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ing growth. To examine the potential link between the moment-arm of the rib tether
and vertebral wedging as well as the sum of the curvature angles at the apical level
(T7). To assess the correlation between the magnitude of initial spine curve and final
spine curve in the scoliotic group.

Methods: Eight healthy, skeletally immature normative New Zealand rabbits and ten
skeletally immature scoliotic rabbits which underwent unilateral rib tethering were
included retrospectively. Each rabbit was scanned at two to four time points (at 7, 11,
14 and 28 weeks). Three dimensional bone models of thoracic vertebrae (T1-T12)
were digitally segmented and reconstructed. VBH were calculated using surface land-
mark points from each thoracic vertebra. Apical level (T7) + 2 levels in scoliotic rab-
bits were compared to their corresponding levels and time points in the normative
group. The moment-arms between the centroids of 2D projections of T3-T9 vertebral
bodies and the line which connects the centroids of the end levels were calculated.
Results: Bilateral left-right (L-R) symmetry and anterior-posterior (A-P) asymmetry
were observed in normative VBH. Bilateral concave-convex (CC-CX) asymmetry and
(A-P) asymmetry were observed in scoliotic VBH. No significant differences in growth
rates were found between the normative and scoliotic groups. Vertebral wedging as
well as curvature magnitude were positively correlated with the moment-arms.
Conclusion: Unilateral rib tether applies compressive forces on both concave and

convex sides, whereas compressive forces are lower on the latter. Knowing the
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1 | INTRODUCTION

Scoliosis is a common disorder of the spine that results in three
dimensional (3D) deformity.! According to the National Scoliosis
Foundation, the incidence of scoliosis ranges between 2% and 3%
among the general population.? A subset of these patients (1 to 2 per
10 000 births) present at an age at which the majority of musculoskel-
etal growth has yet to occur.? Early-onset scoliosis (EOS) represents a
group of congenital and acquired conditions that affect the growth
and development of the spine and thorax in children. Scoliosis pro-
gression in skeletally immature EOS patients depends on the
remaining growth of the spine. Abnormal growth of the spinal column
involves increasing asymmetries in vertebral body and intervertebral
disc (IVD) morphologies,>* that directly affects the volume, symmetry,
and function of the thorax, and indirectly affects lung growth and
function. These alterations in normal growth of the spine also affect
the mechanics of the spine as well as the vertebral growth plates.
Previous studies have theorized about the biomechanical role of
asymmetrical loading in progression of scoliotic deformity.>” An
asymmetric load leads to asymmetrical longitudinal growth and hence
wedging of the vertebral bodies and IVDs in a vicious cycle®
Nonoperative treatments such as bracing are designed to counteract
these asymmetric loads.”*® Currently, surgery is recommended for
EOS patients with Thoracic Insufficiency Syndrome (TIS) that is char-
acterized by reduced lung growth and function as a result of a pro-
gressive spine deformity. The treatment of scoliosis in children is
evolving - the previous approach of correcting the spine by
instrumenting multiple levels and fusing the spine early has been
shown to inhibit growth and development of the lungs and decrease
pulmonary function.***? Newer growth friendly deformity correction
methods such as growing rods and vertebral tethers modulate verte-
bral growth while allowing continued thoracic growth. Spine growth
modulation for scoliosis correction is a technique for slowing growth
on the convex side of the curve and enhancing growth on the concave
side by the

mechanotransduction; this application results in gradual deformity

application of Hueter-Volkmann principle of
correction.’® Hueter-Volkmann principle states that mechanical
factors influence longitudinal bone growth and remodeling,
wherein compressive forces inhibit growth and tensile forces
stimulate growth. Growth friendly techniques are less invasive
than traditional spine fusion.'® While several retrospective stud-
ies have shown improvement in curve magnitude using growth
friendly techniques; apparent cases of overcorrection or unde-

rcorrection of scoliosis have also been reported.t31°

amount of vertebral wedging or curve magnitude would enable us to predict the

applied force (moment-arms), which is important for planning a corrective surgery.

