
RESEARCH

European Spine Journal (2025) 34:2762–2770
https://doi.org/10.1007/s00586-025-08738-8

Introduction

Adolescent idiopathic scoliosis (AIS), a 3D spinal defor-
mity in children > 10 years, is a common disease in pediat-
ric orthopedics with a prevalence of 0.47–5.2% [1]. Among 
various well-established treatment options, Vertebral Body 
Tethering (VBT) is a non-fusion surgical technique for sco-
liosis correction. It allows to reduce the curve magnitude in 
immature patients, while preserving spinal flexibility. The 
working mechanism of VBT is based on Hueter-Volkman’s 
and Wolff’s principles, which rely on growth modulation 
and tissue remodeling; specifically, it involves deceleration 
of growth by compression on the convex side and unload-
ing of the concave side [2]. The scoliotic spine is corrected 
once by the intraoperative tether pre-tension and once by the 
guided and remodeled residual growth. There still is no con-
sensus on the best indication but the FDA (Food and Drug 
Administration) has approved VBT for skeletally immature 
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Abstract
Purpose  Vertebral Body Tethering (VBT) allows correction of scoliosis while preserving the spinal mobility. Despite an 
increasing availability of data on clinical experience and surgical techniques, there is still a lack of knowledge on the under-
lying biomechanics, specifically when considered in combination with growth. Therefore, the purpose of this study is to 
develop a growing flexible spine model to investigate spinal biomechanics after VBT surgery.
Methods  A multi-body simulation approach was chosen. A growing, flexible thoracolumbar VBT spine model was devel-
oped to analyze the spinal biomechanics during various physiological movements and growth. The model includes a flexible 
spine with a VBT device and a musculoskeletal system. Therefore, the resulting tether tension and intervertebral compres-
sion force can be calculated with respect to the human anatomy and material properties of the VBT device.
Results  During growth, the tether and compression forces increase continuously with the highest forces between L1 and L2. 
The highest tether force is measured at 50° lateral bend at 200 N pre-tension. The compression forces in a tethered spine are 
during adolescence up to twice higher than in a healthy spine.
Conclusion  The simulated biomechanical data provides insight into the forces exerted on the spine during various physi-
ological movements and the remaining growth. They are consistent with previously published clinical data and underlie the 
finding that age at surgery or residual growth doesn’t greatly affect tether forces. During growth, however, intervertebral 
compression forces increase.

Keywords  Adolescent idiopathic scoliosis (AIS) · Multibody simulation · Growth · Vertebral body tethering (VBT) · 
Tether force · Compression force
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patients (Risser ≤ 2 or Sanders ≤ 5) with curves between 
30° and 65° [3]. The timing of the surgery, the remaining 
growth and the durability of the implant seem to be impor-
tant parameters for a successful outcome [4].

Growth can be defined as a succession of periods of 
acceleration and deceleration [5] and is one additional influ-
ence on the tether device. Girls’ and boys’ growth curves 
are almost identical up to the age of ten, after which they 
begin to differ. Studies have shown that the beginning of 
puberty is best characterized by the change from a phase of 
deceleration to a phase of acceleration in the rate of growth 
[6]. Statistically, girls enter puberty at an average age of 11 
years, boys at 13. During puberty, standing height increases 
by about 1 cm per month. Dimeglio et al. reported that at 
the onset of puberty, boys have approximately 14% (± 1%) 
of their remaining standing height left to grow (22.5 ± 1 cm), 
while girls have about 12% (± 1%) of their remaining height 
to grow at the same stage (20.5 ± 1 cm). Consequently, the 
pubertal growth rate peaks at different ages. For boys, the 
peak growth rate is between 13 and 15 years of age, and 
for girls between 11 and 13 years of age. Therefore, spinal 
biomechanics differ between genders.

Clinical studies show good post-operative outcomes and 
adequate curve reduction for VBT. However, tether break-
age remains a common post-operative negative event [3, 7]. 
The incidence for tether breakage after thoracic VBT has 
been reported up to 48%, an up to 90% after thoracolum-
bar VBT [8]. Studies have shown that tether breakages have 
a major impact on the clinical outcome, especially when 
they occur within the 12 months post-surgery, the period of 
greatest remaining growth potential. Nevertheless, little is 
known about the risk factors for tether breakage, particu-
larly for biomechanical reasons. While available studies 
have focused on the clinical risk factors, the biomechanical 
background and causes – specifically in combination with 
growth - aren´t yet fully investigated [9].

