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Background: Spinal growth modulation has been proposed as a non-fusion strategy for treatment of idiopathic scoliosis,
although the effect of this treatment modality on intervertebral disc health has not been evaluated in detail. The objectives
of this in vivo study were to assess the creation of three-dimensional spinal deformity during six months of growth
modulation compared with that in sham-surgery controls, and to compare, with use of magnetic resonance imaging (MRI),
gross morphological, histological, and biochemical analyses, disc health between control animals and animals treated
with a spinal tether.

Methods: Six immature Yucatan mini-pigs underwent anterior spinal instrumentation with vertebral screws connected by
a polyethylene tether over four consecutive thoracic vertebrae (T8-T11). An additional six animals underwent sham surgery
(screw placement only [the control group]). Radiographs were obtained preoperatively, postoperatively, and monthly
thereafter during six months of growth. Computed tomography (CT) and MRI studies were performed ex vivo, and the
spines were sectioned for histological and biochemical analyses. Multivariate analysis of variance (MANOVA) was used to
compare six-month postoperative data between the control and tethered animals, with the alpha level of significance set
at 0.05.

Results: Radiographs and CT images demonstrated the creation of significant three-dimensional deformity (p < 0.013) in
the tethered animals compared with the controls. Macroscopic, MRI, and histological evaluation revealed no signs of disc
degeneration, with a bulging gelatinous nucleus pulposus, discrete fibrous anular lamellae, and uniformly hyperintense
T2-signal intensity within the nuclei pulposi. Biochemical analysis demonstrated no significant difference in the nuclei
pulposus between the tethered and control vertebrae; however, the water content (p < 0.001) of both sides of the anulus
fibrosus and the glycosaminoglycan content (p < 0.001) of the left side of the anulus fibrosus differed significantly
between the two groups.

Conclusions: Six months of spinal growth modulation created significant spinal deformity in all three planes com-
pared with what was found in the sham-surgery controls. Although disc health was qualitatively maintained, quanti-
tative changes in the anulus fibrosus water content and the disc height were observed on the side opposite to the
tether. These changes likely represent metabolic responses of the discs to compressive loads generated by the
flexible tether.

Clinical Relevance: Clinical trials are needed to evaluate the ability of an anterolateral spinal tether to correct deformity
while preserving spinal flexibility and intervertebral disc health.

I
diopathic scoliosis is a common disorder of the pediatric
spine that results in a three-dimensional deformity.
Asymmetric spinal growth and biomechanical imbalance

have been postulated as causes of this progressive deformity1.
Although various treatment methods have been proposed, only
bracing and surgical fusion affect the natural history of
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idiopathic scoliosis compared with the deformity seen after
observation alone2,3. However, even these two options have
limitations. Bracing may prevent curve progression but gen-
erally affords little curve correction, despite optimal compli-
ance3,4, while surgical treatments sacrifice spinal flexibility to
obtain and maintain curve correction. Ideally, a third option
that would permanently straighten the spinal deformity while
preserving spinal mobility and long-term function would be
available.

Mechanical alteration of spinal growth by shortening
the anterior vertebral column with an ‘‘internal brace’’ has
been proposed as an attractive non-fusion treatment option
for this multiplane deformity. Limiting anterior spinal over-
growth5,6 has been considered since Blount and Clarke7 and
Haas8 reported their initial work on epiphysiodesis in long
bones. Recent studies on growth modulation in the axial
skeleton have focused on retarding growth at the convexity
of the deformity9-13. Use of an anterolateral flexible vertebral
tether has also been shown to modulate spinal growth in
animal models14,15. However, further evaluation of interver-
tebral disc health and spinal mobility is needed to determine
if these techniques will be successful in the adolescent
population.

The intervertebral disc is a flexible fibrocartilaginous
structure that supports spinal loads while facilitating spinal
movement. Disc degeneration has a multifactorial etiology, but
decreased disc nutrition has been proposed as a common de-
generative pathway, as the primary nutrition source for the
avascular disc is diffusion from anular fibrosus and vertebral
end-plate blood vessels16. Disc degeneration may develop pre-
maturely secondary to compressive forces or it may occur as
a result of natural aging leading to a breakdown of the large
aggregating proteoglycans and loss of type-II collagen in the
nucleus pulposus16,17. Decreased proteoglycans then reduce the
capacity of the disc to attract and bind water, leading to a loss of
hydration and decreased hydrostatic pressure18. Progressive disc
degeneration leads to anular tears, rim lesions, decreased disc
height, structural changes in the lamellar architecture of the
anulus fibrosus, and formation of osteophytes.

