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A B S T R A C T

Background: Recent studies suggest strong correlations between Biologically Effective Doses (BED) and single 
fraction stereotactic radiosurgery treatment outcomes, as demonstrated for vestibular schwannomas (VS), 
arterio-venous malformations and pituitary adenomas. The BEDs calculated in these studies consider an uniform 
dose delivery where the spatio-temporal aspects of dose delivery were neglected.
Purpose: The aim of the study is to quantify the discrepancies between the BED values calculated with a simplified 
model of uniform dose delivery against the more complex model that incorporates the temporo-spatial incre-
mentation of dose delivery and the bi-exponential effect of the sub-lethal damage repair.
Methods: A software tool that computes the BED distributions based on individual isocenter dose matrices 
extracted from the GammaPlan (Elekta) treatment planning was developed. Two cohorts 5 VS and 5 jugular 
foramen schwannoma cases of various tumor volumes and isocenter number were utilized to benchmark the 
method. Their BEDs covering 98% of tumor volumes were compared against those determined with the uniform 
delivery model.
Results: The BEDs covering 98% of the tumor volumes as calculated with both models show an approximately 
linear dependency with the treatment time. For all studied cases, the uniform delivery model overestimates the 
BEDs calculated with the full spatio-temporal delivery model. This discrepancy seems to accentuate with the 
tumor volume and treatment complexity.
Conclusions: Despite their resemblance, the BED distributions provide a plethora of BED measures more suitable 
to characterize clinical outcomes than the unique peripheral BED value calculated with the simplified model of 
uniform dose delivery.

1. Introduction

Stereotactic radiosurgery (SRS) is a well-established radiation 
treatment modality [1] in which a significant radiation dose is delivered 
with sub-millimeter accuracy to control and eradicate either benign or 
malignant conditions. To date, there are several platforms capable of 
delivering SRS treatments, among which the most commonly used are 
the Gamma Knife [2] (GK, Elekta AB, Sweden), the CyberKnife [3,4]
(CK, Accuray Inc, CA, USA), diverse C-arm Linac platforms [1], and 
more recently the Zap-X [5] (Zap Surgical Systems Inc, CA, USA). 
Common to all these delivery platforms is that the desired dose distri-
bution is delivered either by the sequential overlap of the individual 

isocentric shots (GK), or by the sequential delivery of partially over-
lapping beams in the remaining SRS platforms. Therefore, there is a 
specific temporo-spatial pattern of dose delivery characteristic to each of 
the aforementioned radiation delivery equipment.

Variations in the temporal pattern of dose delivery have been shown 
to radiobiologically affect the response of mammalian cells to radiation, 
by means of clonogenic survival experiments by Bedford [6] and 
Hallgren [7] and by in vivo assessment of clinical end-points like pa-
ralysis [8] or tumor growth delay [9]. This effect is mainly attributed to 
the sublethal repair processes, which are activated immediately after the 
radiation starts being delivered [6,10–13]. According to Millar and 
Canney [14], who originally developed a biphasic cellular repair model, 
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the magnitude of the repair processes is shown to depend on two tissue 
specific repair half-lives, one short of about 10–15 min and one long, 
lasting as much as up to four to five hours. Utilizing this model, Canney 
and Millar [15] examined the potential implications of the biphasic 
repair processes upon the use of multiple field treatments used in 
conventionally fractionated clinical practice. Their findings have been 
derived using the concept of biologically effective dose (BED) applied to 
either instantaneous dose delivery or conversely, the more realistic 
fractionated treatments that allowed a specific amount of time between 
radiation field delivery. They concluded that on average, about 66 % of 
the total repairable sub-lethal damage will be repaired in the shorter 
phase.

Over the past decade there has been a growing interest in developing 
methods for calculating BED distributions or simplified model BED ap-
proaches with the purpose of enabling clinical correlations between 
tumor control probabilities and/or treatment complications with the 
factors impacting the overall BED.

In a series of papers that aimed at calculating the BED distributions 
for Vestibular Schwannoma (VS) cases utilizing the GK platform, 
Hopewell et al. [16], Millar et al. [17], Klinge et al. [18], and Moutsatsos 
et al. [19] for the CK, concluded that the BED values decline as treatment 
times increase. The mechanism implied by this decline is the result of 
sub-lethal damage repair that accumulates with treatment time. Of note 
is their evaluation of the patients treated on the GK B-model, where the 
treatment times are significantly prolonged when collimator helmets are 
changed, and hence much lower BEDs. Another finding regards the 
approximately 10 % BED variation for the voxels belonging to the same 
physical prescription isodose surface [16–19]. This can be explained by 
the differential dose rate under which these voxels are accumulating the 
physical dose throughout the treatment and may have an important 
clinical consequence: the target BED coverage may be lower than what 
the planner expected when prescribing a certain physical dose. Although 
pioneering, the authors [16–19] inferred no clinical correlations or 
recommendations to the studied pathology (VS) in terms of tumor 
control or toxicity.

