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Purpose: We conducted a multicenter study on single-isocenter multitarget stereotactic radiosurgery to dosimetrically assess
end-to-end test results and identify approaches and techniques influencing spatial accuracy and treatment plan quality.
Methods and Materials: An anthropomorphic head phantom with radiochromic film and polymer gel inserts was used
with a reference structure set of 5 brain metastases. End-to-end tests were performed on-site at 23 centers in Germany, Aus-
tria, and Switzerland, each following its own single-isocenter multitarget stereotactic radiosurgery protocol. Spatial accuracy
was quantified by comparing planned and measured prescription isodose-volume centroids. Plan quality was assessed from
treatment planning system calculations using the Paddick gradient index (GI) and Paddick conformity index. Statistical
analyses, including a generalized linear model, correlated results with protocol parameters to identify favorable systems and
techniques.

Results: The mean spatial offset between measured and calculated prescription isodose centroids across all centers and targets
was 0.9 £ 0.4(;,) mm. Offsets above 1 mm were observed in 33% of centers. Better imaging-to-radiation isocenter consistency
(ICC) yielded significantly higher accuracy (P =.002): djcc < median = 0.6 £ 0.2 mm versus 1.1 £ 0.3 mm. Mean GI was 6.7 £
3.3. Automated planning (AP) tools achieved significantly lower GI (4.9 %+ 0.7) than conventional planning (8.1 £ 3.8,
P = .015). Mean Paddick conformity index was 0.75 % 0.17, with AP significantly improving conformity (0.83 % 0.07 vs 0.68
=+ 0.19; P = .028) and reducing variability in both indices. Target-to-isocenter distance had no significant influence on spatial
accuracy, GI, or Paddick conformity index.

Conclusions: Spatial accuracy in a static phantom was primarily determined by ICC and less by specific delivery infrastructure
or techniques, emphasizing the importance of a precise imaging isocenter calibration. AP tools significantly improved and
standardized treatment plan quality across centers. © 2026 The Author(s). Published by Elsevier Inc. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

systematic analysis of SIMT SRS infrastructure and protocol
parameters across 23 radiation therapy centers in Germany,
Austria, and Switzerland.” Building on these findings, the
present and main part of the study evaluated the spatial
accuracy of dose delivery and the clinical plan quality
achievable with these systems and protocols. The aim was to
identify potentially beneficial or detrimental approaches
and factors that could inform future SIMT-SRS-specific
guidelines.

Introduction

Single-isocenter, multitarget (SIMT) stereotactic radio-
surgery (SRS) has emerged as an efficient approach for
simultaneously treating multiple brain metastases, with the
potential to reduce treatment time while maintaining com-
parable plan quality and clinical outcomes."” Given these
advantages, many clinics have already adopted SIMT SRS,
whereas others are actively considering its implementation.
However, the approach places stringent demands on treat-
ment planning and dose delivery precision because even
small geometric uncertainties can compromise target cover-
age and normal tissue sparing.’

Methods and Materials

Although guidelines exist for stereotactic radiation ther-
apy and SRS in general,"” specific recommendations for
SIMT SRS are currently lacking. To address this gap, we
conducted a multicenter, multiplatform study initiated by
the working group for stereotactic radiation therapy of the
German Society for Medical Physics (DGMP), in close col-
laboration with the working groups for neuroradiation
oncology and for stereotactic radiation therapy of the Ger-
man Society for Radiation Oncology, with funding from
German Cancer Aid. The first phase of this study involved a

Measurement phantom and reference case

An anthropomorphic head phantom (Prime, RTsafe) with
inserts for radiochromic film and polymer gel dosimetry
was used for end-to-end test measurements.”'’ Except for
the 3-dimensional (3D)-printed bone structures and the
insert, the phantom was filled with water. The film insert
consisted of a polystyrene casing holding a radiochromic
film (7 x 14 cm, type EBT-3, Ashland Inc) placed between
2 polystyrene plates, enabling measurements in either the
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coronal or sagittal plane. The gel insert consisted of a 3D-
printed cylinder filled with polymer gel (8 cm in diameter
and 15 cm in length).'"'? In a reference computed tomogra-
phy (CT) image, 5 spherical target structures (8 mm in
diameter) were delineated at varying distances to the pre-
sumed isocenter (up to 5 cm to the center of mass of all tar-
gets). All target structures were fully encompassed by the gel
volume and located on either the coronal or sagittal film
plane, with the central target volume (TV) lying on both
planes (see Fig. 1). Measurements with gel and the 2 film
orientations were always performed consecutively.

