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This study evaluated the feasibility of a novel dynamic conformal arc therapy (DCAT) plan, based on 
segment shape optimization (SSO) and variable dose rate (VDR), versus volumetric modulated arc 
therapy (VMAT) for stereotactic body radiotherapy (SBRT) in stage I/II centrally located non-small-
cell lung cancer (NSCLC) per RTOG 0813. Twenty-five patients with PTV < 70 cc were retrospectively 
analyzed, with both plans using identical parameters in Monaco. Both plans met RTOG 0813 criteria. 
DCAT showed increased ipsilateral and total lung dose but no significant differences in most other 
organs at risk (OARs) (P > 0.05). DCAT significantly reduced segments (median 19.38%), monitor units 
(MUs, median 23.27%), and beam-on time (BOT, median 8.80 s; P < 0.05). Its γ passing rate (2%, 1 mm) 
was higher (93.70% vs. VMAT 91.90%, P < 0.05). Larger PTV volumes improved DCAT’s heterogeneity 
index (HI) and segment advantages but worsened R50% vs. VMAT. Novel DCAT is feasible for SBRT in 
such NSCLC, especially with small PTV, offering shorter BOT, higher delivery accuracy, and comparable 
OARs sparing to VMAT.

Keywords  DCAT, VMAT, Stage I/II centrally located non-small-cell lung cancer, SBRT, RTOG 0813

Abbreviations
DCAT	� dynamic conformal arc therapy
SSO	� segment shape optimization
VDR	� variable dose rate
NSCLC	� non-small-cell lung cancer
PTV	� planning target volume
VMAT	� volumetric-modulated arc therapy
BOT	� beam-on time
OARs	� organs at risk
Mus	� monitor units
HI	� homogeneity index
R50%	� the ratio of the volume encircled by the 50% prescription isodose line to the PTV volume
SBRT	� stereotactic body radiotherapy
FFF	� flattening-filter free
MLC	� multi-leaf collimator
TPS	� treatment planning system
ITV	� internal target volume
AIP	� average intensity projection
MIP	� maximum intensity projection
XVMC	� X-ray Voxelized Monte Carlo
PBT	� proximal bronchial tree
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CI	� conformity index
D2cm	� the maximum dose at any point ≥ 2 cm from the PTV in any direction
AAPM	� American Association of Physicists in Medicine
SD	� standard deviation
DVH	� dose volume histogram
N/A	� not applicable

 For medically inoperable patients with node-negative and centrally located non-small-cell lung cancer 
(NSCLC), stereotactic body radiotherapy (SBRT) is emerging as a standard of care with high cure rates and low 
treatment-related toxicity1–4. The characteristics of SBRT include fewer fractions, higher doses per fraction, high 
conformity, and accurate delivery5. For patients with stage I/II centrally located NSCLC, SBRT has become a 
curable option based on several randomized clinical trials6–9. Centrally located NSCLC is close to vital structures 
such as the bronchus, esophagus, great vessels, and brachial plexus, which may be damaged by the high dose of 
SBRT, thus failing to achieve optimal tumor control. Therefore, SBRT plans for centrally located NSCLC need to 
balance the need for tumor control with minimizing the risk of radiotherapy toxicity6.

Traditionally, to achieve high plan quality, many lung cancer SBRT plans use VMAT technique10,11. VMAT 
is a technique that provides a highly conformal dose distribution, delivering a continuous intensity-modulated 
beam as the gantry rotates around the patient12. Of all radiotherapy techniques, VMAT has the best planning 
quality and can be used as a reference for other radiotherapy techniques13,14. During the execution of a VMAT 
plan, the gantry’s rotational speed, the multi-leaf collimator’s (MLC’s) aperture, and the dose rate are all adjusted 
simultaneously15. Many studies have reported comparisons between VMAT and other techniques, confirming 
that VMAT plans can reduce treatment time and provide better organs at risk (OARs) sparing without affecting 
the dose coverage16–19. However, for lung SBRT treatment, highly modulated VMAT plans are susceptible 
to minor field dosimetry errors20 and interplay effects21,22, resulting in errors in dose calculation and dose 
delivery23. Especially under free-breathing conditions, interplay effects can cause dose deviations within and 
at the edges of the target that can reach a maximum of 15–20% 22. A more severe interplay effect occurs when 
combining FFF beams and the hypofractionated SBRT treatment method24,25. In contrast, the DCAT plans can 
be less affected by interplay effect due to the characteristics of fewer MLC leaves blocking the target and low 
modulation degree26–31.

