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A B S T R A C T

Background and purpose: Fast cone beam computed tomography (CBCT) on ring-gantry systems allows for 
improved image quality and fast 6-second acquisition. However, 6-second acquisition might pose challenges 
regarding target delineation and capturing the full range of motion of moving lung tumors. Especially, in patients 
with slow (period > 6 s) or irregular breathing, capturing the entire tumor motion might not be guaranteed.
Materials and methods: This study evaluated localization and volumetric accuracy of 6- and 60-second CBCT scans 
in an in-house dynamic anthropomorphic thorax phantom, with synchronized imaging capabilities. The phantom 
was scanned for a sinusoidal and four patient-derived breathing patterns, including regular, slow or irregular 
breathing. Target position and volume for 6- and 60-second acquisitions were compared to ground truth 
delineation on time-averaged 4D computed tomography (4DCT) reconstruction, assessing if 6-second acquisition 
is sufficient to accurately capture the tumor motion.
Results: For sinusoidal and regular patient-derived motion, both 6- and 60-second CBCT acquisition captured 
target motion, compared to 4DCT (Dice Similarity Coefficient, DSC > 0.9). For large amplitudes, only one out of 
three 6-second scans fully captured target motion (DSC > 0.85). For slow and irregular patient-derived patterns, 
localization errors and volume differences up to 10.3 mm and 119% were observed using 6-second acquisition, 
compared to 4DCT, with superior localization and volumetric accuracy of the 60-second acquisition.
Conclusion: The 6-second protocol showed accurate results, capturing full target motion for regular breathing 
patterns. Adaptive protocols, taking into account patient-specific breathing periods and irregularities may be 
preferred in patients exhibiting slow or irregular breathing.

1. Introduction

Imaging techniques such as four-dimensional computed tomography 
(4DCT) are used in radiotherapy to account for tumor movement and to 
track organs-at-risk (OARs), enabling the definition of the internal target 
volume (ITV) [1,2]. This margin is used in treatment planning to 

compensate for motion uncertainties, and to irradiate the entire tumor 
position, enabling more precise treatment delivery [3]. At the linear 
accelerator, additional imaging is performed, using cone-beam CT 
(CBCT) imaging for positioning verification and assessing if anatomical 
changes exceed acceptable levels. However, current CBCT images are 
prone to artifacts, such as motion artifacts, since conventional CBCT 
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scanning takes around 60 s, encompassing multiple breathing cycles.
Recently, integration of CBCT on ring-gantry systems enables fast 

acquisition (within 6 s), offering improved image quality [4,5]. It im
proves CT number accuracies, similar to planning CT imaging, suitable 
for dose calculation [5–8], and opens avenues for online adaptive 
treatment. For regions subject to motion, such as the thorax and 
abdomen, this adaptive process requires accurate tumor localization and 
ITV definition. However, 6-second acquisition might pose challenges, e. 
g. in patients with long breathing periods (>6 s) or amplitude vari
ability. Both situations could result in suboptimal ITV definition, 
requiring longer 30- or 60-second acquisition.

Zhao et al. [9] showed that for certain combinations of breathing 
cycle duration and phase, 6-second CBCT acquisition results in dis
crepancies in tumor shape and localization, compared to the reference 
average intensity projection (AIP) on 4DCT. Additionally, Koo et al. [10]
showed that 6-second CBCT resulted in accurate localization in both 
regular and moderately irregular breathing patterns. However, highly 
irregular breathing patterns resulted in discrepancies, with center-of- 
mass differences larger than 5 mm for both the 6-second and 60-second 
CBCT acquisition modes.

In the current study, a more realistic dynamic phantom was used 
compared to the static cylindrical structure with a sphere moved by a 
piston [9–11]. A more representative patient anatomy, including in
tricacies of lung deformation, would allow to fully evaluate the tumor 
delineation and localization accuracy of fast CBCT acquisition. One of 
the promising methods of fabricating more realistic phantoms is through 
3D-printing, as used in the development of dynamic anthropomorphic 
thorax and abdominal phantoms [12–16]. Lustermans et al. (2024) 
developed a dynamic anthropomorphic thorax phantom, consisting of a 
3D-printed static thorax and compressible lungs with realistic internal 
structures [12]. In addition to realistic phantoms, using patient-derived 
breathing curves to drive phantom motion allows to evaluate fast CBCT 

acquisition and target delineation under a range of clinically relevant 
conditions.

