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Abstract

The stabilizing effect of the rib cage on the human thoracic spine is still not sufficiently ana-
lyzed. For a better understanding of this effect as well as the calibration and validation of
numerical models of the thoracic spine, experimental biomechanics data is required. This
study aimed to determine (1) the stabilizing effect of the single rib cage structures on the
human thoracic spine as well as the effect of the rib cage on (2) the flexibility of the single
motion segments and (3) coupled motion behavior of the thoracic spine. Six human thoracic
spine specimens including the entire rib cage were loaded quasi-statically with pure moments
of £ 2 Nm in flexion/extension (FE), lateral bending (LB), and axial rotation (AR) using a cus-
tom-built spine tester. Motion analysis was performed using an optical motion tracking system
during load application to determine range of motion (ROM) and neutral zone (NZ). Speci-
mens were tested (1) in intact condition, (2) after removal of the intercostal muscles, (3) after
median sternotomy, after removal of (4) the anterior rib cage up to the rib stumps, (5) the right
sixth to eighth rib head, and (6) all rib heads. Significant (p < 0.05) increases of the ROM were
found after dissecting the intercostal muscles (LB: + 22.4%, AR: + 22.6%), the anterior part of
the rib cage (FE: + 21.1%, LB: + 10.9%, AR: + 72.5%), and all rib heads (AR: + 5.8%) relative
to its previous condition. Compared to the intact condition, ROM and NZ increased signifi-
cantly after removing the anterior part of the rib cage (FE: + 52.2%, + 45.6%; LB: + 42.0%, +
54.0%; AR: + 94.4%, + 187.8%). Median sternotomy (FE: + 11.9%, AR: + 21.9%) and partial
costovertebral release (AR: + 11.7%) significantly increased the ROM relative to its previous
condition. Removing the entire rib cage increased both monosegmental and coupled motion
ROM, but did not alter the qualitative motion behavior. The rib cage has a strong effect on tho-
racic spine rigidity, especially in axial rotation by a factor of more than two, and should there-
fore be considered in clinical scenarios, in vitro, and in silico.
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Introduction

The biomechanical properties of the human thoracic spine are still largely unknown, since spi-
nal research has mainly focused on the lumbar and cervical spine in the past. Especially the
influence of the anterior rib cage structures on the stiffness and motion behavior of the tho-
racic spine is poorly investigated. Detailed knowledge of the thoracic spine biomechanics
including the rib cage is required for improving surgical and conservative treatments of the
thoracic spine, for instance in the case of scoliosis or hyperkyphosis. Numerical models of the
thoracic spine and rib cage therefore provide a useful tool. In order to validate these models,
kinematics data and stiffness properties of the thoracic spine including the rib cage are
essential.

Since the validation of numerical models is based on the design of the experimental test
setup, the results of former in silico studies varied considerably [1, 2]. A clear definition of ini-
tial and boundary conditions is therefore of high importance in order to obtain long lasting
and impactful data. An established method for characterization of spinal stiffness properties
and data collection for the validation of numerical models is provided by the concept of step-
wise reduction of single anatomical structures. This concept was mainly applied to single
motion segments of the cervical and lumbar spine in the past [3-6]. The first in vitro experi-
ments quantifying the effect of the rib cage structures on thoracic spine stability were per-
formed on canine specimens, in which the effects of the posterior elements, costovertebral
joints, and intervertebral discs were investigated [7, 8]. Further in vitro studies using human
thoracic spine specimens, which included the rib cage structures, determined the effect of dis-
cectomy [9-11], rib head resection [9, 11], facetectomy [9-11], laminectomy [11], transversal
[10] and median sternotomy [12], costosternal release [10, 12], sternal fracture [13], the ante-
rior rib cage except of the costovertebral joints [13, 14], and the superior rib cage [12]. All
these studies concluded that the single rib cage structures have a significant effect on thoracic
spine stability.

