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Abstract

Background: Gamma Knife radiosurgery (GKS) is widely used for the management of
intracranial disorders. Emerging evidence suggests that incorporating the biological effec-
tive dose (BED) into GKS planning may improve the prediction of treatment efficacy and
toxicity. This review aims to evaluate the role of BED in GKS across multiple intracranial
indications. Methods: A qualitative review of published clinical studies was performed to
assess the application of BED models in GKS for pituitary adenomas, vestibular schwanno-
mas, meningiomas, arteriovenous malformations (AVMs), trigeminal neuralgia, and other
disorders. The relationships between BED, treatment outcomes, and adverse effects were
compared across indications. Results: The association between BED and clinical outcomes
was most consistent in AVMs, where higher BED correlated closely with obliteration rates.
In other diseases, BED-based analyses showed promising but variable predictive value.
Notably, BED-derived parameters demonstrated improved prediction of post-GKS hypopi-
tuitarism in pituitary adenomas and AVM obliteration compared with physical dose alone.
However, most available evidence was derived from retrospective studies. Conclusions:
BED may serve as a valuable complement to conventional physical dose metrics in GKS
planning, but its ability to replace physical dose remains uncertain. Prospective studies
and histology-specific radiobiological parameter validation are required to establish the
routine clinical utility of BED.

Keywords: Gamma knife radiosurgery; biological effective dose; intracranial tumor;
arteriovenous malformation; trigeminal neuralgia; essential tremor

1. Introduction

Gamma knife radiosurgery (GKS) is a widely used radiotherapy technique for treating
intracranial disorders. It is now indicated for a large variety of diseases, including pituitary
tumors, vestibular schwannomas, arteriovenous malformations (AVMs), meningiomas,
metastases, and functional disorders [1-5]. GKS delivers a single, high-dose radiation treat-
ment with submillimeter precision, which minimizes damage to adjacent healthy tissue [1].
Although previous studies have identified the recommended range of physical doses for
various indications, determining the optimal radiation dose to maximize treatment efficacy
while minimizing adverse effects remains a significant challenge.
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Increasing evidence suggests that incorporating the biological effective dose (BED)
into GKS treatment plans may enhance outcomes [6,7]. The concept of BED, introduced
in 1989, quantifies the biological effectiveness of radiotherapy treatments [8], accounting
for cellular DNA repair during radiation exposure [9]. While BED has been widely used
in conventional fractionated radiotherapy, a model suitable for BED calculations in GKS
was not proposed until recent years [10]. Moreover, rising interest in dose-rate modeling,
the early integration of radiobiological parameters into contemporary treatment-planning
systems, and the increasing availability of longitudinal outcome datasets have collectively
renewed attention to BED-based approaches in GKS. These developments provide an
opportunity to reassess how biological dose modeling may enhance treatment. Interest in
integrating BED into radiosurgery planning has grown, with several studies examining its
effects on GKS across various diseases [11-13]. However, no prior work has systematically
summarized the evidence on BED across multiple GKS indications using a consistent
radiobiological framework. To address this gap, we conducted a comprehensive literature
review to evaluate the relationship between BED and treatment outcomes across diverse
GKS applications, aiming to clarify the current evidence base and identify future directions
for integrating BED into radiosurgery practice.

2. Methods

The PubMed-Medline, Ovid-Embase, and Cochrane Library databases were searched
on 23 September 2025. The search strategy used the following terms: [“Gamma Knife” OR
“GKS” OR “radiosurgery”] AND [“biological effective dose” OR “BED” OR “biologically
effective dose”]. Only literature published in English was included.

The inclusion criteria were as follows: (a) GKS was performed for neurosurgical or
neurofunctional diseases, (b) the effects of BED on the efficacy and/or safety outcomes of
GKS were reported, and (c) BED calculation was based on the biexponential DNA repair
model. While the traditional linear-quadratic (LQ) model is commonly used to estimate
BED, it assumes a single exponential repair process and neglects sublethal damage repair
during irradiation [14]. This simplification may not be suitable for GKS, where high-dose
radiation is delivered over extended time periods [15]. In contrast, the biexponential DNA
repair model accounts for both fast and slow repair kinetics, offering a more accurate repre-
sentation of biological response by considering ongoing DNA repair during treatment [16].
Therefore, only studies that employed the biexponential model for BED estimation were
included in this review. The BED formulation was presented in Supplementary Materials.

