
Zhang et al. Radiation Oncology          (2023) 18:102  
https://doi.org/10.1186/s13014-023-02285-6

RESEARCH

Advantages and robustness of partial 
VMAT with prone position for neoadjuvant 
rectal cancer evaluated by CBCT-based offline 
adaptive radiotherapy
Zhe Zhang1, Shou Yu1, Feng Peng1, Zhibo Tan1, Lei Zhang1, Daming Li1, Pengfei Yang1, Zhaoming Peng1, 
Xin Li1,2, Chunfeng Fang3, Yuenan Wang1* and Yajie Liu1,2* 

Abstract 

Background and purpose This study aims to explore the advantages and robustness of the partial arc combined 
with prone position planning technique for radiotherapy in rectal cancer patients. Adaptive radiotherapy is recalcu-
lated and accumulated on the synthesis CT (sCT) obtained by deformable image registration between planning CT 
and cone beam CT (CBCT). Full and partial volume modulation arc therapy (VMAT) with the prone position on gas-
trointestinal and urogenital toxicity, based on the probability of normal tissue complications (NTCP) model in rectal 
cancer patients were evaluated.

Materials and methods Thirty-one patients were studied retrospectively. The contours of different structures were 
outlined in 155 CBCT images. First, full VMAT (F-VMAT) and partial VMAT (P-VMAT) planning techniques were designed 
and calculated using the same optimization constraints for each individual patient. The Acuros XB (AXB) algorithm 
was used in order to generate more realistic dose distributions and DVH, considering the air cavities. Second, the 
Velocity 4.0 software was used to fuse the planning CT and CBCT to obtain the sCT. Then, the AXB algorithm was used 
in the Eclipse 15.6 software to conduct re-calculation based on the sCT to obtain the corresponding dose. Further-
more, the NTCP model was used to analyze its radiobiological side effects on the bladder and the bowel bag.

Results With a CTV coverage of 98%, when compared with F-VMAT, P-VMAT with the prone position technique 
can effectively reduce the mean dose of the bladder and the bowel bag. The NTCP model showed that the P-VMAT 
combined with the prone planning technique resulted in a significantly lower complication probability of the bladder 
(1.88 ± 2.08 vs 1.62 ± 1.41, P = 0.041) and the bowel bag (1.28 ± 1.70 vs 0.95 ± 1.52, P < 0.001) than the F-VMAT. In terms 
of robustness, P-VMAT was more robust than F-VMAT, considering that less dose and NTCP variation was observed in 
the CTV, bladder and bowel bag.

Conclusion This study analyzed the advantages and robustness of the P-VMAT in the prone position from three 
aspects, based on the sCT fused by CBCT. Whether it is in regards to dosimetry, radiobiological effects or robustness, 
P-VMAT in the prone position has shown comparative advantages.
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Background
External radiation therapy prior to surgery is the stand-
ard treatment for non-metastatic locally advanced rectal 
cancer [1]. For these patients, a dose of 25 × 2 Gy is usu-
ally given clinically to reduce the stage and improve the 
complete resection rate [2]. However, some dose-related 
toxicity to the organs at risk (OARs) is inevitable dur-
ing pelvic radiotherapy, especially for the bladder and 
the small intestine [3]. At present, some methods are 
available to reduce the dose toxicity of OARs, such as 
the use of intensity-modulated radiotherapy (IMRT) or 
volume-modulated arc therapy (VMAT) optimization, 
and the use of the prone position to reduce the irradi-
ated volume of OARs [4–6]. However, to make full use 
of these techniques, it is necessary to locate more accu-
rately the target area and the anatomy of the OARs at 
each treatment. Image guidance of cone-beam computed 
tomography (CBCT) provides great significance for the 
validation of the location repeatability and the analysis of 
the volume changes of the surrounding organs in patients 
with locally advanced rectal cancer [7]. Some studies 
have shown that the actual irradiation dose received by 
patients is different from the planned dose, due to tar-
get dislocation caused by changes in bladder and rectal 
volume [8]. CBCT is used to reduce target site misalign-
ment in these moving organs. However, great changes 
in OARs volumes were observed during the treatment, 
with a variation in bladder coefficient of up to 58% per 
CBCT [9], and a variation in bowel bag volume of 28.5% 
[5]. At present, many studies have applied CBCT to the 
adaptive radiotherapy process, and deformed image reg-
istration (DIR) of planned CT and CBCT to form sCT 
is a commonly used method [10, 11]. DIR is a process of 
registering an image data-set to a reference image set, 
which can be used for recalculation and dose accumu-
lation. Adaptive radiotherapy can be more individual-
ized and customized for dose optimization and program 
selection, and can also retrospectively analyze the dif-
ference between the actual irradiation dose received by 
the patients and the planned dose [12]. At last, the dose 
volume histogram (DVH) was used to calculate the prob-
ability of normal tissue complications (NTCP) [13–15]. 
In this study, we used full VMAT (F-VMAT) and partial 
VMAT (P-VMAT) techniques, in the prone position, to 
design treatment planning for patients with rectal can-
cer. Then, sCT generated from CBCT and planning CT 
were used to conduct re-calculation for offline adaptive 
radiotherapy. Ultimately, this study was to investigate the 
incidence of gastrointestinal (GI) and urogenital (GU) 

toxicity in patients with rectal cancer in the prone posi-
tion, after recalculation based on the NTCP model.

