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conformity and organs at risk (OARs) sparing. But while the 
initial solutions were limited to X-ray planar imaging [1], 
recent upgrades of the facilities have seen the progressive 
introduction of in-room volumetric imaging systems able 
to acquire three-dimensional (3D) and even 4D information 
of the patient anatomy prior to treatment [2]. In compari-
son to photon therapy, a major focus of IBT is on imaging 
techniques that can provide not only updated informa-
tion of the patient anatomy, but also the physical stopping 
power properties of the tissue to be traversed by the beam 
[2]. Moreover, in addition to an improved representation 
of the patient in the actual treatment situation, ideally con-
tinuously during the treatment itself [3], several efforts are 
ongoing in the field of in-vivo range and dose monitoring. 
Besides the solutions already envisioned in the early days 
of IBT aiming to visualize the β+-activity either directly 
implanted by radioactive ion beams or produced as a by-
product of the therapeutic ion irradiation, different strategies 

1  Introduction

The increased physical selectivity of ion beam therapy 
(IBT) makes it more sensitive than photon therapy to 
changes of the actual treatment situation with respect to the 
planned one. Especially the finite ion beam range in tissue, 
correlated to the position of the maximum dose deposition 
in the Bragg peak, is strongly influenced by the daily patient 
anatomy and physical properties of the traversed tissue. 
Hence, since the beginning of IBT, in-room image guid-
ance solutions have been explored to improve tumour target 
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Purpose  Since the pioneering use of planar X-ray imaging in early experimental sites of proton and light ion cancer therapy, 
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characteristics of IBT, these methods do not only target a correct localization of the tumour and critical structures as in pho-
ton therapy, but also aim at extracting the tissue stopping properties for accurate (re)planning. A second class of techniques, 
predominantly performed during beam delivery, aims at capturing different secondary emissions induced by the irradiation 
to identify the beam stopping position and ideally reconstruct the dose delivery for inter- or intra-fractional treatment adap-
tation. Finally, a third class of imaging techniques is being explored to provide novel insights on the underlying biological 
mechanisms to open new opportunities for more effective and better tolerated treatments.
Results and conclusions  70 years after the worldwide first proton treatment, image guidance of IBT continues to be an 
evolving area which combines advanced instrumentation with progress in computational areas, including artificial intelli-
gence, and beam delivery schemes. Especially on-site imaging opens new opportunities to innovate the IBT chain with daily 
treatment adaptation, real-time verification of in-vivo range and dose delivery along with biological guidance for treatment 
personalization.
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are being pursued to exploit almost instantaneous secondary 
emissions to open the prospects of real-time in-vivo range 
verification and, potentially, reconstruction of the delivered 
dose [4]. Finally, although still at an early stage, several 
imaging techniques are being revisited or newly proposed 
with regard to their ability to visualize underlying biologi-
cal mechanisms and features for treatment personalization 
(see, e.g [5]). Together with the increasing interest in new 
delivery schemes which can enhance the therapeutic index 
through temporal (e.g., “FLASH”) and spatial (e.g., mini-
beams) fractionation [6], this calls for an improved under-
standing of the physicochemical processes underlying the 
effects of radiation, to achieve more successful eradication 
of the tumour and/or improved normal tissue and OARs 
protection.

2  Imaging for anatomical confirmation

Horizontal as well as vertical in-room X-ray computed 
tomography (CT) systems on rail, and different flavours of 
X-ray cone beam (CB)CTs, e.g., mounted on nozzle, couch 
and ceiling, are entering the arena of IBT [2] to enable 
volumetric visualization of the patient anatomy prior to the 
treatment for offline or online treatment adaptation. While 
CT solutions offer improved diagnostics image quality for 
contouring and dose (re)calculation, they typically provide 
a “near-treatment-position” imaging, which requires some 
additional time and is associated with possible uncertain-
ties when the patient is brought into the treatment position 
after the CT scan. On the contrary, CBCT solutions pro-
vide imaging directly in the treatment position, but result 
in poorer image quality due to the increased scatter frac-
tion and less favourable imaging geometry, even more chal-
lenged by the typically larger source-to-detector distances 
of IBT installations with respect to those of photon therapy. 
Nevertheless, several approaches have been suggested for 
improvements of CBCT image quality [2], e.g., from itera-
tive image reconstruction schemes to scatter correction 
methods based on prior CT information, deformable image 
registration (DIR) and artificial intelligence, benefiting also 
from the intense research carried out in the wider photon 
therapy community. And although no clear preferred strat-
egy could be so far identified from the reported compari-
sons (see, e.g., Ref [7]). X-ray based imaging modalities 
intrinsically suffer from the drawback of additional ionizing 
radiation exposure and low soft tissue contrast, which limits 
to some extent the frequency of repeated and/or prolonged 
examinations (particularly in the case of planning-quality 
CT scans of typically higher dose than CBCTs). Especially 
in the challenging case of organ motion, time-resolved vol-
umetric (4DCT) or planar (fluoroscopy) X-ray images can 

