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Abstract

There has been few studies focusing on the disc pressure of the upper thoracic spine and it still lacks the quantitative pressure
measurement of each spinal disc segment. The aim of this study was to study the pressure changes of intervertebral disc in
porcine upper thoracic spine using pressure-sensitive film. Twelve porcine thoracic motion segments were harvested and
successively loaded with vertical loads of 100 N, 150 N, and 200 N during 5° of anterior flexion, 5° of posterior extension
and 5° of lateral bending. The resulting pressure values were measured. During anterior flexion, the anterior annulus of all
segments at all loads showed higher mean pressure values than those during vertical compression, whereas the posterior
annulus did not show higher mean values. During posterior extension, the anterior annulus of all segments showed lower
mean pressure values than those during vertical compression, whereas the posterior annulus did not show lower mean pressure
values. During lateral bending, the annulus of all segments showed higher mean pressure values than those during vertical
compression. The posterior thoracic vertebra plays an important role in the motion of the upper thoracic vertebral segment
and pressure distribution. During lateral bending, the concave side pressure of the annulus increases obviously, suggesting
that asymmetrical force is a contributory factor for scoliosis progression.
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Introduction

Changes in normal spine curvature can cause specific spi-
nal deformities, of which spinal scoliosis is one of the most
complex three-dimensional deformities [1]. However, the
etiology of scoliosis remains unclear. Current studies con-
sider it as a multifactorial process, including changes in
gene, hormone, thrombocyte, growth and development, as
well as biomechanics [2—4]. However, after the initiation of
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scoliosis, biomechanics will be the main factor affecting the
disease progress, especially the vertebrae imbalance [5-7].

Biomechanical evaluation of spinal stability can help to
better understand the optimal surgical treatments for scolio-
sis. Previous studies regarding the biomechanical effects of
scoliosis mainly focus on the thoracolumbar spine, lower
thoracic spine, and lumbar spine [8—17]. To our knowledge,
there have been few biomechanical researches regarding the
upper thoracic spine, because the upper thoracic spine has
a unique and complex physiologic structure. Meanwhile,
upper thoracic scoliosis is common in clinics, and therefore
exploring the biomechanical characteristics of the upper
thoracic spine will help to develop new surgical modalities
and more effectively treat upper thoracic scoliosis. Finite
element analysis is currently the most advanced biomechani-
cal method, because it can subdivide the spinal structure,
simulate the role of each spinal structure in motion, and
may predict scoliosis progress [18-22]. Healy et al. evalu-
ated thoracic spinal stability after common surgical decom-
pressive procedures in thoracic spines with intact sterno-
costovertebral articulations [23]. Little et al. compared the
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biomechanics of costotransverse process screw fixation with
those of pedicle screw fixation in a cadaveric model of the
upper thoracic spine [24]. However, it still lacks the quan-
titative pressure measurement of each spinal disc segment.

Edwards et al. [8] examined the distribution of stress
across the area of the intervertebral disc using pressure
probes. However, its results are only from certain points and
also not intuitive [25]. Pressure-sensitive film can accurately
measure the pressure range and distribution over a contact
area. It is usually composed of two polyurethane composite
films: a microcapsule layer (A-film) and a color-developing
layer (C-film). To date, it has seen widely applied for study-
ing the contact mechanics in artificial joints [26-29]. To our
knowledge, there have been few reports regarding biome-
chanical studies of the upper thoracic spine using pressure
sensitive-film.

Immature pigs are usually used as animal models to test
the spinal internal fixation system for scoliosis modeling,
because they have a similar anatomical structure to humans
and their growth cycle is suitable for disease progress
research [30-32]. In this study, we investigated the pres-
sure change and biomechanical characteristics of each spinal
level of the upper thoracic spine in immature pigs during
vertical load, 5° of anterior flexion, 5° of posterior exten-
sion, and 5° of lateral bending using pressure-sensitive film.