The aim of this study was to evaluate the tumor localization and 
volumetric accuracy of 6- and 60-second CBCT protocols using a dy
namic anthropomorphic thorax phantom, with synchronized imaging 
capabilities. Both regular and irregular patient-specific, as well as si
nusoidal, breathing curves were used to simulate clinically relevant 
conditions. The target volume and position on the 6-second CBCT was 
compared to the ground truth delineation on 4DCT, as well as the 60-sec
ond CBCT, assessing if 6-second CBCT can accurately capture tumor 
motion.

2. Materials and methods

2.1. Thorax phantom

A second-generation version of the in-house developed dynamic 
anthropomorphic 4DCT thorax phantom, as described in Lustermans 
et al. [12], was used to represent realistic patient anatomy (Fig. 1). The 
phantom geometry was modeled based on the extended cardiac-torso 
mathematical model XCAT [17] and manufactured by fused deposi
tion modeling printing. The phantom was optimized as compared to the 
previous study [12], by not only distinguishing bone and soft tissue, but 
further separating soft-tissue into adipose tissue, muscle, heart, and 
spleen, differentiating them by relative electron density using optimized 
printing materials and settings. The lungs, containing internal struc
tures, i.e. bronchi and tumors, were compressed using an in-house 
developed electro-mechanical lung compression system (LCS). Addi
tionally, a separate platform was moved using the chest motion system 
(CMS), simulating chest movement. Both lungs contained three spheri
cally shaped solid tumors, with a mass density higher than the lung- 
equivalent tissue, with the lower tumor in the left lung (volume of 

Fig. 1. Study workflow. As displayed in Panel a, the phantom was first scanned on a CT scanner, to acquire the average 4DCT reconstruction. The Anzai belt 
(indicated by the red arrow in Panel a), was used to retrieve the respiratory signal required during 4DCT acquisition from the rigidly moving chest motion platform, 
which is synchronized to the compression of the lungs. To achieve synchronized image acquisition with the radiation beam, a Geiger counter was used to detect the 
onset of radiation (indicated by the cyan arrow in Panel a). Next, the phantom was scanned on a Halcyon linear accelerator, as shown in Panel b, to acquire the 6- and 
60-second HyperSight CBCT (HS-CBCT) scans. Then, the lower tumor in the left lung was manually delineated in the CT and HS-CBCT scans. Panel c & d show an 
example of a coronal CT slice with a corresponding tumor segmentation. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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3.49 cm3) used in this study. A real-time feedback system was used, 
enabling synchronized phantom movement and showing the current 
position within the input breathing trace. Furthermore, this system al
lows to pause phantom motion until radiation is detected, allowing 
synchronized imaging during specific parts in the breathing curve.

2.2. Breathing curves

Five breathing traces were used as input signal to drive the phantom. 
As a regular reference breathing trace, a cos6 pattern [18] with a 4-sec
ond period and 15 mm peak-to-valley amplitude was included, repre
sented by Trace 1 (Fig. 2). Four lung cancer patient-derived breathing 
traces were selected from a cohort of 37 patients undergoing 4DCT 
acquisition at the Universitätsklinikum Erlangen (Department of Radi
ation Oncology), based on their characteristics in terms of breathing 
period, amplitude and irregularity, to capture the full-range of possible 
scenarios. Irregularities were quantified by the standard deviation of the 
period (peak-to-peak) and amplitude (peak-to-valley). The breathing 
curves were acquired during 4DCT acquisition using the RPM Respira
tory Gating System (Varian Medical Systems, Inc. Palo Alto, CA, USA). 
The characteristics of the selected breathing traces, in terms of mean and 
standard deviation of the period and peak-to-valley amplitude are 
shown in Table 1. Firstly, a patient was selected displaying regular 
breathing, represented by Trace 2. Furthermore, patients can display a 
large amplitude, represented by Trace 3. Both Trace 2 and Trace 3 
initially exhibited a slight downward trend. A linear fit was applied to 
remove this baseline drift, focusing on peak-to-peak variation in these 
regular traces. Patients may also exhibit breathing periods longer than 6 
s, approximately 10% in the cohort of 37 patients, such as Trace 4, and in 
Werner et al. [19]. Lastly, patients can display large amplitude vari
ability, as represented by Trace 5 with peak-to-valley amplitude ranging 
from 5 up to 28 mm. The respiratory traces shown in Fig. 2 serve as input 
to the CMS, where peaks and valleys correspond to inhalation and 

