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A B S T R A C T   

Background & purpose: Four-dimensional computed tomography (4DCT) scans are standardly used for radio-
therapy planning of tumors subject to respiratory motion. Based on online analysis and automatic adaption of 
scan parameters to the patient’s individual breathing pattern, a new breathing-controlled 4DCT (i4DCT) algo-
rithm attempts to counteract irregular breathing and thus prevent artifacts. The aim of this study was to perform 
an initial quality assurance for i4DCT. 
Material & methods: To validate the i4DCT algorithm, phantom measurements were performed to evaluate 
geometric accuracy (diameter, volume, eccentricity), image quality (dose-normalized contrast-noise-ratio, CT 
number accuracy), and correct representation of motion amplitude of simulated tumor lesions. Furthermore, the 
impact of patient weight and resulting table flexion on the measurements was investigated. Static three- 
dimensional CT (3DCT) scans were used as ground truth. 
Results: The median volume deviation magnitude between 4DCT and 3DCT was < 2% (<0.2 cm3). The volume 
differences ranged from –8% (–1.0 cm3) to 3% (0.4 cm3). Median tumor diameter deviation magnitudes were <
2% (<0.7 mm) for regular and < 3.5% (<1.0 mm) for irregular breathing. For eccentricity, a median deviation 
magnitude of < 0.05 for regular and < 0.08 for irregular breathing curves was found. The respiratory amplitude 
was represented with a median accuracy of < 0.5 mm. CT numbers and dose-normalized contrast-noise-ratio 
showed no clinically relevant difference between 4DCT and 3DCT. Table flexion proved to have no clinically 
relevant impact on geometric accuracy. 
Conclusions: The breathing-controlled algorithm provides in general good results regarding image quality, geo-
metric accuracy, and correct depiction of motion amplitude for regular and irregular breathing.   

1. Introduction 

In radiotherapy treatment planning of lung tumors, a high quality 
planning computed tomography (CT) scan is essential [1]. In this 
respect, respiratory motion is a significant problem, since it may lead to 
severe image artifacts, especially when using three-dimensional (3D) CT 
during free breathing. However, inaccuracies in the representation of 
target shape, position, and size may lead to high uncertainties in treat-
ment planning [2–5]. 

To address this issue, different approaches can be found in the 
literature [6–11]. Four-dimensional CT (4DCT) has proven to be bene-
ficial for the delineation of internal target volumes [12–14] and has 

become an essential component in radiotherapy treatment planning of 
lung and liver tumors [15–17]. The most widely used principle acquires 
CT projection data and respiratory signal synchronously and sorts the 
data retrospectively [18]. However, even this kind of 4DCT is suscep-
tible to motion-related artifacts originating from irregular breathing 
[19–28]. These may result in delineation errors [20,23,27,29] and 
incorrect dose calculation [16,27]. Poor image quality of 4DCT scans has 
shown to have a significant negative impact on patient’s survival [30]. 

The so-called’intelligent 4DCT (i4DCT) algorithm’ first presented by 
Werner et al. [31] provides an alternative to the previously established 
principle. It is based on an online analysis and automatic adaption of 
scan parameters (e.g. acquisition time, gantry rotation time) to the 
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patient’s individual breathing pattern. Various studies [31–34] have 
shown that this approach leads to significant reductions in the frequency 
as well as the strength of typical 4DCT artifacts caused by irregular 
breathing. However, a profound quality assurance (QA) of i4DCT has 
not been reported so far. 

The aim of this study was to perform and present the results of an 
initial QA of the i4DCT algorithm. Image quality, geometric accuracy, 
and motion amplitudes of a phantom tumor were evaluated by phantom 
measurements for regular and irregular breathing curves. 