Recent clinical literature [20–24] suggests in some studies a strong 
correlation between the peripheral BED and clinical outcomes. How-
ever, such BED values reflect only the unique value of the peripheral 
dose covering the intended treated volume and do not offer any insights 
on how the BED is distributed inside targets. The BEDs calculated for 
these studies considered an uniform photon fluence delivery where the 
spatial aspects of dose delivery were neglected. Most of those studies 
employed the Lea and Catcheside [25] and further improved by Jones 
and Hopewell [14] BED calculation model, with bi-exponential repair 
rate for the sublethal damage repair. Moreover, tools to extract dose rate 
distributions on per beam basis from the clinical treatment planning 
systems to perform the calculations of the BED distributions were and 
are not readily available.

The current work aims at assessing the potential discrepancies be-
tween the simplified, uniform delivery BED model proposed by Jones 
and Hopewell [14] and an in-home developed software tool capable of 
calculating the BED distributions from the dose files generated by the 
GammaPlan. The newly developed tool considers the full aspects of 
spatio-temporal aspects of dose delivery as described by Millar and 
Canney [14]. The approach is currently using the GammaPlan (Elekta 
Instruments, AB, Sweden) DICOM* generated files, but it is easily 
adaptable for any other radiation delivery technology. The method 
necessitated an innovative workaround for the extraction of GammaPlan 
individual isocenter dose distribution files needed for calculating the 
BED distributions.

2. Methods and materials

2.1. Patient Cohort and treatment planning

The present study was performed upon two series of five patients 

with vestibular schwannoma (VS) and jugular foramen schwannoma 
(JFS) respectively, treated between 2010 and 2019 at our institution. 
The VS series included grade Koos I (intracanalicular) cases, with tumor 
volumes spanning from 0.01 to 0.32 cc. Given their small tumor volumes 
(TV) the number of isocenters (shots) utilized in their treatment plans 
ranged from 2 to 6. The jugular foramen series TVs are much larger 
(0.649 to 7.3 cc) and the number of shots varied between 14 and 41.

All patients underwent computer tomography (CT) and magnetic 
resonance imaging (MRI) after the application of the Leksell frame G 
type (Elekta Instruments, AB, Sweden). Tumor volumes together with 
organs at risk (OARs), particularly the cochlea, were outlined in the 
GammaPlan by neurosurgeons. The physical dose prescription was 12 
Gy for all cases. The corresponding treatment plans counted from two to 
forty-one isocenters and were delivered by the Perfexion model 
(2010–2016) and subsequently by the ICON model (2016–2019).

2.2. Data extraction from the GammaPlan

The data needed for the BED calculation with the bi-exponential 
repair model developed by Millar and Canney [14] involves the 
extraction of the dose matrices corresponding to the physical dose dis-
tributions for each of the delivered isocentric shots, and their corre-
sponding delivery times. The overall process flowchart is summarized in 
Fig. 1.

To this end, the delivered treatment is copied into a “new” plan for 
which the same 12 Gy prescription dose is kept. This “new” plan has the 
same dose distribution as the original, delivered one, only the treatment 
times of the isocenters are updated to reflect the exponential decay of 
the Co60 sources. The treatment times of the shots in the originally 
delivered plans are recorded. To extract each isocenter dose distribution, 
all shot weights are brought to zero except that of interest, for which the 
weight is set to 1. Subsequently, the prescription dose for the selected 
shot is increased until the treatment time equals the same shot treatment 
time recorded from the originally delivered plan. The prescription 
isodose level is kept intact.

The DICOM RT Dose file corresponding to the shot is exported and its 
name is indexed with the shot number. The procedure is repeated for 
each of the isocenters. An instance of the DICOM structures file (RTSS) 
and RT Plan is obtained along with the full set of the DICOM CT dataset. 
The original shot durations of the delivered plan are also recorded and 
are going to be utilized for the BED calculations.

2.3. Calculation of the BED distribution

The BED distributions are calculated by an in-home built software 
developed on the MATLAB platform (The MathWorks, Inc. (2022). 
MATLAB version: 9.13.0 (R2023b). Accessed: January 01, 2023. 
Available: https://www.mathworks.com) and named BED Constructor 
(BEDC). BEDC is capable of loading patient specific CT image sets and 
reading the above-mentioned DICOM files.

The BED model utilized in our calculations was developed by Millar 
and Canney [14] and further revised by Pop et al. [8]. Each delivered 
shot is considered as a separate sub-fraction. The time gaps between 
shots, albeit very short, are also included as incomplete repair intervals. 
The time gaps between shots are considered three seconds, on both 
Perfexion and ICON models. The biphasic exponential model has two 
components: a fast one with a repair half-time Tf

1 /2
= 11.4 min and a 

slow one Ts
1 /2

= 129.6 min. These repair times are reflected into the 

repair coefficients μf =
ln2

T
1 /2

f
= 0.0608min− 1 and μs = ln2

T1 /2
s =

0.0053min− 1. Each voxel of the BED matrix is calculated according to 
the formula: 
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BED = DT +
1
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(
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where DT is the total dose delivered during the treatment, Nshots is the 
total number of isocenters (shots), d2

i is the matrix corresponding to the 
squared dose distribution for each shot. The ratio α/β = 2.47 Gy quan-

tifies the tumor (VS) and brain tissue radiosensitivities. The BED formula 

contains the terms Φ
(

Ξ, μf

)
and Φ(Ξ, μs) that are functions specific to 

the irradiation protocol and repair rates and are described by Miller and 
Canney [14] and Pop et al [8].

