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Abstract
Stereotactic radiosurgery (SRS) is one of the surgical alternatives for drug-resistant essential tremor (ET). Here, we aimed at 
evaluating whether biologically effective dose (BEDGy2.47) is relevant for tremor improvement after stereotactic radiosurgi-
cal thalamotomy in a population of patients treated with one (unplugged) isocenter and a uniform dose of 130 Gy. This is 
a retrospective longitudinal single center study. Seventy-eight consecutive patients were clinically analyzed. Mean age was 
69.1 years (median 71, range 36–88). Mean follow-up period was 14 months (median 12, 3–36). Tremor improvement was 
assessed at 12 months after SRS using the ET rating assessment scale (TETRAS, continuous outcome) and binary (binary 
outcome). BED was defined for an alpha/beta of 2.47, based upon previous studies considering such a value for the normal 
brain. Mean BED was 4573.1 Gy2.47 (median 4612, 4022.1–4944.7). Mean beam-on time was 64.7 min (median 61.4; 46.8–
98.5). There was a statically significant correlation between delta (follow-up minus baseline) in TETRAS (total) with BED 
(p = 0.04; beta coefficient − 0.029) and beam-on time (p = 0.03; beta coefficient 0.57) but also between TETRAS (ADL) with 
BED (p = 0.02; beta coefficient 0.038) and beam-on time (p = 0.01; beta coefficient 0.71). Fractional polynomial multivariate 
regression suggested that a BED > 4600 Gy2.47 and a beam-on time > 70 min did not further increase clinical efficacy (binary 
outcome). Adverse radiation events (ARE) were defined as larger MR signature on 1-year follow-up MRI and were present 
in 7 out of 78 (8.9%) cases, receiving a mean BED of 4650 Gy2.47 (median 4650, range 4466–4894). They were clinically 
relevant with transient hemiparesis in 5 (6.4%) patients, all with BED values higher than 4500 Gy2.47. Tremor improve-
ment was correlated with BED Gy2.47 after SRS for drug-resistant ET. An optimal BED value for tremor improvement was 
4300–4500 Gy2.47. ARE appeared for a BED of more than 4500 Gy2.47. Such finding should be validated in larger cohorts.
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Introduction

Essential tremor (ET) is one of the most common movement 
disorders and touches around 1% of the people worldwide 
[16]. Its incidence expanses with the advancing age, while 
the age of onset can be as early as childhood. There is an 
age peak in the second and sixth decades of life [1]. The 

term “essential” suggests that the source of tremor is cur-
rently undiscovered, although several theories with regards 
to tremor origin exist [25]. Diagnosis is clinical, based upon 
history taking and clinical examination, suggestive for iso-
lated, two-sided upper-limb action tremor, with or without 
tremor in other place such as head, larynx (voice tremor), 
or lower limbs [16]. First line treatment is pharmacological, 
with propranolol or primidone [46].

Drug-resistant essential tremor can benefit from stand-
ard deep-brain stimulation (DBS) [3], high-intensity focused 
ultrasound (HIFU) [12, 19], or stereotactic radiosurgery 
(SRS) [26, 35, 37, 45, 46], aiming at the same surgical 
target, the ventro-intermediate nucleus (VIM). Radiosur-
gery is classically performed unilaterally, with a dose of 
130–150 Gy [22, 24, 26, 29].
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Recently, it has been suggested that biologically effective 
dose (BED) might play a role in various treatment condition 
outcomes after SRS, more relevant as compared with the 
classically prescribed physical dose [44]. Previous studies 
have underlined a key role in pain relief related to trigeminal 
neuralgia (TN) [38], hearing preservation in the context of 
vestibular schwannomas (VS) [4, 41, 42], biological cure in 
secreting pituitary adenomas (PA) [10, 15], or obliteration 
of arteriovenous malformations (AVM) [28, 39].

Here, we investigate whether BED plays a relevant role 
in tremor improvement after SRS for ET, performed uni-
laterally at the level of the VIM, with one and unplugged 
isocenter and using a uniform dose of 130 Gy.

Methods

Study design

We included patients from a single center (Lille University 
Hospital), which were retrospectively analyzed. The Ethical 
Committee of Lille University Hospital, France, approved 
our study (CNIL number 64). Patients provided individual 
written informed consent for the procedure.

Patient population

Were evaluated 78 consecutive patients, diagnosed with ET 
by our movement disorder neurologists. Thalamotomy was 
performed unilaterally, between February 2015 and January 
2021, using the 4C model (Elekta Instruments, AB, Sweden) 
and ICON (Elekta Instruments, AB, Sweden) starting Feb-
ruary 2018. All patients fulfilled the inclusion criteria, with 
clear diagnosis of ET and no structural abnormalities (such 
as hippocampal sclerosis, etc.). Data presented in the pre-
sented study and pertinent to BED evaluation was initially 

assessed by a person (CT) not involved in patient’s selection, 
SRS treatment or follow-up evaluation.

Basic demographic data can be found in Table 1. Mean 
age at SRS was 69.1 years (median 71, range 36–88). Mean 
tremor duration was 27.8 years (median 22, range 3–71). 
The male to female ratio was 48:30.

Follow‑up period

Mean follow-up period was 14 months (median 12, 3–36). 
Only one patient had a 3-month follow-up and was part of 
the “binary outcome” analysis.

Stereotactic radiosurgery technique

In Lille University Hospital, the radio-neurosurgery tech-
nique used is Leksell Gamma Knife (LGK) 4C (Elekta 
Instruments, AB, Sweden) and ICON (from February 2018, 
onwards). Diffusion tensor imaging (DTI) is acquired with-
out the Leksell type G stereotactic frame (Elekta instru-
ments, AB, Sweden), to avoid artifacts. Moreover, Leksell 
stereotactic G frame is applied during the treatment day 
under local anesthesia, followed by a 3D stereotactic volu-
metric acquisition, including computer tomography (CT) 
and 1.5 Tesla MRI (T1 without and with contrast enhance-
ment and T2 weighted constructed interference in steady-
state (CISS)/Fiesta imaging employing steady-state acquisi-
tion (Fiesta) sequences, without contrast enhancement and 
replacing former ventriculography).

