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Abstract
Basic research on heavy ion cancer therapy such as radiobiology, medical
physics, and therapeutic technique has been conducted at the Institute of
Modern Physics (IMP), Chinese Academy of Sciences since 1995. Based on the
achievements acquired in the basic research and the requirements for a heavy
ion accelerator for radiotherapy purposes, a dedicated heavy ion therapy facility
named Heavy Ion Medical Machine (HIMM) was designed at IMP and
constructed in Wuwei, China. The HIMM facility consists of two electron
cyclotron resonance ion sources, one cyclotron as the injector and one
synchrotron as the main accelerator, and four different treatment rooms
equipped with passive or active beam delivery systems, and accelerates carbon
ions up to 400MeV/u. After the performance inspection of HIMM organized by
the National Medical Device Inspection Center, preclinical tests like cell and
animal radiobiological experiments and dosimetric verification using anthropo-
morphic phantoms for elucidating the biophysical properties of the carbon ion
beams provided by HIMM were carried out. According to the Chinese medical
device regulations, a clinical trial in which 46 tumor patients were recruited and
two hospitals participated was conducted in the HIMM facility, aiming at
evaluating the treatment safety and short‐term efficacy of the medical device.
The success of the clinical trial helped the HIMM facility be authorized by the
Chinese government as a class III medical device. In this paper, all the aspects
mentioned above are introduced and discussed, and implications for future
improvements are also given.
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INTRODUCTION

Heavy ions provide not only physical but also biological
advantages over X‐rays in radiotherapy against cancer
such as inverted depth‐dose distribution and high relative

biological effectiveness (RBE) [1]. As a result, heavy ion
cancer therapy attracts more and more attention world-
wide. According to the Particle Therapy Cooperative
Group statistics, 12 heavy ion therapy facilities are in
operation and five are under construction by July 2020 [2].
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Basic research related to heavy ion therapy has been
carried out at the Institute of Modern Physics (IMP),
Chinese Academy of Sciences since 1995 [3]. Heavy ion
biological effects at different levels, such as bio‐
macromolecules, cells, and animals, and corresponding
mechanisms were comprehensively investigated at
IMP [4]. In recent years, autophagy including mitophagy
induced by heavy ions was explored, and the relationship
between autophagy and apoptosis was elucidated [5–7].
Besides, some heavy ion therapeutic techniques such as
two‐dimensional (2D), 2D layer‐stacking, and three‐
dimensional (3D) conformal irradiation methods, uniform
irradiation field shaping, Bragg peak modulation, treatment
planning system, and spot‐scanning beam delivery
technique have been investigated as well [3, 8, 9]. For
motion management, an audio‐visual biofeedback tech-
nique for respiratory‐gated radiotherapy of synchrotron‐
based pulsed heavy ion beam delivery has been devel-
oped [10]. With the new method, both the treatment
efficiency and accuracy of pulsed heavy ion beam
radiotherapy could be dramatically increased in combina-
tion with conventional respiration gating systems. Addition-
ally, two therapy terminals for superficially placed and
deep‐seated tumor treatments were established in the
existing Heavy Ion Research Facility in Lanzhou (HIRFL)
at IMP. Intermediate (max. 100MeV/u) and high (max.
400MeV/u) energy carbon ion beams were supplied by
HIRFL for patient treatment in the clinical studies at IMP. A
total of 213 tumor patients (103 superficially placed tumor
patients and 110 deep‐seated tumor patients) were
enrolled in the clinical studies from 2006 to 2013.
Favorable clinical effects like high tumor local control rate
and low normal tissue complication probability were
achieved in the clinical studies for the patients irradiated
with carbon ions [11]. Encouraged by good clinical
results, a dedicated heavy ion therapy accelerator has
been designed and developed at IMP [12]. In 2012, a
contract was signed by Lanzhou Kejintaiji Co. Ltd, which is
affiliated with IMP, with a local company in Wuwei, China,
to construct a dedicated heavy ion therapy facility as

medical equipment for demonstration. The IMP heavy ion
therapy research team provided technical support for the
project. By September 2019, the facility had received a
registration certificate for the class III medical device from
China's Food and Drug Administration. All the aspects
concerning the demonstration facility will be introduced
and discussed in this paper, and some possible improve-
ments to the heavy ion therapy facility for facilitating its
future industrialization in China will be presented
accordingly.

