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Dosimetric and radiobiological
evaluation of stereotactic
radiosurgery using volumetric
modulated arc therapy and
dynamic conformal arc therapy for
multiple brain metastases
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Harry Chi-Yuen Cheng?**

This paper presents a clinical comparison of the target dose, normal tissue complication probability
(NTCP), and plan quality between volumetric modulated conformal arc therapy (VMAT) against
dynamic conformal arc therapy (DCAT) techniques to facilitate clinical decision-making in multiple
brain metastases (MBM) treatment. A total of 11 cases having 33 lesions were recruited at the Union
Oncology Centre, Union Hospital, Hong Kong SAR. With CT images available, all plans were optimized
using both HyperArc (HA) and Brainlab Elements Multiple Brain Metastases (Elements MBM). Target
coverage, normal tissue sparing, and dose distribution were compared pairwise between VMAT and
DCAT. Results showed that the plans generated using both techniques achieved adequate target
coverage to meet up with the oncologist’s prescription. With similar levels of NTCP, the normal brain
received low doses of radiation using both techniques and the risk of brain necrosis was kept equally
low. This indicated that VMAT and DCAT produced similar high-quality treatment plans with low risks
of brain necrosis. Meanwhile, VMAT showed better homogeneity which could potentially be more
useful for large targets, while DCAT showed better target conformity especially for targets smaller
than 1 cc. In general, both HA and Elements MBM demonstrated ability to generate high-quality
clinical plans.

Keywords Multiple brain metastases, Frameless stereotactic radiosurgery, VMAT, DCAT, Radiation-induced
brain necrosis, NTCP, Dose distribution, Quality of life

Multiple brain metastases (MBM), affecting 8-10% of metastatic cancer patients!, primarily originate from the
intravasation of tumors in the lung (19.9%), melanoma (6.9%), or breast (5.1%), followed by extravasation in
the brain area®. Whole-brain radiation therapy (WBRT), as a traditional method of MBM treatment?, although
effective at intracerebral control of MBM, can result in toxicity due to its indiscriminate impact on healthy
brain tissue. Damage to the normal brain region could result in serious impairments to neurocognitive function
(NCF), impacting the quality of life (QoL)*. In response, stereotactic radiosurgery (SRS) has emerged as an
advanced treatment of MBM in a high-dose single fraction with enhanced precision and superior local focus,
reducing the impairment to NCF*. When it comes to MBM treatment, traditional multiple-isocenter or non-
isocenter SRS planning approaches such as GammaKnife (GK) and CyberKnife (CK) have the disadvantage of
time consuming, for the addition of each isocenter extends the treatment delivery by around 10 min and requires
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repeated patient positioning during treatment”®. This makes single-isocenter non-coplanar SRS techniques a
more favourable option.

Linear accelerators (LINACs) were developed with SRS techniques that allows immobilization and localization
without the use of invasive frames to improve treatment experience. Non-coplanar SRS has outperformed its
coplanar counterpart by using multiple beams directed at flexible planes, such that the beams can converge at
various angles to avoid overlapping at non-tumor regions’. This feature has been shown to provide increased
conformity and complexity in treatment geometry, enhancing the sparing of organs at risk (OAR) and reducing
the dose to normal brain tissue'®, which is particularly important for high fractional treatment such as SRS.
Two promising techniques that exemplify this are dynamic conformal arc therapy (DCAT) and volumetric
modulated arc therapy (VMAT), both delivered by multileaf collimator (MLC) based LINACs. VMAT features
dynamic modulation of MLC movement and gantry rotation speed, allowing for greater degrees of freedom.
It has been suggested that VMAT produces a steep dose gradient beyond the target region, which facilitates
sufficient sparing of OAR!!. Meanwhile, DCAT typically involves less MLC modulation but offers advantages
such as a reduced calculation burden, fewer monitor units (MU), and shorter treatment times'"!2. Commercially
available treatment planning systems (TPS) based on VMAT and DCAT are Varian HyperArc (HA) and Brainlab
Elements Multiple Brain Mets (Elements MBM), respectively. To achieve a given clinical goal using VMAT and
DCAT embedded TPS, competitive plans can be generated for the same patient from different solutions with
different dose distributions!. The variation in dose distribution can be quantified by the Conformity Index (CI)
that attributes a score to measure the fitting between the prescription isodose volume and the target volume, the
Gradient Index (GI) that shows the rapidness of dose decline beyond the target, and the Homogeneity Index
(HI) that accounts for the uniformity of dose distribution in the target volume'?4,

