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Background: Prostate cancer rates have been steadily increasing in recent years. As high-precision radiation 
therapy methods, stereotactic body radiation therapy (SBRT) and carbon-ion radiation therapy (CIRT) have 
unique advantages. Analyzing the dosimetric differences between SBRT and CIRT in the treatment of localized 
prostate cancer can help provide patients with more accurate, individualized treatment plans. 
Methods: We selected computed tomography positioning images and the contours of target volumes of 16 
patients with localized prostate cancer who received radiotherapy. We delineated the organs at risk (OARs) 
on the CyberKnife (CK) treatment planning system (TPS) MultiPlan4.0, which were imported into the 
CIRT uniform scanning TPS HIMM-1 ci-Plan. Two treatment plans, SBRT and CIRT, were designed for 
the same patient, and we used SPSS 22.0 for the statistical analysis of data. 
Results: Both SBRT and CIRT plans met the prescribed dose requirements. In terms of target volume 
exposure dose, D2 (P<0.001), D5 (P<0.001), D50 (P<0.001), D90 (P=0.029), D95 (P<0.001), D98 (P<0.001), and 
Dmean (P<0.001) under SBRT were significantly higher than those under CIRT; the conformity index (CI) under 
SBRT was significantly better than that under CIRT (P<0.001); the target volume coverage rate (V95%) and dose 
homogeneity index (HI) under CIRT were significantly better than those under SBRT (P<0.001). In terms of 
OAR exposure dosage, the Dmax of the bladder and rectum under SBRT was significantly lower than that under 
CIRT (P<0.001), but Dmean was in the other direction; the exposure dose of the intestinal tract under CIRT was 
significantly lower than that under SBRT (P<0.05); Dmax of the femoral head under CIRT was significantly lower 
than that under SBRT (P<0.05), and there was no statistical difference between them at other doses. 
Conclusions: In this study, we found that when CIRT was used for treating localized prostate cancer, the 
dose distribution in target volume was more homogeneous and the coverage rate was higher; the average 
dose of OARs was lower. SBRT had a better CI and higher dose in target volume; the dose hotspot was 
lower in OARs. It is important to comprehensively consider the dose relationship between local tumor and 
surrounding tissues when selecting treatment plans.
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Introduction

Prostate cancer, a common malignant tumor in the male 
urogenital system that occurs in the prostatic epithelium, 
is a major public health issue (1,2). With advances in the 
development of prostate-specific antigen (PSA) screening, 
prostate-specific membrane antigen (PSMA), genetic 
testing, molecular imaging, and other technologies (3-6), 
the incidence rate of prostate cancer is increasing year by 
year, as shown in Table 1 (7,8).

Localized prostate cancer is a chronic disease and is not 
life-threatening in the short term. An effective mode of 
treatment can improve the quality of life of patients while 
improving their survival rate and reducing toxicity and side 
effects (9). As one of the radical treatments for localized 
prostate cancer, radiotherapy is not significantly different 
from surgery in terms of tumor control rate, survival 
rate, and incidence of toxicity and side effects (10-12),  
while it has the advantages of broad indications, fewer 
complications, good curative effect, and is accepted by most 
patients (13,14).

At present, most stereotactic body radiotherapy (SBRT) 
is done on the CyberKnife (CK) (15). It integrates real-time 
image guidance and dynamic tumor tracking technology, 
and has the advantages of short treatment time, high 
conformity index (CI) of target volume, high dose gradient, 
high treatment accuracy, low toxicity and side effects, and 
high local control (LC) rate (16,17), and is one of the latest 
and most advanced photon radiotherapy equipment.

The 12C6+ beam used in carbon-ion radiation therapy 
(CIRT) has high linear energy transfer (LET), and its 
relative biological effect is about 2.5–3 times that of 
X-ray. The reversed dose distribution and spread-out 
Bragg peak (SOBP) enable it to release a large amount of 
energy in the target volume, which can achieve targeted 
tumor killing (18,19).

When compared with conventional radiotherapy (X-ray 
and γ-ray), both SBRT and CIRT have the advantages of 
high single dose, less fractions, and good protection of 
normal tissues. It was found that, on the premise of ensuring 
the efficacy and quality of life, increasing the single dose can 
reduce the total dose required (20). In this paper, we aimed 
to preliminarily explore the dosimetric advantages and 
heterogeneity of SBRT and CIRT, and provide theoretical 
and evidence support for clinicians, physicists, and patients 
to select the treatment methods.