Nonetheless, there are still many open questions regarding the influence of the rib cage on
the stability of the thoracic spine. For example, the monosegmental range of motion of the tho-
racic spine including the entire rib cage has never been investigated, nor has the effect of the
rib cage on the biomechanics of the entire thoracic spine. Therefore, the objectives of the pres-
ent study were: (1) To determine the stabilizing effect of specific rib cage structures (intercostal
muscles, sternum, and costovertebral joints) on the entire human thoracic spine in order to
calibrate and validate finite element models of the thoracic spine and rib cage system and to
quantify the effect of standard surgical interventions (median longitudinal sternotomy, costo-
vertebral release) on thoracic spine stability. (2) To examine the monosegmental ranges of
motion of the thoracic spine in polysegmental testing with and without the rib cage. (3) To
investigate the effect of the rib cage on coupled motions of the thoracic spine. Based on the
previously published experiments, it was hypothesized that each specific structure has a signifi-
cant effect on the stability of the thoracic spine.

Materials and methods
Study design

Six fresh frozen human thoracic spine specimens (C7-L1) including all rib cage structures with
an average age of 56 years (range 50-65) were dissected from entire torsos (one male and five
female). During preparation, specimens were scanned for ligament damage, bone fractures,
and osteophytes. Bony, cartilaginous, and ligamentous structures as well as the intercostal
muscles were left intact. The specimens were stored at -20°C and thawed at 6°C for 10 h prior
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Fig 1. The six specimen conditions for biomechanical testing and motion analysis. Specimens were tested in intact condition (1),
after removing the intercostal muscles (2), after median sternotomy (3), after removing the anterior rib cage up to rib stumps (4), after
removing right sixth, seventh, and eighth rib head (5), as well as after removing all rib heads (6).

https://doi.org/10.1371/journal.pone.0178733.g001

to preparation and testing, which were both performed within 20 h to avoid disintegration.
The cranial end of C7 and the caudal end of L1 were each embedded half in PMMA (Technovit
3040, Heraeus Kulzer, Werheim, Germany) for biomechanical testing. Prior to potting, screws
were placed each in the cranial (C7) and caudal (L1) endplates to obtain a better fixation.
Screws were also driven through the intervertebral disc between C7 and T1 to restrict the high
mobility of this motion segment.

The test procedure was designed as a stepwise reduction of the single specimen structures
whereby biomechanical testing and motion analysis between each reduction step was per-
formed (Fig 1). The intercostal muscles and the rib heads were removed using a scalpel. Sixth
to eighth rib head removal simulated the concept of costovertebral release, which provides
good results in the surgical treatment of scoliosis [15]. Median longitudinal sternotomy and
the removal of the anterior part of the rib cage up to the rib stumps were performed using an
oscillating saw (OR-SY-518.01, Synthes®), Zuchwil, Switzerland). Median longitudinal ster-
notomy is a standard clinical intervention, which is performed in most cardiac surgeries such
as cardiopulmonary bypass surgery or heart transplantation [16]. The destabilizing effect of
median sternotomy on the thoracic spine has already been shown in a previous study, where
the stabilizing effect of sternal closure was investigated [17].

The conduction of the study and the use of human specimens were approved by the ethical
committee board of the University of Ulm, Germany (No. 302/14). The specimens were pro-
vided by the Anatomy Gifts Registry program (AGR, Hanover, Maryland, USA).

Biomechanical testing

The specimens were loaded quasi-statically on the cranial end (C7) with pure bending
moments of + 2 Nm in the three loading planes flexion/extension, lateral bending, and axial
rotation (Fig 2) using a custom-built spine tester [18]. The loads were applied with a constant
loading rate of 1.0°/s in flexion/extension and lateral bending as well as 0.5°/s in axial rotation
to avoid viscoelastic superposition of the motion response [19]. To reduce viscoelastic effects,
3.5 loading cycles were performed in each loading plane (S1 Video), of which the last loading
cycle was chosen for data evaluation.
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Fig 2. The experimental test setup. Pure moments of 2 Nm were applied in flexion/extension, lateral bending, and axial rotation using a
custom-built spine tester [18]. Motion analysis was performed using an optical motion tracking system with six cameras.

https://doi.org/10.1371/journal.pone.0178733.9g002
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Fig 3. The process of motion analysis. Optical markers were transferred into a point cloud. Relative motions were determined by

manual labeling.

https://doi.org/10.1371/journal.pone.0178733.9003

The caudal end of the specimens (L1) was each fixed in an angle flange. Because the angle
between the thoracic and lumbar spine is about 20° [20], the angle flange was positioned at 20°
for four of the specimens with regular kyphosis and at 30° for two of the specimens with hyper-
kyphosis to reach a balanced, centered position within the spine tester.

