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Abstract: Vertebral body tethering (VBT) represents a new surgical technique to correct idiopathic
scoliosis using an anterior approach, spinal instrumentation with vertebral body screws, and a cable
compressing the convexity of the curve. According to the Hueter-Volkmann principle, compression
reduces and distraction increases growth on the growth plates. VBT was designed to modulate spinal
growth of vertebral bodies and hence, the term ‘growth modulation’ has also been used. This review
describes the indications and surgical technique of VBT. Further, a systematic review of published
studies was conducted to critically evaluate the results and complications of this technique. In a
total of 23 included studies on 843 patients, the preoperative main thoracic curve corrected from 49
to 23 degrees in a minimum 2 year follow-up. The complication rate of VBT was 18%. The results
showed that 15% of VBT patients required reoperations for pulmonary or tether-related issues (10%)
and less than 5% required conversion to spinal fusion. While the reported median-term results of
VBT appear promising, long-term results of this technique are currently lacking.

Keywords: adolescent idiopathic scoliosis; growth-friendly techniques; surgery; vertebral body tethering

1. Introduction

Adolescent idiopathic scoliosis (AIS) is a three-dimensional deformity including a
lateral deviation of the spine, reduced thoracic kyphosis, and rotation of the vertebral
bodies. A curve of 45 degrees or higher is typically regarded as an indication to surgical
treatment as these curves typically continue to progress even in skeletally mature pa-
tients [1]. Additionally, thoracic curves of over 50 degrees are associated with reduced lung
volumes [2].

Three-dimensional correction of scoliosis and continued growth should be the aim of
the treatment of spinal deformity on a growing child [3]. Posterior spinal fusion with pedicle
screw instrumentation has been the traditional method to address these curves [4]. Normal
lung development is dependent on the length of the thoracic spine and its final length
is closely related to the lung volume obtained at skeletal maturity [5]. A recommended
minimum length of the thoracic spine before posterior fusion is 22 cm [6–8]. Additional
length obtained from correction of spinal deformity averages about 25 mm in normal
AIS [9].

Spinal fusion provides sustainable long-term outcomes but is associated with reduced
spinal mobility [10] and hence reduced functional outcomes as compared with the normal
population [11]. On the other hand, it leads to an irreversible stage of permanent spinal
fusion and straining of the remaining mobile segment due to reduced spinal mobility [12,13].
These disadvantages have led surgeons to investigate other methods to correct adolescent
idiopathic scoliosis without spinal fusion.
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It is known that every human vertebral body between C3 and L5 has a growth plate
(apophysis) on its upper and lower endplates. Both endochondral ossification (length)
and appositional ossification (volume) lead to growth of the spine [14]. According to
the Hueter-Volkman principle, distraction of the growth plate promotes and compres-
sion inhibits growth [15]. To control this growth, surgeons have attempted asymmetrical
hemiepiphyseodesis to the spine, but this has remained unpredictable [14,16]. Asymmetri-
cal growth plate inhibition with staples or unilateral plates has been used for decades in
mechanical axis deviations (e.g., genu valgum or varum) of lower extremities in growing
children [17]. A similar technique was applied by Betz and colleagues in the spine using
stapling over the disc and growth plates. However, this was only successful in thoracic
curves less than 35 degrees, which are typically treated with a brace on a growing child [18].
Additionally, movement of the spine often led to problematic loosening of the vertebral
implants extending over the intervertebral disc [19].

Spinal tethering is the newest method to address scoliosis deformity correction three-
dimensionally without fusion in preadolescent patients. It is based on the Hueter-Volkman
principle and utilizes the patient’s own spinal growth to improve the initial correction
rate after surgery. Currently, spinal tethering is mainly indicated only in children with
suitable growth remaining (Sanders 2 to 5), while spinal arthrodesis can be performed
whenever a minimum of 22 cm of the thoracic spine length has been achieved. Additionally,
spinal tethering maintains spinal mobility and can be converted to anterior or posterior
spinal fusion if necessary. A systematic review of the literature was conducted to analyze
the published results and complications of VBT. Additionally, indications and technical
considerations of this technique are described.

2. Methods
2.1. Identification and Selection of Studies

A comprehensive search of the published literature in PubMed and EMBASE databases
was performed based on PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines [20] using ‘vertebral body tethering’ as a keyword.

2.2. Inclusion and Exclusion Criteria

All articles reporting a minimum of one-year follow-up results of AVBT published up
to February 28, 2022, were included. Non-English language papers, animal studies, and
case reports (<3 patients) were excluded.

2.3. Data Extraction and Analysis

Identified papers were independently reviewed by two authors (AR and JS) with final
selection approved by the senior author (IH). The data on patient demographics, pre- and
postoperative scoliosis curves, duration of surgery, intraoperative blood loss, length of
follow-up, and complications were extracted from the original publications.

2.4. Statistical Analysis

Analyses were performed using JMP Pro, version 16.1.0 for Windows (SAS Institute
Inc., Cary, NC, USA).

3. Anterior Vertebral Body Tethering

Lately, spinal tethering has become one of the options to treat AIS without spinal fusion.
This method has been made possible with better understanding of spinal biomechanics,
technical developments in minimally invasive techniques (endoscopic and mini-open),
and improved instrument and device design [21–23]. The tethering system limits the
progression of scoliotic deformity by mechanically restraining the remaining spinal growth
internally [19].

Spinal tethering is carried out using an anterior thoracoscopic or mini-open thora-
columbar approach. One or two bicortical screws over a washer or a small plate are inserted
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to each vertebral body laterally. A polyethylene tetraphalate cable is used to connect these
screws. Immediate correction of the deformity is obtained by compressing the cable and
between the screws (typically 45–50% initial correction). Additional correction can be
obtained via growth modulation of the vertebral bodies according to the Hueter-Volkmann
principle (Figure 1).
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Figure 1. 12 year-old girl, Sanders 2, Lenke 1 AN curve of 50 degrees (a). First erect postoperative
radiograph (b), 1 year follow-up (c), 30 month follow-up demonstrating splaying of the screw heads
at multiple levels and progression of the deformity (d), and after revision surgery (Sanders 6) for
replacement of broken tether (e).

3.1. Indications for Main Thoracic Curves

The most well-documented indication for spinal tethering is a single major thoracic
curve with non-structural lumbar and proximal thoracic curve (Lenke 1A or 1B curve in
a preadolescent patient [19,23,24]. Recently, Krakow et al. [25] evaluated how many AIS
patients would potentially be suitable candidates for VBT. In their study, approximately
25% of the patients fulfilled the growth parameters and curve characteristics (Lenke 1,
3, 5, or 6 curves, i.e., not including a structural upper thoracic curve) amenable to VBT.
Therefore, the majority of scoliosis patients may still require posterior spinal fusion (PSF).

Skeletal growth can be assessed using the hand radiograph and Sanders’ classifica-
tion [26]. Patients with a relatively flexible right thoracic curve (40 to 60 degrees, bending to
30 degrees or below), rib hump of less than 20 degrees, and suitable amount of remaining
growth (Sanders 3 to 4) are the ideal candidates for the tethering procedure [19,24].