provide an updated dynamic model of the moving anatomy, 
but is associated with increased radiation dose, which again 
poses limitations on practical usage, especially when aiming 
at continuous imaging simultaneous to the dose delivery. 
To overcome these limitations, current explorative stud-
ies are investigating the possible integration of magnetic 
resonance imaging (MRI) in IBT, with already first human 
scale installations being integrated in experimental beam-
lines of pencil beam scanning delivery. In addition to solu-
tions relying on split or C-shaped magnets with moderate 
field strengths of ca. 0.2 to 0.5 T [3], there are also new 
initiatives aiming to exploit a portable ultra-low field sys-
tem (Hyperfine Inc. Swoop system) of only 0.064 T, which 
was found to provide reasonable radiological image quality 
while promising to minimize costs (no cryogens required 
and standard power) as well as interference with the IBT 
facility and dose delivery. However, all these imaging meth-
ods (single energy spectrum CT/CBCT and MRI) can only 
provide an improved representation of the patient anatomy 
for localization of relevant structures (e.g., tumour volume 
and OARs), without an accurate determination of the tissue 
stopping properties which are needed for reliable treatment 
plan calculations.

3  Imaging for extraction of accurate tissue 
stopping power ratio (relative to water)

When imaging a patient at an X-ray CT scanner with a single 
energy spectrum, the grey scale values of the images typi-
cally reported in terms of Hounsfield Units cannot disentan-
gle variations due to electron density and effective atomic 
number, thereby resulting in an ambiguous calibration in 
stopping power ratios (SPR) of tissue relative to water. The 
same limitation applies to the standard workflow of synthetic 
X-ray CT generation from magnetic resonance images, as 
pioneered in the context of MR-guided photon therapy. 
Therefore, different imaging approaches are under consider-
ation to improve the knowledge of the patient SPR for more 
reliable dose (re)calculations in IBT, with first solutions 
entering clinical application. To overcome the ambiguity 
inherent to the limited information provided by X-ray imag-
ing with a single energy spectrum, one can rely on the latest 
innovations of diagnostic X-ray imaging, which provide so-
called multi-colour imaging with different flavours of dual-
energy (DE)CT implementations and even spectral imaging. 
The latter can exploit latest generation photon counting (PC) 
detector solutions able to measure the energy of individual 
imaging photons. The resulting additional information can 
be used to better disentangle the physical tissue properties, 
particularly the relative electron density and effective atomic 
number (linked to the ionization potential), which influence 
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the stopping properties of a specific tissue with respect to 
water. Several investigations with tissue equivalent mate-
rials and ex-vivo tissue samples scanned at commercially 
available clinical DECT and PCCT scanners have shown 
the promise of these advanced X-ray imaging techniques to 
reduce the SPR estimation error from ~ 2–3% (when using 
standard single energy spectrum CTs) to ~ 1% (see, e.g., 
[8], and citations therein). These results thereby justify the 
recent clinical implementation of DECT-based treatment 
planning [9] at two proton therapy centres in Germany and 
US, along with attempts to integrate these advanced multi-
energy X-ray imaging technologies in in-room solutions of 
CTs on rail and CBCTs. However, all these methods still 
rely on a series of calibrations and therefore offer only an 
indirect albeit improved estimation of SPR. A more direct 
measurement of tissue SPR could be deduced from imag-
ing the patient with the same radiation quality as for treat-
ment. This idea, also dating back to the early days of X-ray 
tomographic imaging and ion beam therapy, exploits the 
fact that the SPR has a negligible dependence on the beam 
energy and ion type, thus enabling the use of transmission 
(i.e., with sufficiently high energy to traverse the patient) 
proton or light ion imaging to retrieve the SPR needed for 
dosimetric calculations at the lower energies stopping the 
beam in the tumour. Several detector setups have been pro-
posed and realized in first prototypes, often adapting par-
ticle physics instrumentation to ideally track individual ions 
entering/leaving the patient, and measuring their residual 
energy or energy loss [10]. If a complete, reasonably fast 
rotation of the beam or the patient is feasible, tomographic 
imaging could directly provide SPR maps in the treatment 
position for treatment (re)planning, likely offering an accu-
racy of SPR retrieval down to ~ 0.5-1%, according to the 
experimental studies reported for several phantoms and 
even biological tissue. Moreover, it would offer very prom-
ising possibilities of reduced radiation exposure from the 
intrinsic interaction properties of energetic ions in tissue 
and the increased flexibility of so-called fluence modulation 
and region-of-interest imaging in comparison to X-ray CT 
[11]. However, even few radiographic projections could be 
sufficient to refine the SPR calibration of a prior treatment 
planning X-ray CT, and even capture possible anatomical 
modifications between the planning and treatment situation 
for adaptive workflows [12]. Although not yet clinically 
implemented, first proton imaging solutions are emerging 
which are close to clinical testing, especially for the less 
cumbersome implementation of pre-treatment radiographic 
imaging or range probing, i.e., confirmation of the stopping 
position of few exploratory pencil beams going through 
pre-defined regions of the patient [13]. More recently, also 
intriguing approaches which enable refinement of SPR esti-
mations using MR images have been proposed, leveraging 