Methods

Clinical data

In strict accordance with the inclusion criteria for the 
retrospective study, we included the positioning images 
[computed tomography (CT)] of 16 patients with localized 
prostate cancer who sought medical treatment at the 
Department of Radiotherapy of the 940th Hospital of Joint 
Logistics Support Force of Chinese People’s Liberation 
Army, the Department of Radiotherapy of the First 
Hospital of Lanzhou University, and the Department of 
Radiotherapy of Lanzhou University Second Hospital 
from March 2014 to April 2021 (12 cases, 2 cases, and 2 
cases, respectively). The pathology diagnosis was confirmed 
using prostate needle biopsy. In terms of case selection, we 
identified patients suitable for SBRT and CIRT treatments. 
Among the 16 patients, not all of them had been treated 
with CK and CIRT, and for this study, we considered 
patients who would be suitable for these two treatments. A 
clinician approved by the Chief Physician was responsible 
for outlining of the tissue for all cases in the study.

The main clinical symptoms were progressive dysuria, 
frequent urination, urgency of urination, increased nocturia, 
and even urinary incontinence. The average age was 73 years 
(43–89 years), and the average size of the primary tumor was 
62.91 mm (47.57–90.84 mm). According to the guidelines 
of the National Comprehensive Cancer Network (NCCN), 
there were 5, 6, and 5 patients with low-, medium-, and high-
risk of localization, respectively. In this retrospective study, 
all the positioning images were of treatment-naive patients. 
Lymph node or distant metastasis was excluded, and there was 
no contraindication to radiotherapy. This study was conducted 
in accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by the Ethics Committee of 
the 940th Hospital of Joint Logistics Support Force of Chinese 
People’s Liberation (No. 2022KYLL074). Written informed 
consent was obtained from all participants.

The new senior engineer of Gao Bank developed the 
CK treatment plan in this study, and engineer Ma XY drew 
up the CIRT treatment plan. Both of these professionals 
have more than 10 years of relevant work experience. Chief 
Physician Li was responsible for the review.

Position fixation and CT scan

Before positioning and scanning, a special vacuum negative 
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pressure pad or thermoplastic phantom was made for 
patients. All patients were placed in a naturally relaxed 
supine position, with their hands crossed, holding their 
elbows and placed above the forehead, and their lower 
limbs naturally flat. Positron emission tomography/computed 
tomography (PET-CT) simulated positioner (Siemens, 
Germany), CT simulated positioner, and MRI were used for 
positioning and scanning. The scanning range was from the 
upper edge of the lumbar vertebra 3 to 5 cm below the ischial 
tubercle. The layer thickness and layer spacing of CT scanning 
were both 2–5 mm. The positioning images were uploaded 
to the CK MultiPlan4.0 treatment planning system (TPS) 
workstation in medical digital image and Digital Imaging and 
Communications in Medicine (DICOM) format to delineate 
the contours of target volume and organs at risk (OARs).

Target volume delineation and prescribed dose

In accordance with the International Commission on 
Radiation Units and Measurements (ICRU) Report 83 (21),  
we delineated the target volume and OARs using the CK 
MultiPlan 4.0 TPS workstation, and the delineated tissue 
contours were imported into the CIRT TPS ci-Plan. As CT 
and MRI could not accurately detect all foci in the prostate (22), 
the gross tumor volume (GTV) was usually not delineated.

After CT image reconstruction, the clinical target 
volume (CTV), planning target volume (PTV), and OARs 
were directly delineated. The CTV of localized low-
risk patients included the whole prostate, and the CTV 
of medium- and high-risk patients included the prostate 
and 1–2.5 mm proximal end of the external seminal vesicle 
gland (23). To eliminate the uncertainties caused by organ 
movement, positioning errors, and dose distribution, PTV 
was expanded outward on the basis of CTV. As the prostate 
is close to the rectum, PTV was expanded outward by  
3 mm along the direction of rectum, and expanded outward 
uniformly by 5 mm along the other directions (24). Manual 
correction was performed according to individual differences.

