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A B S T R A C T

Purpose: To evaluate the patient’s positioning reproducibility during upright treatment with image-guided 
adaptive proton therapy (IGAPT) for head and neck cancers.
Materials and methods: 10 head and neck (H&N) patients were treated with gantry-less IGAPT, which includes 
daily 3D computed tomography (CT) and two 2D kilovoltage radiographs before treatment and weekly 3DCT 
immediately after irradiation. All procedures were performed in the carbon chair on the 6 degrees of freedom 
robotic positioner.
Results: Prior to treatment we registered shifts in patient positioning using 3D/3D registration at the imaging 
isocenter: X  = -0.1 ± 3.9 (mean ± standard deviation) mm, Y = − 3.7 ± 3.5 mm, Z = 0.5 ± 6.2 mm. The 
corresponding vector was applied to the robotic positioner to compensate for the registered shifts, after which the 
patients were moved to the treatment isocenter and the following shifts were obtained there using 2D/3D 
registration: X  = -0.31 ± 1.37 mm, Y = − 0.02 ± 1.33 mm, Z = 0.59 ± 1.55 mm. Finally, the weekly follow-up 
3D/3D registration showed X  = -0.2 ± 1.2 mm, Y = − 0.0 ± 1.4 mm, Z = 2.3 ± 2.0 mm.
Conclusions: A novel image-guided gantry-less PT facility showed reliable results in terms of patient positioning 
for H&N cases during clinical trials. This fact confirmed the suitability of using gantry-less PT for H&N treatment. 
A small, systematic shift in the vertical direction was detected in the follow-up 3D/3D registration. The effect of 
this shift will be investigated in further studies with pre/post treatment 2D/3D registration. The next phase of the 
clinical trial of this facility is dedicated to the thorax region.

Introduction

Image-Guided Adaptive Proton Therapy (IGAPT) is an advanced 
form of proton therapy (PT) used in radiation oncology to treat cancer. It 
combines the precision of PT with an adaptation of treatment plans 
based on changes in tumor size and shape [1]. Additionally, image 
guidance along with proper immobilization [2] minimizes the patient 
setup uncertainties [3]. This reduction is critical for the accurate de
livery of PT, which is particularly sensitive to any additional un
certainties due to well-known properties of proton beams [4]. Despite 
advancements of modern PT, the widespread of this treatment modality 
is limited by the high initial price of the PT center, which is largely 
determined by the proton beam rotating system, or gantry [5]. One 

option to significantly reduce the cost and size of PT centers is the use of 
a fixed horizontal beam line with an upright patient positioning system 
[6,7,8,9]. Thus, recent studies show the reasonableness of using upright 
patient positioning systems for PT of the head and neck [10,11]. The 
standard practice in PT today is to use 3D computed tomography (CT) in 
the supine position for treatment planning [1,12]. However, there are 
concerns that the patient’s anatomy may change significantly from the 
supine to upright position, especially for the thorax, abdomen and pelvic 
regions [13,14]. This should be considered when positioning the patient 
upright, and when using horizontal CT, additional anatomy recording in 
the treatment position should be performed [7].

In this paper, we investigated a novel IGAPT system that combines 
upright treatment and imaging in the same room. We used daily 3D/3D 
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CT registration in the imaging isocenter, complemented by orthogonal 
X-ray based 2D/3D registration in the treatment isocenter. Following the 
work [15,16] on the reproducibility of patient positioning in upright 
treatment, we evaluated the results of the first 10 head and neck patients 
treated with a fully image-guided workflow in upright gantry-less pro
ton therapy.

Materials and methods

Proton therapy equipment

The IGAPT facility used in this study is the P-Cure Proton Therapy 
Solution [17]. It is comprised of a compact proton synchrotron (the 
source of accelerated protons), a patient positioning system, and an 
imaging system, all located in the same protected room. The current 
configuration of all the equipment requires a total footprint of 12 m × 7 
m, including racks with power supplies and control servers. The syn
chrotron produces protons over a water-equivalent range of 4 to 38 cm 
across 1900 energy levels. The fixed beam delivery with a scanning 
pencil beam allows a maximum field size of 28 × 30 cm2 at the treatment 
isocenter located 70 cm from the accelerator nozzle. The pencil beam 
profile width at the isocenter varied with energy, ranging from 2.8 mm 
(250 MeV) to 7.7 mm (70 MeV).