exhalation, respectively. For the LMS, the input was inverted so that 
minimum and maximum compression align with inhalation and exha
lation, respectively.

2.3. Image acquisition

For each breathing signal, a reference 4DCT scan of the phantom was 
acquired on a SOMATOM Definition Drive CT scanner (Siemens 
Healthineers AG, Forcheim, Germany). The Anzai chest motion belt 
(Anzai Medical Co. Ltd, Tokyo, Japan) was used to record the respiratory 
signal from the CMS. The 4DCT scan was reconstructed into eight phases 
(with 25% increments), using amplitude-binning, as well as an average 
reconstruction. A clinical thorax imaging protocol was used with a tube 
voltage of 120 kVp, CTDIvol,32cm of 17.1 mGy and iterative reconstruc
tion (ADMIRE, strength 3). A pixel spacing of 0.977 mm x 0.977 mm, 
field-of-view of 50 cm and slice thickness of 2 mm were chosen to closely 
match the CBCT scanning protocol.

CBCT scans of the phantom were acquired on a Halcyon ring gantry 
linear accelerator, equipped with HyperSight (HS-CBCT) (Varian Med
ical Systems, Inc. Palo Alto, CA, USA). A clinical imaging protocol was 
used with a tube voltage of 125 kV and an exposure of 348 mAs and 564 
mAs for the fast (6 s)- and slow (60 s)-HS protocol, corresponding to a 

Fig. 2. Selected breathing curves with varying breathing period, amplitude and irregularity. Trace 1 is an idealized cos6 pattern, and traces 2–5 are derived from real 
radiotherapy patients with lung cancer. The red line and the shaded region indicate the 6-second scanning regions-of-interest, used for synchronized imaging of the 
slow and irregular patterns. The breathing traces have a minimum amplitude (initial compression) of 10 mm as this showed optimal lung deformation. The traces as 
shown in the figure correspond to the signal retrieved from the RPM system and serve as input to the chest motion system (CMS). The signal is inverted for the lung 
compression system (LCS), so that for exhalation, maximum lung compression represents lower chest position, and vice versa for inhalation as in a patient. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Characteristics of the selected breathing traces, in terms of the mean (± standard 
deviation) of the period and peak-to-valley amplitude.

Trace Period (s) Amplitude (mm)

1 4.0 ± 0.0 15.0 ± 0.0
2 4.4 ± 0.4 11.3 ± 0.8
3 6.2 ± 0.6 23.0 ± 1.2
4 9.7 ± 1.9 9.6 ± 2.1
5 4.2 ± 1.0 10.5 ± 5.1
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CTDIvol of 6.6 mGy and 10.7 mGy. These settings for exposure, and thus 
dose, were higher than the default values for regular imaging, as these 
images are intended for delineation, and eventually planning. The 
scanning protocol included a slice thickness of 2 mm, pixel spacing of 
1.05 mm x 1.05 mm and iterative iCBCT Acuros reconstruction, with a 
field-of-view of 53.8 cm.

2.4. Experiments and evaluation

To assess the performance of fast HS-CBCT acquisition, multiple 
scenarios were considered.

The reproducibility of the imaging workflow, including phantom 
consistency and synchronized image acquisition, was tested by 
acquiring three fast-HS scans at the same timestamp within irregular 
breathing Trace 5 (third shaded area), using the real-time feedback 
system.