According to the target volume delineation principles 
of the OARs in the Radiation Therapy Oncology Group 

(RTOG) (25), we included the rectum, bladder, intestinal 
tract, and femoral heads in the delineation range of OARs 
(26,27). The rectum was delineated horizontally from 
the ischial tubercle to the junction of rectum and sigmoid 
colon. The whole bladder was delineated. The delineated 
intestinal tract included the corresponding layer of PTV 
and all small intestine and colon (including intestinal walls 
and contents), and the delineated femoral heads included 
femoral heads and femoral neck structures on both sides.

In this study, we designed two different treatment plans 
for the same patient with the biological equivalent dose 
(BED) of 161.28 Gy/Gy [relative biological effectiveness 
(RBE)]. The prescribed doses of SBRT and CIRT were 
35.47 Gy/5f and 57.6 Gy (RBE)/16f, respectively (28). Based 

on  ( )( ) ( )2+ = 1E D D nd dα β α α β= +   , we deduced that 

 
( ) 1 2

1 21 1 1d dBED E nd d D Dα α β
α β α β

   
= = + = + = +      

    , 
 ( ) ( )1 1 1 2 2 2n d d n d dα β α β+ = +  where D represents the 
total dose of radiotherapy; d represents fractional dose; n 
indicates the count.

We obtained the prescription doses of SBRT and CIRT 
by combining the clinically effective prescription doses. 
However, the use of this method also has some limitations, 
for example, in the case of identical BEDs, both need to 
meet the requirements of clinical use.

Through a literature review, we identified that the 
most commonly used CK segmentation methods are  
35–36.25 Gy/5f, and the most commonly used CIRT is  
57.6 Gy (RBE)/16f for radiotherapy in prostate cancer. 
As our study was based on clinical use, we used the CIRT 
BED as the reference. We additionally determined the 
prescription dose and segmentation method of CK to 
analyze the heterogeneity of their dosimetric distribution. 

As 
 

( ) 1 2
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,  

in order to facilitate comparative analysis of the differences 
between the two during data processing, we analyzed 
equivalent doses in 2 Gy/f (EQD2), which was converted 
into 2 Gy/f for conventional radiotherapy, and we did 

Table 1 Statistics of morbidity and mortality of prostate cancer in China

Year
Incidence rate Mortality rate

No. of new cases (104) % of all men in China Rank No. of death cases (104) % of all men in China Rank

2013 (7) 5.98 2.9 6 2.52 1.8 10

2020 (8) 11.5 4.7 6 5.1 2.8 7
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not use BED. Since the volume covered by 95% of 
the prescription dose cannot be calculated in CK, we 
used the CI algorithm of the CK system TPS in SBRT,  
namely:  PIVCI

TIV
= , In statistics, for intuitive analysis, it is 

converted to a value less than 1.

Plan design

We formulated the SBRT plan in the CK MultiPlan4.0 
TPS (CyberKnife, Accuray Inc. Sunnyvale, CA, USA). 
We adopted the reverse design principle and 6 MV X-ray 
energy and used the gold mark/spine tracking method. 
The positioning center was the geometric center of the 
tumor, the size of the applicator was about 2nd/3rd of the 
maximum diameter of the tumor (29), the dose rate was  
800 MU/min, and 95% PTV was required to receive at least 
95% of the prescribed dose. As per the RTOG standard (30), 
the dose limits of normal tissues are shown in Table 2. The 
parameters were optimized and evaluated according to the 
isodose curves and dose-volume histogram (DVH) diagrams 
while ensuring the coverage of the target volume.

In the CIRT plan (HIMM-1ci-Plan), we adopted the 
forward design principle and dual-field interpenetrating 
irradiation. The single Bragg peak is sharp and narrow—in 
order to be suitable for the treatment of tumors of different 
sizes, Bragg needs to be appropriately spread out. In this 
study, we used uniform scanning technology for carbon ion 
treatment as per the Treatment Room 2 of the Heavy-Ion 
Medical Machine (HIMM) facility in Wuwei to scan the 
beam into wide beam. The beam was horizontally expanded 
with triangular wave and other scanning methods, the 
Bragg peak of the beam was longitudinally widened using 
the ridge filter, and we used the multi-leaf collimator (MLC) 
for conformal irradiation of the maximum cross section.

As per the RTOG standards, 95% isodose lines should 
cover 100% PTV (27); the dose limits of normal tissues are 
shown in Table 2. The dose drops steepness at the rear edge 
of the 12C6+ beam field was better than that at the side edge. 
When the PTV dose conditions were met, the exposure dose 
of OARs in the adjacent target volume was reduced as far as 
possible to meet the clinical treatment requirements (31).

