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Image-guided treatment of mouse tumours 
with radioactive ion beams
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Charged particle therapy with protons or heavier ions is one of the most 

effective radiotherapy techniques, but uncertainties in the beam range 

can limit its efficacy. Radioactive ion beams are ideal for image-guided 

particle therapy because isotopes that undergo β+ decay can be visualized 

with positron emission tomography. This allows spatial localization of the 

particle distribution in vivo, which can be correlated with the expected dose 

deposition for online beam range verification. Here we report the successful 

treatment of a mouse osteosarcoma using a radioactive 11C-ion beam.  

The tumour was located in the neck, close to the spinal cord, where 

deviations of even a few millimetres in the beam range could lead to 

unintended dose deposition in the spine and radiation-induced myelopathy, 

an injury to the spinal cord. We achieved complete tumour control with 

the highest dose of 20 Gy while avoiding paralysis. Low-grade neurological 

side effects were correlated to the activity measured by positron emission 

tomography in the spine. The biological washout of the activity from 

the tumour volume was dependent on the dose, indicating a potential 

component of vascular damage at high doses. This experiment marks a step 

towards future clinical applications of radioactive ion beams.

Nuclear physics methods have been instrumental in improving cancer 

radiotherapy using accelerated charged particles (protons or heavier 

ions). Charged nuclei exhibit a favourable depth–dose distribution in 

the human body due to the Bragg peak1. Therapy with accelerated 12C 

ions is currently being conducted at 17 centres worldwide2. Although 

more expensive than proton therapy, it offers biological advantages 

in addition to the physical benefits of the Bragg peak3. Particle therapy 

is, however, much more sensitive to uncertainties in the beam range 

than conventional X-rays, because of the high dose deposited in the 

Bragg peak4,5. Several techniques are available to monitor the beam 

range by exploiting the nuclear interactions of the ions in the tissue6, 

including positron emission tomography (PET)7. PET in carbon ion 

therapy exploits β+-emitting isotopes, such as 11C and 10C, produced 

by the nuclear fragmentation of the therapeutic stable 12C beam in 

the patient’s body. The method was extensively tested during the 

C-ion therapy pilot trial at the GSI Helmholtz Centre for Heavy Ion 
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mice in this study (Fig. 1c; see the Methods for details). The proximity 

of the CTV to the spinal cord makes image guidance during treatment 

delivery a useful method to avoid radiation myelopathy32–34, a severe 

late effect of radiotherapy caused by white matter injury that can lead 

to motor deficits and paralysis35. Measured endpoints were tumour 

growth, spinal cord toxicity and washout rate of the radioactive signal 

from the tumour. We elected to use 11C projectiles even if our previous 

experiments24,25 show that the highest range-resolving power can be 

achieved with short-lived isotopes such as 10C or 15O. We preferred to 

use carbon, which is already used in many clinical facilities, rather than 

oxygen. Moreover, the intensity of isotopes that have lost two neutrons 

compared with the projectile in the FRS, such as 10C fragments from 12C 

primary beams, is too low for very high-dose (≥20 Gy) single-fraction 

treatment. The goal of the experiment was to use a 11C-ion radioactive 

beam to achieve full tumour control of a radioresistant tumour, such 

as osteosarcoma, proximal to an OAR, while maintaining low toxicity 

using online PET image guidance.

The BARB beamline
Figure 2 shows the full BARB beamline prepared in Cave M at GSI along 

with photographs of different components. The secondary beam of 11C 

comes from the FRS36 (Extended Data Fig. 1). The primary intensity of 

the 12C-ion beam in the 18 Tm heavy ion synchrotron (Schwerionen-

synchrotron; SIS18) at 300 MeV u−1 was 1.6 × 1010 particles per spill, and 

the intensity of 11C ions in Cave M entrance was 2.5 × 106 particles per 

spill. To maximize the online PET acquisition time, we used a short spill 

duration of 200 ms and a relatively low duty cycle with a repetition rate 

of 3 s (see Extended Data Table 1 for a summary of all the parameters).

A measured pristine 11C-ion Bragg curve is shown in Extended 

Data Fig. 2. To cover the full CTV, the pristine Bragg peak had to be 

widened to produce a spread-out Bragg peak (SOBP). The SOBP was 

formed by a 3D-printed range modulator (Extended Data Fig. 3a) from 

a two-dimensional (2D) scan of the monoenergetic pencil beam. The 

measured SOBP dose distribution is shown in Extended Data Fig. 4.

The distal field contour was modulated to the tumour CTV (Fig. 1b) 

by a 3D-printed plastic compensator collar (Extended Data Fig. 3b; 

from now on, simply indicated as ‘compensator’), also used as a holder 

for immobilization and positioning. We measured a dose rate around 

1 Gy min−1 in the target volume covered by the SOBP. A total of 32 mice 

were irradiated with either a high (20 Gy) or low (5 Gy) tumour dose.

PET activity
In BARB, we use online PET imaging to monitor the RIB dose delivery. 

We first tested the consistency of the measurements and Monte Carlo 

simulations in plastic phantoms having the same shape and material 

composition as the compensator (Extended Data Fig. 3b). A Monte 

Carlo simulation of the 11C-beam interacting with a plastic phantom 

placed inside the SIRMIO PET scanner is shown in Extended Data Fig. 5, 

along with the measured PET image, both in transversal (Extended 

Data Fig. 5a–c) and lateral (Extended Data Fig. 5d–f) view. The Monte 

Carlo simulations include the full experimental set-up, the beam model 

and the PET signal formation in the detector, to account for the imag-

ing process through the same reconstruction as for measured data. 

PET images are overlaid on the µCT scan of the irradiated phantom. 

In Extended Data Fig. 5g, we show the simulated dose, activity and the 

measured PET activity profiles along the z-axis direction, integrated 

on the beam’s eye view (BEV) aperture (±1 mm) in the x–y plane trans-

versing the beam direction. We observed a good agreement between 

the simulations and experimental data, particularly in the peak region, 

where the PET activity peak aligns with the 80% SOBP dose fall-off. 

