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Abstract

Purpose: In robotic stereotactic radiosurgery (SRS), optimal selection of collimators from a set of fixed cones must be
determined manually by trial and error. A unique and uniformly scaled metric to characterize plan quality could help
identify Pareto-efficient treatment plans.
Methods: The concept of dose-area product (DAP) was used to define a measure (DAPratio) of the targeting efficiency of a
set of beams by relating the integral DAP of the beams to the mean dose achieved in the target volume. In a retrospective
study of five clinical cases of brain metastases with representative target volumes (range: 0.5–5.68 ml) and 121 treatment
plans with all possible collimator choices, the DAPratio was determined along with other plan metrics (conformity index
CI, gradient index R50%, treatment time, total number of monitor units TotalMU, radiotoxicity index f12, and energy
efficiency index g50%), and the respective Spearman’s rank correlation coefficients were calculated. The ability of DAPra-

tio to determine Pareto efficiency for collimator selection at DAPratio < 1 and DAPratio < 0.9 was tested using scatter plots.
Results: The DAPratio for all plans was on average 0.95 ± 0.13 (range: 0.61–1.31). Only the variance of the DAPratio was
strongly dependent on the number of collimators. For each target, there was a strong or very strong correlation of DAPra-

tio with all other metrics of plan quality. Only for R50% and g50% was there a moderate correlation with DAPratio for the
plans of all targets combined, as R50% and g50% strongly depended on target size. Optimal treatment plans with CI,
R50%, f12, and g50% close to 1 were clearly associated with DAPratio < 1, and plans with DAPratio < 0.9 were even supe-
rior, but at the cost of longer treatment times and higher total monitor units.
Conclusions: The newly defined DAPratio has been demonstrated to be a metric that characterizes the target efficiency of a
set of beams in robotic SRS in one single and uniformly scaled number. A DAPratio < 1 indicates Pareto efficiency. The
trade-off between plan quality on the one hand and short treatment time or low total monitor units on the other hand is
also represented by DAPratio.
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1 Introduction

Stereotactic radiosurgery (SRS) refers to a radiotherapy
method used to treat benign or malignant brain patholo-
gies with high doses delivered in only one or a few frac-
tions to well-circumscribed targets [1]. In order to
minimize normal tissue toxicity, SRS demands high con-
formity of the prescribed dose to the clinical target vol-
ume and rapid fall-off doses away from the target [2].
In robotic SRS this is typically achieved by use of
inter- and intrafractional image guidance, by precise beam
collimation using a set of cones and by application of
non-isocentric beam arrays adapted to the target shape
[3–5]. Inverse planning using the sequential [6] or
VOLOTM [7] optimization can be used to generate plans
with high coverage and conformity while maintaining
steep dose gradients and sparing of critical structures.
While both algorithms can be used to determine appropri-
ate beam weights, the selection of collimators from a set
of fixed cones must be performed manually, which is
time-consuming and generally has a large impact on plan
quality [8]. There are well-established indices to quantify
plan quality in terms of coverage, conformity, and dose
gradient [1,9], but currently there is no way to assess
whether a plan is also Pareto-efficient with respect to col-
limator selection.

The aim of this study was to develop a method for deter-
mining optimal treatment plans in robotic SRS based on
dose-area products (DAP) and to perform a Pareto efficiency
analysis of the plans. Pareto efficiency means that further
improvement of one of the planning goals such as high con-
formity, steep dose gradient, or low treatment time can only
be achieved at the expense of one of the other goals. The
DAP is an established concept in diagnostic radiology,
where it is used to estimate the dose exposure of patients
during X-ray examinations or interventions on the basis of
the “amount of radiation” emitted by the X-ray unit, which
is measured using a large-area transmission ionization cham-
ber dosimeter [10,11]. DAPs have also been applied in small
field dosimetry and quality assurance of photon beams [12–
22]. However, this concept is not used in the therapeutic
application of X-rays, where the dose distribution in the
patient resulting from a given radiation field configuration
can be calculated accurately by means of modern three-
dimensional treatment planning methods based on volumet-
ric CT images. The idea here was to investigate whether the
DAP can be used as a measure for the efficiency of a radia-
tion field configuration in covering a target volume by relat-
ing the calculated dose-area product of a beam set to the
dose achieved in the target volume. The usefulness of the
method was demonstrated in a retrospective planning data
set.
2 Methods and materials

2.1 Theory

As a measure for the targeting efficiency of a beam set,
DAPratio, the integral DAP of the applied beam set, DAPbeam-

set, was related to the DAP deposited in the target, DAPtarget,

DAPratio¼DAPbeamset

DAP target
ð1Þ

The DAP deposited in the target, DAPtarget, was derived
from the average dose Dmean deposited in the target volume
Vtarget using

DAP target ¼ Dmean � Atarget ¼ Dmean � p 3V target=4p
� �2=3 ð2Þ

and where Atarget was assumed to be the cross-section of a
spherical volume.