The Patient Robotic Positioning and Imaging System (P-ARTIS) 

consists of 

1) a patient positioning system (PPS) with a patient chair (Fig. 1A);
2) a vertical 4-dimensional computed tomography (4DCT) system that 

is used for treatment planning simulation, patient positioning veri
fication prior to treatment and treatment adaptation if necessary.

3) an orthogonal 2D kilovoltage (kV) imaging system, used only for 
patient positioning verification in the treatment isocenter.

Patient upright positioning and immobilization

The P-ARTIS PPS kinematics are based on the Leoni Orion, a six- 
degree-of-freedom robotic system approved for proton therapy appli
cations. The translational motion of the robot is determined by three 
axes: two orthogonal axes (X, Y) parallel to the floor of the room and a Z- 
axis orthogonal to them, as illustrated in Fig. 1B. The maximum travel 
distance is 4.880 m in the Y direction in the treatment coordinate system 
(CS), 1.184 m in the Z direction, and 2.230 m in the X direction. Robot 
geometry includes three articulations: base, elbow, and wrist. The 
elbow/base allows left and right ± 25◦ inflections, while the wrist offers 
± 100◦ rotation, enabling full 360◦ access to the treatment volume via 
elbow/base inflection. The PPS has been calibrated for various loads up 
to 180 kg with ± 0.5 mm accuracy (95 % confidence).

The P-ARTIS operates with multiple chairs, depending on the 

Fig. 1. The Patient Robotic Positioning and Imaging System (P-ARTIS): A. A leg-up chair for head and neck patients. B. Illustration of the P-ARTIS coordinate 
systems: the treatment Z-axis is always orthogonal to the floor, while the imaging Z-axis is parallel to the axis of the sub-vertical 4DCT slider.
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treatment site and patient parameters. The current study utilized the 
chair, as shown in Fig. 1A, in a leg-up position. This chair was used 
throughout the entire workflow, including initial immobilization, 
treatment planning simulation, daily verification procedures, and 
treatment. The patients were immobilized with 5-point thermoplastic 
masks (Orfit Ltd., Wijnegem, Belgium) fixed on the chair backrest ac
cording to the standard procedure. The masks were prepared prior to 
treatment and in the most cases served for the entire course. In a few 
cases where adaptive replanning was done during the treatment session, 
new masks were prepared accordingly.

Patient upright imaging and positioning verification

The P-ARTIS CT utilizes a Phillips Brilliance Big Bore platform 
(Phillips, Netherlands) angled at 20◦ relative to the vertical axis of the 
room. The sliding platform is utilized for image acquisition on the CT 
base, employing the identical control interface as the conventional 
moving couch. The 2D kV system provides planar, orthogonal radio
graphic imaging of patient geometry at the treatment isocenter position. 
It is designed with two 150 kV X-ray sources positioned on either side of 
the nozzle of the proton beam delivery system and ceiling-mounted 
retractable 30 cm × 30 cm flat panel detectors (FPD) PaxScan 3030DX 
(Varian Medical Systems, USA).

Patient position verification was performed in the proprietary soft
ware based on the elastix toolbox [18,19] by comparing 2D kV radio
graphs with digitally reconstructed radiographs (DRRs) based on the 
initial full field of view (FOV) 3DCT used for treatment planning (if no 
treatment adaptation is required) or the last full FOV 3DCT taken during 
adaptive treatment. Examples of the X-ray radiographs and corre
sponding DRRs with contours are shown in Fig. 2A and Fig. 2B, 
respectively. Since this study focused only on head and neck tumors, 
4DCT protocols were not used.

Daily quality assurance for positioning verification and patient workflow

The P-ARTIS was tested daily prior to treatment. The test procedure 
involved obtaining both 3DCT (at the imaging isocenter) and 2D kV (at 
the treatment isocenter) images of the custom cubic plastic phantom 

with 9 inserts and comparing them to commissioned images of the same 
phantom. The cube was manually set to PPS instead of the patient chair. 
This paper includes data from April 2023 to January 2024, comprising 
196 treatment shifts. The pass criterion for daily QA of the 3D/3D 
registration was set to 1 mm and 1 degree. Daily QA for 2D kV radio
graphs had a pass criterion of 0.57 mm, which is equivalent to 3 pixels of 
flat panel detectors. If any of the tests didn’t pass, appropriate changes 
were made, and the procedure was repeated.