Methods
Specimen preparation

Twelve fresh-frozen female porcine cadaveric spine speci-
mens were utilized in this study. The age of the mini-pigs
ranged from 6 to 8 weeks with scoliosis growth potential.
The mean weight of the specimens was 8.3 kg (ranging from
6 to 10 kg). Immature pigs were chosen because they are the
most approximate animal model with respect to size and
shape of the human vertebra [30-32]. One difference is that
the vertebral bone density in pigs is higher than that of the
human vertebra; however, we are planning to study the vari-
ation trend of disc stress; hence, this difference would not
affect our results. Before biomechanical testing, computed
tomography scans of each specimen were carried out to
exclude the possibility of deformity, tumors, and fractures.
Six thoracic motion segments were obtained from six of the
specimens including T1-T2, T3-T4, T5-T6 and T7-T8 and
another six thoracic motion segments were obtained from
the remaining specimens including T2-T3, T4-TS5, T6-T7
and T8-T9 segments. All the specimens were sealed in poly-
ethylene film and stored in a freezer at — 20 °C. To prepare
for the test, the specimens were taken out and thawed at
3 °C for 12 h. After thawing, all the thoracic motion seg-
ments were embedded in self-curing denture acrylic (Dental
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Materials Factory of Shanghai Medical Instruments Co.,
Ltd, China) with upper and inferior ends of thickness 1.5 cm
(Fig. 1) and placed perpendicular to the ground. Thereafter,
the motion segment was mounted on a CSS-44020 biome-
chanical test machine (Changchun Research Institute for
Testing Machines, Changchun, Jilin Province, China). A
vertical load of 300 N [25] was applied to each segment for
15 min to reduce the hyper-hydration of the intervertebral
disc. After dissecting the entire intervertebral disc in the
transverse plane from anterior to posterior, the pressure-sen-
sitive film (Prescale measurement film, Super Low Pressure,
Fuji film Co. Ltd, Tokyo, Japan), wrapped in a plastic bag,
was inserted in the intervertebral disc. During the process
of disc dissection, care should be taken to avoid the injuries
to the articular process, intact anterior and posterior longi-
tudinal ligaments. The film can bear pressure in the range
of 0.5 to 2.5 MPa. Prior to placement, the film was cut to an
appropriate shape in order to match the intervertebral disc.
We estimated the required film size from the size of the disc
adjacent to the target dissected segment. The top of the film
was cut into a thin and sharp shape, whereas the inferior part
of the film was cut into a gradually widening shape (Fig. 2),
to facilitate insertion into the dissected intervertebral disc.
Before the formal experiments, we performed preliminary
loading by using a compressive load of 200 N for three
successive times 15 min intervals to completely eliminate
the influence of the viscoelasticity of the specimens. The
reason that we selected the load of 200 N for 15 min was
because this load condition can completely eliminate the
viscoelasticity and acquired clear pressure-sensitive films in
our preliminary experiments [25, 33]. The motion segments
were then successively loaded with 100 N, 150 N, and 200 N
(approximately half of the body weight of an adult) perpen-
dicular to the ground (Fig. 3a). The loading rate was set at

Denture acrylic

A

Fig. 1 Thoracic motion segments were embedded in self-curing den-
ture acrylic with upper and inferior ends of thickness 1.5 cm
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Fig.2 Shape of film used in this study. The top of the film was cut
into a thin and sharp shape, whereas the inferior part of the film was
cut into a gradually widening shape

50 N/s according to our multiple preliminary experiments,
which show that this loading rate can effectively prevent
pressure-sensitive film from sliding in the intervertebral disc
and thus help to acquire clear pressure-sensitive films. For
each specimen, the entire load sequence test was repeated
three times; if the results of these three trials were similar,
the mean value was selected. Under extreme conditions, if
the three trials yield uneven loading results, a vertical load
of 300 N for 15 min and a compressive load of 200 N for
15 min should be applied on each segment to eliminate the
influences of the hyper-hydration of the intervertebral disc
and viscoelasticity of the specimens [25, 33]. In this study,

Fig.3 a The motion segments
were successively loaded with
100 N, 150 N, and 200 N during
vertical position. b A wedge-
shaped slope 5° inclined plane
made using self-curing denture
acrylic was placed between the
test machine and motion seg-
ment to stimulate stress profiles
during different positions

no such extreme conditions occurred. The film remained
in place for 2 min in order to obtain more homogeneous
images. Thereafter a wedge-shaped 5° inclined plane made
using self-curing denture acrylic (Fig. 3b) was placed
between the test machine and motion segment to stimulate
stress profiles during 5° of anterior flexion, 5° of posterior
extension, and 5° of lateral bending [8]. The test process
was identical to the purely compressive loading stimulation
process described above. All these procedures described
above were performed at a temperature of 20 °C and rela-
tive humidity of 44%.