Conventional DCAT plans rely on the dynamic motion of multi-leaf collimator (MLC) leaves and gantry 
rotation to maintain beam shape conformity to the target during gantry rotation, which results in insufficient 
dose modulation capability32,33. To address this limitation and enhance dose modulation, the Monaco TPS 
has implemented several improvements to conventional DCAT plans via segment shape optimization (SSO) 
and variable dose rate (VDR). SSO allows the MLC to move within 5 mm inside and outside the target, thus 
effectively reducing the segments and shortening the delivery time. VDR allows the accelerator to reduce the 
dose rate where a limited dose is needed. With both tools, Monaco TPS can improve the plan quality while 
maintaining the advantages of the conventional DCAT plans, resulting in better OARs sparing26,34.

Recently, FFF beams have increasingly begun to be applied clinically in SBRT treatment for NSCLC due to 
higher dose rates and superior dosimetric advantages35–37. FFF beams can significantly shorten the beam-on 
time (BOT) due to higher dose rates, thereby improving patient comfort and reducing dose output uncertainty 
due to less collimator scatter and electron contamination38–40.

Although some scholars have investigated the application of DCAT plans in the SBRT treatment of peripheral 
lung cancer41,42, data on plan quality, BOT, and γ passing rates of DCAT plans using FFF beams when applied to 
the SBRT treatment of stage I/II centrally located NSCLC have been rarely reported. For this reason, this paper 
analyzes the application of SSO- and VDR-based FFF-DCAT plans in the SBRT treatment of stage I/II centrally 
located NSCLC using the new version of Monaco TPS (version 6.0), aiming to provide a reference for clinical 
application.

Materials and methods
Patient cohort
We retrospectively selected 25 consecutive patients with stage I/II centrally located NSCLC treated with VMAT-
SBRT after obtaining approval from our institutional ethics committee. Written informed consent was obtained 
from the patients for the use of their anonymized data in the present study. All methods were preformed in 
accordance with the following relevant guidelines and regulations. The patient stages were 10 T1N0M0 and 15 
T2N0M0; patients’ ages ranged from 47 to 71 years; 17 were male, and eight were female; and the targets were all 
located in the lower lobes of the lungs, with 11 in the left lower lobe and 14 in the right lower lobe. Based on the 
RTOG 0236 and 0813 protocols1,43, the screened patients were required to fulfill the following conditions: targets 
(planning target volume, PTV) no larger than 5 cm and located outside the 0.5-cm area around the proximal 
bronchial tree (PBT) and within the 2-cm area or immediately adjacent to the mediastinal or pericardial pleura. 
Exclude patients in whom the extent of the tumor cannot be defined on CT (e.g., solid lesions around the tumor 
or lung atelectasis) and patients with ultracentral lung tumors44,45.

Positioning and contouring
The positioning was applied on a 16-row big bore 4DCT scanner (Philips Medical Systems, Cleveland, OH), 
and the maximum intensity projection (MIP)-CT and the average intensity projection (AIP)-CT were generated 
subsequently. The thickness of CT images is 3 mm.

All patients were placed in the supine position with arms crossed over the head. The thoracic region was 
immobilized using a thermoplastic film (Klarity Medical Equipment Co., Ltd., Guangzhou, China). The scan 
scope included all OARs to be evaluated. The recommended range was from the upper edge of the cricoid 
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cartilage to the upper edge of the vertebral body of lumbar 2, which was at least 10 cm above the upper and 
lower boundaries of the target. The internal target volume (ITV) was delineated on the MIP-CT by a radiation 
oncologist with expertise in lung SBRT. Based on the 4DCT, all patients selected had a breathing amplitude of < 
1 cm in the three-dimensional direction. The planning target volume (PTV) was created by adding an isotropic 
5 mm margin to the ITV according to the RTOG protocols1,46. The AIP-CT was used for planning.

The ITV diameter was 2.04 ± 0.65  cm (range: 1.08–3.69  cm), and the volume was 11.90 ± 6.70  cc (range: 
2.34–27.56 cc). The PTV volume was 29.49 ± 13.57 cc (range: 5.82–61.41 cc), with a maximum PTV volume 
of less than 70 cc. The OARs included the ipsilateral lung and all (excluding ITV), ipsilateral PBT, spinal cord, 
esophagus, great vessels, heart, ipsilateral brachial plexus, and skin.