Methods
This study retrospectively analyzed 31 patients with 
rectal cancer treated with the VMAT technology in our 
hospital from 2020 to 2022. All patients underwent com-
puted tomography (CT) in the prone position and were 
scheduled for radiotherapy. In the prone position, a Klar-
ity Prone Pelvis System (Klarity Medical&Equipment 
Co.Ltd., GZ, China) was applied to allow the abdomen to 
extend into its aperture. Each patient was asked to drink 
600 cc of water before measuring bladder volume. These 
values were then recorded prior to simulated positioning. 
The BVI 9400 ultrasound scan was used for all bladder 
measurements by placing the probe approximately 3 cm 
above the epiphysis and applying ultrasound gel. The 
probe should be oriented towards the bladder and there 
is also a visual simplified graphical aid to verify the blad-
der. Patients underwent weekly CBCT scans and were 
asked to drink the same volume of water at approxi-
mately the same time prior to treatment, within ± 100 cc 
of the bladder volume measurement and the measure-
ment at positioning, before treatment could proceed. 
Patients were also advised to avoid high-fiber foods and 
gas-producing diets during the course of treatment, in 
order to avoid intestinal gas filling the bowel bag, and 
thus changing the volume of the target organ [4]. Patients 
with rectal gas excess after CBCT scan were instructed to 
undergo either protective care or rectal gas deflation, fol-
lowed by image-guided radiation therapy (IGRT).

GTV was defined as tumor and positive lymph nodes. 
The reference scan revealed the tumor itself, but no 
increased dose was applied to the tumor. For CTV, the 
mesorecta, presacral space, internal iliac lymph node 
region, and, if applicable, the obturator lymph node 
region, were delineated by one radiation oncologist [16]. 
According to the geometric uncertainty reported by 
Nijkamp et  al. [6], the mesentery is divided into upper 
and lower parts, with the transition at the base of the 
bladder, enabling the distinction of the edge between 
the upper and lower mesentery. Target volumes, such 
as clinical target volume (CTV) and total tumor vol-
ume (GTV), OARs (i.e., the bladder, bowel bag for small 
bowel and femur heads) were contoured by qualified 
radiation oncologists according to RTOG guidelines 
[17]. The planned target volume (PTV) and planned total 
tumor volume (PGTV) were generated by adding a 5 mm 
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edge to the CTV and GTV, respectively. The prescrip-
tions were 50 Gy and 45 Gy in 25 fractions to the PGTV 
and PTV respectively. The full arc VMAT plans were 
designed as two full arcs from 179° to 181° and reversed, 
and the partial arc VMAT plans were designed as two 
arcs from 135° to 225° and reversed, as shown in Fig. 1. 
The plans used the method of Jaw tracking, and the ini-
tial width of X direction was no more than 15  cm. The 
collimators were all set as 355° and 5° respectively. The 
prescribed dose should cover 95% of PTV and/or PGTV. 
When making the plans, the same optimization con-
straints were set for two different plans for each patient. 
The optimization constraints were somewhat different 
for these 31 patients, but we made plans that were clini-
cally appropriate after performing a quantitative analysis 
of clinical normal tissue impact (QUANTEC) analysis 
[18, 19]. The optimization constraints are shown in Addi-
tional file 1.

Patients enrolled in this study underwent CBCT scan 
acquisition once a week, as shown in Fig. 2. OARs were 
contoured for each CBCT. To avoid inter observer vari-
ation, the target volume and target volume of planned 
CT and CBCT were delineated by the same radiation 
oncologist. It is worth noting that the images in this 
study were corrected for electron density, and the elec-
tron density of each organ was obtained via the AXB 
13.5 version. The dose calculation was also performed 
using the AXB 13.5 algorithm. Images were transferred 
from the Eclipse 15.6 treatment planning system to the 
Velocity software V4.0 (Varian Medical Systems, Palo 
Alto, CA) for image registration and dose reconstruction. 

The accuracy of deformable image registration and dose 
reconstruction using computer simulations and patient 
data has been demonstrated in previous papers, and has 
been tested and validated separately [20, 21]. The clini-
cal shift was used for rigid alignment between partial 
KVCBCT images and the corresponding planned CT. 
Using Velocity’s “CBCT corrected multi-pass deforma-
tion”, “CBCT corrected single-pass deformation” and 
“deformable multi-pass” algorithms, the planned CT was 
deformed into KVCBCT, and 155 sCT images were gen-
erated by combining actual anatomy for dose calculation. 
CT images were planned to be repaired with anatomical 
structures in the field of view of CBCT with a custom 
length of 27.6  cm × 27.6  cm, and manual cross-check 
was performed when necessary. The treatment dose was 
recalculated on these sCT images to represent the actual 
patient dose, including setup corrections and anatomi-
cal changes. CBCT was performed only once a week, 
and on days when no CBCT scans were performed, the 
fractional dose was calculated by default by selecting the 
last acquired CBCT fused with sCT, assuming that organ 
deformation remained similar. By aggregating all frac-
tional doses, dose accumulation was achieved for PGTV, 
PTV to organs at risk such as bowel bag, bladder, femoral 
head and bone marrow. The entire workflow is shown in 
Fig. 3.