The tumor localization of fast HS-CBCT in a ‘clinical workflow’ was 
evaluated by acquiring fifteen fast-HS scans randomly started in Trace 5. 
This resembled different imaging moments during treatment fractions, 
to evaluate the tumor definition accuracy expected throughout the 
treatment course.

For the regular breathing curves (Trace 1–3), three fast-HS scans 
were acquired randomly throughout the breathing signal, as well as a 
slow-HS scan for comparison, to evaluate tumor definition accuracy 
under regular breathing conditions.

To evaluate maximum expected localization discrepancies in slow 
and irregular breathing scenarios, three fast-HS scans were acquired for 
both Trace 4 & Trace 5, at different timestamps representative of 
maximum motion variability (indicated in red in Fig. 2), using the real- 
time feedback system. A slow-HS scan was acquired for each trace for 
comparison.

The HS-CBCT scans were registered to the average 4DCT recon
struction using rigid registration, based on the rigid anatomy of the 
phantom. Next, 4DCT and CBCT images were randomized and the lower 
tumor in the left lung was manually delineated by two annotators on the 
average 4DCT and HS-CBCT scans. This tumor was chosen as a worst 
case scenario with largest motion and challenging anatomy close to the 
diaphragm. Delineation was done in the axial, coronal and sagittal views 
using the brush tool and lung windowing (width and level of 1500 and 
− 600 HU) in the in-house developed software AMIGOpy [20]. The de
lineations produced by the two annotators were combined by averaging 
the contours. Details regarding the averaging, as well as inter-observer 
agreement, can be found in Supplementary Information A (Figs. S1-S3).

The localization accuracy was evaluated using the difference of 
center-of-mass (Δcom) of the fast- and slow-HS scanned volumes, relative 
to the average 4DCT reconstruction, in the direction of largest motion, i. 
e. superior-inferior (SI). The volumetric accuracy was quantified using 
absolute and relative volume difference (ΔV), as well as volume overlap 
between the CBCT scans and average 4DCT. The volume overlap was 
quantified using the Dice Similarity Coefficient (DSC), calculated as per 
equation (1): 

DSC =
2|A ∩ B|
|A| + |B|

(1) 

where A and B are 3D-voxelized delineations for which the overlap is 
quantified.

3. Results

The three fast-HS scans for reproducibility testing, automatically 
acquired at the same timestamp within Trace 5, showed high agreement, 
with the center-of-mass difference ranging from 0.38 to 1.18 mm and 
DSC ranging from 0.87 to 0.92 (Table S1). Visually, CBCT2 & 3 shared 
similar appearance, with CBCT1 showing slightly different appearance 
and larger delineated tumor volume (Supplementary Fig. S4).

The fifteen fast-HS scans, randomly acquired during Trace 5 as in a 
clinical workflow, showed large variability, both visually (Fig. S5) and 
quantitatively (Fig. 3, Table S2). The center-of-mass difference ranged 
between –10.3 and 1.7 mm. The tumor volume was on average over
estimated by 29%, up to 170%, compared to the average 4DCT volume. 
The latter was likely caused by the 6-second acquisition encompassing 
the large amplitude peak as indicated in Trace 5 (Fig. 2). This resulted in 
a DSC ranging between 0.51 and 0.94. Averaging the fifteen individual 
scans, by classifying voxels within at least half of the CBCT masks, 
showed improved localization and volumetric accuracy, indicated by 
the green cross in Fig. 3 (16th datapoint), with a mean localization error 
of − 0.7 mm, mean volume difference of 16% and mean DSC of 0.91. 
Nevertheless, treating the tumor based on the anatomy-of-the-day 
would result in overdosing of healthy tissue, as on a daily basis the 
tumor volume is overestimated.

A detailed overview of the metric values for the five selected cases is 
provided in Table S3, complementing the value ranges discussed below. 
For Trace 1 (cos6), all three fast-HS scans demonstrated accurate target 
definition, with a DSC of 0.90. In terms of localization and volumetric 
accuracy, center-of-mass differences ranged from 0.6 mm to 1.4 mm, 
and volume differences ranged from − 2.6 to 7.2%. Patches of unplau
sible CT numbers, as low as − 1000 HU were observed, as indicated by 
the arrow in Fig. 4. The slow-HS scan also captured the full range of 
motion with a DSC of 0.94.