2.4. BED calculation with the uniform dose delivery model

The second model for the BED calculation makes the assumption that 
the photon fluence delivered throughout the treatment is constant such 
as all shots would be delivered simultaneously in the space domain. Each 

delivered shot is of the same size and duration. The model was proposed 
by Jones and Hopewell [14] and was utilized in most publications that 
assessed clinical outcomes relative to BED. It should be noted that the 
BED uniform delivery model does not imply that the BED is uniform 
within the tumor volume, but as described in equation (2) below, it is 
proportional to the dose and modulated by the time-dependent sub-le-
thal damage repair factors. 

BED = c • nd
(

1+

(
nd

α/β
−

d
α/β

)

• f
(

μf T
)
+

d
α/β

• f
(

μf t
))

+(1 − c)

• nd
(

1+

(
nd

α/β
−

d
α/β

)

• f(μsT)+
d

α/β
• f(μst)

)

(2) 

The formalism assumes that the overall physical dose is delivered in n 
subfractions of equal dose d, where t is the delivery time for each shot 
and T is the overall treatment time, including the gaps between the 

shots. The functions f
(

μf T
)

and f
(

μfsT
)

model the exponential sub- 

lethal damage repair rates and like in the previous case depend on the 
fast and slow half-time repair constants μf and μs, respectively. c is called 
the partition coefficient that weighs the proportion of the slow and fast 
repair mechanisms. We utilized for c a value of 0.5 in both models. All 
the other parameters were kept the same as in the model for the BEDC 
distribution calculations. The above-described simplified BED calcula-
tion model was implemented into an Excel Worksheet where any 
physical isodose can be converted into a BED value, according to (2).

It is important to note here that the uniform delivery model can also 
be utilized to calculate a 3D BED distribution. The BED distribution will 
have the same appearance as the absorbed dose distribution, with the 
corresponding absolute dose levels converted into BEDs according for-
mula (2).

3. Results

3.1. Dose check

Each set of solitary isocenter dose distributions generated by the 
GammaPlan (GP) was loaded and summed up in the BEDC and the result 
was compared to the total delivered dose in the original plan. The 
originally delivered dose distribution was exported as a DICOM RT 
DOSE file from the GammaPlan. Fig. 2 shows the BEDC-summed (thin 
lines) and the GP original dose distributions (thick lines) for one 0.248 
cc VS case, for which 12 Gy was prescribed to the 50 % isodose line. One 
can observe a slight difference between the two isodose sets, one of 
potential reasons being the rounding error introduced when the pre-
scription dose is entered in the GammaPlan to generate the individual 
shot dose distribution. GammaPlan allows only one decimal for the 
input of the prescription dose and thus, the corresponding isocenter 
delivery time cannot be identically matched to the one in the copied, 
“new” plan. Another factor contributing to the discrepancy may be 
related to the interpolations occurring within BEDC.

3.2. BED calculation and BED distributions

The bi-exponential model for BED calculation described in section 
2.3 uses the individual dose distributions loaded for each isocenter. The 

special functions Φ
(

Ξ, μf

)
and Φ(Ξ, μs) are the two exponential terms 

that describe the fast and slow repair rates, and their values depend on 
the succession of the isocenters and their respective treatment times. 
The treatment times utilized for the chosen cases are those derived from 
the original, delivered plans.

Fig. 3 shows the BED distributions for the axial, coronal and sagittal 
planes for the same vestibular schwannoma case number 2, for which 
the physical dose was computed and displayed in Fig. 2.

The BED statistics for all 10 VS and JFS cases in this study are shown 

Fig. 1. Flowchart of the GammaPlan isocenter-specific dose extraction process.

C. Cotrutz et al.                                                                                                                                                                                                                                 Physica Medica 126 (2024) 104820 

3 



Fig. 2. Axial (A), Coronal (B) and Sagittal (C) dose distributions showing the GammaPlan-calculated plan (thick and light-colored lines) and the summed, individual- 
isocenter dose distributions extracted with the proposed method (thin and darker shaded lines).
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Fig. 3. Axial (A), Coronal (B) and Sagittal (C) BED distributions for the Vestibular Schwannoma case number 2 calculated with BEDC. The thick purple line rep-
resents the outline of the tumor volume. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in Table 1. As an example for case number 2, the marginal BED covering 
98 % of the TV is 55.98 Gy2.47 and the maximum BED is 199.17 Gy2.47. 
The BED98% is selected here as a representative parameter because in 
our clinic we aim at prescribing the therapeutic dose at the 98 % 
coverage of the tumor volume. The reference dose rate at the time of 
delivery was 2.703 Gy/min. The overall beam-on time was 31.5 min for 
a physical prescription dose was 12 Gy to the 50 % isodose.

In Table 1 we observe a significant deviation of the BED value 
covering 98 % of the tumor volume for case number 1 against the 
average values for the rest of the patients. Tumor volume for the VS case 
1 is the smallest among all the cases. As a result, even using the 4 mm 
collimator for planning, the 12 Gy prescription isodose is far from being 
conformal. Under these circumstances, the physical dose covering 98 % 
of the tumor volume is 12.88 Gy, 7 % higher than the intended 12 Gy.