Multicenter ring trial

A multicenter ring trial was conducted across 23 participat-
ing institutions in Germany, Austria, and Switzerland,
including 3 CyberKnife (CK) centers (Accuray Inc). Among
the 20 centers with C-arm linear accelerators, 10 had prior
clinical experience with SIMT SRS (experienced [Exp]
group), whereas the remaining 10 used the study to bench-
mark their preliminary protocols (benchmarking [Bench]
group). A detailed analysis of the submitted protocols is
available in a previous publication.”®

Each center was visited with the phantom, serving as a
pseudo-patient for a comprehensive end-to-end test. This
included all steps of the center-specific SIMT SRS workflow:
immobilization, imaging, treatment planning, and delivery.
A CT scan was performed for each phantom configuration
(1 gel insert and 2 film inserts). The 5 TVs were imported
after co-registration with our reference CT data set. SIMT
SRS treatment planning was performed on 1 CT data set,
and the resulting plan was then recalculated on the remain-
ing data sets. This approach ensured a correct setup refer-
ence for each configuration during pretreatment imaging,
accounting for differences between inserts while still apply-
ing the same treatment plan in all measurements.

Coronal, centered to Target 1

Fig. 1.

At each center, the workflow was completed in 1 day:
imaging in the morning, followed by planning and irradia-
tion in the afternoon or evening. Gel inserts were produced
2 days before irradiation and shipped on-site the day before
irradiation. Films were prepared at the primary study site
and transported on-site along with the phantom. Centers
were visited in groups of 3 to 4 between Sunday
and Wednesday. Film and gel readouts were performed the
following Friday at the primary study site. All measurements
were completed within approximately 4 months.

For treatment planning, the only requirement was a max-
imum dose (Dpay) of ~10 Gy, corresponding to the dose
range reliably covered by both film and gel calibration. As a
result, the only modification to the center-specific SIMT
SRS protocols enforced by our study was a simple dose
rescaling, usually resulting in prescription dose levels of 7 to
8 Gy to encompass the TVs. All other planning parameters
were determined by the participating centers according to
their standard protocols. Anonymized data sets (CT, dose,
plan, and structures per center) are deposited in an open-
access online repository."” Infrastructure and protocol
parameters are listed in Appendix E6 to enable external rep-
lication and further investigation.

Film dosimetry workflow

Film dosimetry followed the recommendations of the Amer-
ican Association of Physicists in Medicine,'* using EBT-3
film (Ashland Inc) and the radiochromic.com platform.">'®
Calibration was performed at the primary study site. To
account for the 4-month duration of the ring trial, calibra-
tion was repeated regularly to ensure that no measurement
used a calibration older than 4 weeks. Our detailed film cali-
bration protocol is provided in Appendix E1.

The head phantom’s film insert uses 4 metal pins to
pierce and fixate the film between 2 polystyrene plates,

Sagittal, centered to Target 1

The reference case shown in computed tomography images acquired with coronal and sagittal film insert orienta-

tions. Target structures were positioned such that the center-to-center distance from target 1 increases stepwise: ~2 cm (target

2), ~3 cm (target 3), ~4 cm (target 4), and ~5 cm (target 5).
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which are then inserted into the phantom for irradiation.
Films were scanned at 300 dpi on an Epson Expression
12000 XL scanner (Epson) and converted to Digital Imaging
and Communications in Medicine (DICOM) dose planes
using time-matched calibration data (see Appendix E1). In-
house Python scripts for 3D Slicer'” co-registered these dose
planes with the corresponding treatment planning system
(TPS) doses by aligning the 4 metal pins in the CT image
with the corresponding holes in the film dose planes.

Gel dosimetry workflow

Polymer gel dosimetry'' is based on dose-dependent
changes in the relaxation time T,, which were measured at
the voxel level using magnetic resonance imaging (MRI) at
the primary study site. These changes were translated into
dose values through a dedicated calibration procedure, in
which T, values were matched to known irradiation doses.
All scans were performed using a 20-channel head coil on a
clinical 3-T system (Cima.X, Siemens Healthineers), with
the gel insert located inside the head phantom. To position
the phantom inside the head coil, we used a 3D-printed
head shell, ensuring the same setup in every measurement.
Four multimodality CT/MRI markers (PinPoint, Beekley
Medical) were permanently positioned inside the phantom,
allowing co-registration between MRI and CT images. To
identify the markers in the MR images, a 3D turbo spin
echo sequence with modulated refocusing flip angles
(SPACE, Siemens Healthineers) was used.'®'” The dose-
dependent T, changes were measured using a Half-Fourier-
Acquired Single-shot Turbo spin Echo (HASTE) sequence
at multiple echo times (echo time = 47, 55, 117, 203, 391,
712 ms, repetition time = 2800 ms, flip angle = 140°).”" All
MR data were acquired at 1 mm isotropic spatial resolution,
and standard distortion correction was applied to account
for gradient nonlinearities.