DEDICATED HEAVY ION THERAPY
FACILITY—HEAVY ION MEDICAL
MACHINE (HIMM)

The dedicated heavy ion therapy facility, called HIMM,
was designed based on the experience achieved at IMP.
The HIMM facility consists of two electron cyclotron
resonance ion sources, a cyclotron as the injector and a
synchrotron as the main accelerator, and four different
treatment rooms equipped with fixed beam lines of
different angles. Shown in Figure 1 is a schematic
diagram of the HIMM facility. Eight dipole magnets are
used to form the synchrotron to make it compact as much
as possible. Therefore, the circumference of the synchro-
tron is only 56.17m. A horizontal beam line equipped with
a spot scanning beam delivery system is installed in the
first treatment room (Room 1), while horizontal and
vertical beamlines with the same iso‐center are equipped
in the second treatment room (Room 2) and uniform
scanning beam delivery systems (also called passive
beam delivery) [8] are installed. The third treatment room
(Room 3) has a vertical beam line equipped with a spot
scanning beam delivery system, and a 45° oblique beam
line with a uniform scanning beam delivery system is
installed in the fourth treatment room (Room 4). So
uniform scanning or spot scanning can be performed in
the HIMM facility for various tumor indications according to
suitability. In the uniform scanning mode, a pair of dipole

F IGURE 1 Schematic diagram of the Heavy Ion Medical Machine (HIMM) facility in Wuwei, China.
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magnets (zigzag periodic currents with high and low
frequencies are provided for the fast and slow scanning
magnets) scan the pencil beam supplied by the HIMM
facility continuously to form a large uniform irradiation field
at the iso‐center of the corresponding treatment room.
A multicollimator is used to tailor the generated uniform
irradiation field, so as to realize laterally conformal
irradiation to a specific target volume. Longitudinally, ridge
filters and patient‐specific compensators are employed. In
the spot scanning mode, pencil beams extracted from the
synchrotron are deflected laterally with a pair of dipole
magnets, and the energy of the pencil beams is actively
changed by the synchrotron itself, so that the Bragg peak
of the pencil beams is positioned on different layers of a
target volume longitudinally. In this way, a 3D target
volume is conformally irradiated with the pencil beams.
The main specifications of the HIMM facility are listed in
Table 1. The technique of radiofrequency knock‐out slow
extraction is employed for beam extraction, and the beam
extraction efficiency is greater than 90%. Additionally, the
duty cycle of the extracted beam reaches up to 95%, and
the cut‐off time of irradiation is less than 500μs. Due to
the advanced features of the main accelerator and beam
delivery system mentioned above, flexible irradiation to
cancer patients with high efficiency can be implemented
with the HIMM facility.

Besides, a treatment planning system (TPS) for heavy
ion radiotherapy (carbon ion Plan, ciPlan) was developed
to support the HIMM accelerator. Measured beam data,
including integral depth‐dose distribution, beam spot size,
virtual source‐to‐axis distance, and so forth, are used to
configure the software system. There are mainly seven
modules in ciPlan, including patient information manage-
ment, image registration and fusion, target volume and
organ delineation, irradiation field configuration, dose
calculation, plan evaluation, and quality assurance
preparation. A pencil beam algorithm is adopted to
compute the dose distribution based on the planning
computed tomography (CT) data and measured physical
data (integral depth‐dose distributions, lateral dose