The dose parameters were read out through the clini-
cal protocol template on Eclipse 15.6. The main dosim-
etry indicators included the coverage of CTV, the mean 
dose of each OARs, and the dose of each evaluation 
index. Radiobiological indicators included the bladder 

Fig. 1 Treatment planning design for two techniques: A F-VMAT; B P-VMAT
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and bowel bag NTCP, to quantify the risk of late injury 
of OARs. The NTCPs were calculated using the linear-
quadratic Poisson model and the Lyman-Kutcher Bur-
man model. DVH was imported into the Matlab-based 
internal programs (MathWorks, Natick, MA) to calculate 
the NTCP. The radiobiology parameters and endpoints 
used for NTCP calculations were specified in previous 
studies [14, 22], and Parameter estimates of the LKB 
model fitted to the late GU toxicity data (grade > 1 toxic-
ity within two years) as a = 2, TD50 = 80 Gy, γ50 = 4.

here a is a unitless model parameter that is specific to the 
normal structure or tumor of interest,  Vi is unitless and 
represents the ith partial volume receiving dose  Di in Gy.

where TD50 is the dose leading to a 50% chance of con-
trolling the tumor, TD50 is the tolerance dose for a 50% 
complication rate of the normal structure at a specific 
time interval, γ50 is a specific parameter that describes 
the slope of the dose–response curve. The following 
parameter values were used.

Considering the NTCP of Bowel bag, the final end-
point evaluated was RTOG grade 2 acute GI toxic-
ity (comprising diarrhea, abdominal pain and mucous 

EUD =

(

∑

Vi · D
a
i

)
1

a

NTCP =
1

1+
TD50

EUD

4γ50

discharge). The most significant volumetric factor was 
fit to a normal tissue complication probability (NTCP) 
curve in the form of a logistic-type function. The model 
from Roeske et al. was:

where  V50 = 410  cm3, V is the volume receiving 45 Gy and 
k = 3.2 [14].

With two treatment plans and ten offline adaptive 
plans per patient, we grouped patients using the par-
tial arc plan with those using the full arc plan. The dif-
ference between the partial arc plans before and after 
the adaptive plan dose overlay was used as the absolute 
difference ΔD for the plan robustness assessment. Simi-
larly, the plan robustness of the full arc technique plan 
was obtained. The main indicators were Dmean in the 
target area and organs at risk and V15, V30, V45 in the 
bowel bag and NTCP in the bladder and bowel bag [18].

Comparison of planned and cumulative doses to 
target volume and organs at risk. In the case of nor-
mally distributed parameters, paired t-test was used 
for the confirmation of statistical significance. For 
non-normally distributed parameters, Wilcoxon 
matched-pairs signed-rank test (*) was used instead. A 
two-sided P < 0.05 was considered statistically signifi-
cant. Declared values were mean ± standard deviation 
(Fig. 4).

NTCP =
1

1+ (V50/V )k

Fig. 2 Imaging study protocol (computed tomography [CT] simulation, and cone beam computed tomography [CBCT]) that was used during the 
treatment course at Peking University Shenzhen Hospital
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Result
Dose evaluation
After the accumulated adaptive dose based on CBCT, 
the CTV coverage rate of F-VMAT was still the high-
est (98.89%), and P-VMAT reached 98.75%. The differ-
ence between P-VMAT and F-VMAT was significant 

(P ≤ 0.001). However, the coverage of CTV reached 
over 95%, which could meet the clinical requirement. 
After dose accumulation, the mean bladder dose of 
P-VMAT was 23.92  Gy, which was the lowest dose in 
the two planning methods, with no significant differ-
ence (P = 0.054). The mean dose of P-VMAT in the 

Fig. 3 Workflow of the planning design and optimization, image deformable registration, dose accumulation for comparison
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bowel bag was also the lowest at 8.88  Gy, and there 
was a significant difference between P-VMAT and 
F-VMAT (P ≤ 0.001). The V30 of the bowel bag also 
differs significantly in P-VMAT (161.42  cc ± 112.46) 
and F-VMAT (189.2 cc ± 127.56) planning techniques. 
The mean dose of bone marrow P-VMAT planning 
method had no significant difference compared with 
F-VMAT (P = 0.538), and at the left and right femoral 
heads, it was the average dose obtained by F-VMAT 
that was more advantageous in both cases, with sig-
nificant differences observed in both as well (Table 1).

Biological effects
For biological effects, this study analyzed the bioequiva-
lent dose of two vital organs. The bioequivalent dose 
of the bladder was fitted to the late GU toxicity data 
based on the LKB model (> grade 1 toxicity within two 
years). The NTCP of bladder with F-VMAT (1.88 ± 2.08) 
was higher than that with P-VMAT (1.62 ± 1.41), and 
there was statistical difference (P = 0.041). Consider-
ing the NTCP of the bowel bag, the final endpoint was 
RTOG grade 2 acute gastrointestinal toxicity (includ-
ing diarrhea, abdominal pain and mucus excretion). The 

Fig. 4 The dose distribution of treatment planning design for two techniques (A, B P-VMAT; C, D F-VMAT) and adaptive dose (A, C) and un-adaptive 
dose (B, D) respectively
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F-VMAT (1.28 ± 1.70) plan was significantly higher than 
P-VMAT (0.95 ± 1.52), with a P value of less than 0.001 
(Fig. 5).