A common brain toxicity endpoint reported in the literature is radiation-induced brain necrosis, or
radionecrosis, a result of inflammation caused by neuron cell death after SRS at the original tumor site'® which
can lead to long-term complications such as headache, nausea, ataxia, and seizurel® 18 The incorporation of
Normal Tissue Complication Probability (NTCP) model has been recommended in evaluating the risk of
radionecrosis following SRS-treated MBM'. Over the past decades, different NTCP models were developed to
evaluate the control ability of SRS for radionecrosis'®~22. Since 1997, when Niemierko introduced the concept
of equivalent uniform dose (EUD) which is defined as the amount of dose that leads to the same fraction of cell
survival when uniform irradiation is assumed?’, an EUD-based NTCP model was proposed compliant with the
empirical normal tissue tolerance parameters developed by Emami?%.

Intrinsically, VMAT or DCAT techniques present differences in plan quality. It is important to understand
the potential differences in treatment outcomes between the techniques for clinical decision-making. However,
the few existing clinical comparison studies involving VMAT and DCAT techniques have yielded different
results in terms of dosimetric characteristic and normal tissue protection ability*>~*°. Moreover, there is a lack
of clinical comparison studies using NTCP models to predict the risk of radionecrosis in SRS treatment of
MBM. In this study, MBM cases treated at the Union Oncology Centre, Union Hospital, Hong Kong SAR,
were retrospectively viewed. The dosimetric and radiobiological characteristics of VMAT-based HA and DCAT-
based Elements MBM were compared in terms of target coverage, EUD-based NTCP, whole brain and normal
brain dose, and dose distribution indices.

Methods and materials
Case recruitment
MBM cases that received SRS treatment between November 2022 and April 2024 at the Union Oncology Centre,
Union Hospital, Hong Kong SAR, were included in this study. Computed tomography (CT) images of recruited
patients were retrospectively viewed and were used for treatment plan generation. Due to the retrospective
nature of the study, the Ethics Committee of the Union Hospital waived the need to obtain informed consent.
The experimental protocol was approved by the Union Oncology Centre, Union Hospital. All research protocols
were carried out under the institutional guidelines and regulations of the Union Oncology Centre, Union
Hospital.

Inclusion Criteria.

o MBM cases prescribed with single fraction SRS.
« Having clinically approved prescription and treatment plans.
« Having more than one treated target.

Treatment plan generation
For each patient with a given prescription, two simulation plans were generated using two advanced single-
isocenter frameless SRS techniques: Varian HyperArc (Eclipse v16.1, Varian Medical Systems, Netherlands)
employing VMAT technique and Brainlab Elements MBM (Brainlab Elements v4.0, Munich, Germany)
employing DCAT technique. The targets and OAR were contoured by an oncologist experienced in intracranial
metastases treatment. The photon beam energy of flattening filter free (FFE, 6-MV) was used, and the LINAC
type was Varian Edge. The leaf pattern for the MLC was HD120 with a central leaf thickness of 1.25 mm stepping
to 2.5 mm at isocenter, and a peripheral leaf thickness of 2.5 mm stepping to 5 mm at isocenter. For both TPS,
the prescription dose was given at the 80% isodose line to achieve full coverage of the gross tumor volume (GTV)
and 99.5% coverage of the planning target volume (PTV); the clinical goal was set to achieve a maximum dose
not exceeding 130% prescription dose, while the dose to the OAR and healthy brain was minimized. All plans
were mutually evaluated and verified by the oncologist team.

HA external beam planning was conducted in Eclipse utilizing analytic anisotropic algorithm (AAA) with a
calculation voxel size of 1 mm. The SRS support structure model Encompass was to match the immobilization
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device. PTVs were set to high resolution structures in contouring. Partial arc treatment was utilized when the
isocenter was located outside the patient protection zone, while full arc treatment was utilized if it was located
inside. Normal tissue objective value was optimized to protect critical structures. All doses were corrected for
heterogeneity on the 1.25 mm grid size. Figure 1 shows an example of a plan generated on HA.