profiles, and so on) [13]. The mixed beam model [14] is
employed to calculate RBE for carbon ion beams. So,
physical and biological effective dose distributions could
be obtained selectively in ciPlan. Based on the beam
delivery systems provided by the HIMM facility, 2D, 2D
layer‐stacking, and 3D conformal treatment plans can be
designed using the TPS of ciPlan. Correspondingly, the
steering files of treatment plans are created in ciPlan and
exported into the treatment control system of the HIMM
facility through Digital Imaging Communication in Medi-
cine 3.0/RT standards. Compared to the other TPS used
in different heavy ion therapy centers, one of the most
prominent features of ciPlan is its versatility for treatment
planning under passive and active beam deliveries.

Image guidance is necessary to reduce uncertain-
ties during treatment for hypofractionated heavy ion
radiotherapy. Digital X‐ray radiography (DR) system for
image‐guided radiotherapy is employed in HIMM. After
a patient is immobilized and positioned on the patient
couch, two orthogonal DR images are taken. Then, the
DR images are registered with the digital reconstruction
image (DRR) derived from the TPS of ciPlan according
to the planning CT images of the patient. Once
deviation is observed, the patient couch is adjusted
carefully according to the detected offsets. The promi-
nent feature of the DR system in HIMM is easy to use
and inexpensive.

An official inspection of the HIMM facility, including
ciPlan as a medical device, was conducted by the Beijing
Institute of Medical Device Testing, which is authorized to
inspect radiotherapy‐related medical devices by the
Chinese government. The inspection included device
structure check, electromagnetic compatibility and electric
safety tests, beam performance tests, software tests, and
environment tests. After passing all the tests, an official
test report for medical device registration was issued to
the HIMM facility in April 2018.

PRECLINICAL EXPERIMENTS

Dosimetric verifications with anthropomorphic phan-
toms and radiobiological experiments for evaluating the
biophysical properties of the carbon on beams supplied
by the HIMM facility as preclinical experiments were
conducted in the time interval between the issue of the
official test report and the startup of a clinical trial in the
HIMM facility.

The head and neck sections of an anthropomorphic
phantom (Chengdu phantom, China) with a Farmer
chamber and its thoracoabdominal part with the chamber
were scanned under a 64 multi‐slice CT scanner
(SOMATOM Definition AS; Siemens Corp.) with a slice
thickness of 1.5mm, respectively. Using the two‐set CT
images acquired, virtual planning target volumes were
delineated in ways that the sensitive volume of the
chamber was located in the center, proximal end, and

TABLE 1 Main specifications of Heavy Ion Medical
Machine (HIMM).

Item Parameter

Ion species 12C6+

Energy (MeV/u) 120–400

Beam intensity (ppp) 1 × 106–1 × 109

Beam switch time between treatment
heads (s)

<20

Minimum energy modulation step size
between single cycles (MeV/u)

1–2

Dose rate (Gy(RBE)/min/L) >1.0

Maximum irradiation field (mm ×mm) 200 × 200

HEAVY ION THERAPY AT IMP | 93



distal end of the target volumes, respectively. Then
treatment plans were designed for the target volumes
using ciPlan under the beam delivery mode of uniform
scanning. These treatment plans were executed in the
HIMM facility and dose measurements were taken
according to the International Atomic Energy Agency
TRS‐398 code of practice [15]. Additionally, respiratory
signals were virtually produced using the Anzai respira-
tory gating system (AZ‐733V; Anzai Medical), and gating
irradiation was conducted for a treatment plan using the
thoracoabdominal part of the phantom. A photograph of
the irradiation of the head‐and‐neck phantom in Room 2
at HIMM is shown in Figure 2. For the dosimetric
verifications for both the head‐and‐neck and thoracoab-
dominal phantoms, the deviations between the planned
and measured doses were less than 1.70% for the
centers of the spread‐out Bragg peaks (SOBPs), 3.20%
for the proximal positions, and 5.44% for the distal ends,
respectively. In the case of the respiratory gating
irradiation, the dose divergence was less than 0.3% in
the center of the SOBP; however, the irradiation time
compared to that without respiratory gating increased by
a factor of approximately 2 with the gating window of 30%
duty cycle. Collectively, the passive beam delivery of the
HIMM facility dosimetrically meets the requirements for
subsequent clinical trials.