Planning
All plans were designed in Monaco TPS (V6.0, Elekta Solution AB, Kungstensgatan 18, Stockholm, Sweden) 
using the XVMC (X-ray Voxelized Monte Carlo) algorithm26 with 6 MV-FFF beams. The plans were applied 
using an Infinity accelerator with an Agility collimator (5 mm MLC, 160 leaves).

Based on the RTOG 0813 protocol, the treatment prescription for this experiment was five fractions every 
second to third day over 1.5 to 2 weeks at a total dose of 50 Gy, with a single dose of 10 Gy/fx, and an equivalent 
biological dose of 100 Gy when the tumor α/β = 10 Gy.

The DCAT and VMAT plans using three noncoplanar single arcs were redesigned for each patient. Two 210° 
arcs (table angle 0°) on the ipsilateral side, plus a 60° anterior arc (table angle 90°), were used, with the isocenter 
placed at the center of the PTV. The three single arcs for all plans used different collimator angles between ± 45° 
to minimize the tongue-and-groove effect47. The target margin was selected to be 0–1 mm, the angular increment 
was set to 10°, SSO and VDR were selected, and a 2.0 mm dose grid resolution and a 1% statistical uncertainty 
per plan were selected. All plans were designed so that the dose limits for the ipsilateral lung and ipsilateral PBT 
needed to be met first or even superior to the target dose coverage. All plans were rescaled to match the coverage 
requirement of 95% of the PTV covered by prescription dose and 99% of the ITV covered by prescription dose 
and to ensure that all hot spots (between 120% and 150%) were located within the ITV. If OARs overlap the PTV, 
the minimum dose for the PTV and ITV should be at least 70% and 90% of the prescription dose, respectively.

Plan evaluation
Plan quality was evaluated based on different dosimetric indices. PTV was evaluated using D98%, D2%, and Dmean, 
where D98%, D2%, and Dmean represent the minimum, maximum, and average PTV dose, respectively. According 
to RTOG 0813 protocol, D2% was < 86.0 Gy at PTV volume = 70 cc, D2% was < 77.0 Gy at PTV volume = 50 cc, 
and D2% was < 57.0 Gy at PTV volume < 10 cc, which means that D2% decreased with decreasing PTV volume.

The Conformity Index (CI)48 and Heterogeneity Index (HI)49 were used to evaluate high dose spillage and 
target dose homogeneity between the 2-group plans. They were referring to the RTOG 0813 protocol and plan 
quality. CI = PIV/TV, where PIV is the prescription isodose volume, and TV is the target volume. HI = D5%/
D95%, where D95% and D5% are the minimum doses to the hottest 95% and 5% of the PTV. The values of CI and 
HI are ≥ 1, where CI closer to 1 is better, and HI < 1.6 is sufficient. According to RTOG 0813 protocol, CI should 
be < 1.5 and preferably < 1.2.

D2cm and R50% were used to assess intermediate dose spillage for both groups. Where D2cm records the 
maximum dose at any point ≥ 2  cm from the PTV in any direction, R50% represents the ratio of the volume 
encircled by the 50% prescription isodose line to the PTV volume, with R50% increasing as the PTV volume 
decreases. According to RTOG 0813 protocol, R50% was < 4.8 at PTV volume = 70 cc, R50% was < 5.0 at PTV 
volume = 50 cc, and R50% was < 7.5 at PTV volume < 10 cc. The planning goals of targets are shown in Table 1.

The OARs were compared in compliance with the requirements of RTOG 0813 protocol and other 
literature50,51, including lung V5Gy, V20Gy, spinal cord V22.5 Gy and V13.5 Gy, ipsilateral PBT V18Gy, esophagus 
V27.5 Gy, heart V32Gy, great vessels V47Gy, ipsilateral brachial plexus V30Gy, and skin V30Gy, and Dmax for all OARs 
except lungs. The planning goals of OARs are shown in Table 2.