The exclusion criteria were: (a) full text was unavailable, (b) reviews, meta-analyses,
conference abstracts, or commentary letters were excluded, and (c) studies that did not
describe the BED model were excluded.

Literature selection and data extraction were performed independently by two re-
viewers (H.D., Q.W.). The reviewers screened the initial literature by reading the titles and
abstracts. Eligible studies were then further evaluated through full-text reading by the
same two reviewers. Discrepancies were first addressed through structured discussion to
reach consensus; if disagreements persisted, a senior author (W.W. or S.Y.) served as an
adjudicator to provide the final decision. The senior authors (W.W., S.Y.) were consulted
when any inconsistencies and conflicts emerging. For each included study, the following
data were extracted: the first author’s name, publication year, study type, baseline patient
characteristics, disease type, GKS techniques, physical dose, BED, and other relevant data.
Based on the GKS indications covered in the included studies, we collected all research
findings related to the efficacy and safety of GKS, including but not limited to biochemical
remission of pituitary tumors, changes in tumor volume, AVM obliteration, relief of trigem-
inal neuralgia, new-onset hypopituitarism, hearing loss, radiation-induced brain edema,
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and facial sensory loss. To assess the methodological quality and risk of bias of the included
observational studies, we applied an adapted version of the Newcastle-Ottawa Scale (NOS),
evaluating study selection, comparability, and outcome ascertainment. The results of this
assessment are summarized in Supplementary Table S1. A total of 22 studies were included
in this review. The selection process is depicted in the flow chart in Figure 1. The dis-
eases covered in these studies included pituitary adenoma (1 = 6) [12,17-21], meningioma
(n = 3) [22-24], vestibular schwannomas (n = 4) [13,25-27], arteriovenous malformations
(AVM) (n = 3) [7,11,28], melanoma brain metastases (n = 1) [29], trigeminal neuralgia
(n =4) [6,30-32], and essential tremor (1 = 1) [33]. The characteristics of included studies
are listed in Table 1. The Effects of BED and physical dose on treatment outcomes are pre-
sented in Table 2. This review was not registered in PROSPERO or other systematic review
registries, which should be considered a methodological limitation. Table S3: PRISMA 2020
Checklist see the Supplementary Materials.
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Figure 1. Flow diagram summarizing the process of literature selection.

Table 1. Characteristics of included studies.

. . . o Age (Median, FU (Median, Margin Dose BED (Median,
Studies Disease Patients Male (%) Year) Month) (Median, Gy) Gyaa7)
Graffeo et al., 63, IQR
2020 [17] Acromegaly 102 54.9 49, IQR 37-59 29-100 25,I1QR 21-25 169.5, IQR 125-196
Balossier et al., 48, range 60.5, range 28, range 199.7, range
2021 [18] Acromegaly 42 524 23-72 9-127 20-35 64.1-237.1
D‘;ggéﬁ Tl" Acromegaly 67 53.7 468, IQR212 66, IQR 80.4 25,1QR 5 171.9, IQR 66.0
Balossier et al., Cushing % 76.9 39, range 80, range 27.5, range 228.1, range
2021 [19] disease ’ 15.4-69.5 19-141 24-35 160-248
Gao et al., Cushing 36, range 221.5,I1QR
2023 [12] disease 31 226 20-71 22,IQR 14-34 28, IQR 26-31 192.2-259.6
Non-secreting /
Graffeo et al., . 30/50, IQR
2021 [20] secreting 97 45 50, IQR 38-57 48, IQR 34-68 28-32/45-50 NA
adenoma
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Table 1. Cont.

