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Charted-particle therapy (CPT) benefits cancer patients by localizing doses in the tumor volume while minimizing the doses deliv-
ered to normal tissue through its unique physical and biological characteristics. The world’s first CPT applied on humans was proton
beam therapy (PBT), which was performed in the mid-1950s. Among heavy ions, carbon ions showed the most favorable biologjcal
characteristics for the treatment of cancer patients. Carbon ions show coincidence between the Bragg peak and maximum value of
relative biological effectiveness. In addition, they show low oxygen enhancement ratios. Therefore, carbon-ion radiotherapy (CIRT) has
become mainstream in the treatment of cancer patients using heavy ions. CIRT was first performed in 1977 at the Lawrence Berkeley
Laboratory. The CPT technology has advanced in the intervening decades, enabling the use of rotating gantry, beam delivery with
fast pencil-beam scanning, image-guided particle therapy, and intensity-modulated particle therapy. As a result, as of 2019, a total of
222,425 and 34,138 patients with cancer had been treated globally with PBT and CIRT, respectively. For more effective and efficient
CPT, many groups are currently conducting further studies worldwide. This review summarizes recent technological advances that

facilitate clinical use of CPT.
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Introduction

Charged-particle therapy (CPT) is advantageous for treat-
ing cancer patients compared to photon-based radiotherapy
using X-rays by virtue of the charged particles’ unique physi-
cal and biological properties, which are superior to those of
X-rays in terms of cancer treatment [1]. The aforementioned
properties of CPT result in more damage to tumor cells,
enhancing the local control (LC) rate while causing less dam-
age to normal tissue, which induces lower treatment-related
complications compared to X-ray-based radiotherapy [1].
Nevertheless, the clinical adoption of CPT has been slower
than that of X-ray-based radiotherapy owing to technical
difficulties as well as the large facility-establishment cost
[2]. With technological advances, the technical difficulties in
the clinical use of particle beams have been overcome, and
the cost-effectiveness of CPT has also been improved [3,4].
Therefore, the numbers of particle-therapy facilities and
patients treated with CPT have increased rapidly recently
[5]. The numbers of patients treated with protons and car-
bon ions between 2010 and 2014 were 51,098 and 10,154,
respectively. However, between 2015 and 2019, these num-
bers reached 104,230 and 18,402, respectively, indicating
respective increases of 200% and 180%. Here, we describe the
technological advancements that led to this growth.

History of CPT

In 1904, Sir William Henry Bragg, a British physicist, repor-
ted a phenomenon in which a charged particle deposits
much of its energy at the end of its range, resulting in a
peak in the depth—-dose plot along the beam direction in a
medium, which is called the Bragg peak [6]. Robert R. Wilson
recognized the clinical significance of the Bragg peak for the
treatment of cancer, as favorable dose distributions could be
generated using the Bragg peaks by localizing doses within
the tumor volume to control tumors while minimizing doses
to normal tissues [7]. He published a paper proposing the
clinical use of protons and heavy ions for cancer treatment
in 1946 [7]. He also suggested a method to cover the entire
volume of tumors by stacking multiple pristine Bragg peaks
called spread-out Bragg peaks (SOBP) [7]. Prior to Wilson's
proposal, Lawrence developed a cyclotron at the University
of California Lawrence Berkeley Laboratory (LBL) in 1930 [4].
He suggested that Cornelius A. Tobias and John H. Lawrence
validate Wilson’s proposal by using the 184-inch cyclotron
[4]. They performed an animal study and obtained favora-
ble results in 1954. Based on those results, in the mid-1950s,
Tobias, Lawrence, and others treated a cancer patient with
proton beams for the first time using the 184-inch cyclotron
at the LBL [8]. In the late 1950s, Larsson and Leksel devel-
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oped radiosurgical techniques with proton beams to treat
brain tumors at the Gustaf Werner Institute in Uppsala, Swe-
den [9]. They were the first to generate SOBP by range modu-
lation along the beam direction and to use beam scanning to
cover the tumor volumes in the lateral direction. Since the
1960s, there has been much activity in proton beam therapy
(PBT) worldwide, especially in Russia, Europe, South Africa,
and Japan [4]. The first hospital-based PBT was initiated in
1990 at the Loma Linda University Medical Center (LLUMC)
with a synchrotron capable of accelerating protons up to 250
MeV and three isocentric gantries [10]. During the design of
the LLUMC accelerator, the Proton Therapy Co-Operative
Group, which is an international non-profit organization
consisting of scientists in the field of PBT, was founded in
1985 [4]. Its name was later changed to the Particle Therapy
Co-Operative Group as it was involved not only PBT but
also heavy-ion therapy [4]. Many PBT facilities have been
established, and there are currently 97 PBT facilities in opera-
tion worldwide [11]. Until 2019, 222,425 patients were treated
with PBT worldwide [5].