3.2. Timing of the Procedure

Appropriate timing of VBT is of utmost importance. If carried out too early, the
patient may undergo overcorrection (i.e., right-sided curve turns into left-sided curve).
Additionally, the remaining growth modulation may not correct the curve enough and/or
a tethering rupture may result if the procedure is performed too late. In cases with limited
growth remaining, or no growth at all, immediate correction utilizing the mobility of the
discs can be achieved intraoperatively. However, this correction may not be maintainable
without substantial three-dimensional shape change of the vertebral bodies via growth [19].
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Anterior shortening may help with the restoration of thoracic kyphosis, but according to
the literature, this kyphosing effect seems to be minimal [27].

Alanay et al. [28] investigated the effects of skeletal maturity according to Sanders’
classification (hand radiograph) on postoperative growth modulation. They observed
that growth modulation was unpredictable in Sanders 1 (prepubertal) resulting in up to
45 degrees and in Sanders 2 (start of puberty) resulting in up to 29 degrees of postoperative
growth modulation. According to their findings, Sanders 3–5 were the most predictable in
terms of growth modulation of VBT.

In the study of Takahashi et al. [24], the average correction rate of thoracic segments
was 1.8 per segment per year for the first 2 years. Significantly greater rates were observed
for the Sanders stage two than the Sanders stage three cohort. In the same study, scoliosis
correction correlated also with height velocity. Still, there is a lack of studies to determine
the optimum timing of the procedure and the optimum amount of tension that should
be placed.

3.3. Technical Considerations for Vertebral Body Tethering

The procedure is carried out using a strict lateral decubitus position and single lung
ventilation. Instrumentation is typically carried from end vertebra to end vertebra. The
spine is accessed anteriorly with mini-open, open thoracotomy, or thoracoscopically [23]. To
minimize the chest wall violation and associated deleterious effects on pulmonary function,
most surgeons favor minimally invasive techniques [15]. Preoperative screw trajectory
planning under C-arm fluoroscopy helps planning the portal placement.

The right lung should be deflated during surgery. Parietal pleura is opened over
the spine using a monopolar hook or ultrasonic sealing device such as Harmonic scalpel
(Ethicon Endo-Surgery, Inc, Cincinnati, OH, USA). Segmental vessels are ligated or mobi-
lized on the convex side. Fluoroscopic control is used to control the placement of staples
and bicortical screws. A polyethylene tether is placed and tightened starting cranially.
Tightening can be controlled using a force measurement. Typically, the apical segments
are tightened into 300–400 Newtons and upper thoracic screws to maximum 150–200 N to
prevent screw pull-out. A chest drain is typically placed and set into 10–20 cm H2O suction.

Endoscopic vertebral body tethering involves a relatively long learning curve [29].
Reported operation time for AVBT ranges from 2.7 to 4.3 h with a mean of 3.8 h in this
systematic review [30,31]. Intraoperative blood loss is typically minimal averaging at
180 mL, while the length of stay ranges from 3 to 5 days postoperatively [29]. Screw accuracy
can be improved using CT-guided navigation, or as we have adopted, intraoperative
imaging using intraoperative 3D evaluation of the screws and staples inserted before
corrective maneuvers. Especially in the upper thoracic spine, the vertebral bodies are small
with limited margins around the implants.

If the mini-open technique with a small thoracotomy is used, the segmental vessels
can be mobilized especially in the apical area, while with the thoracoscopic technique,
all the segmental vessels need to be ligated. The mini-open technique also allows easier
spinal manipulation in terms of derotation and tightening of the cord. On the other hand,
the thoracoscopic technique might be associated with reduced postoperative pain, better
cosmesis, and better pulmonary function due to less chest wall violation. However, there
are no studies comparing these two approaches. It should be noted that in revision cases,
spared segmental vessels might start to bleed profusely as the cable on top of them is firmly
attached to them.

3.4. Indications for Thoracolumbar and Lumbar Curves

Growth modulating techniques are not contraindicated in lumbar curves. However,
caution needs to be taken as most techniques have been described for thoracic curves [32].
Thoracolumbar or lumbar idiopathic scoliosis (Lenke 5 type curve) may be an option
for spinal tethering, as loss of spinal mobility in this area has an even greater impact on
functional outcomes. However, there are few studies on this indication [33,34]. Approach
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includes a mini-open thoracoabdominal exposure with two incisions: one over the 10th
rib and a second over the L3/4 disc. Lumbar vertebral bodies have larger diameters and
the use of two screws and two cables is easier in this area. When two curves (thoracic and
lumbar) are instrumented, T12 typically needs instrumentation from right (thoracic curve)
and left (thoracolumbar) sides. Careful evaluation of the sagittal profile reduces the risk of
flat back or decreased lordosis [32].

4. Results

Our literature search identified 163 publications after duplicates were excluded. Thirty-
one papers met inclusion criteria and were selected for full text review (Table 1). After
full text review of 31 articles, 23 papers met the eligibility criteria and were selected for
review (Figure 2). A total of 843 patients (736, 87% women) with a mean age of 12.7 years
underwent VBT and were followed-up for minimum of 2 years.
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Table 1. Summary of eligible studies and their main findings. Values are given as mean (range)
unless mentioned otherwise.

Author/Setting/Year
Number of

Patients
(% Women)

Age
(Years)

Preoperative
Curve Final Curve

Length of
Follow-Up

(Years)

Complications
(%)

Main
Findings/Conclusion

Abdullah [35]/Multi-
center register

study/2021
120 (84.2%) 12.6

(8.2–15.7) 51.2 (40–70) 27.5 (−5–52) 2 15.8
Higher than expected

complication rate during
learning curve.

Alanay [28]/Single-
center/2020 42 (95.2) 12.1 (SD 1.5) 47 (35–68) 17 (−6–28) 2.8 7.1

Curve behavior after VBT
varied according to

Sanders stage.

Baker [36]/Single-
center/2021 17 (70.6) 12.9 (SD 1.4) 45 (35–60) 20 (−40–25) 2 23.5

The majority of patients
(53%) were successful

despite four revisions and
nine broken tethers.

Baroncini [31]/
2 centers/2021 86 (83.7) 13.2 (SD 2.4) 52.4 (SD 13.9) 26.6 (SD

12.7) 2 8.1

The majority of the
patients had a physiologic

sagittal profile
after surgery.

Bernard [37]/Single
center/2022 20 (95.0) 13.8 (9–17) 56.5 (40–79) 19.4

(−17–56) 5.4 15

High success rate (95%) in
helping children avoid

fusion at five years
post-surgery.

Betz [38]/Single
center/2019 71 (83.1) 14.5 N/A N/A 2 4.2

Results of showed clinical
success in 93% of

immature patients, 81% of
maturing, and 86% of

mature patients.

Buyuk [39]/ Single
center/2021 32 (93.8) 13 (11–15) 51 (42–70) 26 (7–43) 1 9.4

Particularly, sagittal plane
motion was preserved
postoperatively after

anterior vertebral
body tethering.

Cebeci [40]/ Single
center/2017 12 (100) 12.2 (11–13) 46 (35–59) 18 (6–26) 2 0

VBT resulted in a
significant correction in

both major and
compensatory curves.