For Trace 2 (regular), fast-HS scans showed localization errors 
ranging from 0.7 to 1.3 mm (Fig. S6). The volume differences ranged 
from − 7.8 up to 2.9%, with a DSC ranging from 0.91 to 0.93. The slow- 
HS scan demonstrated similar localization and volumetric accuracy with 
a center-of-mass difference of 0.6 mm, volume difference of − 6.5% and 
DSC of 0.95.

The fast-HS scans for Trace 3 (regular, large amplitude) exhibited 
considerable variability in both tumor localization and volume estima
tion. Volume differences ranged from 9 up to 25%, with center-of-mass 
differences ranging from 0.5 to 2.1 mm, compared to the 4DCT refer
ence. Combined, volume and localization discrepancies resulted in a 
DSC ranging from 0.83 to 0.88. Blurring and artifacts were prominent in 
the fast-HS scans, distorting the spherical target shape (Fig. S7). The 
slow-HS scan provided improved results, with a localization error of 
− 0.3 mm, volume difference of 6%, and DSC of 0.94.

For slow breathing (Trace 4), the fast-HS scan acquired during 
exhalation-only showed large localization discrepancy, with a center-of- 
mass difference of 5.2 mm (Fig. 5a). Volumetrically, both the exhala
tion- and inhalation-only scans resulted in a volume underestimation of 
− 31%, with a DSC of 0.76 and 0.79. The fast-HS scan acquired from 
max-inhalation to max-exhalation yielded improved volume definition 
with a volume difference of − 12%, and DSC of 0.89. The slow-HS scan 
showed comparable results to the latter, with a volume difference of 
− 13% and DSC of 0.91.

For irregular amplitude breathing (Trace 5), the three fast-HS scans 
showed high variability, both in terms of localization and volumetric 
accuracy (Fig. 5b). The small, medium and large amplitude corre
sponded to center-of-mass differences of 1.8, − 4.0 and − 10.3 mm and 
volume overestimation of 6, 38 and 119%, resulting in a DSC of 0.89, 
0.76 and 0.57, respectively. The slow-HS scan demonstrated best 
localization, with a localization error of − 2 mm, but also volume 
overestimation of 24%, resulting in a DSC of 0.86.

4. Discussion

This study evaluated the accuracy of lung tumor localization and 
volumetric assessment in HS-CBCT scans under various patient-specific 
respiratory scenarios. This was conducted using a dynamic anthropo
morphic thorax phantom, equipped with a feedback-control system that 
triggers motion at predefined points along the cycle. Results demon
strated that, for regular breathing patterns with cycle durations below 6 
s, the full extent of target motion could be captured. However, for longer 

L.H.B.A. Daenen et al.                                                                                                                                                                                                                         Physics and Imaging in Radiation Oncology 39 (2026) 101014 

4 



breathing cycles or irregular respiratory patterns, motion range detection was insufficient depending on scan location, resulting in 

Fig. 3. Localization and volumetric accuracy of fifteen tumor delineations (orange datapoints), randomly acquired during Trace 5 (ΔCOM = center-of-mass, ΔV =
volume difference, DSC = Dice similarity coefficient). The average delineation (by classifying voxels within at least half of the CBCT masks) is shown by the green 
cross (16th datapoint). The solid and dotted lines show the median and mean of the datapoints, respectively. The light blue bands indicate the standard deviation of 
the datapoints. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Images and manual contours on the average 4DCT reconstruction, three randomly acquired 6-second HS-CBCT scans (CBCT1-3), as well as the 60-second HS- 
CBCT scan (Slow), acquired in Trace 1 (cos6). The images and contours are displayed in the axial, coronal and sagittal view through the center-of-mass of the 
contoured tumor. The cyan arrow indicates areas with CT numbers as low as − 1000 HU. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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center-of-mass and volume differences up to 10.3 mm and 119%.
For the simulated cos6, as well as the regular patient-derived 