Twelve cancer cell lines (non‐small cell lung cancer,
liver cancer, breast cancer, human salivary gland cancer,
cervical cancer, and melanoma) and two normal tissue
cell lines (Chinese hamster lung cells V79 and human

normal liver cells L02), and tumor‐bearing mice were
used in the radiobiological experiments at HIMM. The
survival curves of the cell lines under investigation were
measured for carbon ion beams with linear energy
transfer (LET) values of 30 and 50 keV/μm, respectively.
Then the RBE values at a 10% survival level were
determined, which varied between 1.30 and 4.13,
depending on the radiosensitivity of the cell lines. These
measured RBE values were consistent with those
calculated in ciPlan. Tumor‐bearing mice were partially
irradiated with carbon ions using two different regimes
(10Gy (RBE) × 1 fraction and 2Gy (RBE) × 5 fraction).
The results of the tumor‐bearing mouse experiment are
shown in Figure 3, where Balb/c mice were used and
murine tumor cell lines 4T1‐4P and TUBO cells were
inoculated subcutaneously. Compared to the control
group (without irradiation), both irradiated groups
showed tumor growth delay after irradiation. More
importantly, the group treated with the single large dose
exhibited more obvious tumor growth delay, suggesting
that single large doses are more effective than multiple
fraction low doses to inhibit tumor growth in carbon ion
radiotherapy. Collectively, the cellular radiobiology ex-
periments not only provided measured RBE values for
verifying the calculated ones with the mixed beam model
in ciPlan, but also demonstrated that the RBE value was
correlated with cellular radiosensitivity, and the outcome
of the animal experiments implied that the hypofractiona-
tion regime might be more appropriate for radiotherapy
with heavy ions. Additionally, human salivary gland

F IGURE 2 A photograph of the irradiation of the head‐and‐neck phantom in Room 2 at Heavy Ion Medical Machine (HIMM).
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(HSG) cancer cell survivals at different depths along
260MeV/u carbon ion beam with an SOBP of 60mm
width were measured. The measured data were com-
pared with ciPlan‐calculated HSG cell survival distribution
in depth as shown in Figure 4. In general, the TPS of
ciPlan generally predicted HSG cell survivals well,
indicating that the suitability of the RBE model used in
ciPlan was confirmed.

The preclinical experiments including dosimetry and
radiobiology help us understand the biophysical propert-
ies of the carbon ion beams provided by the HIMM facility
more clearly, and the properties are experimentally
shown to be comparable to those applied at other heavy
ion therapy facilities. The preclinical experiments are
favorable for subsequent clinical trials at HIMM.

CLINICAL TRIALS AT HIMM

According to the Chinese regulations for class III medical
devices, clinical trials must be done before they are
registered as official medical devices. Radiotherapy
equipment belongs to the medical device class III.
Therefore, a clinical trial, aiming at mainly showing the
safety of the HIMM facility together with auxiliary short‐
term efficacy for tumor patients, was performed under
two different hospitals with good clinical practice