An attempt to quantify the required forces for an ade-
quate correction, while preventing tether breakage has been 
done in previous work [10]. The authors have developed a 
flexible spine model in order to simulate the tether and inter-
vertebral compression forces during various physiological 
movements. However, the evaluation of the forces during 
the remaining growth is unclear, especially when consider-
ing that tether breakage often occurs one or two years after 
surgery.

The timing of VBT surgery is important for several rea-
sons: residual growth potential, preservation of flexible 
curves and Cobb angles between 30 and 65 degrees. How-
ever, the influence of residual growth at the time of surgery 
on spinal biomechanics, especially on tether and interverte-
bral compression forces, is not known. Therefore, the aim 
of this study was to analyze the biomechanical effects and 

consequences of growth in a tethered spine during various 
physiological movements.

Method and material

A multi-body simulation (MBS) approach was chosen to 
gain insight into spinal biomechanics during growth and dif-
ferent physiological movements. An existing validated flex-
ible VBT spine model was extended with a growth function 
using the AnyBody Modelling System (AnyBody Technol-
ogy) software. In contrast to finite element method, MBS 
allows analyzing the biomechanics in the spine and tether 
device during various physiological movements as well as 
during growth development while respecting the muscle 
and ligament properties.

The used and validated spine model has been originally 
developed based on representative patient data [11, 12], 
existing static scoliotic MBS spine models utilize e.g. EMG 
measurements as a means of validation [13, 14]. It depicts 
the thoracolumbar spine, including the main muscle groups, 
ligaments, and intervertebral discs, which are approximated 
as spring-damper systems with constant material properties. 
The vertebrae are connected by spherical joints. Various 
physiologically representative motion tasks (flexion-exten-
sion, lateral bending, axial rotation) can be simulated by 
using the multibody simulation software, AnyBody Mod-
elling System (Fig. 1). For the simulations the used tether 
has a diameter of 4 mm, a tether stiffness of 9000 N/m and 
has been fixed between T7 and L3. The modulation of the 
tether is based on its biomechanical properties, which were 
described by Guldeniz et al. [15, 16]. The tether pre-tension, 
screw position, as well as the tethered levels can be custom-
ized (Table 1).

Implantation of a growth evolution

While respecting age and gender of the patient, the spine 
model reflects natural growth, and the biomechanics of the 
spine can be simulated at any point in time. Technically, 
the spine model is scaled using patient input data from the 
KiGGs study. Furthermore, the growing VBT spine model 
accurately represents the anatomical changes in height and 
weight that boys and girls experience during puberty. It sim-
ulates the synchronous growth of muscles, bones and liga-
ments, reflecting natural human growth.

During the simulated growth, the screw position in the 
vertebra remains unchanged; only the distance between the 
screws increases due to the vertebra and disc grow. As in 
the model, the tether is connected to the screws, the tether 
elongates after each increase in height, which results also in 
an increasing tether pre-tension. In other words, as the spine 
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grows, the position of the screws also changes, affecting the 
length of the ligament compared to its initial length at the 

time of surgery. The input data required for the simulations 
on height and weight have been taken from the KiGGs 2003 
to 2006 study, a multicenter, Germany-wide study involv-
ing 17,641 children [18, 19] (Table 2). For the simulations 
performed, only the 50th percentile values for girls and boys 
between the ages of 12.5 and 18 years were considered. 
(Fig. 2) 12.5 years is before or just during the growth spurt 
and reflects realistic initial clinical characteristics. There-
fore, this age was chosen to best illustrate the evaluation of 
tether and intervertebral compression forces.