The daily patient workflow during this clinical trial [20] is as fol
lows: A radiologic technologist (RTT) (1) places and immobilizes the 
patient on the carbon chair of the P-ARTIS when it is in the upload 
position; (2) the robotic positioner moves to the imaging isocenter and 
the RTT leaves the room; (3) daily 3DCT is performed and the radiation 
oncologist reviews the image fusions with the planning 3DCT; (4) the 
RTT returns and visually controls the movement of the patient to the 
treatment isocenter; the RTT leaves the room; (5) at the treatment iso
center positioning with X-ray kV radiographs (Fig. 2A) is performed and 
the patient position adjusted; this step can be repeated several times 
until approval is received from the radiation oncologist; (6) the patient is 
irradiated from one field; (7) the patient is moved to the next field, 
where step (5) is repeated for the number of fields required (up to 3 in 
the current study); finally, (8) the patient is moved back to the upload 
position and removed from the P-ARTIS. Additional 3DCT is obtained at 
the end of the week, prior to step 8, when the patient is moved from the 
last field of irradiation directly to the imaging isocenter of the Big Bore 
platform and 3DCT data are obtained. The standard workflow uses 3DCT 
only for interfractional monitoring and 2D kV for field-to-field 
verification.

There are several coordinate systems used by the P-ARTIS system, 
but for simplicity only two main ones are described. The treatment CS is 
tied to the room geometry with the Z-axis orthogonal to the floor and the 
Y-axis along the beam, and the imaging CS is tied to the axis of the CT 
bore used as the Z-axis. These two main CSs are shown in Fig. 1C. For the 
convenience of the reader, all data in this paper are presented in the 
treatment CS. The patient rotation angles with respect to the beam for 
each field were defined by TPS and varied 360◦ around the Z-axis and 
from 2◦ to 30◦ around the horizontal axis (pitch angle), where 0◦ cor
responds to the vertical position of the backrest (data on all angles used 

Fig. 1. (continued).
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in this study are presented in Table 4 in Appendix 1).

Patient cohorts

This study is based on the data of the first 10 patients (Table 1) 
treated with proton therapy at the Sharett Institute of Oncology, 
Hadassah Medical Center using the P-Cure PT system in Shilat in 2023. 
Among them, 5 patients had 35 fractions, 1 had 33, 2 had 30, 1 had 24, 
and 1 had 18. In total, 310 irradiation sessions were performed.

In addition, a small study (IRB study number 0048–21) was 

conducted in 2024 with another 4 patients to assess the patient’s 
perception of immobilization and treatment in the upright position. 
Following the guidelines [14], the same questionnaire was used to assess 
patient comfort in different positions. The complete questionnaire can 
be found in Appendix 2.

Results

This paragraph is dedicated to an estimation of the rigid body posi
tioning accuracy corresponding to the system but excluding the patient. 

Fig. 2. The verification of patient positioning in the treatment isocenter: A. Example of a pair of 2D kV radiographs, B. Corresponding digitally reconstructed 
radiographs (DRRs) from the planning 3DCT.

Table 1 
Patient data.

N Diagnosis Height, 
cm

Weight, kg N 3D/ 
3D

N 2D/ 
3D

N follow-up 3D/ 
3D

N Fields N Fractions

1 Buccal Mucosa 153 54.0 26 72 3 2 24
2 Buccal Mucosa 153 57.0 36 105 5 3 35
3 Maxillary sinus Carcinoma 178 78.0 33 67 6 2 33
4 Larynx Squamous Cell Carcinoma 160 57.0 36 72 5 2 35
5 Tongue Cancer 151 47.0 31 62 7 2 30
6 Salivary Gland Carcinoma 152 87.1 34 70 6 2 35
7 Nasopharyngeal Cancer 163 36.8 18 54 2 3 18
8 Oropharyngeal Squamous Cell Carcinoma with Bilateral 

Adenopath
186 85.6 36 69 6 2 35

9 Hypopharyngeal Cancer 162 60.9 36 108 7 3 35
10 Tongue Cancer 162.5 51.5 32 60 8 2 30
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We analyzed the logged data of daily quality assurance for phantom 
positioning validation which included a total of 189 assessments. The 
3D/3D (at the imaging isocenter) registration results were as follows: 
〈Δx〉 = − 0.51 ± 0.25 mm (mean ± standard deviation (SD)), 〈Δy〉 =

