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Purpose: The aim of this paper was to assess the histomorphometrical and mechanical properties of ribs in patients with idiopathic sco-
liosis who underwent corrective surgery of scoliosis combined with thoracoplasty. Methods: The analyzed material encompasses 20 females
between the ages of 12 and 18, whose pre-operative Cobb angle was 56.85 degrees, on average. The participants were divided into two
age groups, up to the age of 15 and above 15 years old, taking into account the anatomical location of the assessed rib fragments with
a division into floating and false ribs. The analysis of mechanical parameters was carried out by means of the quasi-static 3-point bending
test, and the histomorphometric evaluation of the examined rib fragments was carried out using high-resolution computed tomography.
Results: The existence of explicit relationships between selected radiological parameters describing scoliosis and mechanical and
histomorphometric parameters of the ribs has not been confirmed. Statistically significant correlations between age and rib stiffness
as well as between Young’s modulus and stiffness depending on the anatomical location of the examined rib fragment were confirmed.
Conclusions: Mechanical and histomorphometric properties of bone tissue in patients with scoliosis are not explicitly associated with the
radiological parameters characterizing scoliosis.
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1. Introduction

Since the middle of the last century, in the world
literature, there have been a number of papers dis-
cussing the mechanical properties of ribs. Early re-
search was mostly based on evaluation of bone frag-
ments collected from deceased donors, often without
taking into account the metabolic burden on the body
in the form of diseases that led to death [1], [6], [12],
[20], [21], [25]. Other authors perform biomechanical
analysis with the use of finite element method [7].
Only a few studies included an analysis of the proper-
ties of bone tissue collected from young people who
overall were also in good health [17].

Conducting this type of research using unique
material collected in vivo is possible for people with
scoliosis who underwent a surgery, combined with
rib hump correction – thoracoplasty. To pre-empt
questions about the representativeness of the ana-
lyzed sample, one must realize that the simple trans-
fer of test results in patients onto a healthy popula-
tion carries a risk resulting from certain differences
in the group of patients with scoliosis. Those disor-
ders include lower BMI values which are most fre-
quently described in the literature, as well as osteo-
penia, which statistically more frequently affect the
population of patients with scoliosis. The reason for
these differences can be seen both in the reduced
physical activity of the patient population, as well as
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the impact of the disease itself on the overall meta-
bolic state of the body [2].

The aim of the study was to assess the mechanical
and histomorphometric properties of ribs in people
with idiopathic scoliosis taking into account the age of
the patients, and to look for correlations between these
parameters and selected measurements describing spi-
nal deformation in the frontal and sagittal plane.

2. Material and methods

The research material consisted of rib fragments
(n = 43) taken subperiosteally, according to the
method described by Suk et al. [22], which were not
used to produce anterior interbody fusion. The bio-
logical material came from female patients (n = 20),
12 to 18 years old, who were diagnosed with type 5
scoliosis according to Lenke. They were all surgically
treated with anterior access combined with anterior
interbody fusion in the years 2014–2017. Exclusion
criteria included the diagnosed scoliosis of known
etiology, past chest or spine surgery. In addition, people
with systemic conditions potentially affecting bone
metabolism, including those using steroid drugs, were
excluded from the study. From the time of the opera-
tion until the tests were performed, the biological
material was stored in tightly closed polyethylene
containers at –20°C not to affect the changes in the
mechanical properties of bone tissue [8].

The collected research material was divided into
two groups, according to the anatomical structure of
the chest separating the ribs, and in accordance to the
type of connection with the sternum. Fragments origi-
nating from ribs VIII, IX, X and XI, XII were classified
into the group of false (n = 27) and floating (n = 16)
ribs, respectively. Moreover, to determine the impact
of age on the mechanical parameters of the ribs, the
biological material was divided into two age groups,
i.e., younger (n = 31) – up to 15 years of age, and
older (n = 12) – over 15 years of age.

2.1. Clinical characteristics
of scoliosis

Among the parameters characterizing scoliosis, the
following criteria were taken into account: pre-operative
Cobb angle, apical vertebrae translation, kyphosis angle
between 5 and 12, value of pre-operative percent of
correction in corrective tilt determined according to the
methodology used by the Harms Study Group [4].