3.3. BED comparison: full modulated fluence vs. uniform fluence

The simplified BED calculation model proposed by Jones and 
Hopewell [26], where each shot is of the same duration and dose was 
implemented into an Excel Worksheet. Here only a certain physical 
isodose can be converted at a time into a BED value, according to for-
mula (2) detailed in section 2.4. The model incorporates the biphasic 
sub-lethal damage repair. In order to illustrate the BED distribution 
differences between the two models we calculated with formula (2) 
several BED values that would match iso-BED levels calculated with the 
BEDC.

The results are displayed in Fig. 4, where it appears that the uniform 
dose delivery model iso-BED lines (the thinner lines) encompass the iso- 
BED lines determined with the BEDC, meaning that the first model 
overestimates the BEDs calculated with BEDC. The lower iso-BED lines 
follow closely one another while the discrepancies between the higher 
iso-BED lines accentuate. The maximum BED values are 208.9 Gy2.47 for 
the uniform dose delivery model while the BEDC calculated maximum is 
199.2 Gy2.47, a 4.9 % difference for the VS case number 2.

For the rest of the cases, we evaluated the BED differences just for 
one single isodose. The physical isodose converted into BED is the D98% 
(the dose covering 98 % of the TV), as this dose is clinically relevant in 
our clinic for the desired tumor coverage. For each case the D98% was 
extracted from the GammaPlan (Table 2, column 4). The time gap be-
tween the shots was 0.05 min. (3 s) as in the calculation with BEDC. 
Table 2 incorporates the BEDC and uniform delivery BED2.47 in columns 
five and six and their respective percent difference in column seven.

In both calculations, the repair half-times, alpha/beta ratios and 
partition coefficients were identical. The BED2.47 ratios obtained with 
the two methods reveal that for all the cases, the uniform delivery 
overestimates the BEDC calculated values. The average discrepancy of 
uniform delivery vs. BEDC calculated for all the cases is +6.3 %. If one 
calculates the discrepancies separately for the VS cases and JFS series 
one obtains +5.27 % vs. +7.31 % respectively, suggesting that the errors 
accentuate for larger tumor values and number of isocenters used in the 

treatment plans. It may be possible that in the latter case the BED values 
corresponding to the hypothetical isodose surface covering 98% of the 
tumor volume have a larger spread, skewed towards lower values.

Fig. 5 shows the plot of the BEDD98% values as a function of the total 
treatment time. As expected, there is a clear trend that indicates that as 
the total treatment time increases, the BED values become smaller. A 
linear regression fitting procedure indicates a negative slope de-
pendency of the BEDD98% with the total treatment time T in both models. 
The intercepts of the fitted lines at T = 0, corresponding to the instan-
taneous dose delivery are 67.37 Gy2.47 for the uniform delivery model 
and 64.57 Gy2.4 for the BEDC model. If one compares these values to the 
instantaneous BED value of 70.83 Gy2.47 corresponding to the 12.05 Gy 
(the average of D98% in Table 2, column 4), then the percentage differ-
ences would be − 4.9 % and − 8.8 %, respectively. A value of − 6% was 
reported by Moutsatsos et al. [19] in case of VS treated to the 13 Gy 
prescription isodose line with the Cyberknife. Jones and Hopewell [14]
reported a difference of − 7%.

3.4. BED histograms and model validation

The BED distributions created for the VSs cases resemble those 
already published in the literature [17,18]. BED distributions are char-
acterized by extremely high gradients and heterogeneity. To graphically 
illustrate the volumetric distribution of the BED within the tumor vol-
ume, the BEDC was equipped with the capability of computing the BED 
Volume Histograms (BEDVH). Fig. 6 depicts the BEDVHs for the VS case 
2 for which both uniform dose delivery and BEDC calculated BED his-
tograms were calculated. As expected and confirmed from the calcula-
tions presented in the previous section, the histogram for the uniform 
dose delivery model is shifted towards higher BED values compared to 
the BEDC. A special characteristic of the BEDVH that we encountered for 
all the studied cases is the long tail of the histogram. Unlike the absorbed 
dose DVHs (thin dotted line in Fig. 6), the BEDVHs display a significant 
BED heterogeneity within the tumor volume. If for a typical GK case the 
natural physical prescription isodose line is 50%, in the case of the BEDs, 
the corresponding prescription BED drops to approximately 27 % of the 
maximum BED, like patient 2 depicted in Fig. 6. A similar BED ratio of 
31 % was observed by Millar et al. [17]. The same publication also 
calculated a frequency distribution of the BED values corresponding to 
the voxels receiving the 12 Gy prescription dose, with peak frequency 
centered at 45.5 Gy2.47. This comes in line with the BEDVH plot in Fig. 6, 
where a 45 Gy2.47 corresponds to tumor coverage of approximately 99 
%.

