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Abstract

Purpose This study aimed to determine (1) does vertebral body tethering (VBT) produce differential growth modulation
in individual vertebrae in patients with idiopathic scoliosis, (2) does VBT change disc shape, and (3) does VBT affect total
spine length?

Methods Patients with idiopathic scoliosis treated with VBT of the main thoracic curve and minimum 2-year follow-up
were included. Vertebrae and discs were categorized as uninstrumented proximal thoracic, instrumented main thoracic,
or uninstrumented thoracolumbar—lumbar. The left- and right-sided heights of each vertebra and disc were measured on
subsequent radiographs to assess for differential growth. T1-T12 thoracic and T1-S1 thoracolumbar growth velocities were
compared with standardized reference data.

Results Fifty-one patients (764 vertebrae and 807 discs) were analyzed. The average major curve magnitude improved from
46°+11°to 17°+11° at 2-year follow-up. Differential growth was observed in MT vertebrae, in which the left/concave side
grew 2.0+2.2 mm compared with 1.5+ 2.3 mm on the right/convex (tethered) side (p < 0.001). Differential height changes
were observed for all discs, but were most pronounced in instrumented MT discs, in which the right/convex sides decreased
by an average of 1.2 mm each, compared with no significant height change on the left/concave side. Total spinal growth
velocities were not significantly different from standard reference data.

Conclusion Vertebral body tethering limits convex spinal growth as designed while permitting concave growth. Curve cor-
rection results from differential vertebral growth and decreased convex disc height. Overall spinal growth continues at the
expected rate.

Level of evidence Level IV case series.

Keywords Anterior vertebral body tethering (AVBT) - Growth modulation - Adolescent idiopathic scoliosis (AIS) -
Differential growth

Introduction
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Animal studies [1-3] and a case study [4] show proof of this
concept. Clinical studies focus on early and mid-term out-
comes, curve correction, and complication rates for patients
*  Mount Sinai Hospital, New York, NY, USA treated with VBT [5-14]. These studies demonstrate that
6 Rady Children’s Hospital, San Diego, CA, USA curve correction can occur; however, the effects of VBT on
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longitudinal growth of the spine, disc height changes, and
whether differential growth of individual vertebrae occurs
have not been reported. It is unclear whether the curve mag-
nitude improvement in successful VBT cases occurs through
differential vertebral growth, changes in convex- and/or con-
cave-sided disc height, or both. In this study, we sought to
answer the following research questions using multi-center
retrospective data collected from patients with minimum
2-year follow-up: (1) does VBT produce differential growth
modulation in individual vertebrae, (2) does VBT change
disc shape, and (3) does VBT affect total spine length?

Methods

Patients with idiopathic scoliosis treated with thoracic VBT
between April 2014 and October 2018 with minimum 2-year
follow-up were identified from a retrospective multi-center
database. This retrospective chart review study involving
human participants was in accordance with the ethical stand-
ards of the institutional and national research committee and
with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards. The Human Investigation
Committee (IRB) of our institution approved this study.
Demographic data included sex and age at surgery. Radio-
graphs from preoperative and postoperative visits (first erect,
1 year, and 2 years) were reviewed. The first erect visits were
typically 4-6 weeks postoperatively. The Sanders stage [15]
was noted preoperatively.

The major curve magnitude of the instrumented curve
was measured preoperatively and at the 2-year postoperative
visit. We only included Lenke 1 patients whose main tho-
racic curves (defined as those with a thoracic apical vertebra
or disc) were tethered, and excluded those who underwent

5.65%mm

tethering of a lumbar curve (apical vertebra or disc in the
lumbar spine). To accurately assess the effect of VBT on
growing thoracic vertebrae, patients with treatment failure
(defined as final 2-year curve magnitude greater than 35°),
tether breakage (defined as a greater than 5° increase in the
angulation between an adjacent pair of screws on successive
radiographs) [9], tethered curves other than a main thoracic
curve (defined as those with a thoracic apical vertebra or
disc), or preoperative Sanders score greater than 4 were
excluded due to limited growth potential in the spine after
this stage.