0.34 ± 0.21 mm, 〈Δz〉 = − 0.09 ± 0.15 mm. All 3D/3D registered dis
placements are shown in the top two panels of Fig. 2 with the mean 
subtracted. The reason for the mean subtraction is to demonstrate the 
positioning reproducibility of the bare system and any systematic could 
be eliminated by careful calibrations. The mean positioning error was 
determined as a following Euclidian norm: 

〈‖ Δr̅→
− 〈 Δr̅→

〉‖〉 = 0.31mm (1) 

For 2D/3D (at the treatment isocenter) registration, the positions of 9 
inserts of the cube phantom projected onto an FPD plane were 
measured. Then the corresponding vectors Δr1

̅̅→ and Δr2
̅̅→ were calculated 

and the mean values of these 9 inserts for both FPDs were taken: ‖Δr1
̅̅→

‖

= 0.13 ± 0.05 mm, ‖Δr2
̅̅→

‖ = 0.09 ± 0.03 mm resulting in ‖ Δr̅→
‖ = 0.16 

± 0.05 mm. The 2D displacement data are shown in the bottom two 
panels of Fig. 3.

All pre-treatment position verification QA procedures recorded a 
shift within the specified pass criteria (1 mm for 3D/3D and 0.57 mm for 
2D/3D). Fig. 2 (right panels) showcases the results of daily positioning 
QA, illustrating 3D/3D and 2D/3D registration results over 10 months.

Patient positioning validation included a total of 318 daily inter
fraction 3D/3D (at the imaging isocenter) registrations during the study 
period for 10 patients and 310 irradiated fractions, as described in 
Table 1. The registered displacement data are presented in Table 2 in the 
format of mean ± SD, in the upper panel of Fig. 4 in the format of dis
tribution of displacements, and in Fig. 5 (blue lines) sorted by patient. A 
corresponding vector was applied to the robotic positioner to compen
sate for the registered displacements, after which the patients were 
moved to the treatment position.

A total of 739 2D/3D (at the treatment isocenter) registrations were 
obtained for up to 3 irradiation fields, allowing monitoring of the 
intrafraction deviations per 2 to 3 beams in a treated position. The 
registered displacement data are shown in Table 2, the 2nd-4th panels of 

Fig. 4, and Fig. 5 (orange, red, and brown lines). Finally, 25 follow-up 
3D/3D registrations (at the imaging isocenter) were obtained immedi
ately after the irradiations, allowing preliminary conclusions to be 
drawn about intrafraction deviations compared to the time before and 
after treatment for some specific fractions. These registered displace
ment data are presented in Table 2, in the last panel of Fig. 4, and in 
Fig. 5 with green lines.

The results of the patient’s perception regarding the comfort of 
different parts of the body as well as the ease of the treatment procedure 
are presented in Table 3.

Discussion

The idea of proton therapy facilities without classical beam delivery 
systems including gantry is currently being actively promoted in the 
proton and ion therapy community for a wider dissemination of this 
treatment technique [3,8,9]. With the rejection of the gantry, modern PT 
systems can already fit into treatment rooms originally designed for 
linear accelerators, but the low availability of clinical data is a major 
limiting factor. To further support the idea of gantry-less delivery of 

Fig. 3. Results of daily positioning QA: Panels A and B show 3D/3D and 2D/3D registration results over 10 months, and the distribution of registered 3D/3D and 2D/ 
3D shifts, respectively. For 3D/3D registration results, the mean values were subtracted.

Table 2 
Registered mean ± SD shifts for all imaging modalities of patient positioning 
verification.