. . . o Age (Median, FU (Median, Margin Dose BED (Median,
Studies Disease Patients Male (%) Year) Month) (Median, Gy) Gyaa7)
Dedeciusova .. 59.7, range 43.8, range 12.4, range 60.1, range
etal,2022[22]  Meningioma 46 19:6 31-82 6-108 12-14 49.1-88.3
Huo et al., .. 57, range 12, range 60.3, range
2022 [23] Meningioma 336 268 23-92 413 10-18 30.4-118
Shaaban et al., .. 55, range 14, range
2024 [24] Meningioma 91 22.0 47 5-655 46 13-15 71.6, range 62-77
Tuleasca et al., 58.5, range 61.2, range 66.3, range
2021 [13] \& 159 453 21.1-83.6 36-110 12 Gy for all 54.1-73.9
Villafuerte 59, range 56.9, range
etal., 2021 [25] Vs 607 46 17-90 60 NA 40.1-64.0
12 Gy in
Tule:;socza?’et al, VS 213 484 54, range 36, range 210 cases Mean 57.1, range
2024 [26,27] 21.7-86.1 6-84 11 Gy in 42.7-66.3
5 cases
Nesvick et al., 18.8, IQR 129.9, IQR
2021 [11] AVM 352 439 39, IQR 27-50 70.8 18-20 109.15-157.06
Tuleasca et al., 40, range 48, range 24 229.9, range
2021 [7] AVM 149 45 18-68 12-154 range 18-25 106.7-246.8
Gzoogzzn[;f‘l" AVM 197 543 13.1,IQR52 342,IQR226  22,IQR4 183.2, IQR 70.5
Zubatkina 6.1, range 22, range 103.9 (Gys), 62.7
etal,, 2023 [29] MBM 73 NA NA 0.8-49.4 15-25 (Gy10), 503 (Gy1s)
Tuleasca et al 87 (Central
2020 [30] i TN 480 NA NA >1 year dose), range range 1535-2675
76.1-97.9
. 80 (Central
Warnick et al., 68, range 21, range 1974, range
2024 [6] N 871 401 23-91 6-156 dose), range 1253-2530
62.5-95
86 (Central
Tang et al., g 84, IQR 2719, IQR
2005 [31] TN 548 48.5 59, IQR 55-62 58108 do;eS)_,SISQR 2665-2752
Deng et al., 65.5, range 83 (Central
2005 [32] TN 123 37 63.69 (Mean) 12147 dose) 1968 (Mean)
130 Gy for all
Tuleasca et al., ET 78 615 71, range 12, range cases 4612, range
2024 [33] ’ 36-88 3-36 (Maximal 4022-4944
dose)
VS, Vestibular schwannoma; AVM, arteriovenous malformation; MBM, melanoma brain metastases; TN, trigemi-
nal neuralgia; ET, essential tremor; BED, biological effective dose; NA, not applicable; IQR, interquartile range.
Table 2. Effects of BED/physical dose on treatment outcomes.
Studies Effects of BED on GKS Effects of BED on GKS  Effects of Physical Dose  Effects of Physical Dose
Efficacy Toxicity on GKS Efficacy on GKS Toxicity
Pituitary adenoma
BED was 51gn1f1§antly Not significantly .Ma.r st dose was.not Not significantly
associated with . . significantly associated . .
Graffeo et al., . . .. associated with a new . . . associated with a new
2020 [17] biochemical remission o0st-GKS with biochemical o0st-GKS
after GKS (HR: 1.01, 95% h fc’) s remission (HR: 1.09, 95% h IC’) s
CI: 1.00-1.02, p = 0.02). ypop ' CI: 0.98-1.24, p = 0.1). ypop '
Higher BED group
. (>199.7 Gyz.47) th 31gn1f1.cantly Not significantly th s1g111f1.cantly
Balossier et al., corresponds to better associated with a new associated with associated with a new
2021 [18] endocrine remission at post-GKS endocrine remission post-GKS
9 years (70.2% vs. 48.2%, hypopituitarism. ’ hypopituitarism.

p>0.05).
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Table 2. Cont.

Studies

Effects of BED on GKS
Efficacy

Effects of BED on GKS
Toxicity

Effects of Physical Dose
on GKS Efficacy

Effects of Physical Dose
on GKS Toxicity

Dumot et al.,
2023 [21]

Balossier et al.,
2021 [19]

Gao etal.,,
2023 [12]

Graffeo et al.,
2021 [20]

Dedeciusova
etal., 2022 [22]

Huo et al., 2022
[23]

Shaaban et al.,
2024 [24]

Tuleasca et al.,
2021 [13]

Villafuerte et al.,
2021 [25]

BED > 170GY2.47 (HR
2.02, 95% CI: 1.06-3.86,
p =0.03) was
significantly associated
with biochemical
remission.
Higher BED group
(>228 Gya.47)
corresponds to better
endocrine remission at
last follow-up (77% vs.
66%, p > 0.05).
Higher BED group
(>205 Gyp.47) associated
with to better endocrine
remission at 2 years
(72.7% vs. 35.1%,

p = 0.04).

Not significantly
associated with treatment
success (growth arrest for

non-secreting tumors or
biochemical control off
medications for secreting
tumors)

Not significantly
associated with clinical
improvement or tumor

control.

Among 354 grade I
lesions, higher BED
(>50Gy> 47) was
associated with a lower
incidence of local failure
(p <0.01).