Plan evaluation

Based on the recommendations of the RTOG guidelines (25) 
and the ICRU Report 83 (21), we evaluated the treatment 
plan from the perspective of the dose distribution of the 
target volume, the CI, the homogeneity index (HI), and 
the dose distribution of OARs. The dosimetric parameters 
of SBRT and CIRT cannot be directly compared in 
radiobiology and need to be converted into EQD2 
according to the linear-quadratic (L-Q) model; this is also 
applicable to CIRT (32). The α/β value of the tumor target 
volume was 1.5 Gy (33,34), that is, 5 Gy for the rectum,  
10 Gy for the bladder, and 8 Gy for the intestinal tract (35).

Evaluation of PTV dosimetric parameters
We conducted a comprehensive plan evaluation based on the 
isodose curves and DVH diagrams. According to the ICRU 
Report 83, the maximum exposure dose of the target volume 
is D2, the minimum exposure dose is D98, the average 
exposure dose is expressed in Dmean, and D95 is used to 
evaluate the coverage of the target volume dose. In this study, 
we used D98, D95, D90, D50, D5, D2, Dmean, CI, and HI to 
evaluate the dose distribution of PTV, where D2 represents 
the minimum exposure dose received by 2% volume.

CI: the CI of PTV in CIRT is shown in Formula [1], 
where PTV95 represents 95% of the PTV volume, PTV 

Table 2 Dose limits of normal tissues under SBRT and CIRT for the treatment of prostate cancer

Organ
SBRT-CK (5 frequency) CIRT (16 frequency)

Volume (cm3) Dose (Gy) Dmax (Gy) Volume dose [Gy (RBE)]

Bladder <15 18.3 38 D50%≤50

Rectum <20 25 38 D40%≤50, D20%≤60

Bowel <5 19.5 35 D50%≤30, Dmax ≤45–50

Femoral heads <10 30 – D5%≤50, D15%≤30

SBRT-CK (5 frequency): for bladder, the volume with a dose of 18.3 Gy should not exceed 15 cm3, and the Dmax should not exceed  
38 Gy; CIRT (16 frequency): bladder D50%, the exposure dose of 50% bladder volume should not exceed 50 Gy (RBE). SBRT-CK: in 
SBRT radiotherapy, the device used is the Cyberknife CK. SBRT, stereotactic body radiotherapy; CIRT, carbon-ion radiation therapy; CK, 
CyberKnife; RBE, relative biological effectiveness; Dmax, maximum irradiation dose.
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represents the volume of PTV, and V95 represents the 
volume covered by 95% of the prescribed dose. The CI of 
the PTV of CK is shown in Eq. [2], where PIV represents 
the volume of all tissues wrapped by the prescribed dose, 
and TIV represents the target volume wrapped by the 
prescribed dose. CI can objectively reflect the conformity 
of radiotherapy dose distribution to the size and shape of 
the target volume. When CI is closer to 1, it means higher 
conformity and better dose distribution (21,36). The CI of 
CK is normalized.

 ( )2PTV95
CI

PIV V95
=

⋅
 [1]

 PIVCI
TIV

=  [2]

The HI, which can be used to analyze and quantify the 
homogeneity of dose distribution in the target volume, is 
shown in Eq. [3]. When HI is closer to 0, it means more 
homogeneous dose distribution in the target volume.

 

mean

D2 D98HI
D
−

=  [3]

Evaluation parameters of OARs
	Bladder: Dmax, Dmean, D50;
	Intestinal tract: Dmax, Dmean, D50;
	Rectum: Dmax, Dmean, D40, D20;
	Bilateral femoral heads: Dmax, Dmean, D15, D5.

Statistical analysis

We used IBM SPSS 22.0 software for the statistical analysis 
of all data in this study, and the data are expressed as mean 
± standard deviation (x±s). The volume dose parameters 
of PTV and OARs were collected according to the DVH 
diagrams. The samples in normal distribution were tested 
using paired-samples t-test; the samples not in normal 
distribution were tested using paired-samples rank sum test. 
The difference was statistically significant when P<0.05.

