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Purpose: Lung tumors treated with hypo-fractionated deep-inspiration breath-hold stereotactic body
radiotherapy benefit from fast imaging and treatment. Single breath-hold cone-beam-CT (CBCT) could
reduce motion artifacts and improve treatment precision. Thus, gantry speed was accelerated to 18°/s,
limiting acquisition time to 10-20 s. Image quality, dosimetry and registration accuracy were compared
with standard-CBCT (3°/s).

Methods and materials: For proof-of-concept, image quality was analyzed following customer acceptance
fgzﬁvords: tests, CT-dose index measured, and registration accuracy determined with an off-centered ball-bearing-
CBCT phantom. A lung-tumor patient was simulated with differently shaped tumor-mimicking inlays in a
thorax-phantom. Signal-to-noise-ratio, contrast-to-noise-ratio and geometry of the inlays quantified
image quality. Dose was measured in representative positions. Registration accuracy was determined
with inlays scanned in pre-defined positions. Manual, automatic (clinical software) and objective-
automatic (in-house-developed) registration was performed on planning-CT, offsets between results
and applied shifts were compared.

Results: Image quality of ultrafast-CBCT was adequate for high-contrast areas, despite contrast-reduction
of ~80% due to undersampling. Dose-output was considerably reduced by 60-83% in presented setup;
variations are due to gantry-braking characteristics. Registration accuracy was maintained better than
1 mm, mean displacement errors were 0.0 + 0.2 mm with objective-automatic registration. Ultrafast-
CBCT showed no significant registration differences to standard-CBCT.
Conclusions: This study of first tests with faster gantry rotation of 18°/s showed promising results for
ultrafast high-contrast lung tumor CBCT imaging within single breath-hold of 10-20 s. Such fast imaging
times, in combination with fast treatment delivery, could pave the way for intra-fractional combined
imaging and treatment within one breath-hold phase, and thus mitigate residual motion and increase
treatment accuracy and patient comfort. Even generally speaking, faster gantry rotation could set a
benchmark with immense clinical impact where time matters most: palliative patient care, general
reduction in uncertainty, and increase in patient throughput especially important for emerging markets
with high patient numbers.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 135 (2019) 78-85
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Respiratory motion management remains a major challenge in
stereotactic body radiotherapy (SBRT) of inoperable lung tumors
or lung metastases. Despite various clinically established
approaches [1-4], optimization of motion management is still a
demanding topic of research. While 4D-based strategies require
least patient compliance, either the margin of the planning target
volume (PTV) is enlarged due to internal motion inclusion (internal
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target volume, ITV), or treatment times rise due to gating strategies
[5]. Deep-inspiration breath-hold (DIBH)-based treatment [6] min-
imizes the PTV margins and thus spares healthy tissue, while with
flattening-filter-free delivery, treatment times can be further
reduced to a few breath-holds (typically 10-20 s each) [7,8]. One
remaining issue during the treatment of hypofractionated lung
DIBH-SBRT is the long cone-beam CT (CBCT) imaging time for
patient positioning of 1-4 min with repeated breath-hold, includ-
ing 1-8 interruptions for breathing [9]. Furthermore, several stud-
ies determined repositioning errors of up to 1-2 mm between two
breath-hold phases [10] and within one breath-hold [11,12].
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A quasi-static situation with single breath-hold imaging and
delivery would afford optimal imaging and delivery. To the best
of our knowledge, our in-house developed ultrafast combined
kilovoltage-Megavoltage (kV-MV) CBCT is the worldwide first
technique which allows clinically applicable imaging within single
breath-hold of 155 [13-15].

With the release of IEC norm 60601-2-1 edition 3.0 in 2014
[16], linear accelerator (linac) rotations are allowed to be larger
than 7°/s under specific conditions such as previous manufacturer
risk analysis, pre-programmed rotation handling and the guaran-
tee for the gantry to stop within 3°. Therefore, a clinical linac
was modified to allow for a maximum rotation speed of 18°/s. With
this maximum rotation speed of 3 rpm, 360° kV-only imaging
could be performed within 20 s and thus single breath-hold kV-
only CBCT could be possible for all available volume diameters.