Elements MBM was calculated with Pencil Beam followed by Monte Carlo algorithm with a calculation voxel
size of 1 mm, following that of HA. A tissue model was generated for each case under Couch Top of Frameless
Extension. For the gantry and table optimization protocol, a maximum of 2 passes and 4 extra arcs were allowed.
A minimum of 4 table angles were assigned, with a maximum of 5 table angles allowed. Automatic Arc Setup
Mirroring, Automatic Table Angle Optimization, and Automatic Gantry Angle Optimization were enabled for
greater flexibility. Figure 2 shows an example of a plan generated on Brainlab Elements MBM.

Evaluation of indicators of target dose and whole brain dose constraints

To estimate the target dose coverage and quality of treatment of VM AT and DCAT, near-minimum dose, median
dose, and near-maximum dose to each PTV (D98%, D50%, and D2%) were calculated and compared between
the two systems. Based on the dose-volume constraints guided by UK consensus®!, the whole brain volume that
received 12 Gy or higher radiation (V12Gy) was recorded for each case to reflect the risk of radiation-induced
toxicity to the whole brain. V10Gy, V8Gy, and V5Gy were also included to stay in line with previous studies?>~%.
For the normal brain (brain excluding GTV), the mean dose, the volume receiving more than 12 Gy and more
than 80%, 50% and 10% of the prescription dose (V12Gy, V80%, V50%, V10%) were evaluated. Following the
UK consensus®!, mean dose to the cochlea and maximum doses to the OAR including the lenses, eyes, inner ear,
pituitary gland, optic nerve, optic chiasm, brainstem, and spinal cord were evaluated.

Computing indicators of dose distribution

The following indicators accounting for the dose distribution of the treatment systems were analyzed per
PTV across all patient plans: Paddick Conformity Index (CI)*2, RTOG CI*}, Gradient Index (GI)**, RTOG
Homogeneity Index (HI)*>, and ICRU83 HI*®. The equations (Egs. 1-5) calculating the dose distribution
indicators can be found in the Appendix.

Computing the NTCP model outcome

The NTCP model proposed by Niemierko was employed with the organ at risk being the healthy brain and the

endpoint being radionecrosis®:

NTCP = ! 0

1+ (B 50

where y50 describes the slope of the NTCP curve parameter, EU D5 stands for the dose for a 50% complication
probability, and the plan specific equivalent uniform dose EU D is given by:

Fig. 1. HA plan preview.
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Fig. 2. Elements MBM plan preview.

1
EUD = (Z viD?> (2)
where v; is the partial volume with corresponding biologically equivalent absorbed dose D;, and a is a tissue-
specific fitting parameter. D; was obtained from the differential dose-volume histogram (dDVH) using?%:

Di:dixw (3)
(5+D)

where d; is the fractional dose corresponding to the . partial volume v; on the dDVH, a /3 is a fitting
parameter of the linear quadratic model of cell survival, ny is the number of fractions prescribed, with ny =1
for single-fraction SRS, and D is the dose prescribed per fraction.

Parametrizing the above logistic NTCP function, where EU D5o = 57.7 Gy, 750 = 2.5, o /8 = 2, and
a = 9 as recommended by Emami*’, Burman?®, and Niemierko et al.* that are specific to intracranial normal
tissue, the NTCP model equation reduced to:
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1+ (#5)" @

Where:

EUD = (Z v@?) (5)

i

The NTCP model was developed on Excel sheets for data processing. The dDVH of the simulated plan was
downloaded and input into the NTCP model. NTCP in percentage form was recorded.

Statistical analysis

Data analysis was conducted using SPSS (version 29.0.1, IBM Corp, Armonk, New York, US). Normality test was
conducted for all sets of data utilizing Shapiro-Wilk (SW) test. Treatment plans simulated by VMAT and DCAT
were compared pairwise. Normal distribution was satisfied if p-value >0.05 in the SW test. Otherwise, normal
distribution was considered violated. Normally distributed data sets were compared using the Paired Samples T
Test and non-normally distributed data sets were compared using a paired Wilcoxon Signed Rank Test (WSRT)
to identify differences, with two-tailed p-value <0.05 considered statistically significant.

Results

A total number of 33 targets from 11 MBM cases treated with SRS between November 2022 and April 2024 were
studied. The average individual volume of PTV was 1.76 cc, and the average volume of total PTV was 5.29 cc per
patient. The ages ranged from 38 to 68 years old, and the mean age was 63 years old. Among these cases, 6 were
females and 5 were males, with the prescription dose ranging from 18 to 24 Gy and the treatment percentage
prescribed at 80% isodose line. Patient characteristics are summarized in Table 1.