asymmetric loading, cobb angle, kyphosis angle, moment-arms, scoliosis, unilateral rib tethering,
vertebral body heights, vertebral wedging

To overcome such complications, before these devices can be
implemented reliably for the treatment of scoliosis, it is necessary to
understand longitudinal growth patterns of the normative spine, and
study any alterations in these growth patterns with scoliosis. Several
animal studies have reported relationships between vertebral growth,
growth rates, and mechanical stresses in long bones and caudal verte-
brae. Long bone and vertebral growth were reported to decelerate
under compression, and accelerate by a smaller amount under distrac-
tion.2®1” Studies on growth plates have reported the proportional
alteration in growth rate of caudal vertebrae and proximal tibiae
growth plates of three different species (rat, rabbit, and calf) in
response to differing magnitudes of stress.'® Furthermore, for both
caudal vertebrae and proximal tibia, the growth sensitivity to stress
(percent change per unit stress) did not differ by species and age of
animal, but varied with anatomical location where it was significantly
greater in tibiae than vertebrae. Previous studies have not reported
the effect of growth modulation on spine vertebrae which are differ-
ent than the non-weight bearing caudal (tail) vertebrae. Hence, the
current study aims to investigate the growth patterns of thoracic
spine vertebral bodies between skeletally immature normal and scoli-
otic rabbits. It is noteworthy that direction of loading in human spine
is different than the loading in the spine of quadrupeds. The loading in
the human spine is in axial and posterior direction, whereas in quadru-
peds the spine is loaded in axial and anterior direction. Furthermore,
quadruped spines are subjected to greater axial compressive loading
as compared to the upright human spine. As a result, the bone density
of the vertebral bodies in quadrupeds are two to four times greater
than those in humans.!?2° However, it has been observed that the
trabeculae of the vertebral bodies of both biped and quadruped
spines are oriented from endplate to endplate indicating that they
both undergo loading in the axial direction.?*

The objectives of the current study are to: a) measure and com-
pare age-related changes in thoracic vertebral body heights (VBH) in
skeletally immature normative and scoliotic rabbits, b) correlate
moment-arm of the rib tether with vertebral wedging as well as the
sum of curvature angles at the apical level (T7), and c) correlate the
magnitude of initial spine curve and the final spine curve in the scoli-
otic group. We hypothesize that: a) VBH growth patterns will be dif-
ferent between normative and scoliotic rabbits, and that there will be
age-related bilateral and anterior-posterior (A-P) differences in the
scoliotic group, b) moment-arm of the rib tether will positively corre-
late with vertebral wedging as well as the sum of the curvature angles
at the apical level (T7), and c) greater initial curve magnitude would