For heavy-ion radiotherapy, the LBL group started a
heavy-ion therapy program with the BEVELAC accelerator
in 1975 [12]. The LBL group provided beam-delivery tech-
nologies and software, while the University of California at
San Francisco provided medical expertise [4]. At the LBL,
the first helium-ion radiotherapy, carbon-ion radiotherapy
(CIRT), neon-ion radiotherapy, argon-ion radiotherapy,
and silicon-ion radiotherapy were carried out in 1975, 1977,
1977, 1979, and 1982, respectively [13,14]. The LBL heavy-ion
radiotherapy program was terminated in 1992 [15]. In 1994,
the first dedicated medical facility for heavy-ion radiother-
apy in the world was established in Japan, which was the
Heavy Ion Medical Accelerator in Chiba (HIMAC) at the
National Institute of Radiological Sciences (NIRS), which is
now called the National Institute for Quantum and Radio-
logical Science and Technology (QST/NIRS) [3,16]. Before
adopting heavy-ion radiotherapy, the NIRS performed CPT
with fast neutrons and protons starting from 1975 [3,16].
Based on extensive studies to optimize the ion species for
heavy-ion radiotherapy, the NIRS chose the carbon, which
showed optimal relative biological effectiveness (RBE) and
optimal oxygen enhancement ratio (OER) [1-3,16]. For effec-
tive radiotherapy, high RBE and low OER are typically pre-
ferred [17]. Heavier ions have higher linear energy transfers
(LETs) across the Bragg peak than lighter ions [18]. How-
ever, for very large particles, such as argon, the increase in
LET occurs in the plateau region of the beam path and not
only at the Bragg peak, which results in excessive normal-
tissue damage [19]. Therefore, neither very small and nor
very large particles are optimal for heavy-ion radiotherapy
[19]. Carbon ions show a favorable peak-to-plateau ratio
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showing the maximum RBE at the Bragg peak region [19].
Accordingly, the carbon ions have optimal RBE as well as
OER, which improves the LC while minimizing the risk of
normal tissue complications. Therefore, the NIRS has cho-
sen carbon ions for heavy-ion radiotherapy [17]. In addition,
the NIRS had been engaged in treating cancer patients with
neutrons for about 20 years, which have a similar LET to
that of carbon ions [17]. The NIRS could take advantage of
the clinical experience of neutron therapy for CIRT. In this
respect, carbon ions were chosen for patient treatment at the
NIRS and have treated patients with carbon ions since 1994
[17]. After the HIMAC, the Hyogo Ion Beam Medical Center
(HIBMC) started CIRT as well as PBT in Japan in 2002 [17].
In 2003, CIRT was approved as an advanced medical tech-
nology by the Japanese government; therefore, carbon ion
facilities in Japan have received reimbursement for CIRT
since 2003 [3]. In 2010, the NIRS collaborated with Gunma
University to develop a compact synchrotron with a diame-
ter approximately half that of the synchrotron of the HIMAC
(approximately 20 m vs. approximately 40 m) [3]. By doing
so, a compact CIRT facility could be constructed, with a size
of approximately one-third of the HIMAC (building sizes of
approximately 45x60 m? vs. approximately 65x120 m?) [3].
By reducing the building size, the cost of establishing a CIRT
facility could be reduced significantly. In 2013, the SAGA
Heavy Ion Medical Accelerator in Tosu (SAGA-HIMAT)
started CIRT, and in 2015, the Kanagawa Cancer Center start-
ed CIRT inJapan [17]. The most recent CIRT facility in opera-
tion in Japan is the Osaka Heavy-ion therapy Center, which
started patient treatment in 2018. In Europe, the Gesellshaft
fur Schwerionenforschung (GSI) in Germany started CIRT in
1997 and had treated 440 patients as of 2005 [20]. In contrast
to the NIRS, the GSI developed and adopted the pencil-beam
scanning technique, not the passive beam irradiation with
SOBP for beam delivery [20]. In 2009, the clinical service
with carbon-ion beams provided by the GSI was succeeded
by the Heidelberg Ion-Beam Therapy Center (HIT), which is
the first hospital-based particle-therapy facility in the world
treating patients with proton and carbon-ion beams with the
pencil-beam scanning technique [21]. In 2012, the Centro
Nazionale Adrontherapia Oncologica (CNAO) in Italy start-
ed patient treatment with carbon-ion beams [17]. In 2015, the
Marburg Particle Therapy Center in Germany initiated CIRT
[11]. In Austria, Med Austron, which is the most recent CIRT
facility in Europe, started patient treatment in 2019 [11]. In
China, the Institute of Modern Physics started clinical trials
for CIRT in 2006 [17]. Subsequently, the Shanghai Proton and
Heavy Ion Center started CIRT in 2014 [17]. The Heavy Ion
Cancer Treatment Center in Wuwei, which started patient
treatment in 2019, is the most recent CIRT facility in opera-
tion in China [11]. In 2019, 34,138 patients were treated with
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CIRT worldwide [5]. A total of 12 carbon ion facilities are cur-
rently in operation worldwide [11].

