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ARTICLE INFO ABSTRACT

Keywords: Background and Purpose: Four-dimensional computed tomography (4DCT) has become an essential part of
4DCT radiotherapy planning but is often affected by artifacts. A new breathing controlled 4DCT (i4DCT) algorithm has
MOtif’n arﬁfac"s' been introduced. This study aims to present the first clinical data and to evaluate the achieved image quality,
Respiratory motion - .
projection data coverage and beam-on time.
Material & Methods: The analysis included i4DCT data for 129 scans of patients with thoracic tumors. Projection
data coverage and beam-on time were evaluated. Additionally, image quality was exemplarily discussed and
rated by ten clinical experts with a 5-score-scale for 30 patients with large variations in their breathing pattern
(‘challenging subgroup’). Rated images were reconstructed amplitude- and phase-based.
Results: Expert scoring revealed that 78% (amplitude-based) and 63% (phase-based) of the challenging subgroup
were artifact-free (rating >4). For the entire cohort, average beam-on time per couch position was 4.9 + 1.6 s.
For the challenging subgroup, time increased slightly but not significantly compared to the remaining patients
(5.1 s vs. 4.9 s; p = 0.64). Median projection data coverage was 93% and 94% for inhalation and exhalation,
respectively, for the entire cohort. The comparison for the subgroup and the remaining patients revealed a small
but significant decrease of the median coverage values for the challenging cases (inhalation: 90% vs. 94%, p =
0.02; exhalation: 93% vs. 94%, p = 0.02).
Conclusions: This first clinical evaluation of i4DCT shows very promising results in terms of image quality and
projection data coverage. The results agree with and support the results of previous i4DCT phantom studies.

breathing leads to breathing-related artifacts [9-18] such as missing
data or interpolation artifacts and sorting artifacts (double or incom-

1. Introduction

Four-dimensional computed tomography (4DCT) has become an
essential component in radiotherapy planning of tumors subject to res-
piratory motion, like lung or liver tumors [1,2]. 4DCT imaging has
proven to be beneficial for delineation of internal target volumes [3-5]
or selecting breathing phases for gated radiotherapy [6,7].

To achieve adequate 4DCT image quality, a constant relationship
between respiratory signal and internal anatomical motion as well as
sufficient projection data for reconstruction of phase images at all
desired breathing states must be given. Additionally, the patient has to
breathe regularly [8]. Violation of these assumptions due to irregular

plete structures) [19]. As a consequence, delineation errors
[10,13,17,20] and incorrect dose calculation may occur [2,17], poten-
tially leading to unfavorable treatment outcome [21].

To minimize the impact of patient breathing irregularity on image
quality, different approaches have been developed over the past years.
Pan et al. [11] proposed a 4DCT technique that allowed to retrospec-
tively remove certain parts of the breathing signal and its associated
projection data if breathing irregularities occur. In a study by Keall et al.
[15], CT data acquisition is controlled by a real-time analysis of the
respiratory curve and is triggered with regard to the breathing curve
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regularity. If breathing irregularities occur, the acquisition is paused
until the patient breathes regularly again. A respiratory displacement
and velocity-based prospective cine CT method was published by Langer
etal. [17]. If the displacement and the velocity of the respiratory signal
are at the same time within a certain pre-defined tolerance, the data
acquisition is triggered. Castillo et al. [20] further analyzed the effects of
three alternative methods for artifact reduction. Besides data over-
sampling and beam gating, rescanning of sections that were acquired
during breathing irregularities was investigated.

Recently, Werner et al. proposed the so-called “intelligent 4DCT
(i4DCT) algorithm” [22], a 4DCT scan mode, that is controlled by the
patient’s breathing. By online analysis of the patient’s breathing signal,
the length of the CT beam-on/-off periods is adapted during scanning.
This approach has been shown to result in a significant reduction of
4DCT artifacts in in-silico investigations as well as in phantom mea-
surements [22-24]. Yet, clinical i4DCT data, i.e. real patient data, have
so far not been evaluated and presented.

The aim of the current work was therefore the evaluation of the
hypothesis that better image quality and a reduction of typical 4DCT
artifacts could be achieved compared to previously available algorithms,
by using i4DCT. For this purpose, clinical data was evaluated in terms of
image quality, beam-on time (as a proxy for dose exposure) and pro-
jection data coverage.