Plan robustness
We also evaluated the robustness of the radiotherapy 
plan. For these two plans, it was obvious that the robust-
ness obtained by the P-VMAT planning method was 
stronger, and the dose modification of each organ at risk 

was smaller, with statistical differences, except for the 
Dmean of the bowel bag and the left and right femo-
ral heads (Table  2). Dose indexes with main differences 
included Dmean of ΔCTV, coverage of ΔCTV, V30, 
V45 of Δbowel bag, Dmean of Δbowel bag, and Dmean 
of Δbone marrow. Dmean of ΔCTV is 0.14 ± 0.76 in the 
P-VMAT and 0.47 ± 0.74 in the F-VMAT (P < 0.001). 
The V30 of the Δbowel bag was also highly variable, 
12.66 ± 34.95 in F-VMAT versus 3.62 ± 6.29 in P-VMAT. 

Table 1 Summary of the dosimetric parameters, radiobiological indices for Full and Partial techniques after accumulated adaptive 
plans

Full Partial ρ(Wilcoxon) < 0.05

PTV Dmean (Gy) 48.16 ± 1.06 47.73 ± 1.07 0.000

GTV Dmean (Gy) 52.28 ± 0.64 51.85 ± 0.53 0.001

CTV Dmean (Gy) 48.74 ± 1.09 48.36 ± 1.07 0.000

Coverage 98.89 ± 1.99 98.75 ± 2.12 0.000

Bladder Dmean (Gy) 24.44 ± 4.40 23.92 ± 4.28 0.054

gEUD 9.81 ± 4.75 9.22 ± 3.93 0.021

NTCP 1.88 ± 2.08 1.62 ± 1.41 0.041

Bowel bag Dmean (Gy) 9.63 ± 6.85 8.88 ± 6.16 0.000

V45 66.60 ± 52.71 62.84 ± 47.89 0.000

V30 189.2 ± 127.56 161.42 ± 112.46 0.000

V15 503.53 ± 314.70 423.28 ± 257.14 0.000

NTCP 1.28 ± 1.70 0.95 ± 1.52 0.000

Bone Marrow Dmean (Gy) 24.69 ± 1.45 24.72 ± 1.54 0.538

Femoral-Head-L Dmean (Gy) 14.60 ± 2.07 15.03 ± 1.83 0.000

Femoral-Head-R Dmean (Gy) 14.92 ± 2.01 15.20 ± 2.01 0.026

Fig. 5 The normal tissue complication probabilities of bladder and bowel bag by using full arc and partial arc, with or without adaptive 
radiotherapy
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Bladder’s ΔDmean is 0.06 ± 2.47 in the P-VMAT and 
0.36 ± 2.45 in the F-VMAT (P = 0.007). The same can 
be obtained in terms of equivalent dose. NTCP of the 
Δbladder increased by 0.15 ± 0.61 in the P-VMAT and 
0.15 ± 0.56 in the F-VMAT, with a statistical difference 
(P = 0.009). The changes observed in the Δbowel bag 
were more obvious. P-VMAT and F-VMAT increased by 
0.08 ± 0.14and 0.12 ± 0.16 respectively (P < 0.001).

Discussion
First of all, the dose obtained by the offline adaptive radi-
otherapy based on CBCT was more accurate. While it is 
not as accurate as the daily online adaptive radiotherapy 
generated using CBCT for each treatment plan, it still 
allows for retrospective and closer analysis of the doses 
received in practice. The use of DIR recalculation in each 
CBCT of patients undergoing neoadjuvant radiotherapy 
for rectal cancer allowed the present study to circum-
vent part of the effects for setup error correction and 
anatomical alterations. In addition, this approach played 
an important role in obtaining the realism of dosimetric 
parameters and led to an NTCP-based analysis of possi-
ble clinical toxicity in patients. Finally, based on robust-
ness, we analyzed the effect of full-arc and particle-arc 
planning on target area and OAR in prone colorectal can-
cer patients.

In recent years, more and more off-line adaptive 
methods have been used for dosimetric and robustness 
evaluation. In 2021, Buranaporn et  al. [4] studied the 
relationship between dose-received volume and compli-
cations of OARs during radiotherapy for bladder cancer, 
and the applied method was the fusion of CBCT and 

PCT using DIR for off-line adaptive radiotherapy. Tami-
hardja et al. [23] used CBCT-based off-line adaptive radi-
otherapy to assess the difference between actual dose and 
planned dose in prostate cancer. Wang et  al. [24] study 
also compared dosimetry differences between daily and 
weekly CBCT using an MVCBCT-based off-line adaptive 
approach. Regarding algorithms, the AXB 13.5 calculates 
more accurately the air cavity than the traditional AAA 
algorithm calculation [25]. Because the gas contained 
in the rectum and other organs of the patients can vary 
greatly, therefore the AXB 13.5 was much closer to the 
actual dose distribution.

In this study, two different planning methods were 
used. In prone rectal cancer, the P-VMAT technique 
showed more obvious advantages in the protection of 
major OARs, including the bladder and bowel bag. Holy-
oake et al. [26] conducted a meta-analysis to investigate 
the mean difference in intestine volume at different dose 
levels between grade 0–2 toxicity and grade 3 toxicity, as 
well as the toxicity risk of V10Gy and V40Gy receiving 
normally graded radiotherapy. In all the included stud-
ies, patients also received chemotherapy simultaneously. 
They found evidence of significant dose-volume-toxic 
effects of a large number of clinically relevant doses in 
the treatment of rectal cancer. In contrast to our results, 
different delineations of the bowel bag (intestinal loop 
and pouch) caused inconvenience. Abraham’ et  al. [18] 
study was shown that there was a significant dose-vol-
ume relationship between small bowel irradiation and 
late small bowel toxicity in rectal cancer patients who 
underwent surgery after neoadjuvant radiotherapy. Lim-
iting V30 to < 200  cm3 reduces the incidence of grade 3 