4. Discussion

The purpose of this work was to explore the equivalency of two BED 
calculation models currently utilized by several researchers to adapt 
prescription doses as a function of treatment time in order to achieve 
biological iso-effective treatments in terms of tumor control in SRS. It 

Table 1 
Absorbed dose statistical figures (Mean, Min, Max and D98% and the corresponding relevant BED statistical measures (BED2.47 Min., Max., Mean and BED98%) for the 
five Vestibular Schwannoma cases (1–5) and five Jugular Foramen schwannomas (6–10).

Tvol 
(cc)

No 
Iso

Dprscr 
(Gy)

Isodose 
(%)

Mean Dose 
(Gy)

Min Dose 
(Gy)

Max Dose 
(Gy)

D98% 

(Gy)
BED Mean 
(Gy2.47)

BED Min 
(Gy2.47)

BED Max 
(Gy2.47)

BED98% 
(Gy2.47)

1 0.062 3 12 60 16.1 10.2 20.0 12.88 100.32 45.05 147.10 65.74
2 0.254 6 12 50 16.5 7.4 24.0 11.97 102.19 34.97 199.17 55.98
3 0.223 6 12 50 16.7 10.8 24.0 12.12 107.81 45.54 201.43 57.59
4 0.126 5 12 60 15.2 10.3 20.0 11.55 85.99 43.37 136.06 54.12
5 0.074 2 12 62 16.3 10.0 19.4 12.05 97.24 38.38 129.11 52.61
6 0.649 14 12 50 15.9 10.5 24.0 11.85 84.76 37.53 172.12 48.30
7 2.120 21 12 50 17.3 10.5 24.0 12.06 93.44 39.58 171.94 51.39
8 7.300 19 12 50 16.9 9.8 24.0 11.8 92.76 34.56 178.36 45.66
9 3.980 31 12 50 16.6 10.4 24.0 12.1 88.9 36.47 169.86 49.45
10 3.740 41 12 55 16.6 10.3 21.8 12.37 81.98 36.10 135.36 49.02
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was once again validated with our ten schwannoma cases that the 
relationship between the BED and the treatment time can be modelled as 
being approximately linear. This was also advocated previously by Jones 
and Hopewell [14] who utilized the BED distributions calculated by 

Millar et al [14] and compared the minimum, average and maximum 
BEDs corresponding to the voxels belonging to the prescription isodose 
surface with the BEDs obtained with a simplified model.

The spectrum of the BED values for the voxels of a certain physical 

Fig. 4. Axial (A), Coronal (B) and Sagittal (C) BED distributions for the Vestibular Schwannoma case number 2 calculated with BEDC (thick and darker shade lines) 
and the uniform dose delivery model (thin and lighter shade lines).

C. Cotrutz et al.                                                                                                                                                                                                                                 Physica Medica 126 (2024) 104820 

7 



iso-surface is a very useful demonstrative concept to show the effect of 
spatio-temporal pattern of dose delivery, but it may have little clinical 
significance. It may be confusing in a clinical workflow which BED 
measure to consider significant for prescription: that derived from mean 
BED of the voxels corresponding to the prescription isodose, or maybe 
the minimum? In this respect we propose a volumetric approach and 
suggest that the BED98% (in our clinic the TV coverage of 98% is the 
goal) may be a more suitable measure to characterize the biologic 
effectiveness of a certain physical dose distribution. One could hy-
pothesize that the BED98% would correspond to a “virtual” physical dose 
covering the same volume of the target volume. If that physical dose is 
used to re-calculate the BED utilizing the simple, uniform delivery model 
we obtain discrepancies averaging 6.3 % for all the studied cases 
spanning tumor volumes from 0.062 to 7.30 cc and number of isocenters 
from 2 to 41. Further investigation should be dedicated to exploring if 
this difference is solely a cause of the chosen BED calculation model or if 
our hypothesis overestimates the true “D98%”.

Most of the clinical studies [16–18] that infer correlations between 
the BED and clinical outcomes use the simplified, uniform delivery 

model proposed by Jones and Hopewell [14]. In this respect, only the 
peripheral BED is calculated. This approach may be sufficient for the 
functional SRS cases like trigeminal neuralgia or tremor, where only one 
shot is utilized and therefore, there should be no difference between the 
two models. There is anecdotical information that some clinics already 
started adapting the prescription physical dose to match a certain 
therapeutic BED. As shown in our investigation, for more complex cases 
one would expect larger BED differences between models and therefore 
a full calculation of BED distribution may be more accurate and clini-
cally relevant. Moreover, having access to the BED distributions would 
allow the computation of all statistical BED measures like minimum, 
mean, maximum, integral BEDs, which in turn may prove useful corre-
lators in retrospective studies.

One limitation of this study is related to the accuracy of the used 
radiobiological parameters, where the brain tissue α/β ratio was also 

assigned to the VS tumors, altogether with the slow and fast sub-lethal 
half-time repair rates. These values were derived form rat spinal cord 
experiments performed by Pop et al [8], which had as end-point radi-
onecrosis obtained following various single dose exposures at different 
dose rates. As explained in studies by Hopewell et al. [16] and Millar et 
al [14] this data represents to date the best available for central nervous 
system, but may not fit closely the biology of the VS tumor which is 
known to be histologically heterogeneous and with various degrees of 
vascularization.