This study provides the first pre-clinical evaluation regarding (I)
image quality, (II) dosimetry and (III) registration accuracy with
ultrafast gantry rotation speed of an otherwise clinical linear accel-
erator with (A) proof-of-concept commissioning and (B) phantom
simulation of a lung tumor patient, and establishes the basis for
clinical implementation.

Material and methods

A VersaHD linac equipped with a kV CBCT imaging XVI unit
(Elekta AB, Stockholm, Sweden) was modified in the framework
of a research agreement with an additional power supply for gan-
try rotation, modified control boards and research versions for the
software of both linac and CBCT imaging system. CBCT detector
and generator remained clinical with a pulse rate of 180 ms, result-
ing in 5.5 projections per second.

Initial safety checks

As part of the specific conditions required by IEC norm 60601-2-
1 edition 3.0 [16], first tests on the gantry rotation to stop within 3°
were performed. Results from signal to stop position were deter-
mined for gantry speed 6°/s, 12°/s and 18°/s. The gantry rotation
was stopped externally via the interrupt button, the terminate but-
ton and a touchguard contact.

Setup imaging techniques

Two clinical imaging presets were analyzed and evaluated for
conventional slow (3°/s) and ultrafast gantry speed (18°/s). For
the Chest preset, image acquisition speed (without consideration
of breathing interruptions for lung SBRT cases) was accelerated
from 120 s (slow Chest-CBCT) to 20 s (fast Chest-CBCT). To further
reduce imaging times, the asymmetric Head + Neck preset with
centric detector position and 200° gantry rotation was also consid-
ered. Imaging speed was accelerated from 68 s (slow HN-CBCT) to
11 s (fast HN-CBCT). Thus, both ultrafast CBCT presets enable

Table 1
Technical specifications for different CBCT imaging presets and gantry rotation speeds.

single-breath-hold imaging within 10-20 s. Details of the technical
preset setups are shown in Table 1.

Image quality

Following customer acceptance tests [17], (I.A) image quality
was analyzed regarding spatial resolution, uniformity, low contrast
visibility and geometry with the CatPhan phantom (CTP503, The
Phantom Laboratory, Salem, NY, USA) and a dedicated quality
assurance preset (120 kV, 0.4mAs/frame, full rotation, high resolu-
tion) in slow (3°/s) and ultrafast (18°/s) gantry speed. Furthermore,
(I.B) a lung tumor patient was simulated in the thorax phantom
with four differently shaped tumor-mimicking inlays (transverse
diameters between 6 and 15 mm) and signal-to-noise (SNR) as
well as contrast-to-noise ratio (CNR) was evaluated for lung and
tumor tissue. Additionally, the diameters of the tumor shapes were
determined and differences to the sizes provided by the manufac-
turer were calculated. These measurements were performed for
different clinical CBCT presets at different gantry speeds.

Dosimetry

Dose exposure was determined for all slow and ultrafast presets
for (ILA) proof-of-concept in means of CT dose index (CTDI)
[1,15,18] and (I.B) simulation of a lung tumor patient with a tho-
rax phantom (model 002LFC, CIRS, Norfolk, VA, USA) [15]. The
weighted CTDI was measured in an appropriate 40 cm long QA
phantom and a 10 cm long ionization chamber (Type 30009, PTW
Freiburg GmbH, Freiburg, Germany). The simulated lung tumor in
the thorax phantom was defined in the lower left lung of the phan-
tom, which was also the position of the isocenter. Dose measure-
ments were performed in six representative tissues: tumor in left
lung, center of left and right lung, upper periphery, spinal cord
and body center. A flexible cylindrical ionization chamber (Type
31013, 0.3 cm® sensitive volume, PTW Freiburg GmbH, Freiburg,
Germany), calibrated in air kerma for kV-range (50-150kVp) was
used. The dose measurements were calibrated and corrected
according to the AAPM TG61 protocol [19].