Plan complexity was assessed using segments and MUs, which positively correlate with plan complexity52. 
BOT was also recorded for the 2-group plans when measuring the γ passing rates using SRS MapCHECK 
(equipped with the StereoPHAN module) (Sun Nuclear, Melbourne, FL). Plan delivery accuracy was expressed 
using the γ passing rates. Based on the AAPM TG 218 report and other literature53,54 and considering the actual 
situation in the department, the qualified standards of the γ passing rates under different acquisition parameters 
are shown in Table 3. The acquisition parameters were 2%/2 mm, 2%/1 mm, and 1%/2 mm, excluding data below 
10% of the maximum dose.

To evaluate the advantages and disadvantages of DCAT and VMAT plans at different PTV volumes, the 
DCAT/VMAT ratios were calculated for some of the plan quality parameters, and ratios less than 1 indicate that 
the corresponding parameters of the DCAT plans are better than those of the VMAT plans, as shown in Table 4; 
Fig. 5.

Statistical analysis
Statistical analyses were performed by comparing the novel DCAT with VMAT using the paired nonparametric 
Wilcoxon signed-rank test (IBM SPSS Statistics for Windows, Version 23.0; IBM Corp., Armonk, NY, USA). 
Data were presented as Median (IQR).

Spearman’s rank correlation coefficient (denoted as ρ) was used to assess correlations between DCAT/VMAT 
ratios and the PTV volume. The correlation coefficient (ρ) ranges from − 1 to 1, with absolute values closer 
to 1 indicating a stronger correlation. A 95% confidence interval was applied, and a two-tailed P < 0.05 was 
considered statistically significant.
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Results
Table 1 summarizes the statistical analyses of the dosimetric parameters of the 2-group plans for targets (mainly 
the PTV), and Fig. 1 compares selected target parameters for the 2-group plans. When normalizing all plans to 
100% of the prescribed dose covering 95% of the PTV, they all met the dose limits described in the RTOG 0813 
protocol. The DCAT group had more considerable high and intermediate dose spillage than the VMAT group, 
as evidenced by a more significant CI (1.15 vs. 1.13, P < 0.05) than the VMAT group and greater D2cm (52.18 Gy 
vs. 50.68 Gy, P < 0.001) and R50% (4.86 vs. 4.52, P < 0.001) than the VMAT group but judging from the absolute 
values, the differences in CI, D2cm, and R50% between the 2-group plans were not that big (exceeding 1.74%, 
2.87%, and 6.70%, respectively). The dose homogeneity in PTV was better in the DCAT group, as evidenced by 
the fact that the HI (1.24 vs. 1.13, P < 0.05) and D2% (62.60 Gy vs. 69.07 Gy, P = 0.001) of the PTV were smaller 
than those of the corresponding VMAT group, and the D98% (44.54 Gy vs. 43.10 Gy, P < 0.05) of the PTV was 
bigger than that of the VMAT group. Figure 2 shows the transverse and coronal dose distributions, as well as 
the DVH for the DCAT plan and the VMAT plan in one case, and the DCAT plan had a more uniform target 
dose (less volume of 5750 cGy, comparable volume of prescription dose) and comparable OARs dose compared 
to the VMAT plan.

Table 2 lists the dosimetric differences in OARs for the 2-group plans. Dosimetric differences for most OARs 
were insignificant except for the ipsilateral lung, lung all, and the ipsilateral PBT V18Gy. Figure 3 illustrates some 
of the OARs’ parameters for the 2-group plans. Although dosimetric parameters of some OARs were statistically 
different (P < 0.001), for example, the median increment of V5Gy in the ipsilateral lung was 8.13% for the DCAT 
group separately. The median increase of V5Gy in the lung all for the DCAT group was 5.81%. However, combining 
the information in Table 2; Fig. 3, all dosimetric parameters of the 2-group plans met the RTOG 0813 protocol. 
Since the distance between the target and the ipsilateral PBT was less than 2 cm, the V18Gy of the ipsilateral PBT 
in the VMAT group was inferior to that in the DCAT group (P < 0.05). Data for some OARs are not presented in 
Table 2 (spinal cord V22.5 Gy, V13.5 Gy, esophagus V27.5 Gy, great vessels V47Gy, ipsilateral brachial plexus V30Gy, and 
skin V30Gy), because most values of them were 0.

