i.e., canceling out motion. A non-rigid registration method is 
necessary since motion varies over the lung

Methods and Materials Four-dimensional and inspiration breath-hold (BH) CT scans 
were acquired for 13 patients. An iterative multi-scale motion estimation technique 
was applied to the 4D CT scan, similar to optical flow but using image phase 
(gray-value transitions from bright to dark and vice versa) instead. From the (4D) 
deformation vector field (DVF) derived, the local mean position in the respiratory 
cycle was computed and the 4D DVF was modified to deform all structures of the 
original 4D CT scan to this mean position. A 3D mid-position (MidP) CT scan was 
then obtained by (arithmetic or median) averaging of the deformed 4D CT scan. 
Image registration accuracy, tumor shape deviation with respect to the BH CT scan, 
and noise were determined to evaluate the image fidelity of the MidP CT scan and 
the performance of the technique.

Results Accuracy of the used deformable image registration method was comparable 
to established automated locally rigid registration and to manual landmark registration 
(average difference to both methods < 0.5 mm for all directions) for the tumor region. 
From visual assessment, the registration was good for the clearly visible features 
(e.g., tumor and diaphragm). The shape of the tumor, with respect to that of in the BH 
CT scan, was better represented by the MidP reconstructions than any of the 4D CT 
frames (including MidV; reduction of “shape differences” was 66%). The MidP scans 
contained about one-third the noise of individual 4D CT scan frames.

Conclusions We implemented an accurate method to estimate the motion of 
structures in a 4D CT scan. Subsequently, a novel method to create a mid-position 
CT scan (time-weighted average of the anatomy) for treatment-planning with reduced 
noise and artifacts was introduced. Tumor shape and position in the MidP CT scan 
represents that of the BH CT scan better than MidV CT scan and, therefore, found to 
be appropriate for treatment-planning. 
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INTRODUCTION1. 
Breathing motion in the thoracic and abdominal region (more than 2 cm close to the 
diaphragm) causes image artifacts in conventional free-breathing CT scans.  Four-
dimensional (4D) respiration-correlated [1,2] imaging techniques are used to obtain 
(respiration) artifact-free CT images of the thorax. For treatment-planning, several 
CT reconstructions from this 4D data set have been proposed in the literature, e.g., 
maximum intensity projection (MIP) [3] and exhale mid-ventilation images (MidV) [4]. 
These scans are used for delineation of the internal structures (target and organs) 
and possibly for dose calculation. The target delineation of the MIP CT results in the 
internal planning target volume, which has been shown to be larger than the planning 
target volume necessary for appropriate radiotherapy treatment [5] (Chapter 6). In 
addition, the computed target and (mean) lung dose may not be correct since the 
target and lung volume are not correctly determined. Considering MidV CT scans, 
delineation of the tumor and other structures using a single frame is sometimes 
problematic since small artifacts occur due to remaining motion and breathing  
irregularities. Moreover, a 4D scan is noisier than a conventional CT scan because 
the exposure per frame is lower.  Finally, a (small) systematic geometrical error 
with respect to the mean position is introduced in the MidV CT scan when there is  
hysteresis in the tumor motion (i.e., tumor trajectory from inhale to exhale is not 
equal to that of exhale to inhale, resulting in a three-dimensional (3D) elliptical tumor 
trajectory instead of retracing a line [6]). An error is incurred because none of the 
frames of the 4D CT scan represents the mean position accurately. 
The aim of this study is to address the problems associated with the MidV CT scan, 
and introduce the mid-position (MidP) CT concept. MidP is a refinement of the MidV 
concept, whereby a new CT scan is reconstructed from the entire 4D CT data set, 
where all anatomy, including the tumor, is represented in the time-weighted mean 
position over the respiratory cycle. Since the MidP approach uses information of all 
frames of the 4D CT scan instead of a single frame, this approach is more efficient 
compared to MidV CT in terms of dose and CT information and, therefore, results in 
an increased image quality compared to the 4D and MidV CT scans [7]. 