The contact pressures were measured with a prescale den-
sitometer (FPD-305E, Fuji Photo Film Co., Tokyo, Japan)
and a prescale pressure reader (FPD-306E) designed for use
with the film. The densitometer was precalibrated to meas-
ure color development density. It automatically adjusted for
atmospheric conditions, including temperature and humid-
ity, at the time of testing. The pressure reader converted the
color density measurement to a pressure reading in megapas-
cals (MPa). The contact pressure of each film was measured
by using manual tracing in 1-mm increments. Each meas-
urement was repeated twice by one researcher and the mean
value was quantified. The approximate numbers of stress
measurements that contributed to each reported value of the
anterior annulus, posterior annulus, and annulus during lat-
eral bending were 20-30, 10-20, and 15-25, respectively.

In this study, we quantified the pressure values of the
three regions (anterior annulus, posterior annulus, and
entire annulus) of the intervertebral disc from the meas-
ured profiles at each load condition. According to the
three-column theory, the anterior two thirds of the disc
was assumed to be the anterior annulus, and the posterior

Load-bearing
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one third was assumed to be the posterior annulus. McAfee
et al. [34] proposed the concept of the three-column spine,
i.e., (1) the anterior column consists of the anterior two
thirds of the vertebral body, anterior annulus, and anterior
longitudinal ligament; (2) the middle column consists of
the posterior longitudinal ligament, posterior annulus, and
posterior one third of the vertebral body; and (3) the pos-
terior column consists of the facet-joint capsules, ligamen-
tum flavum, osseous neural arch, supraspinous ligament,
interspinous ligament, and articular processes. During the
lateral bending, the measured profiles were taken from
the half of the curved concave sides of the entire annulus
(Fig. 4).

Fig.4 During the lateral bending, the measured profiles were taken
from the half of the curved concave sides of the entire annulus

Statistical analysis

The data analysis was performed using SPSS 13.0 (SPSS
Inc., Chicago, IL, USA). The data were expressed as
mean + standard deviation (SD). A Multi-sample means
comparison was performed using one-way analysis of vari-
ance (ANOVA) to analyze the pressure values of different
segments at a load of 100 N, 150 N, and 200 N during dif-
ferent conditions, and the multiple comparisons were deter-
mined by using the LSD test or Dunnett T3 test when the
variance was heterogeneous. The differences were consid-
ered statistically significant when P <0.05.

Results
Stress data of spinal levels

The stress data of each spinal level of the upper thoracic
vertebrae under vertical loads of 100 N, 150 N, and 200 N
are shown in Table 1. Statistical tests showed that there were
statistically significant differences regarding the mean pres-
sure among the different loads at the anterior, posterior, and
entire annulus of all spinal levels. Moreover, the mean pres-
sure values of the anterior, posterior and entire annulus of
all spinal levels all showed an overall tendency to increase
with the increasing load (Table 1).

In addition, we found that the pressure increases of pos-
terior annulus (posterior column) and entire annulus of all
spinal levels between the loads of 150 N and 200 N was
smaller than those between 100 and 150 N (Table 1).

Table 1 Pressures values (MPa) of the anterior, posterior, and entire annulus of each segment under vertical loads of 100 N, 150 N, and 200 N

(means + SD)