Traditionally, biochemical analyses and the Thompson
grading scale19 have been used to characterize the state of disc
degeneration. Pathomorphological and biochemical methods
of grading intervertebral disc degeneration have been found to
correlate well and are the gold standard for the analysis of
cadaveric tissue. Differences in Thompson grades are reflected
by changes in the concentration of disc constituents such as
collagen and proteoglycans in both the anulus fibrosus and the
nucleus pulposus. Clinically, magnetic resonance imaging
(MRI) is the most sensitive and specific diagnostic tool for
detection of disc degeneration.

The purpose of this study was to assess the creation of
three-dimensional spinal deformity during six months of growth
modulation compared with what was found in sham-surgery
controls, and to compare disc health between tethered and
control animals through use of MRI, gross morphological, his-
tological, and biochemical analyses. We hypothesized that the

spinal tether would create significant spinal deformity while
preserving intervertebral disc health.

Materials and Methods

Aseven-month-old male Yucatan mini-pig model, established previously
20

,
was used in this study, which was approved by the Institutional Animal

Care and Use Committee. Sample size was based on a power analysis of pre-
vious data derived with use of this model for deformity creation (power = 0.8).
Six animals underwent implantation of a flexible tether and grew for six months
following tether application. Another six animals had sham surgery with im-
plantation of vertebral body screws without placement of a tether, and they also
grew for six months.

Surgical preparation, anesthesia, and postoperative care proceeded as
reported previously

20
. A right thoracotomy was used for surgical exposure of

the thoracic spine. No rib segments were removed. Instrumentation sites were
prepared over four vertebral levels (T8-T11). Instrumentation was applied
anterolaterally to each segment (on the right side) with one custom-designed
vertebral staple and screw with a maximum outer diameter of 7.5 mm and a
length of 35 mm (DePuy Spine, Raynham, Massachusetts). Neither discs nor
growth plates were disturbed during implantation. In six animals, the vertebral
body screws were aligned and an ultra-high molecular weight polyethylene
(UHMWPE) ribbon tether (cross section, 1.5 · 7.5 mm) was placed and was
fastened to the screws, connecting the four vertebrae (the tethered group). No
tether was placed in the screws of the remaining six animals (the sham-surgery,
or control, group).

Radiographs and Computed Tomography
Immediately prior to and following each operative procedure, biplanar (dor-
soventral and lateral) spinal radiographs were obtained. During the six-month
survival/growth period, biplanar radiographs of the spine were obtained
monthly. After six months, all thoracic spines, including vertebral levels T7-
T12, were harvested en bloc. Radiographic imaging was repeated following
harvest. All radiographs were scanned, and digital measurements of the degree
of scoliosis and sagittal alignment (the Cobb angle measured over the four
instrumented levels) as well as vertebral body and disc wedging at each thoracic
segment were performed with use of SpineView 2.4 software (Surgiview, Paris,
France). Immediately following harvest, three-dimensional computed to-
mography (CT) scans of the fresh spines with the instrumentation in position
were obtained. Vertebral body heights in the coronal (right versus left) and
sagittal (anterior versus posterior) planes were measured for the four in-
strumented vertebrae (T8-T11) and two adjacent vertebrae (T7 and T12) as
well as the three intervening discs (T8-T9, T9-T10, and T10-T11) and two
adjacent discs (T7-T8 and T11-T12) with use of Amicas Vision Server Software
(version 5.0; Amicas, Brighton, Massachusetts). Vertebral rotation was mea-
sured, with use of axial plane CT images, as the angle formed between a vertical
line bisecting the vertebral body/spinous process and the true horizontal. Ro-
tation of the T12 vertebral body was used as a baseline, with the rotation of the
other vertebral bodies reported in comparison with that of T12.

MRI
Following CT scanning, all screws and tethers were removed to minimize ar-
tifact, and 3-T MRI scans were obtained with a GE Signa EXCITE scanner (GE
Healthcare Technologies, Waukesha, Wisconsin), with M5 software. Qualitative
evaluation of the MRI images included identification of osteophytes, disc ex-
tension beyond the interspace, the shape of the nucleus pulposus, the presence
of anulus fibrosus tears, end-plate cartilage irregularities, the presence of
Schmorl nodes, changes in T2-signal intensity, and changes in signal intensity
in the vertebral body marrow next to the end plate.