METHODS AND MATERIALS2. 
In the framework to create a 3D MidP CT scan (Figure 5-1), the physical motion in 
the 4D CT scan is estimated from each frame and subsequently compensated to the 
time-weighted mean position, thereby eliminating motion. Averaging these frames 
of the motion-compensated 4D CT scan (over time) results in a 3D CT scan with 
reduced artifacts and noise: The MidP CT scan. 
Since motion varies over the lung, a non-rigid registration method is necessary 
to determine the local motion for each voxel. Motion estimation is a large field of  
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research and there are several algorithms, often using a similarity measure to drive 
the registration [8,9]. In this chapter, motion between two frames of the 4D CT scan 
was determined using a phase-based optical flow motion estimation procedure based 
on the work of Hemmendorff [10,11]. To obtain the full motion during a respiratory 
cycle, this procedure was applied to all frames of the 4D scan, registering each of 
them to a reference frame.
This chapter is structured as follows: First a short description of the 4D CT scan and 
MidV reconstructions is given. Second, the reconstruction of the mid-position CT 
scan is described. Subsequently, the deformable registration is explained shortly (a 
more extensive description was given in the Chapter 4) and finally, quantification of 
the image registration performance and image fidelity improvements is described.

Patient group2.1. 

All patients received a contrast enhanced 4D CT scan (Section 5-2.2) and an inhale 
breath-hold (BH) CT scan, according to routine clinical protocols. Four-dimensional 
CT data sets of 13 patients (10 male and 3 female) with various stages of lung  
cancer and substantial tumor motion were used in this retrospective study: 30%  
upper thorax tumors and 70% lower thorax tumors. Tumor motion ranged from 9 to 34 
mm in the cranio-caudal (CC) direction. The tumor volume in the BH CT scan ranged 
from 2.5 to 53 cm3. The 4D scans differed in image quality and number of imaging 
artifacts (mainly due to difference in patient size and breathing irregularities). The BH 
CT scan was used as a reference for tumor shape and volume, and verification of 
the various CT reconstructions (Section 5-2.6b). Tumor deformation was assumed 
to be negligible. 

Respiration‑correlated 4D CT imaging2.2. 

During 4D CT scanning, the patient was instructed to breathe normally. The respiration 
of the patient was registered using a thermocouple inserted into the entry of a regular 
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Figure 5‑1. System overview. From the 4D CT scan, two frames are selected (reference (maximum ex‑
halation) and floating), which are registered to each other with deformable registration. This process is 
repeated for all 10 frames with the same reference frame. The resulting deformation vector field (DVF) 
is recomputed to deform all CT frames to the (time‑weighted) mean position. The deformed frames are 
averaged to obtain a high quality mid‑position (MidP) CT scan.
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oxygen mask, which measures temperature changes in airflow during inhalation 
(cold) and exhalation (warm) [12]. The helical cardiac scanning mode of the CT 
scanner (24 slice Somatom Sensation Open, Siemens, Forchheim, Germany) was 
used for respiratory-correlated imaging. A 4D CT scan with 10 respiratory phases (or 
frames) was reconstructed using phase-sorting. Frame 0% represented maximum 
inhale [12]. Each frame represents 1/10th of the breathing period and contains  
~ 100 slices; scan slice resolution was 512x512 voxels. In this study, the scan slice 
resolution was reduced to 256x256 voxels to save memory and computation time 
(voxel size of 2 mm in the left-right (LR) and anterior-posterior (AP) directions and 3 
mm in the cranio-caudal (CC) direction). 

Mid‑ventilation CT scans using rigid registration2.3. 

The mid-ventilation (MidV) CT scan is a single 3D CT frame of a 4D data set, with the 
tumor closest to its mean position [4]. To obtain this scan, first the tumor motion in the 
4D CT scan was determined [4,13]. To that end, a shaped region-of-interest (ROI) 
was manually defined in a reference CT frame, roughly encompassing the visual 
tumor. This ROI was subsequently registered to each frame of the 4D scan based 
on the correlation ratio of all voxels within the ROI to obtain a motion curve [13]. The 
tumor motion curve was used to determine the time-percentage (0-100% is a full 
cycle) in which the tumor is closest to its time-weighted mean position (clinically, the 
MidV is in exhalation). Subsequently, a new CT scan at the MidV time-percentage 
was reconstructed from the 4D CT (raw) sinogram data set.  Using this 3D MidV CT 
scan, the systematic error due to breathing motion in the planning scan is reduced 
to nearly zero.