Costanzo [41]/Single
center/2022 23 (82.6) 12 (9–14) 56.5 (33–79) 37 (15–58) 2 8.7 Initial results

were encouraging.
Hegde [30]/Single

center/2021 10 (100) 14.9 (12–17) 52 (42–80) 15.3 (3–28) 2 0 Preliminary experience
was promising.

Mackey [42]/
Multicenter/2022 37 (97.3) 11.3 (IQR

10.9–11.8) 50 (IQR 43.5–58) 28 (IQR
21–35) 3 27

Satisfactory curve control
and improved thoracic

and spinal height.

Miyanji [27]/
Multicenter/2020 57 (94.7) 12.7

(8.2–16.7) 51 (31–81) 23 (−18–57) 3.4 28.1

Satisfactory curve
correction and an

acceptable complication
rate in skeletally

immature patients.
Mladenov [43]/Single

center/2021 20 (70.0) 13.4
(11.5–14.5) 46.5 (29–64) 23 (8–38) 1.6 5 Anticipated curve

correction averaged 50%.

Newton [44]/Single
center/2020 23 (69.6) 12 (9–15) 53 (41–67) 33 (−5–62) 3.4 39.1

AVBT resulted in less
deformity correction and
more revision procedures
than PSF, but resulted in

the delay or prevention of
PSF in the majority

of patients.

Pehlivanoglu [45]/
Single center/2020 21 (71.4) 11.1 (9–14) 48.2 (IQR

44–52.1)
10.1 (IQR
7.7–11.2) 2.3 9.5

AVBT was a safe and
effective option in

skeletally immature
patients with AIS.

Rushton [46]/
2 centers/2021 112 (92.9) 12.7

(8.2–16.7) 50.8 (31–81) 25.7
(−32–58) 3.1 22

Satisfactory deformity
correction in majority

of cases.

Samdani [47]/Single
center / 2021 57 (86.0) 12.4

(10.1–15.0) 40.4 (SD 6.8) 18.7 (SD
13.4) 4.6 12.3

Our current study
suggested VBT as a viable

option for skeletally
immature children

with scoliosis.

Takahashi [24]/
Single center / 2021 23 (69.6) 12.2 (SD 1.6) 53 (SD 8) N/A 3.4 30.4

Correction occurred
primarily within 2 to
3 years after surgery.

Wong [48]/Single
center/2019 5 (100) 12 (9–12) 40.1 (37.2–44.0) 25

(−12.4–58) 4 40 Of all patients, 60%
avoided spinal fusion.

Yucekul [49]/Single
center/2021 28 (82.1) 12.2 (10–14) 46 (SD 7.7) 12 (SD 11.5) 3.2 28.6

Intermediate discs and
facet joints were preserved
after growth modulation

with VBT surgery.

IQR—interquartile range, N/A—not available, and SD—standard deviation.
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4.1. Curve Correction after AVBT in Thoracic Curves

In the included studies, the mean preoperative main thoracic curve was 49 degrees,
which corrected to 24 degrees in first postoperative imaging. VBT provided sustainable
median-term results as the reported curves after a minimum of two-year follow-up av-
eraged at 23 degrees. Kyphosis remained unchanged at 23 degrees. Samdani et al. [22]
observed that the lumbar curves underwent spontaneous correction from 25 degrees to
7 degrees in two years. In addition, axial rotation measured by scoliometer improved from
12 degrees to 7 degrees at the latest follow-up in their cohort.

Newton and coworkers recently published a follow-up study of 14 AVBT patients
using biplanar radiographs (EOS) [50]. In their 3D models, seven patients (50%) showed
progressive correction of scoliosis defined as ≥15 degrees scoliosis correction between post-
operative and follow-up radiographs. Coronal vertebral wedging occurred at 0.11◦/month
in the progressive correction compared to 0.02◦/month in the non-progressive group.
Similarly, coronal disc wedging was more pronounced in the progressive than in the non-
progressive group. They concluded that the symmetry of apical vertebrae and the height
of the discs in immature patients with thoracic scoliosis could be restored. Progressive
correction was dependent on the skeletal maturity. According to Takahashi et al. [24], twice
as much correction occurred in the Sanders stage 2 compared to the Sanders stage 3 group.

4.2. Outcomes of Lumbar Curves and Double Curves

Compared to thoracic scoliosis, there are limited studies on the correction of lumbar
and double curves using VBT. A single lumbar tether seems to have a relatively high
cord breakage up to 50% within two years [36,51]. Limited evidence suggests that using
a double tether with double screws can reduce this risk to 16% during the first year [33].
Pehlivanoglu et al. [34] reported the outcomes of 13 patients (11.8 years at the time of
surgery) undergoing both endoscopic tethering of the thoracic curves (mean preoperative
curve of 48 degrees) and mini-open approaches for thoracolumbar and lumbar curves
(mean curve 45 degrees). They observed an initial 64% correction of thoracic and 69% of
lumbar curves with additional growth modulation resulting in 80% and 82% correction at
2 year follow-up, respectively.

4.3. Reported Complications

The reported rate and nature of complications for AVBT appear acceptable. In the
included studies, the complication rate was 18% with pulmonary (pneumothorax, pleural
effusion) and instrumentation-related (tether breakage, overcorrection) being the most
common. Reoperations related to tethering were required in 10% of cases. These included
tether release(s) for overcorrection, replacing and extending tethers for breakage or curve
progression, and chest tube insertions for pulmonary complications. The vast majority
avoided spinal fusion, as only 4.7% of VBT patients required conversion to PSF after
unsuccessful tethering.

However, the published studies on outcomes and complications of AVBT are sparse.
Hence, the reported rate of complications varies considerably between reports and the true
complication rate remains to be established. Furthermore, long-term studies related to
complication and reoperation rates are lacking.

4.4. Comparison between Spinal Fusion and Vertebral Body Tethering

There was only one study comparing traditional fusion and AVBT. Newton et al. [44]
compared the outcomes of AVBT and PSF using pedicle screw instrumentation at a mean
of 3.5 years follow-up. The correction of major thoracic curves was significantly better in
the PSF group (70%) as compared with AVBT (38%). There were nine revisions in the AVBT
group including three conversions into PSF with three more pending. Twelve patients had a
broken tether, but the majority (74%) of the patients in the AVBT cohort had avoided spinal
fusion at the end of follow-up. Operative time was reported to be significantly shorter in
AVBT than PSF while there was no difference in the length of postoperative stay [44].
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Compared to AVBT, posterior spinal fusion is a permanent stage which cannot be
reversed. The risk of revision after PSF remains low and is mainly related to deep surgical
site infection, adding-on phenomenon, and rarely on pseudoarthrosis. The revision risk
after VBT appears acceptable in the light of these comparisons given that PSF with pedicle
screws is doable with small modifications and probably with similar outcomes than in
primary surgery.