2. Materials and Methods 

2.1. Breathing controlled 4DCT algorithm 

The i4DCT algorithm is structured in an initial learning period and 
subsequent sequence scanning method. During the initial learning period, 
a patient-specific reference breathing curve is acquired, using the respi-
ratory gating system for scanners (RGSC, version 1.1.25.0, Varian Medical 
Systems, Inc. Palo Alto, CA). This system consists of a table-mounted 
camera emitting infrared (IR) light and a marker block with passive re-
flectors. The position of the marker block is determined by the reflected IR 
light and the information is transmitted to the CT scanner in real time. The 
information is analyzed by the i4DCT algorithm and the individual scan 
parameters (e.g. gantry rotation time, estimated scan duration) are 
selected automatically based on this reference cycle. Furthermore, it is 
used as basis for the online analysis of the sequence scanning method, 
where the algorithm compares the reference with the actual breathing 
cycle. If a pre-defined degree of similarity is reached, the scan starts 
immediately before maximum inspiration. While projection data and 
breathing curve are continuously acquired, the algorithm analyzes the 
projection data coverage. If at a defined z-position the projection data are 
fully covered for a complete respiratory cycle, the scan is terminated and 
the table moves to the next z-position. This procedure is repeated until the 
entire defined scan range is covered. Detailed information about the al-
gorithm can be found in [32]. 

2.2. 4DCT acquisition and image reconstruction 

4DCT scans were acquired using the first commercially available 
version of a breathing controlled algorithm (product name: “Direct intel-
ligent 4DCT”, referred to as i4DCT) implemented on a SOMATOM go.Open 
Pro scanner (Siemens Healthcare, Forchheim, Germany). The default scan 
settings were 120 kV tube voltage, 64x0.6 mm collimation, 0.9x64x0.6 mm 
table increment, and a semi-smooth kernel Qr40. The gantry rotation time 
was automatically selected for every measurement depending on the 
breathing frequency. For all measurements, 10-phase-images with slice 
thicknesses of 1 mm, 2 mm, and 3 mm were reconstructed. 

2.3. Motion measurements 

The Dynamic Thorax Motion Phantom Model 008A (Computerized 
Imaging Reference Systems (CIRS), Norfolk, Virginia, USA) was used in this 
study. This anthropomorphic phantom, which corresponds in size and 
shape to a human thorax, is manufactured of tissue, bone, and lung density 
equivalent materials. To simulate a lung lesion, a rod with tissue equivalent 
spherical insert (diameter between 10 and 30 mm) can be placed within the 
lung area. The rod can move motorized and via computer control in all 
three spatial directions – superior/ inferior (S-I), anterior/ posterior (A-P) 
and lateral (LAT). A small surrogate platform provides space for various 
gating devices to detect the simulated thorax or abdominal motion. The 
accuracy and reproducibility of the system is specified to ± 0.1 mm [35]. 

Since sinusoidal curves are not representative for human breathing, 
as usually more time is required for exhalation than for inhalation, the 
function 

x(t) = Acos6
(

t
Tcycle

)

(1)  

was chosen like in various other publications [1,36–39]. Breathing 
amplitudes A and cycle lengths Tcycle were selected based on previously 
published breathing pattern analyses conducted by Seppenwoolde et al. 
[40] and the AAPM task group report 76 [16] (see Table 1). One- 
dimensional motions of the lung lesion along the different spatial di-
rections (S-I, A-P, LAT) as well as a combination of all three spatial di-
rections were examined. For the combined measurements, all minimum, 
all medium, or all maximum amplitudes of each spatial direction were 
combined. The selected motion settings can be found either in Table 1 or 
in detail the Supplementary Materials A. 

Since particularly respiratory irregularities provide a challenge dur-
ing 4DCT imaging, additional scans with irregular breathing curves were 
performed. These included amplitude and cycle length variations as well 
as a combination of these (see Fig. 1). Measurements were performed for 
three dimensional motions and all minimum, all medium, or all 
maximum amplitudes for each spatial direction (see Table 1) were com-
bined similar to the measurements with regular breathing curves. The 
resulting amplitudes (indicated by 1.0 in Fig. 1) were varied by up ± 50% 
(indicated as 0.5 and 1.5 in Fig. 1) to ensure image artifacts in case of an 
incorrect addressing of the irregular breathing curves by the algorithm. 

For each parameter selection, a spherical insert of both 10 mm and 
30 mm diameter, respectively, was selected. Each measurement was 
repeated five times. Static scans acquired without respiratory motion 
served as ground truth. 