the increased interest in a possible future realization of MR-
guided IBT [14].

4  Imaging for visualization of the in-vivo 
beam range and for dose reconstruction

Despite the possibilities to combine the improved patient 
model (including its SPR properties) obtained from the 
just discussed in-room imaging solutions with actual beam 
records and advanced computational tools to estimate the 
delivered dose, it would be desirable to have means to visu-
alize the beam stopping position in the patient in-vivo, ide-
ally in real-time during the therapeutic treatment delivery. 
Hence, in-vivo beam range verification and feasibility of 
dose reconstruction have also been topics of active research 
since the very early pioneering studies of positron-emis-
sion imaging of β+-activity implanted with low dose prob-
ing radioactive ion beams, or produced as a by-product of 
irradiation with stable ion beams. Meanwhile, for the latter 
stable protons and light ion beams, different solutions of in-
beam, in-room and offline positron emission tomography 
(PET) imaging have been investigated also in first clinical 
pilot trials. The reported results showed the promise but also 
the challenges of such an intrinsically three-dimensional 
imaging technique, especially due to biological washout in 
the time elapsed between the β+-active isotope formation 
and decay (with the half-lives of the major radioisotopes 
produced varying from 2  min for 15O to 20  min for 11C) 
[15]. To minimize the washout issue, latest generation in-
beam PET solutions have been realized, that are capable 
of online (at intervals of ~ 60 s for sufficient accumulation 
of signal) visualization of the β+-activity building up dur-
ing irradiation, for correlation to the expected distribution 
[16]. Moreover, additional irradiation-induced emissions 
have been proposed as alternative to PET imaging. Among 
them, the prompt gamma resulting from very fast (sub-ns) 
de-excitation of nuclei following nuclear interaction of ions 
in tissue have been regarded as the most promising signal 
for the monitoring of proton therapy [15]. Here, two differ-
ent approaches are already entering clinical evaluation with 
collimated detection systems retrieving the spatial and even 
spectral information of these tissue-specific nuclear emis-
sions. Additional solutions under investigation for prompt 
gamma monitoring either aim to enlarge the field of view 
of the collimator, or to achieve 3D collimator-less imaging. 
The latter solutions span from Compton cameras exploiting 
Compton kinematics of the prompt gamma interacting in 
multiple detector layers acting as scatterer and/or absorber, 
to different arrangements of very fast detectors exploiting 
the timing characteristics of the prompt gamma emissions, 
eventually even enabling their spatiotemporal emission 

1 3

897



Health and Technology (2024) 14:895–901

dose escalation options in the tumour [19]. Those methods 
enabling (quasi) real-time range verification can also open 
the prospects of enhanced adaptive workflows during beam 
delivery, including the possibility of a prompt interruption 
of erroneous dose applications and even intra-fractional 
treatment plan adaptations.

In all endeavors around in-vivo monitoring techniques, 
the investigations have not only aimed at retrieving the 
beam range, ideally in real-time, but also reconstructing 
the delivered dose. Here, different limitations have been 
encountered, owing to the generally poor signal-to-noise 
ratio along with the intrinsic challenges of each monitoring 
technique, such as loss of activation-dose correlation due 
to biological washout in PET monitoring, limited dimen-
sionality of collimated PG detection and uncertainties in 
the conversion of energy deposition to acoustic pressure in 
ionoacoustics. Nevertheless, progress has been reported for 
all these techniques in the latest years, especially thanks to 
advanced computational methods exploiting prior knowl-
edge and artificial intelligence (see, e.g [20]). Moreover, 
new treatment planning strategies have been proposed 
to selectively increase the statistics of exploratory pencil 
beams to enable a reliable monitoring at a few locations of 
the treatment field, before delivering the complete plan [21].