Segments SA100 SA150 SA200 SP100 SP150 SP200 S100 S150 S200

T1-2 0.35+0.18 0.45+0.09 0.55+0.04 1.00+£0.08  1.81+0.11* 2114024 0.55+0.12 1.10+0.08* 1.24+0.10¢
T2-3 0.37+0.17 057+0.11* 0.71+0.06° 0.62+0.06 1.33+0.11* 1.64+0.08>¢ 046+0.11 0.95+0.10* 1.03+0.09°
T3-4 041+0.15 0.67+0.10° 0.82+0.05>¢ 038+0.04 0.88+0.07" 1.10+0.20°¢ 0.38+0.08 0.82+0.06* 0.87+0.06°
T4-5 0.49+0.12 0.77+0.06* 0.87+0.02° 0.24+0.03 0.64+0.08" 0.84+0.07° 037+0.09 0.78+0.09* 0.81+0.05
T5-6 0.56+0.13 0.79+0.09° 0.87+0.06° 0.22+0.03 0.61+£0.05 0.79+0.07°¢ 045+0.04 0.75+0.08* 0.81+0.05
T6-7 0.61+0.12 078+0.16 0.99+0.22° 027+0.04 0.66+0.03* 0.83+0.05> 0.51+£0.02 0.76+0.09* 0.95+0.13>¢
T7-8 0.61+0.12 0.81+0.18 1.11+0.38 0.384+0.04 0.70+0.07° 1.02+0.08"° 0.53+0.03 0.78+0.09*° 1.11+0.17>¢
T8-9 0.58+0.08 0.85+0.18* 1.28+0.51 0.502+0.06 0.93+0.10° 1.44+0.09> 0.55+0.04 0.97+0.10° 1.39+0.22°¢

SA100 average pressure values of anterior annulus at a load of 100 N, SA7/50 average pressure values of anterior annulus at a load of 150 N,
SA200 pressure values of the anterior annulus under a load of 200 N, SP100 average pressure values of the posterior annulus under a load of
100 N, SP150 average pressure values of the posterior annulus under a load of 150 N, SP200 average pressure values of the posterior annulus
under a load of 200 N, S700 average pressure values of the entire annulus under a load of 100 N, S/50 average pressure values of the entire
annulus at a load of 150 N, $200 average pressure values of the entire annulus under a load of 200 N
2Versus SA100 or SP100 or S100, P <0.05
®Versus SA150 or SP150 or S150, P<0.05

“Versus SA100 or SP100 or S100, P<0.05
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Stress data of spinal levels during 5° of anterior
flexion

The stress data of each spinal level of the upper thoracic
vertebrae under loads of 100 N, 150 N, and 200 N during
5° of anterior flexion are shown in Table 2. Statistical tests
showed that there were statistically significant differences
regarding pressure values among the different loads at the
anterior and posterior annulus of all spinal levels. Moreo-
ver, the mean pressure values at the anterior and posterior
annulus of all spinal levels showed an overall tendency to
increase with the increasing load (Table 2) during 5° of ante-
rior flexion. Furthermore, the mean pressure values at the
anterior and posterior annulus of all spinal levels under the
load of 200 N was all statistically significantly higher than
those under 100 N (P <0.05).

Stress data of spinal levels during 5° of posterior
extension

The stress data of each spinal level of the upper thoracic ver-
tebrae under loads of 100 N, 150 N, and 200 N during 5° of
posterior extension are shown in Table 3. With regard to the
anterior annulus, there was no consistent variation regarding
the mean pressure values of spinal levels among the different
loads (Table 3), particularly in the T2-3 and T3-4 segments.

With regard to the posterior annulus, statistical tests
showed that there were statistically significant differences
regarding pressure values of all spinal levels among the dif-
ferent loads. In addition, the mean pressure values at the

posterior annulus of all spinal levels showed a tendency to
increase with the increasing load (Table 3) during 5° of pos-
terior extension. Furthermore, the mean pressure values at
the posterior annulus of all spinal levels under the load of
200 N were all statistically significantly higher than those
under 100 N (all P<0.05), and those under 150 N (except
for the T2-3 segment).

Stress data of spinal levels during 5°of lateral
bending

The stress data of each spinal level of the upper thoracic
vertebrae under loads of 100 N, 150 N, and 200 N during
5° of lateral bending are shown in Table 4. Statistical tests
showed that there were statistically significant differences
regarding the mean pressure values at the annulus of all spi-
nal levels among the different loads. Moreover, the mean
pressure values at the annulus of all spinal levels showed
a tendency to increase with the increasing load under 5° of
lateral bending (Table 4).