2.2. Histomorphometry and degree
of rib mineralization

The analysis of the geometrical dimensions of the
ribs and the assessment of the structural properties of
bone tissue were carried out using a SkyScan1172 high
resolution computer microtomograph from Bruker. In
the reconstruction process, cross-sections with a reso-
lution of 12.5 µm were obtained based on the recorded
projections.

The basic parameters determined in the quantita-
tive analysis were the cortical thickness (Ct.Th) and its
volume (Ct.Vol), as well as the cortical area (Ct.Ar)
and trabecular area (Tr.Ar) (Fig. 1).

Fig. 1. The cross-section of the rib explaining the cortical
and trabecular area definition

For the central part of the ribs, corresponding to the
load application site in the 3-point bending test (Fig. 2),
precisely determined was the moment of inertia Ix, nec-
essary for the mechanical parameters to be defined (1).

Fig. 2. Measuring setup for 3-point bending of the rib [19]

Based on the x-ray attenuation coefficient, calibrated
against the known bone tissue phantom, the bone min-
eral density (BMD) of the ribs was calculated.

2.3. Mechanical properties

The assessment of the mechanical properties of the
ribs was carried out using the 3-point bending method
(Fig. 2) [5], [19].

Cortical area

Trabecular area



Mechanical and histomorphometrical evaluation of false and floating ribs of young adults with idiopathic scoliosis 5

The tests were carried out on the MTS Mini-
Bioniks 858 testing machine with a constant load
speed of 2 mm/min. The measurement was carried out
until the bone broke. During the 3-point bending test,
the fragments of ribs were placed on the supports of
the measuring setup, acting with a concentrated force
from the outside to the inside of the chest, the distance
between the system’s supports was 60 mm. During the
tests, the changes in the force F [N] in the function of
displacement f  [mm] of the sample were recorded.

Based on the collected data, parameters such as
Young’s modulus E, calculated on the basis of for-
mula (1), and bending moment Mg, calculated in ac-
cordance with formula (2), were determined. Addi-
tionally, the bending stiffness K was determined,
which is the product of the Young’s modulus and the
moment of inertia Ix.
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2.4. Statistical analysis

To determine the statistically significant differences
between the analyzed groups and to determine the cor-
relation between individual parameters, first the outliers
(Grubbs’s test) were rejected and distribution normality
(Shapiro–Wilk test) was checked; depending on the
type of distribution, the Pearson’s linear correlation
coefficient and Spearman’s Rs were determined for
compatible and non-compliant distributions, respec-
tively. Then, the assumption of equal variances for
unrelated samples was checked and statistical signifi-
cance was determined. For the other distributions, sta-
tistical significance was determined using the Kruskal–
Wallis H-test. To compare morphometric data and me-
chanical parameters between the analyzed groups, the
Student’s t-test was calculated for unrelated samples
(distribution consistent with the normal distribution and
equal variances) or the Mann–Whitney U-test was used
if the distribution did not match the normal distribution.
Statistical analysis was performed in the Statistica 12
program (Statsoft), the level of statistical significance
was assumed to be  = 0.05.

2.5. Ethics statement

The research was approved prior to performing the
study by the bioethics commission, approval no. 529/13,

of Poznan University of Medical Sciences. All pa-
tients participating in the project received comprehen-
sive information about the conducted research, as well
as written consent to participate in the study was ob-
tained each time.

3. Results

3.1. Histomorphometry and the degree
of rib mineralization

The first stage of research included analysis of
structural parameters of ribs and assessment of their
mineralization (BMD). Based on the images recorded
using microCT, basic parameters describing their ge-
ometry were calculated for each of the ribs (Table 1,
Fig. 3). The obtained results indicate that floating ribs,
compared to false ribs, are characterized by higher
values of histomorphometric parameters such as
Ct.Th, Ct.Vol, and Ct.Ar.