4.5. Spinal Mobility after AVBT

Only a handful of studies have investigated spinal mobility after AVBT. Buyuk et al. [39]
investigated the spinal mobility using flexion-extension and side bending radiographs in
32 children after thoracic VBT. These patients maintained both coronal (mean 7 degrees)
and sagittal arc of motion (21 degrees) at one-year follow-up even though especially the
coronal movement was significantly reduced from a preoperative value of 30 degrees. An-
other recent study demonstrated that AVBT in thoracolumbar curves yielded significantly
superior lumbar range of motion and lumbar anterior and lateral flexibility compared to
patients with spinal fusion. In addition, trunk flexor-extensor endurance and trunk motor
strength were better in AVBT than PSF [34].

4.6. Pulmonary Function after AVBT

Baroncini et al. [52] evaluated the pulmonary function after mini-open VBT for AIS.
Fifty-one patients completed pulmonary function testing including total lung capacity
(TLC), forced vital capacity (FVC), and forced expiratory volume in one second (FEV1).
There was a small reduction in FVC from 91% preoperatively to 86% at one-year follow-
up, while TLC and FEV1 remained at the same level. They concluded that the mini-open
approach does not result in a clinically significant reduction in pulmonary function. Further,
Alanay et al. [53] and Samdani et al. [47] have reported significantly improved pulmonary
function after VBT scoliosis correction.

4.7. Health-Related Quality of Life

Newton et al. [44] and Qiu et al. [54] reported similar HRQoL total and domain scores
between AVBT and PSF patients. On the other hand, HRQoL and patient satisfaction were
also significantly better in tethered patients in the study of Pehlivanoglu et al. [34]. Further,
Hegde et al. [30] reported significant improvement in SRS-22 scores from preoperation to
1 year after surgery.

4.8. Cost-Utility Analysis

Only one study was found in the literature concerning costs of two different treat-
ments [55]. It suggested that AVBT may be a cost-effective alternative to fusion. The results
relied on HRQoL benefits over fusion patients.

5. Discussion

The premise of spinal growth modulation is supported by the basic science and
experimental studies, which have shown that asymmetric mechanical compression of
vertebral body centers can slow the growth on the anterior and convex aspect of the spinal
column [15,56–60]. Similarly, clinical experience and publications of the early outcomes
have confirmed the reduction in scoliosis curves over time with growth [19] as also noted
in our systematic review.

As stated above, AVBT produces three-dimensional deformity correction during
surgery which continues based on the Hueter-Volkman principle, producing asymmetrical
growth to vertebras [61]. The same kind of technique can also be used from the posterior
approach (costo-vertebral). However, the anterior technique has been proven to be more
effective in all planes [62] in a finite element model. The anteriorly placed tether developed
coronal correction, reduced axial rotation, and maintained kyphosis. In the same study,
higher initial tensions produced overcorrection to the deformity. In another finite element
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model, tensioning of the cable 100 N vs. 200 N, and placing the screws on the lateral
sides of the vertebral bodies (lateral, anterior, or triangulated) were important factors for
ideal correction. That study demonstrated that a 200 N tightening and an anterior location
provided better correction rates in all three planes [63]. Overall, the AVBT appears to be an
effective technique in these models.

5.1. Advantages

The main advantage of AVBT is allowing correction of the scoliotic deformity without
reverting to spinal fusion, which could be avoided in the majority of patients according
to this review. Initial correction is achieved with implants inserted thoracoscopically or
through (mini-open) thoracotomy. Further correction is gained through the axial growth
modulated by the inserted tether. Ideally, it has the potential to correct all three planes
of deformity: compression of the apex in coronal plane via growth inhibition, correction
of hypokyphosis by anteriorly placed screws and applied compression, and correction of
axial rotation as these modulating forces are applied laterally.

AVBT is also less invasive than PSF. Hence, a more rapid return to normal daily life and
sports can be expected, especially if a minimally invasive technique is applied [64]. Further,
thoracoscopic operation is likely to be associated with minimal respiratory issues as well as
minimal blood loss [65]. Additionally, avoiding spinal fusion provides the advantage of
preserving at least some extent of spinal column mobility.

5.2. Disadvantages

The most common adverse events of AVBT consist of those related to thoracic surgery
in general such as atelectasis and pneumo-, hemo-, and chylothorax, the need to convert
endoscopic to open approach, and post-thoracotomy pain. Other adverse events include
overcorrection, screw pull-out, and broken tether; all of which may require reoperation.
Additionally, there are few published reports on the clinical outcomes of AVBT, and long-
term outcomes remain elusive. Currently, only a small number of teams have published
their data and the results remain to be substantiated by third parties. According to our
systematic analysis, the rate of these adverse outcomes was 18%.

Theoretical disadvantages include concerns on the long-term sustainability of the
results. Currently, we are unable to predict the fate of the tethered intervertebral discs and
the effects of AVBT on the development and growth of the spinal canal.

Contrary to spinal fusion and brace treatment, we do not yet know the long-term
outcomes of AVBT. Pekmezci et al. [66] observed a reduction in the enlargement of the
spinal canal by growth on a porcine model of anterior fusion. Even though this was not
demonstrated in a tethering model, there is a chance that patients may end up with stiff
degenerated thoracic spines associated with spinal stenosis in these segments after AVBT.
Recently, Hoernschemeyer et al. [67] reassuringly reported that AVBT did not produce
degenerative changes in the intervertebral discs or facet joint during two-year follow-up.

5.3. Limitations

There were no randomized controlled clinical trials or even prospective follow-up
studies comparing the outcomes of AVBT and segmental pedicle screw instrumentation.
Thus, we are currently lacking evidence-based recommendations on which to treat patients
with instrumented spinal fusion and to use AVBT. Furthermore, long-term outcomes of
AVBT are currently lacking.

6. Conclusions

Treatment of deformities in growing children is complex. Until recently, the surgical
treatment has led into spinal fusion surgery. As a relatively novel technique, vertebral body
tethering allows correction of the scoliotic deformity while preserving motion especially in
patients with moderate curvature. The majority of these patients seemed to avoid posterior
spinal fusion with a major curve less than 35 degrees, when followed-up to skeletal maturity.
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However, some of these patients required replacement of a broken tether, and overall risk
of revision surgery appears to be around 15%. Additionally, long-term studies are required
to clarify curve characteristics, rate of complications, and their prevention.

Author Contributions: Conceptualization, all authors; methodology, all authors.; formal analysis,
A.R. data curation, A.R. and J.S.; writing—original draft preparation, all authors; writing—review
and editing, all authors; supervision, I.H. All authors have read and agreed to the published version
of the manuscript.