Influence of posture on disc stresses

For the motion analysis, we found that the mean pressure at
the anterior annulus of all spinal levels during vertical com-
pression under 100 N, 150 N, and 200 N loads had relatively
lower values compared to those during anterior flexion, but
higher values compared to those during posterior extension,
although these differences were not sill statistically signifi-
cant (Fig. 5).

Table 2 Pressure values of the

, ¢ Segments  AA100 AAL150 AA200 AP100 AP150 AP200
anterior and posterior annulus

of each segment under loads T1-2 0.51+0.06  0.65+0.06* 0.98+0.17>¢ 0.68+0.10 1.15+0.13¢  1.93+0.12°f

Zflrlig(g’ I;I; é?ﬁrfe’r?ﬁf ;ggolfl T2-3 061+008 082004 126+008° 044£007 083007 142005

(means + SD) T34 0.71+0.09  0.95+0.03* 1.41+0.04> 030+0.03 0.63+0.05 0.98+0.13%

T4-5 0.78+£0.07 0.99+0.08" 1.47+0.08>° 0.19+0.03 0.60+0.02¢  0.86+0.06°

T5-6 0.78+0.11 091+£0.05 1.41+0.17%° 020+0.06 0.62+0.02¢  0.89+0.08%

T6-7 0.79+0.18 1.02+£027  1.41+047¢ 031+0.07 0.64+0.06° 0.90+0.12°

T7-8 0.82+£0.23  1.101+045 1.69+0.54> 0.44+0.04 0.74+0.14% 1.11+0.07%

T8-9 0.89+0.27 1.115+039 1.67+0.58> 0.54+0.03 1.01+0.10° 1.50x0.115f

AAI00 average pressure values of the anterior annulus under a load of 100 N during 5° of anterior flexion,
AA150 average pressure values of the anterior annulus under a load of 150 N during 5° of anterior flexion,
AA200 pressure values of the anterior annulus under a load of 200 N during 5° of anterior flexion, AP100
average pressure values of the posterior annulus under a load of 100 N during 5° of anterior flexion, AP150
average pressure values of the posterior annulus under a load of 150 N during 5° of anterior flexion, AP200
average pressure values of the posterior annulus under a load of 200 N during 5° of anterior flexion

aVersus AA100, P <0.05
"Versus AA150, P<0.05
“Versus AA100, P<0.05
4Versus AP100, P <0.05
“Versus AP150, P<0.05
fVersus AP100, P<0.05
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Table 3 Pressure values of the

. : Segments  RA100 RA150 RA200 RP100 RP150 RP200

anterior and posterior annulus

of each segment under loads T1-2 0.17+0.10  0.18+0.08  0.24+0.04 1.31£0.07  2.09+0.12¢  3.00+0.18°

of 100N, 150N, and 200 N T2-3 0174008 0254011 0224003  091+0.11 143+020° 1.99+0.49'

during 5° of posterior extension A

(means + SD) T3-4 0.19+0.06 034+0.11  024+0.06> 054+0.14 0924027  1.29+0.42%f
T4-5 0.19+£0.06 033+0.04* 0344005  031+006 0.78+0.19° 1.04+0.21°
T5-6 0.25+0.03 0.28+0.07  047+0.05* 021+0.09 0.64+0.14¢ 0.92+0.14%
T6-7 045+0.03 051+0.10  0.62+0.04>°  023+0.09 0.55+0.06° 0.88+0.06°
T7-8 0.55+0.12  0.64+023  0.72+0.11 034+0.12  0.67+0.11¢  1.23+0.15
T8-9 0404008 058+020 0.77+020°  055+0.12 1.03+0.12¢ 1.78+0.07°'

RA100 average pressure values of the anterior annulus under a load of 100 N during 5° of posterior exten-
sion, RA150 average pressure values of the anterior annulus under a load of 150 N during 5° of posterior
extension, RA200 average pressure values of anterior annulus at a load of 200 N during 5° of posterior
extension, RP100 average pressure values of the posterior annulus under a load of 100 N during 5° of pos-
terior extension, RP150 average pressure values of the posterior annulus under a load of 150 N during 5° of
posterior extension, RP200 average pressure values of the posterior annulus under a load of 200 N during

5° of posterior extension
2Versus RA100, P<0.05
"Versus RA150, P<0.05
“Versus RA100, P<0.05
4Versus RP100, P <0.05
“Versus RP150, P<0.05
fVersus RP100, P <0.05