Registration accuracy

An off-center positioned ball-bearing-phantom (Elekta AB) was
used to evaluate the (IILA) automatic registration accuracy in
means of proof-of-concept. For evaluation of (IIL.B) registration
accuracy for a simulated lung tumor patient, four different
tumor-mimicking inlays in a thorax phantom were scanned
sequentially at 10 different pre-defined positions. High-precision
phantom positioning in right-left (RL), anterior-posterior (AP)
and cranio-caudal (CC) directions was assured by optical tracking
with a step-width of 0.01 mm (Clarity, Elekta AB). Registration to
planning-CT was applied offline with three different methods: (1)
manual by two experienced clinicians, (2) clinical automatic XVI
software [20], and (3) in-house developed fully-automated and
independent registration framework programmed with MATLAB
[14]. The offsets between the registration results and the known
isocenter shifts were determined and compared. To evaluate

CBCT preset Head + Neck preset

Chest preset

slow HN-CBCT

fast HN-CBCT

slow Chest-CBCT fast Chest-CBCT

Output characteristics
Panel position
Acquisition interval
Filter, collimator
Imaging speed 3°/s
Acquisition time 68s 11s
Nominal dose 1 mGy

100 kV, 0.1mAs/frame

Centered (S)

—135° to 70°

FO (empty), S20 (27.6 cm x 27.6 cm)

18°/s

~0.17 mGy

120 kV, 0.4 mAs/frame

Off-centered (M)

—180° to 180°

F1 (bow-tie), M20 (27.6 cm x 42.6 cm)

3°/s 18°/s
120s 20s
5 mGy ~0.83 mGy
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statistical significance between imaging speeds, paired difference
Wilcoxon’s Signed Rank Tests were performed with MATLAB
[14,21]. Null hypothesis indicated a zero mean of the difference
between the paired samples, with significance level 5%.

Results

Prior to the comparison study between ultrafast (18°/s) and
conventional, clinical (3°/s) CBCT presets, rotational detector cen-
ter fluctuations in terms of so-called flexmaps were acquired and
analyzed for different gantry speeds. Offsets to the clinical flexmap
(6°/s gantry speed) were in average below 0.05 mm, thus the clin-
ical flexmap was chosen as default for all gantry speeds.

Initial safety checks on the gantry rotation to stop showed that
the requirements by IEC norm 60601-2-1 edition 3.0 [16] are met.
From signal to stop position, the gantry stops within in average
0.3° for gantry rotation speed 6°/s, and in average 1.0° for gantry
rotation speed 18°/s. Signals tested were the interrupt button,
the terminate button and a touchguard contact. More detailed
evaluation of movement stop still has to be performed by the ven-
dor as part of their risk analysis.

Proof-of-principle (I.A) image quality commissioning tests [17]
with a dedicated QA imaging preset result in a spatial resolution
of 12 line pairs per centimeter for both gantry speeds, correspond-
ing to a visible rod gap of 0.42 mm [22] and well within specifica-
tion. Low contrast visibility between water and fat material was
2.7% for slow and 8% for ultrafast gantry speed, and thus failed
the specification due to undersampling, i.e. one projection every
~3° only. Uniformity and geometry tests passed the customer
acceptance criteria for both speeds (Table 2(a) and Fig. 1(a)).

The results for (I.B) SNR and CNR of the high-density tumor-
mimicking inlays (averaged) and lung tissue in a thorax phantom
are presented in Table 2(b). The SNR was reduced by 7-11% respec-
tive 34-45% with ultrafast gantry rotation. The CNR between
tumor and lung material was reduced up to 78% due to undersam-
pling, however, image quality for tumor localization in this high
contrast area was still sufficient. Table 2(c) shows the comparison
of the measured geometric body shapes of the tumor-mimicking

Table 2

inlays in transverse direction and the respective diameters pro-
vided by the manufacturer. The mean difference was better than
1 mm for all presets and speeds, with a maximum difference of
2 mm. An example of transverse profiles through the body of a
tumor-mimicking ball-shaped inlay for all CBCT presets is shown
in Fig. 1(b).

Since both CBCT detector and generator were not adapted, dose
is expected to be reduced by a factor of 6 for faster gantry rotation.
Table 3(a) shows the (I.A) separate measurements for the CTDI,
the resulting weighted CTDI,, and the ratio between ultrafast and
slow CBCT presets. With ultrafast gantry rotation, the measured
CTDI-values were reduced by factors of 2.5-5.8 (60.2-83.7%). (II.
B) Measurement results and ratios between ultrafast and slow
CBCTs in different positions of the thorax phantom are shown in
Table 3(b). Gantry acceleration led to a measured dose reduction
of 3.4-5.7 (70.9-82.3%). Lowest dose-reductions occurred at the
start and stop position of the gantry rotation (i.e. 160° for HN-
CBCT and 270° for Chest-CBCT) due to gantry braking
characteristics.

