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A B S T R A C T

Purpose: The advent of commercially available vertical CT systems has renewed interest in gantry-less proton 
therapy (PT), in which patients are treated in an upright position using a fixed beamline and robotic positioning. 
This study evaluates the feasibility, safety, and preliminary efficacy of novel gantry-less image-guided adaptive 
PT (IGAPT) for recurrent head and neck (HN) and brain malignancies.
Materials and methods: A planned interim analysis was performed on 20 adult patients with recurrent HN (80 %) 
and brain (20 %) cancers, median age 62 years, with Eastern Cooperative Oncology Group (ECOG) performance 
status ≤2. Patients underwent upright and supine imaging and simulation, followed by treatment planning 
comparing upright PT to conventional supine intensity-modulated radiotherapy (IMRT). Dosimetric analyses 
focused on organ-at-risk (OAR) sparing and target coverage. Toxicities were assessed prospectively every three 
months using the Common Terminology Criteria for Adverse Events (CTCAE).
Results: Gantry-less PT demonstrated significant dosimetric advantages over photon IMRT, including reduced 
doses to critical OARs including brainstem (6 Gy(RBE) vs. 19.1 Gy; p < 0.001) and spinal cord (12.5 Gy(RBE) vs. 
18.3 Gy; p < 0.006). At 3-month follow-up (n = 14), a complete response was observed in 64.3 % of evaluable 
patients and a partial response in 21.4 %. Most toxicities were mild-to-moderate (grades 1–2), primarily 
dermatitis (55 %), fatigue (45 %), and mucositis (31.3 %). Grade 3 toxicities occurred in four patients (20 %). 
There were no device-related deaths.
Conclusions: This first clinical evaluation of a novel gantry-less IGAPT system confirms its feasibility, safety, and 
promising efficacy for recurrent HN and brain cancer, with superior dosimetry and high local control rates. Its 
cost-effective design may improve global access to the IGAPT.

Introduction

Recurrent head and neck (HN) and brain malignancies present sig
nificant clinical challenges, particularly when they occur within previ
ously irradiated fields. Re-irradiation remains essential for effective 
local disease control and prolonged survival despite the increased risk of 
severe toxicity, necessitating careful balance between therapeutic gain 
and radiation-induced damage to critical structures, including the 

brainstem, spinal cord, optic pathways, and other adjacent sensitive 
tissues [1,2,3].

Proton therapy (PT) offers distinct advantages in treating recurrent 
HN and brain malignancies due to its favorable dosimetric properties 
characterized by the Bragg peak [4,5]. This physical characteristic al
lows maximum radiation dose delivery precisely to the tumor while 
minimizing exposure to healthy tissues, thereby reducing toxicity 
compared to photon therapy, especially in re-irradiation settings 
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[6,7,8]. Despite clear dosimetric advantages and growing clinical 
adoption, the high capital cost of conventional PT facilities—dominated 
by large, expensive rotating gantry systems—has limited global acces
sibility [9,10,11,12,13].

Recent technological advances have enabled the application of 
image-guided adaptive (IGA) workflow, previously established only for 
supine positioning [14,15], to upright gantry-less PT systems. These 
systems consist of a fixed horizontal beamline, patient rotation via ro
botic chair-based positioning, and integrated vertical computed to
mography (CT). Such configurations dramatically reduce both cost and 
space requirements compared to conventional gantry-based systems, 
potentially increasing the feasibility of widespread implementation of 
IGAPT [16,17,18]. Previous work has reported the commissioning of the 
first such system [12]. It has also been demonstrated the level of accu
racy and reproducibility of upright patient positioning for head and neck 
cancer compared to the supine facilities [13]. Other studies have also 
established the clinical viability of upright proton treatment positions 
for complex anatomical sites, with promising efficacy and manageable 
toxicity profiles [6,16,19,20].

Building on this foundation, we initiated a prospective clinical trial 
to evaluate gantry-less IGAPT for locally recurrent HN and brain ma
lignancies. This study evaluates the feasibility, safety, early clinical 
outcomes, and dosimetric advantages of upright fixed-beamline IGAPT 
compared to standard supine, photon-based intensity-modulated radi
ation therapy (IMRT). This interim analysis aims to demonstrate the 
potential of gantry-less PT to achieve superior dosimetry and favorable 
clinical outcomes in complex re-irradiation scenarios.

Materials and methods

This prospective trial evaluated the efficacy, toxicity, quality of life 
(QOL), and treatment planning parity in adult patients with recurrent 
HN and brain cancers receiving upright gantry-less IGAPT.