Scenario 〈Δx〉, 
mm

〈Δy〉, 
mm

〈Δz〉, 
mm

〈Δφx〉, 
deg

〈Δ φy〉, 
deg

〈Δ φz〉, 
deg

3D/3D 
Prior

− 0.1 ±
3.9

− 3.7 ±
3.5

0.5 ±
6.2

− 0.6 ±
1.8

− 0.3 ±
1.4

− 0.3 ±
1.5

2D/3D 
Field 1

− 0.55 
± 1.37

0.03 ±
1.28

0.51 ±
1.48

− 0.08 
± 1.02

− 0.03 
± 0.71

− 0.07 
± 0.82

2D/3D 
Field 2

− 0.20 
± 1.37

− 0.00 
± 1.37

0.77 ±
1.69

− 0.14 
± 0.86

0.01 ±
0.67

− 0.04 
± 0.69

2D/3D 
Field 3

0.09 ±
1.24

− 0.28 
± 1.35

0.27 ±
1.19

0.04 ±
0.39

0.04 ±
0.39

0.04 ±
0.39

2D/3D 
Mean

− 0.31 
± 1.37

− 0.02 
± 1.33

0.59 ±
1.55

− 0.09 
± 0.89

− 0.01 
± 0.66

− 0.04 
± 0.72

3D/3D 
Follow- 
up

− 0.2 ±
1.2

− 0.0 ±
1.4

2.3 ±
2.0

− 0.4 ±
0.8

0.0 ±
0.6

0.1 ±
0.7
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proton therapy, we monitored positioning parameters during upright (in 
a seated position in this paper) treatments of cancer patients with ma
lignancies in the head and neck (H&N) anatomy. Specifically, we 
addressed: (1) interfractional positioning accuracy daily prior to treat
ment, (2) intrafractional positioning accuracy per treatment field, and 
(3) weekly intrafractional patient position rigidity, monitored by 
registering the shift in patient position over the entire length of the 
fraction (follow-up). Although we do not continuously control the 
intrafractional positioning accuracy of the patient, the 2D/3D shifts and 
subsequent displacement can be considered as an estimate. The idea 
behind this is the following: recorded 2D/3D shifts are part of the 
routine workflow, when applied, the positioning accuracy was decided 
to be unacceptable. Therefore, the final positioning error is less than the 
applied shifts.

The accuracy of the positioning reproducibility of the system 
considered in this work can be benchmarked against analogous systems 
employing common image-guided radiation therapy (IGRT) QA pro
tocols reliant on 2D/3D registration data. The documented mean dis
placements, reported at 0.16 ± 0.05 mm (with an absolute deviation of 
less than 0.3 mm based on the reading of one of the FPD panels), can be 
juxtaposed with hexapod-based systems, as detailed by Meyer et al. 
(translational accuracy is ranging from 0.1 mm to 0.2 mm, and rota
tional one between 0.10◦ to 0.20◦) [21], and those outlined by Sheng 
et al. (up to 0.26 ± 0.03 mm and 0.09 ± 0.01◦) [22]. Similarly, 

assessments conducted by Takakura et al. on 6D robotic systems (mean 
values 0.07 ± 0.22 mm and − 0.05 ± 0.14◦) [23] provide a basis for 
comparison. For the current study, the accuracy was always better than 
1 mm for both 2D/3D and 3D/3D registration scenarios.

However, the literature on 3D/3D registration data for upright 
radiotherapy is scarce, likely due to the lack of vertical CT in the clinical 
systems described. Ongoing research efforts, as exemplified by Bois
bouvier et al. [14], are attempting to fill this gap, but the timeline for 
clinical implementation remains indeterminate.

Mean interfraction values based on daily 3D/3D registration prior to 
treatments ranged from − 3.7 ± 3.5 mm to 0.5 ± 6.2 mm for trans
lational shifts and from 0.6 ± 1.8◦ to 0.3 ± 1.5◦ for rotational shifts. In 
particular, the reliance of the system on a fully integrated approach 
without laser-based initial positioning underscores the robustness of the 
values obtained. The mean intrafraction values based on 2D/3D regis
tration prior to every irradiation filed ranged from − 0.31 ± 1.37 mm to 
0.59 ± 1.55 mm and − 0.09 ± 0.89◦ to − 0.01 ± 0.66◦, representing the 
stereotactic level accuracy of the displacements. These values are 
particularly important because they directly demonstrate the feasibility 
of proper immobilization during treatment. Both the inter- and intra- 
fraction accuracy parameters show a high positioning accuracy, which 
can be compared with similar studies for upright patient positioning, 
where the patients are initially immobilized in the treatment isocenter 
position and only 2D/3D registration is used, i.e. Sun et al. [7] reported 