Table 4 Pressure values of the annulus of each segment under
loads of 100 N, 150 N, and 200 N during 5° of lateral bending
(means + SD)

Segments B100 B150 B200

T1-2 0.81+0.08 1.39+0.19 1.61+0.03¢
T2-3 0.71+0.08 1.12+0.14a 1.57+£0.025¢
T34 0.66+0.04 1.10+0.06 1.51£0.04%¢
T4-5 0.65+0.02 1.10+0.06 1.41+£0.08%¢
T5-6 0.63+0.03 1.01 +0.06* 1.26+0.08"¢
T6-7 0.68+0.03 1.08+0.16 1.37+0.20°
T7-8 0.76+0.02 1.38+0.15 1.86+£0.27>¢
T8-9 0.82+0.04 1.44+0.08 1.98+0.30°

B100 average pressure values of the annulus under a load of 100 N
during 5° of lateral bending, B150 average pressure values of the
annulus under a load of 150 N during 5° of lateral bending, B200
average pressure values of the annulus under a load of 200 N during
5° of lateral bending

Versus B100, P<0.05
®Versus B150, P <0.05
“Versus B100, P <0.05

With regard to the motion analysis of the mean pres-
sure at the posterior annulus of all spinal levels, we find
that the mean pressure at the posterior annulus during
posterior extension under 100 N, 150 N, and 200 N loads
showed increased values at certain spinal levels (such as the
T1-2, T2-3,T3-4,T4-5, and T8-9 segments under a load
of 100 N), but decreased values at other spinal levels (such

@ Springer

as the T5-6, T6-7, T7-8 segments under a load of 100 N)
compared to those during vertical compression (Fig. 6). In
addition, we found that the mean pressure at the posterior
annulus during anterior flexion under of 100 N, 150 N, and
200 N loads showed a decreased tendency at certain spinal
levels, but increased tendency at other spinal levels com-
pared to those during vertical compression.

With regard to the motion analysis of the mean pressure
at the annulus of all spinal levels under of 100 N, 150 N and
200 N loads, we found that the mean pressures at the annulus
of all spinal levels during lateral bending was statistically
significantly higher than those of the entire annulus of all
spinal levels during vertical compression under all loads
(Fig. 7) (all P<0.05).

Discussion

Currently, two methods including pressure probe and pres-
sure-sensitive film are available for measuring intradiscal
stress directly in loaded cadaver discs. Pressure probe can
measure the stress value of single point of the disc without
causing damages to the annulus. However, it is associated
with the difficulty in controlling the insertion depth. In addi-
tion, it can only measure pressure locally but not globally
[25]. Pressure-sensitive film can intuitively display the pres-
sure characteristics of each segment in the upper thoracic
and lumbar spine [27], which has the main force region cen-
tered on the annulus and nucleus. Using this approach, we
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Fig.5 The mean pressure at the anterior annulus of all spinal levels
during vertical compression under 100 N, 150 N, and 200 N loads
had relatively lower values compared to those during anterior flex-

can observe the force conditions of the entire annulus. In
this study, we analyzed the mean pressure at the anterior and
posterior annulus because they best reflect the load charac-
teristics of the upper thoracic spine. In order to ensure the
stability that pressure-sensitive films needed, we adopted a
specimen fixation method similar to that used in a previous
study by Adams et al. [25], i.e., a single motion segment was
embedded in self-curing denture acrylic. This method has
been widely used for measuring intervertebral disc pressure.
In addition, the CSS biomechanics test machine employed
in this study has a mold that can be used for fixing the ver-
tebral body and load control component. By selecting a
simple motion segment, the stability of pressure-sensitive
film on the intervertebral disc can be guaranteed. It should
be emphasized that we will not get stable stress images if
the stability of the pressure-sensitive film cannot be guar-
anteed, thus we had performed a lot of preliminary experi-
ments prior to the formal experiments to ensure the stability
of the pressure-sensitive films within the intervertebral disc.