Regarding the plan complexity, the DCAT group showed a significant reduction in segments and MUs 
compared to the VMAT group (19.38% reduction in segments on median number and 23.27% reduction in MUs 
on average, P < 0.05) as shown in Table 3; Fig. 4. The median BOT in the DCAT group (161.00 s) was less than 
that in the VMAT group (169.80 s) by 8.80 s (P < 0.05). The γ passing rates under different acquisition parameters 
(2%/2 mm, 2%/1 mm, and 1%/2 mm) showed that both groups had a high dose delivery accuracy. The DCAT 
group had an apparent advantage under the most stringent acquisition parameters (2%/1 mm, DCAT 93.70% vs. 
VMAT 91.90%; P < 0.05), with an median increase of 1.80% and a maximum increase of 8.60%.

The target (PTV) volume also influences DCAT plan quality. We selected parameters with statistical 
differences in the plan quality and evaluated the correlation between the corresponding DCAT/VMAT ratios and 
the target volume. As can be seen in Table 4, only HIDCAT/HIVMAT, R50%DCAT/R50%VMAT, and SegmentsDCAT/
SegmentsVMAT had moderately correlations with PTV volume (ρ = −0.498, 0.550, −0.53, P < 0.05). Figure  5 
shows a histogram of the statistically significant DCAT/VMAT ratio in relation to PTV volume, where the trend 
of change in HI is relatively slight and not very significant. Table 4; Fig. 5 show that with the increase in PTV 
volume, the HI and the segments of the DCAT plans exhibit a weak advantage, and the R50% of the DCAT plans 
is getting closer and closer to that of the VMAT plans with decreasing PTV volume.

Discussion
Based on the RTOG 0813 protocol, we compared the plan quality, BOT, and γ passing rates between DCAT 
plans and VMAT plans in stage I/II centrally located NSCLC patients with PTV volume < 70 cc and analyzed 
the feasibility of DCAT plans to conduct SBRT treatment (50 Gy/5fx) under certain conditions (PTV volume 
< 70 cc). The results showed that all evaluation parameters of the DCAT plans met the RTOG 0813 protocol. 

Item Planning Goal DCAT VMAT P Value

ITV
D98% (Gy) > 48.0 Gy 54.19 (53.09–55.88) 55.48 (54.27–56.75) 0.201

D2% (Gy) < 77.0 Gy 62.60 (59.37–70.31) 69.07 (65.74–72.28) 0.001*

PTV

D98% (Gy) > 45.0 Gy 44.54 (42.12–46.48) 43.10 (41.76–45.33) 0.020*

D2% (Gy) < 77.0 Gy 62.60 (59.37–70.31) 69.07 (65.74–72.28) 0.001*

Dmean (Gy) 56.80 (54.97–59.81) 58.96 (57.15–59.87) 0.003*

CI < 1.5 1.15 (1.12–1.17) 1.13 (1.09–1.16) 0.048*

HI < 1.6 1.24 (1.19–1.38) 1.36 (1.29–1.39) 0.002*

D2cm (%) 52.18 (47.91–56.40) 50.68 (45.24–53.35) < 0.001*

R50% < 7.5 4.86 (4.46–5.52) 4.52 (4.14–4.98) < 0.001*

Table 1.  Summary of target dosimetric indices for the 2-group plans. Median (IQR) was reported. A 
statistically significant difference to the FFF-VMAT result is indicated by an asterisk (*). Abbreviations: ITV 
internal target volume, PTV planning target volume, CI conformity index, HI homogeneity index, DCAT 
dynamic conformal arc therapy, VMAT volumetric-modulated arc therapy, D2cm the maximum dose at any 
point ≥ 2 cm from the PTV in any direction, R50% the ratio of the volume encircled by the 50% prescription 
isodose line to the PTV volume.
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Compared with the VMAT plans, most target parameters of the DCAT plans were close to their counterparts 
in the VMAT plans (e.g., CI, D2cm, and R50%, etc.), and some of the target parameters, such as the HI (including 
D2% and D98%), were superior to those of the VMAT plans. For all patients, the DCAT plans provided similar 
OARs sparing and were far below the requirements of the RTOG 0813 protocol. The advantage of the DCAT 
plans is that, due to the low modulation degree, fewer segments and MUs are required to deliver the same 
prescribed dose55, as shown in Table 3. This results in two benefits: firstly, the BOT was significantly shorter 
(median reduction of 8.80 s, P < 0.05), and second, the gamma passing rates (2%/1 mm) of the DCAT plans 
were significantly higher (P < 0.05). These benefits improved patient comfort on the one hand and plan delivery 
accuracy on the other56,57. As the target volume increased, the advantages of the DCAT plans became more and 
more significant in HI and segments while gradually inferior to the VMAT plans in R50%.