result in greater final curve magnitude.
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2 | METHODS TABLE 1 Details of the normal and scoliotic rabbits used in this
study
21 | Animal details Normal Scoliotic
Number of animals scanned at first 5 8
Chest computed tomography (CT) scans were obtained retrospec- time point: 7 weeks
tively from a total of 18 female skeletally immature New Zealand rab- Number of animals scanned at 6 10
bits (Normal: n = 8, average weight: 2.87 + 1.035 kg; Scoliotic: n = 10, second time point: 11 weeks
average weight: 2.76 + 1.019 kg). Based on somatic growth of rabbits Number of animals scanned at third 8 10
compared to humans, a three week old rabbit is equivalent to a three time point: 14 weeks
year old child, while a 28 week old rabbit is considered equivalent to a Number of animals scanned at 8 10
full grown adult.?? For the scoliotic group, rabbits were received at fourth time point: 28 weeks
the age of four weeks and were tethered 5, 6 or 7 days after arrival Age (Mean * SD) at first time point 647£0.57  7.62%0.58
. . ke
(Table 2). All animal procedures were approved and monitored by the (weeks)
Beth Israel Deaconess Medical Center (BIDMC) institutional animal Age (.IVIte(an ikSI)D) at second time 1087069 10.57%0.53
point (weeks
care and use committee. Rabbits underwent unilateral rib tethering
X X L Age (Mean + SD) at third time 14.88+0.82 15.10+0.83
surgery. A rib tether was attached to rib two or three and rib eight or .
point (weeks)
nine, comprising the right hemithorax (Figure 1) to create a progres-
_ prising the rign ‘ 22(233 A © @ Prog Age (Mean + SD) at fourth time 2790+044 2652+ 340
sive, left convex, scoliosis deformity.“<“> Additional details about the point (weeks)
. . . 22,23 .
surgery can be found in a previously published work. Each rabbit Cobb angle (Mean + SD) of (T3-T9) B 34.04 + 12.66
was scanned at 2 to 4 time points (i.e., at approximately 7, 11, 14, and at first time point (°)
28 weeks after birth). The rabbits were positioned prone on a Toshiba Cobb angle (Mean * SD) of (T3-T9) - 434 +21.98
Aquilion 64 scanner with resolution of 0.26 mm x 0.26 mm in the at second time point (°)
transverse plane, and 0.3 mm slice spacing.23 Details of the animals Cobb angle (Mean * SD) of (T3-T9) - 443 + 16.53
used in this study are shown in Table 1, and scoliotic rabbits demo- at third time point (°)
graphics and radiographic data are shown in Table 2. Cobb angle (Mean + SD) of (T3-T9) 47.4 +17.39
at fourth time point (°)
Cobb angle increase (Mean + SD) - 9.36 +12.77
between first time point and
second time point (°)
Cobb angle increase (Mean + SD) - 09 +13.21
between second time point and
third time point (°)
Cobb angle increase (Mean + SD) - 3.1+967
Unilateral between third time point and
Rib Tether fourth time point (°)
Duration (Mean * SD) between 42 +1.12 2.82 +0.99
first time point and second time
point (weeks)
Duration (Mean * SD) between 3.93+044 448 + 0.44
second time point and third time
point (weeks)
Duration (Mean + SD) between 13.02+0.83 11.74+294

FIGURE 1 3D reconstruction of rabbit chest CT scan with virtual
rib tether placed on the right ribs at T3 and T9

third time point and fourth time
point (weeks)

2.2 | 3D reconstruction and measurement of
vertebral body heights

(T1-T12)

reconstructed using the medical image processing software MIMICS

Thoracic vertebrae were digitally segmented and
(Materialize Inc., Belgium) at a preset threshold for bone (Figure 2A,B).
3D surface landmark points (Figure 3) were identified for each verte-

bra using a custom script (MATLAB, Mathworks Inc, Natick,
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TABLE 2 Scoliotic rabbits demographics and radiographic data
Tethering time after First rib Distance from spinous Last rib Distance from spinous
Rabbit#  arrival (days) tethered process (mm) tethered process (mm) Apex
14-1 6 3 27.16 9 28.46 T7
15-1 6 3 24.51 8 33.13 Té6
19-1 7 3 29.04 9 21.45 T7
23-1 5 3 27.81 9 30.23 T7
25-1 5 2 26.23 8 29.35 Té6
26-1 5 3 27.47 9 323 T7
27-1 6 3 24.92 9 31.44 Té6
28-1 6 3 28.31 9 34.65 T7
24-2 6 3 23.61 9 35.69 T7
25-2 6 3 25.73 9 36.33 T7
Massachusetts). The method of bony landmark identification was
lo.i‘m based on Peters et al.?*"?® The identified landmark points of each ver-
tebra were used to measure vertebral body heights (VBH) (Right, left,
anterior and posterior). In this paper VB’L" and VB’,;' refer to left and
right VBH in the normative group, respectively. Whereas VBgX and
VB’&'C refer to left (convex) and right (concave) VBH in scoliotic group,
respectively. VBY and VBY refer to posterior and anterior VBH in both
normative and scoliotic groups. The apical level was considered to be
T7, as the majority of rabbits had T7 as the apex. The apical level
(T7) and adjacent upper (T5,T6) and lower (T8,T9) vertebrae (i.e., api-
cal level 2 levels) from the scoliotic group were compared to their
corresponding levels and time points in the normative group.
/ 14 2.3 | Statistical analysis
(A) Age (Weeks)