Deformable registration 2.4. 

For this part of the study, the maximum expiration frame from the 4D CT data set was 
chosen as the reference scan, since this frame is expected to have the least number 
of imaging artifacts (due to minimal tumor motion and higher reproducibility of the 
tumor position compared to the other frames). A second scan was then registered to 
the reference scan (floating scan; Figure 5-1).
First, an image-processing operation (Section 4-1) was applied to the reference and 
floating scans, to convert the image into image-phase data (gray-value transitions 
from bright to dark and vice versa). The second part contains the actual motion 
estimation procedure based on optical flow using the image-phase data instead of 
the original image data. From the phase data, motion constraint equations were 
derived (for every voxel), representing a relationship of the phase change in space 
(x,y,z) and time (t), i.e., from floating scan to reference scan. Subsequently, the local 
translations (motion vectors) were found that matched the local constraint equations. 
This motion vector was then used to deform the floating scan to the reference scan. 
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Registration accuracy and speed were improved using an iterative coarse-to-fine 
image scale approach with multiple registration steps.
An important issue in deformable registration of thorax images is the fact that the 
motion direction of the lung tissue is opposite to the motion direction of the thoracic 
wall and the mediastinum (sliding tissue). Therefore, an adaptive filter was used in 
this method to regularize the motion constraints and the motion field (smoothing 
small errors) to separately filter the motion of the lung and surrounding tissues 
(Section 4-5).

Reconstruction of the mid‑position CT scan2.5. 

For each frame of the 4D data set a deformation vector field (DVF) was computed 
to a reference scan (Figure 5-1) using the method described in Section 5-2.4 and 
Chapter 4. Since the same reference scan (maximum expiration frame) was used 
in each DVF, the mean motion of all voxels can be computed by averaging the 10 
DVFs (9 computed + 1 reference –motion = 0–); Figure 5-2). Subsequently, for each 
DVF the mean DVF was subtracted, resulting in a set of DVFs with respect to the 
mean position (instead of with respect to the reference scan). Note that, since the 
vector space is not a continuum, the endpoint of the mean vector generally does 
not coincide with a grid point. Therefore, a numerical inversion of the mean vector 
is performed in the subtraction step. This set of mean-corrected DVFs was then 
applied to the original 4D CT scan, transforming each frame to the (time-weighted) 
mean position. The resulting set of 10 transformed CT frames was finally averaged 
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Figure 5‑2. Explanation of the computation of the mean motion vector. Since all vectors have the same 
starting point, vectors can be averaged resulting in the mean vector. To compute the vectors to the frames 
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to obtain the MidP CT scan, where all the internal structures, including the tumor, 
were in their exact time-weighted mean position of the respiratory motion. Arithmetic 
averaging (MidPmean) as well as median averaging (MidPmedian) were investigated.

Image fidelity and performance measurements2.6. 

Image registration accuracy and shape changes (with respect to the BH CT 
representation) were investigated to determine artifact reduction in the MidP 
reconstruction compared to the original 4D and MidV CT scans. 

Image registration accuracya. 
Besides visual inspection of the different structures in the transformed frames of the 
4D CT scan, two quantitative tests were performed to estimate the accuracy of the 
registration algorithm. The first test determined the differences in estimated tumor 
motion between an established locally rigid registration method (which is locally very 
accurate [13]; Section 5-2.3), and our deformable registration method. In the case 
of the deformable registration method, the deformation vectors within a manually 
defined ROI (encompassing the tumor) were combined (averaged) to derive a single 
motion curve. 
The second test used the publicly available POPI-model data set [14], containing 
a 4D CT scan and a list of 40 landmarks identified manually by a medical expert in 
each of the 3D frames. The difference between the corresponding position of the 
landmarks in a certain frame and the reference frame represented the motion and 
was considered as “truth”. The accuracy of the motion estimate was determined by 
comparing the estimated motion at the positions of the landmarks to those manually 
determined. 