Table 2 The summary of dose difference between treatment plans and adaptive plans for dosimetric parameters, radiobiological 
indices

Full Partial ρ(Wilcoxon) < 0.05

ΔPTV Dmean (Gy) 0.36 ± 0.83 0.002 ± 0.854 0.000

ΔGTV Dmean (Gy) 0.25 ± 0.57 0.001 ± 0.47 0.008

ΔCTV Dmean (Gy) 0.47 ± 0.74 0.14 ± 0.76 0.000

Coverage − 1.00 ± 1.93 − 1.12 ± 2.07 0.001

ΔBladder Dmean (Gy) 0.36 ± 2.45 0.06 ± 2.47 0.007

gEUD 0.29 ± 1.47 0.32 ± 1.71 0.003

NTCP 0.15 ± 0.56 0.15 ± 0.61 0.009

ΔBowel bag Dmean (Gy) 0.35 ± 0.66 0.30 ± 0.76 0.096

V45 4.72 ± 11.25 1.04 ± 5.65 0.000

V30 12.66 ± 34.95 3.62 ± 6.29 0.000

V15 13.15 ± 83.08 6.62 ± 16.58 0.164

NTCP 0.12 ± 0.16 0.08 ± 0.14 0.000

ΔBone Marrow Dmean (Gy) 0.62 ± 0.51 0.53 ± 0.55 0.000

ΔFemoral-Head-L Dmean (Gy) 0.47 ± 0.83 0.51 ± 0.96 0.795

ΔFemoral-Head-R Dmean (Gy) 0.56 ± 0.70 0.64 ± 0.88 0.786
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or higher late small bowel toxicity to < 5% (after surgery). 
In this study, we added constraints for bowel bag at the 
planning design stage, with a mean V30 of 161.42  cm3 
with P-VMAT and 189.2  cm3 with F-VMAT, and mean 
V30 of majority of patients were restricted to less than 
200   cm3. For advanced bladder toxicity, the significance 
of dose reduction is not as clear. Fiorini et  al. [27] con-
cluded that only high doses (> 60–65  Gy) to small vol-
umes, and 50–60 Gy to the full bladder, increased the risk 
of moderate to high toxicity, and different treatment sites 
were analyzed. These dose-volume-toxic effects exceed 
clinically relevant doses for rectal cancer. The differences 
noted between planned dose volume and actual dose vol-
ume may be the result of fractional changes in rectal and 
bladder volumes observed in our study. This is consistent 
with the findings of Oscar et  al. [9] who reported sub-
stantial intercellular changes in the bladder. Nassef et al. 
[28] also showed that, although patients were instructed 
to keep their bladder full during intensity modulated 
radiotherapy treatment (IMRT), the relative change in 
bladder volume was as high as 39%. Therefore, in our 
study, the addition of P-VMAT to prone colorectal can-
cer patients was proposed, and a more realistic off-line 
adaptive radiotherapy dose assessment was performed. 
The results showed that P-VMAT showed good effects 
not only for the dose of OARs, but also for the bioequiva-
lent doses. P-VMAT was also superior to F-VMAT, and 
the doses obtained in the OARs and target areas were 
closer to the real dose irradiation. For both methods, the 
Dmean and NTCP of the bladder and the bowel bag were 
statistically different. To obtain a more accurate planning 
study, the robustness and complexity of the plan needs to 
be analyzed quantitatively. In 2020, Hernandez et al. [29] 
suggested that the distribution was not exactly the dose 
delivered to the patient due to uncertainties in dose cal-
culation and treatment delivery, including variations in 
patient’s setup and anatomy. With robustness assessment, 
one can evaluate the change in dose distribution com-
pared to the nominal dose by recalculating the schedule 
obtained under different errors. Robustness optimization 
and evaluation is typically set to several problems; for 
example, allows for setting errors, range uncertainty, res-
piratory control, and possible anatomical variations (e.g., 
cavity filling and tumor shrinkage) to reduce the need for 
replanning. There are many studies on planning robust-
ness evaluation, but there are few studies on offline adap-
tive robustness evaluation combined with comparison 
of planning methods. In a study, Tamihardja et  al. [23] 
conducted evaluation of VMAT robustness in prostate 
cancer and off-line adaptive evaluation of CBCT. Zhang 
et al. [10] study also showed that rectal NTCPs in pros-
tate cancer are highly affected by dose-to-dose variability 
in FCBCT-based soft tissue matching. In this study, the 

results were the same. NTCP variability in the bladder 
and bowel bag had a great impact, especially in the bowel 
bag, where NTCP was reduced to a certain extent.