7 11 14 28

(B) Age (Weeks)

FIGURE 2 Surface geometry recontructions of T1-T12 vertebrae
from manually segmented chest CT scans using MIMICS at four time
points. (A) Exemplar normative rabbit #30 and (B) Exemplar scoliotic
rabbit #19-1. CT, computed tomography

Based on the normality of the data determined by Shapiro-Wilk test,
parametric tests were performed for statistical analysis. All statistics
were calculated using SPSS 20.0.0 software (IBM Inc., Armonk, New
York) with a significance level of p < 0.05.

231 |
symmetry

Bilateral (left-right) and Anterior-Posterior

Paired sample t-tests were used to assess bilateral (right-left) and

anterior-posterior (A-P) symmetry within each group.

23.2 | Vertebral wedging

Vertebral wedge deformity in the coronal and sagittal planes were cal-
culated as the ratio of the left to right vertebral body heights (VB'L" /
VBR), (VB / VBH.), and ratio of the posterior to anterior vertebral
body heights (VBE’ / VB;’ ), respectively. A value of one would be

indicative of geometric symmetry.
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FIGURE 3 Vertebral body
landmark points (LMPs) used for
measuring vertebral body heights

Anterior

Left

233 | Growth rates

For all animals, growth rates were calculated for each vertebral mea-
surement at each vertebral level. Linear regression models (as shown
in Equation 1) were used to estimate the growth rates (i.e., slope of
the linear regression model) for each measurement for the entire age
range. The growth rates of normal and scoliotic groups at
corresponding levels and time points compared using independent
sample t-test.

Geometric measure = b1 « (agein days) + b0 (1)

where b0 is the value of the geometric measure at birth, and b1 is the
rate of change of the geometric measure with age (i.e., growth rate).

24 | Moment-arm of rib tether

For each 3D reconstruction in the scoliotic group, MIMICS
(Materialise Inc., Belgium) was used to export the vertebral body of
each vertebrae T3-T9 as a 3D point cloud. 3D point clouds exported
(in mm) from MIMICS have the coronal view in the X-Z plane and the
sagittal view in the Y-Z plane. Using MATLAB (Mathworks Inc, Natick,
MA), 2D projections of the 3D point clouds of the vertebral bodies
were performed. The 2D projection of each point p = (X,Y,Z) onto the
X-Z plane is the point p = (X,0,Z) (Figure 4A) and in the Y-Z plane is the
point p = (0,Y,Z) (Figure 4B). Contours of the T3 to T9 vertebral bodies
were derived from their 2D projections. Then the centroid of each
contour was calculated and plotted. Using the centroids of the end
vertebrae T3 and T9 (namely A and B, respectively), the equation of
the straight line joining those two points (denoted as AB) was calcu-

lated and the line was plotted (Figure 4C). The moment-arms (i.e.,

Posterior

Right
(C)
T3
o T4
. TS5
Moment-Arm
aorb Te
. T7
o T8
T9

FIGURE 4 (A) 2D projection of vertebral bodies in the frontal
plane, (B) 2D projection of vertebral bodies in the sagittal plane,