Funding: The authors declare research grants from Clinical Research Institute HUCH and Helsinki
and Turku University Hospitals (Finnish State Funding). Raitio reports research grants from Paulo
Foundation and Helenius reports institutional funding from the Finnish Paediatric Research Foun-
dation, Finska Läkaresällskapet, Medtronic International, Stryker, and Nuvasive. This study was
funded by Medtronic International (grant number ERP-2020-12238), Stryker (Clinical Research insti-
tute HUCH, project number 20631). Open access funding provided by University of Helsinki.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Weinstein, L.S.; Zavala, D.C.; Ponseti, I.V. Idiopathic scoliosis: Long-term follow-up and prognosis in untreated patients. J. Bone

Jt. Surg. Am. 1981, 63, 702–712. [CrossRef]
2. Newton, O.P.; Faro, F.D.; Gollogly, S.; Betz, R.R.; Lenke, L.G.; Lowe, T.G. Results of preoperative pulmonary function testing of

adolescents with idiopathic scoliosis. A study of six hundred and thirty-one patients. J. Bone Jt. Surg. Am. 2005, 87, 1937–1946.
[CrossRef] [PubMed]

3. Akbarnia, B.A. Management themes in early onset scoliosis. J. Bone Jt. Surg. Am. 2007, 89, 42–54. [CrossRef]
4. Suk, I.S.; Lee, S.M.; Chung, E.R.; Kim, J.H.; Kim, S.S. Selective thoracic fusion with segmental pedicle screw fixation in the

treatment of thoracic idiopathic scoliosis: More than 5-year follow-up. Spine 2005, 30, 1602–1609. [CrossRef] [PubMed]
5. Karol, A.L.; Johnston, C.; Mladenov, K.; Schochet, P.; Walters, P.; Browne, R.H. Pulmonary function following early thoracic fusion

in non-neuromuscular scoliosis. J. Bone Jt. Surg. Am. 2008, 90, 1272–1281. [CrossRef] [PubMed]
6. Karol, L.A. Early definitive spinal fusion in young children: What we have learned. Clin. Orthop. Relat. Res. 2011, 469, 1323–1329.

[CrossRef]
7. Sponseller, D.P.; Jain, A.; Newton, P.O.; Lonner, B.S.; Shah, S.A.; Shufflebarger, H.; Bastrom, T.P.; Marks, M.C.; Betz, R.R.

Posterior Spinal Fusion With Pedicle Screws in Patients With Idiopathic Scoliosis and Open Triradiate Cartilage: Does Deformity
Progression Occur? J. Pediatr. Orthop. 2016, 36, 95–700. [CrossRef]

8. Oksanen, H.; Lastikka, M.; Helenius, L.; Pajulo, O.; Helenius, I. Posterior Spinal Fusion Extended to Stable Vertebra Provides
Similar Outcome in Juvenile Idiopathic Scoliosis Patients Compared with Adolescents with Fusion to the Touched Vertebra.
Scand. J. Surg. 2019, 108, 83–89. [CrossRef]

9. Spencer, T.H.; Gold, M.E.; Karlin, L.I.; Hedequist, D.J.; Hresko, M.T. Gain in spinal height from surgical correction of idiopathic
scoliosis. J. Bone Jt. Surg. Am. 2014, 96, 59–65. [CrossRef]

10. Helenius, I.; Remes, V.; Yrjonen, T.; Ylikoski, M.; Schlenzka, D.; Helenius, M.; Poussa, M. Harrington and Cotrel-Dubousset
instrumentation in adolescent idiopathic scoliosis. Long-term functional and radiographic outcomes. J. Bone Jt. Surg. Am. 2003,
85, 2303–2309. [CrossRef]

11. Helenius, L.; Diarbakerli, E.; Grauers, A.; Lastikka, M.; Oksanen, H.; Pajulo, O.; Löyttyniemi, E.; Manner, T.; Gerdhem, P.;
Helenius, I. Back Pain and Quality of Life After Surgical Treatment for Adolescent Idiopathic Scoliosis at 5-Year Follow-up:
Comparison with Healthy Controls and Patients with Untreated Idiopathic Scoliosis. J. Bone Jt. Surg. Am. 2019, 101, 1460–1466.
[CrossRef] [PubMed]

12. Marks, C.M.; Bastrom, T.P.; Petcharaporn, M.; Shah, S.A.; Betz, R.R.; Samdani, A.; Lonner, B.; Miyanji, F.; Newton, P.O. The Effect
of Time and Fusion Length on Motion of the Unfused Lumbar Segments in Adolescent Idiopathic Scoliosis. Spine Deform. 2015, 3,
549–553. [CrossRef] [PubMed]

13. Parsch, D.; Gaertner, V.; Brocai, D.R.; Carstens, C. The effect of spinal fusion on the long-term outcome of idiopathic scoliosis. A
case-control study. J. Bone Jt. Surg. Br. 2001, 83, 1133–1136. [CrossRef]

14. Roaf, R. Vertebral growth and its mechanical control. J. Bone Jt. Surg. Br. 1960, 42, 40–59. [CrossRef] [PubMed]
15. Newton, O.P.; Upasani, V.V.; Farnsworth, C.L.; Oka, R.; Chambers, R.C.; Dwek, J.; Kim, J.R.; Perry, A.; Mahar, A.T. Spinal growth

modulation with use of a tether in an immature porcine model. J. Bone Jt. Surg. Am. 2008, 90, 2695–2706. [CrossRef]
16. Roaf, R. The Treatment of Progressive Scoliosis by Unilateral Growth-Arrest. J. Bone Jt. Surg. Br. 1963, 45, 637–651. [CrossRef]
17. Bouchard, M. Guided Growth: Novel Applications in the Hip, Knee, and Ankle. J. Pediatr. Orthop. 2017, 37, S32–S36. [CrossRef]
18. Betz, R.R.; Ranade, A.; Samdani, A.F.; Chafetz, R.; D’Andrea, L.P.; Gaughan, J.P.; Asghar, J.; Grewal, H.; Mulcahey, M.J. Vertebral

body stapling: A fusionless treatment option for a growing child with moderate idiopathic scoliosis. Spine 2010, 35, 169–176.
[CrossRef]

19. Newton, P.O. Spinal growth tethering: Indications and limits. Ann. Transl. Med. 2020, 8, 27. [CrossRef]

http://doi.org/10.2106/00004623-198163050-00003
http://doi.org/10.2106/JBJS.D.02209
http://www.ncbi.nlm.nih.gov/pubmed/16140807
http://doi.org/10.2106/JBJS.F.01256
http://doi.org/10.1097/01.brs.0000169452.50705.61
http://www.ncbi.nlm.nih.gov/pubmed/16025028
http://doi.org/10.2106/JBJS.G.00184
http://www.ncbi.nlm.nih.gov/pubmed/18519321
http://doi.org/10.1007/s11999-010-1622-z
http://doi.org/10.1097/BPO.0000000000000524
http://doi.org/10.1177/1457496918798193
http://doi.org/10.2106/JBJS.L.01333
http://doi.org/10.2106/00004623-200312000-00006
http://doi.org/10.2106/JBJS.18.01370
http://www.ncbi.nlm.nih.gov/pubmed/31436653
http://doi.org/10.1016/j.jspd.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/27927557
http://doi.org/10.1302/0301-620X.83B8.0831133
http://doi.org/10.1302/0301-620X.42B1.40
http://www.ncbi.nlm.nih.gov/pubmed/13854527
http://doi.org/10.2106/JBJS.G.01424
http://doi.org/10.1302/0301-620X.45B4.637
http://doi.org/10.1097/BPO.0000000000001022
http://doi.org/10.1097/BRS.0b013e3181c6dff5
http://doi.org/10.21037/atm.2019.12.159


J. Clin. Med. 2022, 11, 2576 11 of 13

20. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Group, P. Preferred reporting items for systematic reviews and meta-analyses:
The PRISMA statement. BMJ 2009, 339, b2535. [CrossRef]