Study Objectives

The primary objectives were to assess local control at 3 months post- 

treatment, physician-reported acute toxicity, and to compare upright 
IGAPT with supine photon-based IMRT for OAR sparing. Secondary 
objectives focused on long-term toxicity (3 months post-treatment), and 
quality of life. QOL was assessed using validated patient-reported 
questionnaires such as the EORTC QLQ-C30 and site-specific tools 
such as the QLQ-H&N35 for head and neck tumors and the QLQ-BN20 
for brain tumors. Acute toxicities were graded according to CTCAE 
v5.0 criteria.

Patient Selection

Patients were eligible if they were ≥ 18 years of age, had histologi
cally or radiologically confirmed recurrent HN or brain malignancies, 
and had previously received radiotherapy. Inclusion required an ECOG 
performance status ≤ 2 and life expectancy ≥ 6 months. PT treatment 
plans had to show superior dosimetric results compared to IMRT to 
qualify patients for inclusion. Patients were excluded if they had un
treated primary tumors, photon-based plans with superior dosimetry, or 
a history of other malignancies within three years. All participants 
provided informed consent, and female patients underwent pregnancy 
testing prior to treatment initiation.

Twenty adult patients with recurrent HN and brain malignancies 
were included in this interim analysis. The median age was 62 years 
(range, 39–88) and most participants were female (65 %). The majority 
(95 %) had an ECOG performance status of 0–1, while one patient (5 %) 
had an ECOG status of 2. Recurrent tumors were primarily head and 
neck malignancies (80 %) involving the oral cavity (n = 4), oropharynx 
(n = 3), larynx/hypopharynx (n = 3), nasopharynx (n = 1), sinonasal 
regions (n = 2), and salivary glands (n = 1). Brain malignancies (20 %) 
included oligodendroglioma (n = 1) and glioblastoma (n = 3). The 
median interval from initial radiotherapy to re-irradiation was 1.67 
years (range, 0.44–25.4 years), with median prior RT doses of 70 Gy for 
HN cancers and 60 Gy for brain tumors. Detailed data presented in 
Table 1.

This study was conducted following the guidelines of the Declaration 
of Helsinki and was approved by the Institutional Review Board of 
Hadassah Medical Center.

Table 1 
Patient data: disease and treatment characteristics.

Patient 
#

Age Gender Primary Tumor 
Location

Histology Irradiated Area Dose Fractionation

1 85 F H/N Buccal Mucosa cancer Neck, tongue 70 Gy in 35 fractions
2 79 F H/N Buccal Mucosa cancer Neck 70 Gy in 35 fractions
3 59 M H/N Recurrent sinus malignant transformation of 

inverted papilloma
Rt eye, Rt neck 62.5 Gy in 25 fractions to the neck 57.5 Gy in 23 

fractions to the eye
4 47 M Brain Glioblastoma Brain 35 Gy in 10 fractions
5 61 M H/N sinus mauxiliary carcinoma Right maxillary 

sinus
66 Gy in 33 fractions

6 62 F H/N Laryngeal SCC Rt neck 68 Gy in 36 fractions
7 67 F H/N Tongue Cancer Base of tongue/ 

tongue
70 Gy in 35 fractions

8 78 F H/N Salivary gland carcinoma Neck 70 Gy in 35 fractions
9 68 M H/N Tonsil cancer Base of tongue/ 

tonsil
46.25 Gy in 18.5 fractions

10 46 F H/N Nasopharynx cancer Nasopharynx/neck 54 Gy in 18 fractions
11 88 F H/N Tongue Cancer-lip and oral cavity SCC Oral cavity, cheek 60 Gy in 30 fractions to the oral cavity48Gy in 16 

fractions to the cheek
12 77 M H/N Tonsil/tongue base SCC with bilateral 

adenopathy
Left parotid/neck 70 Gy in 35 fractions

13 62 F H/N Hypopharynx cancer Oropharynx 70 Gy in 36 fractions
14 62 F Brain Oligodendroglioma Brain 54 Gy in 27 fractions
15 43 F Brain Glioblastoma Brain 35 Gy in 10 fractions
16 57 F H/N Malignant neoplasm of oropharynx Oropharynx 70 Gy in 35 fractions
17 41 M Brain Glioblastoma Brain 36 Gy in 10 fractions
18 79 F H/N larynx malignancy Larynx 70 Gy in 35 fractions
19 39 F H/N lateral wall of Oropharynx Oropharynx 18 Gy in 9 fractions
20 85 M H/N Malignant neoplasm of skin involved parotid Ear canal and 

parotid
70 Gy in 35 fractions
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Proton Therapy System

Patients were treated at the Sharett Institute of Oncology, Hadassah 
Medical Center, using the P-Cure Proton Therapy System (P-Cure Ltd., 
Shilat, Israel) as previously described [12,13]. The system integrates a 
compact proton synchrotron that delivers pencil beam scanning proton 
therapy with energies ranging from 50 to 250 MeV The system has been 
commissioned for an energy range of 50 to 70 MeV, which is different 
from what was previously published [12]. The proton beam spot sizes 
varied from 2.8 mm (for the highest energy) to 7.7 mm (for the lowest 
energy). The treatment room houses a fixed horizontal beamline and 
robotic patient positioning with a six-degrees-of-freedom (6-DoF) ro
botic chair (Leoni Orion, Montigny-le-Bretonneux, France). The imaging 
system includes a vertical CT scanner (Philips Brilliance Big Bore) 
angled 20◦ with respect to the vertical axis and an orthogonal kV X-ray 
system for accurate verification of patient positioning [12,13].