Both Elements MBM and HA software achieved excellent plan dosimetry and conformity. Table 2 summarizes
the median of doses received by 98%, 50%, and 20% of the target volume. The median value of the near minimum
dose (D98%) was found to be higher in VMAT plans at 21.10 Gy (range 18.74-25.95 Gy), equivalent to 105.25%
(range 100.01-108.10%) of the prescribed dose. However, the near-maximum doses (D2%) and doses to 50%
of the target volume (D50%) were found lower in VMAT than in DCAT at 123.09% (range 119.03-128.61%)
versus 124.76% (range 122.19-127.41%), and 115.64% (range 111.80-119.40%) versus 116.61% (range 112.88—
120.76%).

V5Gy, V12Gy, and the maximum dose received by the whole brain are shown in Table 3. V12Gy and V5Gy
for the whole brain also showed no significant difference for the two systems. The average V12Gy and V5Gy were
13.97 cc (range 2.80-61.16 cc) and 54.09 cc (range 13.60-220.38 cc) versus 13.82 cc (range 1.56-68.57 cc) and
48.51 cc (range 6.14- 235.03 cc) for VMAT and DCAT plans, respectively.

Table 4 summarizes the NTCP, and the doses received by the normal brain region excluding GTV. The average
mean doses to the normal brain (brain volume excluding GTV) were similar at 1.31+0.77 Gy for VMAT and
1.12+0.81 Gy for DCAT. Volumes of the brain excluding GTV receiving 80%, 50%, and 10% of the prescription
dose were higher for VMAT than for DCAT. A similar V12Gy was observed for the two TPS at 11.51 Gy (range
2.80-42.89 Gy) and 11.44 Gy (range 1.56-50.48 Gy), respectively. Out of 11 patients, 8 showed higher V80%
and 10 showed higher V50% for VMAT plans (5.90 Gy, range 0.35-31.1 Gy) than for DCA plans (3.59 Gy, range
0.26-15.91 Gy). All 11 patients had a higher V10% for VMAT plans at 187.25 Gy (range 34.34-586.68 Gy) than
for DCAT plans (range 14.23-503.86 Gy).

Patient number | Gender | Age Prescription dose (Gy) | Treatment percentage (%) | Fraction number | Number of PTV | Total PTV volume (cc)
1 F 38 22 80 1 3 1.66
2 M 79 20 80 1 5 2.84
3 M 65 24 80 1 3 3.08
4 F 66 18 80 1 4 3.18
5 M 68 20 80 1 2 4.72
6 F 65 18 80 1 2 1.77
7 F 59 24 80 1 2 5.32
8 F 38 22 80 1 3 1.67
9 M 54 20 80 1 2 1.15
10 F 64 18 80 1 3 32.62
11 M 65 24 80 1 4 0.21
Mean 63 21 3 5.29
Range 38-68 | 18-24 2-5

SDf 13 3

Table 1. Patient summary. 'SD: Standard Deviation.
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PTV Technique | Median | Mean | Range Higher Ranks' | 2-tailed p-value | Z score
VMAT 21.10 21.88 | 18.74-25.95 |23

D98%(Gy) <0.01 291
DCAT 21.31 21.75 | 18.74-2522 |10
VMAT 23.06 24.00 | 20.78-28.66 |11

D50%(Gy) <0.01 -2.83
DCAT 24.00 2444 | 20.80-28.54 |22
VMAT 24.39 2552 | 21.81-30.87 |10

D2%(Gy) <0.01 -3.17
DCAT 25.31 26.06 | 22.19-30.35 |23
VMAT 105.25 | 104.75 | 100.01-108.10 | 23

D98%(%) <0.01 -2.90
DCAT 103.97 | 104.08 | 100.90-108.63 | 10
VMAT 115.64 111.38 | 111.80-119.40 | 11

D50%(%) <0.01 -2.97
DCAT 116.61 116.97 | 112.88-120.76 | 22
VMAT 123.09 | 122.06 | 115.20-128.61 | 10

D2%(%) <0.01 -3.28
DCAT 124.76 124.64 | 122.19-127.41 | 23

Table 2. Summary of doses received by 98%, 50%, and 20% of the target volume (D98%, D50%, and D2%).
THigher ranks: the number of treated target presenting greater values of D98% / D50% / D2%. (Example:
Higher ranks =23 for VMAT D98%(Gy), indicating 23 treated PTV of VMAT plans received a greater
D98%(Gy) value than their Elements MBM counterparts.)

