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Abstract

Knowledge of mandibular periosteum mechanical properties is fundamental for understanding its role in craniofacial growth,
in trauma and bone regeneration. There is a lack in the literature regarding mechanical behavior of the human periosteum,
including both experimental and modeling aspects. The proposed study involves tensile tests of periosteum samples from
different locations including two locations of human mandibular periosteum: lingual and vestibular, compared with samples
from various locations of the calvarial periosteum. We propose to analyze the tensile response of the mandibular periosteum
using a model, initially applied on the skin, and based on a structural approach involving the mechanical properties of the
corrugation of the collagen. Two different approaches for the model parameters’ identification are proposed: (1) identification
from experimental curve fitting and (2) identification from histological study. This approach allows us to compare parameters
extracted from the traction test fitting to structural parameters measured on periosteum histological slices. Concerning experi-
mental aspects, we showed significant differences, in terms of stiffness, between calvarial and mandibular periostea. (The
mean final stiffness is E, ,,,¢ = 18 MPa for the mandible versus E, .., = 70.1 for the calvaria.) About modeling, we succeed
to capture the correct mechanical behavior for the periosteum, and the statistical analysis showed that certain parameters
from the geometric data and traction data are significantly comparable (e.g., p = 0.3 for E_). However, we also observed a
discrepancy between these two approaches for the elongation at which the fibril has become straight (p = 0.0001).
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1 Introduction

The periosteum is a bilayer fibrous soft tissue surrounding
bones and involved in bone growth and repair (Evans et al.
2013; Foolen et al. 2011). The inner layer is composed of
osteoblasts and mesenchymal stem cells, while the outer
fibrous layer is composed of collagen, fibroblasts and elastin
(Evans et al. 2013). This outer layer provides bone mechani-
cal strength (Allen et al. 2004; Yiannakopoulos et al. 2007).
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The knowledge of the mechanical properties of the man-
dibular periosteum is fundamental to understand its role in
osteogenesis distraction and is a preliminary step to define
a bone periosteal 3D printing model for testing fractures
and osteosynthesis materials. Recently, for the first time,
our group has characterized human mandibular periosteum
as a viscoelastic material with a typical strongly nonlin-
ear stress—strain curve composed of two phases: low- and
high-stiffness phases (Debelmas et al. 2018). The shape
and dimensions of the human mandible restrict the amount
of retrievable periosteum samples. Several studies already
interested to biomechanical properties of periosteum (Zeng
et al. 2003; Yiannakopoulos et al. 2007; McBride et al.
2011); for example, Popowics et al. (2002) had studied the
biomechanical properties of pig’s periosteum from different
locations (i.e., mandibular body, zygomatic arch and meta-
carpal), and Bertram et al. (1998) studied the periosteum
from the tibiotarsus of white leghorn chicks for different
ages. According to these studies one can conclude that—
alike the skin—the periosteal mechanical properties vary
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across species and anatomical locations. Therefore, the cal-
varia bone could provide a large amount of periosteum from
the same anatomical area and the same embryologic origin
than the mandible. To our knowledge, no comparison study
was carried out between these two areas in same species.

According to the literature, human tissues—mainly
composed of collagen fibers as the ligament (Weiss et al.
1996)—are generally considered as incompressible. Glob-
ally biological soft tissues are considered as incompressible
(Dandekar et al. 2003; Sommer et al. 2013). Thus, in this
study, the human periosteum will be considered as incom-
pressible. Periosteum collagen fibers are mostly oriented
along the bone long axis direction with a wavy appearance
(Ellender et al. 1988). Upon stretch, the fibers lines up,
like in the skin. As both tissues (skin and periosteum) are
composed of collagen and elastin, it is likely their tensile
test curves share similar shape. To study skin mechanical
properties, Manschot and Brakkee (1986) had proposed a
model, based on these microstructural collagen properties.
The model neglects the elastin contribution and is based on
a structural approach involving the mechanical properties of
the corrugation of collagen fibrils.

The aim of this study is to test this model on the mandibu-
lar periosteum. In addition, we compared mandibular and
calvarial periosteum biomechanical properties.