Histological and Biochemical Analyses
The spines were wrapped in saline-solution-soaked towels and frozen at
220�C. Individual motion segments were isolated to include a disc with half
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the adjacent vertebral body from either side. Three motion segments were
obtained from each spine, for a total of eighteen discs from the tethered
group and eighteen from the sham-surgery group. Each motion segment was
divided through the coronal midline of the vertebral body, resulting in an
anterior and a posterior portion. High-resolution digital photographs of
each disc were obtained, and the Thompson grading scale was used to assign
a gross morphological grade to each intervertebral disc from T8 through
T11

21
.

For each isolated motion segment, one-half of the specimen (alter-
nating between anterior and posterior) was placed in formalin to undergo
histological processing and the other half was dissected to obtain tissue plugs
for biochemical analysis. The motion segments preserved in formalin un-
derwent histological analysis to evaluate for signs of degeneration and the
effects of dynamic compression by using a previously described histological
grading scale (see Appendix)

22
. For the biochemical analysis, four plugs were

obtained with 11-gauge Jamshidi needles from each frozen disc: from the
right and left sides of the anulus fibrosus and the right and left sides of the
nucleus pulposus. Wet weights and dry weights following lyophilization were
obtained to determine the percentage water content for each plug. Tissue
digests were assessed for DNA with PicoGreen (Invitrogen, Carlsbad, Cal-
ifornia)

23
, for glycosaminoglycans with dimethylmethylene blue

24
, and for

hydroxyproline with dimethylaminobenzaldehyde
25

. Subsequently, cell con-

tent was determined with use of a ratio of 7.7 pg of DNA per cell
26

, and an
index of collagen content was determined with use of a ratio of 7.25 g of
collagen per gram of hydroxyproline

27,28
. These concentrations were com-

pared between the right and left sides of the anulus fibrosus and between the
right and left sides of the nucleus pulposus for each group and between the
control and tethered surgical groups.

Statistical Analysis
Continuous data were screened for normality with use of the normal Q-Q plot
of the residuals. If the distribution looked questionable, a more formal check
of normality, the one-sample Kolmogorov-Smirnov statistic, was calculated.
The Levene test for homogeneity of variance was also performed prior to
application of parametric testing. Repeated-measures analysis of variance
(ANOVA), with the presence or absence of a tether as the between-subjects
factor, was utilized to evaluate changes in radiographic measures over time.
Subsequently, a series of multivariate analyses of variance (MANOVA) were
used to evaluate between-group differences in the radiographic measures at
individual time points, with the presence or absence of a tether as the inde-
pendent variable. The alpha level for significance was set at 0.05. Categorical
dependent variables were analyzed for proportional differences between the

TABLE I Coronal Cobb Angle Measurements in the Control and Tethered Groups

Control Group* (N = 6) (deg) Tethered Group* (N = 6) (deg) P Value

Preoperative 0.0 ± 0.4 20.7 ± 0.5 0.65

Postoperative 2.2 ± 0.3 7.4 ± 0.7 0.09

1 month 0.3 ± 0.5 5.7 ± 0.5 0.011

2 months 1.8 ± 0.5 8.8 ± 0.7 0.008

3 months 3.7 ± 0.6 12.3 ± 0.6 0.003

4 months 4.2 ± 0.6 13.2 ± 0.7 0.003

5 months 2.5 ± 0.6 13.3 ± 1.2 0.007

6 months 4.5 ± 0.7 13.3 ± 1.0 0.013

*The values are given as the mean and standard error of the mean.

Fig. 1

Coronal Cobb angle measurements (average and

standard error of the mean) over the six-month

survival period in the sham-surgery control and

tethered groups.
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two study groups with use of cross tabulation and the chi-square statistic (p <
0.05).

Source of Funding
Funding for this study was provided by a research grant from the Association
of Bone and Joint Surgeons and the Orthopaedic Research and Education
Foundation. Additional financial support was provided by the Rady Children’s
Specialists Foundation. The implants were provided by DePuy Spine at no cost
to the investigators.