The upper instrumented vertebra and lower instrumented
vertebra for each patient were noted. Individual vertebrae
and discs were classified by location as follows: instru-
mented main thoracic (MT), uninstrumented proximal
thoracic (PT), and uninstrumented thoracolumbar—lum-
bar (ThL-L). The upper instrumented vertebra and lower
instrumented vertebra of each patient were excluded from
analysis. We believed these vertebrae would behave variably
between an instrumented and an uninstrumented vertebra,
because only one of the two growth plates of the vertebra
were subject to the tether’s compressive forces. On pre-
and postoperative radiographs, the individual right- and
left-sided heights of each vertebra and disc were measured
(Fig. 1), as well as the linear height of the thoracic spine
and entire thoracolumbar spine. The right- and left-sided
vertebral height measurements were made on the right and
left aspect of each vertebral body, between a line that traces
the upper endplate and a line that traces the lower endplate.
Disc height measurements were made in a similar fashion
on the right and left lateral edges of the disc. For conceptual
consistency, in the few patients with left thoracic curves,
left-sided measurements were recorded as right and vice
versa. Thoracic linear height was measured as a straight

15.98*mm """~

Fig. 1 Representative example of methodology for measuring a left and right intervertebral disc heights, and b left and right vertebral heights
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line from the midpoint of the superior endplate of T1 to the
midpoint of the inferior endplate of T12. The thoracolum-
bar linear height was measured as a straight line from the
midpoint of the superior endplate of T1 to the midpoint of
the superior endplate of S1. Measurements were performed
by four trained observers and verified for accuracy by the
first author.

To determine if a change of individual segment shape
occurred, the mean right- and left-sided height of each verte-
bra and disc within a given region of the spine (i.e., PT, MT,
ThL-L) were compared between the various timepoints. To
account for vertebral growth between the time that preop-
erative radiographs were taken before surgery, first erect,
1-year, and 2-year follow-up radiographs were compared to
analyze vertebral growth. In this way, only growth under
the influence of the tether forces was considered. For discs,
based on the assumption that disc growth is no longer occur-
ring [16] and height changes were due to the distribution of
disc volume based on mechanical loads, preoperative and
2-year follow-up radiographs were compared. In this way,
the change in right- and left-sided disc heights in response to
the forces enacted by the tether could be calculated. Then, to
determine if differential growth occurred, for each vertebral
and disc category, the mean change in height on the left side
was compared with the mean change in height on the right to
see if there were significant differences in side-to-side height
change. This analysis was also performed for instrumented
vertebrae in patients split by Sanders stage to observe dif-
ferential growth based on preoperative skeletal maturity.

To determine whether VBT affects total spine growth,
growth velocities over the 2-year study were calculated for
both the thoracic spine and the thoracolumbar spine using
T1-T12 heights and T1-S1 heights, respectively, and com-
pared with expected values. Expected growth velocities were
calculated for each patient using Dimeglio’s standardized
growth curve charts based on age and sex [17].

Statistical analysis was performed using IBM SPSS Sta-
tistics, version 27 (Armonk, NY). Paired sample ¢ tests were
used to compare vertebrae and disc heights, as well as the

comparison between measured spine heights and expected
spine heights. Significance was set at an « level of 0.01.

Results

Seventy-five patients were identified from our records as
having been treated with VBT. Twenty-four were excluded
(five for missing Sanders stage data, five for Sanders stage
of 5 or greater, 10 for treatment failure, and four for curves
other than a main thoracic curve tethered), leaving 51
patients who met the inclusion criteria (41 female, 10 male).
The mean age at the time of surgery was 12.3 years (range,
10-15 years). Preoperatively, nine patients (18%) were Sand-
ers 2,26 (51%) were Sanders 3, and 16 (31%) were Sanders
4. The average major curve magnitude was 46° +11° pre-
operatively, which decreased to 17°+11° at 2-year follow-
up. Overall, 764 vertebrae and 807 intervertebral discs were
included in the analysis. There were 234 uninstrumented
PT, 279 instrumented MT, and 251 uninstrumented ThL-L
vertebrae. There were 226 uninstrumented PT, 326 instru-
mented MT, and 255 uninstrumented ThL-L discs.

Left- and right-sided growth/height change
of individual segments

The mean heights of vertebrae from all three regions of
the spine increased significantly on both the left and right
sides when comparing 2-year follow-up radiographs with
first erect, indicating that vertebral body growth occurred
during the study period, even in the tethered MT vertebrae
(Table 1). For discs, significant decreases in height during
the study were observed on the convex side of each curve,
i.e., left PT curve discs, right MT curve discs, and left
ThL-L discs (Table 2). No significant concave-sided disc
height changes were observed.

Differential growth of individual segments.