Results

In this study, we formulated a total of 32 treatment 
plans for 16 patients with localized prostate cancer. We 
performed the dosimetric analysis on the target volumes 
and OARs, and all doses were converted into EQD2. In the 
CK treatment plan, 3 cases still failed to cover 95% PTV 
volume (87.12–92.82%) with 95% prescribed dose, while 
CIRT could cover 100% PTV volume with 95% prescribed 
dose. The transverse, sagittal, and coronal dose distribution 
of SBRT and CIRT of one case are shown in Figure 1, and 
DVH of one case is shown in Figure 2.

Dosimetric analysis of PTV

The PTV related parameters of the two treatment plans 
are shown in Table 3. In this study, the volume percentages 
covered by 95% prescribed dose of the PTVs of SBRT 

Figure 1 Isodose curves of two TPSs for a patient (A-C: SBRT, D-F: CIRT). TPS, treatment planning system; SBRT, stereotactic body 
radiotherapy; CIRT, carbon-ion radiation therapy.

Axial view Sagittal view Coronal view
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and CIRT were 93.24±4.00 and 100±0.00, respectively 
(P<0.001); HI was 0.45±0.08 and 0.09±0.03, respectively 
(P<0.001); CI was 0.89±0.04 and 0.81±0.04, respectively 
after normalization (P<0.001); D98 was 62.29±10.90 and 
76.71±1.81, respectively (P<0.001); D95 was 69.93±9.21 and 
80.64±0.00, respectively (P<0.001); D90 was 78.13±7.49 and 
82.60±0.88, respectively (P=0.029); D50 was 112.61±6.05 
and 84.98±1.84, respectively (P<0.001); D5 was 144.01±1.87 
and 88.06±2.37, respectively (P<0.001); D2 was 146.75±1.87 
and 89.53±2.79, respectively (P<0.001), and Dmean was 
109.31±4.89 and 84.77±1.48, respectively (P<0.001), which 
all had significant clinical implication.

When PTV dose volume was more than 90%, the target 
volume dose of CIRT was significantly higher than that of 

SBRT, and this was the opposite when PTV dose volume 
was less than 90%. With respect to the SBRT target volume, 
the overall dose was higher, the CI was closer to 1, and the 
conformity was better. With respect to the CIRT target 
volume, the coverage was better, the HI was closer to 0, and 
dose distribution was more homogeneous. Details are given 
in Table 3 and Figure 3. One of the advantages of SBRT is the 
rapid dose drop. The hemispherical beam distribution in CK 
disperses the dose such that a high dosage is concentrated in 
the target area while the dosage in the surrounding normal 
tissue is low, resulting in a large dose gradient. Uniform 
dose distribution is also a requirement of using CIRT, and 
the presence of the Bragg peak in CIRT flattens the dose 
distribution in the tumor target area.

Figure 2 DVH diagram of two TPSs for a patient (A: SBRT, B: CIRT). CTV, clinical target volume; PTV, planning target volume; DVH, 
dose-volume histogram; SBRT, stereotactic body radiotherapy; CIRT, carbon-ion radiation therapy; TPS, treatment planning system.

Table 3 Comparison of dose distribution in target volumes between SBRT and CIRT treatment plans

Organ Volume dose SBRT (Gy) CIRT [Gy (RBE)] t P

PTV D2 146.75±1.87 89.53±2.79 −82.480 <0.001

D5 144.01±2.51 88.06±2.37 −75.639 <0.001

D50 112.61±6.05 84.98±1.84 −16.428 <0.001

D90 78.13±7.49 82.60±0.88 2.423 0.029

D95 69.93±9.21 80.64±0.00 4.654 <0.001

D98 62.29±10.90 76.71±1.81 5.146 <0.001

Dmean 109.31±4.89 84.77±1.48 −19.663 <0.001

V95% 0.93±0.04 1.00±0.00 6.336 <0.001

CI 0.89±0.04 0.81±0.04 −5.1 <0.001

HI 0.45±0.08 0.09±0.03 −15.601 <0.001

Data are expressed as mean ± standard deviation (x±s), and 2 is retained as a decimal. D98 represents the minimum exposure dose of 
PTV; D2 represents the maximum exposure dose of PTV; V95% represents the volume percentage of PTV covered by 95% prescribed 
dose, and SBRT CI is normalized. PTV, planning target volume; SBRT, stereotactic body radiotherapy; CIRT, carbon-ion radiation therapy; 
RBE, relative biological effectiveness; CI, conformity index; HI, homogeneity index.
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Analysis of dosimetric parameters of OARs

Exposure dose of bladder
The Dmax (maximum exposure dose) of SBRT and CIRT 
was 46.52±5.90 and 70.04±2.69 (P<0.001), Dmean (average 
exposure dose) was 12.64±3.97 and 4.45±2.77 (P<0.001), and 
D50 was 11.16±3.60 and 0.13±0.31 (P<0.001), respectively, 
all of which had significant differences. The relevant 
parameters are shown in Table 4 and Figure 4. There were 
individual hotspots in the bladder in the CIRT treatment 
plan, resulting in the Dmax being significantly greater than 
that in SBRT; the Dmean and D50 of CIRT were significantly 
lower than those of SBRT, so the overall exposure dose of 

the bladder was lower.