2. Materials and methods
2.1. Breathing controlled 4DCT algorithm

The main idea of breathing controlled 4DCT lies in automated
adaption of the CT data acquisition to the patient’s breathing pattern.
The algorithm consists of two steps. The first step is an initial learning
period to acquire a patient-specific reference breathing cycle. Based on
this data, the scan parameters (e.g. gantry rotation time, estimated scan
duration) are adjusted automatically such that each patient is assigned
with an appropriate starting set of scanning parameters.

The second step is a sequence scanning method, guided by an online
breathing signal analysis. By reaching a pre-defined degree of similarity
between the breathing curve during scanning and the reference
breathing cycle, the X-ray beam is switched on immediately prior to the
patient-specific end-inspiration peak. The reference breathing cycle is
initially established during step 1 and updated during scanning. Pro-
jection data and the breathing signal are then continuously acquired and
examined with regard to the coverage of the acquired projection data.
The concept of projection data coverage is described in more detail
below. When sufficient coverage for all breathing states is achieved, the
scan at the defined z-position is terminated. The table is then moved to
the next z-position. The described steps are repeated until the whole
scanning range is covered. A video of the scanning process described in
this section can be found in the supplementary material. Detailed in-
formation about the algorithm and its parameters were published in the
concept paper of Werner et al. [23].

2.2. Breathing motion surrogate signal acquisition

In our institution, the patient’s breathing curve during the CT scan
was acquired by the Varian ‘respiratory gating for scanners’ system
(RGSC, version 1.1.25.0, Varian Medical Systems, Inc. Palo Alto, CA).
This system mainly consists of a couch-mounted infrared (IR) camera
and a marker block with passive reflectors, positioned on either the
patient’s abdomen or thorax. The camera emits IR light and detects the
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reflection by passive markers to calculate the position. Subsequently, the
collected data of the patient’s breathing curve is transmitted to the CT
scanner in real-time and used for online analysis as part of the breathing
controlled 4DCT algorithm.

2.3. 4DCT acquisition and image reconstruction

4DCT data was acquired using a SOMATOM go.Open Pro scanner
(Siemens Healthcare, Forchheim, Germany) that offers the first
commercially available breathing control 4DCT implementation
(product name: “Direct intelligent 4DCT”, referred to as i4DCT). The
4DCT scans were part of our clinical protocol for tumors with
respiratory-related motion. The default setting for the CT scan was a
tube voltage of 120 kV, 64 x 0.6 mm collimation and a couch incre-
ment of 0.9 x 64 x 0.6 mm. The gantry rotation time was automati-
cally adapted to the patient’s breathing frequency. The raw data was
reconstructed as multiphase images (i.e., ten 3D CT images at different
breathing phases) with a slice thickness of 3 mm and a semi-smooth
kernel Qr40.

2.4. Patient cohort

The analysis includes a collective of 129 scans of patients treated in
the period from 10/2019 to 05/2020. To collect a patient cohort as
homogeneous as possible, only patients with thoracic tumors were
included. The collective included 51/129 (40%) women and 78/129
(60%) men. The mean age was 66 + 10 years. Further details are given
in Table 1.

All CT scans used for the study were acquired as part of clinical
routine. All procedures performed were in accordance with the ethical
standards of the institutional research committee and with the 1964
Helsinki declaration and its later amendments. Patient consent was not
required for this retrospective study per institutional policy.

Table 1

Patient collective (N = 129) details. Lung and mediastinum patients were
treated normo-fractionated with 1.8Gy in >28 fractions or stereotactic with a
dose per fraction >3 Gy and fractions <15. Ribs were treated with a simulta-
neous integrated boost (12 x 3 Gy/ 4 Gy) or 10 x 3 Gy.

n (%)
Age
<50 7 (5%)
50-59 19 (15%)
60-69 58 (45%)
70-79 30 (23%)
>79 15 (12%)
Sex
female 51 (40%)
male 78 (60%)
Tumor location
lung/mediastinum 111 (86%)
stereotactic 63 (49%)
normo-fractionated 48 (37%)
ribs 11 (9%)
other 7 (5%)
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2.5. Selection of exemplary cases for illustration

The image quality achieved by the algorithm was presented and
exemplary discussed using four examples of breathing curves with
different degree of (ir)regularity. The corresponding end-inspiration
4DCT images were reconstructed exemplarily amplitude-based. In
addition to a (i) regular breathing curve, the selected scenarios were (ii)
irregular breathing frequency, (iii) irregular breathing amplitude, and
(iv) a combination of ii and iii.