2-tailed

Whole brain | Technique | Median | Mean | Range Higher ranks' | p-value | Z score
VMAT 9.27 13.97 2.80-61.16 |5

V12Gy(cc) 0.93 -0.08
DCAT 8.65 13.82 1.56-68.58 |6
VMAT 12.49 18.06 391-76.58 |5

V10Gy(cc) 1.00 0.01
DCAT 11.39 18.10 2.11-89.71 |6
VMAT 18.78 25.60 5.83-108.50 | 5

V8Gy(cc) 0.93 0.09
DCAT 15.94 25.11 3.02-124.82 | 6
VMAT 36.75 54.09 | 13.60-220.38 | 6

V5Gy(cc) 0.42 -0.80
DCAT 31.85 48.51 6.41-235.03 | 5

Table 3. Summary of V12Gy (cc), V10Gy(cc), V8Gy(cc), and V5Gy (cc) of the whole brain. THigher ranks:
plans presenting greater values of V12Gy / V10Gy / V8Gy / V5Gy. (Example: Higher ranks =5 for VMAT
V12Gy(cc), indicating 5 VMAT plans had a greater whole brain V12Gy value than their Elements MBM
counterparts.)

2-tailed
Normal brain | Technique | Median | Mean | Range Superior Plans’ | p-value | Z score
VMAT 0.13% | 0.67% | 0.01-4.39% |7 0.72 -0.36
NTCP (%) DCAT 0.11% | 0.35% | 0.02-1.09% |4
Higher Ranks*
VMAT 1.23 131 | 0.64-3.13 8
Mean Dose (Gy) 0.750 | -1.78
DCAT 1.02 1.12 | 0.36-3.38 3
VMAT 8.59 11.51 | 2.80-42.89 |5
V12Gy (cc) 0.930 | -0.08
DCAT 7.61 11.44 | 1.56-50.48 |6
VMAT 3.11 590 | 0.35-31.10 |8
V80% (cc) <0.05 -2.22
DCAT 2.76 359 | 0.26-1591 |3
VMAT 8.54 1429 | 1.79-71.37 |10
V50% (cc) <0.01 -2.58
DCAT 7.89 10.44 | 0.99-51.50 1
VMAT 107.00 | 187.25 | 34.34-586.68 | 11
V10% (cc) <0.01 -2.93
DCAT 80.56 | 117.28 | 14.23-503.86 | 0

Table 4. Doses to the normal brain and NTCP scores. fSuperior plans: plans having lower NTCP values.
*Higher ranks: plans presenting greater values of mean dose / V12Gy / V80% / V50% / V10%. (Example:
Higher ranks =8 for VMAT Mean Dose (Gy), indicating 8 VMAT plans received a greater normal brain mean
dose value than their Elements MBM counterparts.)
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The difference in maximum doses to the OAR was not statistically significant (Table 5). 9 out of 14 OARs
identified received a smaller maximum dose on average in the plans generated by the DCAT system, and 13
OARs had a greater number of superior plans in DCAT than in VMAT. The median of the maximum doses
to the pituitary was 0.52 Gy (range 0.09-3.04 Gy) for VMAT plans versus 0.26 Gy (range 0.09-2.36 Gy) for
DCAT plans. To the left and right inner ear, the median maximum doses were 0.54 Gy and 1.04 Gy for VMAT,
compared to 0.59 Gy and 0.42 Gy for DCAT. For the left and right lenses, left and right eye, maximum doses
were observed higher in DCAT plans, while that to the optic chiasm was also higher for VMAT plans at 1.33 Gy
(range 0.37-3.79 Gy) versus DCAT plans at 0.83 Gy (range 0.30-3.56 Gy).

Dose distribution indices are summarized in Table 6. Differences in mean values show that DCAT plans
achieved smaller RTOG CI, higher Paddick CI, and smaller GI on average at 1.24+0.16, 0.75+0.08, and
4.00£1.04, versus VMAT plans at 1.53£0.54, 0.68 +0.14, and 5.26 +2.39, p <0.01, while VMAT plans achieved
lower RTOG HI and ICRU83 HI at 1.23+0.05 and 0.15+0.02 versus DCAT plans at 1.25+0.05 and 0.18+0.02,
p<0.01.