Shipped in a cooling box, every participating center
received 2 gel inserts from the same production batch: one
for dose calibration and one for SIMT SRS measurement.
Performing calibration on-site with a second gel insert
ensured identical temperature history and irradiation timing
for both inserts. This inherently accounted for temperature
variations during calibration, which might otherwise have
altered gel chemistry and T, relaxation times. Our detailed
gel calibration protocol is provided in Appendix E2.

The SIMT SRS insert followed the same workflow as the
calibration insert but was irradiated with the clinical SIMT
SRS plan instead of the calibration field. Image registration
was performed as described in Appendix E2, and relaxation
rates were converted to dose using the calibration curve
derived from the corresponding calibration insert.

Dosimetric evaluations

All dosimetric evaluations were performed using in-house
Python scripts and 3D Slicer. Evaluations were identical for

film and gel, except for the inherent 2-dimensional (2D)
limitation of film. In the following sections, “volume” refers
to the corresponding plane in the case of film. Dose matrices
were resampled to enable voxel-based comparison between
measured and TPS-calculated dose. We present 3 main
analyses: spatial dose delivery accuracy based on measured-
to-planned dose comparisons, as well as gradient index
(GI) and conformity index evaluations based on TPS
calculations.

Spatial accuracy

The spatial accuracy of the delivered dose was the primary
focus of this study. To quantify spatial offsets, the center-
specific planning target volume (PTV)-encompassing pre-
scription isodose regions were segmented in both the mea-
sured and TPS-calculated dose distributions, resulting in 5
segments per data set (1 per target). Offsets were calculated
as the distances between the centroids of each correspond-
ing segment pair and visualized in dose profiles as well as
2D dose difference maps (Dgjjm — Drps)-

Although gel inherently provided 3D spatial offsets, the
3D offset dsp for film was estimated as the root-sum square
of offsets from the coronal and sagittal measurement planes,
deor and dg,g. Because only the central TV was captured in
both planes, the second component for the remaining 4 tar-
gets was estimated using the mean offset dry,, from all tar-
gets covered in the corresponding orthogonal plane. The
calculation is shown in Equation 1 for a target covered only
in the coronal plane and applies analogously for the sagittal
plane. This approach is based on the observation that,
within each center, offsets showed consistent magnitude
and direction across all targets, indicating systematic rather
than individual deviations (see Fig. 4B for an illustrative
example).

— 2
dc0r3D,TV,- = \/(dcor,TV,-)2 + (dsag.TVAu) (1)

Measurement uncertainty and reproducibility
The reliability of the results was assessed through repeated
measurements at the primary study site, representing a type
A evaluation of uncertainty based on statistical analysis of
repeated observations.”' For film dosimetry, the same SIMT
SRS irradiation was performed 10 times in a single session,
both for the coronal and the sagittal film insert orientation.
The measured spatial offsets were used to calculate the SD
across all 10 measurements, respectively. Because of the
higher logistical complexity and cost of gel dosimetry, only
5 different SIMT SRS irradiations conducted as part of the
study were repeated once during the same session. For each
pair, the difference in spatial offsets was determined, and
the mean and SD of these differences were calculated across
all 5 measurement pairs. Type B uncertainties were esti-
mated based on individual workflows.

Signed centroid offsets across all centers along the 3 ana-
tomic axes were visualized with boxplots to show their
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distribution and potential directional bias. One-sample ¢
tests’” against 0 were performed to assess whether mean off-
sets were statistically significant, with SDs and 95% CIs
reported for each axis.

Agreement between film and gel measurements

To assess the agreement between film and gel dosimetry in
determining spatial offsets between measured and calculated
dose distributions, a Bland-Altman analysis was per-
formed.”> For each measurement point, the mean of the
film and gel offsets driimace Was plotted against their differ-
ence Ay, . The mean difference (bias) and the 95% lim-
its of agreement (approximated by +2¢) were calculated
to evaluate the interchangeability between the 2 methods.
Additionally, the mean and SD o of the spatial offset differ-
ences (film — gel) were calculated separately for each TV.

Treatment plan quality

In accordance with the recommendations of the Interna-
tional Commission on Radiation Units and Measure-
ments,” Paddick GI and Paddick conformity index
(PCI)**° were calculated from TPS data of each center to
assess treatment plan quality, using in-house Python scripts
and 3D Slicer.

The GI was calculated from the TPS dose distribution,
where prescription isodose volume (PIV) represents the vol-
ume receiving at least the prescription dose and PIVs, rep-
resents the volume receiving at least 50% of the prescription
dose.”

PIV
Gl — 50
PIV

(2)

GI was calculated globally for the entire dose matrix and,
where possible, target-specific basis for each target. Target-
specific evaluation of the GI was not feasible in 7 cases in
which the dose between adjacent targets did not fall below
50% of the prescription dose (1 Exp and 6 Bench centers).