A number of prior publications reported the utilization of individual 
shot dose matrices for the purpose of determining the real distribution of 
BEDs in case of single fraction SRS by means of GK. All the above pro-
jects involved the usage of research versions of the GammaPlan treat-
ment planning workstations, specifically adapted for the extraction of 
the individual isocenter dose distributions. The data needed for our 
project of BED calculation was extracted from the clinical version of the 
GammaPlan workstation, using a workaround that allowed us to 
generate dose distributions for each individual isocenter. The work-
around was applied to patients already treated and thus, additional time 
and effort was needed to adjust the data for the sources decay. The 
process of data extraction is quite tedious as it may take up to 1–2 min to 

Table 2 
BEDs calculated as uniform delivery overestimate by up to 10% those derived 
from the sequentially delivered isocenters.

Patient N 
iso

Tx time 
(min)

D98%(Gy) BEDC 
BED 
98 % 

(Gy2.47)

Uniform 
BED98% 

(Gy2.47)

Uniform/ 
BEDC (%)

1 3 24.54 12.67 65.74 67.27 102.3 %
2 6 31.43 11.97 55.98 57.95 103.5 %
3 6 22.27 12.04 57.59 61.22 106.3 %
4 5 24.52 11.62 54.12 56.99 105.3 %
5 2 24.77 12.05 52.61 57.28 108.9 %
6 14 56.90 11.85 48.30 50.55 104.6 %
7 21 42.5 12.06 51.39 54.56 106.2 %
8 19 63.2 11.8 45.66 48.84 107.0 %
9 31 44.85 12.1 49.45 54.03 109.3 %
10 41 55.8 12.37 49.02 53.67 109.5 %

Fig. 5. BED D98% for the two models plotted as a function of total treatment time T for the 5 VS and 5 JFS cases.
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extract the DICOM RTDOSE file for a single isocenter. This process is 
acceptable for treatment plans with a small number of shots (maybe up 
to 10–15) but can grow into a very tedious routine for plans generated 
by the Lightning inverse planning module of the GammaPlan, that 
produces 40–50 isocenter solutions. For this kind of cases, automation 
would be necessary. Given the growing interest of the SRS community in 
investigating the effects of BED on the clinical outcomes it may be useful 
for the user to have access to the individual shot dose matrices in a more 
user-friendly manner.

One of the main findings of this study is that the simplified, uniform 
dose delivery model overestimates the BED distributions calculated with 
full spatio-temporal photon fluence modulation. The discrepancies 
range from 2.3 % to 9.5 %. The average discrepancy is larger for JFS 
cases, characterized by bigger volumes and longer treatment times. One 
possible recommendation stemming from this observation would be to 
exercise caution in choosing the BED calculation model for those 
treatment platforms necessitating longer delivery times.

The BED calculation method described herein is also applicable to 
other treatment modalities. Moutsatsos et al. [19] applied the same 
methodology for a series of vestibular schwannomas treated with the 
Cyberknife and concluded that the delivered dose distributions must be 
resolved in the temporal domain to enable BED estimations accounting 
for the sublethal DNA repair occurring within the treatment session. The 
treatment times ranged between 15 to 45 min. for a prescription of 13 Gy 
dose. Moutsatsos et al. concluded that a loss of almost 20% compared to 
the acute exposure is associated for the CK treatment associated with the 
delivery of 13 Gy in 35 min. They also suggested that the simpler Lea- 
Catcheside BED model could be applied, but made no estimations on 
the differences between the two models. It is notable in their work the 
cumulative evolution of the BEDC-like calculated BED and the instan-
taneous BED. For treatment times shorter than 15 min the two curves are 
almost overlapped, with increasing divergence as the treatment times 
increase.

With the advancement of image guidance on Linacs, VMAT stereo-
tactic treatments of vestibular schwannomas or other kind of pathol-
ogies were also reported [26]. The authors planned the VS and pituitary 
adenoma cases with three noncoplanar arcs of 6MV FFF beams (1400 
MU/min dose rate) for which the total delivery time of the treatment 
ranged 3–7 min. Considering that the DNA sub-lethal damage repair 
short half-time is around 11 min, it appears that the effect of repair 

might be minimal, and therefore BED calculations could safely be per-
formed using the simple Lea-Catcheside model, or even considering the 
instantaneous delivery BED formula. For treatment times of around 10 – 
15 min, as reported by other authors, the Lea-Catcheside model (uni-
form dose delivery) for BED calculation should be accurate, provided 
that setup times between arcs are also included.

Comparison of BED data for treatments delivered on different 
radiotherapy platforms should be interpreted with caution for several 
reasons: first, the treatment plans are generated using different, pro-
prietary dose calculation algorithms and as a result, the dose discrep-
ancies might also affect the BED calculation accuracy. Secondly, 
absolute BED comparative analysis or inter-platform treatment efficacy 
should carefully consider the relevant physical dose variations and the 
possible range of biological parameters before bio-efficacy of a certain 
SRS treatment scheme or fractionation is claimed.