SBRT treatment of centrally located NSCLC is much more complex than peripheral NSCLC58. The common 
side effects include fatal radiation pneumonitis in patients with poor respiratory function, particularly those 
with underlying interstitial lung disease59. Therefore, the doses to healthy lungs need to be strictly controlled. In 
this paper, the ipsilateral lung parameters (V5Gy, V20Gy) and lung all parameters (V5Gy, V20Gy) in the DCAT group 
were significantly higher than those in the VMAT group (P < 0.001). Nevertheless, the lung dosimetric indices 
of both groups were significantly lower than the requirements of the RTOG 0813 protocol. More importantly, 
significant differences in dosimetry do not necessarily lead to significant clinical organ toxicity, especially when 
the dosimetric parameters are below safety standards.

Fatal hemoptysis occurs when the trachea and bronchus are irradiated at doses higher than the safety 
standard60. All targets in this paper were within 1 cm of the trachea and bronchus. However, there was no 
overlapping volume, so the tracheal and bronchial doses met the safety criteria (referring to Dmax, V18Gy in Table 
2). As for fatal esophageal ulcers and brachial plexopathy, both need no discussion because the corresponding 
OAR doses were too low. The doses for the remaining OARs were well below the RTOG 0813 protocol. Therefore, 
no acute or late radiotoxicity corresponding to the implementation of the DCAT plans is expected28.

Fig. 1.  Comparison of PTV dosimetric parameters (A, CI; B, HI; C, D2cm; D, R50%) between the 2-group 
plans (the blue triangles represent DCAT plans, and the red squares show VMAT plans). The results show that 
most HI for DCAT plans were lower than its corresponding VMAT plans. Otherwise, the DCAT plans did not 
differ significantly in absolute values from the VMAT plans regarding CI, D2cm, and R50%. Abbreviations: PTV 
planning target volume, CI conformity index, HI homogeneity index, DCAT dynamic conformal arc therapy, 
VMAT volumetric-modulated arc therapy, D2cm the maximum dose at any point ≥ 2 cm from the PTV in any 
direction, R50% the ratio of the volume encircled by the 50% prescription isodose line to the PTV volume.
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The advantages of the DCAT plans in treating lung cancer are mainly shorter BOT and higher dose delivery 
accuracy61,62. Therefore, the preferred treatment technique in some radiotherapy centers for SBRT treatment 
is DCAT63. In this paper, the median reduction of segments in the DCAT group was 19.38%, and the median 
reduction of MUs was 23.27%, and the differences were statistically significant (P < 0.05). The average BOT in 
the DCAT group (161.00 s) was less than that in the VMAT group (169.80 s) by 8.80 s (P < 0.05). The segments 
of the DCAT plans based on the SSO and VDR can move in a short range inside and outside the targets, thus 
possessing a specific dose modification ability in the targets, which can be regarded as the most uncomplicated 
VMAT plans26, and thus have both the intensity modulation ability close to that of the VMAT plans, and a simpler 
dose delivery. The γ passing rates of the 2-group plans were following the AAPM TG 218 report53, as shown in 
Table 3; Fig. 4. However, the DCAT plans had higher dose delivery accuracy, which was demonstrated by the 

Fig. 2.  Comparison of DCAT and VMAT plans for a typical patient. The upper and middle panels show 
isodose distributions for the DCAT (left) and VMAT (right) plans. Comparable isodose distributions were 
obtained with the DCAT plan. The OARs include ipsilateral lung, contralateral lung, spinal cord, ipsilateral 
PBT, esophagus, heart, great vessels, ipsilateral brachial plexus, and skin. The lower panel shows the DVH 
comparison for both plans. The solid line represents the DCAT plan, and the dashed line shows the VMAT 
plan (red, ITV; blue, PTV; green, ipsilateral lung; yellow, spinal cord; cyan, ipsilateral PBT; pink, heart; 
carmine, great vessels; other OARs not shown). DCAT plan had a more uniform target dose and comparable 
OAR dose to the VMAT plan. Abbreviations: ITV internal target volume, PTV planning target volume, PBT 
proximal bronchial tree, DCAT dynamic conformal arc therapy, VMAT volumetric-modulated arc therapy, 
DVH dose volume histogram.
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more stringent γ passing rates acquisition parameters (2%/1 mm, DCAT 93.70% vs. VMAT 91.90%; P < 0.05), 
with a median γ passing rates improvement of 1.80% and a maximum improvement of 8.60%. This is because 
all segments of the DCAT plans have regular shapes and large sizes26–29,34 and do not have extensive blocking 
of the central target area or large ranges of leaf motion distances, which reduce computational uncertainty and 
lower the requirement for MLC position accuracy26. In short, the DCAT plans can reduce delivery uncertainties 
associated with small-field dosimetry errors and interplay effects in small lesions, while simplifying the process 
of treatment planning41,42,64,65.