Simulations

Prior simulations on tethered spines between T7 and L3 
showed uneven force distribution along the spine with higher 
forces in the lumbar spine [10]. The highest tether forces 
have been described at 50° lateral bending to the untethered 
side. Based on these results and for comparison, the spine 
was also tethered between T7 and L3 in the growing spine 
model. Tethering and intervertebral compression forces are 
simulated and evaluated in 50° lateral bending and upright 

Table 1  Boundary conditions and material properties for the simulations
Executed motion tasks Analyzed 

segment
Simulation 
period

Tethered 
vertebrae

Diameter 
tether cord 
(mm)

Tether 
stiffness 
(N/m)

Tether 
pre-ten-
sions 
(N)

1. Analysis of the evaluation 
of the tether force (N)

50° left lateral bend L1-L2 12.5–18 years T7-L3 4 9000 200

2. Analysis of the evaluation 
of the compression force (N)

50° left lateral 
bend

Tethered spine L1-L2 12.5–18 years T7-L3 4 9000 200
Healthy spine L1-L2 12.5–18 years

Upright 
position

Tethered spine L1-L2 12.5–18 years T7-L3 4 9000 200
Healthy spine L1-L2 12.5–18 years

Table 2  Anthropometric data from the KiGGs 2003–2006 study [18, 
19]
Age (years) Girls Boys

Weight (kg) Height (cm) Weight (kg) Height (cm)
11 39.37 147.65 38.88 146.68
11.5 42.05 151.04 41.00 149.35
12 44.87 154.31 43.25 152.22
12.5 47.59 157.22 45.82 155.43
13 50.02 159.53 48.81 159.13
13.5 52.16 161.33 52.14 163.1
14 54.01 162.74 55.51 166.93
14.5 55.55 163.81 58.75 170.35
15 56.80 164.58 61.69 173.12
15.5 57.79 165.09 64.26 175.2
16 58.53 165.39 66.3 176.66
16.5 59.07 165.50 67.87 177.62
17 59.47 165.54 69.15 178.24
17.5 59.78 165.65 70.30 178.68
18 60.08 165.77 71.39 179.04

Fig. 1  Illustration of the spine model in the upright position and lateral bending to the untethered side. The selected ROM for physiological motion 
is based on clinical postoperative data [17]
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spine are more than twice those in a healthy spine. At 12.5 
years of age, the compression force in a tethered spine is 
higher in girls (1932 N) than in boys (1827 N). Compare 
this to a healthy spine at the same age, which is 861 N for 
girls and 843 N for boys. The gender difference increases 
with age. At 18 years of age, the estimated compression 
force is 2070 N for girls and 2242 N for boys. The unteth-
ered compression forces are more than half as high as the 
tethered compression forces, namely 999 N for the girls and 
1114 N for the boys.

As shown in Fig.  5, the highest percentage increase 
in compression force is observed in the upright position 
between L1 and L2. Between the ages of 12.5 and 18 years, 
the increase is up to 11% in girls and up to 25% in boys. In 
terms of absolute values, compression forces increase from 
1046 N postoperatively to 1312 N at 18 years of age in boys 
and from 1055 N to 1166 N in girls.

Discussion

Motion preservation, growth modulation and the remain-
ing growth potential are fundamental working mechanism 
of VBT [20]. In the current literature a common median 
surgery age is 12.5 years [3, 21, 22]. However, despite the 
fact, that VBT is a growth-based correction technique, the 
VBT device itself, especially the nominal tether length 
stays constant. Therefore, the knowledge about the occur-
ring forces during various physiological motions and during 
the remaining growth are extremely important in order to 
reduce the number of post-operative negative events.

Analysis of the evaluation of the tether force during 
adolescence

The simulations have shown that the tether forces are slightly 
but continuously increasing over the simulated period of 7.5 
years. Overall, higher tether forces are observed in boys 

position semi-annually between ages 12.5 and 18. Due to 
the structure of the intervertebral disc and the minor effects 
of shear forces during the course of the simulations, only the 
compression forces were considered in this work.

The goal is to simulate and evaluate the biomechan-
ics from a potential surgery age (12.5 years) to the end of 
growing (18 years) while considering gender differences. In 
particular, the simulations will provide an overview of the 
evolution of tether stress in relation to spinal growth.

Results

The results of the simulations are briefly described in the 
following section, detailed in Table  3, and presented in 
Figs. 3, 4 and 5.