2.6. Selection of challenging cases and expert rater study

Similar to Werner et al. [22], an expert rater study was designed to
evaluate the image quality.

Thirty out of the 129 respiratory curves were selected based on
expert knowledge of two physicists (JS, CH) specialized in 4DCT ar-
tifacts. The selection criteria included different types of pronounced
breathing irregularities (occurrence of breathing pauses, strong vari-
ability in breathing frequency, and/or variations in amplitude or
baseline drifts). In previous phantom study [22,24], we have shown in
a direct comparison of conventional 4DCT and i4DCT that these pre-
viously mentioned breathing patterns lead to artifacts. In addition, the
reconstructed images had to cover the entire lung area to be included
in the rater studys; this led to exclusion of 8,/129 (6%) breathing curves.
Fig. 1 shows a comparison of two patients with a regular and an
irregular breathing pattern, respectively. The breathing curves for all
30 patients selected for the rater study can be seen in the supple-
mentary material.

The rating was performed by ten clinicians (five medical physicists,
five physicians). All 30 x 2 = 60 scans (30 patients, amplitude- and
phase-based reconstruction) were presented as animations in sagittal
and coronal views to each rater. The data was pseudonymized after
reconstruction and presented in shuffled order. The scans were evalu-
ated on a 5-score scale, ranging from five (artifact-free image, all
anatomical structures can be recognized clearly) to three (moderate ar-
tifacts, still usable with caution for radiotherapy treatment planning) to
one (bad quality, inacceptable loss of relevant information). The corre-
sponding scoring guidelines and examples can be found in the supple-
mentary material and in [22].

Statistical significance of differences between amplitude-based (AB)
and phase-based (PB) reconstruction (physicians and physicists pooled)
as well as differences between the observer groups (AB and PB pooled)
was tested using the Wilcoxon signed-rank test with Bonferroni correc-
tion at a significance level of 5%.
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2.7. Projection data coverage and beam-on time analysis

To evaluate whether the performance measures derived in-silico [23]
match the actual numbers for the considered patient cohort, the so-
called projection data coverage (# in [23]) was analyzed. Projection
data coverage was computed for each patient based on the patient’s
breathing curve acquired during 4DCT scanning. The computation
consisted of three steps. First, covering all breathing cycles acquired
during the entire 4DCT scan of the patient, the median end-exhalation
signal value A, and the median end-inhalation signal value A; were
computed. Based on A,,A;, inhalation and exhalation coverage values fZ,
7 were computed for each beam-on period and the corresponding
z-position, respectively. Let [AZ . A% .. ] denote the interval of the
breathing signal values that were covered during exhalation of the pa-
tient during the beam-on time at couch position 2, % was derived as

) mil’l{AnAi,mm} - ’nax{A“Ai.miu}
b= Ai — A,
for overlapping intervals {Za Zl} and [A7,;,, Ao, and =0

otherwise. f7 is similarly defined, but taking into account only inhala-
tion breathing signal values acquired during beam-on at couch position
z. The reported inhalation projection coverage for the patient then
corresponded to the median of the f? values obtained for the different
z-positions of the scan (and similar for exhalation projection coverage).
Further details and illustrations were given in [23].

Coverage values were computed and evaluated for each scan of the
entire cohort (129 scans) and separately for the ‘challenging cases’
subset. Finally, beam-on times were analyzed to evaluate to which de-
gree breathing irregularity leads to a prolongation of the i4DCT beam-on
time and imaging dose, respectively. Statistical significance of differ-
ences in coverage or beam-on time was tested using the Wilcoxon rank-
sum test with Bonferroni correction.

3. Results
3.1. Exemplary cases

Strong variations in frequency resulting in missing projection data arti-
facts cannot be observed (see Fig. 2ii). It can be seen, that the beam-on period
ranges from peak to peak even though peaks are not regularly positioned.
The loss of information due to the underlying mismatch of breathing fre-
quency and scan parameters for conventional 4DCT protocols was avoided
by individually adjusting both the starting point and the length of the beam-
on times at the different z-positions to the patient’s breathing pattern.