Pretreatment Evaluation and Simulation

Comprehensive pretreatment imaging, including PET-CT for HN 
malignancies and MRI for brain malignancies, was performed within one 
month prior to treatment. The pretreatment evaluation included 
detailed medical history, physical examination, and laboratory tests 
(CBC, chemistry panel). Baseline quality of life questionnaires (EORTC 
QLQ-C30, site-specific QLQ-H& N35, and QLQ-BN20) were completed. 
All patients underwent two separate simulation sessions: conventional 
supine CT for IMRT planning and vertical CT using the robotic chair 
system for PT planning. Five-point thermoplastic masks were used for 
immobilization in both positions. Patients completed visual analog scale 
questionnaires to report comfort levels as previously published [13].

Daily Positioning Verification

Daily positioning verification was integrated into the treatment 
workflow by acquiring a low–dose upright CT immediately after 
immobilisation on the robotic chair. Automatic registration yielded 
six–degree–of–freedom offsets that were applied to the chair before 
irradiation. The translational motion is determined by three axes: two 
orthogonal axes (X, Y) parallel to the floor of the room and a Z-axis 
orthogonal to them. All registration results and correction vectors were 
archived, allowing retrospective analysis of 548 fractions in the current 
cohort; the methodology is identical to that described in the initial 
ten–patient validation study [13] and therefore permits a direct 
comparison.

Treatment Planning and Delivery

Target volumes and OARs were delineated according to Radiation 
Therapy Oncology Group (RTOG) guidelines. Dosimetric analyses 
compared upright proton plans with standard photon IMRT, empha
sizing critical structure sparing while ensuring adequate target 
coverage.

Treatment plans followed ICRU Reports #50 and #62 recommen
dations. Doses for recurrent HN malignancies were predominantly 
60–70 Gy(RBE) delivered in 30–35 fractions, with some cases using 
hypofractionated schedules of 45–50 Gy(RBE) in 15–20 fractions. 
Recurrent brain tumors were treated with either conventional (54 Gy 
(RBE) in 30 fractions) or hypofractionated schedules (35 Gy(RBE) in 10 
fractions). All treatment plans were independently reviewed. The 
treatment planning system used in this study was the RayStation 2023B 
(RaySearch Laboratories, Stockholm, Sweden).

In the study cohort, 70 % required at least one offline adaptive 
replanning session (ranging from one to three). Triggers for replanning 
included tumor progression, significant anatomic changes, and treat
ment complications. Replanning was performed between fractions 5 and 
30, with dose escalation proving particularly beneficial in sino-nasal 

cases to mitigate toxicity while maintaining tight margins.

Comparative Dosimetric Substudy

In addition to the dosimetric comparison between supine IMRT and 
upright PT, an embedded planning substudy was performed on four 
representative patients (25 % of the current cohort), who were selected 
to span diverse primary sites and target geometries. Four additional 
treatment plans were created: supine photon IMRT (S–Ph), upright 
photon IMRT (Up–Ph), supine PT (S–P) using the gantry–based beamline 
model, and upright PT (Up–P) using a fixed horizontal beamline. All 
plans were generated in RayStation 2023B using identical contour sets 
and robust optimisation parameters (±3 mm setup, ±3 % range for 
protons). Dose–volume metrics followed ICRU #50/#62 recommenda
tions: D95 %, D2%, V95 %, the ICRU 83 homogeneity index (HI), and the 
RTOG conformity index (CI). OARs were evaluated using structure- 
specific endpoints (e.g., brain–stem and spinal–cord D5cc, parotid 
Dmean, etc.). The dose prescriptions reflected the clinical Rx for each 
patient (56–70  Gy for photons or Gy(RBE) for protons).

Treatment Verification and Follow-up

Patients were evaluated weekly during treatment. To verify posi
tional accuracy, daily interfractional positioning was assessed using 3D/ 
3D CT registration, with subsequent treatment plan adaptation if 
needed. Intrafractional accuracy at the treatment isocenter was 

Table 2 
Registered mean ± SD shifts of patient positioning verification for full cohort (20 
patients).