Exposure dose of intestinal tract
The Dmax of SBRT and CIRT was 20.65±12.52 and 
10.81±22.96 (P=0.008), Dmean was 4.43±2.18 and 0.06±0.21 
(P<0.001), and D50 was 4.33±2.24 and 0.00±0.00 (P<0.001), 
respectively, all of which had significant differences. The 
relevant parameters are shown in Table 4 and Figure 4. The 
exposure dose of intestinal tract of CIRT was significantly 
lower than that of SBRT, and the average dose was basically 
close to 0 Gy (RBE), which realized better intestinal 
protection. Two patients had large tumor target volume, 
which was partially surrounded by the intestine, resulting in 
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Figure 3 PTV volume dose histogram, line chart, and CI and HI box plots of 16 patients. *, P<0.05, ***, P<0.001. RBE, relative biological 
effectiveness; SBRT, stereotactic body radiotherapy; CIRT, carbon-ion radiation therapy; PTV, planning target volume; CI, conformity 
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a larger Dmax.

Exposure dose of rectum
The Dmax of SBRT and CIRT was 60.69±5.31 and 
70.76±6.51 (P<0.001), Dmean was 13.87±5.39 and 5.26±4.64 
(P<0.001), D40 was 15.33±6.85 and 3.31±5.63 (P<0.001), 
and D20 was 25.02±9.35 and 9.57±12.99 (P<0.001), 
respectively, all of which had significant differences. The 
relevant parameters are shown in Table 4 and Figure 4. The 
rectum Dmax of SBRT was lower, and the other exposure 
doses of CIRT were lower. The dose distribution was 
similar to that of the bladder.

Exposure dose of left/right femoral head
The left femoral head under SBRT and CIRT: Dmax was 
23.72±11.41 and 17.37±2.31 (P=0.03), Dmean was 8.11±3.73 
and 5.83±4.02 (P=0.1), D15 was 13.60±6.05 and 11.18±4.43 
(P=0.303), D5 was 17.11±7.88 and 14.05±2.68 (P=0.159), 
respectively; right femoral head: Dmax was 23.15±6.63 

and 17.86±2.13 (P=0.004), Dmean was 7.28±3.09 and 
6.46±3.73 (P=0.503), D15 was 12.45±4.50 and 13.04±2.57 
(P=0.594), D5 was 15.77±4.62 and 14.88±1.99 (P=0.406), 
respectively. The relevant parameters are shown in  
Table 4 and Figure 4. The Dmax of left/right femoral head 
of CIRT was significantly lower than that of SBRT; there 
was no significant difference in Dmean, D15, and D5, but 
the exposure dose of CIRT was lower, which had better 
protection for the femoral head.

Discussion

Prostate cancer is age-dependent to a certain extent. 
According to statistics, more than 85% of patients have 
an onset age of over 65 years. It is estimated that the 
proportion of elderly people over 65 years old in China 
will exceed 20% of the total population by 2040, and the 
incidence rate will increase gradually, so effective treatment 
method will benefit a large number of patients. There is 

Table 4 Comparison of dose distribution in OARs between SBRT and CIRT treatment plans