21. Crawford, H.C., 3rd; Lenke, L.G. Growth modulation by means of anterior tethering resulting in progressive correction of juvenile
idiopathic scoliosis: A case report. J. Bone Jt. Surg. Am. 2010, 92, 202–209. [CrossRef] [PubMed]

22. Samdani, F.A.; Ames, R.J.; Kimball, J.S.; Pahys, J.M.; Grewal, H.; Pelletier, G.J.; Betz, R.R. Anterior vertebral body tethering for
idiopathic scoliosis: Two-year results. Spine 2014, 39, 1688–1693. [CrossRef] [PubMed]

23. Newton, O.P.; Kluck, D.G.; Saito, W.; Yaszay, B.; Bartley, C.E.; Bastrom, T.P. Anterior Spinal Growth Tethering for Skeletally
Immature Patients with Scoliosis: A Retrospective Look Two to Four Years Postoperatively. J. Bone Jt. Surg. Am. 2018, 100,
1691–1697. [CrossRef] [PubMed]

24. Takahashi, Y.; Saito, W.; Yaszay, B.; Bartley, C.E.; Bastrom, T.P.; Newton, P.O. Rate of Scoliosis Correction After Anterior Spinal
Growth Tethering for Idiopathic Scoliosis. J. Bone Jt. Surg. Am. 2021, 103, 1718–1723. [CrossRef] [PubMed]

25. Krakow, R.A.; Magee, L.C.; Cahill, P.J.; Flynn, J.M. Could have tethered: Predicting the proportion of scoliosis patients most
appropriate for thoracic anterior spinal tethering. Spine Deform. 2021, 9, 1005–1012. [CrossRef]

26. Sanders, O.J.; Khoury, J.G.; Kishan, S.; Browne, R.H.; Mooney, J.F., 3rd; Arnold, K.D.; McConnell, S.J.; Bauman, J.A.; Finegold, D.N.
Predicting scoliosis progression from skeletal maturity: A simplified classification during adolescence. J. Bone Jt. Surg. Am. 2008,
90, 540–553. [CrossRef]

27. Miyanji, F.; Pawelek, J.; Nasto, L.A.; Rushton, P.; Simmonds, A.; Parent, S. Safety and efficacy of anterior vertebral body tethering
in the treatment of idiopathic scoliosis. Bone Jt. J. 2020, 102, 1703–1708. [CrossRef]

28. Alanay, A.; Yucekul, A.; Abul, K.; Ergene, G.; Senay, S.; Ay, B.; Cebeci, B.O.; Dikmen, P.Y.; Zulemyan, T.; Yavuz, Y.; et al.
Thoracoscopic Vertebral Body Tethering for Adolescent Idiopathic Scoliosis: Follow-up Curve Behavior According to Sanders
Skeletal Maturity Staging. Spine 2020, 45, E1483–E1492. [CrossRef]

29. Mathew, S.; Larson, A.N.; Potter, D.D.; Milbrandt, T.A. Defining the learning curve in CT-guided navigated thoracoscopic
vertebral body tethering. Spine Deform. 2021, 9, 1581–1589. [CrossRef]

30. Hegde, K.S.; Venkatesan, M.; Akbari, K.K.; Badikillaya, V.M. Efficacy of Anterior Vertebral Body Tethering in Skeletally Mature
Children with Adolescent Idiopathic Scoliosis: A Preliminary Report. Int. J. Spine Surg. 2021, 15, 995–1003. [CrossRef]

31. Baroncini, A.; Courvoisier, A.; Berjano, P.; Migliorini, F.; Eschweiler, J.; Kobbe, P.; Hildebrand, F.; Trobisch, P.D. The effects of
vertebral body tethering on sagittal parameters: Evaluations from a 2-years follow-up. Eur. Spine J. 2022, 31, 1060–1066. [CrossRef]
[PubMed]

32. Parent, S.; Shen, J. Anterior Vertebral Body Growth-Modulation Tethering in Idiopathic Scoliosis: Surgical Technique. J. Am. Acad.
Orthop. Surg 2020, 28, 693–699. [CrossRef] [PubMed]

33. Trobisch, D.P.; Baroncini, A. Preliminary outcomes after vertebral body tethering (VBT) for lumbar curves and subanalysis of a 1-
versus 2-tether construct. Eur. Spine J. 2021, 30, 3570–3576. [CrossRef] [PubMed]

34. Pehlivanoglu, T.; Oltulu, I.; Erdag, Y.; Korkmaz, E.; Sarioglu, E.; Ofluoglu, E.; Aydogan, M. Double-sided vertebral body tethering
of double adolescent idiopathic scoliosis curves: Radiographic outcomes of the first 13 patients with 2 years of follow-up. Eur.
Spine J. 2021, 30, 1896–1904. [CrossRef]

35. Abdullah, A.; Parent, S.; Miyanji, F.; Smit, K.; Murphy, J.; Skaggs, D.; Gupta, P.; Vitale, M.; Ouellet, J.; Saran, N.; et al. Spine Study,
Risk of early complication following anterior vertebral body tethering for idiopathic scoliosis. Spine Deform. 2021, 9, 1419–1431.
[CrossRef]

36. Baker, E.C.; Kiebzak, G.M.; Neal, K.M. Anterior vertebral body tethering shows mixed results at 2-year follow-up. Spine Deform.
2021, 9, 481–489. [CrossRef] [PubMed]

37. Bernard, J.; Bishop, T.; Herzog, J.; Haleem, S.; Lupu, C.; Ajayi, B.; Lui, D.F. Dual modality of vertebral body tethering: Anterior
scoliosis correction versus growth modulation with mean follow-up of five years. Bone Jt. Open. 2022, 3, 123–129. [CrossRef]

38. Betz, R.; Bassett, W.P.; Cuddihy, L.; Cerrone, J.; Haas, A.; Antonacci, M.D. Non-fusion anterior scoliosis correction (asc):
Comparison of outcomes in skeletally immature vs. skeletally mature patients with adolescent idiopathic scoliosis. Eur. Spine J.
2019, 28, 2856. [CrossRef]

39. Buyuk, F.A.; Milbrandt, T.A.; Mathew, S.E.; Larson, A.N. Measurable Thoracic Motion Remains at 1 Year Following Anterior
Vertebral Body Tethering, with Sagittal Motion Greater Than Coronal Motion. J. Bone Jt. Surg. Am. 2021, 103, 2299–2305.
[CrossRef]

40. Cebeci, O.B.; Sogunmez, N.; Ergene, G.; Ay, B.; Yilgor, C.; Alanay, A. Non-fusion growth modulation with anterior vertebral body
tethering for adolescent idiopathic scoliosis: A promising minimal invasive alternative to traditional treatment. Eur. Spine J. 2017,
26, S291. [CrossRef]

41. Costanzo, S.; Pansini, A.; Colombo, L.; Caretti, V.; Popovic, P.; Lanfranchi, G.; Camporesi, A.; Pelizzo, G. Video-Assisted Thora-
coscopy for Vertebral Body Tethering of Juvenile and Adolescent Idiopathic Scoliosis: Tips and Tricks of Surgical Multidisciplinary
Management. Children 2022, 9, 74. [CrossRef] [PubMed]