Quantification of tumor size and shape changesb. 
The tumor shape in CT reconstructions were compared to the tumor shape in the BH 
CT scan, assuming that the tumor does not deform noticeably over the respiratory 
cycle. For each patient, a ROI (mask) over the tumor was defined manually. The 
tumor in the different scans were locally registered to the tumor in the BH CT scan 
(similar as described in Section 5-2.3), resulting in 14 matched tumor regions (BH, 
10 frames 4D, MidV, MidPmean, MidPmedian). Subsequently, the tumor within the ROI 
was segmented by a patient-specific threshold of halfway the foreground and 
background voxel value (approximately 650 HU), in each of the 14 tumor-registered 
scans. The tumor volume was determined by counting the number of segmented 
voxels in all reconstructions. Shape changes were determined by counting  
segmented voxels that differed from their corresponding voxel in the BH CT scan. An 
example of the ROI, the segmentation, and the difference with respect to the BH CT 
scan is given in the results section.
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Quantification of noisec. 
For all 14 scans, the noise (standard deviation of pixel intensity within a ROI) was 
measured for tissue (mediastinum) and air (outside the patient) regions. These  
regions were manually drawn in homogeneous areas.

Results3. 

Image registration accuracy3.1. 

The tumor in each CT frame was matched using locally rigid registration and  
deformable registration to the maximum expiration phase (Section 5-2.3 and 5-2.4), 
resulting in nearly identical tumor motion curves. For the 13 patients in this study, 
the mean differences between the rigid registration and the deformable registration 
method applied to the tumor were (mean±1SD) 0.0±0.8 mm (LR), 0.0±1.0 mm (CC) 
and 0.0±0.6 mm (AP) over all respiratory phases. The maximum difference was 
found in the maximum inhale phase (1.1±1.4 mm –CC–) and the maximum exhale 
phase (-0.7±1.1 mm –CC–). 
Comparison of the motion of 40 landmarks in the POPI-model, using deformable regis-
tration and manual identification resulted in a difference (mean±1SD) of 0.1±0.5 mm,  
-0.3±0.7 mm, -0.1±0.5 mm for the LR, CC and AP directions, retrospectively. To 
participate in the study of Vandemeulebroucke [14], for this POPI-model test only, 
the maximum inhalation frame (0%) was used as reference scan. There was no 
correlation between the difference (between automated and manual registration) and 
the respiratory phase. In Figure 5-3, the 4D CT images of the POPI model as well as 
the subtraction images of the original and transformed CT frames were compared 
to maximum inhalation frame, showing a strong reduction of the image difference 
after deformable registration. The right-most column shows the median average of 
the CT frames transformed to maximum inhalation frame and the median average 
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Figure 5‑3.  Sagittal slices of the 4D CT scan of the POPI model (top row) as well as the subtraction ima‑
ges of the original CT frames and phase 0% (middle row) and the subtraction images of the transformed 
CT frames and phase 0% (bottom row). The right‑most column shows the median average of the transfor‑
med CT frames (to phase 0%) and the median average scan subtracted from the phase 0% CT frame.
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scan subtracted from the maximum inhalation frame. The result shows smaller  
differences compared to the maximum inhalation frame with respect to the other 4D 
CT frames.

Quantification of tumor size and shape changes3.2. 