For VIM targeting, the landmarks of interest, such as 
the anterior and posterior commissure (AC and PC) and 
the width of the third ventricle, are defined. A single and 
unplugged 4-mm isocenter is used. Further adjustment of the 
target is performed based on the position of the internal cap-
sule, without any beam-channel blocking. A uniform physi-
cal dose of 130 Gy at the 100% isodose line is prescribed.

Table 1   Basic demographic 
data

Mean (median, range); proportions

Age (years) 69.1 (71; 36–88)
M:F 48:30
Tremor dominance (right: left) 54:24
Tremor duration (years) 27.8 (22; 3–71)
Potential familial tremor (yes: no) 39/78 (50%)
TETRAS (total)
Delta (follow-up-baseline)

57.1 (55.2, 34–81.5)
 − 34.4 (− 38; − 79–29)

TETRAS (ADL)
Delta (follow-up-baseline)

30.5 (31, 16–42)
 − 37.3 (− 35.3; − 93.3–13)

TETRAS (performance)
Delta (follow-up-baseline)

27 (26, 14–43.5)
 − 27.10 (− 30.9; − 69.6–46.8)

Overall clinical improvement (binary) 50/74 (67.6%)
Extended MRI reaction after SRS
Of whom with transient motor symptoms

7/78 (8.9%)
5/78 (6.4%)
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Dosimetric data

Dosimetric data can be found in Table 2. The mean beam-
on time was 64.7 min (median 61.4; range 46.8–98.5). The 
mean radiation dose rate was 2.6 Gy/min (median 2.8; range 
1.5–3.6).

Clinical evaluation and outcome measures

Patients were seen in person every 3 months until 1 year 
and on yearly basis after. They were evaluated by the same 
neurology (specialized in movement disorders) and neuro-
surgery teams.

Clinical evaluation included the following:

–	 Continuous outcome (n = 35): “The Essential Tremor 
Rating Assessment Scale” (TETRAS) [31, 34] including 
total, but also activities of daily living (ADL) and per-
formance score [11]; the TETRAS was available for 35 
consecutive patients, due to the large territory covered by 
our institution, with referrals from all over the country.

–	 Binary outcome (n = 78): as evaluated both by the patient 
and referring neurologist (yes—tremor decreased, no—
tremor did not decrease)

Of note, the clinical response at 12 months after SRS 
was considered, which was sustained at last follow-up in 
all cases.

Radiological evaluation

Radiological evaluation comprised brain MRI (including 
contrast-enhanced in all 78 cases) every 3 months until 
1 year and further on yearly basis.

Definition of adverse radiation events

Adverse radiation events (ARE) were defined radiologically 
as larger MR signature on 1-year follow-up MRI accompa-
nied by perilesional edema and clinically, as appearance or 
not of a hemiparesis.

Primary aim

The primary outcome was to correlate changes in tremor 
scores (both continuous and binary outcomes) with BED.

Secondary aim

The secondary outcome was ARE appearance, as well as 
their potential correlation with BED.

Biologically effective dose

Biologically effective dose was calculated for an alpha/
beta ratio of 2.47 (BEDGy2.47), as previously suggested for 
normal brain and using a methodology originally estab-
lished by Fowler [13, 14] and further discussed by Barend-
sen [2] and Hopewell [17]. Couch-in and couch-out, cor-
responding to complete closure of cobalt-60 sources, were 
excluded from total time calculation, as no irradiation was 
performed during this time.

The mean BED was 4573.1 Gy2.47 (median 4612; range 
4022.1–4944.7). The relationship between the beam-on 
time and BED can be seen in Fig. 1.

Statistical analysis

Statistical analysis was performed using Stata 16.1 (Stata-
Corp. 2019, Stata Statistical Software: Release 16. College 
Station, TX: StataCorp LLC). Descriptive statistics were 
related as proportion/frequency for categorical data and 
mean, median, and range for continuous variables. The 
probability of tremor improvement was assessed using two 
outcomes. The first (continuous outcome) was to consider a 
delta of drop in points between follow-up and pretherapeutic 
examination for the TETRAS score. The second (binary 
outcome) was to evaluate the tremor improvement as a 
binary outcome (as defined in the Methods). For the con-
tinuous outcome, we used a random-effect linear model, and 
the strength of the association with covariate was measured 
using the β coefficient and its calculated p value. Fractional 
polynomial analysis was used to assess for the functional 
relationship between each predictor and the outcome.

Results

Overall tremor improvement in the present series

The mean delta drop in points between the follow-
up at 12  months and the initial pretherapeutic value 

Table 2   Dosimetric data

Mean (median, range)

Beam-on time (min) 64.7 (61.4; 46.8–98.5)
Dose (Gy) 130 Gy for all cases
Dose rate (Gy/min) 2.6 (2.8; 1.5–3.6)
BED (Gy 2.47) 4573.1 (4612; 4022.1–4944.7)
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for the TETRAS (total) was − 34.4 (median − 38; 
range − 79– > 29).

The mean delta drop in points between the follow-up 
at 12 months and the initial value for the TETRAS (ADL) 
was − 37.3 (median − 35.3; − 93.3– > 13).

Probability of tremor score decrease (TETRAS, 
continuous outcome, delta drop in points 
between the follow‑up at 12 months, and initial 
pretherapeutic value, as continuous outcome)

Univariate analysis for delta in TETRAS (total) revealed 
no statistically significant correlation with age (coefficient 
0.01; p = 0.87), sex (coefficient 0.003, p = 0.25), tremor dura-
tion (coefficient 0.03, p = 0.8), or familial component (coef-
ficient − 0.005, p = 0.09).