42. Mackey, C.; Hanstein, R.; Lo, Y.; Vaughan, M.; Hilaire, T.S.; Luhmann, S.J.; Vitale, M.G.; Glotzbecker, M.P.; Samdani, A.;
Parent, S.; et al. Magnetically Controlled Growing Rods (MCGR) Versus Single Posterior Spinal Fusion (PSF) Versus Vertebral
Body Tether (VBT) in Older Early Onset Scoliosis (EOS) Patients: How Do Early Outcomes Compare? Spine 2022, 47, 295–302.
[CrossRef] [PubMed]

43. Mladenov, K.; Stucker, R. Anterior Vertebral Body Tethering (VBT) for Idiopathic Scoliosis. Eur. Spine J. 2021, 30, 3349. [CrossRef]

http://doi.org/10.1136/bmj.b2535
http://doi.org/10.2106/JBJS.H.01728
http://www.ncbi.nlm.nih.gov/pubmed/20048114
http://doi.org/10.1097/BRS.0000000000000472
http://www.ncbi.nlm.nih.gov/pubmed/24921854
http://doi.org/10.2106/JBJS.18.00287
http://www.ncbi.nlm.nih.gov/pubmed/30277999
http://doi.org/10.2106/JBJS.20.02071
http://www.ncbi.nlm.nih.gov/pubmed/34288633
http://doi.org/10.1007/s43390-021-00296-5
http://doi.org/10.2106/JBJS.G.00004
http://doi.org/10.1302/0301-620X.102B12.BJJ-2020-0426.R1
http://doi.org/10.1097/BRS.0000000000003643
http://doi.org/10.1007/s43390-021-00364-w
http://doi.org/10.14444/8122
http://doi.org/10.1007/s00586-021-07076-9
http://www.ncbi.nlm.nih.gov/pubmed/34910244
http://doi.org/10.5435/JAAOS-D-19-00849
http://www.ncbi.nlm.nih.gov/pubmed/32618681
http://doi.org/10.1007/s00586-021-07009-6
http://www.ncbi.nlm.nih.gov/pubmed/34591175
http://doi.org/10.1007/s00586-021-06745-z
http://doi.org/10.1007/s43390-021-00326-2
http://doi.org/10.1007/s43390-020-00226-x
http://www.ncbi.nlm.nih.gov/pubmed/33113121
http://doi.org/10.1302/2633-1462.32.BJO-2021-0120.R1
http://doi.org/10.1007/s00586-019-06103-0
http://doi.org/10.2106/JBJS.20.01533
http://doi.org/10.1007/s00586-017-5224-2
http://doi.org/10.3390/children9010074
http://www.ncbi.nlm.nih.gov/pubmed/35053697
http://doi.org/10.1097/BRS.0000000000004245
http://www.ncbi.nlm.nih.gov/pubmed/34610613
http://doi.org/10.1007/s00586-021-07017-6


J. Clin. Med. 2022, 11, 2576 12 of 13

44. Newton, O.P.; Bartley, C.E.; Bastrom, T.P.; Kluck, D.G.; Saito, W.; Yaszay, B. Anterior Spinal Growth Modulation in Skeletally
Immature Patients with Idiopathic Scoliosis: A Comparison with Posterior Spinal Fusion at 2 to 5 Years Postoperatively. J. Bone Jt.
Surg. Am. 2020, 102, 769–777. [CrossRef] [PubMed]

45. Pehlivanoglu, T.; Oltulu, I.; Ofluoglu, E.; Sarioglu, E.; Altun, G.; Korkmaz, M.; Yildirim, K.; Aydogan, M. Thoracoscopic Vertebral
Body Tethering for Adolescent Idiopathic Scoliosis: A Minimum of 2 Years’ Results of 21 Patients. J. Pediatr. Orthop. 2020, 40,
575–580. [CrossRef]

46. Rushton, P.P.R.; Nasto, L.; Parent, S.; Turgeon, I.; Aldebeyan, S.; Miyanji, F. Anterior Vertebral Body Tethering for Treatment of
Idiopathic Scoliosis in the Skeletally Immature: Results of 112 Cases. Spine 2021, 46, 1461–1467. [CrossRef]

47. Samdani, F.A.; Pahys, J.M.; Ames, R.J.; Grewal, H.; Pelletier, G.J.; Hwang, S.W.; Betz, R.R. Prospective Follow-up Report on
Anterior Vertebral Body Tethering for Idiopathic Scoliosis: Interim Results from an FDA IDE Study. J. Bone Jt. Surg. Am. 2021, 103,
1611–1619. [CrossRef]

48. Wong, K.H.; Ruiz, J.N.M.; Newton, P.O.; Liu, K.P.G. Non-Fusion Surgical Correction of Thoracic Idiopathic Scoliosis Using a
Novel, Braided Vertebral Body Tethering Device: Minimum Follow-up of 4 Years. JB JS Open Access 2019, 4, e0026. [CrossRef]

49. Yucekul, A.; Akpunarli, B.; Durbas, A.; Zulemyan, T.; Havlucu, I.; Ergene, G.; Senay, S.; Dikmen, P.Y.; Balci, S.T.;
Karaarslan, E.; et al. Does vertebral body tethering cause disc and facet joint degeneration? A preliminary MRI study
with minimum two years follow-up. Spine J. 2021, 21, 1793–1801. [CrossRef]

50. Newton, O.P.; Takahashi, Y.; Yang, Y.; Yaszay, B.; Bartley, C.E.; Bastrom, T.P.; Munar, C. Anterior vertebral body tethering for
thoracic idiopathic scoliosis leads to asymmetric growth of the periapical vertebrae. Spine Deform. 2022, 10, 553–561. [CrossRef]

51. Yucekul, A.; Karaman, I.; Zulemyan, T.; Ergene, G.; Senay, S.; Balci, S.; Yavuz, Y.; Yilgor, C.; Alanay, A. Thoracoscopic and Mini-
open Lumbotomy Vertebral Body Tethering for Thoracolumbar/Lumbar Curves: Two to Three Years Follow-up. In Proceedings
of the 28th International Meeting on Advanced Spine Techniques, Virtual Meeting, 23–25 April 2021.

