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Background and purpose: Three mono-isocenter techniques with multiple non-coplanar arcs are nowa-
days clinically available for linac-based stereotactic radiosurgery (SRS) of multiple brain metastases
(BM): HyperArc (HA), Multiple Brain Mets (MBM), and Monaco-HDRS. Two of them, HA and MBM, are
here compared in terms of plan-quality, and dosimetric consistency between planning and delivering.

Materials and methods: For 20 patients with multiple BM (2-10), treated by mono-isocenter volumetric
modulated arc therapy (VMAT) HA plans, mono-isocenter MBM dynamic conformal arc plans were gen-

g(;;slwords: erated. Prescription dose (Dp) was 18-25 Gy, for single-fraction, and 21-27 Gy, for three-fractions. Mean
VMAT overall Planning Target Volume (PTV), expanded by 2 mm from each lesion, was 9.6 cm> (0.5-27.9 cm?).
Brain metastases Dose normalization of 100%Dp at 98%PTV was adopted. Plan-quality was compared by the Paddick con-
HyperArc formity (CI) and gradient (GI) index, for the target, mean dose and V;; volume, for the healthy brain, and

number of monitor units (MU). Further, verification dosimetry by radiochromic films was performed for
each plan, thus comparing also, by y-analysis, the consistency between in-phantom computed and mea-
sured dose distributions.
Results: CI significantly improved for HA plans, changing on average from 0.75 (MBM) to 0.94 (HA)
(p <.001). No significant differences between HA and MBM plans were computed for GI (p =.216), and
for mean dose (p =.436) and Vi, (p = .062) to the healthy brain; although V;, increased on average from
23.7 cm® (HA) to 37.3 cm® (MBM). No significant difference resulted for MU (p =.107), whereas y (1 mm,
3%) and y (2 mm, 2%) passing-rates significantly improved for HA plans (p =.006; p =.023).
Conclusions: HA plans assured a higher CI, while no significant difference resulted for any of the other
planning metrics. Although on average slightly higher for HA plans, the dosimetric consistency between
planned and delivered was satisfactory from both techniques. Hence, our judgement of near equal plan-
quality from HA and MBM SRS-techniques.

© 2018 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 132 (2019) 70-78

MultipleBrainMets

Brain metastases BM are the most common intracranial tumors
in adults: about 20-40% of cancer patients will develop BM in their
oncological history [1]. In the past, patients with multiple BM were
typically treated by whole-brain radiotherapy (WBRT). Radio-
surgery, both as single-fraction (SRS) and as 3-5 fractions (FSRT)
stereotactic radiotherapy, has also gained importance in this treat-
ment setting [2], given the increased risk of detriment in neurocog-
nitive functions for patients undergoing WBRT [3,4], without any
improvement in overall survival (OS) as compared to SRS/FSRT
[5,6]. Although SRS is now widely used for patients with <4 BM
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[5,7], Yamamoto et al. [8] have shown similar OS for patients with
5-10 BM when compared to patients with 2-4 BM, thus suggesting
that the use of SRS/FSRT may be appropriate even in patients with
up to 10 BM [9]. Such a clinical framework created the need for a
technical solution which, while reproducing for multiple BM simi-
lar dose-gradient steepness and target dose conformity to single-
lesion SRS, could be performed within 20 min at the treatment
machine.

For linacs, a mono-isocentric approach by multiple non-
coplanar arcs was then proposed. Treatment time was shortened
enough, because the use of one isocenter involves one IGRT ses-
sion, but the use of large fields, to cover many distinct lesions, also
posed optimization problems for the kinetics of the leaves of the
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multi-leaf-collimator (MLC), which were initially solved by in-
house made solutions [10-13]. Nowadays, although most of the
existing treatment planning systems (TPS) allow to optimize a
mono-isocentric plan of multiple BM by multiple non-coplanar
arcs through a planner-dependent choice of several geometric
parameters (number/extent of arcs, couch/collimator angles), three
commercial solutions exist which offer at this purpose specific
forms of automation: HyperArc™ (HA) (Varian Medical System,
Palo Alto, CA), which is a development of the volumetric modu-
lated arc therapy (VMAT) approach first proposed by Clark et al.
[10-12]; MultipleBrainMets™ (MBM) (Brainlab AG, Munchen, Ger-
many), which adopts a dynamic conformal arc approach [13]; and
Monaco HDRS (Elekta AB, Stockholm, Sweden).