Amplitude [mm]

Fig. 1. Exemplary plot to illustrate the difference between regular (left) and irregular (right) breathing curves. The plots contain the individual breaths of a patient’s
respiration as acquired during the CT scan. The greater variation in amplitude and frequency of the irregular breathing curve is clearly recognizable.
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Fig. 2. Breathing curves with beam-on periods (shaded/green) and corre-
sponding images for four different exemplary cases scanned with i4DCT: (i)
regular breathing curve, (ii) irregular breathing frequency, (iii) irregular
breathing amplitude, and (iv) a combination of the before-mentioned irregu-
larities. Resulting image quality is shown at maximum inhalation for amplitude-
based reconstruction in sagittal and coronal views. Abscissa: Time [a.u.],
Ordinate: Amplitude [a.u.]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

(iii)

irregular amplitude

\ “ (\’

(iv)

irregular breathing

Artifacts like double or incomplete structures caused by strong var-
iations in breathing cycle amplitude cannot be observed when using
i4DCT despite pronounced breathing amplitude outliers with lower
amplitude (see Fig. 2iii). These outliers were detected by the algorithm
and the scan was not enabled during these cycles. Thus inappropriate or
missing projection data resulting in artifacts were avoided.

Even for a combination of both types of irregularities (see Fig. 2iv)
neither incomplete or double structures nor missing data artifacts could
be observed. This was achieved by the individual adjustment of the scan
time at the individual z-positions according to the varying breathing
frequency and the exclusion of breathing cycles with significantly
smaller amplitudes.
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3.2. Expert rater study

A total of 78% and 63% (AB and PB, respectively) of the images were
rated with 4 and 5, i.e., no or only minimal artifacts were observed
despite the presence of pronounced breathing irregularities. Strong ar-
tifacts that would lead to a total loss of relevant image information only
occurred in 2% and 9% of the cases (AB and PB, respectively; rated with
a score of 2). No image was rated with 1 (see Fig. 3).

The analysis of the two observer groups showed that physicians on
average rate the image quality lower than physicists (mean rating AB 4.3
vs. 4.0; PB 4.0 vs. 3.7, p < 0.001). Moreover, AB achieved significantly
higher image quality than PB (mean rating AB: 4.1, PB: 3.8, p < 0.001).

3.3. Projection data coverage and beam-on time analysis

The mean projection data coverage for the entire population was
92% =+ 8% (median 93%) for inhalation and 93% + 7% (median 94%)
for exhalation. The comparison of the projection data coverage for the
subset of the challenging breathing curves (inhalation: 89% =+ 9%,
median 90%; exhalation: 90% =+ 7%, median 93%) and the remaining
patients (inhalation: 93% =+ 7%, median 94%; exhalation: 94% =+ 5%,
median 94%) revealed a small but significant decrease of the coverage
values for the challenging curves (inhalation: p = 0.02; exhalation: p =
0.02). The average beam-on time per couch position was 4.9 + 1.6 s
(median 4.5 s) for the entire patient cohort. The time slightly increased
for the challenging breathing curves (5.1 + 1.7 s, median 4.6 s), but
differences compared to the remaining patients (4.9 + 1.6 s, median 4.5
s) were not significant (p = 0.64).

4. Discussion

In the current work, the first clinical, i.e., patient data, acquired with
the first commercial implementation of i4DCT was evaluated. It adds the
clinical component to the previously published i4DCT in-silico and
phantom studies [22-24]. These studies have demonstrated that when
i4DCT was used, irregular breathing had less negative impact on image
quality and led to less image artifacts than other commercial 4DCT
scanning modes [22,24]. The presented results for the clinical data were
in good agreement with those of the phantom study [22] for both the
rater study and the analysis of the projection data coverage.

Comparing the numbers for the i4DCT projection data coverage
analysis and those for the prior in-silico study revealed very high
agreement for both the entire patient cohorts (clinical data: median
inhalation coverage 93%, exhalation 94%; in-silico study: median
coverage of 93% [23]) and considered subcohorts of challenging
breathing curves (clinical data: inhalation 90%, exhalation 93%; in-silico
study: 90%). In contrast, for standard spiral 4DCT scanning, the in-silico
study revealed a projection data coverage of only 82% for irregular
breathing curves. The improved projection data coverage by i4DCT was
the result of individually adjusting the starting point and the length of
the beam-on periods at the different z-positions to the patient’s
breathing pattern during scanning. This, in turn, counteracts common
artifacts.