The DCAT plans’ performance at different target volumes is also a matter of interest in this paper. It has been 
reported in the literature66 that DCAT can achieve comparable plan quality to VMAT in early-stage peripheral 
lung cancer patients with PTV < 95 cc. However, there are rare reports in stage I/II centrally located lung cancer 
about DCAT plans. As shown in Table 4; Fig. 5, the ratios of HIDCAT/HIVMAT and SegmentsDCAT/SegmentsVMAT 
became smaller and smaller as the target volume increased, suggesting that the HI and segments of the DCAT 
plans had an increasing advantage relative to the VMAT plans (P < 0.05); while the R50%DCAT/R50%VMAT ratios 
were getting bigger and bigger, indicating that the R50% of the DCAT plans had better performance in small 
target volume (P < 0.05). Given that SBRT therapy requires a faster dose fall-off outside the target volume, DCAT 
plans appear to have more advantages in small-volume targets.

The application of the DCAT plans in this paper has the following prerequisites. Firstly, the small sample size 
results in a lack of persuasiveness and significant trends in the statistical analysis of some data, such as the HI. 
Secondly, the PTV volume is < 70 cc and the target volume dramatically influences the choice between the DCAT 
and VMAT plans63. Thirdly, the 3DCRT plans also play an important role in lung cancer SBRT therapy67, and a 
comprehensive comparison of their advantages and disadvantages with arc therapy will be presented in another 
paper. Finally, although this paper discusses the differences in OAR doses, it does not address the clinical effects 
resulting from these dose differences.

Conclusions
The results of this paper indicate that the novel DCAT plans have high feasibility in the SBRT treatment of stage 
I/II centrally located NSCLC patients within a specific range of target volume (PTV < 70 cc). Although VMAT 
plans have certain advantages in OARs sparing, such differences are not significant in most OARs. Meanwhile, 
DCAT plans feature shorter BOT and higher γ passing rates, which means DCAT plans can improve patient 
comfort and the dose delivery accuracy.

Item Planning Goal DCAT VMAT P Value

Ipsilateral lung
V5Gy < 60% 40.60 (32.25–44.44) 37.30 (30.50–41.35.50.35) < 0.001*

V20Gy < 20% 9.16 (7.00–12.45.00.45) 7.80 (6.35–11.45) < 0.001*

Lung All
V5Gy < 40% 21.00 (17.65–25.85) 19.78 (16.50–23.25.50.25) < 0.001*

V20Gy < 10% 4.60 (3.50–5.50) 3.90 (3.25–4.95) < 0.001*

Spinal Cord Dmax < 30 Gy 9.74 (5.32–12.58) 9.57 (7.96–12.16) 0.076

Ipsilateral PBT
V18Gy < 4 cc 3.30 (2.75–3.73) 3.00 (1.80–3.65) 0.042*

Dmax < 52.5 Gy 46.54 (43.13–48.86) 48.00 (42.67–52.30) 0.201

Esophagus Dmax < 52.5 Gy 18.07 (11.86–27.52) 18.59 (11.92–27.43) 0.819

Heart/pericardium
V32Gy < 15 cc 0.17 (0.00–1.47.00.47) 0.13 (0.00–1.30.00.30) 0.410