Table 1. Histomorphometric ribs parameters

Ribs cortical thickness
[mm]

cortical volume
[%]

BMD
[g/cm3]

x  ± SD x  ± SD x  ± SD
False 0.6 ± 0.1 52.7 ± 9.4 0.8 ± 0.1
Floating 0.6 ± 0.1 56.5 ± 10.6 0.8 ± 0.1

Due to the expanded cortical layer, the floating ribs
have a smaller trabecular area than the false ribs (Fig. 3).
Nevertheless, no statistically significant differences
between the analyzed groups of ribs were observed for
any of the histomorphometric parameters.

Fig. 3. Percentage share of cortical and trabecular area
depending on the type of ribs, analyzing the values

obtained for Ct.Th and Ct.Vol
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3.2. Mechanical properties

The next stage of the study was to assess the me-
chanical properties of the ribs. On the basis of the
3-point bending test, mechanical parameters illus-
trating the work of ribs under load were determined
(Table 2). A statistically significantly higher Young’s
modulus E and stiffness K for false ribs compared to
floating ribs were observed. In the case of Mg bending
moment, no statistically significant differences were
found; however, the results obtained for false ribs in
comparison with floating ribs are on the border of the
accepted statistical significance.

Table 2. Mechanical parameters of false and floating ribs

Ribs E
[GPa]

K
[Nm2]

Mg
[Nm]

x  ± SD x  ± SD x  ± SD
False 5.4 ± 1.8 220.2 ± 93.3 2.9 ± 1.4
Floating 3.8* ± 1.6 164.1* ± 52.8 2.2 ± 0.6

* Statistically significant differences in relations to false
ribs p < 0.05.

Analyzing the influence of the patient’s age on the
obtained mechanical properties, it can be noticed that
in the case of Young’s modulus E in both age groups,
there are statistically significant differences between
the rib types. The false ribs have a higher modulus E
on average by 40% in comparison with floating ribs
(Fig. 4).

Fig. 4. Value of Young’s modulus of ribs
according to type of ribs and age of the patients; * p < 0.05

In the case of stiffness, the statistically significant
differences obtained indicate that the false ribs of young
patients are stiffer not only compared to the floating

ribs but also with respect to the same type of ribs of
older patients (Fig. 5). Studies have shown that false
ribs up in patients up to the age of 15 are twice as stiff
as in those above the age of 15.

Fig. 5. Ribs stiffness value by type of ribs and patient’s age;
* p < 0.05

No statistically significant differences in Mg bend-
ing moment values were found for any of the analyzed
groups (Fig. 6). The relationships in both age groups
are of a similar nature.

Fig. 6. Mg value of ribs in accordance with the type of ribs
and the patient’s age; * p < 0.05

3.3. Correlations
between parameters

The last stage of research was the analysis of corre-
lations between individual parameters (Table 3). From
the clinical data, higher BMD values were correlated
with more advanced donor’s age, bigger height, and
greater shoulder width.
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Table 3. Clinical parameters vs. BMD

Relationship
between the parameters r ( p value) Interpretation

Age vs. BMD
[g/cm3] 0.31(0.041) The greater the age,

the higher the BMD
Height [cm] vs. BMD
[g/cm3] 0.47(0.001) The greater the height,

the higher the BMD
Arm span [cm] vs. BMD
[g/cm3] 0.51(0.000) The greater the arm span,

the higher the BMD

In turn, the relationship between age and selected
mechanical parameters of the ribs was not confirmed.
The analysis also did not confirm the relationship
between mechanical parameters and BMD. However,
a relationship was demonstrated between stiffness and
Young’s modulus an increase of which was associated
with lower cortical bone content (Table 4).