qualification [16]. Forty‐six patients, including cancers of
the head and neck, chest, abdomen, pelvic cavity, spine,
and limbs, were successively enrolled in the clinical trial
with regimes of prescribed doses 43.2−69.0Gy (RBE) with
10−16 fractions within 2−4 weeks. Most of the patients
were advanced and intractable cancer cases. The
treatment plan of the first patient with chordoma in the
skull base is displayed in Figure 5. Nearly opposite fields
were adopted for the patient during treatment planning.
The treatment for all the patients recruited in the clinical
trial at HIMM was finished on February 25, 2019. The side
effects and short‐term efficacy of the patients receiving
carbon ion radiotherapy were evaluated according to the
standards of Response Evaluation Criteria in Solid Tumor
(RECIST) 1.1 and Common Terminology Criteria for
Adverse Events (CTCAE) 5.0. Encouragingly, the inci-
dence of the side effects of grade 3 was only 4.35% (two
cases), and there were no side effects with grades more
than 3 for the patients 3 months after treatment. No
treatment‐related death of carbon ion radiotherapy oc-
curred during the treatment and follow‐up. Additionally, the
short‐term effects 3 months after treatment were 1 case
with complete response (CR), 12 cases with partial
response (PR), 33 cases with stable disease (SD), and
0 case with progressive disease (PD), respectively. These
clinical data were summarized to be manifested in a
clinical report, which is required for subsequent medical

F IGURE 3 Tumor growth delay under two different regimes for the tumor‐bearing mouse experiments at Heavy Ion Medical Machine (HIMM).
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device registration. The follow‐up for the patients under-
going the clinical trial in the HIMM facility is still going on.
The detailed pathological classification and clinical effects
for the patients 3, 6, and 12 months after treatment are
listed in Tables 2 and 3, respectively. Note that seven
patients were not evaluated provisionally 12 months after

treatment due to the unprecedented COVID‐19 pandemic
[16]. In any event, good clinical efficacy has been achieved
for the patients undergoing clinical trial at HIMM.

In Table 3, it is interesting to note that a patient with
fibrosarcoma of the upper arm was still with SD 6 months
after treatment, but became CR 12months after treatment.
This anomaly may be caused by the immune responses
triggered by radiation‐induced cancer cell death [17–27].
Rare but consistent reports regarding the abscopal effect
of radiotherapy in cancer patients challenge the conven-
tional notion of radioimmunology [17–27]. Radiation‐
induced cancer cell death can trigger local/systemic
immune responses against local/metastatic lesions
[17–27]. Notably, carbon ion radiotherapy has unique
advantages in radioimmunology, including the diverse
aspects of physical and biological superiorities [16–18].

FUTURE DEVELOPMENT AND
PROSPECTS OF HIMM

To make full use of the inverted depth‐dose profile of
heavy ions, heavy ion therapy systems equipped with
super‐conducting rotational gantries will provide broader
clinical advantages for cancer patients. The feasibility
of FLASH radiotherapy using heavy ions and its
possible clinical impact on heavy ion therapy are also
important research fields. In long‐term development,

F IGURE 4 Comparison between measured cell survival data and
ciPlan‐calculated cell survival distribution in depth for 260MeV/u carbon
ion beam with a spread‐out Bragg peak (SOBP) of 60mm width.

F IGURE 5 Treatment plan of the first patient with chordoma in the skull base recruited in the clinical trial at Heavy Ion Medical
Machine (HIMM).
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patient‐specific RBE models and even patient‐specific
fractionation schemes can also be exploited to maximize
the benefit of heavy ion therapy. New facilities providing
more ion species such as helium, carbon, and oxygen
may also prove to be a trend towards optimizing heavy
ion therapy, because this makes the goal of increasing
the LET values in the target volume, especially hypoxic
tumors, possible. Sophisticated combined implementa-
tion of heavy ion therapy and immunotherapy will also be
an important and promising direction. Future develop-
ments mentioned above are all planned at IMP.