Dmax < 52.5 Gy 37.17 (23.99–49.57) 34.21 (27.50–49.19.50.19) 0.861

Great vessels Dmax < 52.5 Gy 42.88 (38.37–49.07) 45.24 (37.65–48.94) 0.563

Ipsilateral brachial plexus Dmax < 32 Gy 0.22 (0.12–0.32) 0.23 (0.15–0.35) 0.403

Skin Dmax < 32 Gy 9.35 (8.10–11.37.10.37) 8.72 (7.16–10.43) 0.069

Table 2.  Summary of oars dosimetric indices for the 2-group plans. Median (IQR) was reported. A statistically 
significant difference to the VMAT result is indicated by an asterisk (*). Abbreviations: OARs organs at risk, 
PBT proximal bronchial tree, DCAT dynamic conformal arc therapy, VMAT volumetric-modulated arc therapy.
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Fig. 3.  Comparison of OARs dosimetric parameters (A, B, ipsilateral lung; C, D, lung all; E, F, ipsilateral 
PBT) between the 2-group plans (the blue triangles represent DCAT plans, and the red squares show VMAT 
plans). The results show that despite the above parameters for DCAT plans being more significant than its 
corresponding VMAT plans, they were still somewhat comparable. Abbreviations: PBT proximal bronchial tree, 
DCAT dynamic conformal arc therapy, VMAT volumetric-modulated arc therapy.
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Fig. 4.  Comparison of dosimetric parameters (A, Segments; B, MUs; C, BOT; D, γ passing rates) between the 
2-group plans (the blue triangles represent DCAT plans, and the red squares show VMAT plans). The results 
show that the above parameters for DCAT plans were more advantageous than its corresponding VMAT plans. 
Abbreviations: DCAT dynamic conformal arc therapy, VMAT volumetric-modulated arc therapy, MUs monitor 
units, BOT beam-on time.

 

Item Planning Goal DCAT VMAT P Value

Segments N/A 104.00 (73.50–127.00) 129.00 (111.50–135.50.50.50) 0.001*

MUs N/A 1738.00 (1650.95–2114.00) 2265.00 (2129.50–2846.80.50.80) < 0.001*

BOT (s) N/A 161.00 (150.60–178.50.60.50) 169.80 (159.25–213.50) 0.007*

γ passing rates (%)

2%/2mm > 95 99.20 (98.80–99.75.80.75) 98.80 (97.80–99.70) 0.236

2%/1mm > 85 93.70 (92.45–94.60) 91.90 (88.55–94.00.55.00) 0.016*

1%/2mm > 90 97.20 (95.65–98.25) 96.60 (94.90–98.75.90.75) 0.757

Table 3.  Summary of plan complexity indices and delivery accuracy for the 2-group plans. Median (IQR) was 
reported. MUs, monitor units; BOT, beam-on time. A statistically significant difference to the VMAT result is 
indicated by an asterisk (*). Abbreviations: N/A not applicable, DCAT dynamic conformal arc therapy, VMAT 
volumetric-modulated arc therapy, MUs monitor units, BOT beam-on time.
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Fig. 5.  Histogram of DCAT/VMAT ratios (A, HI; B, R50%; C, Segments) versus PTV volume. There was a 
significant correlation between the DCAT/VMAT ratios of the above parameters and PTV volume (ρ = −0.498, 
0.550, −0.53, P < 0.05). Abbreviations: HI homogeneity index, DCAT dynamic conformal arc therapy, VMAT 
volumetric-modulated arc therapy, PTV planning target volume, R50% the ratio of the volume encircled by the 
50% prescription isodose line to the PTV volume.

 

Item ρ P Value

CI −0.173 0.407

HI −0.498 0.011*

D2cm −2.86 0.166

R50% 0.550 0.004*

Ipsilateral Lung V5Gy −0.137 0.513

Ipsilateral Lung V20Gy −0.264 0.203

Lung All V5Gy −0.357 0.080

Lung All V20Gy −0.390 0.054

Segments −0.53 0.006*

MUs −0.04 0.850

BOT −0.09 0.669

Table 4.  Correlation of DCAT/VMAT ratios of some plan parameters (statistically different) with PTV 
volume. The content in Item refers to the corresponding DCAT/VMAT ratio. A statistically significant 
difference to the VMAT result is indicated by an asterisk (*). Abbreviations: PTV planning target volume, 
CI conformity index, HI homogeneity index, DCAT dynamic conformal arc therapy, VMAT volumetric-
modulated arc therapy, D2cm the maximum dose at any point ≥ 2 cm from the PTV in any direction, R50% the 
ratio of the volume encircled by the 50% prescription isodose line to the PTV volume, MUs monitor units, 
BOT beam-on time.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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