Results

Preoperatively, the two surgical groups had similar body
weights (mean and standard deviation, 26.8 ± 1.6 and

26.2 ± 2.4 kg, p = 0.66) and body lengths (76.9 ± 3.0 and 76.2 ±
2.1 cm, p = 0.61). Intraoperative blood loss and surgical time
were also similar in the two groups (p = 0.75 and p = 0.62,
respectively).

Radiographic Measurements
There were no significant differences between the two surgical
groups with respect to either the preoperative or the immediate
postoperative coronal Cobb angles; however, every subsequent
postoperative radiograph demonstrated significantly greater
deformity in the tethered group (Table I). Figures 1 and 2
demonstrate the average coronal and sagittal Cobb angles in the
two groups over the six-month survival period. The animals in
the tethered group developed a greater thoracic kyphosis over
time, compared with that developed by the control animals,
demonstrating a sagittal plane effect of the tether.

Vertebral body wedging was measured for the four teth-
ered vertebrae (T8-T11) and for the two adjacent vertebrae (T7
and T12). In the tethered group (Fig. 3), the four tethered ver-
tebrae became wedged after two months of growth. This
deformity was most obvious in the two apical vertebrae of the

Fig. 2

Sagittal Cobb angle measurements (average and

standard error of the mean) over the six-month

survival period in the sham-surgery control and

tethered groups.

Fig. 3

Average coronal vertebral body wedging over the

six-month survival period in the tethered group.
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four-level instrumentation. The vertebral body wedging of
all tethered vertebrae continued throughout the six-month
growth period. At six months, there was an average (and stan-
dard error of the mean) of 0.7� ± 1.6� of vertebral body wedging
at T8, 6.8� ± 4.4� at T9, 8.3� ± 3.5� at T10, and 2.8� ± 2.9� at T11.

Intervertebral disc wedging was measured at the three
tethered levels (T8-T9, T9-T10, and T10-T11) and at the two
adjacent levels (T7-T8 and T11-T12). Minimal intervertebral
disc wedging was observed in the control group. Immediately

postoperatively, the discs at the tethered levels were wedged,
with a higher disc height on the left side (away from the tether)
than on the right (tethered) side (‘‘positive angulation’’ of
1.5� ± 1.8� at T8-T9, 3.2� ± 2.4� at T9-10, and 1.7� ± 2.3� at
T10-T11) (Fig. 4). By six months postoperatively, however, the
discs had developed reverse wedging (a higher disc height on
the tethered side, with ‘‘negative angulation’’ of 22.7� ± 1.4� at
T8-T9, 21.0� ± 1.8� at T9-T10, and 22.0� ± 1.3� at T10-T11).
This transition occurred between the second and third

Fig. 4

Average coronal intervertebral disc wedging over the six-month survival period in the tethered group.

Fig. 5

Deformity creation in the axial plane—i.e., vertebral body rotation (average and standard error of the mean) with respect to that at T12—in the sham-surgery

control and tethered groups.
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postoperative months, correlating with the developing ver-
tebral body wedging.

CT
CTmeasurements of vertebral body and disc heights confirmed
the radiographic findings at six months postoperatively. The
flexible spinal tether created a substantial difference in vertebral
body height between the right and left sides and between the
anterior and posterior aspects. These results demonstrate the
ability of the tether to slow axial growth on the side of the tether
(right or anterior). No significant difference in vertebral height
was found between the control and tethered groups (T7-T12)
in either plane (p > 0.14).

Disc height was affected by the spinal tether. In the
coronal plane, the discs in the tethered group increased in
height on the right side of the spine (opposite from the ver-
tebral body growth and toward the tether). In the sagittal plane,
the discs increased in height on the anterior aspect of the spine
(again, opposite from the vertebral body growth and toward
the tether). Of note, in the sagittal plane, the tethered discs were
significantly more narrowed on average compared with the
control discs (p = 0.001).

Measurements on the axial CT images showed no sig-
nificant creation of axial plane deformity in the control animals
(Fig. 5). In the tethered group, T8 and T9 were noted to be
significantly more rotated than the adjacent vertebral bodies
(p £ 0.008). This rotation was most evident at T9, which ap-
peared to be the apex of the rotational deformity created with a
four-level anterolateral tether instrumentation construct.