Using linear regression, a statistically significant asso-
ciation between tremor improvement, as quantified as the 
delta drop in points in the TETRAS (total, 12 months 
follow-up minus baseline) was found with both BED 
(beta coefficient − 0.029; p = 0.04; Table 3; Fig. 2A) and 
beam-on time (beta coefficient 0.57; p = 0.03; Table 3; 
Fig. 2B).

Univariate analysis for delta in TETRAS (ADL) 
revealed no statistically significant correlation with 
age (coefficient 0.08; p = 0.88), sex (coefficient 0.001, 
p = 0.53), tremor duration (coefficient 0.023, p = 0.83), or 
familial component (coefficient − 0.005, p = 0.09).

Using linear regression, a statistically significant asso-
ciation between tremor improvement, as quantified as the 
delta drop in points in the TETRAS (ADL, 12 months 
follow-up minus baseline) was found with both BED (beta 

Fig. 1   BED as per individual 
beam-on times (the art piece on 
the right side of the picture was 
obtained using artificial intel-
ligence to transform an MRI fol-
low-up picture after stereotactic 
radiosurgical thalamotomy, 
depicting the MR signature; 
deeparteffects.com)

Table 3   Relevant statistical analysis

Bolded data signifies statistically significant results

Correlation between tremor 
scores and BED/beam-on time

Coefficient Standard error P value 95% confidence interval

Delta TETRAS (total) BED (Gy 2.47)  − 0.029 0.014 0.04  − 0.059; − 0.0002
Beam-on time 0.57 0.25 0.03 0.05; 1.09

Delta TETRAS (ADL) BED (Gy 2.47)  − 0.038 0.015 0.02  − 0.07; − 0.005
Beam-on time 0.711 0.282 0.01 0.13; 1.28

Delta TETRAS (performance) BED (Gy 2.47)  − 0.021 0.015 0.16  − 0.052; 0.009
Beam-on time 0.413 0.26 0.13  − 0.13; 0.95
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coefficient − 0.038; p = 0.02; Table 3; Fig. 3A) and beam-
on time (Fig. 3B).

Probability of tremor improvement (binary 
outcome, Fig. 4)

Fractional polynomial multivariate regression suggested that 
a BED > 4600 Gy2.47 and a beam-on time > 70 min did not 
increase clinical efficacy (binary outcome).

Better clinical improvement was obtained for a BED of 
more than 4350 Gy2.47 and a beam-on time of less than 70 min.

Univariate analysis revealed no statistically significant 
correlation with age (coefficient 2.9; p = 0.25), sex (coef-
ficient 0.025, p = 0.83), tremor duration (coefficient − 4.8, 
p = 0.32), or familial component (coefficient − 0.04, 
p = 0.72).

Adverse radiation events

Adverse radiation events (ARE) defined as larger MR sig-
nature on 1-year follow-up MRI were present in 7 out of 
78 (8.9%) cases, with a mean BED of 4650 Gy2.47 (median 

Fig. 2   Correlation between the TETRAS (total) and the BED (A) and beam-on time (B)

Fig. 3   Correlation between the TETRAS (ADL) and the BED (A) and beam-on time (B)
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4650, range 4466–4894). They were clinically relevant with 
transient hemiparesis in 5 (6.4%) patients, all with BED val-
ues higher than 4500 Gy2.47.

Discussion

In the current study, we assessed whether BEDGy2.47 could 
be relevant for tremor arrest after stereotactic radiosurgical 
thalamotomy in a series of consecutive patients, treated with 
a uniform dose of 130 Gy and using no channel blocking. 
Our data suggest that a better outcome is associated with a 
BED of more than 4350 Gy2.47 and up to 4500 Gy2.47, values 
after which ARE might appear, although their limited num-
ber precluded further multivariate analysis.

In a recent systematic review and practice guidelines, it 
has been suggested that SRS to the unilateral VIM, using a 
dose between 130 and 150 Gy, is well-tolerated and effec-
tive treatment for medically refractory tremor, and one that 
is recommended by the International Stereotactic Radio-
surgery Society [26]. The mean efficacy rates were 88%, 
and mean clinical complications were 17% (median 2%), 
the latest being rare and usually transient [26]. In a recent 
North American study, by Niranjan et al. [29], long-term 
results are also available, suggestive for 93.2% improve-
ment in tremor, while 60.3% experienced tremor arrest or 
barely perceptible tremor, with 96% of patients undergo-
ing persistent tremor improvement after a median follow-up 
of 28 months (range 6–152) [29]. In Europe, the Marseille 
group evaluated the SRS results for 50 patients in a study 
by Witjas et al. [45]. The upper limb tremor score improved 
by 54.2% on the blinded assessment, while all tremor com-
ponents (rest, postural, and intention) were improved. In 
the same study, activities of daily living were improved by 

72.2% [45]. Side effects were rare and transient in this study 
[45]. In this respect, our results are in the range of what has 
been previously reported. Stereotactic radiosurgery remains, 
in this respect, a safe and valuable treatment option for drug-
resistant ET, especially in elderly patients or those with high 
surgical risk for DBS or radiofrequency thalamotomy [29]. 
In a recent study, Niranjan et al. [30] also evaluated the 
safety and efficacy of staged bilateral SRS during a 17-year 
period for a cohort of 11 patients. Nine of them experienced 
improvement in at least one Fahn-Tolosa-Marin tremor score 
[30]. No patient experienced new neurological or radiologi-
cal adverse effect. Thus, it was concluded that staged SRS is 
safe and effective in carefully selected patients with bilateral 
tremor and not eligible for DBS [30].

An open question is whether the Vim targeting proce-
dure, in the context of the SRS purposes, could be performed 
without the use of contrast-enhanced images. In a recent 
study, Graciolli Cordeiro et al. [8] evaluated the safety of 
noncontrast imaging–guided DBS electrode placement in 
Parkinson’s disease. The authors reviewed 287 cases in 
which either STN of GPi were targeted [8]. The rate of 
intracranial hemorrhage was as low as 0.7%, in line with 
other reported series in the DBS literature [8]. Thus, such an 
approach could be also considered for SRS purposes. While 
MR injected images are important for follow-up purposes 
and the evaluation of MR signature during time after SRS, 
injected imaging is not as relevant for targeting purposes.