Analysis of the evaluation of the tether force

The semi-annually evaluation of the tether force at 50° (left) 
lateral bend to the untethered side between the ages of 12.5 
and 18 is shown in Fig. 3. A continuous increase in the tether 
forces as well as gender differences can be observed. For 
girls, the tether force between L1 and L2 at 50° lateral bend-
ing to the untethered side at 12.5 years of age is estimated 
to be 924 N. At 18 years of age, the force is estimated to 
be 937 N. For boys, the tether force at 12.5 years of age is 
also estimated to be 924 N. However, at 18 years of age, the 
tether force is 962 N.

Analysis of the evaluation of the compression force

A constant increase in compression force can be observed 
during adolescence at 50° lateral bend and in the upright 
position (Figs 4 and 5).

The highest measured compression forces for both girls 
and boys are between L1 and L2 at 50° lateral bend (Fig. 4). 
At each time point, the compression forces in a tethered 

Fig. 2  Illustration of physiologic idealized growth between the ages of 12.5 and 18
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than in girls due to the higher increase in height due to a 
lower growth period. In fact, the KiGGs study has shown 
that boys grow by an average of 23.6 cm between the ages 
of 12.5 and 18 years, based on the 50th percentile. Over the 
same period, girls grow by an average of 8.6 cm [19]. This 
15.5% increase in height for boys and 5.4% for girls results 
in a 4.13% increase in tether force for boys and a 1.47% 
increase in tether force for girls.

However, compared to the initial applied pre-tension 
(200  N in the simulations), there is an increase in tether 
forces during physiological possible movements. For exam-
ple, for girls aged 12.5 years, the L1-L2 tether force was 
estimated to be 200 N in the upright position and 924 N at 
50° lateral bend to the untethered side. This represents an 
increase of almost 724  N, corresponding to a percentage 
increase of 362%.

Especially considering that the goal of VBT is motion 
preservation and that 50° lateral bending is a realistic post-
operative outcome in terms of ROM, this finding of a 3.6-
times higher tether force during bending underscores the 
importance of proper pre-tensioning [17]. In particular, with 
regard to the findings of Guldeniz et al., a force of 582.2 N 
can potentially compromise the structural integrity of the 
tether [15]. Simulations have estimated tether forces above 
this value, which may explain the commonly reported post-
operative complication of tether breakage. In fact, tether 
breakage often occurs one to two years after surgery and 
may lead to revision surgery or worsen the postoperative 
outcome [23].

Regarding the timing of surgery, tether force doesn’t 
increase significantly during the simulated growth period. 
In fact, the elongation of the tether during growth is not 
significant compared to the elongation that occurs during a 
lateral bending task. Therefore, the remaining growth or the 
skeletal maturity of patient don´t influence significantly the 
occurring tether forces. This finding is also consistent with 
clinical findings that age and skeletal maturity are not risk 
factors for the mechanical complication of tether breakage 
[9].

Analysis of the evaluation of the compression force 
during adolescence

A continuous increase in the spinal compression force is 
observed both in the upright position and during lateral 
bending. In fact, the compression forces in a tethered spine 
are up to twice as high as in a healthy spine and increase 
by up to 25% over the simulated period. This continuous 
increase can be explained by both the increase in height and 
weight of the adolescent and the increase in tether force.

Additionally, weight increases constantly during adoles-
cence, and so do the loads and forces on the vertebrae and 
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Overall, intervertebral compression forces increase more 
than the prevailing tether forces during growth (idealized 
physiologic growth). While age and skeletal maturity aren’t 
considered as risk factors for the mechanical complication 
of tether breakage, the intervertebral compression forces 
increase during the remaining growth [9]. The simulations 
suggest that age and skeletal maturity at the time of surgery 
influence the compression forces in adulthood. Due to the 
novelty of the surgical technique, no long-term studies are 
available. The long-term consequences on the IVDs are still 
unclear. 1- and 2-year clinical follow-up studies have shown 

intervertebral discs. For boys in the upright position, a 55% 
increase in weight results in an increase in intervertebral 
compression force of up to 250 N, or 25%. Girls gain only 
12.49 kg (26%) in weight over the simulated period, result-
ing in an estimated 11% increase in forces [18]. In addition, 
as the height increases, the tether becomes more stretched. 
This consequently results in higher tether forces respec-
tively higher tether pre-tension in the upright position. As 
shown in prior work, higher tether pre-tensions result in 
higher intervertebral compression forces [10].