Organ Volume dose SBRT (Gy) CIRT [Gy (RBE)] t P

Bladder Dmax 46.52±5.90 70.04±2.69 20.732 <0.001

Dmean 12.64±3.97 4.45±2.77 −9.479 <0.001

D50 11.16±3.60 0.13±0.31 12.888 <0.001

Bowel Dmax 20.65±12.52 10.81±22.96 3.032 0.008

Dmean 4.43±2.18 0.06±0.21 8.393 <0.001

D50 4.33±2.24 0.00±0.00 7.745 <0.001

Rectum Dmax 60.69±5.31 70.76±6.51 7.021 <0.001

Dmean 13.87±5.39 5.26±4.64 12.565 <0.001

D40 15.33±6.85 3.31±5.63 2.932 <0.001

D20 25.02±9.35 9.57±12.99 11.955 <0.001

Left femoral 
heads

Dmax 23.72±11.41 17.37±2.31 −2.389 0.030

Dmean 8.11±3.73 5.83±4.02 −1.750 0.100

D15 13.60±6.05 11.18±4.43 −1.067 0.303

D5 17.11±7.88 14.05±2.68 −1.482 0.159

Right femoral 
heads

Dmax 23.15±6.63 17.86±2.13 −3.432 0.004

Dmean 7.28±3.09 6.46±3.73 −0.686 0.503

D15 12.45±4.50 13.04±2.57 0.545 0.594

D5 15.77±4.62 14.88±1.99 −0.855 0.406

Data are expressed as mean ± standard deviation (x±s), and 2 is retained as a decimal. OARs, organs at risk; SBRT, stereotactic body 
radiotherapy; CIRT, carbon-ion radiation therapy; RBE, relative biological effectiveness. 
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a large difference in the α/β value between the tumor and 
surrounding OARs, and hence, there is a difference in 
radiation sensitivity, which makes it possible to perform 
hypo-fractionated radiotherapy (37).

In recent years, image-guided radiotherapy, precise 
planning, and precision radiotherapy treatment reflect the 
advances made in radiotherapy for prostate cancer (38,39). 
SBRT technology represented by CK has been widely used 
in clinical practice. High single dose, less fractions, accurate 
real-time target volume image tracking technology, and 
short treatment cycle improve the treatment comfort of 
patients and the quality of radiotherapy (40). Many research 
centers in China and abroad have shown that SBRT can 
achieve the same or better survival and curative effect in 
a shorter treatment course (41-44), which improves the 
quality of life of patients to a certain extent.

After nearly 30 years of clinical use, CIRT technology 
has gradually evolved. Compared to photon technology, 
it can significantly improve the overall survival (OS) and 
LC rate of the tumor, significantly reduce the toxicity and 
side effects on the gastrointestinal tract and achieve good 
curative effect (45-49). Its greatest advantage is reversed 
dose distribution and high biological effect. It changes the 

12C6+ beam energy and adjusts the position of the Bragg 
peak to achieve high dose coverage of the tumor target 
volume, reduce the exposure to the surrounding normal 
tissues, and provide best protection for OARs. It is a novel 
radiotherapy method and has become a research hotspot 
in China and abroad in recent years, but further follow-up 
studies on a large number of cases is required to determine 
its clinical efficacy in China.

At present,  both SBRT and CIRT are accurate 
radiotherapy technologies with several reports on their 
clinical efficacy, and their advantages have been confirmed. 
However, there are only a handful of reports on the 
dosimetric analysis of the same disease treated with these 
two technologies. In this study, we used the same BED, 
combined two different rays and different treatment 
methods, and further analyzed the advantages of SBRT and 
CIRT in individualized treatment from the perspective of 
dosimetry. In this study, however, after the optimization 
calculation of CK, 95% of the prescribed dose failed to 
cover 95% of the PTV volume as the primary foci of 
individual patients were surrounded by the intestine, or the 
primary foci were close to the rectum and bladder, or the 
volume of the primary focus was too large.
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Dose distribution of target volume

Both treatment plans in this study fulfilled the clinical 
prescribed dose requirements and met the radiotherapy 
standards for prostate cancer. Under the same BED 
conditions, the average dose of SBRT target volume was 
higher, which may be related to the dose algorithm of 
CK to some extent. In the design of the treatment plan, 
70% isodose line was required to cover at least 95% of the 
target volume, that is, 70% isodose line was the prescribed 
dose. Increasing this value can reduce the average exposure 
dose and improve the dose homogeneity of the target 
volume, but the dose may not meet the clinical treatment 
requirements, affecting the conformity of the target volume. 
At the same time, with the same BED, less fractions and 
higher single dose will lead to higher prescribed dose, 
resulting in an increase in the overall exposure dose.