Motion analysis

Simultaneously with mechanical loading, motion data was captured using the optical motion
tracking system Vicon MX13 (Vicon Motion Systems Ltd., Oxford, UK) consisting of six cam-
eras. Motion analysis was performed to calculate range of motion (ROM) and neutral zone
(NZ) together with the applied moment for the single functional spinal units (FSUs) from T1
to T12, as well as the coupled motions of the FSUs. All single vertebrae were therefore each
equipped with three optical markers (Fig 3). The motion analysis used in the test setup was
determined to have an accuracy of 0.1 mm or 0.1°, based on preliminary tests. Motion data
was evaluated using Nexus 1.8.5 (Vicon Motion Systems Ltd., Oxford, UK, S2 Video) and pro-
cessed with MATLAB R2014b (MathWorks, Natick, MA, USA) and Microsoft Excel 2010
(Microsoft Corp., Redmond, WA, USA).

ROM was defined as the maximum deflection of the single motion segments in one direc-
tion. NZ was defined as the intersection point of the hysteresis curve with the displacement
axis at a bending moment of 0 Nm [21]. NZ represents the laxity of a specimen and specifies
the region in which no or only small moments are generated during an applied displacement
[21].

Statistical analysis

Statistical tests were performed using the statistical analysis software SPSS 21 (IBM Corp.,
Armonk, NY, USA). ROM and NZ data were checked for normal distribution within the six
specimen groups using Shapiro-Wilk normality test (p > 0.1) and then tested for significance
(p < 0.05) using parametric Student’s t-test to evaluate differences between the six testing con-
ditions. Because all ROM and NZ data were normally distributed, data were represented as
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mean with standard deviation. Holm-Bonferroni method was performed in order to account
for the familywise error rate caused by multiple comparisons between the different groups.
Finally, Cohen’s sample effect size (0.2 < d < 0.5: small effect, 0.5 < d < 0.8: mean effect,

d > 0.8: strong effect) and observed power (1-f > 0.8) were evaluated to estimate the achieved
statistical power of the results. Power analysis was performed post hoc using the Software
G*Power [22]. Monosegmental ROM data were analyzed qualitatively and represented as
median value to minimize the effect of outliers resulting from polysegmental testing. Coupled
motions of the entire thoracic spine were also checked for normal distribution and represented
as mean with standard deviation.

Results

The rib cage and its single structures were found to have a strong effect on thoracic spine rigid-
ity (Table 1). Dissecting the intercostal muscles caused a significant increase of ROM and NZ
in lateral bending (+ 22.4%, + 30.0%) and axial rotation (+ 22.6%, + 21.7%). Removing the
anterior part of the rib cage up to rib stumps had the strongest effect on thoracic spine rigidity.
Compared to the previous condition, ROM and NZ increased significantly in flexion/exten-
sion (+ 21.1%, + 25.3%), lateral bending (+ 9.8%, + 10.9%), and axial rotation (+ 30.1%, +
72.5%) without the anterior rib cage. Compared to the intact condition, the removal of the
anterior part of the rib cage produced a significant increase in the ROM and NZ during flex-
ion/extension (+ 52.2%, + 45.6%), lateral bending (+ 42.0%, + 54.0%), and axial rotation

(+ 94.4%, + 187.8%), with a strong effect size (d > 0.8) in each loading direction, as well as a
high power (1-p > 0.8) in axial rotation. Removing the entire rib cage increased the ROM sig-
nificantly in all loading directions relative to the intact condition (Fig 4). ROM and NZ gener-
ally increased after each resection step except for the last resection step in flexion/extension.