In a recent study by Diaz et al. [9], it was evaluated the 
individualized anatomy-based targeting for Vim-caudal zona 
incerta (cZI) DBS in ET. The authors used as reference the 
intercomissural line (IL), which we also used in our meth-
odology [9]. Their coordinates were located 15 mm lateral 
to the IL (similar to our approach) or 11 mm lateral to the 
third ventricle (also similar with our approach), one-fifth the 

Fig. 4   Fractional polynomial showing correlation between clinical improvement (binary) and BED (A) and beam-on time (B)
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length of the IL posterior to the midcommissural point in the 
anteroposterior direction, and at the level of the midcommis-
sural point for depth. As a second step and additionally, Diaz 
et al. [9] targeted the cZI using the most superior T2 axial 
slice that showed both red nuclei (RNs). A trajectory that 
passed through the Vim and ended at the cZI was planned 
[9]. After a follow-up of 31.1 ± 18.4 months, mean tremor 
improvement rate was 77.9% ± 22.4% and remained stable 
throughout the follow-up period [9]. We do not routinely 
target the cZI for SRS thalamotomy purposes. However, we 
recognize that DBS of the cZI or Vim ± cZI is now a well-
acknowledged DBS target for drug-resistant ET [5, 9].

During the past decade and aiming at the same surgical 
target, HIFU has been suggested as an appealing procedure, 
producing a controlled thermocoagulation, with an imme-
diate clinical effect [12]. A recent systematic review com-
pared the results of HIFU and SRS for ET [21]. The authors 
found similar efficacy between the two techniques, with a 
trend towards higher efficacy yet greater adverse events inci-
dence with HIFU [21]. It was concluded that smaller lesion 
volumes could mitigate FUS-T off-target effects for greater 
safety [21]. This is in agreement with a recent statement by 
Iorio-Morin et al. [19] suggesting that HIFU is being rapidly 
adopted for the treatment of ET, while the superior popular-
ity of HIFU over SRS appears to rise for reasons other than 
differences in clinical outcomes. An open question remains 
whether optimal BED values will potentially enhance even 
better clinical responses and after shorter intervals after 
SRS, while decreasing even more the toxicity.

Stereotactic radiosurgery has been commonly consid-
ered, and since its invention by the Swedish neurosurgeon 
Lars Leksell, to be effective enough through a destructive 
physical mechanism on neural tissue [33]. Particularly, in 
functional neurosurgery, the desired biological effect can 
be achieved by targeting a small volume of normal tissue 
(VIM, trigeminal neuralgia) [23, 35], with a high dose of 
radiation, or to target a large volume of tissue (epilepsy) 
with a moderate dose (17–24 Gy at the margin) [27]. Ini-
tially, such techniques have been performed based upon the 
hypothesis that their mechanism of action is purely destruc-
tive [33]. However, particularly for SRS of the VIM, recent 
research suggested not only a local but also a distant effect, 
with a neuromodulation of brain networks, both structural 
and functional, particularly visual, in relationship with the 
clinical effect [6, 7, 40]. Thus, the incisionless, yet consid-
ered destructive effect on neural tissue might be insufficient 
to explain such changes.

Radiobiology of SRS cannot be reasonably considered 
as an extension of conventional radiotherapy [43]. Up-to-
date, current SRS treatment planning has been based on 
physical dose prescription as a gold standard. However, it 
is important to assess a more significant biological effect 
on both the target and the surrounding healthy tissues 

that the physical dose alone cannot fully explain. In this 
respect, the time in which a physical dose is delivered is 
extremely important, particularly for the so-called suble-
thal effects [14]. Such effects could be depicted using the 
BED, a concept which had been suggested as relevant for 
SRS by Hopewell et al. [18]. In a seminal paper, it has 
been suggested that during SRS for trigeminal neuralgia, 
safety, and efficacy might be better achieved by prescrib-
ing a specific BED instead of a physical dose [38]. This 
opened the avenue for several other studies, in various 
pathologies, suggesting higher BED values can be asso-
ciated with better obliteration rates after SRS for AVMs 
[28, 39], better biological cures rates after SRS for secret-
ing PA [10, 15], better hearing preservation rates after 
SRS for VSs [4, 42] or higher rates of tumors decrease 
after SRS for VSs [36]. Our present study adds to the 
current evidence suggesting, for the first time, that higher 
BED values are associated with better tremor arrest rates 
after SRS for drug-resistant ET.

Previous research suggested that over the course of 
the 63-month lifespan of the cobalt-60 source, BED 
decreased annually by 2.2% for TN management, 3.0% 
for thalamotomy, and 3.5% for capsulotomy, although 
a clear clinical correlation with BED variations has not 
been shown [20]. The authors concluded that the use of 
a new cobalt-60 source after change of an old source 
considerably increases the predicted BED for functional 
SRS treatments for the same physical dose prescription 
[20]. We suggest, based on the current findings, that the 
BED should be adjusted, rather than changing the cobalt 
sources, to achieve similar efficacy rates while using 
old source, while decreasing the toxicity by potentially 
adjusting the prescribed dose.

Limitations

Our study has several inherent limitations. The first is related 
to its retrospective nature, with all bias that such implies. 
The second is straightforwardly related to the BED formu-
lae. Here, we used a bi-exponential fit; however, multiple 
methods exist, assuming constant or non-constant dose rate, 
bi- or monoexponential formula, as well as the other param-
eters which might vary. The third is related to the number 
of patients. Larger cohorts are necessary to validate such 
findings, particularly with regards to the complication rates. 
Moreover, our study does not answer the question on the 
optimal BED values for decreasing the toxicity, due to the 
small sample size and further the small number of events 
in this cohort. Another potential limitation is the choice of 
the alpha/beta ratio, which was considered 2.47, based upon 
previous studies [32], suggesting such value as the reference 
value for normal brain.
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Conclusion

The present study suggests a key role of BED for tremor 
arrest after thalamotomy for ET. An open question is 
whether modulating the BED values as function of cobalt-
decay would allow to further increase the efficacy and 
decrease the toxicity of such technique.