For vertebrae, differential growth was only observed
in instrumented main thoracic vertebrae with the left

Table 1 Mean right- and left-

: . Isterect 2 years Total change
sided vertebral heights
Proximal thoracic curve mean vertebral heights (mm)
Right 145+25 159+3.0 13+2.0%
Left 152426 163+29 1.1+2.5*%
Main thoracic (instrumented) curve mean vertebral heights (mm)
Right 19.0+2.8 204+2.6 1.5+2.3%
Left 17.5+2.8 19.6+3.1 2.0+2.2%
Thoracolumbar—lumbar curve mean vertebral heights (mm)
Right 23.1+35 256+33 2.5+3.0%
Left 234437 260+35 2.6+3.3%

*The height change is significant (p <0.01); values listed in mean + standard deviation
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Table 2 Mean right- and left-

¢ . " Preoperative 2 years Total change
sided disc heights
Proximal thoracic curve mean disc heights (mm)
Right 4.0+1.1 3 4  —-01%16
Left 4+1.1 +1.5 -03+1.7%
Main thoracic (instrumented) curve mean disc heights (mm)
Right 5 43+14 —12+19%
Left + 44+1.7 -0.1+1.6
Thoracolumbar—lumbar curve mean disc heights (mm)
Right 7.0+2.1 71+2.5 0.1+24
Left 83+2.4 7.6+£24  —0.7+£2.6%
*The height change is significant (p <0.01); values listed in mean + standard deviation
: - ZZ *p=.006 *p<.001 *p<.001

Growth (mm)
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Fig.2 Mean vertebral growth over the 2-year study period for each
vertebra category. The difference between left- and right-sided
growth was only significant in MT vertebrae. *Reached statistical
significance, MT main thoracic, NS not significant, PT proximal tho-
racic, ThL—L thoracolumbar—lumbar

*p=.001 NS
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Fig. 3 Instrumented main thoracic vertebral growth split by preopera-
tive Sanders stage. NS not significant

(concave) side growing on average 0.5 mm more than the
right (convex) tethered side over the 2-year study interval
(2.0+2.2 mm compared with 1.5 +2.3 mm, respectively)
(Fig. 2). Figure 3 shows the differential growth of instru-
mented MT vertebrae split by preoperative Sanders stage.
In all subgroups, growth on the left (concave) side was
greater than that on the right (convex) side. Only differ-
ential growth for vertebrae in the Sanders 3 patients met
statistical significance.

@ Springer
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Fig.4 Mean intervertebral disc height changes for each disc category.
Significant differences were seen when comparing the left- and right-
sided height changes for each disc type over the 2-year study period.
*Reached statistical significance, MT main thoracic, PT proximal tho-
racic, ThL—L thoracolumbar—lumbar

Table 3 Mean calculated and expected spinal growth velocities

Calculated growth ~ Expected growth p value
velocity (cm/years)  velocity (cm/years)
[17]
Thoracic 0.84 0.88 0.8
spine (T1-
T12)
Total thora-  1.64 1.32 04
columbar
spine (T1-
S1)

For discs, differential height changes were observed in
all regions. The most significant differential change was
observed in instrumented MT discs, in which the right (con-
vex) side of the discs was decreased by an average of 1.2 mm
each, compared with no significant height change on the left
(concave) side (Fig. 4).

Regional and total spinal growth

Calculated and expected growth velocities for the thoracic
spine and whole thoracolumbar spine are listed in Table 3.
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No significant differences were noted for calculated com-
pared with expected growth velocities, indicating that overall
spinal growth in those treated with VBT is not significantly
different from that of normal (non-scoliotic) age- and sex-
matched controls.

Discussion

Vertebral body tethering is a relatively new treatment option
that theoretically harnesses remaining spine growth in skel-
etally immature scoliosis patients by differential growth
modulation via the Hueter—Volkmann principle. Multiple
case series [5—14] have demonstrated the ability of VBT to
improve curve magnitude, but to our knowledge no study to
date has specifically assessed whether differential growth is
occurring clinically within individual vertebra as demon-
strated in animal models. In the present series, we demon-
strated a statistically significant difference between left and
right vertebral height changes in tethered vertebrae, indi-
cating that differential growth modulation does occur with
concave outpacing convex growth by a factor of roughly 1.3
during the study period (Fig. 2).

We found that growth along the right (convex) side of the
instrumented vertebrae still occurs, as the mean right-sided
MT vertebral height was found to be statistically greater on
2-year follow-up radiographs compared with first erect radi-
ographs (Table 1). Thus, although differential growth occurs
in instrumented vertebrae, growth is not completely arrested
on the tethered side. When the data are split by Sanders
stage (Fig. 3), the overall growth appears to inversely corre-
late with Sanders stage, given that less growth remains with
increasing skeletal maturity. Although mean left-sided verte-
bral body growth was greater than that of right-sided growth
for Sanders 2 and Sanders 4 patients, these differences did
not reach statistical significance in this study. This is likely
because of a loss of power due to low numbers—there were
only nine patients at Sanders 2 and 16 patients at Sanders 4.