Table 1. Ranges of motion (ROM) and neutral zones (NZ) of the thoracic spine (T1-T12) are shown for the single specimen conditions (IC = intact
condition, W/o IM = without intercostal muscles, MST = after median sternotomy, W/o ARC = without anterior rib cage, W/o RH 6-8 = without 6th-
8th right rib head, W/o RH = without all rib heads) in the single motion planes for 2 Nm pure bending moment (n = 6).

Specimen condition

IC ROM
NZ
W/o IM ROM
NZ
MST ROM
NZ
W/o ARC ROM
NZ
W/o RH 6-8 ROM
NZ
W/o RH ROM
NZ

Flexion/extension Lateral bending Axial rotation

M+SD (") |PC (%) IC (%) M+SD(°) |PC (%) IC (%) M+SD(°) |PC (%) IC (%)
10.5+4.0 14.9+3.9 20.4+7.4

7.9+34 11.8+4.3 2.44+1.1

11.8£5.0 |+11.72 18.3+54 | +224%° 25.0+9.5 |+226%°

8.9+4.0 +12,6*2 15.3+5.6 | +30.0*° 3.0+£1.3 +21.7 %

132456 |+11.9* | +250* |19.3x52 |+572 +29.3*° | 305+11.1 |+21.9*° |4+494*°
9.2+4.1 +3.2 +16.2* |16.3+59 |+6.8° +38.8*° |4.1+20 +371° | +66.9%°
16.0£6.6 | +21.1* | 4+522%*° 212457 |+9.8% |4+420*° 39.7+13.4 |+30.1* |4+94.4*°#
115454 | +253* | 4+456*° |[181+6.1 |+109** |4+540%* |7.0+3.3 +725%° | +187.8 ¥°*
17.0+75 | +6.3 +6.3 22.3+57 |+5.3° +49.6*°% | 443+152 | +11.7%% |4+117.1 %
125+6.4 |+8.9 +8.9 19.4+6.1 |+7.32 +652*°% 1 83+39 +18.52 | +240.9*°*
16.9+7.3 |-0.6 -0.6 23.6+6.4 |+57° +58.0*°* |469+£16.1 |+58* +129.7 *°*
11.7£59 |-6.3 -6.3 20.6+7.0 |+6.3°2 +75.5*% 86146 +4.1° +254.9 *°*

M = mean, SD = standard deviation, PC = variation compared to previous condition, IC = variation compared to intact condition

*p<0.05

@ small effect (0.2<d<0.5
® mean effect (0.5 <d < 0.8)
¢ strong effect (d > 0.8)

# high power (1-B > 0.8)

https://doi.org/10.1371/journal.pone.0178733.t001
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Fig 4. The ROM of the thoracic spine (T1-12, n = 6) for 2 Nm pure bending moment. The ROM is depicted as mean with
standard deviation for each the intact condition with entire rib cage and the condition without entire rib cage in all loading directions.

https://doi.org/10.1371/journal.pone.0178733.g004

Performing a median sternotomy increased the ROM significantly in flexion/extension and
axial rotation compared to its previous condition without intercostal muscles, as previously
shown [17]. Compared to the intact condition, ROM and NZ were significantly increased after a
median sternotomy in flexion/extension (+ 25.0%, + 16.2%), lateral bending (+ 29.3%, + 38.8%),
and axial rotation (+ 49.4%, + 66.9%). Removing the sixth to eighth right rib head increased the
ROM significantly in axial rotation (+ 11.7%) relative to its previous condition with all costover-
tebral joints left intact.

Removing the entire rib cage generally increased the monosegmental ROM, except for the
lower two segments T10-T11 (in lateral bending) and T11-T12 (in all three directions)

(Table 2). In flexion/extension and lateral bending, the highest flexibility was detected in
T1-T2, decreasing in the inferior direction. In axial rotation, the flexibility of the FSUs was
more evenly distributed over the entire thoracic spine, but increased much more in the supe-
rior half after removing the entire rib cage compared to its intact condition. Because of inverse
motions of the functional spinal units, the monosegmental ROM were found to be negative in
some cases, especially in flexion/extension and generally in the condition without the entire
rib cage.