The PCI was calculated from the TPS dose distribution
for each target, where TV is the total TV and TVPIV is the
TV covered by the prescription isodose.”® Target-specific
PCI calculation was not feasible in 1 case where only a union
PTV was available because of optimization and reporting
practices.

TVpry )
pcy = (Vew)”

= 3
TV - PIV (3)

End-to-end test reporting

Each center received a report including the spatial offset for
each TV, 2-dimensional dose difference maps in 2 planes
(Dgitm —Drps)> GI and PCI, measured dose profiles com-
pared with TPS-calculated profiles, and TPS-calculated pro-
files compared across centers. In the following sections, we
focus on overall study results and selectively show individual
results for illustrative purposes. A representative, full

report for one of the participating centers is provided in
Appendix E3.

Analysis of influencing factors

The influence of the target-to-isocenter distance on spatial
offsets, GI, and PCI was investigated using 2-sided Student
t tests.”” Additionally, we assessed the influence of SIMT
SRS infrastructure and protocol parameters, details of which
have been published previously.” These include linear accel-
erator and collimator models, couch models, TPSs, planning
techniques and parameters, intrafractional imaging proto-
cols, and quality assurance (QA) procedures. All parameters
were considered as binary variables, indicating whether a
specific technique or approach was used. Appendix E6 sum-
marizes the key parameters and their implementation across
participating clinics. To assess the potential influence of
these parameters on the results, appropriate statistical tests
were chosen based on data distribution and variance charac-
teristics. Specifically, normality and variance equality were
assessed for each parameter group, guiding the selection
between parametric tests (2-sample ¢ test or Welch ¢ test””)
when assumptions were met and the nonparametric Mann-
Whitney U test otherwise.”® These tests compared the distri-
butions of results (mean spatial offset, mean GI, and mean
PCI of each center) between groups defined by the presence
or absence of a given technique. We report corresponding
Pvalues and Cohen d effect sizes,”” considering results statis-
tically significant at o = 0.05.

To support and contextualize these findings, generalized
linear models (GLM) were applied as secondary analyses.
Because of the limited sample size (23 centers), the GLM
served mainly to indicate trends rather than provide defini-
tive statistical results. Each GLM initially included the
parameter of interest, a second potentially relevant parame-
ter that showed significance in the t test (eg, the center’s
experience status), and their interaction term. This was
done to identify whether any observed effect could be con-
founded by other parameters or whether it persisted inde-
pendently. GLM residuals were assessed for normality to
evaluate the validity of the model assumptions. All analyses
were performed in Python using the numpy (v1.25.1), scipy
(v1.11.1) and statsmodels (v0.14.4) libraries.”** Scripts will
be made available on request.

Results

Measurement uncertainties

Opverall uncertainties for film and gel were derived from type
A (repeatability) and type B (systematic) components.”' The
dominant type B source was registration to the planned dose
(CT). Although a baseline uncertainty of 0.5 mm (half the
voxel size of CT/MRI) could be assumed, actual values were
lower because of 4-point marker-based registration. Mean
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root-mean-square registration uncertainties across 23 data
sets Were Ugeg pilm = 0.25 mm and Ugegger = 0.32 mm. For
film, assuming uniform offsets across all targets introduced
an additional type B uncertainty of uypiform = 0.13 mm,
based on the root-mean-square of 23 SDs. Type A uncer-
tainties were us i, = 0.15 mm (0.17 mm coronal, 0.14 mm
sagittal) and uu ge = 0.18 mm. Overall uncertainties were
calculated via root-sum-of-squares of the respective compo-
nents and are reported as expanded uncertainties U at k = 2:
Ucgilm = 0.64 mm and Ug = 0.73 mm.

Signed spatial offsets across centers, separated into their
3 spatial components (left—right, inferior—superior, and
anterior—posterior) for the purpose of investigating poten-
tial directional bias, are summarized in Appendix E4.1. Film
dosimetry showed no detectable directional bias along any
axis. Gel measurements exhibited a small anterior—posterior
offset of 0.2 mm that was statistically significant but minor
compared with the overall variation in offsets and the
measurement uncertainty. These results indicate that the
measurements are reliable and not meaningfully biased.

Measurement agreement and reporting

The Bland-Altman analysis (Fig. 2) showed a mean bias of A
= —0.04 mm and limits of agreement of 2op, = 0.82 mm,
below the combined uncertainty of film and gel (Ugpimacge =
0.97 mm), suggesting a possible overestimation of type B
components. Differences between film and gel showed no
dependency on magnitude or TV. The low bias indicates
interchangeability of film and gel measurements for overall
results.