For one patient (CC tumor motion was 18 mm peak-to-peak; tumor volume was 16 
cm3), the ROI of the tumor (matched to the BH CT), the segmentation and the dif-
ference of the segmentations between the different CT reconstructions and the BH 
CT scan are shown in Figure 5-4a. The tumor volume was compared with the tumor 
volume of the BH scan (ratio). This tumor volume ratio of the 4D CT scan varied over 
the respiratory phases (Figure 5-4b). The tumor volume ratio of the MidP reconstruc-
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tions are almost identical to the mean tumor volume ratio of the 4D CT (1.03, 1.10 
and 1.05 for the MidPmean, MidPmedian and the 4D CT, respectively). On average, the 
volume of the tumor (ratio>1) in the 4D CT (including MidV and MidP reconstruc-
tions) was larger than the tumor volume of the BH CT scan (between 0 and 20%, 
except for the first two 4D CT frames; Figure 5-5a). The tumor volume of the MidP re-
constructions (especially the MidPmean) is close to the average of the volumes in the 
separate frames of the 4D CT. The systematic overestimation of the tumor volume in 
the 4D CT scans and their derivates results in an offset to shape differences. 
The differences in shape were expressed as the fraction of the total number of vox-
els in the segmentation of the tumor in BH representation. The example in Figure 
5-4 shows smaller differences in shape in the MidP CT reconstructions (14% and 4% 
for MidPmean and MidPmedian, respectively) than in the 4D CT frames (especially in the 
exhale (frame 20%) and inhale (frame 60%) MidV CT frames) compared to the BH 
CT. This pattern is also visible in the overall results for all the patients (Figure 5-5b). 
Note that the difference between the shape of the tumor in the different reconstruc-
tions compared to the shape of the tumor in the BH CT scan were analyzed in terms 
of absolute difference; therefore, these results were always positive. The mean rela-
tive difference (offset) over all patients was 0.3±0.1. 
By splitting the patient group based on the tumor size in the BH CT reconstruction  
(> mean tumor size (17±17 cm3 over all patients) = 5 patients and < mean tumor size 
= 8 patients), the overestimation of the volume was on average 26% for large tumors 
and 10% for small tumors (p<0.01, t-test). This suggests a relation between tumor 
size and tumor volume (and shape differences) in the 4D CT scan. 

Quantification of noise3.3. 

The noise in the air region as well as the tissue region was comparable for all 4D CT 
frames and MidV CT scan (Figure 5-6). The noise in the BH scan was lower than that 
of the 4D reconstructions (26%). The MidPmean and MidPmedian reconstruction showed 
a significantly lower noise compared to the 4D scan (reduction was 66%) since all 10 
CT frames of the 4D CT scan were used for the construction of the MidP scans. The 
noise of the MidPmedian scan was slightly higher than for the MidPmean scan (8%).  

Discussion4. 

Image registration accuracy4.1. 

The accuracy of the deformable registration algorithm is comparable to established 
locally rigid registration methods (differences in tumor position are in the order of 
0.5 mm). This implies that, at least for the tumor region, our deformable registra-
tion method is accurate enough for estimating and compensating tumor motion, i.e., 
with the MidP method an increase in image quality for delineation and treatment-
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planning can be obtained. The maximum error was found at maximum inhale (phase 
0%) and maximum exhale (phase 50-60%). This was caused by a small difference 
in the measured magnitude of the motion, which has its maximum influence in the 
maximum exhale and inhale phases. This difference (underestimation) of the motion  
using deformable registration was probably due to smoothing of motion vectors in 
the registration procedure and due to the merging of the motion vectors within the 
tumor ROI of the deformable registration results. For these patients where underes-
timation of motion occurs, the tumor was close to a structure with opposite motion 
(e.g., chest wall). Small portions of the motion field of these structures with opposite 
motion directions were entering the ROI in which the motion was measured; there-
fore, the average within the ROI was slightly reduced. 
Considering the 4D CT POPI-model (Figure 5-3), it is clearly visible that the image 
differences with respect to maximum inhale frame (0%) are reduced after deform-
able registration. Residual differences in the transformed 4D CT scan of the POPI-
model are probably due to small imaging artifacts in the 4D CT scan and the low 
resolution of the control-points grid. The last column shows the median averaged CT 
scan of the deformed CT frames to frame 0% (i.e., to maximum inhalation instead 
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of the mean position). This median average reconstruction here is a qualitative visu-
alization of the image improvements (reducing image artifacts; see the subtraction 
images) when combining multiple transformed CT scans. 
Image registration accuracy was quantified by the differences between the motion 
from the manually identified landmarks and the automated estimation of the mo-
tion using deformable registration of the POPI-model. These differences were small 
(mean difference ≤ 0.3 mm for all three directions). Although the motion of the manu-
ally identified landmarks is defined as a reference value, it still has a limited accuracy 
mainly due to small landmark misidentifications and the slice thickness of 3 mm. Part 
of the registration errors found were due to this limited accuracy. Therefore, we esti-
mate that the accuracy of our used deformable registration method was sufficient for 
the aim of this chapter and to be used for other applications such as dose accumula-
tion (dose reconstruction grid ~ 5 mm) and delineation deformation. In addition, the 
method can also be used for registration of scans of the upper abdomen.