Coupled motions of the thoracic spine with the intact rib cage were detected mainly in lat-
eral bending, with a large coupled axial rotation in the opposite direction, as well as in axial
rotation with a slight coupled lateral bending in the same direction (Table 3). After removal of
the entire rib cage, these coupled motions increased approximately proportionally to the
increasing ROM of the main loading directions.

Discussion

Detailed knowledge of the biomechanics of the thoracic spine and the effect of the rib cage on
its stability is essential for the improvement of surgical interventions, as well as therapeutic
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Table 2. Ranges of motion are shown for intact condition (= IC) and the condition without the entire rib cage (= W/o RC) in the single motion planes
for all functional spinal units and a pure bending moment of 2 Nm (n = 6).

Flexion/extension Lateral bending Axial rotation
IC W/o RC IC W/o RC IC W/o RC
Mdn (°) Mdn (°) Mdn (°) Mdn (°) Mdn (°) Mdn (°)
Max / Min (°) Max / Min (°) Max / Min (°) Max / Min (°) Max / Min (°) Max / Min (°)
T1-T2 3.4 4.7 2.8 4.8 2.9 6.2
4.4/2.7 6.4/3.1 4.7/2.2 7.0/3.4 3.7/1.4 8.0/3.8
T2-T3 1.3 2.4 2.4 3.5 1.7 6.4
26/-1.3 3.2/-0.2 2.8/0.6 52/0.7 3.3/0.5 7.3/0.2
T3-T4 1.3 1.9 2.1 3.5 1.0 4.5
1.9/0.4 3.7/1.0 3.4/1.2 5.2/21 1.1/0.3 7.8/24
T4-T5 0.5 1.8 1.8 3.8 1.3 5.0
1.1/-0.8 41/-04 2.9/0.6 45/1.3 1.8/0.3 9.6/1.9
T5-T6 0.3 0.7 1.3 2.9 0.8 5.1
0.9/0.2 2.0/0.5 2.0/0.6 3.9/1.2 1.8/0.4 7.7/1.9
T6-T7 0.6 1.8 1.1 2.0 2.2 5.8
2.8/-0.5 3.7/-0.5 1.7/0.5 3.6/0.6 2.7/0.5 6.9/0.8
T7-T8 0.1 1.0 0.8 1.4 1.7 2.9
1.0/-0.8 1.6/-0.2 1.2/0.5 3.0/1.0 2.2/0.8 6.3/-0.6
T8-T9 1.0 1.1 0.9 1.4 3.0 5.9
1.8/-11 24/-2.6 1.4/0.6 2.1/05 4.2/0.7 6.9/1.3
T9-T10 0.9 1.0 0.8 1.1 3.8 4.7
2.0/0.0 1.8/-0.7 1.6/0.4 1.7/0.1 5.3/1.0 6.3/1.7
T10-T11 0.8 1.0 0.6 0.2 2.6 2.8
2.7/0.2 41/0.2 1.1/0.0 0.6/-0.1 4.3/0.5 5.7/0.4
T11-T12 0.7 0.1 0.4 0.0 0.9 0.8
1.1/-0.3 1.9/-4.7 0.7/0.2 0.3/-0.5 25/0.6 2.6/0.6

Mdn = median, Max = maximum, Min = minimum

https://doi.org/10.1371/journal.pone.0178733.t002

Table 3. Coupled motion ROM of the thoracic spine (T1-T12, n = 6) are shown for intact condition (= IC) and condition without the entire rib cage (=
W/o RC) in the six main loading directions.