Unfortunately, technical issues—likely because of oxygen
contamination from in-house 3D-printed cylinders—
reduced gel sensitivity. Although primarily affecting low-
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Fig. 2. Film and gel agreement: Bland-Altman analysis

comparing spatial offsets from film and gel. Aq,, ., is the
spatial offset difference, and dgjmagel is the mean spatial off-
set per target per center. The black dashed line (A) indicates
the mean difference across all targets and centers.

dose regions, the impact was most pronounced for target 4,
located closest to the fill port, and prevented evaluation
of 13% of all targets across centers. Consequently, the fol-
lowing sections focus on film results, and gel results are pro-
vided in the Appendix D5. Notably, all major trends and
conclusions observed in the film data were consistently
reflected and confirmed by the gel data, supporting the
interchangeability of the 2 dosimeters.

Spatial accuracy

The mean overall spatial offset between measured and
planned dose across all targets and centers was dc._qpm = 0.89
+ 0.41(;,) mm for the C-arm group and dex = 0.70 +
0.29 mm for the CK group. Subgroup results are presented
in the following sections and in Appendix E4. In this study,
the applied PTV margins varied and did not always corre-
spond to standard clinical practice. Some centers deliber-
ately adjusted their margins, either reducing them to
investigate the feasibility of smaller targets or increasing
them when the resulting targets did not meet their mini-
mum size requirements. The most common clinical PTV
margin was 1 mm. Overall, 33% of measured target offsets
exceeded 1 mm, and 7% exceeded 1.64 mm (PTV
margin + Ugjy, at k = 2). Offsets >1 mm were observed in
11 of 23 centers, and 2 centers treated at least 1 target with
an offset >1.64 mm.

Influence of infrastructure parameters

Within the C-arm group, 2-sample t tests identified 3
parameters significantly associated with improved accuracy:
experience, the use of intrafraction imaging (IF-Img), and
the consistency between imaging and treatment isocenters
(see Fig. 3 for graphical representation with Pvalues and
Appendix E4.2 for numerical values). For the latter, the C-
arm centers reported their imaging-to-radiation isocenter
consistency (ICC) based on the QA sessions closest to the
measurement date. Centers were divided into groups
ICCopea and ICC. pjeq, depending on whether their ICC
was below or above the median of ICCy.q = 0.24 mm. Four
centers reported insufficient data and were excluded from
this statistical evaluation.

A GLM analysis showed that the effects of experience and
IF-Img were confounded by ICC (Pgy, = .240 vs Picc = .017
and Pip.img = .726 vs Pcc = .038). ICC alone remained inde-
pendently significant. Further results of the GLM investigat-
ing these 3 parameters and their interaction are provided in
Appendix E4.3. These findings suggest that overall spatial
treatment accuracy was primarily driven by ICC in our
study. Parameters not reported here were not found to have
a significant influence on delivery accuracy (eg, the number
of couch angles, couch system, or treatment unit).

Influence of target-to-isocenter distance
The distance between target and radiation isocenter had no
significant impact on spatial accuracy, either overall or
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Fig. 3. Spatial offsets for all targets, analyzed for sub-

groups of centers: CyberKnife (CK) and C-arm centers:
experienced (Exp), benchmarking (Bench), use of intrafrac-
tion imaging (IF-Img), and imaging-to-radiation isocenter
consistency (ICC) level (below or above the median
reported value). Boxes represent the IQR, the median (line),
data range within 1.5 x IQR (whiskers), and outliers beyond
whiskers (points). Significance level is shown by P values,
effect size magnitude by Cohen d. Asterisks indicate signifi-
cance in univariate (*) or multivariate (**) tests.

within defined subgroups, for both film and gel dosimetry.
Figure 4A illustrates the relationship between measured spa-
tial offset and target-to-isocenter distance, stratified by the
centers’ IF-Img use. Corresponding analyses for other sub-
groups (experience status and ICC) are provided in Appen-
dix E4.4. The supplementary gel dosimetry analysis
(Appendix E4.5) confirms these results. In addition,
Figure 4B includes a dose difference map from 1 representa-
tive center, demonstrating consistent offsets in both magni-
tude and direction across all 5 targets. This pattern was
observed in most centers and supports the conclusion that
spatial treatment accuracy was less dependent on target-to-
isocenter distance and more on systematic factors, such as
ICC.