Patient 
#

〈Δχ〉, 
mm

〈Δy〉, 
mm

〈Δz〉, 
mm

〈Δφχ〉, 
deg

〈Δ φy〉, 
deg

〈Δ φz〉, 
deg

1 1.53 ±
3.43

− 1.63 
± 0.93

− 8.51 
± 3.78

− 1.47 
± 0.87

0.61 ±
0.89

1.64 ±
1.00

2 0.94 ±
1.06

− 2.64 
± 0.98

− 1.48 
± 1.27

− 0.82 
± 0.49

0.44 ±
0.49

0.30 ±
0.38

3 0.21 ±
4.06

− 5.37 
± 2.46

3.19 ±
5.92

− 0.03 
± 1.04

1.17 ±
1.44

0.85 ±
1.44

4 − 1.45 
± 1.79

− 2.88 
± 2.47

− 2.74 
± 2.30

− 0.16 
± 1.15

0.03 ±
0.44

− 0.40 
± 1.15

5 − 4.92 
± 9.67

− 1.58 
± 3.05

− 2.83 
± 2.25

1.06 ±
1.08

0.38 ±
0.99

0.77 ±
0.98

6 − 3.47 
± 2.72

− 0.27 
± 1.86

1.81 ±
5.38

0.19 ±
0.70

0.13 ±
0.86

0.74 ±
1.04

7 − 4.29 
± 4.98

− 2.20 
± 2.36

2.09 ±
5.60

− 1.09 
± 1.07

1.35 ±
2.13

0.41 ±
1.24

8 0.39 ±
1.57

− 6.97 
± 3.05

9.55 ±
8.11

1.32 ±
0.70

− 0.16 
± 0.75

− 1.18 
± 0.37

9 2.09 ±
3.83

0.10 ±
2.80

0.24 ±
3.47

0.85 ±
1.38

− 0.23 
± 1.56

− 0.40 
± 1.67

10 − 1.96 
± 2.13

− 3.77 
± 1.45

− 1.74 
± 1.80

− 0.20 
± 0.60

− 1.69 
± 0.56

0.13 ±
0.53

11 − 9.55 
± 2.75

− 0.78 
± 1.15

− 1.22 
± 4.26

0.45 ±
0.85

− 0.96 
± 1.01

1.74 ±
1.16

12 − 0.34 
± 3.93

− 2.18 
± 1.39

4.21 ±
4.08

− 0.19 
± 0.64

− 0.76 
± 0.52

− 0.12 
± 0.87

13 − 0.99 
± 2.38

− 5.05 
± 4.66

2.80 ±
3.97

− 2.34 
± 2.31

− 0.00 
± 0.85

− 0.61 
± 1.11

14 0.06 ±
4.74

− 3.73 
± 2.16

− 2.66 
± 2.99

− 1.60 
± 1.06

− 0.62 
± 1.17

0.05 ±
1.08

15 1.85 ±
1.81

− 2.52 
± 1.85

10.48 ±
3.45

− 2.38 
± 2.05

− 0.79 
± 0.51

0.64 ±
0.86

16 − 4.98 
± 4.49

− 4.07 
± 1.71

− 2.55 
± 2.24

− 0.62 
± 0.60

0.02 ±
0.59

0.19 ±
0.75

17 − 7.94 
± 3.97

− 1.57 
± 0.40

− 1.89 
± 3.53

1.23 ±
0.53

0.40 ±
0.70

− 1.21 
± 0.58

18 3.57 ±
4.25

− 2.59 
± 1.05

− 6.15 
± 3.74

− 0.69 
± 0.89

− 2.50 
± 1.17

0.16 ±
0.79

19 3.57 ±
2.63

− 0.34 
± 1.27

− 4.40 
± 3.24

− 0.98 
± 0.57

− 0.32 
± 0.71

− 1.87 
± 0.91

20 − 1.87 
± 4.87

− 2.68 
± 2.29

− 0.59 
± 4.28

− 2.14 
± 1.52

− 0.94 
± 1.42

− 2.06 
± 2.01
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confirmed using orthogonal 2D/3D radiographic registrations [13]. 
Post-treatment evaluations occurred at one week, one month, and three 
months, including clinical assessments, imaging studies (PET-CT for HN 
cancers, MRI for brain tumors), laboratory tests (CBC, chemistry panels) 
and QOL assessments. All deaths were reviewed by the Data Safety 
Monitoring Board (DSMB) to evaluate their association with the treat
ment, the device, or other causes.

Statistical Methods

Local control and survival outcomes were analyzed using the Kaplan- 

Meier method. Dosimetric comparisons between proton and photon 
plans were performed using paired t-tests. Acute toxicities and quality of 
life data were summarized descriptively. Statistical significance was set 
at p < 0.05.