Specimen condition Flexion Extension Lat. bend. left | Lat. bend.right |Ax.rot.left |Ax.rot.right
M£SD() |Mz%=SDY(’) M +SD (°) M £SD () M £SD () M +SD (°)
IC Coupled flexion 52+1.7 0.2+0.5
Coupled extension 5.3+24 0.3+0.5 0.1+0.8 0.1+£0.7
Coupled lat. bend. left 0.1+0.3 75+1.9 1.1+1.2
Coupled lat. bend. right | 0.1+0.3 75+1.9 1.1+£1.3
Coupled ax. rot. left 0.2+04 46123 10.2+3.7
Coupled ax. rot. right 0.2+0.4 46+23 10.2+3.7
W/o RC Coupled flexion 85+ 0.3+1.2 04+1.7
Coupled extension 8.4+3.4 0.1+£1.2 1.6+1.2
Coupled lat. bend. left 0.2+0.5 11.8+3.2 22+24
Coupled lat. bend. right 0.2+0.5 11.8+3.2 22+24
Coupled ax. rot. left 1.2+1.5 6.4+3.4 23.5+8.1
Coupled ax. rot. right 1.6+1.5 6.3+3.3 23.5+8.1
M = mean, SD = standard deviation
https://doi.org/10.1371/journal.pone.0178733.t003
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treatments in the thoracic region. Numerical models of the thoracic spine including the rib
cage may help to understand and optimize the effects of specific medical procedures, but need
to be validated by experimental data [1, 2]. Several in vitro studies investigated the effect of
specific rib cage structures on thoracic spine stability using multiple kinds of test setups and
few resection steps [7-14]. The purpose of the present study was therefore to investigate the
stabilizing effect of the rib cage on the thoracic spine and to provide data in order to calibrate
and validate finite element models of the thoracic spine including the rib cage.

The results of the present study showed that all rib cage structures contribute to thoracic
spine stability. The strong stabilizing effect of the rib cage becomes distinct especially when
looking at the difference between the intact rib cage and the isolated spine (Fig 4), which has
never been investigated before. These findings suggest that the rib cage is of prime importance
regarding the biomechanical integrity of the spine, since the thoracic spine is additionally sta-
bilized by the ribs and the costovertebral ligaments, in contrast to the cervical and lumbar
spine, which are mainly stabilized by the adjacent musculature. Therefore, it can be assumed
that the rib cage, in addition to its function as protector for the inner organs, respiration sup-
port, and framework for the insertion of muscles, has the role of a flexibility limiter for the
spine in order to prevent damage caused by high bending moments during movements.

The stabilizing effect of the intercostal muscles, also never previously investigated in vitro,
was especially evident during lateral bending and axial rotation, when these muscles were
stressed in tension. Intercostal muscles should therefore be left intact for biomechanical testing
and should be included in computational models of the rib cage. Removing the anterior part
of the rib cage up to the rib stumps had the strongest effect on thoracic spine stability of all
resection steps performed in the present study, as well as any former in vitro studies (Table 4).
Watkins et al. detected the strongest effect in flexion/extension using a biaxial testing device
without applying pure moments [13], whereas Mannen et al. observed the strongest effect in
axial rotation [14], which corresponds to the results of the present study. The sternal complex,
which connects most of the single ribs with each other anteriorly, seems therefore to be of high
importance for the rigidity of the thoracic spine regarding the effect of the rib cage.

The destabilizing effect of median sternotomy on the thoracic spine, especially in axial rota-
tion, was also detected in the study of Brasiliense et al. [12], although relatively smaller com-
pared to the present study. This might be due to their test setup, in which only the upper four
segments were tested, while relative motions between the ribs and vertebrae were restricted.
Combining the findings of these two studies, sternal closure is recommended after surgical
transection of the sternum from a biomechanical perspective to prevent spinal destabilization.
The removal of the right sixth to eighth rib head only produced a significant effect in axial
rotation compared to its previous condition with all costovertebral joints left intact. This
agrees with the study of Feiertag et al., who also did not find a significant increase in the ROM
after removal of the right ninth rib head under flexion/extension as well as lateral bending [9].
In contrast, Oda et al. detected a significant increase in the ROM after right rib head removal
in all loading planes using thoracic functional spinal units [11]. However, since Oda et al. per-
formed a radical discectomy before rib head removal, the results are not directly comparable.

Table 4. Comparison of ROM increase (%) after removing the anterior rib cage up to rib stumps rela-
tive to intact condition with literature data.