The integral DAP of the beam set, DAPbeamset was calcu-
lated following the ray-tracing dose calculation algorithm of
the Cyberknife [23] by superposition of the DAP of all
beams

DAPbeamset¼
X

i2beamset
MUi � OF i � TPRi � 800

SADi

� �2

�
Z 50%

100%

OCRi � RdRdu ð3Þ

Here MU is the number of monitor units, OF the output
factor, TPR the tissue-phantom ratio, SAD the source-axis
distance and OCR the off-center ratio. Note that in the calcu-
lation of DAPs, we restricted the integration over radius R
and azimuth angle u to the in-field region of the beams with
OCR(R, u) � 50%. By this definition, the DAPratio is less
than 1 when the in-field regions of the beams fully contribute
to the dose in the target, while the DAPratio is greater than 1
if the in-field dose of the beams is also distributed outside
the target. Thus, DAP values above 1 indicate a suboptimal
treatment plan with avoidable dose exposure to normal
tissue.

2.2 Treatment planning study

In order to demonstrate the usefulness of DAPratio to
determine Pareto efficiency of a treatment plan with respect
to collimator selection we selected 5 clinical targets repre-
sentative for the typical range of volumes of singular brain
metastases treated with the Cyberknife (Supplementary
Materials, S1). Target volumes were 0.50, 0.92, 2.01, 3.07
and 5.68 ml. In all cases, a margin of zero was applied so
that the planning target volume PTV is equal to the clinical
target volume CTV. For each target, a variety of plans were
calculated using the same optimization goals and weights as
used for the applied clinical case, while varying the collima-
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tor setting. All collimators with sizes smaller than the equiv-
alent diameter of the target and all combinations of 2 or 3 of
these collimators were used. This resulted in up to 41 differ-
ent collimator settings per target and a total of 121 plans for
all targets. The optimization script included minimum and
maximum dose as target goals for the PTV. Several shell
structures were generated and used as critical goals for the
optimization of the conformity and dose gradient, as well
as to minimize the dose to healthy brain tissue. Relevant
organs at risk (brainstem and the optical system) are added
separately as critical goals (detailed planning parameters in
the Supplementary Materials, S2). For all plans, the pre-
scribed dose was 20 Gy at the 65% (±10%) isodose level,
and the intended coverage of 99.5–99.8% was adjusted to
the value achieved in the clinical plan. Following ICRU rec-
ommendations and standard clinical practice, coverage was
in all cases >99% [1,9]. The Cyberknife planning software
Precision 2.0.1.1 (Accuray, Sunnyvale, CA, USA) and the
VOLOTM optimizer were used.

2.3 Data analysis and statistics

The influence of collimator selection on plan quality was
analyzed in terms of conformity and dose gradient using the
conformity index CI and the gradient index R50% and in
terms of treatment time and total number of monitor units
(TotalMU). The conformity index CI was defined as
CI ¼ PTV PIVð Þ2= PTV � PIVð Þ, where PTV is the planning
target volume, PIV the prescription isodose volume, and
PTVPIV the planning target volume that is covered by the
prescription isodose volume [24,25]. The gradient index
R50% was defined as R50% ¼ V PIV 50%=PTV , where
VPIV50% is the volume that is encompassed by half of the
prescription isodose [9,26].

In addition, the DAPratio was compared with two recently
proposed indices of plan quality, f12 and g50%. Here, f12 is
a measure of how closely the optimal dose gradient is
achieved and is defined as the ratio between the off-target
volume of the 12 Gy isodose (V12Gy), a predictor of
radionecrosis [27], and the lowest achievable V12Gy for a
given tumor size and prescription isodose [28]. The energy
efficiency index g50%, recently proposed by Dimitriadis
and Paddick [29], combines conformity, dose gradient, and
mean target dose into a single value by relating the integral
dose received in the target volume to the integral dose
received in the volume covered by 50% of the prescribed
isodose.