Furthermore, the influence of patient weight and the resulting baseline 
drift due to table flexion was evaluated using regular breathing curves. For 
this purpose, 4DCT scans were performed as described and lead blocks 
weighting 13.5 kg each were added on the table’s head end. To cover a 
realistic range of patient body weight, three (ca. 40 kg) to a maximum of 
nine blocks (ca. 120 kg) were chosen. Weights were added in one block 
steps. A scan without additional weights served as ground truth. An 
amplitude of 10 mm in S-I direction, a respiratory cycle length of 5 s, and the 
30 mm insert were selected. Each measurement was repeated five times. 

For all measurements, the position of the phantom was carefully 
chosen to ensure that the tumor moved between adjacent slices rather 
than within a single z-position. 

2.4. Data analysis 

A threshold method was used to segment the sphere in the recon-
structed images. Within each axial slice of the tumor bearing phantom 
lung, this method detects image row- and column-wise CT number steps 
of a predefined threshold, indicating the tumor boundaries. In this way, 
a three-dimensional identification and separation of the tumor from the 
other parts of the lung was conducted. For threshold definition, the 
static CT scans were chosen. The threshold was adjusted in such a way, 
that the spheres segmented on the static CT scans matched the manu-
facturer’s size specifications best. 

To validate the correct representation of the insert, the relative de-
viation of its diameter (in all three spatial directions), its eccentricity (in 

Table 1 
Overview of the selected motion parameters that were chosen based on Sep-
penwoolde et al. [43] and the AAPM Task Group Report 76 [19]. The individual 
parameters were selected for one-dimensional motion and in a combination of 
all minimum, all average, and all maximum values for three-dimensional motion 
respectively. Details are reported in the Supplementary Materials A.  

Amplitude A Cycle length Tcycle 

Superior-inferior Anterior-posterior Lateral  

5 mm 1 mm 1 mm 3 s 
10 mm 3 mm 3 mm 5 s 
15 mm 5 mm 5 mm 7 s  
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all main planes: axial, sagittal, coronal), and its volume measured on the 
4DCT scans to the corresponding results obtained for the static CT scans 
were determined. Eccentricity was calculated as 

ε =

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
b2

a2

√

(2)  

Here, a and b represent the semi-major and semi-minor axis of the insert 
within the considered main plain, respectively. The longest extent of the 
tumor in each spatial direction was taken as respective diameters of the 
insert. For volume determination, the voxel volume of the CT scan was 
multiplied with the number of voxels that were based on the threshold- 
segmentation assigned to the insert. 

Moreover, the correct representation of the amplitude of the respira-
tory motion was validated. For this purpose, the insert’s midpoint was 
determined on the phase-images depicting the breathing state of 
maximum inspiration and expiration, respectively. The motion amplitude 
was obtained as Euclidean distance between both determined midpoints. 
The results were compared to the motion amplitude actually set. 

To evaluate image quality, CT number stability and dose-normalized 
contrast-noise ratio CNRD were examined. For the assessment of CT 
number stability, a circular region of interest (ROI) was placed centered 
within the insert and the corresponding mean CT number was measured. 
The ROI had a diameter of 10 mm and 5 mm for the 30 mm and 10 mm 
insert, respectively. Contrast-noise-ratio was calculated according to 
Karius et al. [41] and normalized to dose D: 

CNRD =
|CTA − CTB|

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D
2

(
σ2

A + σ2
B
)√ (3) 

CTA and CTB represent the mean CT number of the ROI placed within 
the insert and a ROI placed adjacent within tissue equivalent phantom 
material, respectively. σA and σB are the ROIs’ corresponding CT number 
standard deviations. The results obtained for the 4DCT scans were 
compared to the respective results of the static 3DCT scans. 

Statistical significance of deviations in diameter, eccentricity, vol-
ume, and motion amplitude observed between the various slice thick-
nesses was tested using paired Wilcoxon rank-sum test with Bonferroni 
correction at significance level 5%. 