MRI
Figure 6 demonstrates mid-coronal 3-T MRI T1-weighted and
T2-weighted images of a representative animal from each
group. Qualitative evaluation29 demonstrated no evidence of
osteophytes, disc extension beyond the interspace, anular tears,
end-plate cartilage irregularities, or Schmorl nodes in any of
the instrumented or sham-operation discs. Of note, one sham-
operation disc was found to have intranuclear fibrosis of un-
known etiology.

Histological and Biochemical Analysis
All but one disc were given a Thompson grade of 1, indicating a
bulging gelatinous nucleus pulposus with discrete fibrous la-
mellae in the anulus fibrosus. The exception was one control
disc (as noted on MRI), which was given a grade of 3 as there
appeared to be some consolidated fibrous tissue in the nucleus.

On the basis of the grading system in the Appendix22, the
average grade for the control discs was 5.3 ± 1.2 points. This
included the one disc with internuclear fibrosis, which received
a grade of 8 points. The average grade for the discs in the
tethered group was 5.6 ± 1.0 points. None of the discs in the
tethered group scored >7 points. Although the average score in
the tethered group was slightly higher than that in the control
group, this difference was not significant (p = 0.38).

The biochemical data are shown in Table II. In the
control group, the nucleus pulposus water content was 87.5% ±

0.7% on the right side and 85.5% ± 0.8% on the left side. In the
tethered group, the water contents on the right and left sides
were 84.4% ± 1.1% and 86.0 ± 0.9%, respectively. A two-way
ANOVA showed no difference between the water content of the
nucleus pulposus in the control group and that in the tethered
group (p = 0.11) or between the water contents on the right
and left sides (p = 0.92), with an interaction term of p = 0.14.

The anulus fibrosus had a lower water content than did the
nucleus pulposus, with the control group having an anulus water
content of 66.9% ± 0.8% on the right side and 68.8% ± 1.5% on
the left side. In the tethered group, the anulus water contents on
the right and left sides were 61.0% ± 1.4% and 58.1% ± 1.7%,
respectively. A two-way ANOVA showed a significant difference
in the anulus water content between the tethered and control

Fig. 6

Representative mid-coronal 3-T MRI images (T1-weighted on the left and

T2-weighted on the right) acquired six months postoperatively in the sham-

surgery control (A) and tethered (B) groups.
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groups (p < 0.001), but no difference between the right and left
sides (p = 0.71), with an interaction term of p = 0.87. A signif-
icant difference in the glycosaminoglycan content in the left side
of the anulus was found between the control (4.4% ± 0.3%) and
tethered (2.8% ± 0.3%) groups (p < 0.001). Hydroxyproline
content and cell-density data are presented in Table II, with no
significant differences found between the control and tethered
groups or between the right and left sides.

Discussion

The vertebral staple-screw-tether construct used in this
study consistently modulated spinal growth, resulting in

the creation of a three-dimensional spinal deformity. Defor-
mity creation was followed radiographically throughout the
six-month study period and then after spine harvest. CT was
used to further define the effect of the tether on vertebral body
and intervertebral disc morphology.

As expected, the vertebral bodies did not change in shape
during the surgical procedure. It was not until approximately
two months after the surgery that a change in the shape of the
vertebral bodies was observed (Fig. 3). From that time, the
tethered vertebral bodies became increasingly wedged (Fig. 4)
away from the tether (increased left-sided height). These
findings are similar to those reported previously in studies of
spinal growth modulation13,14,20 We assume that this change in
shape is caused by a slowing of endochondral ossification on the
side of the tether (the right side). Mechanical compression of the
growth plate, either generated actively during the surgical proce-
dure by manual tensioning of the spinal tether or generated by the
increasing length of the spine (passive growth related tensioning
of the tether), appears to be responsible for observed changes in
vertebral body shape. Future studies focusing on the effect of
compression on the physeal cartilage of vertebrae are needed.

Axial plane deformity was also observed on the six-
month CT images (Fig. 5). It is possible that this deformity

occurred over time as the vertebral bodies became increasingly
wedged; however, we were not able to quantify axial deformity
from the monthly radiographs. Dickson proposed that the axial
plane deformity observed in idiopathic scoliosis was due to an
imbalance in the heights of the anterior and posterior columns
of the spine1. Similarly, the imbalance in vertebral body height
may have caused the porcine spines in our study to rotate
laterally, although no monthly CTs were obtained. It is clear,
however, that there was more rotation in the tethered spines
than there was in the control spines at the six-month postop-
erative time point.