Through the efforts on heavy ion therapy in basic
research, technical development, and demonstration
facility construction at IMP, the first domestic heavy ion
therapy machine in Wuwei, China has achieved the
registration certificate of medical device and gets
access to the Chinese medical device market. More-
over, the HIMM facility has been in operation for clinical
use already. This paves the way for future industrial-
ization of heavy ion therapy techniques in China.
Two different beam delivery systems are provided,

and uniform scanning is prone to be operated at
HIMM. From the perspective of technical development,
intensity‐modulated carbon‐ion therapy is indispens-
able to delivering more doses to the target volume
while sparing the surrounding organs at risk as much
as possible. Therefore, spot‐scanning beam delivery
deserves a priority of use in future HIMM facilities. In
addition, more accurate radiation action models should
be established for better RBE prediction. It is encoura-
ging to see that a model called the logistic nanodosi-
metry model (LNDM) developed at IMP could predict
RBE values under different clinical scenarios for ion
beams [28]. We may see more applications of the
LNDM model in the future for complicated RBE
calculations and RBE transformation from in vitro to
in vivo data. The new LNDM model is being imple-
mented into ciPlan to compute RBE values. We believe
that the efforts on heavy ion cancer therapy at IMP not
only are in favor of popularizing the technique of heavy
ion radiotherapy in China but also contribute to the
international community of particle therapy.

TABLE 2 Detailed pathological classification in different parts of body.

Parts of body Pathological classification

Head and neck (a) Chordoma of skull base; (b) acoustic neuroma; (c) meningioma; (d) osteosarcoma of the maxilla;
(e) chondrosarcoma of the cavernous sinus; (f) malignant melanoma; (g) nonkeratinized squamous
cell carcinoma of the nasopharynx

Chest (h) Pulmonary carcinoid; (i) pulmonary adenocarcinoma; (g) metastatic lung cancer from osteosarcoma;
(k) leiomyosarcoma of the back; (l) acinar rhabdomyosarcoma of the back

Abdomen (m) Primary hepatocellular carcinoma; (n) metastatic liver cancer from a mid‐differentiated adenocarcinoma
of the rectum; (o) extraosseous Ewing's Sarcoma

Pelvic cavity (p) Prostatic adenocarcinoma; (q) adenosquamous carcinoma of the cervix; (r) mid‐differentiated squamous
cell carcinoma of the cervix; (s) endometrial stromal sarcoma; (t) acinar soft tissue sarcoma of pelvic wall;
(u) urethral malignant melanoma

Spine (v) Sacral chordoma; (w) malignant fibrous histiocytoma of the sacrum

Arms and legs (x) Chondrosarcoma of the forearm; (y) fibrosarcoma of the upper arm; (z) liposarcoma of lower limb;
(&) extraosseous osteosarcoma of lower limb

TABLE 3 Clinical results for the 46 patients undergoing the clinical trial in the Heavy Ion Medical Machine (HIMM) facility 3, 6, and
12 months after treatment.

Clinical effect 3 months posttreatment 6 months posttreatment 12 months posttreatment

Complete
response (CR)

1 case (1f) 6 cases (2f, 1m, 1o, 1r, 1z) 5 cases (2f, 1r, 1y, 1z)

Partial response (PR) 12 cases (1a, 1l, 3m, 1p, 1q,
1r, 1t, 1u, 1x, 1z)

13 cases (2a, 1d, 2g, 1h, 2m,
1p, 1q, 1t, 1u, 1x)

11 cases (1a, 1e, 1g, 2m,
1p, 1q, 1t, 1v, 1w, 1x)

Stable disease (SD) 33 cases (5a, 1b, 3c, 1d, 1e, 1f, 2g, 1h, 1i,
1k, 3m, 1n, 1o, 3p, 1s, 4v, 1w, 1y, 1&)

27 cases (4a, 1b, 3c, 1e, 1i, 1k, 1l,
3m, 1n, 3p, 1s, 4v, 1w, 1y, 1&)

19 cases (5a, 1b, 2c, 1h,
1k, 1m, 3p, 1s, 1u, 3v)

Progressive
disease (PD)

0 case 0 case 4 cases (2m, 1o, 1&)

Not evaluated (NE) 0 case 0 case 7 cases (1c, 1d, 1g, 1i,
1l, 1m, 1n)

Note: The codes (a–z, &) in the parenthesis are the same as (a–z, &) in Table 2.