Purpose of the present analysis was to compare the plan quality
of two of such techniques, HA and MBM, both in terms of com-
puted dose and efficiency metrics, and in terms of consistency
between in-phantom planned and delivered dose distributions.
Considerations about the distinct IGRT approaches proposed from
the distinct producers of HA and MBM techniques, although setup
accuracy being of great relevance for this type of treatments, were
not included in the present analysis.

Methods

Patients

20 patients with multiple BM (mean 5, range 2-10), treated by
SRS/FSRT in 1-3 fractions by HA as previously described [14], were
selected for this Institutional Review Board (IRB) approved retro-
spective dosimetry study, which included informed consent from
all patients. The prescription doses (D,) were: 18-25Gy in
single-fraction (for BM diameters <3 cm) [15]; and 21-27 Gy in
three-fractions (for BM >3 cm, or adjacent to critical structures)
[16]. Patients’ data are summarized in Table 1. Treatments were
performed on a TrueBeam™ (Varian Inc.) linac, with 10 MV
flattening-filter-free photon beam and a Millenium 120-leaves
MLC, whose only central leaves (0.5 cm at isocenter) have been
used in our plans.

Planning-CT (CTp) of supine patients, within the Encompass™
(QFix, Avondale, PA - USA) mask and support, were scanned
(1 mm slice thickness) without contrast medium. Gross tumor vol-
umes (GTV) and organs at risk (OAR) were contoured on MRI scans
(3D spoiled-GRE T1). The clinical target volume (CTV) was assumed
equal to GTV. Planning target volume (PTV) was expanded by
2 mm from CTV, to improve dosimetric accuracy as well as to min-
imize the risk of geographical miss [17,18]. A zero margin for PTV
would translate into smaller equivalent field size per control point
and into likely underestimated output factors: which, in turn,
would translate into likely overestimated MU, for the smallest
lesions at least. Correspondingly, the difference between measured
and computed dose per lesion would increase with lesion-size
reduction. Although the risk of geographical miss of small BMs

Table 1
Demographics and clinical characteristics of study patients (8/20 M, 12/20 F).”
Mean St. dev. Min Max

Age (y) 58 10 37 77
N. lesions 5 2 2 10
d; (cm) 5.5 1.7 2.7 8.2
PTV_all (cm®) 9.6 8.1 0.5 29.0
PTV (cm?) 2.0 29 0.1 18.6
D;, (Gy) 25.0 2.5 18 27
N. fractions 2.3 1.0 1 3

4 M, male; F, female; st. dev., standard deviation; N., number of; d;, per-patient
average distance from isocenter of each lesion; PTV_all, total planning target vol-
ume; PTV, single lesion planning target volume; Dp, prescription dose.

due to uncorrected rotational errors [19] differentially impacts
on the BMs according to their distance from the isocenter, we cau-
tiously adopted the same 2 mm margin also for central (to the
isocenter) lesions. The OARs were: brain-minus-PTV (BmP), eyes,
lenses, optic chiasm, optic nerves, brainstem and hippocampi. For
planning approval of single fraction (three-fractions) SRS the
near-maximum dose (Dgscm3) had to be lower than 10 (18) Gy,
for the brainstem, and lower than 8 (15) Gy, for the eyes, lenses,
optic chiasm, and optic nerves. Further, mean dose to the hip-
pocampi had to be lower than 5 (7) Gy [20].

In this study, one D, value was used for all the lesions of each
patient, and volumetric dose prescription was 100%D,, to 98% of
the union of all PTVs (PTV_all). Further, D,y(PTV) as large as
150%D, was accepted, because the practice of limiting intra-
tumor dose heterogeneity was negatively associated with a
reduced CI and increased Vi, and GI [21].

HA and MBM plans

Both techniques position the isocenter at the centroid of the set
of lesions. HyperArc™, an add-on of the Eclipse™ (v. 15.5.07, Varian
Inc.) TPS, adopts the class-solution from Clark et al. [11,12], with a
maximum of 5 non-coplanar 180°-arcs, based on 4 of 5 possible
angular couch positions (0°, £45°, £90°) (Fig. 1A). By a digital model
of the linac head, HA estimates the clearance between the patient
and the machine for any couch position. As previously described
[14], HA integrates its VMAT optimizer (PO) by three dedicated
algorithms which optimize the collimator angle per arc (CAO),
the sharpness of the dose fall-off to the surrounding BmP (SRS-
NTO), and the simultaneous dose coverage of each target (ALDO).