Discs in all three regions of the spine exhibited differen-
tial changes in height due to significant decreases on the con-
vex side of each disc (Table 2, Fig. 4). In the uninstrumented
PT and ThL-L curves, disc height decreased on the left,
convex side and was statistically unchanged on the right,
concave side. In the instrumented MT curve, disc height
decreased on the right, convex side by a greater magnitude
than the decreases seen in the convex sides of the unin-
strumented PT and ThL-L curves. The left, concave-side
height of MT discs remained statistically unchanged. Disc
growth is essentially completed prior to age 10 years [16],
and given their viscoelastic properties, changes in height are
expected to be secondary to mechanical forces across the
disc and volumetric shifts. Our data support the predictable
behavior of the intervertebral discs in response to changes

in force distribution and vertebral body shape within the
instrumented MT segment of the spine. During surgery, the
tether compresses the discs on the convex side as the cord
is tensioned, and the initial correction of the curve seen
immediately postoperatively occurs through the changes in
the shape of the discs within the MT curve. Because the
PT and ThL-L curves are minor, compensatory curves, the
spine maintains balance in these uninstrumented segments
by invoking changes in the uninstrumented discs. From dif-
ferential vertebral growth in the instrumented vertebrae and
disc shape changes, the mean major curve magnitude in the
present cohort improved from 46° to 17°.

Finally, to assess whether or not VBT affects total over-
all spinal growth, growth velocities were calculated from
our data and compared with those of age- and sex-matched
controls from Dimeglio’s standardized data set of normal
adolescent spine growth (Table 3) [17]. We found that nei-
ther the total thoracic spine nor the total thoracolumbar spine
growth was significantly influenced by the tether compared
with expected growth velocities.

There are several limitations of this study. First, only
patients with tethered thoracic curves were included. Thus,
it is possible that the findings reported herein are not gen-
eralizable to patients with tethered lumbar curves or with
two tethered curves. Second, since we excluded patients
with “treatment failure” and those with tether breakages,
the behavior of the individual vertebra and discs in such
patients is unknown. We opted to exclude these patients to
avoid introducing inconsistencies in the data set. We aimed
to keep the scope of this investigation concise—that is, when
VBT is successful, what is happening at the individual ver-
tebral and disc level? Third, because of the rotational dif-
ferences in vertebrae in the scoliotic spine and the normal
sagittal regional differences in the thoracic and lumbar spine,
different individual vertebra are oriented in different planes
relative to the plane of a two-dimensional radiograph. Thus,
linear measurements on vertebrae that are more out of plane
may be inherently more variable, increasing measurement
error and decreasing precision. This is especially true with
measuring L5, which tends to be tipped fairly caudad as
most lumbar lordosis occurs at the L5-S1 segment [18].
This inherent variability could potentially be reduced using
three-dimensional data to perform linear measurements on
individual vertebrae, with the ability to differentially orient
each vertebra to the desired plane of measurement. Future
analysis using three-dimensional data may decrease this
error and provide more precise measurements. Fourth, the
fact that the standard deviation is relatively high compared
with the mean values is likely because of multiple different
vertebrae included in the means, which are inherently dif-
ferent sizes. Fifth, there was no control group of patients
with normal or untreated scoliotic spines for direct compari-
sons. This is an especially salient limitation when evaluating
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whether VBT affects total spine growth. Future investiga-
tions should aim to answer this question with a well-defined
control group; however, with the present study design, his-
toric controls were the best available comparison. Finally,
while this study’s endpoint was at the 2-year follow-up visit,
some additional spinal growth may be seen past the 2-year
postoperative mark, especially in the more skeletally imma-
ture patients at the time of surgery.

In conclusion, when successful, VBT produces differ-
ential growth modulation in the instrumented vertebrae
(growth maintenance on the concavity and relatively slower
growth on the convexity). Intervertebral disc shape also
changes with VBT, with decreases observed on the convex
sides of discs. These changes are most pronounced in the
main thoracic discs within the tether construct. Finally, it
does not appear that VBT has an adverse effect on total spine
length, as thoracic and thoracolumbar spinal growth veloci-
ties noted in the present study were not significantly differ-
ent from expected values for normal age- and sex-matched
controls [17]. Findings from this study may form the basis
for predictive modeling and future VBT strategies in skel-
etally immature scoliosis patients so that we may be able to
more accurately select who to tether and when, to optimize
patient outcomes.
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