Fig. 4  Evaluation of the intervertebral compression force during at 50° lateral bend for tethered and untethered spines. The compression forces are 
evaluated half-yearly from age 12.5 to 18 years between vertebrae L1 and L2

 

Fig. 3  The development of the tether force in girls and boys during adolescence during lateral bending to the untethered side. From 12.5 to 18 years 
of age, the force was evaluated semi-annually
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overview of the forces involved. The provided results should 
be interpreted as an insight into the spinal biomechanics to 
visualize the different influence and risk factors. However, 
the data provided should not be interpreted as absolute val-
ues. Although a strong correlation between increasing tether 
pre-tension, tether and intervertebral compression forces 
could be observed. Further refinement is needed to ensure 
the accuracy of absolute model predictions.

Conclusion and outlook

This MBS demonstrates a 4.13% maximum increase of 
tether force during growth. Comparing these data to maxi-
mum increases of tether forces that can be seen during thora-
columbar motion (i.e. lateral bending), the impact of growth 
on tether force can be considered negligible. The data of 
simulations underlie the clinical observation that age and 
skeletal maturity are not the most important risk factors for 
tether breakage [9] However, compared to a healthy spine, 
the compression forces in a tethered spine are up to twice as 
high. Further clinical studies are needed to better understand 
the long-term consequences. In addition, biomechanical and 
numerical studies are needed, especially in scoliotic spines, 
to analyze, for example, the influence of the initial internal 
stress due to the correction procedure on the breakage rate. 
In order to perform a comprehensive analysis of the biome-
chanical effects of asymmetric loading on the intervertebral 
disc, to elucidate its impact on disc material behavior and 
structural integrity.

controversial results regarding the health of the IVDs [24, 
25]. A mild but not statistically significant IVD degenera-
tion was observed in some patients [25]. Long-term studies 
are needed to evaluate the clinical consequences of inter-
vertebral compression forces that are twice as high as in a 
healthy spine.

Limitations

As a first feasibility study, this paper uses an idealized, 
validated, non-scoliotic spine. Yet, the anatomical changes 
caused by scoliotic pathology, such as altered musculature 
and bone morphology, are neglected. However, there are 
several reasons for choosing a non-scoliotic spine. The first 
reason is validation and reproducibility of the model and 
results. Currently, there is no dynamic scoliotic spine model 
with intact musculature. The use of a scoliotic spine would 
require the assumption that the muscles and ligaments are 
shortened, which would make validation of the model dif-
ficult. On the other hand, a straight spine allows comparison 
of calculated values with experimental results. In addition, 
a straight spine most closely approximates the desired post-
operative outcome. Since the biomechanical analysis ranges 
from 12.5 to 18 years, the aging process of the IVDs and the 
associated changes in their material properties are not con-
sidered in the model. A further limitation of our study is that 
the viscoelastic and volumetric properties of the interverte-
bral discs were not modeled, which could affect tether ten-
sion predictions under time-dependent loading conditions.

As no patient data was used, the study does not offer direct 
medical recommendations but serves as a biomechanical 

Fig. 5  The development of intervertebral compression force in the upright static position between L1 and L2. From 12.5 to 18 years of age, the 
force was evaluated semi-annually

 

1 3

2768



European Spine Journal (2025) 34:2762–2770

Outcomes Following Anterior Vertebral Body Tethering Versus 
Posterior Spinal Fusion: A Meta-Analysis. JB & JS open access 
6(2). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​0​6​​/​J​B​​J​S​.​O​A​.​2​1​.​0​0​0​0​2

8.	 Hoernschemeyer DG, Boeyer ME, Robertson ME, Loftis CM, 
Worley JR, Tweedy NM, Gupta SU, Duren DL, Holzhauser CM, 
Ramachandran VM (2020) Anterior vertebral body tethering 
for adolescent scoliosis with growth remaining: a retrospective 
review of 2 to 5-Year postoperative results. J Bone Joint Surg Am 
Vol 102(13):1169–1176. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​0​6​​/​J​B​​J​S​.​1​9​.​0​0​9​8​0