3. Results 

3.1. Tumor and motion representation 

The measurements performed for validating the correct tumor rep-
resentation revealed the largest insert volume deviations between 4DCT 
and 3DCT scans for motions in S-I direction as well as combined motions 
(Fig. 2a). However, for the 30 mm spherical insert, the median deviation 
magnitude was <2% for all motion directions, slice thicknesses and 
breathing curves. This corresponded to a median absolute difference of 
<0.2 cm3 between 4DCT and 3DCT scans. Considering all measurements 
with the 30 mm insert, the volume differences ranged from –8% (–1.0 
cm3) to 3% (0.4 cm3). While the results obtained with 2 mm and 3 mm 
slice thickness did not differ from each other, they deviated significantly 
from the results obtained with 1 mm slice thickness (p1mm-2mm < 0.001, 
p1mm-3mm < 0.001, p2mm-3mm > 0.05 for combined measurements with 
both regular and irregular breathing patterns). Better results were found 
for the 10 mm spherical insert. This was directly related to the smaller 

Fig. 1. Schematic illustration of the used regular and irregular breathing curves, respectively: (a) regular breathing curve, (b) irregular breathing amplitude, (c) 
irregular breathing frequency, and (d) a combination of the aforementioned irregularities. Abscissa: Time [a.u.], Ordinate: Amplitude [a.u.]. 

J. Szkitsak et al.                                                                                                                                                                                                                                 



Physics and Imaging in Radiation Oncology 23 (2022) 85–91

88

size of the spherical insert and thus the smaller number of segmented 
voxels. In this case, the differences ranged from − 0.1 cm3 to 0.1 cm3 for 
regular and irregular breathing curves. Figures can be found in the 
Supplementary Materials B. 

In the tumor diameter validation (Fig. 2b), the median deviation 
magnitude between 4DCT and 3DCT was < 2% for all settings with the 
30 mm insert and regular breathing. This corresponded to median ab-
solute length differences < 0.7 mm. Similar results were found for the 
10 mm insert (see Supplementary Materials B). For irregular breathing, 
median deviation magnitude was < 3.5 %, which corresponded to an 
absolute value of < 1.0 mm. The largest deviation magnitude for a 30 
mm insert was 10%. However, these were measured on scans with 3 mm 
slice thickness and along the S-I-direction. Thus, they could be traced 
back to partial volume effects affecting the threshold-based insert 
segmentation. 

Regarding the eccentricity, only small median deviation magnitudes 
between 4DCT and 3DCT scans of ε < 0.05 for regular breathing and ε <
0.08 for irregular breathing were obtained for all three main planes for a 
30 mm spherical insert (Fig. 2c). Significant differences between 1 mm 
and 3 mm slice thickness were observed (paxial < 0.001, psagittal < 0.001, 
pcoronal < 0.001). Similar results were found for the 10 mm spherical 
insert (see Supplementary Materials B). However, the deviations ranged 
from –0.3 to 0.2 considering all measurements. Note, that the visualiza-
tion of an exact sphere is (next to the partial volume effects mentioned 
above) substantially impacted by the anisotropic size of the CT voxel grid. 

Nevertheless, slight distortions and inaccuracies of the representa-
tion of the lesions were observed in some cases as well. Examples are 
shown in Fig. 3. The higher the simulated respiratory frequency and thus 

Fig. 2. Geometric accuracy of phantom measurements with the 30 mm insert. (a) shows the tumor volume deviations for the slice thicknesses 1 mm, 2 mm, and 3 
mm for one-dimensional and combined regular and irregular motions. (b) and (c) show the deviations of diameter and eccentricity, respectively, in all three spatial 
directions/main planes with regular and irregular breathing curves. In the boxplots, the boxes indicate the interquartile range and the whiskers the 95th percentile of 
the results. Outliers are not shown for clarity. (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 

Fig. 3. Axial view of the phantom with a 30 mm spherical insert. (a) shows a static CT, the remaining images show 4DCT images without (b) and with (c,d) occurring 
artifacts. Window Level: 100 HU, Window Width: 750 HU. 
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the shorter the respiratory cycle length, the more pronounced these 
artifacts were. 