Results

The clinical intent of the twenty patients was curative in 85 % of 
cases and palliative in 15 % of cases. Concurrent chemotherapy was 
administered to 60 % of the patients, while 40 % received radiation 
alone.

Inter‑fraction patient position was verified before every fraction by 
3D/3D registration between the daily upright CT and the reference 
planning CT. Across 20 patients we acquired and analyzed 548 verifi
cation scans (Table 2). The mean corrective shifts for the full cohort 
were 〈Δχ〉 = –1.38 ± 3.58 mm, 〈Δy〉 = –2.64 ± 1.81 mm, 〈Δz〉 = –0.12 
± 4.67 mm, 〈Δφχ〉 = –0.48 ± 1.15 deg, 〈Δφy〉 = –0.22 ± 0.91 deg, 〈Δφz〉

= –0.01 ± 1.02 deg The full distributions are shown in Supplementary 
Figure S1. Compared with the previously published ten‑patient series, in 
which the dominant displacement was –3.7 ± 3.5  mm along the Y axis, 
the present data demonstrate both a larger sample and a narrower 
variability band, reflecting gained experience in chair alignment since 
the earlier report.

PT delivered with the upright, chair-based system demonstrated 
significant dosimetric advantages over standard photon-based IMRT. As 

Table 3 
Dosimetric comparison: upright PT vs. supine IMRT full cohort (20 patients).

Organ at Risk Constraint Protons Photons P-Value

Oral Cavity (Mean, 15pts) 5.6 Gy(RBE) 18.5 Gy p < 0.001
C/l Parotid (Mean, 12pts) 0.2 Gy(RBE) 6.95 Gy p < 0.001
C/l Submandibular Gland (Mean, 11pts) 0.3 Gy(RBE) 7.3 Gy p < 0.001
Constrictor Muscles (Mean, 4 pts) 11.4 Gy(RBE) 21.1 Gy p < 0.01
C/l cochlea (Mean, 3pts) 0 Gy(RBE) 7 Gy p < 0.01
Brainstem (Maximum, 10 pts) 6 Gy(RBE) 19.1 Gy p < 0.001
Brain (V5Gy, 4 pts) 264.5 cc 618 cc p < 0.001
Brainstem D2cc 5.8 Gy(RBE) 14.5 Gy p < 0.004
Spinal Cord Dmax (14 pts) 12.5 Gy(RBE) 18.3 Gy p < 0.006
Spinal Cord D5cc (14pts) 0.8 Gy(RBE) 12.6 Gy p < 0.001

Table 4 
Target–volume coverage and organ–at–risk dose metrics for four representative patients planned with supine photon IMRT (S–Ph), upright photon IMRT (Up–Ph), 
supine proton therapy (S–P) and upright proton therapy (Up–P).

Target-volume Coverage

Dose Index Patient A Patient B Patient C Patient D

S-Ph Up-Ph S-P Up-P S-Ph Up-Ph S-P Up-P S-Ph Up-Ph S-P Up-P S-Ph Up-Ph S-P Up-P

D95% 56.47 
Gy

56.14 
Gy

55.63 
Gy 
(RBE)

55.49 
Gy 
(RBE)

60.45 
Gy

60.93 
Gy

57.38 
Gy 
(RBE)

60.56 
Gy 
(RBE)

52.34 
Gy

52.47 
Gy

52.65 
Gy 
(RBE)

52.37 
Gy 
(RBE)

54.24 
Gy

49.64 
Gy

51.68 
Gy 
(RBE)

51.86 
Gy 
(RBE)

D2% 59.18 
Gy

58.44 
Gy

58.24 
Gy 
(RBE)

58.05 
Gy 
(RBE)

72.39 
Gy

73.39 
Gy

73.11 
Gy 
(RBE)

73.45 Gy 
(RBE)

54.08 
Gy

54.12 
Gy

54.08 
Gy 
(RBE)

53.92 
Gy 
(RBE)

57.05 
Gy

57.94 
Gy

56.51 
Gy 
(RBE)

56.51 
Gy 
(RBE)

V95% 99.99 100.00 99.99 99.92 23.91 32.34 35.69 38.85 100.00 100.00 100.00 100.00 99.98 94.01 95.40 95.28
HI 0.05 0.04 0.05 0.05 0.22 0.21 0.34 0.22 0.04 0.03 0.03 0.03 0.06 0.30 0.23 0.26
CI 0.99 0.97 0.88 0.86 0.15 0.22 0.21 0.22 0.99 1.00 1.00 0.99 0.98 0.86 0.76 0.87
Dose to OARs

Dose Index OAR S-Ph Up-Ph S-P Up-P

Patient A

D5cc Brain Stem 4.14 Gy 20.11 Gy 5.52 Gy(RBE) 5.83 Gy(RBE)
Spinal Canal 22.40 Gy 19.28 Gy 9.58 Gy(RBE) 7.57 Gy(RBE)