breathing trace, both fast- and slow-HS scan protocols were able to 
capture the full target motion. Nevertheless, significant motion artifacts 
around the tumor, with CT numbers as low as –1000 HU, were observed 
in both fast and slow HS-CBCT scans (Fig. 4). The fast-HS scans for the 
large amplitude breathing curve showed more discrepancies, primarily 
attributed to significant blurring and artifacts (Fig. S7). Increasing the 
imaging dose, using a pelvic imaging protocol, did not show to impact 
the presence and appearance of artefacts (Fig. S8). As a result, the 
spherical shape of the target was distorted, also shown by Oliver et al. 
[11]. The imaging plane in which the tumor shape was most distin
guishable varied considerably, possibly explained by acquisition of 
different projection angles at different phases of target motion.

For patients with a breathing period exceeding the 6-second scan 
duration, capturing the full motion range is not guaranteed (Fig. 5a). 
Notable localization and volume discrepancies were found (Table S3), 
consistent with findings by Zhao et al. [9]. They showed that tumor 

position agreement, between the ITV derived from the fast-HS scan and 
the average intensity projection on 4DCT, is highly dependent on the 
motion phase during CBCT acquisition. Similarly, for patients who show 
large amplitude variability and cannot be coached to breathe more 
regularly during treatment, the fast-HS can either under- or over
estimate tumor position and volume, resulting in inaccurate dosing. 
Therefore, monitoring respiration during imaging and treatment, or 
using breath-hold techniques, may be desirable, particularly given daily 
breathing pattern variations [2].

Although the phantom is already substantially more realistic, im
provements are to be made in terms of expandable chest with moving 
ribs, including tumor motion in multiple directions. Furthermore, this 
set-up would enable simultaneous evaluation of tumor delineation ac
curacy as well as overall image quality, as moving ribs are expected to 
cause more pronounced streaking artifacts, impacting dose calculation. 
Even though the average CT was used as reference in this study, as it 
most resembles CBCT, other methods such as an ITV approach based on 
the min–max breathing phases may be more suitable. Nevertheless, this 

Fig. 5. Images and manual contours on the average 4DCT reconstruction, three 6-second HS-CBCT scans, as well as the 60-second HS-CBCT scan (Slow) of the slow 
(a) and irregular (b) breathing trace. The 6-second HS-CBCT scans were timed at different timestamps (shaded red area) corresponding to Exhale-only, Inhale-only & 
Inhale-to-exhale for slow breathing (a) and Small, Medium & Large magnitude of breathing motion for irregular breathing (b). The images and contours are displayed 
in the axial and coronal view through the center-of-mass of the contoured tumor. The traces indicate the input provided to the lung compression system and indicate 
the extent of lung compression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

L.H.B.A. Daenen et al.                                                                                                                                                                                                                         Physics and Imaging in Radiation Oncology 39 (2026) 101014 

6 



is not expected to impact the findings regarding the challenges of 6-sec
ond CBCT in the case of slow and irregular breathing. Next, while the 
inter-observer agreement between the delineations by two annotators 
was high and similar for 4DCT and CBCT, indicated by a median DSC of 
0.89 and 0.88 as shown in Fig. S3, this was a source of uncertainty not 
further evaluated in the current study. Another limitation of this study is 
that only 6- and 60-second scan durations were evaluated, currently 
available in our clinic. Intermediate acquisition durations (e.g., 15 s) 
could potentially offer a balance between motion range capture and 
motion-induced artefacts reduction. Additionally, although a represen
tative selection of breathing scenarios was evaluated, the dataset of 
evaluated respiratory traces could be increased. Furthermore, the find
ings in this study could be validated for other anatomical regions subject 
to motion, such as the abdomen [14,21]. Another future interest, would 
be the evaluation of tumor motion based on fast 4D-CBCT [22]. Lastly, 
the clinical relevance should be evaluated regarding clinical margins 
and assessing dose calculations.

The results in this study suggest that for regular breathing patterns, 
fast-HS scans might be able to capture the full range of target motion 
sufficiently. However, localization and volumetric discrepancies can 
occur when a patient exhibits slow (>6 s) or irregular breathing. 
Therefore, careful consideration is needed when selecting protocols for 
lung tumor cases in both online and offline adaptive radiotherapy.
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