MultipleBrainMets™ (v. 1.5, Brainlab AG), which is an add-on of
Elements™ (Brainlab AG) TPS, geometrically optimizes the couch
angles (here pre-selected from the planner in the numbers of 5
and 6, where the best performing of such two plans was next used
for comparison with the HA plan for the same patient), to avoid
opposing arcs, the arc lengths, to minimize ocular involvement
(Fig. 1B), the collimator angles, to avoid inter-lesions dose bridges,
and the field extensions, to minimize the number of monitor units
(MU) by including as many lesions as possible but not all of them.
Finally, any arc weight is optimized to improve target dose
conformity.

Dose distributions were computed, with 1 mm of dose-grid step
and 2 degrees of angular step (control point) along the arcs, by dif-
ferent dose calculation algorithms: AAA (v. 15.5.07, Varian Inc.) for
HA, and a pencil-beam based one for MBM. Although such two
algorithms have different accuracy in dose prediction at tissue
inhomogeneities, this is not a major issue for cranial irradiation
by multiple arcs, at least for lesions which are not abutted to the
base of the skull, since most of the perturbation effect of the cranial
bone is compensated by the multiple beam arrangement [22]. HA
and MBM also differ in optimization: inverse planning for HA,
whereas optimal weighting of conformal arcs, after the above
reported geometric optimizations, for MBM. As a result, the dose-
rate along the arcs is variable in HA but constant in MBM, and,
mostly, the mean aperture between opposing leaves per control
point can be very small in HA, whereas enlarged to a similar size
to the treated lesions in MBM.

In-phantom dosimetric verifications (iPDV)

To test if such different complexity of the irradiation, in terms of
dose rate and leaf positional accuracy per control point, might
impact on the accuracy of dose delivery, a comparison in terms
of y-analysis [23] of in-phantom dosimetric verifications (iPDV)
of HA and MBM plans was conceived. At this purpose, all patients’
plans were recomputed (1 mm dose-grid step, and 2 degrees
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Fig. 1. Typical beam arrangements for HA (A) and MBM (B) plans. Whereas in HA
plans couch positions (0°, +45°, £90°) and arc extensions (180°) are fixed, their
values result from patient-specific optimization in MBM plans.

angular step) in the Octavius™ (PTW GmbH, Freiburg, Germany)
phantom (Fig. 2). Although the accuracy of couch rotation is rou-
tinely verified by a test from the linac vendor (‘MPC enhanced
couch’: an extension of a previously reported test [24]), whose tol-
erance for the disalignment between radiation and couch-
mechanical isocenters is as strict as 0.75 mm, the above recompu-
tations were done with the same couch rotations as in the original
patient plan to fully simulate the treatment setting. For each one of
the twenty patients, after the planned isocenter was vertically
adjusted in Octavius™ phantom so as to assure that the plane of
the gafchromic-film (EBT3™, Ashland SI, Bridgewater, NJ) detector
included the maximum number of almost coplanar lesions, thus
testing the whole dose range, two distinct films were irradiated,
one for the HA and one for the MBM plan, for a total of forty irra-
diated films. EBT3 films (lot# 12121702) were calibrated soon
before their use for iPDV, scanned at 72 dpi 17 hours after irradia-
tion, by an Expression 10000XL (Epson Inc.) flat-bed scanner, and
converted in RGB (tiff) images. Film calibration was performed
by the 10 MV with-flattening-filter photon beam from the same
linac used for treatments, to assure large enough regions of homo-
geneous dose. Further, ten levels of dose (plus zero) were used,
which were sampled along a geometric progression until 24 Gy,
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Fig. 2. The Octavius™ phantom (PTW GmbH) with the insert (here extracted) for
the gafchromic film positioning.