A BED between 4300 and 4500 Gy2.47 and beam-on time 
of not more than 70 min are suggestive for better outcome.

Further studies are needed to determine how this increase 
in BED values and shorter treatment times contribute (or 
not) to toxicity to functional tissues and to evaluate whether 
further technical adjustments should be made.

Author contributions  Collection of data: GC, RB, DL; NC.
Radio-neurosurgery treatment: GT, NR.
BED calculation: CT.
Statistical analysis: CT.
First draft: CT, NR.
Revised: all authors.
Submitted version validated: all authors.

Funding  Open access funding provided by University of Lausanne.

Data availability  N/A.

Declarations 

Ethical approval  The Ethical Committee of Lille University Hospital, 
France, approved our study (CNIL number 64). Patients provided indi-
vidual written informed consent for the procedure.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

	 4.	 Berger A, Alzate JD, Bernstein K, Mullen R, McMenomey S, 
Jethanemest D, Friedmann DR, Smouha E, Sulman EP, Silver-
man JS, Roland JT, Golfinos JG, Kondziolka D (2022) Modern 
hearing preservation outcomes after vestibular schwannoma 
stereotactic radiosurgery. Neurosurgery 91:648–657. https://​
doi.​org/​10.​1227/​neu.​00000​00000​002090

	 5.	 Blomstedt Y, Stenmark Persson R, Awad A, Hariz GM, Philip-
son J, Hariz M, Fytagoridis A, Blomstedt P (2023) 10 Years 
follow-up of deep brain stimulation in the caudal zona incerta/
posterior subthalamic area for essential tremor. Mov Disord 
Clin Pract 10:783–793. https://​doi.​org/​10.​1002/​mdc3.​13729

	 6.	 Bolton TAW, Van De Ville D, Regis J, Witjas T, Girard N, 
Levivier M, Tuleasca C (2022) Graph theoretical analysis of 
structural covariance reveals the relevance of visuospatial and 
attentional areas in essential tremor recovery after stereotactic 
radiosurgical thalamotomy. Front Aging Neurosci 14:873605. 
https://​doi.​org/​10.​3389/​fnagi.​2022.​873605

	 7.	 Bolton TAW, Van De Ville D, Regis J, Witjas T, Girard N, Levivier M, 
Tuleasca C (2022) Morphometric features of drug-resistant essential 
tremor and recovery after stereotactic radiosurgical thalamotomy. 
Netw Neurosci 6:850–869. https://​doi.​org/​10.​1162/​netn_a_​00253

	 8.	 Cordeiro JG, Diaz A, Davis JK, Di Luca DG, Farooq G, Luca CC, Jagid 
JR (2020) Safety of noncontrast imaging-guided deep brain stimu-
lation electrode placement in Parkinson disease. World Neurosurg 
134:e1008–e1014. https://​doi.​org/​10.​1016/j.​wneu.​2019.​11.​071

	 9.	 Diaz A, Cajigas I, Cordeiro JG, Mahavadi A, Sur S, Di Luca DG, 
Shpiner DS, Luca CC, Jagid JR (2020) Individualized anatomy-
based targeting for VIM-cZI DBS in essential tremor. World Neu-
rosurg 140:e225–e233. https://​doi.​org/​10.​1016/j.​wneu.​2020.​04.​240

	10.	 Dumot C, Schlesinger D, Mantziaris G, Dayawansa S, Xu Z, 
Sheehan JP (2023) Role of biological effective dose for predic-
tion of endocrine remission in acromegaly patients treated with 
stereotactic radiosurgery. Pituitary 26:124–131. https://​doi.​org/​
10.​1007/​s11102-​022-​01293-1

	11.	 Elble R, Comella C, Fahn S, Hallett M, Jankovic J, Juncos JL, 
Lewitt P, Lyons K, Ondo W, Pahwa R, Sethi K, Stover N, Tarsy 
D, Testa C, Tintner R, Watts R, Zesiewicz T (2012) Reliability 
of a new scale for essential tremor. Mov Disord 27:1567–1569. 
https://​doi.​org/​10.​1002/​mds.​25162

	12.	 Elias WJ, Lipsman N, Ondo WG, Ghanouni P, Kim YG, Lee 
W, Schwartz M, Hynynen K, Lozano AM, Shah BB, Huss D, 
Dallapiazza RF, Gwinn R, Witt J, Ro S, Eisenberg HM, Fishman 
PS, Gandhi D, Halpern CH, Chuang R, Butts Pauly K, Tierney 
TS, Hayes MT, Cosgrove GR, Yamaguchi T, Abe K, Taira T, 
Chang JW (2016) A randomized trial of focused ultrasound 
thalamotomy for essential tremor. N Engl J Med 375:730–739. 
https://​doi.​org/​10.​1056/​NEJMo​a1600​159

	13.	 Fowler JF (1989) The linear-quadratic formula and progress in 
fractionated radiotherapy. Br J Radiol 62:679–694. https://​doi.​
org/​10.​1259/​0007-​1285-​62-​740-​679

	14.	 Fowler JF (2010) 21 years of biologically effective dose. Br J 
Radiol 83:554–568. https://​doi.​org/​10.​1259/​bjr/​31372​149

	15.	 Graffeo CS, Donegan D, Erickson D, Brown PD, Perry A, Link 
MJ, Young WF, Pollock BE (2020) The impact of insulin-like 
growth factor index and biologically effective dose on outcomes 
after stereotactic radiosurgery for acromegaly: cohort study. Neu-
rosurgery 87:538–546. https://​doi.​org/​10.​1093/​neuros/​nyaa0​54