The (IIL.LA) proof-of-concept registration accuracy test per-
formed with a translationally off-center positioned ball-bearing-
phantom showed a mean displacement error of (-0.4 +0.1)mm,
with maximum/minimum offsets of —0.3/—0.5 mm for all CBCT
presets and different gantry speeds.

For the (II.B) registration accuracy study of a simulated lung
tumor case, the systematic error of the 10 random pre-selected
translational isocenter shifts up to 19 mm was reduced to
0.05 mm with optical tracking [14,23]. The stochastic mean dis-
placement error for all tumor-mimicking inlays, HN- and Chest-
CBCT presets, isocenter shifts and translational directions (RL, AP,
CC) was with (1) manual registration (0.0 + 0.2)mm for both gantry
speeds. The maximum offsets were —0.8/0.7 mm for slow, and
—0.7/0.9 mm for ultrafast imaging speed. With the (2) clinical soft-
ware, the mean registration accuracy was (0.0 £ 0.4)mm for both
gantry speeds, with maximum detection errors of —0.9/1.0 mm
for slow, and —1.0/1.2 mm for ultrafast imaging speed. Objective
evaluation was achieved with the (3) self-developed fully-
automatic registration method by applying an identical region of
interest around the tumor-shapes for all scanned volumes [14].

Image quality comparison between slow and ultrafast CBCT presets: (a) customer acceptance results with CatPhan phantom, (b) lung-tumor simulation in thorax phantom: SNR
and CNR for lung and tumor-mimicking tissue, (¢) thorax phantom: differences between measured transverse diameters of tumor-mimicking inlay bodies and corresponding

dimensions provided by manufacturer.

(a): Image quality - CatPhan QA

Specification QA preset (120 kV, S20 collimator

(centric), 0.1mAs/frame, 360° rotation)

Gantry speed [°/s] 3 3 18
Uniformity [%] <1.5 0.4 1.1
Low Contrast Visibility [%] <3.0 2.7 8.0
Spatial resolution [Ip/cm] >10 12 12
Geometry [mm] Transverse 117.0+ 1.0 116.5 116.5
Sagittal 1100+ 1.0 110.0 110.0

(b): Image quality — thorax phantom - simulation lung cancer patient: SNR and CNR for lung and tumor-mimicking tissue

slow vs. fast HN-CBCT

Differences between slow and fast CBCT presets slow vs. fast Chest-CBCT

Signal-to-noise ratio in tumor inlay [%] 74 10.5
Signal-to-noise ratio in lung [%] 33.7 44.5
Contrast-to-noise ratio between tumor inlay and lung [%] 77.8 74.3

(c): Image quality - thorax phantom - simulation lung cancer patient: measured diameters of different tumor-mimicking inlays compared to sizes provided by
manufacturer

Head + Neck preset Chest preset

Difference measurement vs. manufacturer size slow HN-CBCT fast HN-CBCT slow Chest-CBCT fast Chest-CBCT
Mean * std dev [mm)] -05+0.7 -0.8+0.8 -04+0.5 -04+0.5
Min/max [mm] —-2.0/0.0 —-2.0/0.0 -1.0/0.0 -1.0/0.0
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(a): Image quality — CatPhan phantom
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Fig. 1. Image quality comparison between slow and ultrafast CBCT presets: (a) customer acceptance tests with CatPhan phantom (spatial resolution and low contrast
visibility) with a dedicated QA preset, and (b) representative profiles through ball-shaped tumor-mimicking inlay body in a thorax phantom.

Here, the mean displacement error was (0.0 + 0.2)mm for both
imaging speeds, with maximum offsets of —0.5/0.7 mm for slow
and —0.6/0.7 mm for ultrafast imaging speed.