Flexion/extension Lateral bending Axial rotation
Present study +52.2 +42.0 +94.4
Watkins et al. [13] +66.1 +54.8 +45.9
Mannen et al. [14] +18.6 +37.4 +77.0

https://doi.org/10.1371/journal.pone.0178733.t1004
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Table 5. Comparison of monosegmental ROM with literature data.

T1-T2
T2-T3
T3-T4
T4-T5
T5-T6
T6-T7
T7-T8
T8-T9
T9-T10
T10-T11
T11-T12
Total

Flexion/Extension

IC
3.4
1.3
1.3
0.5
0.3
0.6
0.1
1.0
0.9
0.8
0.7
10.5

CcvJ
4.7
2.4
1.9
1.8
0.7
1.8
1.0
1.1
1.0
1.0
0.1
16.9

[23]
4.0
4.0
4.0
4.0
4.0
5.0
6.0
6.0
6.0
9.0
12.0
64.0

[24]
2.8
2.6
2.3
1.8
2.6
23
33
32
3.1
3.9
6.5
34.4

Lateral bending Axial rotation
[25] |[26] IC CVJ |[23] [24] |[25] IC CVJ |[23] [24] [25] |[27]
5.6 3.9 2.8 4.8 10.0 6.0 4.0 2.9 6.2 18.0 - 9.1 2.4

5.6 2.6 2.4 3.5 12.0 4.8 4.0 1.7 6.4 16.0 4.0 9.1 3.2
5.6 1.2 2.1 3.5 10.0 3.7 4.0 1.0 4.5 16.0 5.1 9.1 2.8
4.9 0.9 1.8 3.8 12.0 5.0 4.1 1.3 5.0 16.0 3.9 11.7 3.2
4.9 1.5 1.3 2.9 12.0 5.3 4.1 0.8 5.1 16.0 5.0 11.7 | 3.6
4.9 2.1 1.1 2.0 12.0 5.9 4.1 2.2 5.8 14.0 4.1 11.7 |3.8
4.9 1.9 0.8 1.4 12.0 4.1 4.1 1.7 2.9 14.0 4.3 11.7 | 4.6
5.4 2.7 0.9 1.4 12.0 4.7 6.2 3.0 5.9 12.0 5.5 4.6 5.0
5.4 3.3 0.8 1.1 12.0 4.4 6.2 3.8 4.7 8.0 3.2 4.6 5.4
5.4 3.6 0.6 0.2 14.0 4.4 6.2 2.6 2.8 4.0 3.4 4.6 5.2
5.4 3.8 0.4 0.0 18.0 3.7 6.2 0.9 0.8 4.0 2.6 4.6 2.6
578 275 |149 |23.6 |[136.0 |52.0 |53.0 204 |46.9 |138.0 411 |920 |41.8

IC = Intact condition (present study), CVJ = Condition without rib cage and costovertebral joints (present study), [23] = White and Panjabi (1990, literature
collection), [24] = White et al. (1969, in vitro, polysegmental, without ribs, maximum ROM), [25] = Willems et al. (1996, in vivo, maximum ROM), [26] =
Morita et al. (2014, in vivo, maximum ROM), [27] = Fujimori et al. (2012, in vivo, maximum ROM)

https://doi.org/10.1371/journal.pone.0178733.t005

Nevertheless, partial costovertebral release seems to destabilize the thoracic spine at least in
axial rotation. This might facilitate the surgical correction of scoliosis, whereby a spinal fixa-
tion is recommended to avoid spinal instability.

Compared to the literature, monosegmental ROM of the present study was quite low in
flexion/extension and lateral bending (Table 5). This might indicate that higher bending
moments than 2 Nm and monosegmental testing provide a more physiologic simulation of the
in vivo situation in these two loading directions, especially in the lower segments where the
intervertebral discs exhibit larger cross sections. Also the high NZ to ROM ratios in flexion/
extension and lateral bending (Table 1) suggest that the flexibility of the thoracic spine is much
higher in vivo. The results of the present study also indicate that the lower two pairs of ribs do
not have a significant effect on thoracic spine stability, since the costovertebral joints of the
lower two pairs of ribs are not located at the level of the intervertebral disc and therefore do
not provide intersegmental stability.