This supports the feasibility of the system for the in vivo experimental 

campaign. Differences in the measured and simulated activity profiles 

can be attributed to factors that degrade the measured PET signal, 

such as statistics, secondary radiation background and detector sen-

sitivity, as well as to uncertainties in the Monte Carlo model and in the 

Research in Darmstadt (Germany)8, then at the Heidelberg Ion-Beam 

Therapy Center (HIT) in Heidelberg (Germany)9 and more recently at the 

National Center of Oncological Hadrontherapy (CNAO) in Pavia (Italy)10 

and Heavy Ion Medical Machine (HIMM) in Wuwei (China)11. However, 

the counting rate from projectile fragments is low, the activity peak is 

shifted with respect to the Bragg peak because the particle range of the 

isotopic fragments depends on their mass (for example, the range of 11C 

is approximately 91% of the range of 12C at the same velocity), and the 

image analysis has been performed offline. Therefore, PET in 12C-ion 

therapy remains marginal and could not reduce the range uncertainty 

as desired (<1 mm)7.

Most of these problems can be overcome by using radioactive 

ion beams (RIB) rather than stable beams for therapy. RIB are gener-

ally acknowledged as the main tool to address the most important 

modern questions in nuclear physics, as they allow the study of nuclei 

at extreme conditions12–14. In cancer radiotherapy, RIB have the same 

biological effectiveness as the corresponding stable ion beams15,16 but 

increase the PET signal-to-noise ratio by approximately an order of 

magnitude, reduce the shift between the activity and dose peaks, and 

mitigate the washout image blur with short-lived isotopes (for example, 
10C) and online acquisition17,18. The reduced uncertainty in range allows 

a shrinkage of the tumour margins around the clinical target volume 

(CTV), and this is expected to reduce toxicity for both serial or parallel 

organs at risk (OAR)19. Attempts to use RIB in cancer therapy started 

already in the 80s, during the heavy ion therapy pilot project at the 

Lawrence Berkeley Laboratory (CA, USA)20. However, these efforts were 

consistently hindered by the low intensities of the secondary beams 

produced by fragmentation of the primary ions used for therapy (for 

a historical review, see ref. 21). Modern high-intensity accelerators 

that can produce RIB with intensity sufficient for therapeutic treat-

ments22 can be used to test PET-guided heavy ion treatments. One of 

these facilities is GSI/FAIR (Facility for Antiproton and Ion Research) in 

Darmstadt23, where we started the Biomedical Applications of Radio-

active Ion Beams (BARB) project, aimed at performing the first in vivo 

tumour treatment with RIB17.

Within BARB, we have already reported the RIB imaging resolution 

in phantoms24,25 and transported the beam from the fragment separa-

tor (FRS) to the medical vault (Cave M, where animal experiments 

are possible) at the GSI accelerator facility26 (Extended Data Fig. 1). 

In Cave M, we then installed the portable small-animal in-beam PET 

scanner27, built by the Ludwig-Maximilian-University group in Munich 

for online range verification in preclinical particle therapy experiments 

in frames of the SIRMIO (Small animal proton Irradiator for Research 

in Molecular Image-guided radiation-Oncology) project. PET phys-

ics inherently requires ~30–60 s to accumulate sufficient statistics 

from radioactive decays for meaningful image updates, depending 

on the beam intensity. While not truly instantaneous, the data pro-

cessing itself occurs on the millisecond scale, pushing the boundaries 

of in-beam PET monitoring. The SIRMIO PET scanner is based on 56 

scintillator blocks of pixelated lutetium–yttrium oxyorthosilicate 

(LYSO) crystals. The crystals inside each detector block are arranged 

to provide a pyramidal-step shape to optimize the geometrical cover-

age in a spherical configuration28. Inside the detector it is possible to 

accommodate an anaesthetized mouse in vertical position, by using 

a custom three-dimensionallly (3D)-printed holder, for simultane-

ous irradiation and online PET imaging. The mouse model used in 

this study is a syngeneic LM8 osteosarcoma29 implanted in the C3H 

mouse neck. Osteosarcoma is a very radioresistant tumour30, and for 

this reason it is a typical candidate for treatment with accelerated 12C 

ions31. Figure 1a shows micro-computed tomography (µCT) images 

of the tumour growth after injection in the C3H mouse and the actual 

visible tumour in the neck. Figure 1b shows the contouring of the indi-

vidual gross tumour volumes (GTVs) of the different mice used in the 

experiments. By summing up all the tumour profiles and smoothing the 

resulting outline, we have contoured a generalized CTV applied to all 
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is superimposed on both µCT (Extended Data Fig. 7c–f) and CBCT 

(Extended Data Fig. 7b–e) images of the same mouse, in transversal 

(Extended Data Fig. 7a–c) and sagittal (Extended Data Fig. 7d–f) view. 

The images in Extended Data Fig. 7c–f were never observed in any 

animal (Supplementary Fig. 1). They would have meant doses as shown 

in Extended Data Fig. 7a–d, and unacceptable profiles as shown in 

Extended Data Fig. 7g. Therefore, no range correction by adjusting the 

degrader thickness (Fig. 2) had to be applied, even if the tumour was 

almost leaning on the spine.

Tumour control
Tumour sizes of irradiated and control tumour-bearing animals were 

measured for 4 weeks after the day of irradiation using a caliper or µCT. 

Results shown in Fig. 5 demonstrate complete tumour control after 

20 Gy and prolonged tumour growth delay after 5 Gy, with evidence 

of recurrence after 2 weeks. The data are compatible with a complete 

coverage of the tumour target for all animals in the 11C-beam treat-

ment. Recurrence at the lower dose is expected considering the high 

radioresistance of the osteosarcoma.

Toxicity
Skin toxicity scoring in the tumour-bearing controls was complicated 

by the growth of the tumour that caused superficial lesions (grade 4). In 

irradiated animals, all of them bearing small tumours after irradiation, 

skin toxicity was induced by radiation as shown in Supplementary Fig. 2. 

No irradiated animals showed skin toxicity grades >3.