In terms of the intervertebral discs, one would assume
that, once the discs are wedged away from the tether imme-
diately postoperatively, compression from the spinal tether
would cause the discs to remain wedged in that direction. This
was not the case. By two months postoperatively, the discs
were no longer wedged; at approximately three months
postoperatively, they started to become wedged toward the
tether (the disc height on the tethered, right side was in-
creased compared with that on the left side [Fig. 4]). Addi-
tionally, at six months postoperatively, CTanalysis showed the
discs in the tethered group to be significantly more narrowed
than those in the controls. Previous studies of alternate
techniques of spinal growth modulation have not demonstrated
this phenomenon of reverse disc wedging12,13; however, we had
observed these findings previously with the flexible spinal
tether20 and wanted to evaluate what was happening within the
discs in more detail. The control group allowed us to evaluate the
isolated effect of the spinal tether on the intervertebral discs.

The viability of the discs is a critical component in the
development of this treatment modality as a fusionless correc-
tion for idiopathic scoliosis. If the discs do not remain healthy
after experiencing a compressive load for a prolonged period of
time, motion preservation after removal of the tether is unlikely.
We hypothesized that the flexible UHMWPE tether would

TABLE II Biochemical Data in the Control and Tethered Groups*

Water Content (%)

Glycosaminoglycan
Content

(% wet weight)

Hydroxyproline
Content

(% wet weight)
Cell Count

(106 cells/g dry weight)

Control group†

Right side of anulus fibrosus 66.9 ± 0.8 2.3 ± 0.3 2.8 ± 0.2 170 ± 20
Right side of nucleus pulposus 87.5 ± 0.7 7.2 ± 0.4 0.14 ± 0.04 380 ± 20
Left side of nucleus 85.5 ± 0.8 8.3 ± 0.5 0.44 ± 0.16 320 ± 20
Left side of anulus fibrosus‡ 68.8 ± 1.5 4.4 ± 0.3 2.5 ± 0.2 140 ± 10

Tethered group†

Right side of anulus fibrosus 61.0 ± 1.4 2.7 ± 0.5 2.8 ± 0.3 140 ± 20
Right side of nucleus pulposus 84.4 ± 1.1 7.3 ± 0.6 0.41 ± 0.01 390 ± 30
Left side of nucleus pulposus 86.0 ± 0.9 7.3 ± 0.6 0.22 ± 0.17 380 ± 20
Left side of anulus‡ 58.1 ± 1.7 2.8 ± 0.3 2.8 ± 0.3 150 ± 10

*The values are given as the mean and standard error of the mean. †A significant difference in water content in the anulus fibrosus was found
between the control and tethered groups (p < 0.001). ‡A significant difference in glycosaminoglycan content in the left side of the anulus was
found between the control and tethered groups (p < 0.001).
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produce a dynamic compression that would affect physeal
growth while preserving disc health. Since the introduction of
fast-spin-echo imaging in the early 1990s30, MRI technology has
advanced the ability to detect early signs of disc degeneration.
Pfirrmann et al. developed a comprehensive MRI grading system
based on the gross morphology of the degeneration of the
lumbar intervertebral disc as seen on routine T2-weighted
MRIs29. Vertebral end plate changes, such as sclerosis, Schmorl
nodes, and other irregularities, were found to occur prior to disc
degeneration and were seen on radiographs and MRIs31,32. Modic
et al. noticed signal intensity changes in the vertebral body
marrow adjacent to the end plate and associated them with
clinical symptoms related to degenerative disc disease33,34.

Signal characteristics of the disc on T2-weighted MRIs
reflect changes caused by aging and/or late-stage degenerative
changes, including changes in disc morphology, height, hy-
dration, bulging, and herniation35. Intervertebral disc degen-
eration is inferred from the findings of reduced T2-signal
intensity, reduced disc height, and/or the presence of fissures.
The signal intensity in the nucleus pulposus of normal inter-
vertebral discs has been shown to correlate directly with the
proteoglycan concentration36. MRI findings of disc degenera-
tion increase the accuracy of the gross morphological grading
systems; however, degenerative states could be more effectively
and quantitatively measured with a method based on mea-
surement of the chemical constituents of the disc through the
use of biochemical techniques.