BED was significantly
associated with local
tumor control after GKS
(HR: 0.96, 95% CI:
0.92-1.00, p = 0.03).

Increased BED was
significantly associated
with tumor volume
decrease (3: —0.17,
p <0.01).

Not significantly
associated with tumor
control.

Not significantly
associated with a new
endocrinopathy.

Not significantly
associated with a new
post-GKS
hypopituitarism.

Not significantly
associated with a new
post-GKS
hypopituitarism.

Mean gland BED (HR:
1.03, 95% CI: 1.02-1.05,
p <0.001) was
significantly associated
with a new post-GKS
hypopituitarism. BED
based model presented
better predictive efficacy
of hypopituitarism
compared to physical
dose-based models.

Meningioma

No serious adverse
events reported.

NA

NA

Margin dose > 22Gy (HR:
2.33,95% CI: 1.06-5.13,
p = 0.04) was
significantly associated
with biochemical
remission.

Not significantly
associated with
endocrine remission.

NA

Not significantly
associated with treatment
success (growth arrest for

non-secreting tumors or
biochemical control off
medications for secreting
tumors)

NA

Not significantly
associated with local
tumor control.

Not significantly
associated with local
tumor control.

Vestibular schwannoma

NA

Not significantly
associated with
radiologic or
symptomatic edema.

NA

Not significantly
associated with tumor
control.

Not significantly
associated with a new
endocrinopathy.

Not significantly
associated with a new
post-GKS
hypopituitarism.

NA

Mean gland dose (HR:
1.31,95% CI: 1.16-1.47,
p <0.001) was
significantly associated
with a new post-GKS
hypopituitarism.

No serious adverse
events reported.

Margin dose > 12 Gy was
significantly associated
with radiological and
symptomatic edema.
(OR:2.4,95% CI: 1.2-4.8,
p =0.01)

NA

NA

Prescription dose < 12 Gy
was significantly
associated with
radiologic edema in
univariate analysis (OR:
5.48,95% CI: 1.45-20.7,
p =0.01).
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Table 2. Cont.

Studies Effects of BED on GKS Effects of BED on GKS  Effects of Physical Dose  Effects of Physical Dose
Efficacy Toxicity on GKS Efficacy on GKS Toxicity
Tumor BED and mean .Tur.n.or dose was n ot
significantly associated
cochlea BED were . ; .
Tuleasca et al., sienificant predictors of with hearing decline.
2023, NA ghearin Elecline at NA Mean cochlea dose was
2024 [26,27] Armg ¢ - significantly associated
various time points - . .
with hearing decline at
after GKS. 24 months
Arteriovenous malformation
BED > 133 Gy, 47 was
. predictive of AVM Not significantly
Nezs(‘;zl;k[f I ]al., obliteration after GKS NA associated with AVM NA
(HR: 1.52, 95% CI: obliteration.
1.19-1.95, p < 0.01).
BED was the strongest BEE;EE::;;; :)tifl
predictor of obliteration Not significantly prese . Not significantly
Tuleasca et al., . . predictive efficacy of . .
of unruptured AVMs associated with post-GKS . . associated with post-GKS
2021 [7] o N obliteration compared to -
(HR: 1.015, 95% CI: complications. margin dose-based complications.
1.001-1.029, p = 0.03).
! models.
BED > 180 Gy247 was Not significantly Margin (.:lo.se > 20 Gy was Not significantly
predictive of AVM ; . predictive of AVM ; .
Grogan et al., . . associated with . . associated with
obliteration after GKS . obliteration after GKS A
2024 [28] (HR: 2.11, 95% CT: radiation-induced (HR: 1.90, 95% CT: radiation-induced
1.30-3.40, p < 0.01). changes. 1.15-3.13, p = 0.01). changes.
Melanoma brain metastases
For various «/ 8 ratios
(3,5,10,15), BED was
significant associated .
with local control Not significantl si Mn?fll.ilarritd ;sssi)z\ilgtsed Not significantl
Zubatkina etal,  (a/f =15, HR: 1.15, 95% associgated withy wigt;h local control (HR: associ%lted withy
2023 [29] CI: 1.04-1.27, p < 0.01). ’

Tuleasca et al.,
2020 [30]

Warnick et al.,
2024 [6]

Tang et al.,
2025 [31]

BED presented better
predictive efficacy of
local control compared to
margin dose.

Not significantly
associated with pain
relief.