Technical Developments in Carbon-lon Beam
Irradiation Techniques

1. Layer-stacking method

Until 2011, the NIRS HIMAC used the SOBP-based pas-
sive-beam irradiation carbon-ion beam-delivery technique
[3]. The passive beam irradiation increases neutron contami-
nation, irradiation proximal to the target volume, and inte-
gral doses, which are clinically undesirable [22]. Therefore,
to reduce the normal-tissue irradiation proximal to the tar-
get volume, the layer-stacking method, which delivers thin
Bragg peaks (generally 1 cm) layer by layer from the distal to
the proximal direction of the tumor volume, was introduced
in Japan [23]. The lateral shapes of the irradiation fields were
defined by the multi-leaf collimator (MLC) to conform to the
tumor shape in the beam’s-eye view at a specific depth. The
depths of the thin Bragg peaks (i.e., layers) were determined
using the range shifter. By doing so, normal-tissue irradia-
tion proximal to the tumor can be reduced significantly [23].

2. Pencil-beam scanning technique

The pencil-beam scanning technique paints doses over the
tumors continuously with narrow Bragg peaks using mag-
nets [24]. In 1997, the world’s first pencil-beam scanning-
beam delivery technique, raster scanning, was presented at
the GSI [24]. Transverse scanning was performed using two
scanning magnets. The depths were modulated by utilizing
the range shifters. In 2009, the HIT, which was a successor to
the GSI, also adopted the pencil-beam scanning technique for
patient treatment [21]. The NIRS and CNAO started apply-
ing pencil-beam scanning beam delivery in 2011 and 2012,
respectively [3,17]. In 2014, depth modulation was achieved
by a multiple-energy operation with extended flattops of the
synchrotron without the range shifters at the NIRS, which
enabled the maintenance of a small lateral beam size and a
reduction in neutron contamination [25]. Although the pen-
cil-beam scanning technique has various advantages over
the passive irradiation technique, it is vulnerable to tumor
movement due to patient respiration because a combination
of the dynamic beam delivery of the pencil-beam scanning
technique and the moving target could result in dose-deliv-
ery errors owing to the interplay effect [26]. In other words,
in extreme cases, no doses would be deposited in some
regions in the target volume, or doses as large as twice the
prescription dose would be deposited in some regions in the
target volume. Moreover, unintended normal-tissue irradia-
tion with high doses may occur. This problem was solved

at the NIRS using extremely fast scanning of the beam with
a scanning speed of up to 100 mm/msec [26]. Compared to
the pencil-beam scanning motion, the respiratory motion of
the target volume is quite slow; therefore, the target volume
can be regarded as static. In addition, to smear out the dose-
delivery errors via single scanning, a rescanning technique
that scans the target volumes four or eight times was pro-
posed [26]. The NIRS began using respiratory-gated phase-
controlled rescanning irradiation for moving targets in 2015
[26].