Mean dose Larynx 4.26 Gy 5.87 Gy 4.87 Gy(RBE) 4.96 Gy(RBE)
Mandible Bone 12.51 Gy 20.03 Gy 10.87 Gy(RBE) 11.75 Gy(RBE)
Oral Cavity 16.74 Gy 26.29 Gy 9.07 Gy(RBE) 9.11 Gy(RBE)
Parotid L 23.35 Gy 24.99 Gy 16.76 Gy(RBE) 16.65 Gy(RBE)
Parotid R 9.21 Gy 13.65 Gy 2.02 Gy(RBE) 2.04 Gy(RBE)

Patient B

Mean dose Constrictor Muscles 32.90 Gy 38.64 Gy 23.21 Gy(RBE) 33.21 Gy(RBE)
Larynx 46.93 Gy 51.17 Gy 40.95 Gy(RBE) 45.10 Gy(RBE)
Oral Cavity 17.84 Gy 18.50 Gy 8.21 Gy(RBE) 5.31 Gy(RBE)
Parotid L 18.29 Gy 23.79 Gy 21.94 Gy(RBE) 22.13 Gy(RBE)
Parotid R 7.37 Gy 6.93 Gy 1.89 Gy(RBE) 2.33 Gy(RBE)

Patient C

Mean dose Constrictor Muscles 15.32 Gy 17.55 Gy 9.09 Gy(RBE) 9.52 Gy(RBE)
Larynx 10.24 Gy 12.57 Gy 6.59 Gy(RBE) 6.58 Gy(RBE)
Mandible 11.13 Gy 8.45 Gy 7.71 Gy(RBE) 5.89 Gy(RBE)
Oral Cavity 7.31 Gy 5.95 Gy 0.72 Gy(RBE) 0.73 Gy(RBE)

Patient D

Mean dose Mandible 26.47 Gy 27.15 Gy 17.43 Gy(RBE) 18.16 Gy(RBE)
Oral Cavity 33.14 Gy 30.59 Gy 17.21 Gy(RBE) 17.53 Gy(RBE)
Parotid L 15.99 Gy 13.47 Gy 12.85 Gy(RBE) 12.98 Gy(RBE)
Parotid R 41.46 Gy 40.25 Gy 45.12 Gy(RBE) 45.83 Gy(RBE)
Spinal Cord 21.12 Gy 16.91 Gy 13.00 Gy(RBE) 11.04 Gy(RBE)
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shown in Table 3, PT significantly reduced radiation exposure to OARs 
compared to IMRT, including maximum brainstem dose (6 Gy(RBE) vs. 
19.1 Gy; p < 0.001) and maximum spinal cord dose (12.5 Gy(RBE) vs. 
18.3 Gy; p < 0.006).

Data on the four selected patients are summarized in Table 4 and in 
composite DVHs (Fig. 1). Target coverage was comparable across mo
dalities in patients A and C (D95 % within ± 1 % of Rx; V95 % ≈100 %). In 
patients with more complex geometries (patients B and D), supine and 
upright protons underperformed compared to supine photons in terms of 
conformity index (CI: 0.76–0.87 vs. 0.98) and heterogeneity index (HI: 
0.22–0.34 vs. 0.06). Importantly, upright protons matched or exceeded 
supine protons in high-dose OAR sparing for three out of four cases. For 
patient A, the spinal cord D5cc was 7.57 Gy(RBE) with upright protons 
versus 9.58 Gy(RBE) with supine protons. Patient C showed the largest 
incremental benefit; the mandible’s mean dose decreased to 5.9 Gy 
(RBE) with upright protons versus 7.7 Gy(RBE) with supine protons 
(Table 4).

Pooled across the four patients, upright protons achieved median 
reductions relative to supine proton of 12 % for brain stem Dmax and 18 
% for oral cavity mean dose, while conformity decreased modestly by 
0.08 absolute CI units (Table 4). This confirms that, for selected anato
mies, upright delivery preserves the canonical proton sparing advantage 
and confers additional OAR benefit beyond supine gantry treatments.

Of the 14 patients who had imaging evaluations available at the 3- 
month follow-up, 64.3 % (n = 9) achieved a complete response (CR), 
demonstrating no evidence of disease on imaging. Partial responses (PR) 
were observed in 21.4 % of patients (n = 3), while 14.3 % (n = 2) had 
stable disease (SD). No patients experienced disease progression at the 3- 
month follow-up.

Six patients did not complete the three-month follow-up: one patient 
withdrew from the study and five patients died. One patient died during 
treatment after nine fractions due to underlying acute lymphoblastic 
leukemia, which was unrecognized at enrollment. Four additional 
deaths occurred during initial follow-up due to bleeding related to 

disease progression (n = 2), mental health issues (n = 1), and laryngeal 
edema related to initial radiation therapy (n = 1). After extensive review 
by the independent DSMB, none of these events were directly attributed 
to the proton therapy system.