52. Baroncini, A.; Trobisch, P.; Blau, C.; Golias, C.; Kobbe, P.; Eschweiler, J.; Tingart, M.; Migliorini, F. Analysis of the pulmonary
function in patients undergoing vertebral body tethering for adolescent idiopathic scoliosis. Eur. Spine J. 2022, 31, 1022–1027.
[CrossRef] [PubMed]

53. Alanay, A.; Yucekul, A.; Abul, K.; Karaman, I.; Durbas, A.; Zulemyan, T.; Ergene, G.; Senay, S.; Balci, S.T.; Dikmen, P.Y.; et al. Two
to five years follow up results after thoracoscopic VBT: A single surgeon’s experience. Spine J. 2021, 21, S86–S87. [CrossRef]

54. Qiu, C.; Talwar, D.; Gordon, J.; Capraro, A.; Lott, C.; Cahill, P.J. Patient-Reported Outcomes Are Equivalent in Patients Who
Receive Vertebral Body Tethering Versus Posterior Spinal Fusion in Adolescent Idiopathic Scoliosis. Orthopedics 2021, 44, 24–28.
[CrossRef] [PubMed]

55. Polly, W.D.; Larson, A.N.; Samdani, A.F.; Rawlinson, W.; Brechka, H.; Porteous, A.; Marsh, W.; Ditto, R. Cost-Utility Analysis of
Anterior Vertebral Body Tethering versus Spinal Fusion in Idiopathic Scoliosis from a US Integrated Healthcare Delivery System
Perspective. Clin. Outcomes Res. 2021, 13, 175–190. [CrossRef]

56. Newton, O.P.; Farnsworth, C.L.; Faro, F.D.; Mahar, A.T.; Odell, T.R.; Mohamad, F.; Breisch, E.; Fricka, K.; Upasani, V.V.; Amiel, D.
Spinal growth modulation with an anterolateral flexible tether in an immature bovine model: Disc health and motion preservation.
Spine 2008, 33, 724–733. [CrossRef]

57. Newton, O.P.; Fricka, K.B.; Lee, S.S.; Farnsworth, C.L.; Cox, T.G.; Mahar, A.T. Asymmetrical flexible tethering of spine growth in
an immature bovine model. Spine 2002, 27, 689–693. [CrossRef]

58. Braun, T.J.; Ogilvie, J.W.; Akyuz, E.; Brodke, D.S.; Bachus, K.N. Fusionless scoliosis correction using a shape memory alloy staple
in the anterior thoracic spine of the immature goat. Spine 2004, 29, 1980–1989. [CrossRef]

59. Moal, B.; Schwab, F.; Demakakos, J.; Lafage, R.; Riviere, P.; Patel, A.; Lafage, V. The impact of a corrective tether on a scoliosis
porcine model: A detailed 3D analysis with a 20 weeks follow-up. Eur. Spine J. 2013, 22, 1800–1809. [CrossRef]

60. Newton, O.P.; Faro, F.D.; Farnsworth, C.L.; Shapiro, G.S.; Mohamad, F.; Parent, S.; Fricka, K. Multilevel spinal growth modulation
with an anterolateral flexible tether in an immature bovine model. Spine 2005, 30, 2608–2613. [CrossRef]

61. Jain, V.; Lykissas, M.; Trobisch, P.; Wall, E.J.; Newton, P.O.; Sturm, P.F.; Cahill, P.J.; Bylski-Austrow, D.I. Surgical aspects of spinal
growth modulation in scoliosis correction. Instr. Course Lect. 2014, 63, 335–344.

62. Aubin, E.C.; Clin, J.; Rawlinson, J. Biomechanical simulations of costo-vertebral and anterior vertebral body tethers for the
fusionless treatment of pediatric scoliosis. J. Orthop. Res. 2018, 36, 254–264. [CrossRef] [PubMed]

63. Cobetto, N.; Parent, S.; Aubin, C.E. 3D correction over 2years with anterior vertebral body growth modulation: A finite element
analysis of screw positioning, cable tensioning and postoperative functional activities. Clin. Biomech. 2018, 51, 26–33. [CrossRef]
[PubMed]

64. Baroncini, A.; Trobisch, P.D.; Berrer, A.; Kobbe, P.; Tingart, M.; Eschweiler, J.; da Paz, S.; Migliorini, F. Return to sport and daily
life activities after vertebral body tethering for AIS: Analysis of the sport activity questionnaire. Eur. Spine J. 2021, 30, 1998–2006.
[CrossRef] [PubMed]

65. Samdani, F.A.; Ames, R.J.; Kimball, J.S.; Pahys, J.M.; Grewal, H.; Pelletier, G.J.; Betz, R.R. Anterior vertebral body tethering for
immature adolescent idiopathic scoliosis: One-year results on the first 32 patients. Eur. Spine J. 2015, 24, 1533–1539. [CrossRef]
[PubMed]

http://doi.org/10.2106/JBJS.19.01176
http://www.ncbi.nlm.nih.gov/pubmed/32379117
http://doi.org/10.1097/BPO.0000000000001590
http://doi.org/10.1097/BRS.0000000000004061
http://doi.org/10.2106/JBJS.20.01503
http://doi.org/10.2106/JBJS.OA.19.00026
http://doi.org/10.1016/j.spinee.2021.05.020
http://doi.org/10.1007/s43390-021-00464-7
http://doi.org/10.1007/s00586-021-07029-2
http://www.ncbi.nlm.nih.gov/pubmed/34677678
http://doi.org/10.1016/j.spinee.2021.05.201
http://doi.org/10.3928/01477447-20201119-02
http://www.ncbi.nlm.nih.gov/pubmed/33238017
http://doi.org/10.2147/CEOR.S289459
http://doi.org/10.1097/BRS.0b013e31816950a0
http://doi.org/10.1097/00007632-200204010-00004
http://doi.org/10.1097/01.brs.0000138278.41431.72
http://doi.org/10.1007/s00586-013-2743-3
http://doi.org/10.1097/01.brs.0000188267.66847.bf
http://doi.org/10.1002/jor.23648
http://www.ncbi.nlm.nih.gov/pubmed/28685857
http://doi.org/10.1016/j.clinbiomech.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29169117
http://doi.org/10.1007/s00586-021-06768-6
http://www.ncbi.nlm.nih.gov/pubmed/33638722
http://doi.org/10.1007/s00586-014-3706-z
http://www.ncbi.nlm.nih.gov/pubmed/25510515


J. Clin. Med. 2022, 11, 2576 13 of 13

66. Pekmezci, M.; Yilmaz, G.; Daglioglu, K.; Gulsen, M.; Alanay, A.; Acaroglu, E.; Yazici, M. The effect of anterior spinal fusion on
spinal canal development in an immature porcine model. Spine 2009, 34, E501–E506. [CrossRef]

67. Hoernschemeyer, G.D.; Boeyer, M.E.; Tweedy, N.M.; Worley, J.R.; Crim, J.R. A preliminary assessment of intervertebral disc health
and pathoanatomy changes observed two years following anterior vertebral body tethering. Eur. Spine J. 2021, 30, 3442–3449.
[CrossRef]

http://doi.org/10.1097/BRS.0b013e3181a958fa
http://doi.org/10.1007/s00586-021-06972-4

	Introduction 
	Methods 
	Identification and Selection of Studies 
	Inclusion and Exclusion Criteria 
	Data Extraction and Analysis 
	Statistical Analysis 

	Anterior Vertebral Body Tethering 
	Indications for Main Thoracic Curves 
	Timing of the Procedure 
	Technical Considerations for Vertebral Body Tethering 
	Indications for Thoracolumbar and Lumbar Curves 

	Results 
	Curve Correction after AVBT in Thoracic Curves 
	Outcomes of Lumbar Curves and Double Curves 
	Reported Complications 
	Comparison between Spinal Fusion and Vertebral Body Tethering 
	Spinal Mobility after AVBT 
	Pulmonary Function after AVBT 
	Health-Related Quality of Life 
	Cost-Utility Analysis 

	Discussion 
	Advantages 
	Disadvantages 
	Limitations 

	Conclusions 
	References