Table 4. Mechanical parameters vs. histomorphometry

Relationship
between the parameters r ( p value) Interpretation

E [GPa] and Ct.Ar [%] –0.43 (0.00) The greater the E,
the lower the cortical area

K [Nm2] and Ct.Ar [%] –0.32 (0.03) The greater the K,
the lower the cortical area

Table 5. Correlation between radiological
vs. histomorphometrical and mechanical parameters

Relationship
between the parameters r (p value) Interpretation

Percent of correction
vs Ct.Ar [%] 0.37(0.012)

The greater the percent
of correction, the higher
the cortical area

Percent of correction
vs Tb.Ar [%] –0.37(0.012)

The greater the percent
of correction, the lower
the trabecular area

Percent of correction
vs Ct.Vol [%] 0.39(0.008)

The greater the percent
of correction, the higher
the cortical volume

Apical vertebrae
translation
[cm] vs Ct.Vol [%]

–0.32(0.031)

The greater the apical
vertebrae translation,
the lower the cortical
volume

Kyphosis angl
vs. Mg [Nm] 0.42(0.00)

The greater the kyphosis
angle translation,
the higher the Mg

Kyphosis angle
vs. K [Nm2] 0.37(0.01)

The greater the kyphosis
angle translation,
the higher the K

Among the radiological parameters, it was shown
that higher values of the percent of correction were
correlated with a higher value of Ct.Ar and Ct.Vol,
and a lower value of Tr.Ar (Table 5). In turn, higher
values of the kyphosis angle were associated with an
increase in such mechanical parameters as bending

moment and stiffness. The last parameter discussed was
the value of the apical vertebrae translation an increase
of which was associated with a smaller Ct.Vol.

4. Discussion

4.1. Quality of the analyzed bone tissue

Material assessed in the form of human ribs collected
in vivo, taking all ethical standards into account, is rarely
found in the world literature in which the research is
based mainly on bone tissue collected from deceased
people, often burdened with a number of chronic dis-
eases which have a significant influence on the me-
chanical properties [1], [6], [12], [20], [21], [25].

The fact that bone material is selected for testing
from patients with scoliosis prompts a broader assess-
ment of this disorder in terms of its effect on the me-
chanical strength of the ribs. Scoliosis, according to the
literature data, is a disease entity often associated with
lower body weight and, consequently, a lower BMI [3].

Some authors state that scoliosis is associated with
reduced bone mass, and the cause of these disorders
may be poor nutrition or decreased physical activity
resulting from the illness [13].

In the opinion of authors such as Cheung et al. [3],
based on a study of over 170 people, osteopenia among
patients with scoliosis is more common than in the
age-appropriate general population.

Contrary to these reports, Wang et al. [24] do not
confirm such a significantly increased percentage of
patients with osteopenia in the group of people with
scoliosis however, assessing that it may affect up to
30% of this population. Despite these reports, densi-
tometry is not a routine procedure in preparation for
surgery for idiopathic scoliosis.

In our material, the BMD results of the analyzed rib
fragments are similar to those reported in the paper by
Mailhot et al. [14]. The BMD value of the rib fragments
obtained during the procedure of collecting thoracic
organs for transplantation was 0.926 [g/cm3]. These are
BMD values comparable to our work, in which the aver-
age BMD value was 0.8860 [g/cm3] (Table 1).

4.2. Mechanical
and histomorphometric tests of ribs

In the work by Granik and Stein [6], 3-point bending
analysis was performed on ribs VI and VII. The study
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material was obtained during the section from 10 people,
whose ribs did not show demineralization features in
an X-ray examination of the chest, without reference
to the cause of death [6]. In such measurements, the
average Young’s modulus values were more than
twice as high, i.e., 11.5 GPa, compared to the results
in our work, in which the average Young’s modulus
value was 4.81 GPa. Among the possible causes of
such significant discrepancies, not only the previously
discussed aspects related to the proper selection of
bone material can be mentioned. The discussed work
also uses a different loading speed.

In addition, the assessment of the thickness of the
cortical bone layer at the fracture site was based on
macroscopic methods associated with a much greater
margin of error compared to modern measurements
made using a microtomograph [6]. In the study of
Stein and Granik [20], ribs collected from as many
as 79 male donors were examined. In the assessment
of mechanical properties, the 3-point bending method
was used, but taking into account three different load-
ing speeds. Samples from donors aged 27 to 83 years
were tested. The authors did not observe the relation-
ship between the harvesting site of the fragment of the
rib, geometric parameters, and bending strength.