BED > 2100 Gyj 47 was a
significant predictor of
initial pain relief for the
distal target (HR: 1.46,
95% CI 1.05-2.03,

p =0.03).
 V%cN v-BED1000 Was a
significant predictor of

pain relief (OR: 1.05, 95%
CI: 1.04-1.07, p < 0.01),
quality of life (OR: 1.05,

95% CI: 1.04-1.07,

p <0.01) and medication
withdrawal (OR: 1.05,
95% CI: 1.04-1.05,

p <0.01).

radiational necrosis.

Trigeminal neuralgia

The incidence of
post-GKS hypoesthesia
increasing from <5% after
a BED of <1800 Gy 47 to
42% after <2600 Gy 47.

Not significantly
associated with post-GKS
sensory dysfunction.

Maximal BED received
by brainstem was a
significant predictor of
complications (OR: 1.06,
95% CI: 1.05-1.06,

p <0.01).

1.48,95% CI: 1.05-2.1,
p =0.03).

Not significantly
associated with pain
relief.

Maximal dose > 85 Gy
was a significant
predictor of initial pain
relief for the proximal
target (HR 1.79, 95% CI
1.05-3.05; p = 0.03).

Not significantly
associated with efficacy
outcomes.

radiational necrosis.

Not significantly
associated with post-GKS
hypoesthesia.

Not significantly
associated with post-GKS
sensory dysfunction.

Not significantly
associated with post-GKS
complications.
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Table 2. Cont.

Studies Effects of BED on GKS Effects of BED on GKS  Effects of Physical Dose  Effects of Physical Dose
Efficacy Toxicity on GKS Efficacy on GKS Toxicity
L BED was a significant Central dose was a
BED was a significant . s .
. . predictor of post-GKS L significant predictor of
predictor of failure for . Not significantly -
Deng et al., . . complications for the . . ; post-GKS complications
the distal target (OR: . associated with efficacy .
2025 [32] 0.996. 95% CI 0.992-0.999 distal target (OR: 1.002, outcomes for the distal target (OR:
IR 0 Oé) o 95% CI1.00-1.004, ' 1.40, 95% CI 1.10-1.83,
p=2524) p=001). p=001).
Essential tremor
Adverse radiation events
BED was significantly were present in 7 out of
Tuleasca et al associated with 78 (8.9%) cases, with a
M improvement in the ET  mean BED of 4650 Gy 47. NA NA

2024 [33]

rating assessment scale
(B = —0.029, p = 0.04).

Five cases of transient
hemiparesis were with

BED > 4500 GYQ_47.

2 The ratio of volume of the trigeminal nerve portion covered by iso-BED 1000 Gy 47 to volumes of the trigem-
inal nerve portion within the prescription isodose surface. BED, biological effective dose; GKS, Gamma knife
radiosurgery; OR, odds ratio; HR, hazards ration; CI, confident interval, NA, not applicable.

3. Results
3.1. Pituitary Adenoma

Among the studies that included pituitary adenoma, three focused on acromegaly,
two on Cushing’s disease, and one on multiple pituitary adenomas. For acromegaly, the
results from different centers were generally consistent. Two studies identified BED as a
significant predictor of biochemical remission after GKS. Dumot et al. reported that the
probability of biochemical remission in patients receiving a BED > 170 Gy, 47 was twice
that of those receiving a lower BED (HR: 2.02, 95% CI: 1.06-3.86, p = 0.03) [21]. In a study
by Graffeo et al., BED was significant for biochemical remission both as a continuous
variable (HR: 1.01, 95% CI: 1.00-1.02, p = 0.02) and as a binary variable (BED > 200 Gy, 47,
HR: 2.72, 95% CI: 1.36-5.13, p < 0.01) [17]. Another study showed that the higher BED
group tended to have better endocrine remission at 9 years (70.2% vs. 48.2%, p > 0.05) [18].
Although the difference did not reach statistical significance, this qualitative trend aligned
with the findings of the other two studies. Neither BED nor physical dose was significantly
associated with post-GKS hypopituitarism.