Several limitations are present in this study. Firstly, 
instead of daily CBCT scan and dose accumulation of 
each fraction, it was performed once a week. Such a way 
of doing cannot truly reflect the status of treatment of 
that time, which is an inaccurate adaptive radiotherapy 
dose reconstruction. Also, the quality of the CBCT influ-
ences the robustness of the dose accumulation. In the 
process of image acquisition, the maximum 18 cm wide 
field of view of CBCT is inevitably smaller than the field 
of view planned by CT. We were only able to perform a 
partial image fusion, but the high-dose area covered all 
the target areas and OARs within the field of view of 
CBCT in our study. Due to the retrospective design of our 
study, inter-observer differences in CT and CBCT can-
not be avoided, especially regarding the upper and lower 
boundaries of organ resection. However, we still insisted 
on assigning only one radiation oncologist to conduct the 
delineation of the target area, so that the analysis can be 
more repeatable. The image contouring and DIR between 
CBCT and CT also had certain errors. Although a density 
assignment as correction strategy was applied, Dunlop 
et  al. [30] showed an absolute mean dose error of 0.7% 
for pelvic CBCT-based step-wise dose calculation in case 
of an anterior–posterior distance < 25  cm. In this study, 
the robustness of two separate plans were proposed. 
The offline adaptive method was used to verify the plan’s 
robustness. Above all, the comparison of the dose of the 
main OARs can better help us to choose techniques that 
are more appropriate, execution and dosing-wise, to the 
planned dosing. In future studies, the two techniques 
should be compared based on clinical data from compli-
cation follow-up. To explore whether the robustness of 
clinical data based on the probability of complications of 
this approach is also stronger than that of full-arc irradia-
tion, the results could provide a more adequate clinical 
theoretical basis for clinical planning of the prone par-
tial-arc technique.

Conclusion
In summary, the method of P-VMAT irradiation with the 
prone position was proposed in this study, and its advan-
tages and robustness based on CBCT image fusion of 
OARs were analyzed. More specifically, the advantages 
of the prone position of P-VMAT in terms of dosimetry, 
radiobiological effects and robustness were analyzed. 
Radiobiological analysis showed that the NTCP of the 
bowel bag and bladder obtained by partial arc irradiation 
was lower based on sCT obtained by CBCT& Planning 
CT fusion.



Page 10 of 11Zhang et al. Radiation Oncology          (2023) 18:102 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13014- 023- 02285-6.

Additional file1. Table 1. Plan optimization objectives for target and 
organs at riskusing dose–volume parameters. Dmax is maximum point 
dose; Dvolume%, dose received by % of the structure volume; VD, per-
centage of organ volume receiving D Gy; Dp is prescribed dose.

Acknowledgements
This study was supported by Peking University Shenzhen Hospital and 
Shenzhen-Peking University-Hong Kong University of Science and Technology 
Medical Center, China.

Author contributions
ZZ conceived idea and wrote the manuscript. SY and CF helped with pro-
gramming and ML analyzed data, PY, ZP and XL helped with statistical analysis. 
LZ, FP and ZT helped with editing the manuscript. YJ and YW checked results 
and critically revised the manuscript. All authors contributed to the article and 
approved the submitted version.

Funding
This study was supported by Science, Technology and Innovation Commission 
of Shenzhen Municipality, Grant Number: GJHZ20200731095207023, CAS Key 
Laboratory of Health Informatics, Shenzhen Institute of Advanced Technology 
(2011DP173015) and Shenzhen City San Ming project (SZSM201612041).

Availability of data and materials
All datasets provided in this study are included in the article or Additional 
file 1.

Declarations

Ethics approval and consent to participate
Institutional scientific and ethics board has approved this study. This article 
does not contain any studies with human participants performed by any of 
the authors.

Consent for publication
All study participants provided informed written consent for publication.

Competing interests
All authors declare that they have no competing interests.

Author details
1 Department of Radiation Oncology, Peking University Shenzhen Hospi-
tal, Shenzhen, China. 2 Shenzhen-Peking University, Hong Kong University 
of Science and Technology Medical Center, Shenzhen, China. 3 Department 
of Radiation Oncology, Hebei Yizhou Cancer Hospital, Zhuozhou, China. 

Received: 24 January 2023   Accepted: 18 May 2023

References
 1. van de Velde CJ, Boelens PG, Borras JM, et al. EURECCA colorectal: 

multidisciplinary management: European consensus conference colon & 
rectum. Eur J Cancer. 2014;50(1):1e1–34.

 2. Peeters KC, van de Velde CJ, Leer JW, et al. Late side effects of short-
course preoperative radiotherapy combined with total mesorectal 
excision for rectal cancer: increased bowel dysfunction in irradi-
ated patients–a Dutch colorectal cancer group study. J Clin Oncol. 
2005;23(25):6199–206.

 3. Samuelian JM, Callister MD, Ashman JB, Young-Fadok TM, Borad MJ, 
Gunderson LL. Reduced acute bowel toxicity in patients treated with 

intensity-modulated radiotherapy for rectal cancer. Int J Radiat Oncol Biol 
Phys. 2012;82(5):1981–7.

 4. Buranaporn P, Dankulchai P, Jaikuna T, Prasartseree T. Relation between 
DIR recalculated dose based CBCT and GI and GU toxicity in postop-
erative prostate cancer patients treated with VMAT. Radiother Oncol. 
2021;157:8–14. https:// doi. org/ 10. 1016/j. radonc. 2020. 12. 036.

 5. Li S, Gong Y, Yang Y, Guo Q, Qian J, Tian Y. Evaluation of small bowel 
motion and feasibility of using the peritoneal space to replace bowel 
loops for dose constraints during intensity-modulated radiotherapy for 
rectal cancer. Radiat Oncol. 2020;15(1):1–10. https:// doi. org/ 10. 1186/ 
s13014- 020- 01650-z.

 6. Nijkamp J, de Jong R, Sonke JJ, van Vliet C, Marijnen C. Target vol-
ume shape variation during irradiation of rectal cancer patients in 
supine position: comparison with prone position. Radiother Oncol. 
2009;93(2):285–92.