Previously, lumbar specimens were commonly used to
study intervertebral disc pressures. Adams et al. [25] meas-
ured the stress distribution within cadaveric intervertebral

ion, but higher values compared to those during posterior extension,
although these differences were not significant

discs during vertical load and found that the stress distri-
bution varied with the lumbar level. In addition, they also
found that the pressure of the anterior annulus at L1-2 was
higher than that of the posterior annulus, and that the pos-
terior annulus was affected more than the anterior annulus
at L2-3, L3-4, and L4-5. Gay et al. [11] evaluated the reli-
ability of stress profilometry measurements in the anterior,
posterior, and nucleus regions of cadaveric lumbar discs,
and found that the spinal level affect the resulting stress.
Adams et al. tested the hypothesis that backward bending of
the lumbar spine could reduce compressive stresses within
the lumbar intervertebral discs and concluded that the pos-
terior annulus could be stress-shielded by the neural arch
in extended postures, but the effect was variable [35]. The
aforementioned reports mainly focused on lumbar vertebrae
and the results of the stress of the vertebral arch in lumbar
vertebrae were not always obvious and varied under dif-
ferent conditions. In this study, we focused on the stress
characteristics of the upper thoracic spine. In comparison
to lumbar vertebrae, upper thoracic vertebrae will withstand
more pressure. To our knowledge, it still lacks the quantita-
tive pressure measurement of each spinal disc segment. In
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Fig.6 The mean pressure at the posterior annulus during posterior
extension under 100 N, 150 N, and 200 N loads showed increased
values at certain spinal levels (such as the T1-2, T2-3, T34, T4-5,

this study, we found that the posterior annulus was more
affected than that the anterior annulus at T1-2 and T2-3
under the vertical load of 100 N, and at T1-2, T2-3, T34,
and T8-9 under the vertical loads of 150 N and 200 N. We
observed that each spinal level had its stress characteristics,
and varied with the increasing load. This may be related
to the physiological curvature and structural features of the
upper thoracic spine. With regard to the entire annulus, we
found relatively stable increase ranges of pressure profiles
at T7-8 and T8-9 with the increasing load, and smaller
increase ranges of pressure profiles at other spinal levels of
the upper thoracic spine. These may be due to the vertebral
posterior region sharing part of the load, which becomes
more pronounced with the increasing load, thereby result-
ing in the inconsistency between the increase range of the
mean pressure in the entire annulus and the increase range
of the load.

Gravity should not be ignored during the stress analysis of
spinal scoliosis. Many spinal structures will respond to the
mechanical load, thus resulting in corresponding pathologi-
cal changes [2]. In this study, the pressure of the concave
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and T8-9 segments under a load of 100 N), but decreased values at
other spinal levels (such as the T5-6, T6-7, and T7-8 segments under
a load of 100 N) compared to those during vertical compression

annulus in the intervertebral disc show clearly shows an
increasing tendency with the increasing load during lat-
eral bending. McMillan et al. [9] found that stress profiles
obtained under different applied loads showed a similar
distribution of stress within the disc and concluded that
compressive stress at any location and direction increased
in proportion to the applied load. It can be speculated that
the spine will tolerate a greater load in patients with higher
weight and the intervertebral disc will also bear relatively
greater stress.

Under different motion conditions, gravity (under differ-
ent loading) remains an import factor affecting spinal stress.
During anterior flexion and posterior extension, the stress
on the posterior annulus varied positively with the increas-
ing load. With regard to the anterior annulus, the mean
stress also varied positively with the increasing load during
anterior flexion. On the contrary, there was no consistent
variation regarding the mean pressure values of spinal levels
under different loads during posterior extension, particularly
in the T2-3 and T3—4 segments. These findings suggest that
the middle and posterior column of the upper thoracic spine
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Fig.7 The mean pressures at the annulus of all spinal levels during lateral bending were statistically significantly higher than those of the entire

annulus of all spinal levels during vertical compression under all loads

tend to bear more load as the load increases, and the poste-
rior regions of the spine plays an important role.