Contrary to Stein and Granik [20], in our work, we
noticed a relationship between the percentage of the
cortical bone and the value of Young’s modulus and
stiffness the increase of which was associated with
a decrease in the percentage of cortical bone of the
examined ribs (Table 4). A relationship between the
age and the mechanical properties was also observed,
in which ribs taken from persons from the younger
age group (up to 15 years old) were characterized by
a greater rigidity.

In turn, Stein and Granik [20] described the corre-
lation between age and maximum destructive force,
noting its decrease as the age of donors increased. The
values of Young’s modulus reported by Granik and
Stein [6] are most similar to those described in the
study by Stitzel et al. [21], in which the cortical bone
fragments of ribs from 4 people aged 61 to 71 were
subjected to the dynamic assessment of the 3-point
bending test. At the same time, bone mineral density
assessment showed osteoporosis in three donors,
while osteopenia was diagnosed in one donor. Stitzel
et al. [21] obtained average Young’s modulus values
in the range from 7.51 GPa for rib fragments taken
from the anterior chest up to 11.9 GPa for cortical rib
fragments taken from the lateral chest. The rigidity of
the examined rib fragments depended on the anatomi-
cal location of the sampling site of the examined rib
[9], [21]. Those reports are consistent with the results

of our research in which differences between the as-
sessed groups of ribs were also observed, noting higher
values of Young’s modulus and stiffness within the
group of false ribs in relation to floating ribs (Table 2).
During physical activity, the highest mechanical
values are concentrated in the lateral thoracic region.
This has important clinical consequences, as the V–IX
ribs in the posterior lateral region are most commonly
affected by fatigue fractures [10]. From an anatomical
point of view, this is the location of the interpenetrat-
ing serratus anterior and external oblique muscle
attachments, the simultaneous contraction of which
causes significant tension within true and false ribs,
sometimes resulting in a fracture.

On the other hand, fatigue fractures of floating ribs
to which the external oblique muscle attaches do not
constitute a significant clinical problem from an epi-
demiological perspective. It is associated with a lower
concentration of stress during intense physical activ-
ity, which translates into fewer fractures [15].

Returning to the issue of quantitative analysis of
bone tissue, the work of Stitzel et al. [21] confirms
the correlation between higher mineral density of the
analyzed bone tissue and stiffness of the examined rib
fragments, and higher values of Young’s modulus.
Higher values of stiffness and Young’s modulus
were associated with a greater degree of bone miner-
alization.

This fact was not confirmed in our studies in
which no statistically significant correlation was ob-
tained between the mineral density of the sample and
its mechanical properties. However, correlations be-
tween age, height, and higher BMD of the analyzed
rib fragments were confirmed (Table 3).

In turn, paradoxically, it is the younger age group
(up to 15 years) that was characterized by statistically
significantly higher stiffness (Fig. 5), which is re-
flected in different structural parameters in which the
increase in stiffness was connected with the smaller
cortical bone surface. In this context, the reports of
Keaveny et al. [11] which indicate the limited useful-
ness of the quantitative parameter which is BMD in
the context of the risk of a fracture, because it can be
different even at similar bone mineral density values,
are important. In addition to inorganic components,
the bone tissue consists of an organic substance in the
form of collagen fibers, non-collagen proteins, and
proteoglycans, of which proportions determine the
final strength of bone tissue, and thus the clinical risk
of fracture [11].