For Cushing’s disease, both studies had rather limited sample sizes. Our center re-
ported a significantly higher endocrine remission rate in the higher BED group (>205 Gy» 47)
at 2 years after GKS (72.7% vs. 35.1%, p = 0.04) [12]. Balossier et al. presented a similar
trend, though the difference was not statistically significant [19]. Graffeo et al. included
a cohort with both secreting and non-secreting tumors. Their results indicated that mean
gland BED, rather than BED alone, was significantly associated with post-GKS hypopitu-
itarism (HR: 1.03, 95% CI: 1.02-1.05, p < 0.001) [20]. However, neither physical dose nor
BED nor mean gland BED were associated with treatment success. Additionally, although
mean gland dose was a predictor of post-GKS hypopituitarism (HR: 1.31, 95% CI: 1.16-1.47,
p <0.001), the BED-based model demonstrated better predictive efficacy compared to
physical dose-based models.

3.2. Meningioma

Huo et al. reported the largest meningioma cohort (n = 336) among the included
studies [23]. The effects of BED on local tumor control varied across different WHO grades.
In a cohort of 354 grade I lesions, a BED > 50 Gy 47 was significantly associated with a
lower incidence of local failure (p < 0.01). Similarly, another study involving 91 cases of
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parasellar meningioma (WHO grade I or presumed grade I) also found that BED was a
significant predictor of local control (HR: 0.96, 95% CI: 0.92-1.00, p = 0.03) [24]. However,
Dedeciusova et al. reported mixed results, finding no significant association between BED
and clinical improvement or tumor control [22]. Their study, which included only 46 cases,
may have lacked sufficient statistical power to detect a significant effect. Notably, none of
the included studies addressed the impact of BED on the safety of GKS.

3.3. Vestibular Schwannomas

The studies on vestibular schwannomas showed heterogeneous results. The largest
cohort study failed to find a significant association between BED and either tumor control
or symptomatic edema [25]. However, Tuleasca et al. reported a significantly positive
association between BED and tumor volume changes (3 = —0.17, p < 0.01) [13]. Additionally,
Tuleasca et al. explored the relationship between BED at specific sites and hearing decline.
Both tumor BED and mean cochlea BED were significantly related to hearing decline at
various time points [26,27]. Interestingly, mean cochlea dose, rather than tumor dose, was
significantly associated with hearing decline at 24 months.

3.4. Arteriovenous Malformation

All three included studies indicated that BED was a significant predictor of AVM
obliteration after GKS. Nesvick et al. reported that the probability of obliteration in patients
with a BED > 133 Gy, 47 increased by 52% compared to those receiving a lower BED (HR:
1.52,95% CI: 1.19-1.95, p < 0.01) [11]. In another study, patients with a BED > 180 Gy 47 had
more than twice the probability of obliteration (HR: 2.11, 95% CI: 1.30-3.40, p < 0.01) [28].
Tuleasca et al. developed a predictive model for AVM obliteration after GKS, which showed
that BED was the strongest predictor of obliteration in unruptured AVMs (HR: 1.015, 95% CL:
1.001-1.029, p = 0.03) [7]. Additionally, they found that BED had greater predictive power
than physical dose. Although Nesvick et al. reported on the largest cohort, their study did
not address the effects of BED on the safety of GKS. The other two studies showed that
neither BED nor physical dose were significantly associated with post-GKS complications.

3.5. Trigeminal Neuralgia and Other Indications

Tuleasca et al. reported the earliest results of BED on TN. They observed a trend
of increasing hypoesthesia with higher BED, but did not find a definitive relationship
between BED and pain relief [30]. The following studies showed that effects of BED
on TN may vary for different trigeminal nerve target. A multicenter cohort including
871 cases of type 1 TN showed that a BED > 2100 Gy, 47 was significantly associated with
initial pain relief for the distal target (HR: 1.46, 95% CI: 1.05-2.03, p = 0.03) [6]. For the
proximal target, physical dose rather than BED was a significant predictor of initial pain
relief (HR: 1.79, 95% CI: 1.05-3.05, p = 0.03). However, neither BED nor maximal dose was
associated with post-GKS sensory dysfunction for either proximal or distal target. Similarly,
results of our center also showed target heterogeneity of BED [32]. For patients with distal
targets, BED was a significant predictor of treatment failure (OR: 0.996, 95% CI: 0.992-0.999,
p = 0.02) and post-GKS complications (OR: 1.002, 95% CI: 1.000-1.004, p = 0.01). BED did
not significantly influence outcomes in the proximal target subgroup, either for treatment
failure or complications. Tang et al. combined BED with target volumes to explore the
association between BED coverage and treatment outcomes [31]. The results indicated
that V%cn v-BED1000, rather than BED alone, was a significant predictor of pain relief (OR:
1.05, 95% CI: 1.04-1.07, p < 0.01), quality of life (OR: 1.05, 95% CI: 1.04-1.07, p < 0.01), and
medication withdrawal (OR: 1.05, 95% CI: 1.04-1.05, p < 0.01). Additionally, the maximal
BED received by the brainstem was a significant predictor of post-GKS complications (OR:
1.06, 95% CI: 1.05-1.06, p < 0.01).
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Only one study reported results on essential tremor (ET) [33]. Increasing BED was
associated with improvement in the ET rating scale (3 = —0.029, p = 0.04). Adverse radiation
events tended to occur in cases receiving high BED (>4500 Gy, 47). Zubatkina et al. used
multiple «/f ratios (3, 5, 10, 15) to calculate BED in melanoma brain metastases [29].
BED, based on various /3 ratios, was significantly associated with local control after
GKS. Furthermore, BED calculated with an «/ 3 ratio of 15 demonstrated better predictive
efficacy for local control compared to the margin dose (AUC: 0.85 vs. 0.79). Neither BED
nor margin dose was significantly associated with radiation necrosis. The interpretive
strength of findings for essential tremor and melanoma brain metastases is limited, as each
indication was represented by only a single eligible study. Consequently, conclusions for
these categories should be regarded as preliminary, and additional standardized, high-
quality investigations are required to validate these observations.