Rotating Gantry for CPT

The rotating gantry enables beam delivery at various
angles; therefore, the optimal beam paths can be selected
for each patient considering the target volume locations as
well as organ at risk locations, resulting in favorable dose
distributions [27]. If patient treatment is performed with-
out the rotating gantry, that is, with fixed beam ports, the
patient should be tilted on the couch by approximately 20° to
secure more beam paths [27]. In this case, the patient’s body
is deformed by gravity despite rigorous immobilization [3].
To generate a treatment plan, the body images of the patient
deformed by tilting needs to be matched to the patient’s ref-
erence body images using a deformable image-registration
algorithm [3]. This increases uncertainties in dose calcula-
tion, which is undesirable [27]. If a rotating gantry is used,
deformable image registration is not required. In addition,
when tilting a patient, to reduce the patient-setup error, the
patient needs to be rigorously immobilized as mentioned
above, which increases the staff workload, patient discom-
fort, and setup time [3]. A rotating gantry can eliminate these
problems. Moreover, it enables intensity-modulated particle
therapy, which can generate favorable dose distributions
[27]. Therefore, CPT with a rotating gantry is more effective
and efficient than that with fixed beam ports. For PBT, the
first rotating gantry was installed at the LLUMC in 1990 [10].
For heavy-ion radiotherapy, the world’s first rotating gantry
was installed at the HIT in 2012 [21]. The prototype of the
rotating gantry was tested at the GSI, and the rotating gan-
try system, which was produced by MT Mechatronics (MT
Mechatronics, Mainz, Germany), was huge, with a length
and weight of approximately 25 m and 600 tons, respectively
[28]. To reduce the size and weight of the rotating gantry for
heavy-ion radiotherapy, the NIRS utilizes superconducting
magnet technology [3]. The world’s first superconducting
rotating gantry for heavy-ion radiotherapy was installed
at the HIMAC by NIRS in 2017 [19]. With the use of super-
conducting magnets, the length and weight of this rotating
gantry were brought down to approximately 13 m and 300
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tons, respectively [3]. The first patient was treated with this
rotating gantry using superconducting magnets in 2017. One
year later, the first patient with moving targets was treated
with the system at the HIMAC. Recently, the design of the
scanning magnets was improved and a more compact rotat-
ing gantry than that at the HIMAC was commercialized and
installed at the Yamagata University Hospital. The volume
of the new rotating gantry was only 60% of that at HIMAC.
This state-of-the-art superconducting rotating gantry will be
installed at the Yonsei University Hospital and CIRT Cent-
er of Seoul National University Hospital in the Republic of
Korea.

Image-Guided Particle Therapy

In the 1970s, the first image-guided particle therapy was
enabled by the Massachusetts General Hospital and the LBL
group, who developed the two-dimensional X-ray image
guidance technique [29]. This image-guidance technique was
introduced before X-ray-based radiotherapy. Because imag-
ing with particle beams is extremely difficult and requires
extremely high-energy particle beams to be transmitted to
the patient body, two-dimensional X-ray imaging was used
for CPT [29].