Treatment plan quality

Qualitative overview

Figure 5 shows coronal film images (TV1, 2, and 5), as well
as TPS profiles for TV1 from all centers. Because PTV mar-
gins and dose prescription protocols varied between centers,
profile widths and the relation between prescription and
Dpnax values inherently differ. Thus, Figure 5 should be
interpreted qualitatively and with caution. Nevertheless, it
highlights substantial variation in dose distributions across
centers, particularly among C-arm centers without auto-
mated planning (AP) tools (HyperArc, Varian Medical
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Fig.4. (A) Measured spatial offsets of all targets across C-
arm centers as a function of target-to-isocenter distance,
stratified by the centers’ use of intrafraction imaging (IF-
Img). Regression lines were fitted per group; P values indi-
cate no slope significance. (B) 2-Dimensional dose differ-
ence between film measurement and TPS calculation in the
central coronal and sagittal planes for one representative
center. The PTV-encompassing prescription dose was 8 Gy.
Offsets are similar in magnitude and direction for all targets,
suggesting independence from target-to-isocenter distance.
Abbreviations: 1 = Inferior; S = Superior; R = Right; L = Left;
A = Anterior; P = Posterior; TPS = treatment planning sys-
tem.

Systems, a Siemens Healthineers company; and Elements,
Brainlab SE).

Gradient index and conformity index

Figure 6 illustrates the GI and PCI results for relevant sub-
groups of centers, defined by experience status, planned
Dinax multileaf collimator (MLC) system, and use of AP
tools, as well as corresponding Pvalues. Within the C-arm
group, 3 parameters showed significantly improved results:
AP, a smaller MLC leaf width of 2.5 mm (HD120 MLC,
Varian Medical Systems), and a Dy, above the median
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Fig. 5. Qualitative comparison of dose distributions across centers. C-arm centers were stratified by experience (experienced

[Exp] vs benchmarking [Bench]) and planning technique (conventional planning (CP) vs. automated planning (AP)) and com-
pared with CyberKnife (CK). PTV margins varied between centers. (A) Coronal film scans. (B) Treatment planning system
profiles for the central target volume, normalized to 100% at the dose maximum and aligned with the individual prescription

isodose centroid. Abbreviations: Ant = Anterior; Inf =Inferior; S

Dnax of all C-arm centers. Centers using AP tools achieved
significantly lower GI (4.9 & 0.7 vs 8.1 £ 3.8; P = .02) and
significantly higher PCI (0.83 £ 0.07 vs 0.68 £ 0.19;
P = .03) than centers using conventional planning. Centers
using a 2.5-mm MLC system also achieved significantly
lower GI values (4.3 + 09 vs 7.9 £ 3.5; P < .01) and
improved conformity (0.81 & 0.10 vs 0.71 &£ 0.19; P = .29).
Centers with a higher planned D,,.x achieved significantly
lower GI (5.8 £ 2.5 vs 82 + 4.0; P .05). More
detailed numerical data for all subgroups are provided
in Appendix E5.1.

In a multivariate GLM, the apparent effect of Dy, was
no longer significant after adjustment for AP, indicating
that the observed association with GI was largely explained
by the use of AP. Corresponding statistical results are pro-
vided in Appendix E5.3. Notably, AP was not associated

up =Superior.

with systematically higher D, values (mean Dy, 133%
for AP vs 132% for non-AP centers, with AP centers evenly
distributed across both median-based D,,,, groups), sug-
gesting that the improved GI observed with AP was not
achieved by simply increasing D,,y.

Because of substantial group overlap (7 centers used AP,
5 used the HD120 MLC, and 4 used both) and nonnormally
distributed residuals in the GLM, it was not possible to
statistically separate individual contributions within or
between AP and MLC design. Their individual partial effects
are visualized in Appendix E5.2.

Comparing the 2 AP tools, HyperArc centers achieved
higher conformity, whereas Elements centers achieved bet-
ter gradients. Because of small samples and modest effect
sizes, these results should be interpreted only as indicative
trends.
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Fig. 6.

Gradient index (GI) and Paddick conformity index (PCI) with statistical results for CyberKnife (CK) centers and C-

arm center subgroups: experienced (Exp), benchmarking (Bench), maximum dose (D,,,,) (above or below the median value of
C-arm centers), multileaf collimator (MLC) leaf width in mm (MLC2.5 and MLC5.0), and automated-planning (AP) systems
(HyperArc [HA], Elements [EL]). Boxes represent the IQR, the median (line), data range within 1.5 x IQR (whiskers), and
outliers beyond whiskers (points). Significance level is indicated by P values, effect size magnitude by Cohen d. Asterisks indi-

cate significance in univariate (*) or multivariate (**) tests.

The lowest Gljowest = 3.4 in our study was achieved by
C-arm with a RayStation TPS (RaySearch Laboratories AB)
and the HD120 MLC. The 2 highest PClyghese = 0.94 were
achieved by a CK and a C-arm system with HyperArc AP
and the HD120 MLC. Figure 6 illustrates that although
comparable results were achieved within all subgroups with
different infrastructure and techniques, the use of AP tools,
in particular, enabled consistent, high-quality GI and PCI
results with reduced user dependence. Target-to-isocenter
distance, individual PTV margins, and all other parameters

not reported here (see Appendix E6 for a complete list)
were not found to have a significant influence on GI or PCIL
An additional GLM including 3 PTV margin subgroups
(<1, 1, and >1 mm) was performed to assess a potential
confounding effect. No significant association between PTV
margin and GI or PCI was observed (see Appendixes E5.4
and E6).