i.e. until 1.2 times the maximum in-phantom computed dose, on
the film plane, over all patients plans. Optimized dose maps were
computed, by a triple-channel color-to-dose calibration [25], in
‘Film QA Pro 2014’ (Ashland SI Inc.) software and then exported,
in the red-channel only, for film maximum dose <10 Gy, or the
green channel only, for film maximum dose >10 Gy, similarly to
[26]. 7y-Index computation for consistency between film-
measured and TPS computed dose matrixes was then performed
by ‘Verisoft 4.2’ (PTW GmbH) software, with thresholds in relative
dose-difference (DD) and in distance-to-agreement (DTA) of
(2 mm, 2%) [27] and (1 mm, 3%) [26]. The latter criterion implies
a spatial resolution of at least 1/3 mm [29], hence the choice of
the gafchromic-film high resolution detector scanned at 72 dpi.
DD was normalized both to the locally computed dose ('°¥), and
to the maximum computed dose (M#), the latter avoiding unreal-
istic dose accuracy requirements in the low-dose regions [29] for
the most stringent 1 mm DTA threshold. Pixels with computed
doses lower than 20% of the maximum dose were neglected for
v-index estimation.

Comparison metrics

Since a correlation between the extent of intermediate dose
spill (e.g., the volume receiving at least 12 Gy: Vi) to the BmP
and the risk of radionecrosis was reported for cranial SRS/FSRT
[30-32], V12(BmP) was used as a metric of plan quality. The mean
dose (Dmean) of BmP also was analyzed, being its minimization
advisable in patients with high re-treatment rates like those ones
with multiple BM treated by SRS.

For target dose coverage, both the Paddick conformity index
(CI), and the Paddick gradient index (GI) were used [33]. CI is
defined by CI = (PTVpy/PTV)* (PTVpp/Vpp), where PTVp, is the frac-
tion of PTV covered by the prescription isodose, and Vpy is the pre-
scription isodose volume (cm?). Given our dose normalization,
PTVpp/PTV =098, CI reduces to 0.98%(0.98* PTV/Vp,). Being
GI = Vs04pp/Vpp, it describes the steepness of the dose gradient
from high (D,) to medium (50%D,,) dose levels.

The values of the above planning metrics, for both HA and MBM
plans, were deduced from the recomputed DVHs by a 3rd part RT-
Dicom viewer (DICOMan™ v. 4.8.6, http://radonc.uams.edu/re-
search/dicoman/): this was done to avoid any potential imbalance
which might had occurred if such same recomputations had been
done in any of the two here compared TPS, Eclipse™ or Elements™.

The total number of monitor units (MU) per fraction was used
as indicator of irradiation efficiency. As indicators of accuracy in
dose delivery, the passing-rate (PR) of y-index with test criterions
of (1 mm, 3%) and (2 mm, 2%) were used with global, PRM®(1 mm,
3%), and local, PR°?(2 mm, 2%), dose normalization [29,34]
respectively.

Statistics

For each one of the above metrics, the two HA and MBM sam-
ples were first tested for normality of distribution by Lilliefors’ test
[28]. Then, according to the results of such preliminary test, each
couple of samples was compared by a non-parametric Wilcoxon
signed-rank test, or by a parametric t-test. All computations,
including linear regression analysis, at the 0.05 level for statistical
significance, were performed by XLSTAT (v. 7.5.2, Addinsoft Inc.)
add-on for Excel™ (Microsoft Inc.).

Results

All values of the compared metrics, for both RA and MBM plans,
are listed: in Table 2 for V5(BmP), Dyyean(BmP), CI, GI, and MU; in
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Table 2
Values of the plan quality metrics and results from hypothesis testing.”