The analyses of tumor motion revealed a median deviation magni-
tude between measured and set motion amplitude of < 0.5 mm for all 
examined movements (Fig. 4a). The maximal deviation magnitude of 
0.8 mm was smaller than twice the pixel-size of the scans and again 
attributed to partial volume effects. The results obtained for the different 
slice thicknesses differed significantly using regular breathing patterns 
for the A-P direction (pAP < 0.01) and the combined motions (pcombined, 

regular = 0.012) as well as for the combined irregular breathing curves 
(pcombined,irregular < 0.01), but not for the S-I (pSI = 0.06) and LAT (pLat =

0.64) direction using regular patterns. 

3.2. Image quality parameters 

The CT numbers of the 4DCT scans (Fig. 5a) revealed a median de-
viation magnitude from the static CT of < 3 HU for each motion direc-
tion. The deviations ranged from –9 HU to 9 HU for all measurements. 
For regular motions in A-P and LAT direction (p < 0.001 in both cases) 
as well as combined irregular motions (p = 0.03), a significant de-
pendency of the results on slice thickness was found. This was not the 
case for combined directions (p = 0.56) and the S-I direction (p = 0.12) 
using regular motion. 

The CNRD measurements (Fig. 5b) also showed only small differ-
ences between 4DCT and 3DCT. The median deviation magnitude was <
1.3 mGy− 1/2 for all motion directions, and the deviations ranged from 
− 1.4 mGy− 1/2 to − 0.7 mGy− 1/2 for all measurements. Thus, the CNRD of 
4DCT scans was in each case slightly reduced against the static case. 

Moreover, CNRD deviations where significantly (p < 0.001) more pro-
nounced for 3 mm slice thickness than for 1 mm. 

3.3. Influence of patient’s weight 

As can be seen from Fig. 2b-d, only small differences were found 
between the measurements of tumor diameter and eccentricity per-
formed with and without additional weights. These were not of clinical 
relevance. Moreover, Fig. 4b shows that the additional weight and 
resulting table flexion have essentially no effect on the measured tumor 
motion amplitudes. With weights on the table, the maximum deviation 
magnitude was obtained for 94 kg and amounted 0.3 mm. Without 
weights, the maximum deviation magnitude was determined to 0.4 mm. 
All deviations were thus smaller than one pixel size, and tumor motion 
amplitudes were represented on the 4DCT scans with high accuracy. 

4. Discussion 

In the present work, an initial QA of a new breathing-controlled 
4DCT algorithm was performed. Image quality, geometric accuracy, 
and motion amplitudes of a phantom tumor were evaluated by phantom 
measurements for regular and irregular breathing curves. Previously, 
only data on the resulting image quality in the presence of respiratory 
irregularities in in-silico, phantom as well as patient studies were 
examined [32–34,42]. An assessment of the algorithm with respect to 
image quality, geometric accuracy, and correct motion depiction during 
regular and irregular breathing as part of an initial QA has not yet been 
published. 

Fig. 4. Tumor amplitude deviations for a tumor with 30 mm diameter. (a) shows the deviations for the one-dimensional (S-I, A-P, LAT) and combined movements. 
(b) shows the influence of additional weight placed on the table for the S-I movement direction. All deviations were smaller than twice the pixel-size of the scans. (*: 
p < 0.05, **: p < 0.01, ***: p < 0.001). 

Fig. 5. Deviations between four-dimensional and three-dimensional CT of (a) CT numbers and (b) CNRD for the one-dimensional and combined motions for regular 
and irregular breathing. Slice thicknesses of 1 mm and 3 mm as well as a 30 mm tumor were considered. (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 
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Although the evaluation of geometric accuracy revealed good results 
compared to static CT, artifacts like distortions and deformations still 
occurred and affected tumor size and shape. Eccentric deformations of 
the spheres on the 4DCT scans were observed (see Fig. 3). 