 7. Åström LM, Behrens CP, Calmels L, Sjöström D, Geertsen P, Mouritsen LS, 
Serup-Hansen E, Lindberg H, Sibolt P. Online adaptive radiotherapy of uri-
nary bladder cancer with full re-optimization to the anatomy of the day: 
Initial experience and dosimetric benefits: oART of bladder cancer: initial 
experience and dosimetric benefits. Radiother Oncol. 2022;171:37–42. 
https:// doi. org/ 10. 1016/j. radonc. 2022. 03. 014.

 8. de Jong R, Visser J, van Wieringen N, Wiersma J, Geijsen D, Bel A. Feasibil-
ity of Conebeam CT-based online adaptive radiotherapy for neoadjuvant 
treatment of rectal cancer. Radiat Oncol. 2021;16(1):1–11. https:// doi. org/ 
10. 1186/ s13014- 021- 01866-7.

 9. Casares-Magaz O, Moiseenko V, Hopper A, Pettersson N, Thor M, Knopp 
R, et al. Associations between volume changes and spatial dose metrics 
for the urinary bladder during local versus pelvic irradiation for prostate 
cancer. Acta Oncol. 2017;56:884–90.

 10. Zhang X, Wang X, Li X, Zhou L, Nie S, Li C, Wang X, Dai G, Deng Z, Zhong 
R. Evaluating the impact of possible interobserver variability in CBCT-
based soft-tissue matching using TCP/NTCP models for prostate cancer 
radiotherapy. Radiat Oncol. 2022;17(1):1–9. https:// doi. org/ 10. 1186/ 
s13014- 022- 02034-1.

 11. Kumar K, Gulal O, Franich RD, Kron T, Yeo AU. A validation framework to 
assess performance of commercial deformable image registration in lung 
radiotherapy. Phys Med. 2021;87(1):106–14. https:// doi. org/ 10. 1016/j. 
ejmp. 2021. 06. 004.

 12. De Jong R, Crama KF, Visser J, Van Wieringen N, Wiersma J, Geijsen ED, Bel 
A. Online adaptive radiotherapy compared to plan selection for rectal 
cancer: quantifying the benefit. Radiat Oncol. 2020;15(1):1–9. https:// doi. 
org/ 10. 1186/ s13014- 020- 01597-1.

 13. Roeske JC, Bonta D, Mell LK, Lujan AE, Mundt AJ. A dosimetric analysis of 
acute gastrointestinal toxicity in women receiving intensity-modulated 
whole-pelvic radiation therapy. Radiother Oncol. 2003;69(2):201–7. 
https:// doi. org/ 10. 1016/j. radonc. 2003. 05. 001.

 14. Livsey JE, Wylie JP, Swindell R, Khoo VS, Cowan RA, Logue JP. Do differ-
ences in target volume definition in prostate cancer lead to clinically 
relevant differences in normal tissue toxicity? Int J Radiat Oncol Biol Phys. 
2004;60(4):1076–81. https:// doi. org/ 10. 1016/j. ijrobp. 2004. 05. 005.

 15. Cheung MR, Tucker SL, Dong L, de Crevoisier R, Lee AK, Frank S, Kudchad-
ker RJ, Thames H, Mohan R, Kuban D. Investigation of bladder dose and 
volume factors influencing late urinary toxicity after external beam radio-
therapy for prostate cancer. Int J Radiat Oncol Biol Phys. 2007;67(4):1059–
65. https:// doi. org/ 10. 1016/j. ijrobp. 2006. 10. 042.

 16. Roels S, Duthoy W, Haustermans K, et al. Definition and delineation of 
the clinical target volume for rectal cancer. Int J Radiat Oncol Biol Phys. 
2006;65(4):1129–42.

 17. Gay HA, Barthold HJ, O’Meara E, et al. Pelvic normal tissue contouring 
guidelines for radiation therapy: a radiation therapy oncology group 
consensus panel atlas. Int J Radiat Oncol Biol Phys. 2012;83(3):e353–62.

 18. Abraham AG, Usmani N, Warkentin B, Thai JA, Yun J, Ghosh S, Cheung 
W, Xu Y, Nijjar T, Severin D, Tankel K, Fairchild A, Joseph K. Dosimetric 
parameters predicting late small bowel toxicity in patients with rectal 
cancer receiving neoadjuvant chemoradiation. Pract Radiat Oncol. 
2021;11(1):e70–9. https:// doi. org/ 10. 1016/j. prro. 2020. 07. 004.

 19. Kavanagh BD, Pan CC, Dawson LA, et al. Radiation dose-volume 
effects in the stomach and small bowel. Int J Radiat Oncol Biol Phys. 
2010;76:S101-107.