9.	 Baroncini A, Trobisch P, Eschweiler J, Migliorini F (2022) Anal-
ysis of the risk factors for early tether breakage following verte-
bral body tethering in adolescent idiopathic scoliosis. European 
spine journal: official publication of the European Spine Society, 
the European Spinal Deformity Society, and the European section 
of the cervical. Spine Res Soc 31(9):2348–2354. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​7​​/​s​0​​0​5​8​6​-​0​2​2​-​0​7​2​3​1​-​w

10.	 Frank J, Pishnamaz M, Ignasiak D, Trobisch PD, Hildebrand F, 
Praster M (2024) A multibody simulation of the spine for objecti-
fication of biomechanical quantities after VBT: a proof of concept 
and description of baseline data. European spine journal: official 
publication of the European Spine Society, the European Spinal 
Deformity Society, and the European section of the Cervical 
Spine Research Society. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​5​8​6​-​0​2​4​-​0​8​4​
8​0​-​7

11.	 Ignasiak D, Dendorfer S, Ferguson SJ (2016) Thoracolumbar 
spine model with articulated ribcage for the prediction of dynamic 
spinal loading. J Biomech 49(6):959–966. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​j​.​​j​b​i​​o​m​e​​c​h​.​2​​0​1​​5​.​1​0​.​0​1​0

12.	 Polga DJ, Beaubien BP, Kallemeier PM, Schellhas KP, Lew 
WD, Buttermann GR, Wood KB (2004) Measurement of in vivo 
intradiscal pressure in healthy thoracic intervertebral discs. Spine 
29(12):1320–1324. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​0​1​​.​b​r​​s​.​0​​0​0​0​1​​2​7​​1​7​9​.​1​
3​2​7​1​.​7​8

13.	 Barba N, Ignasiak D, Villa TMT, Galbusera F, Bassani T (2021) 
Assessment of trunk muscle activation and intervertebral load 
in adolescent idiopathic scoliosis by musculoskeletal modelling 
approach. J Biomech 114:110154. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​b​i​​o​m​
e​​c​h​.​2​​0​2​​0​.​1​1​0​1​5​4

14.	 Schmid S, Burkhart KA, Allaire BT, Grindle D, Bassani T, Gal-
busera F, Anderson DE (2020) Spinal compressive forces in ado-
lescent idiopathic scoliosis with and without carrying loads: A 
Musculoskeletal modeling study. Front Bioeng Biotechnol 8:159. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​b​​i​o​e​.​2​0​2​0​.​0​0​1​5​9

15.	 Guldeniz O, Yip CCH, Nafo W, Cheung KMC (2023) Biome-
chanics of the tether breakage: tensile behaviour of a single-unit 
vertebral body tethering construct. Spine deformity. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​0​7​​/​s​4​​3​3​9​0​-​0​2​3​-​0​0​6​5​7​-​2

16.	 Nicolini LF, Oliveira RC, Ribeiro M, Stoffel M, Markert B, 
Kobbe P, Hildebrand F, Trobisch P, Simões MS, de Mello Roesler 
CR, Fancello EA (2023) Tether pre-tension within vertebral body 
tethering reduces motion of the spine and influences coupled 
motion: a finite element analysis. Comput Biol Med 169:107851. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​o​m​​p​b​i​​o​m​e​d​​.​2​​0​2​3​.​1​0​7​8​5​1

17.	 Pahys JM, Samdani AF, Hwang SW, Warshauer S, Gaughan JP, 
Chafetz RS (2022) Trunk range of motion and patient outcomes 
after anterior vertebral body tethering Versus posterior spinal 
Fusion: comparison using computerized 3D motion capture Tech-
nology. J Bone Joint Surg Am Vol 104(17):1563–1572. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​2​​1​0​6​​/​J​B​​J​S​.​2​1​.​0​0​9​9​2

18.	 Robert Koch-Institut Referenzperzentile für anthropometrische 
Maßzahlen und Blutdruck aus der Studie zur Gesundheit von 
Kindern und Jugendlichen in Deutschland (KiGGS). Kapitel 
Körpergewicht aus Referenzperzentile für anthropometrische 
Maßzahlen und Blutdruck 2013(2. erweiterte Auflage)

19.	 Robert K-I Referenzperzentile für anthropometrische Maßzahlen 
und Blutdruck aus der Studie zur Gesundheit von Kindern und 

Author contributions  J.F. designed the study, developed the model, 
performed the computer simulations and the data analysis, drafted 
and critically reviewed the manuscript. M.P. critically reviewed the 
manuscript. P.T. critically reviewed the manuscript. F.H. supervised 
the study. Ma.P. developed the model and critically reviewed the man-
uscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.
No funds, grants, or other support was received.