The median diameter deviation between 4DCT and 3DCT was < 0.7 
mm for regular and < 1.0 mm for irregular breathing and thus smaller 
than the smallest selected slice thickness of 1 mm. The found maximum 
deviations of 10% in S-I-direction at a slice thickness of 3 mm can be 
attributed to the partial volume effects affecting the threshold-based 
segmentation. Note, that this segmentation is limited by the discrete 
voxel size of the CT scans. However, the segmentation thus served to 
provide evidence for imaging weaknesses originating from selected slice 
thicknesses (e.g., a partial volume effect may result in a diameter error of 
3 mm for 3 mm slice thickness). This also indicated potential limitations 
to the physicians that are usually not able to consider CT scans on a sub- 
voxel-size basis. The volume deviation between 4DCT and 3DCT 
resulting from the observed deformations ranged from − 8% (− 1.0 cm3) 
to 3% (0.4 cm3) for a spherical insert of 30 mm diameter and both 
regular and irregular breathing curves. However, the median deviation 
magnitude was < 1.7% for all motion directions and the resulting clin-
ical impact is considered small. Comparing these results with those of 
the multicenter study by Lambrecht et al. [1], in which different helical 
4DCT algorithms from different manufacturers were compared, sub-
stantial differences can be found. Lambrecht et al. published mean vol-
ume deviations of 13% and 12% for end- inspiration as well as 16% and 
12% for mid-ventilation for spherical inserts of 7.5 mm and 12.5 mm 
diameter, respectively. For end-expiration, significantly smaller de-
viations of 1% (7.5 mm insert) and 2% (12.5 mm insert) were found. 
These latter values are within the range of our results. Romero et al. [2] 
showed similar results but for a sinusoidal breathing motion. For objects 
> 20 mm volume deviations were within ± 3%, for objects ≤ 10 mm 
they exceeded 5%. 

Regarding the analysis of tumor motion amplitudes, deviations be-
tween measured and set amplitudes of smaller than two pixel-sizes 
occurred. These can be explained by partial volume effects and are 
thus difficult to mitigate, even in static 3DCT. In comparison, the results 
of Lambrecht et al. showed much larger deviations of 2 mm [1]. The 
situation is similar for the assessment of CT number stability and CNRD. 
The deviations between 4DCT and 3DCT of up to 9 HU and − 1.4 mGy− 1/ 

2, respectively, are considered to be out of clinical relevance and without 
any dosimetric impact in radiotherapy treatment planning. Although we 
achieved improvements regarding imaging fidelity compared to previ-
ous studies, the big challenge of 4DCT algorithms lies in irregular 
breathing. Keall et al. [25] showed that about 85% of scans showed 
obvious artifacts attributable to breathing irregularities. In-silico and 
phantom studies by Werner et al. [31–33,42] as well as patient studies 
[34] have already shown that the i4DCT algorithm with its sequence 
scanning mode provides significantly better results compared to other 
commercially available algorithms in the presence of breathing irregu-
larities. The results of our study for initial QA confirm these previously 
published results. The presence of respiratory irregularities does not 
lead to clinically relevant degradations of image quality, geometric ac-
curacy and correct representation of motion amplitude. 

Regarding the influence of patient weight and accompanied table 
flexion, we found significant deviations between the measurements of 
tumor diameter and eccentricity (p < 0.01 in each case) performed with 
and without additional weights (see Fig. 2b-d). However, these were 
again not clinically relevant. Note, that the maximum table flexion 
occurring in our study is much stronger than in actual patient exami-
nations. This is, because all weights were concentrated directly at the 
table’s head-end and not distributed over the entire table (as it would be 
the case for patient scans). Thus, table flexion during i4DCT scans was 
not assumed to cause any imaging issues. 

In summary, the i4DCT algorithm provided good results in terms of 
image quality and geometric accuracy as well as regarding the correct 
depiction of motion amplitude for regular and irregular breathing. The 

reduction of the remaining artifacts reported forms the scope of further 
investigations. Moreover, no clinically relevant deviations between the 
results obtained for the various slice thicknesses were found. Consid-
ering the effects of the slice thickness on image noise and geometric 
accuracy as well as the resulting data set size, we have chosen a slice 
thickness of 3 mm in our clinic. 
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