Dies, (Gy) VP (cm?) Cl Gl MU
Pt.#|Plan HA MBM HA MBM HA MBM HA MBM HA MBM
1 2.74 2.90 5.9 11.9 0.90 0.78 4.55 5.09 6605 5767
2 2.46 2.62 8.9 16.8 0.86 0.80 435 5.79 7600 9709
3 297 3.49 29.3 441 0.93 0.68 3.36 3.29 2345 1974
4 5.25 6.64 46.4 89.9 0.94 0.77 341 4.13 3202 3631
5 1.71 1.69 7.7 10.4 0.99 0.96 4.04 4.61 6813 4677
6 1.70 1.66 123 14.8 0.97 0.82 3.59 3.49 2230 1770
7 2.15 2.29 9.9 14.6 0.98 0.70 4.68 4.45 6236 6783
8 2.15 2.11 133 18.6 0.95 0.85 4.06 4.56 2420 2299
9 2.84 3.20 20.5 29.9 0.97 0.70 3.77 3.61 2222 2281
10 4.02 435 25.1 40.3 0.96 0.77 3.32 341 2928 2114
11 1.87 1.63 6.1 8.0 0.95 0.74 4.38 4.30 2779 2069
12 0.76 0.85 1.7 3.2 0.85 0.40 7.46 5.49 2311 2034
13 4.61 4.83 313 49.7 0.92 0.64 3.82 3.70 3336 3060
14 6.17 7.34 86.6 157.5 0.92 0.58 4.71 4.87 3842 3872
15 1.83 1.90 13.9 19.5 0.98 0.78 3.45 3.44 5598 4053
16 143 1.42 7.5 10.8 0.95 0.88 3.75 435 2256 1664
17 2.92 2.82 13.8 20.7 1.00 0.81 391 417 7843 6527
18 2.97 2.87 11.5 17.4 0.95 0.86 4.79 5.71 8976 7376
19 3.47 3.48 41.2 57.1 0.95 0.78 3.54 3.51 2598 2191
20 5.77 6.30 80.4 1104 0.92 0.70 4.39 423 4197 3027
Mean 2.99 3.22 23.7 373 0.94 0.75 417 431 4317 3844
Sd 1.49 1.82 23.7 39.8 0.04 0.12 0.91 0.78 2247 2271
Min 0.76 0.85 1.7 3.2 0.85 0.40 3.32 3.29 2222 1664
Max 6.17 7.34 86.6 157.5 1.00 0.96 7.46 5.79 8976 9709

p=.871% p=.123° p<.001 p=.433° p=.213°

p =.436* p=.062* p <.001" p=.216* p=.107*

Bold characters are used for p-values when statistical significance resulted (p <.05) from 2-tails (§), or 1-tail () U Mann-Whitney’s test, or from 2-tails (*), or 1-tail (1) t-test.
a pBmP (Gy), mean dose to healthy brain; V53 (cm?), percentage volume of healthy brain receiving no less than 12 Gy; CI, conformity index; GI, gradient index; MU, monitor

units per fraction; sd, standard deviation.

Table 3 for PRM®(1 mm, 3%) and PR'°®(2 mm, 2%). In each table,
the results from hypothesis testing are also reported.

The only statistically significant improvement in favor of HA
plans was achieved for CI, whose (mean * sd) value increased from
(0.75+£0.12), for MBM plans, to (0.94 £0.04), for HA plans
(p <.001).

No significant difference resulted for GI, which was equal to
(4.31+0.78) for MBM plans, while (4.17 £+0.91) for HA plans
(p =.216). No significant difference resulted for Dyean(BmP), which
was equal to (3.22 + 1.82) Gy for MBM plans, while (2.99 + 1.49) Gy
for HA plans (p = .436). Consistently with the equivalence in GI val-
ues, no significant difference resulted for V;,(BmP), which was
equal to (37.3 £39.8) cm® for MBM plans, while (23.7 +23.7), for
HA plans (p =.062). Noteworthy, although not statistically signifi-
cant, HA plans assured an about 37% average reduction in
V12(BmP)

In Figs. 3-4 the average cumulative dose-volume histograms
(cDVH) are reported for PTV_all (Fig. 3) and BmP (Fig. 4, sub-plot
A), by mean curve and (=1 sd) inter-patient variation bars, for
the most numerous subgroup sharing the same dose prescription
(i.e., 9 Gy x3fr., for 9/20 patients). In Fig. 3 further cDVH(PTV)
curves were overlaid for comparison, and zoomed in the dose
range where variations exist. First, the effect of target size on
PTV dose heterogeneity was estimated by comparing the HA and
MBM plans of both the smallest (4 small lesions [from 0.1 to
0.2 cm?], for a total PTV = 0.5 cm?), and the largest (10 variable size
lesions [from 0.8 to 6.2 cm?], for a total PTV = 21.7 cm?) PTV_all.
Whereas for the smallest PTV_all almost no difference resulted
between HA and MBM plans in terms of intra-tumor dose hetero-
geneity (D,y), the opposite was true for the largest volume, where
the difference in D,y was larger than on average. It seems that
dose-modulation, in terms of steepness of dose-gradients around
the lesions, from HA plans increases with an increasing size from
each lesion and, hence, from PTV_all.