5. Conclusions

Our findings reveal that the peripheral BED values calculated with a 
simplified model follow the same descending pattern with the overall 
increase in the total treatment time as for the case of an in-home 
developed software tool that considers the spatio-temporal aspects of 
dose delivery. The discrepancies between the two models average 6% for 
a series of ten schwannoma cases when BED98%, a newly proposed 
measure of peripheral BED quantification is considered. The difference 
may prove meaningful in the context of reporting clinical results based 
on BEDs calculated with different models. The peripheral BED is not the 
ultimate measure to infer clinical correlations on the treatment’s out-
comes, as the BED volume histograms indicate elevated heterogeneity. It 
is thus the time to assess the effect of this heterogeneity on the clinical 
outcomes and therefore, a tool that fully accounts for the spatio- 
temporal aspects of dose delivery becomes a necessity.
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Fig. 6. BED Volume Histogram for the six isocenter Vestibular Schwannoma case number 2.

C. Cotrutz et al.                                                                                                                                                                                                                                 Physica Medica 126 (2024) 104820 

9 



References

[1] Menzel H-G. ICRU Report 91. J Int Comm Radiat Units Meas 2014;2014(14): 
1–160.

[2] Niranjan A, Bowden G, Flickinger J, Lundsford LD. Gamma knife radiosurgery 
principles and practice of stereotactic radiosurgery. Springer; 2015.

[3] Adler Jr JR, Chang SD, Murphy MJ, Doty J, Geis P, Hancock SL. The Cyberknife: a 
frameless robotic system for radiosurgery. Stereotact Funct Neurosurg 1997;69(1–4 
Pt 2):124–8. https://doi.org/10.1159/000099863.

[4] Kilby W, Dooley JR, Kuduvalli G, Sayeh S, Maurer Jr CR. The CyberKnife robotic 
radiosurgery system in 2010. Technol Cancer Res Treat 2010;9(5):433–52. https:// 
doi.org/10.1177/153303461000900502.

[5] Weidlich GA, Bodduluri M, Achkire Y, Lee C, Adler Jr JR. Characterization of a 
novel 3 megavolt linear accelerator for dedicated intracranial stereotactic 
radiosurgery. Cureus 2019;11(3):e4275.

[6] Bedford JS, Mitchell JB. Dose-rate effects in synchronous mammalian cells in 
culture. Radiat Res 1973;54(2):316–27.

[7] Hallgren S, Hill MA, Thompson JM, et al. Effects of variations in overall treatment 
time on the clonogenic survival of V79–4 cells: Implications for radiosurgery. 
J Radiosurgery Sbrt 2019;6(1):1–9.

[8] Pop LA, Millar WT, van der Plas M, van der Kogel AJ. Radiation tolerance of rat 
spinal cord to pulsed dose rate (PDR-) brachytherapy: the impact of differences in 
temporal dose distribution. Radiother Oncol 2000;55(3):301–15. https://doi.org/ 
10.1016/s0167-8140(00)00205-x.

[9] Wang X, Xiong XP, Lu J, et al. The in vivo study on the radiobiologic effect of 
prolonged delivery time to tumor control in C57BL mice implanted with Lewis lung 
cancer. Radiat Oncol 2011;6:4. https://doi.org/10.1186/1748-717X-6-4.

[10] Sachs RK, Hahnfeld P, Brenner DJ. The link between low-LET dose-response 
relations and the underlying kinetics of damage production/repair/misrepair. Int J 
Radiat Biol 1997;72(4):351–74.

[11] Dale RG. Radiation repair models for clinical application. Br J Radiol 2019;92 
(1093):20180070. https://doi.org/10.1259/bjr.20180070.

[12] Fowler JF. Is repair of DNA strand break damage from ionizing radiation second- 
order rather than first-order? A simpler explanation of apparently multiexponential 
repair. Radiat Res 1999;152(2):124–36. https://doi.org/10.2307/3580085.

[13] Fowler JF, Welsh JS, Howard SP. Loss of biological effect in prolonged fraction 
delivery. Int J Radiat Oncol 2004;59(1):242–9. https://doi.org/10.1016/j. 
ijrobp.2004.01.004.

[14] Millar WT, Canney PA. Derivation and application of equations describing the 
effects of fractionated protracted irradiation, based on multiple and incomplete 
repair processes. 2. Analysis of mouse lung data. Int J Radiat Biol 1993;64(3): 
293–303. https://doi.org/10.1080/09553009314551441.

[15] Canney PA, Millar WT. Biphasic cellular repair and implications for multiple field 
radiotherapy treatments. Brit J Radiol 1997;70(836):817–22. https://doi.org/ 
10.1259/bjr.70.836.9486046.

[16] Hopewell JW, Millar WT, Lindquist C, Nordstrom H, Lidberg P, Garding J. 
Application of the concept of biologically effective dose (BED) to patients with 
Vestibular Schwannomas treated by radiosurgery. J Radiosurg SBRT 2013;2(4): 
257–71.

[17] Millar WT, Hopewell JW, Paddick I, et al. The role of the concept of biologically 
effective dose (BED) in treatment planning in radiosurgery. Phys Medica 2015;31 
(6):627–33. https://doi.org/10.1016/j.ejmp.2015.04.008.

[18] Klinge T, Modat M, McClelland JR, et al. The impact of unscheduled gaps and iso- 
centre sequencing on the biologically effective dose in Gamma Knife radiosurgery. 
J Radiosurgery Sbrt 2020;7(3):213–21.