(C) Schematic of the 2D projection of the vertebral bodies and the
moment-arm (a in the frontal plane, b in the sagittal plane) calculated
between the centroids of the vertebral bodies and the line AB. 3D,
three dimensional

shortest distance) between the centroids of each contour T4-T8 and
line AB were calculated in the frontal plane (denoted as a) and in the
sagittal plane (denoted as b), respectively. The magnitude of the initial
spine curvature (i.e. Cobb angle) is related to the initial force applied
by the rib tether. However, since the rib tether force was not mea-
sured, the moment-arm of the rib tether could serve as a surrogate for

the applied force.
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2.5 | Relationships between vertebral wedging, VBl and VBY, (Figure 5A) at T6, T7, and T9 at all time points, at
spine curvature, and moment-arm of rib tether T5 at 14 weeks, and at T8 at 14 and 28 weeks. For both groups, signif-
icant differences (i.e., A-P asymmetry) were found between VBX and
In order to predict the extent of vertebral wedging that would VB’F',’ at several levels, with greater differences observed in the scoli-
result from a progressive spine deformity, two linear regression otic group (Figure 5B).

models were created: (1) sum of vertebral wedging in the frontal

and sagittal planes i.e., (VB / VBE.)+(VBl / VBY) versus the sum of

moment-arms in the frontal and sagittal planes (i.e., a+b), and (2) sum 33 | Vertebral wedging

of moment-arms in the frontal and sagittal planes (i.e., a+b) versus

the sum of Cobb and kyphosis angles. The ratio of bilateral VBH were found to be significantly different
between normative VB /VBY and scoliotic (VBH, /VBH.) groups at T5
(14 and 28weeks), T6 and T7 at (7-14 weeks), and T8 and T9 at

3 | RESULTS (14 weeks). Between normative and scoliotic groups, significant differ-
ences were observed in VBY/VBY at T5 at all-time points and at T7 at

3.1 | Vertebral body heights time of 7 weeks (Figure 6).

For both normative and scoliotic groups, VBH (VBY', VB, VBE, VB,

vBY, VBY ), increased with age and with increasing thoracic levels 3.4 | Growth rates

(i.e., from T5 to T9). Comparisons between the normative and scoli-

otic right, left, anterior and posterior VBH at time points 7,11,14, An exemplar scatter plot with T7 convex vertebral body height

and 28 weeks are shown in Figure 5. However, no significant differ- and regression line is shown in Figure 7. The vertebral body

ences were found between normal and scoliotic groups. growth rate (i.e., coefficient of the linear regression model) for
T5-T9 are shown in Table 3. The overall average growth rate for
vertebral body height in the normative group was 0.0182 mm/

3.2 | Bilateral and Anterior-Posterior symmetry day, and scoliotic group was 0.0163 mm/day. No statistically sig-
nificant differences were found in the vertebral body growth

In the normative group, no significant differences were observed rates between normative and scoliotic groups, and no significant

between VBY and VB! at each level and at any time point. However, differences were found across vertebral levels for the normative

in the scoliotic group, significant differences were found between and scoliotic groups.
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FIGURE 6 Mean and SD of thoracic vertebral body height ratio for normative and scoliotic groups, (A) VB}'/VBY and VB, /VBY (B) VBh/vBY
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FIGURE 7 Scatter plot showing T7 convex vertebral body height
as a function of age and the respective linear regression line. The
coefficient of the linear regression model represents the rate of
change for the measurement (mm/day)

3.5 | Relationships between vertebral wedging,
spine curvature, and moment-arm of rib tether

The sum of vertebral wedging at the apical level (T7) in the frontal

and sagittal planes positively and significantly (p < .01) correlated

to the sum of the moment-arms for T3-T9 (Figure 8A). Addition-
ally, the sum of the moment-arms for T3-T9 positively and signifi-
cantly correlated (p < .001) with the sum of the Cobb angle and
the Kyphosis angle (Figure 8B).

3.6 | Spine curvature

Based on previously published data from this study, the magni-
tude of the spine curvature at 7 weeks, as measured by maxi-
mum deformity angle (MDA), highly correlated (R? 0.89) with
the MDA at 28 weeks.??> Since MDA cannot be easily measured

from radiographs, the sum of the Cobb and kyphosis angles was

used as a measure of spine deformity. The sum of the Cobb
and kyphosis angles at 7 weeks also highly correlated (R? = 0.92)
with the sum of the Cobb and kyphosis angles at 28 weeks
(Figure 9).