Corresponding
cranio-caudal motion field

Reference CT frame
(maximum exhale)

Maximum inhalation CT frame
transformed to reference

Arithmetic average CT
transformed to reference

Median average CT
transformed to reference

Figure 5‑7. An example of the mixture of different motions in regions in the vicinity of the diaphragm. Using 
adaptive filtering, regions with different densities are filtered separately. However, in the upper abdomen, 
the density is similar to the abdominal/thoracic wall, therefore in this region blurring still occurs. The cir‑
cle in the images focuses on a rib which was not transformed correctly. Arithmetic averaging results in 
blurring of the structures that were not registered correctly, however, the median average is more robust 
against these misregistration artifacts.
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Sliding tissue and adaptive filter in motion regularization4.2. 

The adaptive filter (Section 4-5) to smooth the results of the different density regions 
(lung, thoracic wall, and abdomen) worked reasonably well for the lung region and 
far above the diaphragm. However, near the diaphragm and in the upper abdomen, 
there is not a clear density difference between the abdominal wall and abdomen. In 
this region, there is still some mixture of different motions, which results, for exam-
ple, in wrongly positioned ribs after deformable registration (Figure 5-7). It appeared 
that this “mixture problem” is mostly present when registering the extreme respira-
tory phases (maximum inhale, maximum exhale) since blurring of the control-points 
resulted in motion of the control-points in the thoracic wall (where motion is almost 
zero). This erroneous offset is too large to be corrected by the deformable registra-
tion method in a subsequent iteration. A solution to this problem could be to segment 
the lung and adjacent organs or structures and process them separately. While seg-
mentation in lung is rather easy given the large contrast between lung and neigh-
boring tissue, for the abdominal region, densities are more or less homogeneous 
making simple automatic segmentation of organs and abdominal regions not pos-
sible. To overcome this mixture of motion in the abdominal region, we are currently 
testing use of the motion of the non-filtered motion output (or motion from a previ-
ous iteration) to segment regions with different motions in the adaptive filter opera-
tion. These possible remaining misregistration artifacts are effectively suppressed by  
using the median average instead of the standard arithmetic mean in reconstruction 
of the MidP CT image (Section 5-4.4): A single outlier value can never be the median 
value (but will be the minimum or maximum value of the ordered value list) and is, 
therefore, not used in the MidPmedian reconstruction (Figure 5-7).

Quantification of tumor size, shape changes, and image fidelity4.3. 