Image guidance with volumetric imaging for CPT lagged
behind that of X-ray-based radiotherapy with linacs [29].
This is attributed to the small number of particle-therapy
facilities compared to that of X-ray-based radiotherapy facili-
ties and the heterogeneity in the design of the CPT machines,
which made it difficult to develop commercial volumetric
imaging systems. In this respect, the first gantry-mount-
ed kV cone beam computed tomography (CBCT) became
commercially available for PBT in 2014 [29]. For heavy-ion
radiotherapy, instead of the gantry-mounted CBCT, the NIRS
proposed a horizontal computed tomography (CT) system
for rooms in the late 1990s [30]. Subsequently, heavy-ion
radiotherapy facilities adopted in-room CTs sliding on rails
for volumetric image guidance [31]. Generally, in-room CT
scanners are located several meters away from the beam
ports to avoid disturbing the treatment workflow, as well
as to minimize the hardware damage by neutrons from the
particle beams [29]. When imaging is done, the CT scanner
slides on the rail to the imaging position. The robotic couch
is located at the imaging position, and volumetric images
are acquired. After image acquisition, the robotic couch is
located at the treatment position, and treatment beams are
delivered to the patient.

In 2015, the NIRS developed marker-less respiratory-gated
heavy-ion radiotherapy with X-ray fluoroscopy [32]. During
beam irradiation, the position of the moving target volume

638 CANCER RESEARCH AND TREATMENT

was identified in real-time using X-ray fluoroscopy. When
the center of mass of the target volume was located at a pre-
defined position during patient respiration, the treatment
beam was on. The first patient treated with this technique
at the NIRS was a patient with lung cancer. Currently, the
NIRS is working on image guidance utilizing artificial intel-
ligence technology [3]. With deep neural network-based real-
time image processing, the NIRS is trying to deliver prescrip-
tion doses accurately and precisely to targets moving due to
patient respiration.

Future of CPT

1. Ultra-high-dose-rate (FLASH) CPT

FLASH radiotherapy is a new radiotherapy technique that
delivers a prescription dose at ultra-high dose rates exceed-
ing 40 Gy/sec, which could result in improved sparing of
normal tissue while maintaining damage to tumor cells [33].
Although the mechanism of the FLASH effect is unknown,
the possibility of FLASH radiotherapy showing significant
improvement in the tumor-control probability over the
normal tissue-complication probability was recently dem-
onstrated in preclinical animal studies with electron beams
[34]. For PBT, an in vitro study showed that FLASH irradia-
tion could improve late adverse biological effects [35]. Cur-
rently, FLASH radiotherapy is not yet clinically available and
remains in the research stage. Several recent studies pro-
posed a technical strategy for clinical PBT machines to be
used for FLASH radiotherapy [36].

2. Multi-ion irradiation: biological optimization

By mixed-beam irradiation of multiple ions, a high LET
could be painted onto radioresistant regions in the target vol-
umes while lowering the LET to normal tissue [37]. This can
enhance tumor control more effectively and minimize local
relapse. This treatment technique has not been applied clini-
cally to patients yet and is in the research stage. The NIRS is
currently developing a multi-ion irradiation technique with
several candidate ions, such as helium, carbon, and oxygen
ions [3].

3. Extremely compact particle-therapy system

By applying the superconducting magnet technology
not only to the rotating gantry but also to the synchrotron,
NIRS/QST is developing the SUPERconducting Magnet
INstalled Ion Medical Accelerator in Chiba (Super MINI-
MAC or Quantum Scalpel) which is an extremely compact
particle-therapy system with dimensions of 10 mx20 m
[3]. This next-generation heavy-ion radiotherapy system is
expected to reduce both the site size and cost of establishing
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a heavy-ion radiotherapy facility. This extremely compact
particle-therapy system is expected to lower the barrier to
heavy-ion radiotherapy.

Conclusion

The clinical use of charged particles for the treatment of
cancer patients was first proposed by Wilson in 1946. Since
then, 222,425 and 34,138 patients were treated with PBT and
CIRT, respectively, as of 2019. With its unique physical and
biological properties, CPT has been proven effective in the
treatment of cancer patients by active clinical investigations.
Recent technological advances have focused on the direc-
tions in which CPT can improve clinical efficacy and effi-
ciency. The installation cost, which has been considered a
major obstacle to the spread of CPT, continues to decrease.
With these efforts, it is expected that more patients will ben-
efit from CPT, and the evidence for its clinical usefulness will
become more substantial in the near future.
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