To analyze in more details the impact on the cDVH(BmP) curves
for the HA and MBM plans from factors like the size of PTV_all, and
the product of the number of lesions (N) by the per-patient average
distance from the isocenter of each lesion (d;), as estimate for tar-
get geometric complexity, in Fig. 4.B four different patient cases
were compared. The first two cases (#12, #9) show that when
PTV_all increases, from 0.5 cm® to 7.2 cm?, at a substantially con-
stant product of N for d; (Nd;), a systematic drift of the cDVH
(BmP) curves toward higher doses is similarly determined for both
HA and MBM plans. Further, a similar drift toward higher doses for
both HA and MBM plans results by comparing the third (#19:
19.6 cm?) and the fourth (#20: 21.7 cm?) cases, i.e. at almost con-
stant size for PTV_all but with increasing Nd; (from 3x 3.4 cm, #19,
to 10x 5.8 cm, #20). Both quantities, PTV_all and Nd;, seem then
determining the level of dose sparing which is achievable from
the here conceived HA and MBM techniques.

According to irradiation efficiency, no significant difference
resulted in the number of MU per fraction: equal to
(3844 £2271) MU for MBM plans, while (4317 +2247) MU for
HA plans (p =.107).

In terms of accuracy of dose delivery, statistically significant dif-
ferences were found for both PR°®(2 mm, 2%) and PRM*(1 mm, 3%),
although all plans from both groups assured a PR > 90% (PRMa*
(1 mm, 3%) > 90% is our minimum criterion for the clinical usage
of the plan) for both metrics. In details, PRM3(1 mm, 3%) was equal
to (98.2 £2.9)% for HA plans, while (96.4 +3.5)% for MBM plans
(p =.023), and PR"°*((2 mm, 2%) was equal to (97.0 + 1.9)% for HA
plans, while (94.9 + 3.0)% for MBM plans (p = .006).

In Fig. 5 a comparison of in-phantom computed and measured
absolute dose profiles (subplots A-D), together with the corre-
sponding dose (E-F) and y (1 mm, 3%) (G-H) maps, is presented
for a patient (#20) with 10 lesions, with 5/10 hot spots from the
computed dose distribution which were at least partially captured
from the chosen plane of measurement. Even with so many lesions,
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Table 3
Globally (M) and locally (') normalized passing-rates (PR) for y (1 mm, 3%) and y (2 mm, 2%) from in-phantom dosimetric verifications, and results from hypothesis testing.®

PRM2%(1 mm, 3%) PR'°(2 mm, 2%)

Pt.#|Plan HA MBM HA MBM
1 90.2% 90.4% 93.3% 90.0%
2 99.1% 98.2% 97.8% 95.8%
3 100.0% 94.6% 99.0% 98.3%
4 98.5% 94.3% 94.6% 92.0%
5 96.5% 93.6% 96.5% 92.6%
6 99.0% 96.4% 99.2% 97.9%
7 92.0% 90.7% 98.2% 91.8%
8 100.0% 97.6% 98.1% 93.7%
9 100.0% 100.0% 96.7% 98.9%
10 100.0% 100.0% 99.4% 98.1%
11 100.0% 99.7% 98.0% 97.0%
12 100.0% 100.0% 96.5% 97.0%
13 100.0% 99.4% 96.3% 98.0%
14 99.8% 97.0% 92.5% 92.0%
15 97.8% 90.7% 98.9% 90.0%
16 100.0% 100.0% 96.0% 97.7%
17 99.6% 97.6% 96.6% 95.3%
18 93.2% 91.1% 96.1% 90.4%
19 99.1% 98.2% 99.1% 95.0%
20 98.4% 97.8% 96.3% 95.6%
Mean 98.2% 96.4% 97.0% 94.9%
sd 2.9% 3.5% 1.9% 3.0%

Min 90.2% 90.4% 92.5% 90.0%
Max 100.0% 100.0% 99.4% 98.9%

p=.047% p=.031"
p=.023" p=.006"