It is generally believed that increased stress can be
observed at the anterior annulus during anterior flexion and
the posterior annulus during posterior extension, and that
decreased stress can be observed at the posterior annulus
during anterior flexion and at the anterior annulus during
posterior extension [8, 27, 36]. Edwards et al. [8] found that
the highest values were measured at the posterior annulus
during extension—compression. Steffen et al. [36] reported
that the largest intradiscal pressure increase was observed
at the posterolateral inner annular regions during posterior
extension. However, all these reports focused on the lower
thoracic spine, thoracolumbar spine, and lumbar segments.
In the present biomechanical analysis of the upper thoracic
spine, we obtained different results. We found increased
stress at the anterior and posterior annulus during anterior
flexion compared to those of vertical loading. In addition, we
found that the anterior annulus showed decreased stress dur-
ing posterior extension compared to vertical loading. How-
ever, certain spinal levels did not show obvious increased
stress at the posterior annulus during anterior flexion

compared to those during vertical compression. The unique
stress characteristics of the upper thoracic spine are related
to its physiological structure. According to the three-column
theory [34], the lumbar intervertebral disc bears a majority
of the interdiscal pressure within the spine. On the contrary,
the upper thoracic spine bears relatively small interdiscal
pressure owing to its small intervertebral disc and more
posterior vertebral structures. During anterior flexion, the
interdiscal pressure showed an overall increasing tendency
due to the intervertebral disc moving anteriorly. Meanwhile,
the interdiscal pressure showed an overall decreasing ten-
dency due to the posterior column bearing a majority of the
compressive stress during posterior extension.

Previous studies suggest that wedging of the interver-
tebral disc and centrum due to asymmetrical loading
is a contributory factor for progress of scoliotic curves
[37-40]. It is widely believed that this change of the
intervertebral disc and centrum follows the Hueter-Volk-
mann principles. According to these, vertebral growth is
mainly derived from the growth of the cartilage endplate
and the morphological changes of scoliosis are highly
associated with intervertebral disc stress. In this study,
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we found that the concave side pressure of the annulus
increases obviously during lateral bending and the mean
pressure values at the annulus of all spinal levels showed a
tendency to increase with the increasing load under lateral
bending. In addition, we can intuitively observe the stress
unbalance due to lateral bending. From the pressure-sen-
sitive films and pressure data (shown in Table 4), we can
observe the asymmetrical force. Long-term asymmetrical
loading after the onset of scoliosis can cause the interver-
tebral disc and centrum wedging and thus is a contributory
factor for scoliosis progress. In general, a large load or
weight and lateral curvature will accelerate the scoliosis
progress. The upper thoracic spine is the least affected by
weight, which helps to explain the slow scoliosis progress.
The role of the posterior structures in the upper thoracic
spine sharing stress should not be ignored. Because the
upper thoracic spine has unique stress characteristics com-
pared to other spinal segments, improving the asymmetri-
cal stress and reducing the load on the motion segments
will be important methods for correcting spinal deformity.

This study has several limitations. This study only
reported the final disc pressure under loading. Except the
final disc pressure, study on biomechanics in such data as
load—displacement curve, disc pressure-load curve should
be further investigated. These data will be great beneficial
for researchers on numerical modelling. However, lim-
ited to the biomechanical test machine and the use of test
method of pressure-sensitive film, we are hard to collect
these curves in this current study. However, to our knowl-
edge, there has been no previous study focusing on the
disc pressure of the upper thoracic spine and it still lacks
the quantitative pressure measurement of each spinal disc
segment. Pressure-sensitive film can intuitively display
the pressure characteristics of each segment in the upper
thoracic and lumbar spine (25), which has the main force
region centered on the annulus and nucleus. Using this
approach, we can observe the force conditions of the entire
annulus. In this study, we investigated the pressure change
and biomechanical characteristics of each spinal level of
the upper thoracic spine in immature pigs during verti-
cal load, 5° of anterior flexion, 5° of posterior extension,
and 5° of lateral bending using pressure-sensitive film.
Our experiments provide certain reference value for the
researchers to study disc pressure of upper thoracic spine.

In conclusion, the findings suggest that the posterior
thoracic vertebral structure plays an important role in the
motion of the upper thoracic vertebral segment and pres-
sure distribution. During lateral bending, the concave side
stress at the annulus of the upper thoracic spine increase
obviously, suggesting that asymmetrical stress is a con-
tributory factor for scoliosis progression. Gravity is also
an import factor affecting scoliosis progress.
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