For qualitative visual evaluation, Fig. 2(a) shows an exemplary
registration result of CBCT scans in slow and ultrafast imaging
speed onto the planning-CT of a star-shaped tumor-mimicking
inlay, performed with the (3) objective, in-house developed auto-
matic registration method. Fig. 2(b) demonstrates the quantitative
evaluation by means of box-and-whisker-diagrams, which give an
overview of detection error distributions, separated for different
CBCT presets and imaging speeds, different registration methods

and translational directions (RL, AP, CC). All three registration
methods followed the same trend, i.e. both automatic registration
results validated the objective performance of manual registration
by the experienced clinicians. Table 4 shows the corresponding
mean detection errors (+standard deviation) as well as minimum
and maximum values. Technically it is expected that registrations
with different imaging speeds show significant registration differ-
ences. Paired difference test between slow and ultrafast imaging
speed of each CBCT preset however showed mostly no significant
statistical differences (p = 0.001-0.926). For the few significant dif-
ferences there is no clear trend explainable. Absolute differences
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Table 3

Calibrated dose measurement values for (a) weighted CTDI and (b) lung tumor patient simulation with the thorax phantom, for two different CBCT presets with slow and ultrafast

gantry speed, as well as the ratio between slow and ultrafast imaging speed.

(a): CT dose index determination for different CBCT presets and corresponding gantry speeds

Preset CTDI. [mGy] CTDI, 0- [mGy] CTDI p,90- [mGy] CTDI 180 [mGy] CTDI 270 [mGy] CTDI,, [mGy]
Head + Neck CBCT Slow HN-CBCT 1.06 1.54 1.80 0.95 0.64 1.23
Fast HN-CBCT 0.23 0.27 0.39 0.28 0.14 0.27
Ratio 46 5.7 46 34 4.7 46
Chest CBCT Slow Chest-CBCT 4.40 6.61 6.11 5.96 6.55 6.31
Fast Chest-CBCT 0.98 1.08 1.05 1.16 2.61 1.47
Ratio 4.5 6.1 58 52 25 4.3
(b): Thorax phantom: dose measurements for different CBCT presets and corresponding gantry speeds in different body positions
Head + Neck preset Chest preset
slow HN-CBCT [mGy] fast HN-CBCT [mGy] Ratio slow Chest-CBCT [mGy] fast Chest-CBCT [mGy] Ratio
1 - Tumor - lower left lung 1.2 0.3 4.5 10.2 1.8 57
2 - Upper left lung 14 0.3 4.8 10.0 1.8 5.7
3 - Right lung 0.3 0.1 3.7 5.1 1.5 34
4 — Upper center 0.8 0.2 4.9 6.4 1.2 54
5 - Spinal cord 0.4 0.1 39 6.2 1.4 4.4
6 - Body center 0.7 0.1 4.9 6.1 14 4.4

between registration results of different imaging speeds for all pre-
sets and directions are in average (—0.01 £ 0.12)mm, with maxi-
mum differences of 0.6 mm. In overall conclusion, registration
detection errors were well below tolerance level of 1 mm.

Discussion

Ultrafast (single breath-hold) CBCT imaging for patient posi-
tioning is not only desirable in case of DIBH-SBRT treatment of
e.g. lung, liver or breast tumors, but also for other tumor sites
where a reduction in patient-on-couch-time is crucial, i.e. for pal-
liative cases such as high-contrast areas in the pelvic area (bones)
or intracranial lesions. With the legal allowance to rotate the gan-
try faster than 7°/s under specific conditions [16], ultrafast gantry
rotation is realizable on a commercial C-arm linear accelerator
with some hardware modifications such as faster detector readout
and a more powerful X-ray generator. For high-contrast areas, it
could already be applied in the current setup.

This study analyzed the clinical feasibility of 18°/s CBCT
imaging speed (3 rpm) in comparison to clinically established CBCT
presets with gantry speed 3°/s (0.5 rpm) by means of (A) proof-
of-concept commissioning tests regarding (I) image quality, (II)
dosimetry and (IIl) registration accuracy. Furthermore, the treat-
ment site profiting most from high-speed imaging within single
breath-hold range, i.e. hypofractionated DIBH-SBRT of lung tumors,
was evaluated more detailed by (B) simulating a lung cancer
patient with a thorax phantom and 4 tumor-mimicking inlays
regarding (I)-(III), respectively.