As the tumour was located very close to the cervical area of the 

spinal cord, the primary expected toxicity from high-dose exposure 

was radiation-induced myelopathy, as observed in previous experi-

ments in mice32–34 or rats37–40. However, none of the animals exposed 

to 11C ions presented severe morbidity such as forelimb paralysis or 

pronounced kyphosis. The lack of severe toxicity demonstrates that 

the spine was not exposed to high doses, as observed with the PET 

measurement (compare Fig. 3 and Supplementary Fig. 1 with Extended 

Data Fig. 7). However, because the tumour is adjacent to the spine, 

some activity was inevitably observed in the spinal cord, located in 

the dose fall-off region (Fig. 4). We checked the impact of this residual 

dose on low-grade toxicity by measuring grip strength performance, a 

common test to assess cervical spinal injury41 (Extended Data Fig. 8). 

All results of the biweekly grip strength performance for individual 

mice are reported in Supplementary Fig. 3. A wide interindividual 

variability is noted in these curves. However, by pooling the data 

in Extended Data Fig. 9a,b, we show that the strength of the mice is 

reduced after irradiation compared with controls, indicative of a minor 

deficit in neuromuscular function. Correlation of integral PET counts 

in the spine with individual grip performance is shown in Extended 

Data Fig. 9c,d. Despite the wide scatter in the grip test data, there is 

a significant correlation between activity in the spine and decreased 

mouse forelimb strength. In this figure, the activity is measured on 

the µCT images of the irradiated animal. As shown in Supplementary 

Fig. 4, the anatomical changes due to repositioning (Extended Data 

Fig. 5) result in less than a 5% difference in activity counts and there-

fore do not affect the correlation shown in Extended Data Fig. 9c,d. 

We therefore demonstrate that the activity map of the radioactive 

therapeutic beams predicts toxicity in the OAR.

Washout
The activity in a plastic target decreases after irradiation because of the 

physical decay of the 11C (T1/2 = 20.34 min) projectile. Additional posi-

tron emitters in the target are 10C and 15O. They are not beam contami-

nants but arise from nuclear fragmentation during tissue irradiation 

with the 11C beam: 10C is produced primarily by the beam’s fragmen-

tation upon interacting with the target, while 15O is generated solely 

from tissue fragmentation (with soft tissue being ~65–75% oxygen). 

Their low production cross-sections (40–70 mb)42 yield abundances 

about two orders of magnitude lower than those of 11C. Moreover, the 

positron activity profile from tissue fragmentation drops near the 

Bragg peak—rendering 15O negligible (despite its T1/2 = 2.04 min) and 

allowing the distinct impact of 10C (T1/2 = 19 s) to be isolated from the 
11C signal and biological washout effects.

We have previously modelled the radioactive decay with expo-

nential functions that include all fragments produced25. In this 

experiment, the radioactive decay is overlapped with an unknown 

biological decay due to the blood flow in the tumour that removes 

the radioactive isotopes from the site of decay. The degree of vas-

cularization in our tumour model was estimated by perfusion to 

opacify microvasculature structure in µCT. Supplementary Video 2  

shows that our osteosarcoma in the neck is highly vascularized, 

so a strong biological washout is expected. The washout data for 

all animals are reported in Supplementary Fig. 5. Studies in Japan 

in a rat glioma model point to a double-exponential model for the 

biological washout43, which was also applicable to our data based on 

the results of the Fisher’s test on fitting parameters. We therefore 

used the following equation to fit the activity data measured after 

the irradiation was stopped:
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Fig. 5 | Tumour growth. a, Average tumour volumes calculated from 2D caliper 

measurements of the visible tumour (Methods) for the 0 Gy control group 

(n = 27 animals, purple line and circle symbols), 5 Gy group (n = 6 animals, 

light-blue line and square symbols) and 20 Gy group (n = 22 animals, orange line 

and triangle symbols). Over the course of observation period, 12 animals from 

the 0 Gy group had to be euthanized when the permitted tumour burden was 

reached. The vertical dashed line corresponds to the timepoint of irradiation. 

b, Measurements of the volumes using µCT. Data are more precise than caliper 

measurements, but they are less frequent than external measurements. c, Zoom 

of the data points for irradiated groups shows the recurrence of the tumour 

irradiated with 5 Gy. Bars are standard errors of the mean values of the different 

animals. For every type of tumour measurement data, a two-way analysis of 

variance was performed (GraphPad Prism version 10.5.0 (774)) to estimate the 

differences in the impact of different radiation doses on the tumour growth 

dynamics. All tests were two-sided, and effect sizes were not computed.
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very early after high doses. Although reperfusion was not observed 

within the measured time interval, we cannot rule out the possibility 

that it may occur at a later time.

Outlook
What are the next preclinical steps in RIB research? We will test 

short-lived isotopes such as 10C or 15O, which are expected to provide 

stronger signal and faster feedback, for increased temporal resolution. 

For 10C, it will be necessary to use the new Super-FRS58 at FAIR, which 

will be able to provide much higher intensities of secondary beams.

For the washout studies, future experiments should investigate 

a wider range of doses and extended post-irradiation timepoints, 

alongside tumour histology, to better assess vascular changes after 

irradiation.

Can these successful results lead to a clinical translation of RIB? 

The MEDICIS-Promed59,60 project at CERN proposed an isotope separa-

tion on-line (ISOL) production of a 11C beam that can then be injected 

directly into medical synchrotrons currently used for 12C-ion therapy. 

Moving the isotope production to the low-energy injecting area can 

indeed be a feasible solution where RIB can be used at least for an 

initial test of the range before a full treatment course. The Open-PET 

scanner61,62 developed at National Institutes for Quantum Science and 

Technology (QST) in Japan or the INSIDE in-beam PET10,63 installed 

at CNAO in Italy can be excellent detectors for clinical applications 

of RIB. Finally, washout may also hold important prognostic value 

in the clinic, as it is expected to correlate with the tumour’s vascular 

state and potentially with the level of hypoxia43,64, a well-known nega-

tive prognostic factor in therapy65. Our preclinical results show the 

feasibility of RIB radiotherapy and support these ongoing efforts for 

clinical translation.