Shape verification was performed to determine whether the MidP CT scans  
represented the tumor region with the correct shape. If tumor position and shape are 
accurate, the MidP CT is suitable for use in treatment-planning. The number and po-
sition of artifacts in the 4D scans are patient-specific and depend on a variety of pa-
rameters, e.g., tumor size, tumor speed, breathing irregularities, and scanner speed 
causing large variation in the shape difference and volume (Figure 5-5). Shape differ-
ence is correlated with volume change but shape can also vary with a fixed volume. 
Since the shape differences of the segmented tumors in this chapter were expressed 
as absolute differences, a “doubling of the respiration frequency” appears in the 
curve, showing two peaks (Figure 5-4b and Figure 5-5b). The two peaks correspond 
approximately to the time-percentage at the largest tumor speed (exhalation 15% and 
inhalation 77%), which does not have to be the MidV time-percentage (21±4%).
In addition, we have computed the correlation-ratio (CR) [15] and the Dice’s coef-
ficient (DC) [16] of the tumor region between the BH scan and the other scans. The 
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CR and DC showed a similar variation pattern and outcome as the segmentation  
difference discussed in this chapter: On average CR was 0.7 for the 4D CT scan 
(and MidV) and 0.8 for the MidP reconstructions; the DC was on average 0.8 for the 
4D CT scan (and MidV) and 0.9 for the MidP reconstructions.
The lowest shape differences are roughly found at the part of the breathing cy-
cle where tumor motion is low (maximum exhale (55±10%) and inhale (0% by  
definition)). Since the inspiration period is shorter than the expiration period, maxi-
mum inspiration is expected to have more shape differences on average. However, 
the short amount of time in which the tumor is in the maximum inspiration phase is 
probably large enough to scan small tumors, but probably too short to scan the entire 
volume of large tumors. 
The relationship between tumor size and the tumor volume ratio (and shape  
differences) in the 4D CT scan is probably due to fact that scanning of large tumors 
takes longer than small tumors. In this longer time period, the average effect of 
breathing irregularities is larger. The systematic overestimation of the tumor volume 
might be explained by the fact that the maximum inspiration BH scan has a larger 
lung volume than any of the 4D respiratory phases, resulting in a lower density of the 
lung tissue (assuming mass conservation).  The use of an equal threshold for tumor 
segmentation in any of the reconstructions will result in a smaller tumor volume of 
the BH reconstruction compared to any of the 4D reconstructions and its derivates. 
Beside tumor shape variation, small tumor registration errors also cause differences 
in the tumor shape. Since registration errors were in the same order of magnitude 
as the shape differences (registration errors < 0.5 mm, voxel size < 2x2x3 mm3) but 
do not correlate with the respiratory phases, the SD of the shape differences and 
volume over the patient group is large. 
Since MidP reconstructions are created from 4D CT data that contain artifacts, it is 
logical that imperfections in the 4D CT scan result in imperfections in the MidP scans.  
In Figure 5-5b, however, a clear reduction of shape differences of the MidP recon-
structions compared to the 4D CT reconstructions (of all phases) is shown. In other 
words, the tumor shape of the MidP reconstructions (on average) better represents 
the tumor shape of the BH scan (the reference) than any of the frames of the 4D CT 
scan. The fact that the shape difference of the MidP reconstruction (compared to the 
BH scan) is reduced and does not equal the average of the difference results of the 
4D CT scan, suggest that variation in tumor shape over the respiratory cycle is not 
caused by true anatomical variation but artifacts, i.e., the tumor is locally rigid.
Comparing the MidP reconstruction to the separate 4D CT frames, the 4D CT frames 
appeared to have higher spatial resolution, suggesting that separate 4D frames are 
more useful for delineation (Figure 5-8). However, one has to be aware that the  
artifacts in the separate 4D CT frames may cause serious target definition errors, 
which are reduced considerably in the MidP CT scan. 
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The MidPmean reconstruction shows less shape difference than the MidPmedian re-
construction. This is because median averaging of the transformed 4D CT scan  
preserves higher frequencies in the signal (noise and small similar artifacts that ex-
ist in the majority of the frames of the 4D CT) better than normal averaging (which 
blurs/smoothes the signal). The advantage of the MidPmedian over the MidPmean recon-
struction is the edge preserving property (higher frequencies) of the median aver-
age. Normal arithmetic averaging results in blurring of the artifacts present in the 4D  
reconstructions, reducing the visual sharpness of structures. 
Note that the averaging of scans (normal and median), results in a tumor volume, 
approximating the average of the tumor volumes of the 4D CT scan. However, 
the variation in volume over the patients was smaller for the MidP reconstructions  
compared to the 4D CT scan since the tumor shape is more consistently represented 
by the MidP averaging.

Improvements of image fidelity4.4. 

A large improvement in image fidelity of the planning CT scan is possible when using 
the MidP reconstructions compared to the original 4D CT reconstruction; however, 
image distortions and artifacts still remain. The most important solution of this prob-
lem may be found in better 4D CT reconstruction algorithm, which was not within the 
scope of this chapter (see Section 8-1.3c). However, coaching patients’ breathing 
(breathing control) can help reduce image artifacts due to irregular breathing [17] 
(see Section 8-1a).
The image fidelity of the MidP CT scan can be improved also by using the “cleaner” 
BH CT scan (containing correct tumor representation) as a reference scan in the 
deformable registration procedure. After registration, the BH CT scan then needs 
to be transformed to the mean position instead of the 4D CT. However, with this 
adaptation, an extra scan (BH) becomes compulsory, while normal application of the 
MidP CT scan would not need one. Moreover, deformable registration of the 4D CT 
scan to the maximum inspiration BH CT scan may be less robust due to the large 
distance between structures in the (extreme) maximum inspiration BH position and 
the 4D CT frames. 
To further reduce the influence of the remaining artifacts, we recommend inspection 
of the 4D CT scan after deformable transformation for artifacts (manual or auto-
matic) and exclude the CT frames with strong artifacts (Figure 5-9). This appeared to  
increase the image quality of the MidP scans.