Discussion

The study investigated the dosimetric and radiobiological outcomes of VMAT and DCAT by a clinical comparison
of 33 targets recruited from MBM patients. While high-quality treatment plans could be generated using both
techniques, significant differences were observed in target coverage, NTCP, dose delivered to the whole brain
and OAR, and dose distributions, which should be considered in clinial decision-making. Both techniques
fulfilled adequate target coverage and satisfied the oncologist’s dose prescription by achieving>99.5% of the
PTV volume and full coverage (>100%) of the GTV volume at the 80% isodose prescription. Both techniques
prevented the occurrence of hot spots by keeping the near maximum point dose (D2%) in each PTV controlled
below 130% as requested. The results show that VMAT provided a larger median near-minimum dose (D98%)
of 21.10 Gy at 105.25% of the prescription dose, yet lower D50% and D2%. This suggests that VMAT plans favor
a larger isodose cloud with better homogeneity to achieve more extensive target volume coverage but a less
favorable dose-target conformity. The finding coincides with Liu et al.?® that VMAT plans favored moderate-to-
high isodose metrics while DCAT plans favored low-dose metrics.

Technique | Median Average Dose (Gy) | Mean Average Dose (Gy) | Range Superior Plans’ | 2-tailed p-value | Z value
VMAT 0.43 091 0.06-2.81 | 5

Left Cochlea 0.86 -0.18
DCAT 0.46 0.83 0.06-2.92 | 6
VMAT 0.77 1.24 0.13-3.16 |4

Right Cochlea 0.33 -0.98
DCAT 0.41 1.04 0.04-3.15 | 7

Median Maximum Dose Mean Maximum Dose 2-tailed

Technique | (Gy) (Gy) Range Superior plans’ | p-value Z value
VMAT 2.08 2.42 0.43-6.58 | 1

Brain Stem 0.05 -1.96
DCAT 1.33 1.96 0.37-5.29 | 10
VMAT 0.22 0.43 0.04-1.18 |5

Left Lens 0.86 -0.18
DCAT 0.23 0.52 0.05-2.50 | 6
VMAT 0.23 0.35 0.03-0.82 | 6

Right Lens 0.16 -1.42
DCAT 0.30 0.52 0.11-1.62 | 5
VMAT 0.42 0.84 0.16-2.41 |5

Left Eye 1.00 0.00
DCAT 0.32 0.86 0.26-3.16 | 6
VMAT 0.51 0.71 0.22-1.94 | 5

Right Eye 0.48 -0.71
DCAT 0.56 0.83 0.18-2.45 |6
VMAT 0.54 1.20 0.20-3.88 | 5

Left Inner Ear 0.20 -1.27
DCAT 0.59 1.09 0.07-3.85 | 6

i VMAT 1.04 1.26 0.19-3.49 |6

Right Inner 0.92 ~0.10

Ear DCAT 0.42 1.20 0.07-3.79 | 5
VMAT 0.52 0.87 0.09-3.05 | 3

Pituitary 0.25 -1.16
DCAT 0.26 0.76 0.09-2.36 | 8

Left Optic VMAT | 047 0.86 0.08-2.71 | 5 o o

Nerve DCAT 0.46 0.76 0.07-2.23 | 6 ’ '

Right Optic | VMAT 0.53 1.04 0.14-3.92 | 4 ool e

Nerve DCAT 0.41 0.72 0.19-2.05 | 7
VMAT 1.33 1.34 0.37-3.79 | 4

Optic Chiasm 0.21 -1.25
DCAT 0.83 1.23 0.30-3.56 |7
VMAT 0.25 0.75 0.06-2.13 | 5

Spinal Cord 1.00 0.00
DCAT 0.20 0.75 0.03-2.35 | 6

Table 5. Mean or maximum doses to the OAR. "Superior plans: plans received smaller mean or maximum
dose at the given OAR.

Scientific Reports |

(2025) 15:9118

| https://doi.org/10.1038/s41598-025-93502-7

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

2-tailed
Technique | Mean | Range SD* | Superior Plans’ | p-value
VMAT 1.53 1.14-3.47 ]0.54 | 10
RTOG CI <0.01
DCAT 1.24 0.97-1.60 |0.16 | 20
VMAT 0.68 0.45-0.88 |0.14 | 11
Paddick CI <0.01
DCAT 0.75 0.59-0.93 | 0.08 | 22
VMAT 5.26 2.60-10.76 |2.39 | 8
GI <0.01
DCAT 4.00 2.45-6.80 | 1.04 | 25
VMAT 1.23 0.99-1.30 |0.05 | 28
RTOG HI 0.05
DCAT 1.25 1.00-1.32 | 0.05 | 4
VMAT 0.15 0.09-0.20 |0.02 |29
ICRU83 HI <0.01
DCAT 0.18 0.14-0.21 |0.02 | 4

Table 6. Dose distribution assessment indices. TSuperior plans: plans presenting lower RTOG ClI, greater
Paddick CI, lower GI, lower RTOG HI, or lower ICRU83 HI. *SD: Standard Deviation.