Online content
Any methods, additional references, Nature Portfolio reporting sum-

maries, source data, extended data, supplementary information, 

acknowledgements, peer review information; details of author contri-

butions and competing interests; and statements of data and code avail-

ability are available at https://doi.org/10.1038/s41567-025-02993-8.
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Methods
RIB production
The 11C beam was produced via in-flight separation. A 300 MeV n−1 12C 

primary beam from the SIS18 synchrotron impinges on a 8.045 g cm−2 

thick beryllium target at the FRS36 and undergoes peripheral nuclear 

reactions, so that one or more nucleons are stripped off, leading to a 

variety of lighter isotopes from carbon and other elements from boron 

down to hydrogen. Via a combined magnetic rigidity analysis and 

energy loss, which is induced in a so-called wedge-shaped degrader 

that is located at the central focal plane of the FRS, an isotopic clean 
11C beam is achieved. Event-by-event particle identification using Bρ–

∆E–TOF, where Bρ is magnetic rigidity, ∆E is energy loss and TOF is 

time-of-flight, was measured in a previous, preparatory experiment. 

The purity of the beam was about 98% (Supplementary Fig. 6). This 

beam was used at the FRS for a variety of basic nuclear and atomic phys-

ics studies (such as reaction cross-sections of the 11C ions, their range 

and range straggling, basic PET studies and so on)24,25,66 in preparation 

of the present experiment. Via the connecting beamline to the target 

hall26, the isotopic clean beam is transported to Cave M, where the 

present irradiation was accomplished. The FRS and its three branches 

are shown in Extended Data Fig. 1, and exact parameters of the beam 

used in the present experiments are reported in Extended Data Table 1.

Dosimetry
The 11C beam from the FRS reached the experimental room with an 

intensity of 2.5 × 106 particles per spill. To minimize irradiation and 

allow for extended PET image acquisition, a beam cycle of 0.2 s ON 

and 3 s OFF was used. Once in the experimental room, the beam was 

monitored with large parallel plate ionization chambers67. The beam 

was characterized in terms of beam spot size and one-dimensional and 

3D depth dose distributions in water by means of a PTW PEAKFINDERT 

system (PTW Freiburg) and an in-house water phantom68 equipped with 

an OCTAVIUS 1600 XDR (PTW Freiburg). The latter set-up allows the 

acquisition of 2D dose distributions at different water depths, which 

can be processed to generate 3D dose map distributions.

A range modulator (Extended Data Fig. 3a) was used to generate a 

1.2-cm SOBP in water. This modulator was 3D-printed on a 3D Systems 

ProJet MJP 2500 Plus using VisiJet M2S-HT250 as the printing material 

and VisiJet M2 SUP as the support material. The printing material has 

a water-equivalent density of 1.162 g cm−3 and a physical density of 

1.1819 g cm−3.

The measured pristine and SOBP curves are shown in Extended 

Data Fig. 2. The Bragg peak position in water for the pristine depth dose 

distribution was measured at 80.5 mm. By comparison with Monte 

Carlo simulations, it was then possible to estimate beam parameters 

such as the beam energy and momentum spread. All measured and 

estimated beam parameters, also used for the Monte Carlo simulations, 

are reported in Extended Data Table 1.

As the 11C beam spot size was much larger than the standard clinical 

beam and the size of the target volume was comparably small, it was 

not possible to use standard active scanning techniques to deliver the 

desired dose to the CTV. A system of modulator, degraders, collimator 

and compensator was then used to passively modulate and optimize 

the beam for animal irradiation.

A schematic of the complete set-up for mice irradiation is shown 

in Fig. 2a, and a more detailed description of the experimental set-up 

and beam characterization can be found in ‘Dosimetry’ in the Sup-

plementary Information. At first, to achieve the desired penetration 

depth in the mouse neck (~5.6 mm), the energy of the beam at the mouse 

position had to be reduced. This was achieved by introducing defined 

thicknesses of material in the beamline, in particular, 28.4-mm-thick 

aluminium plates (60.1 mm water equivalent path length), and a range 

shifter equipped with remotely controlled polyethylene plates. This 

latter component allowed fine adjustments of the Bragg peak position 

and a dose delivery correction in case a range correction would have 

appeared necessary during the treatment. The distal edge of the SOBP 

was shaped to the distal contour of the generalized CTV using a spe-

cially designed compensator (Extended Data Fig. 3b), which was placed 

on the neck of the mice and secured on the bed. These compensators, 

produced using the same 3D printer as the range modulator, also served 

to immobilize and position mice.

To laterally define the irradiation area, in addition to the mouse 

neck compensator, a system of brass collimators with a 15 × 12 mm 

elliptical aperture was placed right before the PET scanner (Fig. 2a and 

Supplementary Fig. 7). This system had also the function of shielding 

the detector and limiting the noise signal in the scanner by blocking 

most of the ions that would not contribute to the dose on the tar-

get. Absolute dosimetry at the tumour site was performed using a 

small-volume pinpoint ionization chamber (PTW TM31023) placed 

within a custom-designed dosimetry holder (see ‘Dosimetry’ in the 

Supplementary Information; Supplementary Figs. 13 and 14). This 

set-up ensured that the detector’s sensitive volume corresponded to 

the tumour depth. The absolute dose measured by the chamber was 

then used to determine a set-up-specific monitor unit calibration, 

allowing the scaling of treatment plans to the prescribed dose. The 

chamber readings were recorded using a PTW UNIDOS electrometer, 

applying the standard correction factors (kQ and kTP) commonly used 

in particle therapy (see ‘Dosimetry’ in the Supplementary Information 

for further details).

Animal model
All experiments were performed using 11–12-week-old female C3H/He 

mice (Mus musculus) purchased from Janvier Labs, according to Ger-

man Federal Law under the approval of the Hessen Animal Ethics Com-

mittee (Project License DA17/2003, Regierungspräsidium Darmstadt). 

Mice were divided into five groups: 20 Gy 11C irradiation (17 animals, 

followed up for 6 months after the irradiation); 20 Gy and 5 Gy 11C irra-

diation followed by additional 30 min of PET signal acquisition (8 and 

7 animals, respectively, followed up for 4 weeks after the irradiation); 

tumour-bearing sham-irradiated controls (27 animals, followed up for 

4 weeks after the irradiation day); and tumou-free controls (8 animals, 

followed up for 6 months after the irradiation day). Mice were housed 

at GSI in a conventional animal facility (non-specific-pathogen-free) at 

22 °C and 55% humidity, 12-h light–dark cycle, with unrestricted access 

to water and a standard diet (Ssniff). Fourteen days before irradiation, 

106 mouse Dunn osteosarcoma LM8 cells (originating from C3H/He 

mice, purchased from Riken BioResource Center) were injected in 

20 µl of phosphate-buffered saline buffer solution subcutaneously 

in the neck area of the mouse, above the cervical area of the spine. To 

maintain the consistency of injections, during the procedure animals 

were anaesthetized with 2% isoflurane, which was inhaled via a face 

mask. After 2 weeks, most tumours were palpable and measurable, at 

least with µCT.