4. Discussion

Our review indicates that BED may play a meaningful role in influencing clinical
outcomes across a variety of GKS indications. The most consistent findings were observed
for AVMs, where all studies identified BED as a significant predictor of obliteration. Results
for pituitary adenomas also showed a relatively coherent pattern, with multiple studies
demonstrating associations or trends between BED and endocrine remission, while mean
gland BED emerged as a predictor of post-GKS hypopituitarism. In contrast, for indications
such as TN, meningioma, and VS, study findings were more variable, likely reflecting
differences in target selection, coverage metrics, and study methodology. The limited
evidence available for essential tremor and melanoma brain metastases should be inter-
preted cautiously, as each was represented by a single study. We have summarized the
indication-specific BED thresholds in the Supplementary Table S2.

Early radiobiological work quickly recognized that treatment outcomes depend not
only on the physical dose but also on its biological effectiveness [14]. Currently, BED is
widely applied in conventional fractionated radiotherapy, where numerous clinical series
have linked higher BED values to improved tumor control and survival across various
diseases [34-36]. However, unlike conventional radiotherapy, GKS delivers a very high
dose through single or multiple isocenters over a long period of time. This generates
steep intracranial dose gradients, allowing DNA repair to begin during—rather than after—
irradiation. A variety of studies suggest that the administration of a single, high dose of
radiation in vivo has a much greater effect than that which would be predicted from the
LQ model using the coefficients calculated from conventional in vitro dose/fractions [15].
Modeling studies have shown that the LQ-based BED can misestimate biological effects in
GKS [37,38]. To address this, Jones et al. introduced a biexponential, time-corrected BED
framework for GKS, which explicitly accounts for both fast and slow DNA repair kinetics
during protracted single-session treatments [10]. All studies included adopted this BED
model, which helped reduce bias and heterogeneity.

The physical dose used in GKS varied substantially across indications, and dose selec-
tion is still largely empirical. Due to the varying dose rate of Co®, the delivery time for a
given physical dose can differ considerably. Sublethal DNA damage begins to repair while
irradiation is still ongoing [10]. Therefore, the same prescribed dose in GKS may produce
different biological effects, especially when the dose rate varies widely. Some studies have
explored the impact of dose rate. Lee et al. and Barzaghi et al. reported that a higher dose
rate was associated with a lower likelihood of recurrence for TN [39,40]. Huo et al. found
that meningioma patients treated with lower dose rates had a higher incidence of local
failure compared to those treated with higher dose rates. However, Tuleasca et al. found
no significant association between dose rate and AVM obliteration or post-SRS complica-
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tions [7]. The introduction of BED in GKS allows for dose-time compensation that physical
dosimetry fails to account for. Notably, three studies directly compared BED with physical
dose and showed that BED provided superior predictive performance for hypopituitarism,
AVM obliteration, and local control in melanoma brain metastases [7,20,29]. This potential
advantage suggests that clinicians may benefit from consciously incorporating BED into
GKS planning. Some low-level evidence even suggested a specific BED range for certain
indications, though these BED ranges require further validation [21,33]. Additionally, BED
may offer personalized dose constraints for organs at risk. For example, incorporating
BED into planning has been shown to refine cochlear and brainstem limits and correlate
more closely with hearing preservation outcomes after vestibular schwannoma GKS than
physical dose alone [27].