Data availability  The datasets generated and analyzed during the cur-
rent study are available from the corresponding author on reasonable 
request.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, 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 ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 Konieczny MR, Senyurt H, Krauspe R (2013) Epidemiology of 
adolescent idiopathic scoliosis. J Child Orthop 7(1):3–9. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​8​3​2​-​0​1​2​-​0​4​5​7​-​4

2.	 Abdullah A, Parent S, Miyanji F, Smit K, Murphy J, Skaggs D, 
Gupta P, Vitale M, Ouellet J, Saran N, Cho RH, Group PSS, El-
Hawary R (2021) Risk of early complication following anterior 
vertebral body tethering for idiopathic scoliosis. Spine Deformity 
9(5):1419–1431. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​3​3​9​0​-​0​2​1​-​0​0​3​2​6​-​2

3.	 Mariscal G, Morales J, Pérez S, Rubio-Belmar PA, Bovea-Marco 
M, Bas JL, Bas P, Bas T (2023) Meta-analysis on the efficacy 
and safety of anterior vertebral body tethering in adolescent 
idiopathic scoliosis. European spine journal: official publication 
of the European Spine Society, the European Spinal Deformity 
Society, and the European section of the cervical. Spine Res Soc 
32(1):140–148. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​5​8​6​-​0​2​2​-​0​7​4​4​8​-​9

4.	 Regan C, Transtrum MB, Jilakara B, Milbrandt TA, Larson AN 
(2024) How long Can you Delay? Curve progression while await-
ing vertebral body tethering surgery. J Clin Med 13(8). ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​j​c​​m​1​3​0​8​2​2​0​9

5.	 Dimeglio A, Canavese F (2013) Progression or not progression? 
How to deal with adolescent idiopathic scoliosis during puberty. J 
Child Orthop 7(1):43–49. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​8​3​2​-​0​1​2​-​0​4​
6​3​-​6

6.	 Dimeglio A (2001) Growth in pediatric orthopaedics. J Pediatr 
Orthop 21(4):549–555

7.	 Shin M, Arguelles GR, Cahill PJ, Flynn JM, Baldwin KD, 
Anari JB (2021) Complications, Reoperations, and Mid-Term 

1 3

2769

https://doi.org/10.2106/JBJS.OA.21.00002
https://doi.org/10.2106/JBJS.19.00980
https://doi.org/10.1007/s00586-022-07231-w
https://doi.org/10.1007/s00586-022-07231-w
https://doi.org/10.1007/s00586-024-08480-7
https://doi.org/10.1007/s00586-024-08480-7
https://doi.org/10.1016/j.jbiomech.2015.10.010
https://doi.org/10.1016/j.jbiomech.2015.10.010
https://doi.org/10.1097/01.brs.0000127179.13271.78
https://doi.org/10.1097/01.brs.0000127179.13271.78
https://doi.org/10.1016/j.jbiomech.2020.110154
https://doi.org/10.1016/j.jbiomech.2020.110154
https://doi.org/10.3389/fbioe.2020.00159
https://doi.org/10.3389/fbioe.2020.00159
https://doi.org/10.1007/s43390-023-00657-2
https://doi.org/10.1007/s43390-023-00657-2
https://doi.org/10.1016/j.compbiomed.2023.107851
https://doi.org/10.1016/j.compbiomed.2023.107851
https://doi.org/10.2106/JBJS.21.00992
https://doi.org/10.2106/JBJS.21.00992
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11832-012-0457-4
https://doi.org/10.1007/s11832-012-0457-4
https://doi.org/10.1007/s43390-021-00326-2
https://doi.org/10.1007/s00586-022-07448-9
https://doi.org/10.3390/jcm13082209
https://doi.org/10.3390/jcm13082209
https://doi.org/10.1007/s11832-012-0463-6
https://doi.org/10.1007/s11832-012-0463-6