CT imaging
Horizontal imaging—µCT. To collect the data on the tumour growth, 

we performed µCT measurements with a VivaCT 80 scanner (SCANCO 

Medical AG). To ensure the reproducible positioning of the mice as 

during the 11C irradiation, we used a custom-made bed imitating the 

geometry of the SIRMIO bed. In addition, animals were immobilized 

using the compensator so that the scans could be utilized for the later 

Monte Carlo calculations. During the scan, animals were anaesthetized 

with isoflurane (3% for the induction, 1.5–2% for maintenance during the 

scan). Neck regions of 31 mm were scanned for approximately 5 min at 

a tube voltage and current of 45 kVp and 177 µA, respectively, adding a 

0.1-mm aluminium filter, acquiring 250 projections per 180° with 45 ms 

integration time. The resulting images had a voxel size of 97.1 µm. After 

the scan, animals were allowed to recover before being transferred to 

the original cage. The scans performed at 14 days after the tumour cell 

injection into the animals used to establish the tumour model were 
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used to contour the generalized CTV for the treatment planning. The 

contouring of the visible tumour mass was done manually with the 

3D Slicer 5.0.3 software69 for every animal; then the individual GTV 

contours were added up. We expected that the majority of the tumours 

in the 11C groups would grow in similar locations and not differ in size 

from those of the test group. Nevertheless, to increase robustness 

towards the biological variation, we smoothened the resulting CTV 

contour and made it symmetrical with respect to the spine (Fig. 1c). 

The animals selected for 11C irradiation were scanned one day before 

the irradiation (13 days after the tumour cell injection).

Vertical imaging—SARRP. To resolve remaining discrepancies 

between simulations and measurements (Fig. 4a), we checked for 

anatomical changes arising from repositioning the mice from the 

horizontal µCT bed, used for imaging, onto the vertical SIRMIO bed 

used during the 11C irradiation (Fig. 2). We utilized the CBCT of the Cave 

M SARRP (XStrahl) to acquire vertical CT scans of mice by positioning 

them onto a vertical holder replicating the geometry and fixation 

procedure (including the compensator) of the SIRMIO bed.

During these tests, animals were anaesthetized with isoflurane 

(3% for the induction, 1.5% for maintenance) and, to further imitate 

the conditions of the main experiment, they were left in the vertical 

position for several additional minutes before the scans were taken. 

We acquired 250 projections per 180° at a tube voltage and current 

of 70 kVp and 1 mA, respectively, adding a 0.1-mm copper filter. The 

resulting images had a voxel size of 275 µm. After the scan, animals 

were allowed to recover before being transferred to the original cage.

We observed some consistent variations in the spine curvature 

(<1.5 mm in the neck area) between the µCT and the CBCT scans. This 

anatomical change reconciles the measurements with the Monte Carlo 

simulations (Fig. 4b).

Tumour vascularization
To assess the tumour vascularization, animals were euthanized and 

perfused ex vivo with Vascupaint contrast agent (yellow colloidal bis-

muth suspension, MediLumine). After allowing the compound to 

polymerize for 24 h, tumours were extracted and scanned at a high 

resolution (10 µm) with the following scanner settings: tube voltage 

and current of 55 kVp and 145 µA, respectively, 0.5-mm aluminium 

filter, 1,500 projections per 180° with 600 ms integration time. The 3D 

reconstruction of the tumour vasculature was done using the scanner’s 

built-in software ‘Bone morphology’ function following the approach 

of another study with a contrast agent70.

Online PET
A spherical, high-resolution PET scanner developed at the Ludwig- 

Maximilian-University in the framework of the SIRMIO project was 

used to measure the RIB implantation in-beam during irradiation. 

The SIRMIO PET scanner features 56 three-layer depth-of-interaction 

(DOI) detectors arranged in a spherical shape with an inner diameter 

of 72 mm (ref. 28). Each DOI PET detector consists of a LYSO scintilla-

tor block with a pixel size of 0.9 mm readout by an 8 × 8 silicon photo-

multiplier (SiPM) array. A charge division circuit and a custom-made 

amplifier circuit board developed at the National Institutes for Quan-

tum Science and Technology (Chiba, Japan) are used to reduce the 64 

signals from the SiPM array to 4 signals. The data are then acquired by 

a customized DAQ software using two R5560 digitizers (CAEN, Italy). 

To enable image-guided irradiation for the BARB project, the data 

acquisition and reconstruction software were tailored to stream out 

and reconstruct the list mode data with user-defined time intervals, 

set in this experiment to cycles of 60 s. This feature enables visualizing 

the reconstructed stopping position of the beam online during the 

irradiation, along with the monitoring of the irradiation build up and 

decay through a graphical user interface. For this specific online appli-

cation, the image reconstruction was based on an in-house developed 

ordered subset expectation maximization algorithm, with a reduced 

number of iterations and limited size of the field of view for the sake of 

computational speed during the experiment. The 3D activity maps and 

washout analyses used for the reported results were based on a more 

time-consuming 3D maximum likelihood expectation maximization 

with relevant corrections for sensitivity and random coincidences. 

Attenuation corrections were not included as they have a negligible 

influence on the shape of the activity distribution for the considered 

small size of the irradiated target.

Co-registration
For accurate co-registration of the imaged activity with the pretreat-

ment µCT, before the experiment a specially designed mouse bed 

equipped with an insert for a 22Na point source was positioned in the 

PET scanner. Multiple point-source measurements were performed 

at well-controlled positions using precision linear stages to move the 

SIRMIO bed with the source at different locations in the field of view 

of the SIRMIO PET scanner. By knowing both the physical location of 

the point source in the bed and its reconstructed position in the PET 

image, the mouse bed—and consequently the mouse position during 

treatment through the reproducible positioning of the mouse com-

pensator on the bed—could be accurately aligned within the PET field 

of view, thus enabling an accurate overlay of the reconstructed activity 

images with the treatment planning anatomy.