In the present study, lateral bending in one direction induced a considerable axial rotation
in the opposite direction. This was also observed in the study of Brasiliense et al. in the upper
third of the thoracic spine [12], whereas Willems et al. determined coupled axial rotation in
same direction [25]. The slight coupled lateral bending in the same direction during axial rota-
tion observed in the present study is in accordance with the results of former in vivo studies
[25, 27]. Coupled motions of the thoracic spine can be caused by several factors, for instance
by the specific orientation of the facet joints, the morphology of the intervertebral discs, liga-
mentous structures, or the ribs. The different coupled motion behavior during lateral bending
and axial rotation in our study is probably due to morphological characteristics of the thoracic
spine and rib cage. This complex motion behavior should be analyzed separately by means of
monosegmental testing of the thoracic spine including the ribs. Because of the alternating
motion pattern, monosegmental coupled motions were not quantified in the present study,
but it is known that coupled motions of thoracic spinal segments decrease in the inferior direc-
tion [23, 27].

PLOS ONE | https://doi.org/10.1371/journal.pone.0178733  June 1, 2017 10/13


https://doi.org/10.1371/journal.pone.0178733.t005
https://doi.org/10.1371/journal.pone.0178733

@° PLOS | ONE

The effect of the rib cage structures on thoracic spine stability

The present study entailed some limitations. Statistical differences and observed power of
the results were quite low, which can be traced to the small specimen number (n = 6). How-
ever, increasing the number of specimens to achieve higher power is also related with ethical
and financial issues. Moreover, the present study primarily intended to provide data for
numerical modeling. Statistical significance could have been also increased without using the
Holm-Bonferroni method, which is critically discussed in research [28]. The relatively high
standard deviations of the results followed from the interindividual differences of the single
specimens, which showed each a similar motion behavior in relative terms. Another limitation
of the present study was the polysegmental testing, which is just qualitatively comparable to
monosegmental testing, since the ROM is tending to be smaller in polysegmental testing [29].
Monosegmental ROM was also sometimes found to show an inverse motion behavior in the
present study and should therefore be tested separately in a monosegmental test setup with
associated rib and sternal portion. Including a follower load in the test setup, which is some-
times stipulated in thoracic spine research [30], may improve the monosegmental motion
behavior, but it would also increase the specimen stiffness and the number of boundary condi-
tions in a numerical model validation. In the present study, pure bending moments of 2 Nm
were applied, which correspond to former in vitro studies using a polysegmental test setup for
the thoracic spine [11, 13], whereas generally pure moments of 5 Nm are recommended for
the thoracic region in spine research [21]. Because of specimen length and limited testing
device dimensions, loading of the specimens with 5 Nm was not feasible in flexion/extension
and lateral bending. However, it was imperative to perform polysegmental testing when evalu-
ating the effect of the entire rib cage on thoracic spine stability. Due to its in vitro nature, the
results of the present study are not directly comparable to studies which were performed in
vivo, although it was previously shown that the application of pure moments can simulate
physiological loading conditions [31]. In future studies, muscle forces should therefore be
included in the experimental setup to simulate an even more physiological motion behavior of
the thoracic spine and the rib cage.

Conclusions

The rib cage and its single structures have a significant stabilizing effect on the thoracic spine.
Therefore, the rib cage should be regarded in clinical scenarios, in vitro, as well as in numerical
models of the thoracic spine. Using the biomechanical data of the present study, numerical
models of the thoracic spine including the rib cage can be calibrated and validated.

Supporting information

S1 Dataset. Raw data of the in vitro experiments and statistical analysis. Raw data of the
experiments (polysegmental Rom/NZ, monosegmental ROM, and coupled motions ROM)
and statistical analysis (t-test, Holm-Bonferroni procedure, effect size test, and power analysis)
are shown.

(XLSX)

S$1 Video. Load application. The application of +2 Nm pure moment is shown in time lapse
exemplarily for axial rotation in the intact condition.
(MP4)

S2 Video. Optical marker motion. The virtual motion of the optical markers during load
application is shown.
(MP4)
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