In summary, both (A) proof-of-principle commissioning tests
and (B) phantom simulation of a lung tumor patient, (I) image
quality was maintained, only contrast was out of tolerance. This
is due to undersampling in the presented setup with the clinical
X-ray pulse rate of 180 ms and thus acquisition of 5.5 projections
per second, i.e. one projection every ~3°. However, image quality
was still sufficient for high-contrast areas such as lung tumors, or
palliative cases where a bony matching is precise enough and
where reduction in patient-on-couch-time is of utmost impor-
tance. (II) Dose output was considerably reduced with ultrafast
gantry rotation in the presented setup. Essential however is that
the (III) registration accuracy was maintained below 1 mm and
detection errors of ultrafast and slow CBCT showed no statistically
significant differences between registration results with different
imaging speeds, whereas imaging time was dramatically reduced.

Limitations detected in this survey could be attributed to the
fact, that in these first tests, the only modification to the clinical
linac was hardware-based by attaching an additional power supply
for the gantry engine. For high-contrast areas such as lung tumors,
image quality would be sufficient with the setup presented in this
study. For broader applications on other tumor entities, further
hardware improvements on projection acquisition and thus image
quality would be necessary before clinical implementation.
Namely, the CBCT detector readout and pulses per second given
by the generator would have to be increased, resulting in more
projections per second and degree, coinciding with higher imaging
dose, which would then be comparable to current clinical imaging
dose with slower gantry speed. Furthermore, software-related
issues would have to be solved, such as synchronizing frame grab-
bing with gantry braking characteristics, which lead to lower dose
reduction and stripe artifacts at start- and end-angle of the image
acquisition. Eventually, robustness tests such as gantry collision
stop, detector tilt and flexmap response would have to be further
investigated.

Regardless of these minor issues, ultrafast single breath-hold
kV-CBCT for lung cancer was proven to be clinically applicable
and a promising alternative to our in-house developed combined
kV-MV single breath-hold CBCT imaging technique [13-15] or
other clinically established slower kV-CBCT imaging techniques,
which require 1-8 repeated breath-holds in order to acquire the
necessary number of projections. Koshani et al. [10] already pro-
posed the weak point of residual repositioning errors of 1-2 mm
between two breath-hold phases and there are recent data on
intra-breath-hold residual motion [12]. Also in regard to faster
treatment delivery, multiple studies were performed in recent
years evaluating the dosimetric impact of higher dose rates and
flattening-filter-free beams on interplay effects in intra-fractional
motion. Bortfeld et al. [24] and Ong et al. [25] conclude that in case
of organ motion, more treatment fractions/more breath-holds
would lead to a more solid target dose coverage. The probability
distribution to hit the target is closest to a Gaussian distribution
the more fractions are applied.

Therefore, with constant novel developments, the ultimate goal
of lung cancer radiation therapy would be to not have to deal with
(intrafractional) motion management at all by simply treating the
patient within such a short time, that both imaging and treatment
could be accomplished in one breath-hold phase of 20-30 s. Kem-
merling et al. [26] stated, the simplest solution for motion manage-
ment would be, to “deliver the treatment so rapidly that the
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(a): Registration accuracy results (automatic in-house
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Fig. 2. Registration accuracy: (a) quantitative evaluation with representative slices of the star-shaped tumor-mimicking inlay with the automatic in-house developed
registration method, and (b) qualitative evaluation with box-whisker-diagrams, showing the detection errors for all presets with different gantry speeds in all translational
directions (RL, AP, CC) and all registration methods (manual, automatic clinical and objective, automatic in-house developed method).
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Table 4

Registration accuracy: detection errors for different imaging presets and gantry speeds as well as registration methods, representing the average over 4 tumor-mimicking inlays

Ultrafast single breath-hold CBCT

and 10 pseudo-random isocenter shifts in translational directions (RL, AP, CC) and corresponding maximum/minimum detection errors.