Dose bridging at the 50% isodose level between PTV1
and PTV2 (see Fig. 1 for anatomic reference) was observed
in 7 centers, 6 of which were Bench centers, and none of
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which were centers using AP. Notably, 3 of these centers
used a PTV margin of 2 mm, resulting in a surface-to-sur-
face distance of only 10 mm between the 2 TVs.

Discussion

Measurement system

Enabled by the anthropomorphic phantom,” both film and
gel systems performed robustly in our end-to-end tests.
Although results were largely interchangeable, using both
systems provided redundancy and increased reliability. By
aligning all targets with film planes in our reference case, we
mitigated the main limitation of film—its planar nature—
whereas gel inherently allows true 3D dosimetry for arbi-
trary target topographies.

The film 3D offset, derived via the root-sum-square of
coronal and sagittal offsets, likely represents a conservative
estimate, because it combines two 2D measures. A coordi-
nate-wise calculation was not pursued because each film
data set relied on its own CT scan with independent posi-
tioning and dose calculation, which would have introduced
additional uncertainty. Because the estimated film results
agreed closely with the gel results (Fig. 2), any potential
overestimation from this approach is likely negligible.

Although gel measurements exhibited a small anterior
—posterior bias (0.2 mm), this effect was minor relative to
the overall variation and measurement uncertainty and did
not affect the overall agreement between detector systems or
the resulting conclusions.

Spatial accuracy

The absence of a significant influence of IF-Img on delivery
accuracy for our static phantom suggests that the hardware
components involved in treatment delivery, particularly
rotating elements such as the collimator and couch, per-
formed reliably in our study. However, because the phantom
did not simulate intrafraction patient motion within the
thermoplastic masks, these results should not be interpreted
to mean that IF-Img is unnecessary. Previous studies have
demonstrated the impact of intrafraction motion on SRS
delivery accuracy” and recommend the use of IF-Img for
SRS.*” Within the 5 cm range examined in this study, our
results show that delivery accuracy does not systematically
decrease with increasing distance from the isocenter. This
finding suggests that distance-dependent PTV margins may
be unnecessary. However, it remains essential to assess both
isocentric and eccentric accuracy when implementing SIMT
SRS, to confirm these results for each system and make
adjustments as needed.

These observations are consistent with the finding that
ICC was the only unconfounded, statistically significant
parameter influencing delivery accuracy in our study. Of the
23 centers, 14 reported verifying ICC daily when stereotactic

radiation therapy was scheduled for that day, in line with
recommendations from a DGMP and German Society for
Radiation Oncology consensus statement.” However, the
tolerance ranges applied for this QA, and consequently the
achieved ICC, varied among centers, with a reported median
of ICCpeq = 0.24 mm. Our findings support the necessity of
this QA and further indicate that tightening ICC tolerances
can directly improve treatment delivery accuracy.

Treatment plan quality

The significant variation in GI and PCI across centers high-
lights the complexity of SIMT SRS treatment planning.
Although high-quality plan was achieved by individual cen-
ters in all subgroups, both AP tools and the HD120 MLC
system (leaf width of 2.5 mm) had a significant positive
influence on GI and PCI in our study. Benefits of the
HD120 MLC for SRS have also been reported previously,™
~% although not to the extent observed here.

Our results support prior reports that a major advantage
of AP systems is their ability to produce consistently high-
quality plans with reduced user dependence, enabling
greater standardization both across institutions and within
teams.”” Although comparison of the 2 AP systems—
HyperArc (3 centers) and Elements (4 centers)—was lim-
ited by sample size, the observed trends of Elements show-
ing slightly better GI and HyperArc slightly better PCI are

. . . 37,38
consistent with previous work.”

Limitations

Data analysis

GI and PCI were derived from centrally analyzed DICOM
data sets provided by the participating centers. Although
absolute values may differ from center-reported metrics
because of sampling and algorithmic differences between
3D Slicer and local TPSs, this approach ensured consistent
and standardized metric calculation across centers.

Intrafractional patient motion

Although all system-related translational and rotational
uncertainties (gantry, couch, collimator, and imaging—reg-
istration chain) were directly measured, intrafractional
patient motion was not included. Such motion could not be
reproducibly simulated using the modular anthropomor-
phic head phantom within stereotactic mask systems.