 20. Black PJ, Smith DR, Chaudhary K, Xanthopoulos EP, Chin C, Spina CS, 
Hwang ME, Mayeda M, Wang YF, Connolly EP, Wang TJC, Wuu CS, Hei TK, 

https://doi.org/10.1186/s13014-023-02285-6
https://doi.org/10.1186/s13014-023-02285-6
https://doi.org/10.1016/j.radonc.2020.12.036
https://doi.org/10.1186/s13014-020-01650-z
https://doi.org/10.1186/s13014-020-01650-z
https://doi.org/10.1016/j.radonc.2022.03.014
https://doi.org/10.1186/s13014-021-01866-7
https://doi.org/10.1186/s13014-021-01866-7
https://doi.org/10.1186/s13014-022-02034-1
https://doi.org/10.1186/s13014-022-02034-1
https://doi.org/10.1016/j.ejmp.2021.06.004
https://doi.org/10.1016/j.ejmp.2021.06.004
https://doi.org/10.1186/s13014-020-01597-1
https://doi.org/10.1186/s13014-020-01597-1
https://doi.org/10.1016/j.radonc.2003.05.001
https://doi.org/10.1016/j.ijrobp.2004.05.005
https://doi.org/10.1016/j.ijrobp.2006.10.042
https://doi.org/10.1016/j.prro.2020.07.004


Page 11 of 11Zhang et al. Radiation Oncology          (2023) 18:102  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Cheng SK, Wu CC. Velocity-based adaptive registration and fusion for 
fractionated stereotactic radiosurgery using the small animal radiation 
research platform. Int J Radiat Oncol Biol Phys. 2018;102(4):841–7. https:// 
doi. org/ 10. 1016/j. ijrobp. 2018. 04. 067.

 21. Splinter M, Sachpazidis I, Bostel T, Fechter T, Zamboglou C, Thieke C, Jäkel 
O, Huber PE, Debus J, Baltas D, Nicolay NH. Dosimetric impact of the 
positional imaging frequency for hypofractionated prostate radiotherapy: 
a voxel-by-voxel analysis. Front Oncol. 2020;10(September):1–11. https:// 
doi. org/ 10. 3389/ fonc. 2020. 564068.

 22. Gay HA, Niemierko A. A free program for calculating EUD-based NTCP 
and TCP in external beam radiotherapy. Phys Med. 2007;23(3–4):115–25. 
https:// doi. org/ 10. 1016/j. ejmp. 2007. 07. 001.

 23. Tamihardja J, Cirsi S, Kessler P, Razinskas G, Exner F, Richter A, Polat B. Cone 
beam CT-based dose accumulation and analysis of delivered dose to the 
dominant intraprostatic lesion in primary radiotherapy of prostate cancer. 
Radiat Oncol. 2021. https:// doi. org/ 10. 1186/ s13014- 021- 01933-z.

 24. Wang H, Huang Y, Hu Q, Li C, Liu H, Wang X, Li W, Ma W, Pu Y, Du Y, Wu H, 
Zhang Y. A simulated dosimetric study of contribution to radiotherapy 
accuracy by fractional image guidance protocol of halcyon system. Front 
Oncol. 2021;10(January):1–8. https:// doi. org/ 10. 3389/ fonc. 2020. 543147.

 25. Koo T, Chung JB, Eom KY, Seok JY, Kim IA, Kim JS. Dosimetric effects 
of the acuros XB and anisotropic analytical algorithm on volumetric 
modulated arc therapy planning for prostate cancer using an endo-
rectal balloon. Radiat Oncol. 2015;10(1):1–11. https:// doi. org/ 10. 1186/ 
s13014- 015- 0346-3.

 26. Holyoake DLP, Partridge M, Hawkins MA, et al. Systematic review and 
meta analysis of small bowel dose–volume and acute toxicity in con-
ventionally fractionated rectal cancer radiotherapy. Radiother Oncol. 
2019;138:38–44.

 27. Fiorino C, Rancati T, Valdagni R. Predictive models of toxicity in external 
radiotherapy: dosimetric issues. Cancer. 2009;115(13 Suppl):3135–40.

 28. Nassef M, Simon A, Cazoulat G, Duménil A, Blay C, Lafond C, et al. Quanti-
fication of dose uncertainties in cumulated dose estimation compared to 
planned dose in prostate IMRT. Radiother Oncol. 2016;119:129–36.

 29. Hernandez V, Rønn C, Widesott L, Bäck A, Canters R, Fusella M, Götstedt 
J, Jurado-bruggeman D, Mukumoto N, Patricia L, Koniarová I, Piotrowski 
T, Placidi L, Vaniqui A, Jornet N. What is plan quality in radiotherapy? The 
importance of evaluating dose metrics, complexity, and robustness of 
treatment plans. Radiother Oncol. 2020;153:26–33. https:// doi. org/ 10. 
1016/j. radonc. 2020. 09. 038.

 30. Dunlop A, McQuaid D, Nill S, Murray J, Poludniowski G, Hansen VN, et al. 
Comparison of CT number calibration techniques for CBCT-based dose 
calculation. Strahlenther Onkol. 2015;191(12):970–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.ijrobp.2018.04.067
https://doi.org/10.1016/j.ijrobp.2018.04.067
https://doi.org/10.3389/fonc.2020.564068
https://doi.org/10.3389/fonc.2020.564068
https://doi.org/10.1016/j.ejmp.2007.07.001
https://doi.org/10.1186/s13014-021-01933-z
https://doi.org/10.3389/fonc.2020.543147
https://doi.org/10.1186/s13014-015-0346-3
https://doi.org/10.1186/s13014-015-0346-3
https://doi.org/10.1016/j.radonc.2020.09.038
https://doi.org/10.1016/j.radonc.2020.09.038

	Advantages and robustness of partial VMAT with prone position for neoadjuvant rectal cancer evaluated by CBCT-based offline adaptive radiotherapy
	Abstract 
	Background and purpose 
	Materials and methods 
	Results 
	Conclusion 

	Background
	Methods
	Result
	Dose evaluation
	Biological effects
	Plan robustness

	Discussion
	Conclusion
	Anchor 15
	Acknowledgements
	References