Detection error: mean + std (min/max)

Head + Neck preset

Chest preset

Slow HN-CBCT

Fast HN-CBCT

Slow Chest-CBCT

Fast Chest-CBCT

Manual registration RL [mm] 0.2 +0.2 (0.6/-0.3)
AP [mm] 0.0+0.2 (0.4/-0.5)
CC [mm] -0.1+0.2 (0.4/-0.4)

Automatic registration (XVI) RL [mm] 0.3+0.2 (0.6/0.0)
AP [mm] -0.2+0.2 (0.2/-0.6)
CC [mm] —0.1+0.1 (0.4/-0.3)

Automatic registration (in-house) RL [mm] 0.2+0.2 (0.5/-0.1)
AP [mm] 0.0+0.1 (0.4/-0.2)
CC [mm] -0.2+0.1(0.3/-0.4)

0.1+0.2 (0.7/-0.3)
0.00.2 (0.4/-0.5)
~0.1+0.2 (0.3/-0.5)

0.2 +0.2 (0.6/—0.1)
—0.1£0.2 (0.3/-0.7)
~0.1£0.2 (0.3/-0.3)

0.2+0.2 (0.5/-0.2)
0.0 +0.2 (0.4/—0.3)
~0.1£0.2 (0.3/-0.4)

0.2+0.2 (0.7/-0.3)
~0.2+0.2 (0.3/-0.8)
0.0 +0.1 (0.2/—0.4)

0.5 +0.2 (1.0/-0.1)
~0.6+0.2 (-0.1/-0.9)
0.0+0.1 (0.3/-0.3)

0.2 +0.2 (0.7/-0.3)
~0.2+0.2 (0.3/-0.5)
~0.1£0.1(0.3/-0.3)

0.2+0.2 (0.9/-0.3)
~0.2+0.2 (0.4/-0.7)
~0.1+0.2 (0.3/-0.6)

0.6+0.3 (1.2/-0.1)
—0.6+0.2 (-0.1/-1.0)
0.0+0.1 (0.4/-0.3)

0.2+0.2 (0.7/-0.4)
~0.2+0.2 (0.4/-0.6)
~0.1+0.1 (0.3/-0.3)

patient has no time to move”. They proposed the idea of extremely
rapid radiotherapy, however with very high-energy electron
(VHEE) beams: first, a helical CT for gross registration of the tumor
position of the day is performed in deep inspiration breath-hold.
Thereafter, within a single breath-hold phase, single projection
acquisition and treatment with VHEE can be completed within
one breath-hold. However, proper matching of projection and daily
helical CT, as well as plan adaptation of the dose distribution of the
initial planning-CT are crucial prerequisites for successful accom-
plishment and still work in progress.

Ultrafast gantry rotation speed of a clinical linac paves the way
to adapt their approach of combining imaging and treatment
(sequence) within one breath-hold to a clinical C-arm linac, and
thus mitigating the effect of breathing motion between separate
imaging and treatment breath-hold phases [10,11,27]. Besides
those visions of future combined imaging and treatment tech-
niques to mitigate breathing motion, ultrafast CBCT imaging could
already today set a benchmark with immense clinical impact. Fur-
thermore, for palliative cases, reducing on-couch time is of great
importance.

Conclusion

With recent legal allowance to accelerate the linac gantry rota-
tion speed up to 18°/s (3 rpm), ultrafast single breath-hold CBCT
for lung-SBRT is achievable within 10-20 s (respective 180°-360°
imaging arc). This comparison study between ultrafast kV-CBCT
(18°/s) and conventional, clinical kV-CBCT (3°/s) provides a good
overview of proof-of-principle commissioning evaluation and
lung-cancer specific patient simulation regarding image quality,
dosimetry and registration accuracy. Overall, this first setup of just
accelerated gantry speed shows promising results for high-
contrast areas: dramatically reduced imaging time for considerably
less dose, sufficient image quality and maintained registration
accuracy compared to conventional CBCT imaging. Therefore,
ultrafast kV-CBCT lung tumor imaging within single breath-hold
of 10-20 s would be clinically applicable, and paves the way for
future intra-fractional combined imaging and treatment within
one breath-hold phase. Generally speaking, this approach of faster
gantry rotation could benchmark not only ultrafast imaging for all
anatomical regions, but also accelerate the treatment delivery.
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