	16.	 Haubenberger D, Hallett M (2018) Essential tremor. N Engl J Med 
378:1802–1810. https://​doi.​org/​10.​1056/​NEJMc​p1707​928

	17.	 Hopewell JW, Millar WT, Lindquist C (2012) Radiobiological 
principles: their application to gamma knife therapy. Prog Neurol 
Surg 25:39–54. https://​doi.​org/​10.​1159/​00033​1173

	18.	 Hopewell JW, Millar WT, Lindquist C, Nordstrom H, Lidberg P, 
Garding J (2013) Application of the concept of biologically effec-
tive dose (BED) to patients with vestibular schwannomas treated 
by radiosurgery. J Radiosurg SBRT 2:257–271

References

	 1.	 Bain PG, Findley LJ, Thompson PD, Gresty MA, Rothwell JC, Harding 
AE, Marsden CD (1994) A study of hereditary essential tremor. Brain 
117(Pt 4):805–824. https://​doi.​org/​10.​1093/​brain/​117.4.​805

	 2.	 Barendsen GW (1982) Dose fractionation, dose rate and iso-effect 
relationships for normal tissue responses. Int J Radiat Oncol Biol 
Phys 8:1981–1997. https://​doi.​org/​10.​1016/​0360-​3016(82)​90459-x

	 3.	 Benabid AL, Pollak P, Louveau A, Henry S, de Rougemont J (1987) 
Combined (thalamotomy and stimulation) stereotactic surgery of the 
VIM thalamic nucleus for bilateral Parkinson disease. Appl Neuro-
physiol 50:344–346. https://​doi.​org/​10.​1159/​00010​0803

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1227/neu.0000000000002090
https://doi.org/10.1227/neu.0000000000002090
https://doi.org/10.1002/mdc3.13729
https://doi.org/10.3389/fnagi.2022.873605
https://doi.org/10.1162/netn_a_00253
https://doi.org/10.1016/j.wneu.2019.11.071
https://doi.org/10.1016/j.wneu.2020.04.240
https://doi.org/10.1007/s11102-022-01293-1
https://doi.org/10.1007/s11102-022-01293-1
https://doi.org/10.1002/mds.25162
https://doi.org/10.1056/NEJMoa1600159
https://doi.org/10.1259/0007-1285-62-740-679
https://doi.org/10.1259/0007-1285-62-740-679
https://doi.org/10.1259/bjr/31372149
https://doi.org/10.1093/neuros/nyaa054
https://doi.org/10.1056/NEJMcp1707928
https://doi.org/10.1159/000331173
https://doi.org/10.1093/brain/117.4.805
https://doi.org/10.1016/0360-3016(82)90459-x
https://doi.org/10.1159/000100803


Neurosurgical Review           (2024) 47:73 	 Page 9 of 10     73 

	19.	 Iorio-Morin C, Hodaie M, Lozano AM (2021) Adoption of 
focused ultrasound thalamotomy for essential tremor: why so 
much fuss about FUS? J Neurol Neurosurg Psychiatry 92:549–
554. https://​doi.​org/​10.​1136/​jnnp-​2020-​324061

	20.	 Kann BH, Yu JB, Stahl JM, Bond JE, Loiselle C, Chiang VL, 
Bindra RS, Gerrard JL, Carlson DJ (2016) The impact of cobalt-60 
source age on biologically effective dose in high-dose functional 
Gamma Knife radiosurgery. J Neurosurg 125:154–159. https://​doi.​
org/​10.​3171/​2016.6.​GKS16​1497

	21.	 Kondapavulur S, Silva AB, Molinaro AM, Wang DD (2023) A 
systematic review comparing focused ultrasound surgery with 
radiosurgery for essential tremor. Neurosurgery. https://​doi.​org/​
10.​1227/​neu.​00000​00000​002462

	22	 Kondziolka D (2002) Gamma knife thalamotomy for disabling 
tremor. Arch Neurol 59:1660. https://​doi.​org/​10.​1001/​archn​eur.​
59.​10.​1660. (author reply 1662-1664)

	23.	 Kondziolka D, Zorro O, Lobato-Polo J, Kano H, Flannery TJ, 
Flickinger JC, Lunsford LD (2010) Gamma Knife stereotactic 
radiosurgery for idiopathic trigeminal neuralgia. J Neurosurg 
112:758–765. https://​doi.​org/​10.​3171/​2009.7.​JNS09​694

	24.	 Kooshkabadi A, Lunsford LD, Tonetti D, Flickinger JC, Kondzi-
olka D (2013) Gamma Knife thalamotomy for tremor in the mag-
netic resonance imaging era. J Neurosurg 118:713–718. https://​
doi.​org/​10.​3171/​2013.1.​JNS12​1111

	25.	 Louis ED (2005) Essential tremor. Lancet Neurol 4:100–110. 
https://​doi.​org/​10.​1016/​S1474-​4422(05)​00991-9

	26.	 Martinez-Moreno NE, Sahgal A, De Salles A, Hayashi M, Levivier 
M, Ma L, Paddick I, Regis J, Ryu S, Slotman BJ, Martinez-Alvarez 
R (2018) Stereotactic radiosurgery for tremor: systematic review. J 
Neurosurg 130(2):589–600. https://​doi.​org/​10.​3171/​2017.8.​JNS17​749

	27.	 McGonigal A, Sahgal A, De Salles A, Hayashi M, Levivier M, 
Ma L, Martinez R, Paddick I, Ryu S, Slotman BJ, Regis J (2017) 
Radiosurgery for epilepsy: systematic review and International Ste-
reotactic Radiosurgery Society (ISRS) practice guideline. Epilepsy 
Res 137:123–131. https://​doi.​org/​10.​1016/j.​eplep​syres.​2017.​08.​016