Data analysis was performed using box plots and scatter
plots. The statistical correlation of DAPratio with CI, R50%,
treatment time, TotalMU, f12 and g50% was evaluated
using Spearman’s rank correlation coefficient q. Absolute
values of q above 0.9 were defined as very strong correla-
tion, values between 0.70–0.89 as strong correlation, values
between 0.40–0.69 as moderate correlation, values between
0.10–0.39 as weak correlation and values under 0.1 were
defined as negligible correlation [30]. The Kruskal-Wallis
rank sum test was used to assess the differences in DAPratio
for each target and for the number of collimators. The F-test
was used to compare the variances in DAPratio for plans with
different number of collimators. The significance level
p = 0.05 was used. The results were expressed as mean ± s-
tandard deviation. Statistical evaluation was performed with
R v3.6.3 (https://www.r-project.org).

3 Results

The DAPratio for all plans averaged 0.95 ± 0.13 (median:
0.94, range: 0.61–1.31) and, despite significant differences
(p = 0.007), showed a similar variance for all targets
(Fig. 1a). The DAPratio of the plans showed a marked depen-
dence on the number of collimators used (Fig. 1b). While the
average DAPratio was independent of the number of collima-
tors (0.97, 0.95, and 0.94 for plans with 1, 2, and 3 collima-
tors, respectively; p = 0.80), the corresponding variances
differed significantly (±0.21, ±0.12, and ±0.08 for plans with
1, 2, and 3 collimators, respectively; p = 2.2�10�16). The
DAPratio was greater than 1 in 50% (11/22) of plans with
one collimator, in 35% (16/46) of plans with two collima-
tors, and in 26% (14/53) of plans with three collimators.

Fig. 2 shows scatter plots demonstrating the strong rela-
tionship between DAPratio and CI, R50%, treatment time,
TotalMU, f12, and g50%. For each target, DAPratio was
strongly or very strongly correlated with all other metrics
of plan quality (Table 1). Only for R50% and g50% was
there a moderate correlation with DAPratio when the plans
of all targets were combined for analysis.

The ability of DAPratio to identify Pareto-efficient treat-
ment plans is demonstrated in Fig. 3. Plans with high confor-
mity (high CI) and high dose gradient (low R50% or low
f12) were clearly associated with DAPratio < 1, and plans
with very high conformity and very high dose gradient were
associated with DAPratio < 0.9 (Fig. 3a,c). Similar results
were obtained for plans in relation to CI and g50%
(Fig. 3d). The trade-off between plan quality and treatment
time is clearly evident in Fig. 3b. Treatment plans with a
steep dose gradient (low R50%) were strongly correlated
with a long treatment time and are associated with a low
DAPratio. For plans with treatment times less than 30 min-
utes, the DAPratio was greater than 1.13, whereas for plans
with treatment times greater than 60 minutes, it was less than
0.893.

4 Discussion

In this study, we developed a method for determining
Pareto-efficient treatment plans with respect to collimator

https://www.r-project.org
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Figure 1. Box plot of DAPratio as a function of (a) planning target volume and (b) number of collimators.
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selection in robotic SRS. The concept of DAP was used to
define a measure of the targeting efficiency of a beam set,
the DAPratio, by relating the integral DAP of a beam set to
the DAP deposited in the target. With this definition, a
DAPratio of less than 1 indicates high targeting efficiency,
where the in-field dose of the beams is focused to the target,
while a plan with a DAPratio greater than 1 indicates subop-
timal targeting efficiency, where the in-field dose is also dis-
tributed off-target. Thus, a Pareto-efficient plan is
characterized by a value for DAPratio of less than 1.