Monte Carlo
An extensive FLUKA Monte Carlo71 simulation study was conducted to 

support both the experiment design and its data analysis. Simulations 

were performed using the HADRONTherapy DEFAULT card in FLUKA 

(v2021.2.3) with the flair GUI (v2.3-0). The mean water ionization poten-

tial was set to 78 eV (ref. 72). We activated the COALESCEnce card for 

light fragment spectra and residual nuclei, and the IONSPLIT card for 

deuteron splitting at low-energy interactions. For simulation in the 

SOBP configuration, a user-defined USERROUTINE was implemented 

to read the 2DRM geometry file73. The number of primary particles in 

the simulations was chosen to ensure that statistical uncertainties due 

to Monte Carlo fluctuations remained below 1%.

The simulations assisted in designing beamline components, 

including the 2D range modulator, collimator and mouse compensator, 

and in developing shielding strategies to protect the SIRMIO PET scan-

ner from radiation damage. As in our previous BARB dosimetry study, 

FLUKA simulations were also used to verify dosimetry measurements 

and support beam model characterization66 (see ‘Dosimetry’ in the 

Supplementary Information).

Expected dose and positron annihilation maps inside the body 

were simulated by importing the mice scans with their original reso-

lution in a voxel FLUKA geometry. For the purpose of accurate beam 

model and transport, the full experimental set-up was implemented 

into the FLUKA geometry, and a set-up-specific CT number to stopping 

power calibration, including the mouse bed and compensator, was 

implemented in FLUKA.

To reproduce the detector response and imaging process, the 

annihilation maps simulated with FLUKA were then imported in a 

Geant4-dedicated simulation set-up that includes a detailed model 

of the SIRMIO PET scanner26. To start propagating the annihilation 

photons from the FLUKA simulated annihilation maps, positrons 

with no kinetic energy were simulated in Geant4 to enforce annihila-

tion at the same position as the input map. The resulting annihila-

tion photon pairs were then transported in air through the detector 

set-up, accounting for the geometrical detector response, but omit-

ting attenuation in the target (as it has a negligible effect on the shape 

of the reconstructed activity and is also not applied as correction in 

the image reconstruction). The Geant4 simulation output is a list of 

hits in the detector crystals, which is then postprocessed to resemble 

the experimental data.
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The final simulated PET image was obtained using the same recon-

struction method applied to the real measurements. The correction 

for sensitivity used in the reconstruction is based on the same Monte 

Carlo simulation model, which was validated at a few positions in 

the relevant central part of the field of view where the maximum of 

activity is expected. Small remaining inconsistencies between the 

theoretical and real sensitivity at the edge of the field of view could 

affect the reconstruction of the simulated and measured data dif-

ferently, introducing small mismatches of different magnitude in 

the entrance or tail region, which are visible in the profiles in Fig. 4. 

Moreover, the simulated PET images are based only on the simulated 

annihilation distributions and do not include the prompt radiation 

background generated by the RIB irradiation, nor the very minor 

amount of intrinsic radioactivity of the LYSO crystals used28. Further-

more, the simulation does not include the biological washout model, 

which can slightly broaden the measured activity in the animal. How-

ever, the radiation background was largely suppressed in the measured 

data by using very narrow coincidence energy windows, exploiting the 

large signal-to-noise ratio of RIB irradiation. Moreover, the washout 

contribution can be considered negligible in the first few minutes of 

irradiation, in which the output of our online monitoring was used to 

decide on the adequate sparing of the spine.

Mouse follow-up
Tumour growth. Starting 1 week after the injection, tumour dimen-

sions were measured with a caliper twice per week for 28 days after 

the irradiation (Fig. 5a). Assuming the ellipsoid shape of the tumour, 

the volume was calculated as

where a and b are the measured length and width of the tumour, respec-

tively, and c (depth) is assumed to be the average of a and b. For more 

accurate and reproducible estimates74, volumes were also measured 

using the µCT (Fig. 5b). After the irradiation, animals were scanned 

weekly for 4 weeks. As specified in the Gesellschaft für Versuchst-

ierkunde (GV-SOLAS) guidelines and in the project ethical licence, the 

maximum permitted tumour size is 1.5 cm in diameter. When reached, 

the animals were euthanized according to the ethical protocol to not 

exceed the permitted burden. Animals remaining after the 28-day time-

point were scanned monthly afterwards until the euthanasia timepoint.

Toxicity assays. Skin toxicity scoring. The toxicity of the skin in the 

irradiated area was scored using a simplified grading system of the 

GV-SOLAS guidelines, divided by five grades (0: no effect; 1: redness; 2: 

dry skin and desquamation; 3: closed, healing wound; 4: open wound, 

not healing; 5: necrosis). Grade 5 was never observed during the experi-

ment, and the termination criteria were reached when the animals 

showed grade 4 and did not heal after the application of a topical treat-

ment (Bepanthen, Bayer). The treatment healed successfully the ani-

mals with grade 3 after irradiation.

Grip test. The grip test was performed to measure the strength of the 

animals’ forelimbs after irradiation. Animals were acclimatized to 

refined handling techniques to reduce stress and optimize the data col-

lection. We used the Grip Strength Meter-47200 (Ugo Basile) equipped 

with a T-bar and built-in data collection agent (DCA) software. The 

animals were lifted by the tail and suspended over the bar, then lowered 

to reach a horizontal position and gently pulled back until the grasp 

was released. Upon release, the peak force (in newton) was recorded. 

To get consistent data and avoid habituation to the task, the first three 

measurements in which the animal successfully grabbed the bar with 

both forelimbs were recorded and averaged. The procedure is illus-

trated in Extended Data Fig. 8.