Fig. 4. Distribution of registered shifts for all imaging modalities.
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the following results for the positioning of 15 patients: 0.13 ± 0.88 mm 
(mean ± SD), 0.25 ± 1.17 mm, − 0.57 ± 0.85 mm, 0.02 ± 0.35◦, 0.00 ±
0.37◦, and − 0.02 ± 0.37◦ in x, y, z, u, v, w directions, where u, v, w −
rotations. Balakin et al. [6] showed positioning results for 50H&N pa
tients as follows: 0.1 ± 0.8 mm, − 0.4 ± 2.0 mm, 0.1 ± 1.5 mm for x, y 
and z, respectively. McCarroll et al [15] showed results for interfrac
tional shifts up to − 1.1 ± 3.6 mm on their chair and compared these 
results with supine IGRT with worst mean results of 3.1 mm [24] and 1.3 
± 2.5 mm [25]. The results obtained in this study using 2D/3D regis
tration are comparable to other upright and prone IGRT systems. This 
confirms the correctness of the chosen workflow with correction of the 
positioning before the start of treatment.

To verify overall positional rigidity, we acquired a CT dataset once a 
week (when possible) after treatment, just before patients were released 
from immobilization. During the 30 min of immobilization, the patients 
remained stable overall. However, analysis of the patient’s position 
along the vertical axis revealed slight systematic downward shifts, 
indicating that the patient was prone to sagging by an average of up to 
2.3 ± 2.0 mm (positive number corresponds to the required upward 
shift), as can be seen in the fifth panel of Fig. 4 (for all patients) and 
Fig. 5Z (for each patient individually). This finding highlights the sys
tem’s ability to detect subtle changes in patient position, thereby 
increasing treatment accuracy and patient safety. Since these sagging 
movements were not recorded during the 2D/3D registration, it can be 

assumed that the patient changed position after the irradiation, e.g. after 
relaxation. To verify the applicability of this finding to patient immo
bilization during treatment, further analysis of patient position imme
diately after treatment using kV 2D/3D (at the treatment isocenter) 
image registration will be addressed in the future to obtain a quantita
tive estimate of the intrafractional motion.

Finally, the patient’s perception for four patients showed the com
parable results with the study that compared upright and supine posi
tioning [14]. The overall comfort level mean value is 3.75 vs. 4.1 for 
other the upright and 3.9 for the supine positions shown by Boisbouvier 
et al [14]. However, the current survey needs a larger group of patients 
to be representative of the upright treatment, since it is now influenced 
by many patient-specific details, for example claustrophobic fears to 
stay inside the CT bore during 3DCT. The current patient survey protocol 
is now established and will continue to collect data for future patients 
and different treatment sites.

To explore the possibility of using upright IGAPT in other tumor 
locations, the next phase of this system’s clinical trial is dedicated to the 
thoracic region.

Conclusion

Here, we demonstrated for the first time the positioning accuracy of 
head and neck cancer patients treated with protons beams in a seated 

Fig. 5. Registered mean ± SD shifts for all imaging modalities sorted by patients listed in Table 1. The 3D/3D (at the imaging isocenter) represents interfraction 
setup variability, the 2D/3D (at the treatment isocenter) represents intrafraction uncertainty per beam, and the follow-up 3D/3D (at the imaging isocenter) represents 
intrafraction uncertainty for the some of the fractions.

Table 3 
Patient comfort evaluation.

Scenario Very comfortable Comfortable Not comfortable Painful Very Painful

Global comfort 1/4 1/4 2/4 0/4 0/4
Head comfort 1/4 1/4 1/4 1/4 0/4
Neck and back comfort 2/4 1/4 1/4 0/4 0/4
Arm and shoulder comfort 2/4 2/4 0/4 0/4 0/4
Abdomen comfort 2/4 2/4 0/4 0/4 0/4
Hip and leg comfort 1/4 3/4 0/4 0/4 0/4
​ Very easy Easy Not easy but not hard Hard Very Hard

Easiness to setup 1/4 1/4 1/4 0/4 1/4
Easiness to get out 1/4 1/4 2/4 0/4 0/4
Easiness to breath 0/4 2/4 1/4 0/4 1/4
​ Very stable Stable Not unstable but not stable Unstable Very unstable

Perception of stability 1/4 2/4 1/4 0/4 0/4
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position for the entire workflow, including patient immobilization ac
curacy, daily 3D/3D positioning accuracy registration using vertical CT, 
positioning accuracy for each irradiation field with kilovoltage imaging, 
and follow-up imaging at the end of multiple fractions for the first 10 
patients. The results clearly demonstrate the feasibility of such a setup 
and support the idea of treating patients with a compact, gantry-less 
proton therapy solution.
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