4 | DISCUSSION

The current study provides novel data on longitudinal growth pat-
terns of the thoracic vertebrae in normative and scoliotic rabbits.
In both normative and scoliotic groups, thoracic VBH increased
with increasing age and increasing vertebral level. This may be
adaptions to increasing axial and

indicative of structural
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TABLE 3 Coefficients from linear regression models
Measurement (mm) Group T5 Té6 T7 T8 T9
VB;’ Normative 6.5037 6.6947 7.0329 7.3363 7.9257
[0.0166] [0.0169] [0.0176] [0.0206] [0.0218]
<0.8049> <0.7622> <0.7839> <0.8564> <0.8478>
VBE’C Scoliotic 6.6080 7.0793 74125 7.8105 8.1260
[0.0154] [0.0120] [0.0126] [0.0163] [0.0190]
<0.6555> <0.5151> <0.5348> <0.6139> <0.6600>
VBf Normative 6.4634 6.6657 7.0288 7.4119 7.9073
[0.0170] [0.0171] [0.0173] [0.0196] [0.0218]
<0.8062> <0.7522> <0.7912> <0.8508> <0.8543>
VBgX Scoliotic 6.6466 7.2774 7.5009 7.7960 8.3645
[0.0165] [0.0137] [0.0155] [0.0186] [0.0210]
<0.6917> <0.5498> <0.7206> <0.7320> <0.6759>
VBZ Normative 6.2166 6.3352 6.5091 7.1612 7.8251
[0.0151] [0.0159] [0.0167] [0.0173] [0.0198]
<0.7597> <0.7329> <0.8102> <0.7918> <0.8698>
Scoliotic 6.2855 6.4321 6.7638 7.3059 7.7985
[0.0170] [0.0148] [0.0114] [0.0143] [0.0213]
<0.6359> <0.5946> <0.4118> <0.5143> <0.7100>
VBE' Normative 6.3945 6.5393 6.7788 7.2546 7.7241
[0.0153] [0.0148] [0.0166] [0.0182] [0.0196]
<0.7580> <0.6586> <0.7462> <0.8263> <0.8087>
Scoliotic 6.0120 6.6585 7.1378 7.3286 8.1260
[0.0135] [0.0135] [0.0155] [0.0190] [0.0190]
<0.5834> <0.4950> <0.6615> <0.7399> <0.6600>

Note: The linear regression model is given by the equation: geometric measure (in mm) = b1 (age in days) + bO. Coefficient b0, the approximate parameter
value at birth is the value in the first row, Coefficient b1 is the increase in parameter value per day, shown in the second row ([]); and R? (Percentage of var-

iance explained by the model is the value in the third row (<>).
Abbreviations: VBH, vertebral body heights.

compressive loading caused by muscle forces and body weight,
respectively. While bilateral (right-left) symmetry was observed in
the normative group, bilateral asymmetry was observed between
the convex (left) and concave (right) sides in the scoliotic group,
with reduced heights on the concave side. However, there were
no significant differences in the dimensions between the norma-
tive and scoliotic vertebrae. In both groups, there was asymmetry
between the posterior and anterior VBH, with relatively greater
posterior vertebral body height. Also, the A-P asymmetry was
greater in the scoliotic vertebrae as compared to the normative
group. It is interesting to note that the anteriorly directed wedg-
ing (A-P asymmetry) was similar to that observed in normative
pediatric human thoracic vertebrae.?*

The morphological bilateral and A-P asymmetries observed in
the scoliotic vertebrae are similar to those previously reported in
immature scoliotic porcine and bovine spine.2’° In the scoliotic
group, the asymmetric growth in Té and apical level (T7) in the
coronal plane and at T7 and T8 in the sagittal plane could be a

result of varying load patterns associated with curve progression.