In a clinical dataset, we were able to show that DAPratio
was indeed distributed around 1, regardless of the target size
and the number of collimators, and only the variance of the
DAPratio decreased with increasing number of collimators.
Moreover, our results show that DAPratio was strongly or
even very strongly correlated with all other metrics of plan
quality commonly used in SRS. Only when the plans of
all targets were combined, we found a moderate correlation
with R50% and g50%, as these two metrics exhibited a
marked dependence on the size of the target volume. Taken
together, this justifies the interpretation of DAPratio as a com-
bined and uniformly scaled metric to characterize plan qual-
ity in robotic SRS that can be used to identify Pareto
efficiency of a plan. In fact, plans with DAPratio < 1 gener-
ally showed superior plan quality in terms of dose confor-
mity, dose gradient, and energy efficiency than plans with
DAPratio > 1. As the DAPratio dropped below 1 to 0.9 or less,
the quality of the plan continued to improve, but usually at
the expense of longer treatment time and a higher total num-
ber of monitor units. We would like to emphasize, however,
that our goal was not to overcome established plan metrics
such as CI and R50%, but rather to complement them by
introducing a measure of the Pareto efficiency of a plan with
respect to collimator selection.

Like the energy efficiency index g50%, the DAPratio
combines dose conformity and gradient in a single number.
But unlike g50%, DAPratio is uniformly scaled and indepen-
dent of target size. But like g50%, which by definition
increases strongly as the prescribed isodose level decreases
[29], DAPratio depends on dose homogeneity of the plan,
due to normalization to the mean dose in the target volume
(Equation (2)). Therefore, DAPratio should be used primarily
to compare plans with similar prescribed isodose levels. Per-
haps the dependence of DAPratio on dose homogeneity could
be compensated for in a future version by using a variable
integration limit (OCR(R, u) � x%) in Equation (3) adjusted
to the prescribed isodose level.

Furthermore it should be noted that DAPratio depends on
measured off-center ratios (Equation (3)) which are device
dependent while g50% is calculated from dose-volume his-
tograms and thus is independent of the treatment modality.
Therefore, DAPratio may be of limited use for comparing
plans between different devices and is primarily intended
for comparing different plans using the same treatment
modality. This is the case when DAPratio is used to determine
the Pareto efficiency with respect to collimator selection, and
thus it appears to be more suitable for this purpose due to its
uniform scaling.



Figure 2. Scatter plot of DAPratio as a function of (a) conformity index CI, (b) gradient index R50%, (c) treatment time, (d) total monitor
units, (e) radiotoxicity index f12, and (f) of energy efficiency index g50%.
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Figure 3. Scatter plots of (a) conformity index CI and gradient index R50%, (b) treatment time and gradient index R50%, (c) conformity
index CI and radiotoxicity index f12, and (d) energy efficiency index g50% and conformity index CI. Points are shown as open circles
when DAPratio was greater than 1, as crossed circles when DAPratio was between 0.9 and 1, and as closed circles for DAPratio less than 0.9.

Table 1
Spearman correlation coefficients q of DAPratio and conformity index CI, gradient index R50%, treatment time, total monitor units
(TotalMU), radiotoxicity index f12, and energy efficiency index g50% for all planning target volumes (PTV).

PTV (ml)

DAPratio � all 0.50 0.92 2.01 3.07 5.68

CI �0.711 �1.000 �0.929 �0.875 �0.805 �0.877
R50% 0.685 1.000 0.874 0.944 0.912 0.900
Treat.Time �0.944 �1.000 �0.985 �0.938 �0.958 �0.934
TotalMU �0.895 �1.000 �0.982 �0.936 �0.937 �0.907
f12 0.804 1.000 0.842 0.928 0.916 0.910
g50% �0.673 �1.000 �0.877 �0.951 �0.870 �0.885
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Another limitation of DAPratio may arise from the
assumption of a spherical shape of the target volume (Equa-
tion (2)). This is justified for brain metastases that are by far
the most common target in SRS but may be an issue in other
targets enforcing some refinement in the definition of the
denominator of DAPratio. Furthermore, the proposed concept
should also be extendable for use in multiple targets. It
would also be interesting to investigate whether a similar
concept could be used for collimators other than fixed colli-
mators, such as the Iris or multileaf collimator [31–33].

Finally, we did not explicitly examine the impact of target
coverage on DAPratio. This is justified because in SRS, high
coverage is the primary goal of treatment planning, typically
98% or higher [1,9].

5 Conclusion

Based on the DAP, it was possible to define a measure of
plan quality that describes the target efficiency of a set of
beams by a single, uniformly scaled number. With this met-
ric, the Pareto efficiency of a plan in robotic SRS with
respect to collimator selection is indicated by values below
1, and values below 0.9 indicate the highest plan quality,
but mainly at the expense of treatment time.
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