Quantification of noise4.5. 

The noise (SD) was considerably lower for the MidP reconstruction than for any 
of the other reconstructions owing to the fact that it is an average of 10 CT frames  
instead of one. The noise is expected to be lower by a factor of the square root of the 
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independent number of frames [1] (~ √10) than for a single frame of a 4D CT scan. 
However, large scanning artifacts limit the reduction of the SD, resulting in an overall 
reduction of a factor of three. Since median averaging preserves higher frequen-
cies more than normal averaging (Section 5-4.3), the SD is a bit higher. The strong  
decrease of the noise implies an improvement in image quality.

Hysteresis4.6. 

Tumor hysteresis in the 4D CT scan results in a displacement of the tumor position in 
the MidV planning CT scan relative to the time-weighted mean position, which finally 
adds to the patient setup error [18]. Hysteresis of the tumor motion was quantified 
by the distance from the MidV position in exhale to the time-weighted mean tumor 
position of the respiratory cycle and determined for all patients.  The displacements 
due to hysteresis in the tumor motion were small over the patient group (mean±1SD) 
-0.3±0.4 mm (LR), 0.0±0.3 mm (CC) and 0.8±0.5 mm (AP). The deformable image 
registration approach we used has an accuracy of about 0.5 mm for each regis-
tration. Comparing these two uncertainties shows that, in terms of correction for 
hysteresis, a minority of the patients really benefit from the advanced MidP method 
in terms of local accurate representation of the anatomy. The main benefit is in the 
delineation accuracy by the improved image quality and fidelity. 

Mid-ventilation image Mid-position image

Figure 5‑8. An example of a mid‑ventilation and corresponding mid‑position CT scan. The mid‑ventilation 
scan has a higher spatial‑resolution than the mid‑position CT scan; however the imaging artifacts possibly 
cause target definition errors. In the mid-position scan, the scanning artifacts were reduced considerably 
therefore possibly improving target definition. The dashed lines are a guide to the eye to appreciate the 
difference in apparent tumor size.
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Conclusions5. 
We have developed and implemented a new method to reconstruct a representa-
tive CT scan for radiotherapy planning: The mid-position CT scan. The MidP CT is 
a refinement of the MidV CT and better represents the tumor (and patient anatomy) 
for treatment-planning than any of the frames of the original 4D CT including the 
MidV CT scan. The deformable image registration method based on image-phase is  
accurate and suitable to be used for the reconstruction of this MidP CT scan. 
Improvements in image integrity (correct anatomy and tumor shape) and image fidel-
ity of the MidP CT scan were quantified by reduction of the tumor shape differences 
of the MidP reconstruction with respect to the BH CT scan (considered as “truth”) 
and reduction of the image noise. The results showed a decrease (14 %) in shape 
difference of the tumor for the MidPmean CT reconstruction compared to the 4D CT 
scan. The noise was decreased by a factor of 3 for the MidP reconstructions com-
pared to each frame of the 4D CT scan. The MidP approach can be used to correct 
for possible hysteresis in the tumor motion but hysteresis was small for the majority 
of the patients, also in this study. Finally, MidPmedian CT results in sharper planning 
images but based on the current quantative data, the tumor shape of the MidPmean 
CT better resemble that of the BH CT scan.

Acknowledgements
The authors would like to thank Leah McDermott and Joos Lebesque for critical 
reading of the manuscript; Jef Vandemeulebroucke for using the POPI-model;  
Lambert Zijp, Jasper Nijkamp and Simon Rit for their help in the software develop-
ment and Magnus Hemmendorff for offering the initial source code of the phase-
based optical flow algorithm.  
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Figure 5‑9. An example of the image improvement of the MidP CT reconstruction when excluding the 
deformed 4D CT frames with large artifacts. In this example, a large artifact (including misregistration) 
near the diaphragm was present.
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