The dosimetric characteristics of VMAT and DCAT can be visualized from a sample plan in Fig. 3 which
has a prescription of 20 Gy at 80% isodose line. Comparing the VMAT generated plan (Fig. 3A) against DCAT
generated plan (Fig. 3B) shows a more visible dose bridge between individual targets. A wider dose bridge
indicates a larger volume of dose spill, so that the normal tissue at the close vicinity of the targets is more likely
to be irradiated; The point dose was measured to be 958.2 cGy (VMAT) versus 560.9 cGy (DCAT) at the same
location (difference + 0.1 mm) at the middle of the dose bridges, see Fig. 3. Comparing Fig. 3A(2) and B(2) which
contain the cumulative dose volume histograms (cDVH), both VMAT and DCAT saw sharp dose fall-off at PTV
and GTV margins with comparably good local control represented by low doses to the normal brain.

Radionecrosis is a crucial risk to consider when planning for individualized SRS treatment?. Although Raza?
and Hofmaier? observed significantly lower V12Gy and better normal tissue sparing in DCAT plans compared
to VMAT plans, in our study, the maximum dose and volume of the whole brain receiving 12 Gy (V12Gy) or
higher were found to be similar. The UK consensus has identified V12Gy as an important independent predictor
of both symptomatic and asymptomatic radionecrosis®'. According to the similar V12Gy values observed,
VMAT and DCAT showed a similar ability to reduce the risk of radionecrosis and to preserve NCE

Another important indicator of radionecrosis risk was the NTCP outcomes, which were kept below 5%
for both VMAT (0.13%, range 0.01-4.39%) and DCAT (0.11%, range 0.02-1.09%), both showing good local
control under careful treatment modulation. In line with this finding, the whole brain V12Gy, V10Gy, V8Gy,
and V5Gy showed no significant differences between VMAT plans and DCAT plans in this study, although
DCAT plans presented with slightly higher median values for all these indices, which was not surprising given
its larger volume of the prescription isodose cloud. Therefore, for patients with relatively larger individual targets
whose central areas are likely to experience less uniform dose distribution, VMAT might be clinically effective
in achieving adequate dose coverage at GTV margins and in better preventing the occurrence of hot spots as the
target gets larger, although the OAR maximum dose may be potentially compromised. Nevertheless, dynamic
trajectory radiotherapy (DTRT) has been developed as an VMAT extension by allowing non-coplanar beam
delivery with dynamic table and collimator rotations*!, DTRT has improved the dosimetric features and has
shown promising results in reducing OAR dose and NTCP compared to VMAT*2 Future studies are needed to
further compare the clinical performance between DTRT and DCAT.

It should also be noted that for any single case, the absolute values of predicted NTCP outcomes may not
be reliable, but it is the difference in NTCP that can provide useful information when alternate treatment plans
are compared®. The uncertainty in the absolute value of NTCP is thus inevitable. One limitation of our NTCP
computation is the use of published parameter values. Although these parameter values were highly appreciated,
any variation in these values can lead to changes in the NTCP results calculated. For instance, the tissue-specific
parameter a = 9 was obtained from the empirical dose-volume fitting by Emami et al.*’; however, analogous
data can also be obtained from an individual institutional practice*%. Thus, for a given institution, using NTCP
model parameters based on the calibration of a selected model against average clinical outcomes can potentially
yield more accurate NTCP values reflecting situational situations. For a clinic that would like to include NTCP
in radionecrosis evaluation, the implementation of NTCP algorithms is another option, such as Philips Pinnacle
and Varian Eclipse embedded with the Lyman model and Poisson model for NTCP/TCP*>.