Acute toxicities were graded according to the CTCAE version 5.0. 
Most acute toxicities were low grade (grade 1 or 2), with the most 
common fatigue (45 %), mucositis (31.3 %, and skin dermatitis (55 %). 
Notable grade 3 toxicities included one case of eye perforation, oral 
pain, dysphagia, and trismus. The detailed toxicity data is presented in 
Table 5.

Discussion

This interim analysis represents the first clinical evaluation of a novel 
gantry-less, chair-based proton IGAPT system for re-irradiation of head 
and neck and brain malignancies. The upright image-guided adaptive 
workflow demonstrated in this study addresses several critical chal
lenges in contemporary proton therapy delivery while maintaining 
clinical efficacy and safety.

Three technical innovations distinguish this platform from conven
tional gantry-based proton therapy systems. First, the integrated vertical 
CT scanner enables on-site, real-time adaptive planning, a capability 
previously limited to supine configurations [14]. Second, a robotic six- 
degree-of-freedom chair provides submillimeter patient alignment 
without the spatial constraints and capital expense of a rotating gantry 
[12,13]. Third, embedding these elements in a fixed horizontal beamline 
significantly reduces the facility’s footprint while preserving the well- 
established dosimetric advantages of proton therapy [6,12,17,18]. 
Since gantry construction and maintenance are major cost drivers, this 
architecture offers a more economical path to proton access [8,11].

The new positional data confirm and expand upon our previous 
findings. The current study of twenty patients demonstrates submilli
meter average residuals in all directions except one, where the − 2.6 mm 
mean shift remains within the 3 mm clinical margin routinely applied in 

Fig. 1. Cumulative dose–volume histograms for the planning target volume and major organs at risk, comparing four delivery modalities: supine photon IMRT 
(S–Ph), upright photon IMRT (Up–Ph), supine proton therapy (S–P) and upright proton therapy (Up–P) in representative patients.
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supine photon workflows. These values are comparable to those pub
lished for other upright or hexapod-based systems. Continued moni
toring will determine whether the observed improvement persists as the 
program expands to include more patients and tumor sites.

The dosimetric findings from our analysis align with and extend 
previous work highlighting the advantages of proton therapy in re- 
irradiation settings [2,7,21]. Based on the results of the entire cohort, 
the median maximum doses to the brainstem and spinal cord decreased 
to 2.8 Gy(RBE) and 13.8 Gy(RBE), respectively. This is compared to the 
photon IMRT levels of 19.8 Gy and 17.8 Gy (p < 0.001 and p < 0.02), 
highlighting the ability of this modality to minimize exposure to pre
viously irradiated normal tissues while delivering therapeutic doses to 
the target.

A four-modality substudy directly compared upright protons with 
supine protons delivered on a rotating gantry, as well as with photon 
IMRT in both postures. Upright protons provided non-inferior—and, in 
select cases, superior—OAR sparing without loss of target-volume 
coverage when the anatomy was favorable. In Patient C, the mean 
doses to the mandible and oral cavity fell by 23 % and 18 %, respec
tively. This supports the anatomical hypothesis that vertical posture 
retracts the tongue base and anteriorly displaces the mandible. This 
shortens the proton range to posterior pharyngeal structures. However, 
Patient D experienced an increase in laryngeal dose despite improved 
spinal cord sparing. This indicates that patient-specific anatomical 
shifts, rather than intrinsic beam quality, determine the net benefit of 
the upright approach. The roughly eight percent absolute conformity 
penalty observed in two cases suggests that beam-angle limitations and 
posture-induced organ motion must be compensated for through robust 

optimization, adaptive planning, and refined immobilization.
Early clinical results are equally encouraging. At three months, 64.3 

% of evaluable patients achieved a complete response, and 21.4 % 
achieved a partial response. These finding are comparable to or exceed 
those reported in gantry-based proton re-irradiation series series 
[6,7,21,22]. McDonald et al. [21] reported similar response rates in 
patients with recurrent HN cancers treated with conventional PT sys
tems and a study by Phan et al [22] highlighted the importance of pa
tient selection and risk assessment, as balancing local control with 
minimizing toxicity is a challenge in re-irradiation settings. Consistent 
with Romesser et al. [2], acute grade ≥ 3 toxicity rates were lower than 
typical for photon re-irradiation, suggesting that advanced proton 
techniques can enhance disease control and safety. However, several 
deaths occurred, likely reflecting the patients’ overall disease burden 
and treatment.Although none were definitively attributed to the proton 
system or upright positioning, these events highlight the complexity of 
treating heavily pretreated patients. A large cohort study by Lee et al. 
[23] found that while PT-ReRT offers longer survival compared to 
photon-based re-irradiation in aggressive cases, surviving patients 
remain at risk for early and late complications. This highlights the need 
for continued refinement of patient selection and monitoring protocols.