2 sd, standard deviation. Bold characters are used for p-values when statistical significance resulted (p <.05) from 2-tails (§), or 1-tail ({) U Mann-Whitney’s test, or from 2-

tails (1), or 1-tail (*) t-test.
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80
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60 - )
for both HA and MBM plans (PRM*(1 mm, 3%) = 98.4% (HA); 97.8% s |}
(MBM)) the consistency between planned and measured dose dis- i

tributions was adequate. o

We finally tested if the increased plan complexity which is asso- S0 \
ciated firstly with an increased N, and secondly with an increased 20
product Nd;, might impact on the accuracy of dose delivery. At this
purpose, we first stratified our in-phantom dosimetric verifications
according to N - N < 3 (9/20), and N > 4 (11/20) -, and hence com- 5 3 6 N
pared between such two groups, for both HA and MBM plans,
PRM2%(1 mm, 3%) and PR'°®*(2 mm, 2%). Although statistical signif-
icance was reached for the variation (—1.9%) in PRM™(1 mm, 3%)

—HA
— MBM

D (Gy)

12 15 18 21 24 27

Fig. 4. Cumulative dose-volume histograms (cDVH) of BmP, from HA (red-light)
and MBM (blue-dark) plans, depicted by the mean curve and its ( £ 1 sd) variation
bars (sub-plot A), for the most numerous sub-group of patients (9/20) sharing the

for HA plans (p =.017) only, a reduction in both passing rates for
the group of patients with N >4 (range: 0.7-1.9%) occurred on
average for both HA and MBM techniques. Further, by linear

same dose prescription (9 Gy x3fr.). Sub-plot B depicts four patient cases, as
detailed in the legend in terms of individual PTV_AIl and product of the number of
lesions (N) for the mean distance between lesions and isocenter (d;).
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Fig. 5. For the HA plan, in the first column (A, C, E, G), and the MBM plan, in the second column (B, D, F, H), of an example patient (#20, with 5/10 lesions crossing the
measurement plane), in-phantom comparisons are depicted for: X-transversal (A, B) and Y-longitudinal (C, D) absolute dose profiles; XY-maps of dose (E, F) and of y (1 mm,
3%) (G, H) values, with correlation bars to explain the color-wash (100% of absolute dose is distinctly specified for the two plans), and a white cross to indicate the isocenter
projection. The couples of normal lines on dose (white) and y-values (black) maps, which were chosen to explore a region with y > 1, identify the spatial location of the
corresponding 1D dose profiles in (A-D).
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regression analysis of Y = PRY&*(1 mm, 3%) as a function of X = Nd;,
R?=0.268 and p=.019 from t-testing (o= 0.05) of the explicative
power of X over Y, for an angular coefficient of —0.6%/10 cm,
resulted.

Discussion

Due to the ongoing paradigm-shift from WBRT to SRS/SFRT, the
need for stereotactic techniques of multiple BM which are fast and
reliable at both the planning and the treatment side is growing up.
At this purpose, a linac-based mono-isocenter approach by multi-
ple noncoplanar arcs was conceived [10-13], with the potential
of a widespread diffusion for linac users. Here we compared two
of the three currently commercially available approaches of such
a type which include some form of automation, HyperArc™ (Varian
Inc.) and MultipleBrainMets™ (BrainLab AG), in terms of both the
quality of the planned dose distribution and its consistency with
the in-phantom delivered dose. A further inter-comparison study
involving the untested third solution, Monaco-HDRS (Elekta AB),
is currently under consideration.

Plan quality

For single lesion SRS/SFRT reference values for the metrics of
the quality of the planned dose distribution were reported. For
the CI index, which impacts on the probability of local control
and the sparing of an adjacent serial OAR, typical values for single
lesion SRS were around 0.80-0.85 [33]. For multiple lesions,
however, a Cl value >0.70-0.75 might be enough, consistently with

previous studies on VMAT with multiple-noncoplanar-arcs: mean
reported CI were 0.76 with 3 BM [10], and 0.74 with 2 BM [35].
Consequently, the statistically significant difference in CI we
observed between HA (0.94 + 0.04) and MBM (0.75 £ 0.12) plans,
might be not so clinically relevant, except for cases with metas-
tases which are strictly adjacent to, or even overlapping with, a
critical serial OAR.

For all the remaining dose-volume metrics, consistently with
the similarity between the color wash dose maps reported in
Fig. 6 for a 10-metastases case (#20), such as for the efficiency in
irradiation (i.e., MU per fraction), no significant difference resulted
between HA and MBM plans. This supports a judgement of sub-
stantial equivalence in plan quality from the two techniques.