Clinical outcome

The study did not include patient data or clinical outcomes.
The potential clinical impact of observed variations in plan
quality and delivery accuracy must therefore be inferred by
comparison with published data. Clinical implications are
discussed in the subsequent subsection.
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TV and location

The experimental setup permitted a maximum intertarget
distance of ~9 cm. Target diameters ranged from 8 to
12 mm, depending on PTV margin. Because neither PTV
margin nor target-to-isocenter distance significantly influ-
enced GI, PCI, or spatial offsets, and because offsets were
systematic rather than target-specific, translation of our
findings to other target topographies may be cautiously con-
sidered but remains constrained by the specific geometry
and conditions of the present study.

Platform representation and sample size

This study included 23 centers (20 conventional C-arm
linacs and 3 CK centers), and statistical findings should
therefore be interpreted with caution. The limited number
of participating centers reflects the substantial logistical and
financial effort required for on-site end-to-end testing. Con-
sequently, the results are restricted to the investigated plat-
forms and do not directly extend to other dedicated SRS
systems. Within these constraints, the data suggest compa-
rable performance of Exp C-arm and CK centers when key
standards such as high ICC and AP are applied.

Cost to deliver

Although auto-planning and hypofractionation have been
associated with improved workflow efficiency and reduced
treatment delivery time,” cost to deliver was not explicitly
assessed or quantified in this study. Although our findings
further support the technical benefits of auto-planning with
respect to plan quality and standardization, they also under-
score the importance of comprehensive and potentially
more resource-intensive QA, as well as advanced planning
infrastructure. These aspects should be considered in any
comprehensive cost to deliver evaluation.

Protocol heterogeneity

Participating centers were intentionally allowed to apply
their in-house SIMT SRS workflows without study-imposed
constraints (eg, Dy, PTV margin, and beam configura-
tion) to reflect current clinical practice. Although a more
homogeneous protocol would have simplified interpretation
and increased methodological control, this design enabled
evaluation of plan quality and delivery accuracy as achieved
under real-world conditions. Consequently, the results
should be interpreted in the context of this intentional het-
erogeneity.

Clinical implications

The clinical implications of this study are 2-fold. First, the
observed variations in spatial accuracy, GI, and PCI may
have direct relevance for clinical care, although their impact
must be inferred indirectly through comparison with pub-
lished data. Second, the audit nature of this multi-institu-
tional study provides a realistic snapshot of current SIMT
SRS implementations, highlighting both the benefits of spe-
cific techniques and potential dosimetric warning signs,

thereby underscoring the need for detailed guidelines and
further standardization.

Spatial offsets above 1 mm in delivered dose were
observed in 33% of centers (excluding measurement uncer-
tainty), and dose bridging of the 50% isodose between PTV1
and PTV2 occurred in 30% of centers. Although dose bridg-
ing was partially attributable to PTV margins and target
proximity, both targeting inaccuracies and unintended high-
dose exposure of healthy tissue are of particular concern
in single-fraction SRS, where such effects have been asso-
ciated with increased toxicity and risk of radionecrosis."’

Collectively, these findings emphasize the technical com-
plexity of SIMT SRS and support the use of comprehensive
end-to-end testing and Bench against Exp centers or pub-
lished reference data during clinical implementation.

Context and outlook

The principle of auditing is increasingly being adopted
worldwide for new, complex techniques to ensure treatment
safety and quality.”*'~*° To the best of our knowledge, this
is the first multiplatform SIMT SRS ring trial to incorporate
end-to-end tests using 3D dosimetry for spatial accuracy
analysis alongside TPS evaluations. The trial not only pro-
vided participating centers with the opportunity to bench-
mark their approaches and compare results with peers,
but also offered a realistic representation of current clinical
practice in SIMT SRS. The observed heterogeneity in results
highlights the value of multicenter end-to-end testing and
underscores the importance of such initiatives. To further
promote transparency and reproducibility, anonymized plan-
ning data sets have been made available in an open-access
online repository,'” and an extensive Appendix is provided
alongside this manuscript. Together, these resources allow
external reproduction of the results, facilitate additional anal-
yses, and support expansion of the data set in future studies.

Conclusions

In a multicenter, multiplatform study including 23 centers,
SIMT SRS treatment delivery accuracy in a static head
phantom significantly correlated with center experience, IF-
Img, and imaging-to-radiation ICC, with the latter being the
dominant factor in multivariate analyses. Insufficient imag-
ing-to-radiation isocenter calibration was associated with
spatial offsets exceeding 1 mm, which were observed in 33%
of centers, highlighting the need for standardized and spe-
cific guidelines (eg, tolerance values for ICC), end-to-end
testing, and audits. Spatial accuracy was independent of tar-
get-to-isocenter distance within the investigated range of
5 cm. Treatment plan quality was enhanced by auto-plan-
ning tools and a smaller MLC leaf width, resulting in
improved and standardized conformity and dose gradients,
as well as reduced high-dose bridging between closely
spaced targets.
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