Among the works in which human ribs were
analyzed using the force directed from the inside to
the outside of the chest, the study of Pezowicz and
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Glowacki [17] needs to be mentioned in which mate-
rial from juvenile donors aged 10 to 22 was evaluated.
The provided Young’s modulus values were on aver-
age 4.71 Gpa, which is a result similar to those ob-
tained in our work as well as those given by Agnew
et al. [1]. The authors demonstrated the existence of
a relationship between age and elasticity module,
noting its higher values for ribs obtained from donors
from the older age group, in this case 16–22 years of
age [17]. The value of stiffness and bending moment
were similar to the results reported by Kemper et al.
[12]. In turn, the average value of the bending
moment given by Pezowicz and Głowacki [17] was
2.73 Nm, which is a result similar to the values pub-
lished in the research by Kemper et al. [12], which
provides the values of the moment bending of an
average of 5.5 Nm. Slightly different results regarding
the mechanical properties of human ribs are presented
in the paper by Agnew et al. [1]. Extensive analysis
was performed on 44 anterolateral segments collected
from twelve donors aged only from 5 months to
9 years, i.e., during periods of rapid developmental
changes [1]. In assessing the mechanical properties
carried out by the 3-point bending method with a lo-
ading speed identical to that used in the work of Yo-
ganandan et al. [25], the average Young’s modulus
value of 4.86 GPa was obtained, while the average
bending moment value was 1.02 Nm. The average
stiffness value was 29.81 N/mm [1]. The authors
showed a statistically significant relationship between
parameters such as age, height, bending moment, and
Young’s modulus. The relationship between maxi-
mum destructive force and age was also confirmed.
As a result of the analysis, a statistically significant
relationship between the bending moment and the
cortical bone surface was found. An identical corre-
lation was obtained in the case of stiffness and
Young’s modulus, the increase in the value of these
parameters was associated with a larger cortical bone
surface [1].

This is not confirmed by the presented studies in
which higher values of Young’s modulus and stiffness
were obtained for ribs with a smaller cortical bone
surface (Table 4).

The effect of age on mechanical parameters was
only significant in the case of stiffness, after taking
the division into age groups into account (Fig. 5). On
the other hand, in the studies of Schafman et al. [18],
significant variability in the mechanical parameters of
the ribs was found without a clear influence of the age
and sex of the sample donors. Similar conclusions
were formulated in the paper by Agnew et al. [1], in
which the age also did not significantly affect the me-

chanical properties of the ribs. There are few studies in
the literature regarding thoracic mechanics, including
ribs, in patients with scoliosis [16], [23].

So far, the radiological parameters characterizing
scoliosis in combination with the 3-point bending
test, and the evaluation of the morphometry of the
assessed rib fragments have not been simultaneously
analyzed.

Paradoxically, parameters describing better scolio-
sis correction, such as the value of pre-operative per-
centage of correction in the so-called corrective tilt
were associated with a larger volume and area of the
cortical bone. In turn, radiological parameters, such as
increased apical vertebrae translation, indicating greater
rigidity of the main curvature arc, were associated with
the smaller cortical bone area. In the 3-point bending
test, the maximum destructive force, stiffness, and
bending moment were correlated with higher values
of the kyphosis angle, a parameter which also indi-
cates clinically greater stiffness of the main scoliosis
arc (Table 5).

5. Conclusions

Mechanical and histomorphometric properties of
bone tissue in patients with scoliosis are not explicitly
associated with the radiological parameters charac-
terizing scoliosis, but are associated with the age of
patients and the anatomical location of the ribs.

Acknowledgements

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

References

[1] AGNEW A.M., MOORHOUSE K., KANG Y.S. et al., The response
of pediatric ribs to quasi-static loading: mechanical proper-
ties and microstructure, Ann. Biomed. Eng., 2013, 41 (12),
2501–2514.

[2] CHENG J.C.Y., GUO X., SHER A.H.L., Persistent osteopenia
in adolescent idiopathic scoliosis, Spine, 1999, 24 (12),
1218–1222.

[3] CHEUNG C.S., LEE W.T., TSE Y.K. et al., Generalized osteope-
nia in adolescent idiopathic scoliosis – association with ab-
normal pubertal growth, bone turnover, and calcium intake?,
Spine, 2006, 31 (3), 330–338.

[4] D’ANDREA P.L., BETZ R.R., LENKE G.L. et al., Do radiographic
parameters correlate with clinical outcomes in adolescent idio-
pathic scoliosis?, Spine, 2000, 25 (14), 1795–1802.



J. GŁOWACKI et al.10

[5] DOBRZYŃSKI M., PEZOWICZ C., TOMANIK M. et al., Modulat-
ing effect of selected pharmaceuticals on bone in female rats
exposed to 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD),
RSC Advances, 2018, 8 (48), 27537–27545.