Several studies highlighted that BED-derived parameters such as volume-based BED
coverage and mean gland BED, may better characterize the biological distribution of dose
than gross BED [20,31]. For instance, the use of mean gland BED rather than gross lesion
BED underscores the differing radiosensitivities of surrounding anatomical structures
and reinforces the importance of sparing critical tissues during GKS planning. Likewise,
volume-based BED coverage reflects not only the existence of an effective BED threshold
but also the necessity of achieving adequate biological dose coverage across the target,
combining both dose adequacy and spatial distribution into a single metric. Together,
these multidimensional BED-derived parameters may offer a potentially more predictive
framework than gross BED alone, although further validation is still required. Current
commercial GKS planning systems do not natively compute BED, but BED-based correc-
tions can be implemented via exported dose-rate data, custom calculation modules, or
research-grade plugins. Incorporating BED requires familiarity with radiobiological model-
ing, which introduces a learning curve for clinicians. However, the increasing availability
of automated BED calculators and scripting interfaces makes that practical implementation
is feasible.

One of the limitations is that the same radiobiological parameters were used for BED
estimation across different histological types. For instance, the o¢/ 3 ratio for normal brain
tissue was assumed to be 2.47 Gy [41], and all studies, except for that on melanoma brain
metastases, used 2.47 Gy as the «/3 ratio. While this approach serves as a compromise
due to the current lack of histology-specific parameters, it introduces potential systematic
errors when applying BED in GKS. According to the BED formulation, Underspecifying
o/ 3 leads to an overestimation of BED, whereas overspecifying it causes underestimation.
Using a uniform «/ 3 ratio of 2.47 Gy across diverse histologies may distort the magnitude
of BED, alter BED—outcome correlations, and destabilize disease-specific BED thresholds,
underscoring the importance of deriving histology-specific radiobiological parameters.
Zubatkina et al. explored various o/ 3 ratios in BED estimation and found that «/3 ratios
of 10 Gy and 15 Gy might be more appropriate for melanoma brain metastases based on
clinical outcomes [29]. Reverse outcome-based modeling may therefore offer a feasible and
informative strategy for establishing histology-specific radiobiological parameters. How-
ever, such analyses require large, well-characterized cohorts with standardized definitions
of endpoints and harmonized dose-time reporting, necessitating multi-center collaboration.
Importantly, clinically derived «/ 3 ratios should ideally be cross-validated with param-
eters obtained from biological experiments, which may help refine BED estimation and
improve the robustness of radiobiological modeling in GKS. Finally, substantial hetero-
geneity existed across studies. Variability in study design (single-center vs. multicenter
cohorts), inconsistency in outcome definitions and the use of different GKS platforms
across institutions may all introduce methodological inconsistency. Moreover, marked
variation in follow-up duration and baseline characteristics, including age distribution and
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sex ratio, further complicates direct comparison. These differences may partially explain
the inconsistency of findings for certain indications.

Opverall, BED appears to be a significant factor across a wide range of GKS indications.
This observation suggests that BED-driven optimization could serve as a unifying frame-
work for GKS planning. While integrating BED into treatment planning offers valuable
biological insights and may complement traditional physical dose parameters, whether
BED can ultimately replace physical dose as the primary planning metric remains uncer-
tain. All of the supporting evidence is retrospective and rarely incorporates prospectively
collected data on toxicity or treatment efficacy endpoints. Prospective studies are essential
to determine whether BED-optimized plans improve outcomes compared to standard
physical dose prescriptions.

5. Conclusions

Our review suggests that BED may play a meaningful role in influencing clinical
outcomes across a range of GKS indications. Among these, the association between BED and
treatment efficacy is most consistent in AVMs, where BED aligns closely with obliteration
rates. For other indications, including vestibular schwannoma and meningioma, these
results remain more variable, though several studies support the potential utility of BED.
While integrating BED into treatment planning offers valuable biological insights and may
complement traditional physical dose parameters, whether BED can ultimately replace
physical dose as the primary planning metric remains uncertain. Further research is needed
to determine histology-specific radiobiological parameters for more precise BED estimation
and to validate the routine clinical utility of BED through prospective studies especially
those incorporating standardized toxicity endpoints, functional outcome measures, and
harmonized radiobiological reporting.
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