	28.	 Nesvick CL, Graffeo CS, Brown PD, Link MJ, Stafford SL, Foote 
RL, Laack NN, Pollock BE (2021) The role of biological effective 
dose in predicting obliteration after stereotactic radiosurgery of 
cerebral arteriovenous malformations. Mayo Clin Proc 96:1157–
1164. https://​doi.​org/​10.​1016/j.​mayocp.​2020.​09.​041

	29.	 Niranjan A, Raju SS, Kooshkabadi A, Monaco E 3rd, Flickinger 
JC, Lunsford LD (2017) Stereotactic radiosurgery for essential 
tremor: retrospective analysis of a 19-year experience. Mov Dis-
ord 32:769–777. https://​doi.​org/​10.​1002/​mds.​26925

	30.	 Niranjan A, Raju SS, Monaco EA, Flickinger JC, Lunsford LD (2018) 
Is staged bilateral thalamic radiosurgery an option for otherwise surgi-
cally ineligible patients with medically refractory bilateral tremor? J 
Neurosurg 128:617–626. https://​doi.​org/​10.​3171/​2016.​11.​JNS16​2044

	31.	 Ondo W, Hashem V, LeWitt PA, Pahwa R, Shih L, Tarsy D, Zesie-
wicz T, Elble R (2018) Comparison of the Fahn-Tolosa-Marin clini-
cal rating scale and the essential tremor rating assessment scale. Mov 
Disord Clin Pract 5:60–65. https://​doi.​org/​10.​1002/​mdc3.​12560

	32.	 Pop LA, Millar WT, van der Plas M, van der Kogel AJ (2000) Radia-
tion tolerance of rat spinal cord to pulsed dose rate (PDR-) brachyther-
apy: the impact of differences in temporal dose distribution. Radiother 
Oncol 55:301–315. https://​doi.​org/​10.​1016/​s0167-​8140(00)​00205-x

	33.	 Regis J, Carron R, Park M (2010) Is radiosurgery a neuromodu-
lation therapy? : a 2009 Fabrikant award lecture. J Neurooncol 
98:155–162. https://​doi.​org/​10.​1007/​s11060-​010-​0226-5

	34.	 Stacy MA, Elble RJ, Ondo WG, Wu SC, Hulihan J, group TRSs 
(2007) Assessment of interrater and intrarater reliability of the 
Fahn-Tolosa-Marin tremor rating scale in essential tremor. Mov 
Disord 22:833–838. https://​doi.​org/​10.​1002/​mds.​21412

	35.	 Tuleasca C, Bolton TAW, Regis J, Najdenovska E, Witjas T, Girard N, 
Delaire F, Vincent M, Faouzi M, Thiran JP, Bach Cuadra M, Levivier 
M, Van De Ville D (2019) Normalization of aberrant pretherapeutic 

dynamic functional connectivity of extrastriate visual system in 
patients who underwent thalamotomy with stereotactic radiosurgery 
for essential tremor: a resting-state functional MRI study. J Neurosurg 
132:1792–1801. https://​doi.​org/​10.​3171/​2019.2.​JNS18​3454

	36.	 Tuleasca C, Faouzi M, Maeder P, Maire R, Knisely J, Levivier M 
(2021) Biologically effective dose correlates with linear tumor 
volume changes after upfront single-fraction stereotactic radiosur-
gery for vestibular schwannomas. Neurosurg Rev 44:3527–3537. 
https://​doi.​org/​10.​1007/​s10143-​021-​01538-w

	37.	 Tuleasca C, Najdenovska E, Regis J, Witjas T, Girard N, Cham-
poudry J, Faouzi M, Thiran JP, Cuadra MB, Levivier M, Van De 
Ville D (2018) Clinical response to Vim’s thalamic stereotactic 
radiosurgery for essential tremor is associated with distinctive 
functional connectivity patterns. Acta Neurochir (Wien) 160:611–
624. https://​doi.​org/​10.​1007/​s00701-​017-​3456-x

	38.	 Tuleasca C, Paddick I, Hopewell JW, Jones B, Millar WT, Hamdi 
H, Porcheron D, Levivier M, Regis J (2020) Establishment of 
a therapeutic ratio for gamma knife radiosurgery of trigeminal 
neuralgia: the critical importance of biologically effective dose 
versus physical dose. World Neurosurg 134:e204–e213. https://​
doi.​org/​10.​1016/j.​wneu.​2019.​10.​021

	39.	 Tuleasca C, Peciu-Florianu I, Leroy HA, Vermandel M, Faouzi M, 
Reyns N (2020) Biologically effective dose and prediction of oblitera-
tion of unruptured arteriovenous malformations treated by upfront 
Gamma Knife radiosurgery: a series of 149 consecutive cases. J Neu-
rosurg 134:1901–1911. https://​doi.​org/​10.​3171/​2020.4.​JNS20​1250

	40.	 Tuleasca C, Pralong E, Najdenovska E, Cuadra MB, Marques JRF, 
Vingerhoets F, Regis J, Bloch J, Levivier M (2017) Deep brain 
stimulation after previous gamma knife thalamotomy of the Vim 
for essential tremor is feasible! Clinical, electrophysiological and 
radiological findings. Acta Neurochir (Wien) 159:1371–1373. 
https://​doi.​org/​10.​1007/​s00701-​017-​3227-8

	41.	 Tuleasca C, Toma-Dasu I, Duroux S, George M, Maire R, Daniel 
RT, Patin D, Schiappacasse L, Dasu A, Faouzi M, Levivier M 
(2023) Impact of the mean cochlear biologically effective dose on 
hearing preservation after stereotactic radiosurgery for vestibular 
schwannoma: a retrospective longitudinal analysis. Neurosurgery. 
https://​doi.​org/​10.​1227/​neu.​00000​00000​002609

	42.	 Tuleasca C, Toma-Dasu I, Duroux S, Starnoni D, George M, 
Maire R, Daniel RT, Patin D, Schiappacasse L, Dasu A, Faouzi M, 
Levivier M (2023) The relevance of biologically effective dose for 
hearing preservation after stereotactic radiosurgery for vestibular 
schwannomas: a retrospective longitudinal study. Neurosurgery 
92:1216–1226. https://​doi.​org/​10.​1227/​neu.​00000​00000​002352