HEAVY ION THERAPY AT IMP | 97



AUTHOR CONTRIBUTIONS
Qiang Li, Zheng Li, and Bingwen Zou wrote the
manuscript; Xinguo Liu, Zhongying Dai, Pengbo He,
Yuanyuan Ma, Guosheng Shen, Xiaodong Jin, Fei Ye,
Xiaogang Zheng, Ting Zhao, Hui Zhang, Yuehu Pu,
and Weiqiang Chen provided technical help. All authors
commented on previous versions of the manuscript and
approved the final manuscript.

ACKNOWLEDGEMENTS
This work was jointly supported by the National Key
Research and Development Program of China (Grant No.
2022YFC2401503), the National Natural Science Founda-
tion of China (Grant No. 11875299), and the West Light
Foundation of Chinese Academy of Sciences (Grant No.
xbzg‐zdsys‐201920).

CONFLICT OF INTEREST STATEMENT
Bingwen Zou is the Executive Editor of Malignancy
Spectrum and coauthor of this article. He was excluded
from the peer‐review process and all editorial decisions
related to the acceptance and publication of this article.
Peer review was handled independently by the other
editors to minimize bias. The other authors declare no
conflicts of interest. The authors alone are responsible
for the content and writing of the article.

DATA AVAILABILITY STATEMENT
We confirm that we have included a citation for
available data in our references section. The data that
support the findings of this study are available from the
corresponding author upon reasonable request.

REFERENCES
1. Durante M, Loeffler JS. Charged particles in radiation oncology.

Nat Rev Clin Oncol. 2010;7(1):37‐43.
2. Particle Therapy Co‐Operative Group (PTCOG). Via the

PTCOG website.
3. Li Q, Dai Z, Yan Z, Jin X, Liu X, Xiao G. Heavy‐ion conformal

irradiation in the shallow‐seated tumor therapy terminal at
HIRFL. Med Biol Eng Comput. 2007;45(11):1037‐1043.

4. Li Q. Biomedical research with heavy ions at the IMP
accelerators. Adv Space Res. 2007;40(4):455‐460.

5. Jin X, Liu Y, Ye F, et al. Role of autophagy in high linear energy
transfer radiation‐induced cytotoxicity to tumor cells. Cancer
Sci. 2014;105(7):770‐778.

6. Jin X, Li F, Zheng X, et al. Carbon ions induce autophagy
effectively through stimulating the unfolded protein response
and subsequent inhibiting Akt phosphorylation in tumor cells.
Sci Rep. 2015;5:13815.

7. Jin X, Zheng X, Li F, et al. Fragmentation level determines
mitochondrial damage response and subsequently the fate of
cancer cells exposed to carbon ions. Radiother Oncol. 2018;129(1):
75‐83.

8. Li Q, Sihver L. Therapeutic techniques applied in the heavy‐ion
therapy at IMP. Nucl Instr Meth Phys Res. 2011;269(7):664‐670.

9. Dai ZY, Li Q, Liu XG, Jin XD, Huang QY, Xiao GQ. Active spot‐
scanning test with heavy ions at HIRFL‐CSR. Chin Phys C.
2012;36(8):784‐791.

10. He P, Li Q, Liu X, et al. Respiratory motion management using
audio‐visual biofeedback for respiratory‐gated radiotherapy of

synchrotron‐based pulsed heavy‐ion beam delivery. Med Phys.
2014;41(11):111708.

11. Zhang H, Li S, Wang XH, et al. Results of carbon ion
radiotherapy for skin carcinomas in 45 patients. Br J Dermatol.
2012;166(5):1100‐1106.

12. Yang JC, Shi J, Chai WP, Xia JW, Yuan YJ, Li Y. Design of a
compact structure cancer therapy synchrotron. Nucl Instr Meth
Phys Res A. 2014;756:19‐22.

13. Liu XG, Li Q, Du XG, et al. A preliminary version of heavy ion
treatment planning system at IMP. Nucl Phys Rev. 2010;27(4):
480‐487.