In general, obvious disc degeneration was not present at
any level in either the tethered or the control group. One
control disc had a central area with low T2-signal intensity,
which was found to be fibrotic tissue. It is not clear whether we
somehow damaged the disc, causing it to become fibrotic, or
if the fibrotic tissue was an anatomic anomaly in that animal.
Radiographs did not demonstrate the lesion, and we did not
have preoperative CT or MRI images of that animal to evaluate
the disc. The anatomic dissection demonstrated that the tines
of the vertebral staple had not penetrated into the disc, and
there were no overlying osteophytes or other signs of degen-
eration present at that level.

The biochemical changes due to tethering are consistent
with a physiological response to compression and a healthy
disc. No significant differences in the average water content,
glycosaminoglycan content, or cell density in the nucleus
pulposus were found between the tethered and control
groups. The water content in the anulus fibrosus, however,
was decreased significantly in the tethered group compared
with that in the controls. This decrease in water content may
have been responsible for the loss of disc height observed in
the sagittal CTanalysis. Histological analysis, however, did not
demonstrate a disruption in the fibers of the anular fibro-
cartilage. This finding is consistent with the absence of disc
degeneration in the anulus or is possibly a sign of very early-
stage degeneration. There were no differences between the
right and left sides of the tethered vertebral bodies. While the
interaction between tethered/control group and left/right side
for water content was not significant, there was insufficient

power for these statistical comparisons (below 40% for both).
With the magnitude of the effect (eta = 0.19) approaching
what would be considered a medium effect size (0.25), it is
estimated that sixty-five samples per group would be required
to reach an alpha of 0.05.

The preservation of the nucleus pulposus, in terms of
water and glycosaminoglycan content and cell density, in the
tethered group was reassuring. Our current knowledge of
intervertebral disc degeneration seems to indicate that a loss
of water content in the nucleus pulposus is one of the earliest
signs of disc degeneration, and the loss of water is a direct
result of proteoglycan breakdown16-18,21,37,38. As the nucleus
pulposus loses its capacity to resist compression, the sur-
rounding anular structure breaks down and the disc loses its
structure and function16. In the tethered group, there was a
definite change in disc shape, without any measurable changes
in the composition of the nucleus pulposus. This may indicate
that the nucleus pulposus is physiologically responding to the
compression generated by the tether and is not degenerating,
at least at the six-month time point. Despite this knowledge,
numerous questions remain. Future studies are needed to
evaluate molecular markers of disc degeneration such as
matrix metalloproteinases (MMPs) as well as catabolic cyto-
kines, changes in collagen typing, and oxygen tension in the
nucleus39.

The data obtained from this study have the potential to
directly impact patient care and promote the development of
an ‘‘internal brace’’ for the treatment of idiopathic scoliosis.
The anterolateral flexible tether is ideally suited for the treat-
ment of juvenile scoliosis, as these children have many years of
growth potential and have a well-described risk of curve pro-
gression. Children with juvenile scoliosis of >30� have a 100%
chance of curve progression and a 100% need for surgical
treatment40. If an ‘‘internal brace’’ were used early in this pa-
tient population, it might help to control the curve and possibly
avoid spinal instrumentation and fusion. For the anterolateral
flexible tether to be a viable option as an ‘‘internal brace,’’ it has
to be able to modulate spinal growth without affecting spinal
mobility or disc health.

Several limitations of this study and the porcine model
have to be considered when these data are evaluated. Primarily,
differences in spinal mechanical forces secondary to postural
differences between a quadruped pig and a bipedal human may
affect the ability to modulate growth. The evaluation of disc
health was performed in this study after only six months of
growth modulation, while these tethers would be in place in
adolescents for several years before the patients reached skeletal
maturity. The effect of a long-term compressive load and
motion limitation on disc health will need to be studied in the
future. Finally, this is an animal model that creates deformity
rather than corrects it. As such, it is unclear exactly to what
extent such a growth modulating approach will be successful in
arresting or correcting progressive scoliosis in a growing child
or adolescent. If these growth effects on a nonscoliotic pig
translate to humans, the outlook for the treatment of scoliosis
may change substantially.
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Appendix
An appendix showing the histological grading scale is
available with the online version of this article at jbjs.

org. n

NOTE: The authors recognize Graeme M. Bydder, MB, ChB, for generous insight regarding MRI
analysis; Richard Znamirowski, RT, for MRI acquisition and processing; David Andrews, RT, for CT
acquisition and processing; and Eric Breisch, PhD, for histological processing and analysis.
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