	43.	 Tuleasca C, Tripathi M, Starnoni D, Daniel RT, Reyns N, Levivier 
M (2023) Radiobiology of radiosurgery for neurosurgeons. Neurol 
India 71:S14–S20. https://​doi.​org/​10.​4103/​0028-​3886.​373637

	44.	 Tuleasca C, Vermandel M, Reyns N (2021) Stereotactic radiosur-
gery: from a prescribed physical radiation dose toward biologi-
cally effective dose. Mayo Clin Proc 96:1114–1116. https://​doi.​
org/​10.​1016/j.​mayocp.​2021.​03.​027

	45.	 Witjas T, Carron R, Krack P, Eusebio A, Vaugoyeau M, Hariz 
M, Azulay JP, Regis J (2015) A prospective single-blind study of 
Gamma Knife thalamotomy for tremor. Neurology 85:1562–1568. 
https://​doi.​org/​10.​1212/​WNL.​00000​00000​002087

	46.	 Zesiewicz TA, Elble RJ, Louis ED, Gronseth GS, Ondo WG, 
Dewey RB Jr, Okun MS, Sullivan KL, Weiner WJ (2011) Evi-
dence-based guideline update: treatment of essential tremor: 
report of the quality standards subcommittee of the American 
Academy of Neurology. Neurology 77:1752–1755. https://​doi.​org/​
10.​1212/​WNL.​0b013​e3182​36f0fd

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1136/jnnp-2020-324061
https://doi.org/10.3171/2016.6.GKS161497
https://doi.org/10.3171/2016.6.GKS161497
https://doi.org/10.1227/neu.0000000000002462
https://doi.org/10.1227/neu.0000000000002462
https://doi.org/10.1001/archneur.59.10.1660
https://doi.org/10.1001/archneur.59.10.1660
https://doi.org/10.3171/2009.7.JNS09694
https://doi.org/10.3171/2013.1.JNS121111
https://doi.org/10.3171/2013.1.JNS121111
https://doi.org/10.1016/S1474-4422(05)00991-9
https://doi.org/10.3171/2017.8.JNS17749
https://doi.org/10.1016/j.eplepsyres.2017.08.016
https://doi.org/10.1016/j.mayocp.2020.09.041
https://doi.org/10.1002/mds.26925
https://doi.org/10.3171/2016.11.JNS162044
https://doi.org/10.1002/mdc3.12560
https://doi.org/10.1016/s0167-8140(00)00205-x
https://doi.org/10.1007/s11060-010-0226-5
https://doi.org/10.1002/mds.21412
https://doi.org/10.3171/2019.2.JNS183454
https://doi.org/10.1007/s10143-021-01538-w
https://doi.org/10.1007/s00701-017-3456-x
https://doi.org/10.1016/j.wneu.2019.10.021
https://doi.org/10.1016/j.wneu.2019.10.021
https://doi.org/10.3171/2020.4.JNS201250
https://doi.org/10.1007/s00701-017-3227-8
https://doi.org/10.1227/neu.0000000000002609
https://doi.org/10.1227/neu.0000000000002352
https://doi.org/10.4103/0028-3886.373637
https://doi.org/10.1016/j.mayocp.2021.03.027
https://doi.org/10.1016/j.mayocp.2021.03.027
https://doi.org/10.1212/WNL.0000000000002087
https://doi.org/10.1212/WNL.0b013e318236f0fd
https://doi.org/10.1212/WNL.0b013e318236f0fd


	 Neurosurgical Review           (2024) 47:73    73   Page 10 of 10

Authors and Affiliations

Constantin Tuleasca1,2,3 · Guillaume Carey4 · Romain Barriol4 · Gustavo Touzet5 · Francois Dubus6 · Defebvre Luc4 · 
Nicolas Carriere4 · Nicolas Reyns5,7

 *	 Constantin Tuleasca 
	 constantin.tuleasca@gmail.com; 

constantin.tuleasca@chuv.ch

1	 Department of Clinical Neurosciences, Neurosurgery 
Service and Gamma Knife Center, Lausanne University 
Hospital (CHUV), Rue du Bugnon 44‑46, BH‑08, 
CH‑1011 Lausanne, Switzerland

2	 Faculty of Biology and Medicine (FBM), University 
of Lausanne (UNIL), Lausanne, Switzerland

3	 Ecole Polytechnique Fédérale de Lausanne (EPFL, LTS‑5), 
Lausanne, Switzerland

4	 Univ. Lille, Inserm, CHU Lille, U1172 - LilNCog - Lille 
Neuroscience & Cognition, Lille, France

5	 Neurosurgery Department, CHU-Lille, Roger Salengro 
Hospital, 1, Rue Emile Laine, 59000 Lille, France

6	 Medical Physics Department, University Hospital, Lille, 
France

7	 U1189‑ONCO‑THAI‑Assisted Laser Therapy 
and Immunotherapy for Oncology, University of Lille, 
INSERM, CHU-Lille, 59000 Lille, France


	Impact of biologically effective dose on tremor decrease after stereotactic radiosurgical thalamotomy for essential tremor: a retrospective longitudinal analysis
	Abstract
	Introduction
	Methods
	Study design
	Patient population
	Follow-up period
	Stereotactic radiosurgery technique
	Dosimetric data
	Clinical evaluation and outcome measures
	Radiological evaluation
	Definition of adverse radiation events
	Primary aim
	Secondary aim
	Biologically effective dose
	Statistical analysis

	Results
	Overall tremor improvement in the present series
	Probability of tremor score decrease (TETRAS, continuous outcome, delta drop in points between the follow-up at 12 months, and initial pretherapeutic value, as continuous outcome)
	Probability of tremor improvement (binary outcome, Fig. 4)
	Adverse radiation events

	Discussion
	Limitations
	Conclusion
	References