Some useful hints may be deduced for the optimal values of
some metrics. For the GI index, a value not larger than 3 was sug-
gested since Paddick et al. [33] in case of single-lesion SRS. For SRS
of multiple BM a larger optimal GI is awaited. Our mean GI values
(4.17 for HA, and 4.31 for MBM plans) are consistent with the 4.77
mean value reported for 3-4 BM [36], and with the 4.4 median
value reported for a median of 5 BM [37]. Therefore, an optimal
GI value around 4-4.5 seems reliable, as a function of the
number-of/distance-between lesions and their absolute volumes.

Any reduction in GI directly translates into a reduction in
V12(BmP), which is related to the risk of radionecrosis [30-32].
Mean Vq,(BmP) values from both HA and MBM plans were quite
larger than the generally recommended 10 cm? threshold for single
lesion SRS [30-32]. However, if the ratio of V,,(BmP) over the
number of BM is computed, similarly to Clark et al. [11], such ratio
roughly results equal to 4.7 cm?, for HA plans, and to 7.5 cm?, for

Fig. 6. Coronal (first row) and sagittal (second row) dose distributions for a 10-metastases (outlined in orange) patient (#20), shown in color wash, ranging from 50% to 100%

of D, (D = 27 Gy), for the HA (A: first column) and the MBM (B: second column) plans.



R. Ruggieri et al./Radiotherapy and Oncology 132 (2019) 70-78 77

MBM plans; thus satisfying the recommended 10 cm? threshold. It
is noteworthy, although not statistically significant, that HA
assured a 37% average reduction in Vi3(BmP) with respect to
MBM. Such difference did not reach statistical significance in our
sample, likely because of the huge variability in our PTV_all vol-
umes (0.5-29.0 cm?) which translated into the wide inter-patient
deviation bars in Figs. 3-4A.

As an ancillary comment, at equal angular control point spacing
and dose grid step comparable planning times, from 0.5 h until 2-
3 h for the most challenging cases (contouring not considered),
were needed for both HA and MBM techniques. However, thanks
to the included automations, the time actually requiring the plan-
ner’s attention was rarely greater than 0.5 h.

Dose-delivery accuracy

As secondary aim of the present study, HA and MBM techniques
were compared in terms of consistency between computed and
measured in-phantom dose distributions. At this purpose, the
stringent test criterions of (1 mm, 3%) and (2 mm, 2%) for y-
index computation were adopted, and both local, for (2 mm, 2%),
and global, for (1 mm, 3%), normalization of relative DD were per-
formed. Local normalization was used in the commissioning phase
of the two TPS. By contrast, global normalization, by mostly
weighting the medium-to-high dose range which is of interest
for target dose coverage and for the sparing of potentially adjacent
critical structures, has become our reference for routine iPDV [29],
with a PRM¥(1 mm, 3%) >90% as minimum passing-rate for the
clinical usage of the plan.

Although the here reported statistically significant difference in
PR'°(2 mm, 2%) and PRM3(1 mm, 3%) between the groups of HA
and MBM plans, all the plans from both techniques assured
PRM3(1 mm, 3%) >90%. Therefore, we found that both HA and
MBM techniques are able to assure an high enough consistency
between planned and delivered dose distributions, which is ade-
quate to the SRS/SFRT treatment of multiple BM. About the impact
of target geometric complexity, a reduction in passing rates (range:
0.7-1.9%) was associated with an increased number of lesions
(N >4 vs. N <3), for both HA and MBM techniques. Further, by
regression analysis, some initial support to the explicative power
of Nd;, as a potential predictor of plan complexity, over PRY&X(1 -
mm, 3%) resulted.

In summary, two commercially available mono-isocentric tech-
niques with multiple non-coplanar arcs for linac-based SRS/FSRT of
multiple brain lesions were compared both in terms of plan quality
and dosimetric accuracy. For plan quality, although HyperArc™
assured a significantly improved target dose conformity (CI), the
plans from MultipleBrainMets™ were associated with high enough
Cl values according to the available literature. For dosimetric accu-
racy, all plans from both techniques satisfied our test criterion for
clinical approval. Hence, both HA and MBM techniques were able
to generate high quality plans for SRS/FSRT of multiple BM, which
can be performed at the linac within a typical 20 min time slot.

Previous presentation

A previous version of this material was presented as electronic
poster at the American Society of Therapeutic Radiation Oncology
60th Annual Meeting in San Antonio, Texas, on October 21-24,
2018.
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