European Spine Journal (2025) 34:2762–2770

results after VBT. European spine journal: official publication 
of the European Spine Society, the European Spinal Deformity 
Society, and the European section of the cervical. Spine Res Soc 
31(9):2362–2367. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​5​8​6​-​0​2​2​-​0​7​3​2​1​-​9

24.	 Yucekul A, Akpunarli B, Durbas A, Zulemyan T, Havlucu I, 
Ergene G, Senay S, Yalinay Dikmen P, Turgut Balci S, Karaarslan 
E, Yavuz Y, Yilgor C, Alanay A (2021) Does vertebral body teth-
ering cause disc and facet joint degeneration? A preliminary MRI 
study with minimum two years follow-up. Spine Journal: Official 
J North Am Spine Soc 21(11):1793–1801. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​j​.​​s​p​i​n​e​e​.​2​0​2​1​.​0​5​.​0​2​0

25.	 Jackson TJ, Milbrandt TA, Mathew SE, Heilman JA, Larson AN 
(2022) Intervertebral Disk Health following vertebral body teth-
ering for adolescent idiopathic scoliosis: a preliminary study. J 
Pediatr Orthop 42(7):347–353. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​9​7​/​​​B​P​O​.​0​0​0​
0​0​0​0​0​0​0​0​0​2​1​7​2

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Jugendlichen in Deutschland (KiGGS). Kapitel Körperlänge/
Körpergröße aus Referenzperzentile für anthropometrische 
Maßzahlen 2013(2. erweiterte Auflage)

20.	 Di Treuheim TPv, Eaker L, Markowitz J, Shankar D, Meyers J, 
Lonner B (2023) Anterior vertebral body tethering for scoliosis 
patients with and without skeletal growth remaining: a Retrospec-
tive Review with Minimum 2-Year Follow-Up. Int J Spine Surg 
17(1):6–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​3​3​9​0​-​0​2​0​-​0​0​1​0​5​-​5

21.	 Roser MJ, Askin GN, Labrom RD, Zahir SF, Izatt M, Little JP 
(2023) Vertebral body tethering for idiopathic scoliosis: a sys-
tematic review and meta-analysis. Spine Deformity 11(6):1297–
1307. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​3​3​9​0​-​0​2​3​-​0​0​7​2​3​-​9

22.	 Vatkar A, Najjar E, Patel M, Quraishi NA (2023) Vertebral body 
tethering in adolescent idiopathic scoliosis with more than 2 years 
of follow-up- systematic review and meta-analysis. European 
spine journal: official publication of the European Spine Society, 
the European Spinal Deformity Society, and the European section 
of the cervical. Spine Res Soc 32(9):3047–3057. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​7​​/​s​0​​0​5​8​6​-​0​2​3​-​0​7​7​2​4​-​2

23.	 Baroncini A, Migliorini F, Eschweiler J, Hildebrand F, Tro-
bisch P (2022) The timing of tether breakage influences clinical 

1 3

2770

https://doi.org/10.1007/s00586-022-07321-9
https://doi.org/10.1016/j.spinee.2021.05.020
https://doi.org/10.1016/j.spinee.2021.05.020
https://doi.org/10.1097/BPO.0000000000002172
https://doi.org/10.1097/BPO.0000000000002172
https://doi.org/10.1007/s43390-020-00105-5
https://doi.org/10.1007/s43390-023-00723-9
https://doi.org/10.1007/s00586-023-07724-2
https://doi.org/10.1007/s00586-023-07724-2

	﻿Impact of growth on spinal biomechanics and tether force in VBT: a simulation study
	﻿Abstract
	﻿Introduction
	﻿Method and material
	﻿Implantation of a growth evolution
	﻿Simulations

	﻿Results
	﻿Analysis of the evaluation of the tether force
	﻿Analysis of the evaluation of the compression force

	﻿Discussion
	﻿Analysis of the evaluation of the tether force during adolescence
	﻿Analysis of the evaluation of the compression force during adolescence
	﻿Limitations

	﻿Conclusion and outlook
	﻿References