The rater study was performed to qualitatively measure the image
quality of the i4DCT patient data. For patients, it was not possible to
directly compare i4DCT to conventional 4DCT due to a) the dose burden
to the patient and b) the fact that a patient would not be able to
reproduce the exact same breathing pattern for both scans. Nevertheless,
through adequate selection of patients with pronounced breathing ir-
regularities in accordance with the selection in [22], it was possible to
compare the results of the present and the phantom study [22].

The distribution of expert ratings for the reconstructed clinical
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Physicists |
i4DCT AB

Physicians
i4DCT AB
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Fig. 3. Summary of the expert rater study results. The relative incidence for both reconstruction modes (amplitude- and phase-based) and observer groups (phy-
sicians and physicists) is visualized for each score of the 5-level image quality score. No image was rated with one.

images of the ‘challenging cases’ subcohort agreed well with the i4DCT
results of the recent phantom study [22] that compared image quality
for i4DCT and conventional spiral 4DCT. The rater study thereby sup-
ported that, in the presence of breathing irregularities, the i4DCT al-
gorithm was able to significantly improve image quality in comparison
to conventional 4DCT scanning.

Even with the new algorithm, artifact-free images could not be
reconstructed for all possible breathing curves (AB: 38%, PB: 28%
scored with five). Mismatches in the phase or displacement at adjacent
table positions may still occur in case of very pronounced breathing ir-
regularities and can still manifest as artifacts (images rated with 2 or 3,
examples in supplementary material). If a patient has a longer breathing
cycle than a defined time (e.g. tmax = 18.5 s, depends on patient’s
breathing frequency), this still leads to artifacts, which are due to
missing projection data in certain breathing phases. Overall, however,
the achieved image quality showed very good results especially
considering that only challenging breathing curves were used in the
rater study (AB: 78%, PB: 63% rated with >4). Similar results were
achieved in the phantom study (AB: 74%, PB: 53% rated with >4). Thus,
the encouraging results of the phantom study [22] were well reproduced
in the present patient analysis. In comparison, conventional 4DCT was
only able to show 13% and 5%, respectively, of (nearly) artifact-free
images in the phantom study for amplitude- and phase-based recon-
struction [22]. The i4DCT patient and phantom ratings also agreed well
for the fraction of scans that were considered not appropriate for
treatment planning (rated with <2). For i4DCT, the fraction was 2%
(patient analysis) and 5% (phantom study) for amplitude-based recon-
struction. Conventional spiral 4DCT was associated with a significantly
higher ratio of 58% in the phantom study [22].

Yamamoto et al. [14] warned in an early 4DCT image quality rating
study that the frequency and magnitude of artifacts in clinically used
4DCT scans was disturbingly high. They reported that up to 90% of the
considered scans had at least one image artifact. A similarly high
number was published by Keall et al. [15], investigating consecutive
patient scans. 13 of 15 scans (~85%) showed obvious artifacts. In a more
recent retrospective analysis of 50 patients who received a 4DCT,
Waulfhekel et al. [25] also reported that 75% of the images were cor-
rupted by artifacts. Comparing these numbers with those obtained in the
present study, a significant improvement in image quality was achieved
by i4DCT, especially when taking into account that, in contrast to
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previously published results, the expert rating was only performed for
patients with pronounced breathing irregularity.

Several authors indicated that the reduction in artifacts also reduces
the delineation and dose calculation errors associated with these arti-
facts [10,15,17,20]. We therefore assume that the artifact reduction
achieved by i4DCT will also lead to a reduction in the before mentioned
errors.

Unfortunately, the algorithm is currently only supported by two
systems, including the RGSC system. However, in comparison to other
commercially used systems (e.g. breathing belts [26,27], spirometry
[28]), the RGSC has the advantages of not affecting patient’s breathing
and a high patient comfort. More information of the RGSC can be found
in Shi et al. [29].

The present data demonstrated that AB achieves significantly higher
image quality than PB (p < 0.001). This confirms the previously pub-
lished results that PB is more susceptible to breathing irregularities than
AB [13,27,30-32].

In summary, the new i4DCT algorithm provided good image quality
in terms of artifact reduction and improved projection data coverage for
clinical data, even for patients with irregular breathing curves, due to
the patient-specific adaptation of the scan parameters prior to scanning,
online analysis of the respiratory signal during scanning and signal- and
data coverage-driven adaptation of beam-on periods.
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