Kyphosis scoring. To score the overall appearance and health status of 

the animals, videos were recorded in a house-made set-up consisting 

of a starting box, a transparent-walled corridor and a loop structure at 

the end, where the animals could enter and go back to the corridor. The 

animals were observed for spontaneous walking, grooming behaviour 

and posture during stationary and movement phases. To evaluate the 

kyphosis, we used the scoring system from ref. 75 where in grade 0 

there is no persistent kyphosis and the mouse can always straighten the 

spine; in grade 1, mild kyphosis is exhibited during stationary phase, 

but the spine is straightened during locomotion; in grade 2, persistent 

mild kyphosis is observed even during movement, and the spine can-

not be straightened completely; and in grade 3, the kyphosis is always 

maintained and well pronounced.

Statistics and reproducibility
For the animal irradiation experiments, we chose sample sizes for an 

expected effect size (Cohen’s d) of d = 1. Sample sizes were determined 

online using G*Power software version 3.1.9.7. Animals were randomly 

allocated into experimental groups. During the animal follow-up 

(tumour size measurements and grip strength measurements), the 

investigators were blinded to group allocation. Where applicable, data 

distribution was assumed to be normal, but this was not formally tested. 

The details of the individual statistical tests used for data analysis are 

specified in detail in the respective figure captions. Washout data from 

one animal in the 20 Gy group (mouse ID 98; Supplementary Fig. 5) was 

excluded from the analysis due to being identified as statistical outlier, 

as it exceeded 1.5× the interquartile range from the group medians.

Reporting summary
Further information on research design is available in the Nature 

Portfolio Reporting Summary linked to this article.

Data availability
Raw data for all plots are publicly available via Figshare at https://doi.

org/10.6084/m9.figshare.27102097 (ref. 76). Raw data for the PET 

images and DICOM of the µCT are available on request to the corre-

sponding author.

References
66. Boscolo, D. et al. Depth dose measurements in water for 11C and 

10C beams with therapy relevant energies. Nucl. Instrum. Methods 

Phys. Res. Sect. A 1043, 167464 (2022).

67. Luoni, F. et al. Beam monitor calibration for radiobiological 

experiments with scanned high energy heavy ion beams at FAIR. 

Front. Phys. 8, 568145 (2020).

68. Schuy, C., Simeonov, Y., Durante, M., Zink, K. & Weber, U. 

Technical note: vendor‐agnostic water phantom for 3D dosimetry 

of complex fields in particle therapy. J. Appl. Clin. Med. Phys. 21, 

227–232 (2020).

69. Kikinis, R., Pieper, S. D. & Vosburgh, K. G. in Intraoperative 

Imaging and Image-Guided Therapy (ed. Jolesz, F. A.) 277–289 

(Springer, 2014); https://doi.org/10.1007/978-1-4614-7657-3_19

70. Downey, C. M. et al. Quantitative ex-vivo micro-computed 

tomographic imaging of blood vessels and necrotic regions 

within tumors. PLoS ONE 7, e41685 (2012).

71. Böhlen, T. T. et al. The FLUKA code: developments and challenges 

for high energy and medical applications. Nucl. Data Sheets 120, 

211–214 (2014).

72. Seltzer, S. M. et al. Key data for ionizing-radiation dosimetry: 

measurement standards and applications, ICRU Report 90.  

J. ICRU 14, 5–8 (2014).

73. Charuchinda, W. et al. 3D range-modulators for proton  

therapy: near field simulations with FLUKA and comparison  

with film measurements. J. Phys. Conf. Ser. 2431, 012081  

(2023).



Nature Physics

Article https://doi.org/10.1038/s41567-025-02993-8

74. Jensen, M. M., Jørgensen, J. T., Binderup, T. & Kjær, A. Tumor 

volume in subcutaneous mouse xenografts measured by  

microCT is more accurate and reproducible than determined  

by 18F-FDG-microPET or external caliper. BMC Med. Imaging 8, 16 

(2008).

75. Yerger, J. et al. Phenotype assessment for neurodegenerative 

murine models with ataxia and application to Niemann–Pick 

disease, type C1. Biol. Open 11, bio059052 (2022).

76. Boscolo, D. et al. Image-guided treatment of a mouse tumor  

with radioactive ion beams. Raw data. Figshare https://doi.org/ 

10.6084/m9.figshare.27102097 (2025).

Acknowledgements
The BARB experiments are supported by European Research Council 

(ERC) Advanced Grant 883425 BARB to M.D. The construction of the 

SIRMIO PET scanner was partly supported by the ERC Consolidator 

Grant 725539 SIRMIO to K.P. The measurements described here are 

performed within the experiments B-22-00046-Durante at SIS18/FRS/

Cave-M at the GSI Helmholtzzentrum für Schwerionenforschung, 

Darmstadt (Germany) in the frame of FAIR Phase-0. The publication is 

funded by the Open Access Publishing Fund of GSI Helmholtzzentrum 

für Schwerionenforschung. We are grateful to the SIS18 accelerator 

crew for their excellent support in the beam preparation and delivery; 

R. Chowdhury, L. Hartig, M. Ibáñez-Moragues, J. Oppermann, 

A. Puspitasari-Kokko and C. Vandevoorde for their assistance in 

handling the animals during irradiations and follow-up; K. Lehmann 

for preparing the animal experiment proposal for the animal welfare 

authority in Hessen; C. Galeone, R. Kumar Prajapat, G. Li, M. C. 

Martire and L. Volz for their assistance during the beamtime shifts; 

S. Kumar Singh for the settings for 11C beam at FRS; A. L. Gera, C. 

Hartmann-Sauter, T. Wagner and R. Khan for the beamline set-up 

realization and installation; E. Rocco for refurbishing the grids needed 

for beam alignment; A. Noto for working on the SIRMIO PET during  

the irradiation; B. Franczak for the optical calculations that make 

possible the transfer of the RIB in Cave M; K. Zink for providing the 

PeakFinder tool used in our dosimetry measurements; T. Yamaya,  

H. G. Kang, A. Zoglauer, G. Dedes and C. Gianoli for their collaboration 

on the SIRMIO PET scanner and its simulation and image reconstruction 

environment. This Article is dedicated to the memory of Hans Geissel 

(1950–2024), whose unwavering support, encouragement and 

insightful suggestions were invaluable to this research.