The conformity of SBRT target volume was better, 
which may be related to the physical characteristics of CK 
itself. In this study, the CK radiation beams ranged from 
300–496. The scattered beam made the dose concentrate 
mainly on the tumor target volume, and the dose gradient 
was steeper. However, CIRT had better coverage of the 
target volume and a more homogeneous dose distribution. 
The energy transfer value of 12C6+ beam is a function of the 
incident depth. Most of the energy could be deposited at a 
specific tissue depth within a clear range, and the physical 
advantages of SOBP were fully reflected in the DVH 
diagram.

Dose distribution of OARs

Radiotherapy, however, inevitably causes radiation-related 
complications during treatment. Neal et al. (50) estimated 
that the influencing factors of the toxicity and side effects 
of radiotherapy on the rectum, bladder, and femoral head 
were 20, 5, and 1, respectively, but there are only a few 
reports on the toxicity and side effects on the femoral head 
and intestine (51). Therefore, it is necessary to reduce 
the exposure dose of the rectum and bladder during 
radiotherapy, and the dose value can affect the treatment 
effect to a certain extent.

From the perspective of the anatomical structure, 
the target volume is located between the bladder and 
rectum. Some patients had large foci that are close to the 
bladder and rectum, resulting in high-dose hotspots on 
the side close to the focus, thus making the Dmax of CIRT 
significantly greater than CK. It has been reported that 
when the exposure dose of the bladder exceeds 60 Gy,  

symptoms such as urgency of urination, hematuria, and 
cystitis may occur (52). In terms of Dmean and D50, CIRT 
showed good physical characteristics, lower overall 
exposure dose, and better protection of bladder than CK. 
The dose distribution characteristics of the rectum were 
consistent with those of the bladder. It is important that the 
bladder is adequately full, and the rectum is emptied before 
radiotherapy. In this study, the maximum exposure doses of 
the bladder and rectum treated with CK were lower than 
54.56 and 63.73 Gy (both converted to EQD2) reported by 
Chatzikonstantinou et al. (53).

In terms of intestinal protection, except for two patients 
with partial target volume surrounded by the intestinal 
tract, which led to the Dmax of CIRT being higher than that 
of CK, the Dmax was lower for other patients. In this case, 
CK could disperse the dose, which was more advantageous 
for intestinal protection. However, the Dmean of CIRT was 
significantly lower than that of CK—it was basically close to 
0 Gy (RBE) and better for intestinal protection.

For the left/right femoral head, the Dmax of CIRT was 
significantly lower than that of CK, and there was no 
significant difference in the Dmean; however, the dose of 
CIRT was lower, which may be related to the long distance 
of the femoral head from the target volume. In CIRT, 
the femoral head is located in the beam plateau region, 
which reduces the exposure dose. The CK beam has a 
hemispherical spatial distribution, so the overall exposure 
dose is higher than that of CIRT.

The RBE of carbon ions is complex and related to 
energy, LET value, tumor type, and therapeutic dose. 
In this study, we have only discussed the difference in 
dosimetric distribution of two different treatment plans at 
the same equivalent biological dose at the dosimetric level; 
we did not consider the influence of LET and RBE. This is 
also a limitation of this study. Another shortcoming of this 
study is that, due to the TPS system, the dose distribution 
map in CK cannot be displayed in the form of a cloud 
map, and the position of the sagittal bitmap also cannot be 
presented in the form of a mirror image, resulting in an 
inconsistency in the form of representation between the 
two. Due to the low incidence of prostate cancer in Gansu 
Province, we collected cases from several other units, 
and after screening for the two indications, the number 
of localized prostate cancer cases that were suitable for 
SBRT and CIRT treatment was not very large. Due to the 
limitation of the number of cases, we chose to conduct a 
holistic study and analyze all cases. We are considering 
separate studies for patients with different risk levels.
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Conclusions

In this study, we found that both SBRT and CIRT met 
the clinical requirements of target volume and OARs in 
radiotherapy for localized prostate cancer. The PTV of 
prostate cancer under SBRT had better conformity and 
significantly higher dose in target volume, while the CIRT 
plan had higher coverage of target volume and more 
homogeneous dose distribution, and better protection for 
OARs, except for individual dose hotspots in the bladder 
and intestinal tract. Therefore, we recommend that the 
treatment techniques should be selected according to the 
local lesion volume and other specific conditions of low-,  
medium-, and high-risk patients with localized prostate 
cancer. In view of the limited number of cases included 
in this preliminary study, the results may be biased. 
Additionally, human factors can vary greatly among 
different clinicians. In future, studies with large clinical data 
are required to verify and support our conclusions.
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