[19] Moutsatsos A, Kouris P, Zoros M, et al. On the effect of dose delivery temporal 
domain on the biological effectiveness of central nervous system CyberKnife 
radiosurgery applications: theoretical assessment using the concept of biologically 
effective dose. Phys Med Biol 2022;67(13). https://doi.org/10.1088/1361-6560/ 
ac783b. 135004.

[20] Graffeo CS, Donegan D, Erickson D, et al. The impact of insulin-like growth factor 
index and biologically effective dose on outcomes after stereotactic radiosurgery 
for acromegaly: cohort study. Neurosurgery 2020;87(3):538–46. https://doi.org/ 
10.1093/neuros/nyaa054.

[21] Nesvick CL, Graffeo CS, Brown PD, et al. The Role of biological effective dose in 
predicting obliteration after stereotactic radiosurgery of cerebral arteriovenous 
malformations. Mayo Clin Proc 2021;96(5):1157–64. https://doi.org/10.1016/j. 
mayocp.2020.09.041.

[22] Tuleasca C, Faouzi M, Maeder P, Maire R, Knisely J, Levivier M. Biologically 
effective dose correlates with linear tumor volume changes after upfront single- 
fraction stereotactic radiosurgery for vestibular schwannomas. Neurosurg Rev 
2021;44(6):3527–37. https://doi.org/10.1007/s10143-021-01538-w.

[23] Tuleasca C, Peciu-Florianu I, Leroy HA, Vermandel M, Faouzi M, Reyns N. 
Biologically effective dose and prediction of obliteration of unruptured 
arteriovenous malformations treated by upfront Gamma Knife radiosurgery: a 
series of 149 consecutive cases. J Neurosurg 2021;134(6):1901–11. https://doi. 
org/10.3171/2020.4.Jns201250.

[24] Tuleasca C, Vermandel M, Reyns N. Stereotactic radiosurgery: from a prescribed 
physical radiation dose toward biologically effective dose. Mayo Clin Proc 2021;96 
(5):1114–6. https://doi.org/10.1016/j.mayocp.2021.03.027.

[25] Lea DE. Catcheside DG The mechanism of the induction by radiation chromosome 
abberations in Tradescantia. J Genet 1942:216–45. https://doi.org/10.1007/ 
BF02982830.

[26] Balik S, Chao S, Neyman G. Gamma knife and volumetric modulated arc therapy 
stereotactic radiosurgery have equivalent plan quality and OAR sparing for 
pituitary adenomas and vestibular schwannomas. Med Phys 2015;42(6):3212. 
https://doi.org/10.1118/1.4923878.

C. Cotrutz et al.                                                                                                                                                                                                                                 Physica Medica 126 (2024) 104820 

10 

http://refhub.elsevier.com/S1120-1797(24)01077-9/h0005
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0005
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0010
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0010
https://doi.org/10.1159/000099863
https://doi.org/10.1177/153303461000900502
https://doi.org/10.1177/153303461000900502
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0025
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0025
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0025
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0030
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0030
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0035
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0035
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0035
https://doi.org/10.1016/s0167-8140(00)00205-x
https://doi.org/10.1016/s0167-8140(00)00205-x
https://doi.org/10.1186/1748-717X-6-4
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0050
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0050
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0050
https://doi.org/10.1259/bjr.20180070
https://doi.org/10.2307/3580085
https://doi.org/10.1016/j.ijrobp.2004.01.004
https://doi.org/10.1016/j.ijrobp.2004.01.004
https://doi.org/10.1080/09553009314551441
https://doi.org/10.1259/bjr.70.836.9486046
https://doi.org/10.1259/bjr.70.836.9486046
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0080
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0080
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0080
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0080
https://doi.org/10.1016/j.ejmp.2015.04.008
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0090
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0090
http://refhub.elsevier.com/S1120-1797(24)01077-9/h0090
https://doi.org/10.1088/1361-6560/ac783b
https://doi.org/10.1088/1361-6560/ac783b
https://doi.org/10.1093/neuros/nyaa054
https://doi.org/10.1093/neuros/nyaa054
https://doi.org/10.1016/j.mayocp.2020.09.041
https://doi.org/10.1016/j.mayocp.2020.09.041
https://doi.org/10.1007/s10143-021-01538-w
https://doi.org/10.3171/2020.4.Jns201250
https://doi.org/10.3171/2020.4.Jns201250
https://doi.org/10.1016/j.mayocp.2021.03.027
https://doi.org/10.1007/BF02982830
https://doi.org/10.1007/BF02982830
https://doi.org/10.1118/1.4923878

	Comparison of two biologically effective dose calculation models applied to single fraction stereotactic radiosurgery
	1 Introduction
	2 Methods and materials
	2.1 Patient Cohort and treatment planning
	2.2 Data extraction from the GammaPlan
	2.3 Calculation of the BED distribution
	2.4 BED calculation with the uniform dose delivery model

	3 Results
	3.1 Dose check
	3.2 BED calculation and BED distributions
	3.3 BED comparison: full modulated fluence vs. uniform fluence
	3.4 BED histograms and model validation

	4 Discussion
	5 Conclusions
	Declaration of competing interest
	References