14. Karger CP, Peschke P. RBE and related modeling in carbon‐ion
therapy. Phys Med Biol. 2017;63(1):01TR02.

15. Musolino SV. Absorbed dose determination in external beam
radiotherapy: an international code of practice for dosimetry
based on standards of absorbed dose to water. Technical
reports series no. 398. Health Phys. 2001;81(5):592‐593.

16. Li Z, Li Q, Wang X, et al. Carbon ion radiotherapy acts as the
optimal treatment strategy for unresectable liver cancer during
the coronavirus disease 2019 crisis. Front Public Health.
2021;9:767617.

17. Durante M, Formenti S. Harnessing radiation to improve immuno-
therapy: better with particles? Br J Radiol. 2020;93(1107):
20190224.

18. Matsunaga A, Ueda Y, Yamada S, et al. Carbon‐ion beam
treatment induces systemic antitumor immunity against murine
squamous cell carcinoma. Cancer. 2010;116(15):3740‐3748.

19. Zhou P, Wang Y, Qin S, et al. Abscopal effect triggered by
radiation sequential mono‐immunotherapy resulted in a com-
plete remission of PMMR sigmoid colon cancer. Front Immunol.
2023;14:1139527.

20. Ollivier L, Moreau Bachelard C, Renaud E, Dhamelincourt E,
Lucia F. The abscopal effect of immune‐radiation therapy in
recurrent and metastatic cervical cancer: a narrative review.
Front Immunol. 2023;14:1201675.

21. Viswanath D, Park J, Misra R, et al. Nanotechnology‐enhanced
radiotherapy and the abscopal effect: current status and
challenges of nanomaterial‐based radio‐immunotherapy. Wiley
Interdiscip Rev Nanomed Nanobiotechnol. 2023;15:e1924.

22. Pangal DJ, Yarovinsky B, Cardinal T, et al. The abscopal effect:
a systematic review in patients with brain and spine metasta-
ses. Neurooncol Adv. 2022;4(1):vdac132.

23. Craig DJ, Ambrose S, Stanbery L, Walter A, Nemunaitis J.
Systemic benefit of radiation therapy via abscopal effect. Front
Oncol. 2022;12:987142.

24. Demaria S, Formenti SC. The abscopal effect 67 years later: from a
side story to center stage. Br J Radiol. 2020;93(1109):20200042.

25. Brenneman RJ, Sharifai N, Fischer‐Valuck B, et al. Abscopal
effect following proton beam radiotherapy in a patient with
inoperable metastatic retroperitoneal sarcoma. Front Oncol.
2019;9:922.

26. Ngwa W, Irabor OC, Schoenfeld JD, Hesser J, Demaria S,
Formenti SC. Using immunotherapy to boost the abscopal
effect. Nat Rev Cancer. 2018;18(5):313‐322.

27. Demaria S, Golden EB, Formenti SC. Role of local radiation therapy
in cancer immunotherapy. JAMA Oncol. 2015;1(9):1325‐1332.

28. Dai T, Li Q, Liu X, et al. Nanodosimetric quantities and RBE of a
clinically relevant carbon‐ion beam. Med Phys. 2020;47(2):772‐
780.

How to cite this article: Li Q, Liu X, Dai Z, et al.
Progress in heavy ion cancer therapy at IMP and
future development. Malig Spect. 2024;1(2):
91‐98. doi:10.1002/msp2.22

98 | LI ET AL.

https://doi.org/10.1002/msp2.22

	Progress in heavy ion cancer therapy at IMP and future development
	INTRODUCTION
	DEDICATED HEAVY ION THERAPY FACILITY—HEAVY ION MEDICAL MACHINE (HIMM)
	PRECLINICAL EXPERIMENTS
	CLINICAL TRIALS AT HIMM
	FUTURE DEVELOPMENT AND PROSPECTS OF HIMM
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	REFERENCES