[6] GRANIK G., STEIN I.D., Human ribs: static testing as a prom-
ising medical application, J. Biomech., 1973, 6 (3), 237–240.

[7] GZIK-ZROSKA B., WOLANSKI W., KAWLEWSKA E. et al., Com-
puter-aided correction of pectus carinatum, Proceedings of
VIPIMAGE, 2013, 341–344.

[8] HAMER A.J., STRACHAN J.R., BLACK M.M. et al., Biochemical
properties of cortical allograft bone using a new method of bone
strength measurement. A comparison of fresh, fresh-frozen and
irradiated bone, J. Bone Joint Surg. Br., 1996, 78 (3), 363–368.

[9] JASTRZEBSKI D., PERZ R., Rib kinematics analysis in
oblique and lateral impact tests, Acta Bioeng. Biomech.,
2020, 22 (1), 135–141.

[10] KARLSON K.A., Rib stress fractures in elite rowers: a case
series and proposed mechanism, Am. J. Sports Med., 1998,
26 (4), 516–519.

[11] KEAVENY T.M., KOPPERDAHL D.L., MELTON L.J. 3rd et al.,
Age dependence of femoral strength in white women and
men, J. Bone Miner. Res., 2010, 25 (5), 994–1001.

[12] KEMPER A.R., MCNALLY C., PULLINS C.A. et al., The biome-
chanics of human ribs: material and structural properties
from dynamic tension and bending tests, Stapp Car Crash J.,
2007, 51, 235–273.

[13] LI X.F, LI H., LIU Z.D., DAI L.Y., Low bone mineral status in
adolescent idiopathic scoliosis, Eur. Spine J., 2008, 17 (11),
1431–1440.

[14] MAILHOT G., DION N., FARLAY D. et al., Impaired rib bone
mass and quality in end-stage cystic fibrosis patients, Bone,
2017, 98, 9–17.

[15] MILES J.W., BARRETT G.R., Rib fractures in athletes, Sports
Medicine, 1991, 12 (1), 66–69.

[16] ODA I., ABUMI K., CUNNINGHAM BW. et al., An in vitro
human cadaveric study investigating the biomechanical
properties of the thoracic spine, Spine, 2002, 27 (3),
64–70.

[17] PEZOWICZ C., GLOWACKI M., The mechanical properties of
human ribs in young adult, Acta Bioeng. Biomech., 2012, 14,
53–56.

[18] SCHAFMAN M.A., KANG Y.S., MOORHOUSE K. et al., Age and
sex alone are insufficient to predict human rib structural re-
sponse to dynamic A-P loading, J. Biomech., 2016, 49 (14),
3516–3522.

[19] SKOCZYLAS K., Analysis of ribs failure force in three-point
bending test, Dissertation Wroclaw University of Science and
Technology, 2012.

[20] STEIN I.D., GRANIK G., Rib Structure and Bending Strength:
An Autopsy Study, Calcif Tissue Res., 1976, 20 (1),
61–73.

[21] STITZEL J.D., CORMIER J.M., BARRETTA J.T. et al., Defining
regional variation in the material properties of human rib
cortical bone and its effect on fracture prediction, Stapp Car
Crash J., 2003, 47, 243–265.

[22] SUK S.I., KIM J.H., KIM S.S. et al., Thoracoplasty in tho-
racic adolescent idiopathic scoliosis, Spine, 2008, 33 (10),
1061–1067.

[23] UPADHYAY S.S., MULLAJI A.B., LUK K.D., LEONG J.C., Rela-
tion of spinal and thoracic cage deformities and their flexi-
bilities with altered pulmonary functions in adolescent idio-
pathic scoliosis, Spine, 1995, 20 (22), 2415–2420.

[24] WANG Z.W, LEE W.Y, LAM T.P. et al., Defining the bone
morphometry, micro-architecture and volumetric density
profile in osteopenic vs non-osteopenic adolescent idiopathic
scoliosis, Eur. Spine J., 2017, 26 (6), 1586–1594.

[25] YOGANANDAN N., PINTAR F.A., Biomechanics of Human
Thoracic Ribs, J. Biomech. Eng., 1998, 120, 100–104.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