Author contributions
D.B. prepared the physics protocol and the beamline set-up and 

performed the dosimetry; G.L. is the primary responsible for PET data 

acquisition and analysis, and simulation of the imaging process;  

O.S. linked biology and physics protocols, performed all µCT  

and performed a large part of the data analysis; T.V. worked on the 

animals and tumour growth and performed all toxicity tests; M.M. 

performed all FLUKA simulations and prepared the longitudinal profile  

figures; F.E., M.N. and P.G.T. worked on the PET detector and data 

acquisition; E.H., S.P. and D.K. were responsible for the secondary 

beam production at FRS; W.T. supervised the animal model and 

participated in the experiments; C.G. provided essential conceptual 

input and participated in the experiments; U.W. and C. Schuy  

performed the beam dosimetry; A.B. analysed all the CT in horizontal 

and vertical position and calibrated the data; J.B. prepared the animal 

holders for the horizontal/vertical CT scanning and irradiation;  

C. Scheidenberger supervised all FRS activities and is responsible for 

production, separation and identification of the RIB; K.P. conceived 

and supervised the realization of the SIRMIO PET scanner, participated 

in all experiments and supported the interpretation and analysis 

of the PET data; M.D. conceived and supervised the BARB project, 

participated in every phase of the experiments, analysed part of the 

data and wrote the first draft of the paper; all authors read and revised 

the manuscript. K.P. is an associated partner in the ERC BARB grant 

and has contributed equally to M.D. in this project.

Funding
Open access funding provided by GSI Helmholtzzentrum für 

Schwerionenforschung GmbH.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  

https://doi.org/10.1038/s41567-025-02993-8.

Supplementary information The online version  

contains supplementary material available at  

https://doi.org/10.1038/s41567-025-02993-8.

Correspondence and requests for materials should be addressed to 

Marco Durante.

Peer review information Nature Physics thanks Chris Beltran, 

Tommaso Marchi and the other, anonymous, reviewer(s) for their 

contribution to the peer review of this work.

Reprints and permissions information is available at  

www.nature.com/reprints.



Nature Physics

Article https://doi.org/10.1038/s41567-025-02993-8

Extended Data Fig. 1 | Fragment separator at GSI. A schematic view of the FRS is 

shown. A primary beam of 12C-ions from the SIS-18 synchrotron was incident on 

a beryllium target to produce 11C-ions, separated using the Bρ-∆E-Bρ method. An 

achromatic degrader was placed at the mid-focal plane of the FRS. The FRS has 

three experimental branches for delivering the separated radioactive ion beam. 

The branch directed to Cave-M is indicated in the figure. The elements between 

the last dipole of the FRS and Cave-M belong to the high-energy beam transport 

line of GSI, designed for primary beams and therefore having smaller apertures 

than the FRS magnetic elements, leading to reduced transmission efficiency of 

secondary beams to the Cave-M. Figure courtesy of the DMU (Digital Mock Up) 

unit at GSI.
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Extended Data Table 1 | Summary of the beam parameters used in the experiments

Spill length 200 ms  
Duty cycle 6.25% 
12C beam energy 300 MeV/u 
11C beam energy 209 MeV/u 
12C intensity in SIS18 1.6 1010 particles/spill 
11C intensity in Cave M 2.5 106 particles/spill 
Beamspot shape Horizontal direction: 2.335 cm FWHM 

Vertical direction: 1.415 cm FWHM 
Momentum spread 60% Gaussian – FWHM=0.011 GeV/c u 

40% flat distribution: FWHM=0.018 GeV/c u 
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Dosimetry data: PTW  PEAKFINDERTM system (PTW Freiburg, Germany), OCTAVIUS 1600 XDR (PTW Freiburg, Germany) 
PET data: customized DAQ software using two R5560 digitizers (CAEN, Italy) 
CT images: VivaCT 80 scanner (SCANCO Medical AG, Switzerland) and Small Animal Radiation Research Platform (SARRP, XStrahl, USA)

Data analysis Python 3.10 
HADRONTherapy DEFAULT card in FLUKA (v2021.2.3) with the flair GUI (v2.3-0) 
GraphPad Prism 10.5.0 (774) 
R v.4.2.1 ggplot packge 
3D Slicer 5.3.0 
Microsoft Office Professional Plus Excel 2016

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data supporting the findings are present in the main text and /or supplemetrary materials. The raw data for all the plots are available in Figshare repository 
under the following link: https://doi.org/10.6084/m9.figshare.27102097 The raw data for the images are available on request.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The study  did not involve human participants, their data, or biological material

Reporting on race, ethnicity, or 
other socially relevant 
groupings

The study  did not involve human participants, their data, or biological material

Population characteristics The study  did not involve human participants, their data, or biological material

Recruitment The study  did not involve human participants, their data, or biological material

Ethics oversight The study  did not involve human participants, their data, or biological material

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size For the animal irradiation experiments, we chose sample sizes for an expected effect size (Cohen’s d) of d=1. Sample sizes were determined 
online using G*Power software version 3.1.9.7. 

Data exclusions Washout data from one animal in the 20 Gy group (mous ID 98, see Supplementary Figure 4) was excluded from the analysis presented in 
Figure 6 due to being identified as statistical outlier, as it exceeded 1.5x the interquartile range from the group medians. 

Replication Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this 
OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.

Randomization Animals were randomly allocated into experimental groups. 

Blinding During the animal follow up (tumor size measurements, grip strength measurements) the investigators were blinded to group allocation. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Mouse Dunn osteosarcoma LM8 cells originating from male C3H/He mice

Authentication Cells were commercially purchased from Riken BioResource Center, Japan where they were obtained as described in https://
doi.org/10.1002/(SICI)1097-0215(19980504)76:3<418::AID-IJC21>3.0.CO;2-5  
Cells were authenticated morphologically by microscopy in vitro.

Mycoplasma contamination The cell lines are tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No misidentified cell line was used in the study.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals 11-12-week-old female C3H/He mice (Mus musculus) purchased from Janvier Labs, France.

Wild animals No wild animals were involved in the study.

Reporting on sex The findings apply ony for one sex (female); no animal sex was considered in the study design.

Field-collected samples The study did not involve samples collected in the field.

Ethics oversight German Federal Law under the approval of the Hessen Animal Ethics Committee (Project License DA17/2003, Regierungspräsidium 
Darmstadt)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes No seed/plant material used in the study

Seed stocks No seed/plant material used in the study

Authentication No seed/plant material used in the study

Plants