These findings may corroborate the vicious cycle theory proposed
by Stokes et al (1996)*¢ which hypothesized that asymmetric ver-
tebral growth patterns are initiated by asymmetric loading. Also,
the multi-planar vertebral wedging seen in the scoliotic rabbits
was similar to the typical three-dimensional vertebral deformity
in scoliotic humans.3! Despite significant lateral curvature and
vertebral wedging in scoliotic rabbits, only a few significant dif-
ferences were found in VBH between normative and scoliotic
vertebrae. The overall spine deformity may also be due to
changes in disc shape. Will et al (2009) showed that initial defor-
mity early in the growth spurt happens in the IVD whereas verte-
bral wedging was noticed after the peak height velocity (PHV).®
Moreover, Upasani et al (2011) reported disc wedging toward the
tether in immature Yucatan mini-pigs with anterior spinal
instrumentation.®

While there were significant differences in vertebral morphol-
ogy between normative and scoliotic rabbits, there were no differ-
ences in vertebral body growth rates between these two groups.

However, in scoliotic vertebrae, VB, and VB showed higher
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growth rates than VB and VB!, respectively. These growth patterns
support Heuter-Volkmann principle which states that compressive
loads inhibit growth while tensile loads promote growth.®2 The aver-
age growth rates at T5-T9 levels for normative rabbits were
0.019 mm/day (left-right) and 0.017 mm/day (Anterior-Posterior),
respectively. These normative values were greater than the average
T5-T9 scoliotic growth rates of 0.015mm/day (for VBEC ) and
0.017 mm/day (for VB'&'X), as well as for VBﬂ (0.015 mm/day) and VB‘FL,"
(0.013mm/day). These results indicate that the compressive forces
acting on the scoliotic vertebral bodies may be greater than those
on the normative spine. Also, there may be more compressive forces
acting on the concave side as compared to the convex side. As
compared to vertebral body growth in humans, the growth rates in
normative rabbits were approximately seven times higher.2* Contin-
uous increase in longitudinal growth on the convex side of a curve
and inhibition on the concave side results in vertebral wedging
which is a key structural characteristic of progressive spine
deformity.33

Recent studies by Wren el al (2017)%* and Poorghasamians et
al (2017)%° reported that a smaller vertebral cross-sectional area
was associated with lesser strength and greater flexibility (i.e.,
greater range of motion). Also, smaller vertebrae have greater mag-
nitude of asymmetric vertebral loading due to increase in flexibility,
which in turn leads to progression of vertebral wedging. As verte-
bral geometry is a likely determinant of the extent of vertebral
wedging, it is important to decouple the effects of geometry to
better understand the interplay between vertebral wedging and
spine curvature. Hence, we examined the effects of the moment-
arm of the rib tether, which is a proxy for the applied tether force,
with vertebral wedging and spine curvature. Our results showed
that both vertebral wedging and spine curvature positively corre-
lated with the moment-arm of the rib tether. Growth modulation
procedures to correct spine deformity could use such relationships
to predict the amount of vertebral wedging or spine curvature that
would result from an asymmetric corrective force, measured as a
moment-arm.

A major limitation of this study is its retrospective nature.
Because it is retrospective, scans at some time points were not avail-
able for all rabbits for analysis. However, 13 out of 18 rabbits had four
time points and three rabbits had three time points and two rabbits
had two time points. In addition, The rib-tethering surgery was
unevenly effective in creating thoracic deformity, in particular, in the
case of ribs fracture occurrence during the tethering procedure, it
leads to a reduced moment on the thoracic spine lessening the defor-
mity. However, all rabbits included in this study successfully devel-
oped a progressive deformity. Although there may be differences in
magnitude and mode of loading between quadruped and biped spines,
the results from this study provides valuable insight on the effects of
asymmetric loading on vertebral growth. While the current results
cannot be directly extrapolated to human vertebral growth due to
anatomical differences and inter-species differences in rate of skeletal
maturation, similar data gathered from humans can be used to inform

the timing and vertebral levels selection for vertebral growth
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modulation. Future studies could focus on studying the relationship

between applied stress and resulting growth.
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