Implementing the upright workflow required adapting contouring 
protocols, developing dedicated immobilization devices, and thoroughly 
validating the robotic chair’s accuracy, as recently reported by Feldman 
et al. [13] and continued in this study. These practical considerations are 
pivotal for centers contemplating the adoption of comparable 
technology.

However, the interim nature of the analysis, modest sample size, and 
limited follow-up restrict firm conclusions about long-term outcomes. 
The patient cohort is heterogeneous, encompassing various tumor sites, 
histologies, and prior treatment histories, which may confound inter
pretation. Ongoing accrual will allow for multivariate modeling to 
identify geometric predictors of an upright advantage. Extended follow- 
up and functional imaging in both postures will clarify intrafraction 
stability and late toxicity. Nevertheless, the consistent dosimetric ad
vantages and the early promising clinical outcomes provide a strong 
rationale for further investigating this approach.

Conclusion

This interim analysis shows that chair-based, upright, image-guided, 
adaptive proton therapy is a feasible, safe, and dosimetrically advanta
geous option for the re-irradiation of head-and-neck and brain tumors. 
Early outcomes—including a complete (64.3 %) or partial (21.4 %) 
response and a low incidence of high-grade acute toxicity—are com
parable to those of published series using gantry-based proton therapy. 
The four-way planning substudy confirms that, in most geometries, 
upright delivery can match or exceed gantry-based supine protons in 
sparing critical neural and swallowing structures without compromising 
target-volume coverage. By eliminating the rotating gantry, the platform 
reduces capital costs and facility footprint, which could improve the 
cost-effectiveness of proton re-irradiation.

Integrating vertical CT imaging with a robotic six-degree-of-freedom 
chair advances upright workflow significantly, but introduces new re
quirements for immobilization and quality assurance that warrant 
ongoing optimization. As accrual continues for the planned 50-patient 
cohort, extended follow-up will clarify durable tumor control, late 
toxicity, and quality-of-life benefits. Future work should refine 
anatomical selection criteria, quantify robustness margins unique to the 
upright posture, and establish consensus quality assurance standards so 
that this emerging paradigm can be safely adopted across multiple 
centers.
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Table 5 
Acute toxic effects using CTCAE version 5.

Any grade toxicity (no. 
pts)

Any grade 
toxicity

Grade 1 Grade 2 Grade ≥ 3

Fatigue (20) 45 % (9) 35 % (7) 10 % (2) 0
Skin Dermatitis (20) 55 % (11) 20 % (4) 35 % (7) 0
Mucositis (16) 31.25 % (5) 6.25 % 

(1)
25 % (4) 0

Oral Pain (16) 31.25 % (5) 0 25 % (4) 6.25 % 
(1)

Dysphagia (16) 25 % (4) 6.25 % 
(1)

12.5 % 
(2)

6.25 % 
(1)

Edema (20) 25 % (5) 15 % (3) 5 % (1) 5 % (1)
Infection (20) 5 % (1) 0 0 0
Burn (20) 5 % (1) 5 % (1) 0 0
Oral thrush (16) 43.75 % (7) 25 % (4) 12.5 % 

(2)
6.25 % 
(1)

Trismus (16) 12.5 % (2) 0 6.25 % 
(1)

6.25 % 
(1)

Nausea (20) 10 % (2) 10 % (2) 0 0
Headaches (20) 10 % (2) 5 % (1) 5 % (1) 0
Alopecia (4) 50 % (2) 25 % (1) 25 % (1) 0
Local pain (20) 15 % (3) 0 15 % (3) 0
Dry skin (20) 5 % (1) 0 5 % (1) 0
Esophagitis (16) 6.25 % (1) 6.25 % 

(1)
0 0

Oral dysesthesia (16) 6.25 % (1) 0 6.25 % 
(1)

0

Oral bleeding (16) 6.25 % (1) 6.25 % 
(1)

0 0

Dry mouth (16) 12.5 % (2) 12.5 % 
(2)

0 0

Ear secretion (16) 6.25 % (1) 6.25 % 
(1)

0 0

Gait disbalance (4) 25 % (1) 25 % (1) 0 0
Hoarseness (16) 12.5 % (2) 6.25 % 

(1)
6.25 % 
(1)

0

Hearing impaired (20) 25 % (1) 0 25 % (1) 0
Epistaxis (16) 6.25 % (1) 0 0 6.25 % 

(1)
Eye perforation (16) 6.25 % (1) 0 0 6.25 % 

(1)
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