In addition to in-vivo verification methods exploiting 
physical emissions induced by the irradiation, there have 
also been studies showing the feasibility of detecting physi-
ological changes becoming manifest after the entire treat-
ment in certain MR images of specific anatomical areas (e.g. 
spine [22], liver). And while the initial enthusiasm for this 
method had gradually dampened over the last decade, the 

reconstruction [17]. In these contexts, also combined detec-
tion of PET and PG emissions have been proposed. A less 
mature, though very intriguing alternative possible only at 
intrinsically (e.g., synchrocyclotron) or artificially (e.g., 
cyclotron) pulsed accelerators is proto- or ionoacoustics 
(IA) [18]. This could offer a compact and cost-effective 
method to monitor in real-time the Bragg peak position by 
multilaterating or reconstructing (depending on the number 
of transducers) the thermoacoustic emissions originating 
from the pulsed energy deposition in tissue. For suitable 
anatomical locations, this method also opens the prospects 
of real-time co-registration with the underlying patient 
anatomy visualized by ultrasound imaging, thereby offer-
ing a very attractive treatment monitoring option especially 
for anatomical sites subject to organ motion (e.g., pros-
tate, liver, cervix). Moreover, it could become a promising 
option for modern delivery schemes of temporal and spatial 
fractionation, which are expected to naturally enhance such 
thermoacoustic emissions.

Despite the general issues of low signal-to-noise ratios, 
along with the requirements of dedicated instrumenta-
tion and computational tools that are still subject of active 
research and development, all introduced techniques offer 
possibilities of in-vivo range verification with accuracies 
in the order of 1–3  mm (when comparing measurements 
to expectations), and (sub-)mm precision when compar-
ing inter-fractional variations. This could enable a safe 
reduction of margins along with the exploitation of the so 
far disregarded beam directions placing the steepest distal 
dose gradient of the Bragg peak just before OARs, thereby 
enabling a valuable reduction of normal tissue toxicities or 

Fig. 1  Illustration of the different 
applications of in-room imaging 
for the adaptive loop of IBT
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dependence of the molecular environment have also been 
discussed to offer new promising prospects for imaging 
hypoxia or enable differentiation between healthy and can-
cerous tissue [5]. And even the PG spectroscopic techniques 
put forward in the context of range monitoring could enable 
tracking concentration variations of relevant elements such 
as oxygen in tissue along the treatment course, again for 
correlation to hypoxia or other relevant biomarkers detect-
able at the nuclear level [24]. Hence, the increasing adop-
tion of advanced imaging techniques in the treatment room 
can pave the way to novel exploitation of information avail-
able almost on a daily basis (depending on the examination 
time, costs and logistics, e.g., if associated to the additional 
supply of contrast agents or radioactive tracers) to open new 
possibilities of biological image guidance in IBT.

6  Conclusion and outlook

On-site imaging is becoming an essential component of the 
entire radiotherapy chain (Fig. 1), which can benefit from 
the continued advancements in dedicated instrumentation 

new prospects of integrating MRI into image-guided IBT 
are reviving the interest in the possible use of MR for visual-
ization of the beam [23] or radiation-induced tissue changes 
on smaller time scales during or shortly after treatment.

5  Imaging for biological guidance

While the last decades have been especially focused on har-
nessing imaging techniques able of controlling on-site the 
patient anatomy and beam delivery, the promise of person-
alized medicine along with the prospect of emerging new 
delivery modalities such as FLASH and minibeams have 
also shifted the focus of IBT onto biological image guidance. 
Here, structural and functional imaging techniques such as 
MRI and PET integrated in the treatment room and even in 
the delivery site could provide almost on a daily basis means 
for improved target delineation and margin definition, e.g., 
accounting for anisotropic tumour spread, along with a bio-
logical basis for adaptation of the dose prescription and its 
spatial and temporal distribution. Advances in PET imag-
ing for sensing the mean lifetime change of positronium in 

Fig. 2  Exemplary representation of the role of advanced imaging in 
IBT. Although the different images do not belong to the same patient 
(and in the case of PET do not refer to an IBT treatment), they illustrate 
the role of the discussed imaging modalities in the adaptive loop of 
IBT. In particular, the figure demonstrates the use of advanced imaging 
for improved patient model for treatment (re)planning (addressed in 
Sects. 2 and 3), in-vivo range verification during delivery (Sect. 4) and 

biological assessment prior to and after treatment (Sect. 5). The type 
of the shown imaging modalities is highlighted in bold blue characters, 
and texts in brackets “()” refer to repeated operations during the treat-
ment course, after the first treatment fraction. Data adapted from refer-
ence  [7] (CT, CBCT and plan adaptation), reference  [25] (expected 
positron emitters, PE, and prompt gamma, PG, distributions) and ref-
erence [26] (Fluorine-18 fuorodeoxyglucose PET/CT)
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