Previous comparison studies have reported different results regarding the conformity of VMAT and DCAT
techniques. Such discrepancies may be due to differences in plan optimization when processing lesions of
different sizes and shapes. In this study, VMAT treated plans presented with more uniform dose distribution
indicated by a significantly smaller RTOG HI and ICRU83 HI, preventing the hot spots occurring. On the other
hand, DCAT achieved superior conformity with a smaller average RTOG CI at 1.24+0.16 compared to VMAT
(RTOG CI 1.53 £0.54), which was further supported by the higher mean Paddick CI (0.75+0.08) observed in
the DCAT plans than in VMAT plans (0.68 +0.14). For VMAT plans, we observed that Paddick CI decreased as
the target volume decreased, as shown in Fig. 4, which is likely to be caused by over-dosage, especially for smaller
targets where the high-dose spills appeared more prominent. A study comparing VMAT against CK showed
that although VMAT presented with better treatment efficiency than CK in treating MBM, its conformity was
lower owing to the greater PTV margin®®. Similar conclusions were also drawn in a dosimetric comparison
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Fig. 3. Dose distributions of a case with a prescription of 20 Gy at 80% isodose line. (A) Dose distribution of
the VMAT plan. A(1): Transversal, Y=-1.38 cm; A(2): cDVH of total PTV, total GTV, and Normal Brain; A(3):
Frontal, Z=4.76 cm; A(4): Saggital, X=-2.79 cm. The point dose at the middle of the dose bridge (location X=-
2.97 cm, Y = -3.45 cm, Z=4.76 cm) was 958.2 cGy. (B) Dose distribution of the DCAT plan. B(1): Transversal,
Y=-1.38 cm; B(2): cDVH of total PT'V; total GT'V, and Normal Brain; B(3): Frontal, Z=4.76 cm; B(4): Saggital,
X=-2.79 cm. The point dose at the middle of the dose bridge (location X=-2.97 cm, Y=-3.46 cm, Z=4.76 cm)
was 560.9 cGy.

between GK and VMATY. Our finding also suggested that DCAT plans achieved a smaller GI of 4.00+1.04
compared to VMAT plans (5.26 +2.39). Since the smaller the GI the sharper the dose fall-off, an increase in GI
value is associated with the risk of normal tissue dose. In this way, regions of tissue outside the targets of DCAT-
generated plans are less likely to experience NCF decline, consistent with previous studies?>?”.

According to Figs. 4, 5 and 6, DCAT plans maintained smaller variations in dose distribution indices despite
the variation in target sizes, indicating that the dose distributions of DCAT plans were less likely to be affected
by the decline in target volumes. Narayanasamy et al.”” noted that DCAT primarily uses a dynamic conformal
arc approach for dose optimization, producing MLC segments typically of the same size as the treated tumors,
resulting in superior planning conformity compared to VMAT. In clinical practice, target volumes as small
as 1 cc are not uncommon. Considering the results of GI and CI, it is recommended that patients with small
individual PTV volumes (< 1 cc) may benefit from DCAT treatment to reduce normal tissue dose.

The limitations of this study include its single-institution design, which results in a relatively small sample
size that may not accurately reflect the situation of a larger patient population treated at various clinical centers.
Additionally, most of the PTV included in this study consisted of low volumes and high sphericity, thus the
influence of PTV size and shape on the performance of DCAT and VMAT may not be addressed adequately.
Future multi-institutional studies using larger sample sizes, different energy profiles, and diverse target sphericity
are needed to verify the results.
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Fig. 4. Conformity Indices (RTOG CI and Paddick CI) Against PTV (cc).

Conclusion

This clinical comparison study compared the treatment plan quality of VMAT and DCAT techniques in terms
of target coverage, NTCP, and dose distribution, providing insights into the dosimetric and radiobiological
outcomes of the two techniques. To protect NCF and improve QoF after SRS in an individualized treatment plan,
it is important to consider these differences. Both techniques achieved remarkably low NTCP under clinical
settings. HA plans tended to have a higher target dose profile with more adequate target coverage but with a
larger volume of high, medium, and low dose spills, and better dose homogeneity. Meanwhile, Elements MBM
plans exhibited better beam conformity and steeper dose gradient, and the plan quality was less susceptible to
target size variations. We recommend for patients with small PTV volumes less than 1 cc, DCAT might be a
better clinical option while VMAT should be considered for large intracranial targets where hot spots could
easily appear. In general, the results showed that both VMAT and DCAT were able to generate high-quality SRS
plans under the careful treatment modulation by radiation oncologists and medical physicists.
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