2 Material and method

2.1 Periosteum sample harvest and histological
assessment

The same protocol as in Debelmas et al. (2018) is used in
this article. From January to June 2017, nine human cadav-
ers (three males and six females) were dissected (num-
bered from I to IX) (Ecole de Chirurgie, Agence Générale
des Equipements et Produits de Santé-AGEPS, Assistance
Publique Hopitaux de Paris-APHP, APHP). Permission
to perform cadaveric study on cadaveric specimens was
obtained from the institutional review board (Ecole de
Chirurgie, AGEPS, APHP). Ages at death ranged from 75
to 97 years. Lengths of preservation in cold (at — 18°C)
extended from 13 to 460 days (Verstraete et al. 2015).
For each subject, one vestibular mandibular, one lingual
mandibular and serial calvarial periosteum from various
locations were harvested with a template of 40 mm per
10 mm. The mandible samples were harvested just behind
the alveolar foramen, at an equal distance from the upper
and lower edge of the mandible. The calvarial samples
were harvested just behind the coronal suture, parallel to
the longitudinal suture (see Fig. 1). Dimensions were set
before harvesting the tissue to cope with its natural shrink-
age. Then, the periosteum was cut following the drawings,
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Fig.1 Scheme of the harvested periosteum locations for the mandi-
ble vestibular side and the calvaria. We also reported the collagen fib-
ers orientation according to the literature. The mandible samples are
oriented along the mandible long axis in both vestibular and lingual
sides

and slices were collected using a sharp elevator and imme-
diately stored in saline solution for transportation to loca-
tion of the tensile test machine. Specimens were taken out
of their saline solution a few hours after being harvested
and were suspended 10 min in ambient air in a vertical
position, to drain the excess water. The objective of this
procedure was to avoid desiccation and to limit the artifact
due to tissue swelling.

Separate samples (5 per 10 mm) of each periosteal speci-
men were harvested at the posterior end of the specimens
just before storage in saline solution; then, these samples
were immediately fixed in formol and embedded in par-
affin. Four ym-thick sections were cut from each paraffin
block. Staining with hematoxylin/eosin/saffron (HES) was
automated using a Leica Autostainer (Leica Biosystems
GmbH, Nussloch, Germany). The sections were mounted
in synthetic resin (WVR International, Radnor, PA, USA).
The mean thickness (/) of the periosteum was measured on
cross-sectional slides (averaged on five random thickness
measures for each sample) using ImageJ version 1.48 (public
domain software, National Institutes of Health, Bethesda,
MD, USA). For each specimen, a photograph of three ran-
domly selected 400x magnification fields had been taken by
Leica DMi8s microscope platform (Leica Microsystems™,
Wetzlar, Germany).
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2.2 Parameters and tensile protocol

Tensile tests were performed with an uniaxial elongation
machine (3342 Single Column, Instron Corp., Illinois Tool
Works Inc., Glenview, IL, USA) at room temperature (18-20 °
O). Each periosteal sample was moistened every 3 min during
the experiment using an atomizer (Fig. 2a). Periosteum slice
ends were secured in two grips connected to the elongation
device. The distance between the grips is controlled at a preci-
sion of 0.01 mm. The bottom jaw was fixed on the machines
base; the upper jaw could move at a specified speed in the ver-
tical direction and was connected to a load cell with a 100 N
capacity (2519 series, Instron Corp., Illinois Tool Works Inc.).
In terms of orientation, tension is applied along stress fiber axis.

Stress is defined as a load normalized on a surface.
Hence, we have:

L
o=—= ey

wXh

where o is the axial stress in pascals (Pa), L is the load in
newtons (N) recorded by the load cell (see above for the load
cell characteristics) and w X k is the initial cross-sectional
area of the specimen (in m?) perpendicular to the stretch-
ing direction; £ is the thickness of the periosteum measured
on histology slice (see above); and w is the initial width of
periosteum sample measured on the bone.

Fig.2 a Picture of the tensile test apparatus. The elongation proce-
dure was recorded with a high resolution video camera. The speck-
led periosteal sample can be seen between the grips of the machine.
b Example of axial strain homogeneity on vestibular mandibular
periosteum (cadaver 1V). Tensile tests were recorded, and Lagrange
deformation fields were calculated using digital image correlation.
The Vic-2D parameters used to perform this analysis included a step
of 3 pixels, Gaussian subset weights, optimized 8-tap interpolation,
normalized square differences and incremental correlation. The con-
sistency threshold was set at 0.05 (maximum margin), and the maxi-
mum confidence margin was 0.05. In this figure, the axial strain (¢,)
is displayed with a color scale. ¢ Picture at zoom X400 of a histologi-
cal slice of a periosteum sample taken from the vestibular part. We
assume, from the histological analysis, that the collagen fibril are
aligned with the same axis. The sample is oriented in order to align
the fibril collagen corrugation with ¢,

Elongation is defined as:

eo= 2 @)
where Al is the variation of distance between the two jaws
measured during the tensile test and [ is the initial distance
between the jaws.

All specimens underwent the same tensile protocol elabo-
rated using Bluehill 3 software (Instron, Illinois Tool Works
Inc.), which consisted of two phases: phase 1: a continu-
ous traction at a rate of 0.25 mm/s until 15% deformation:
€, = 0.15 and phase 2: a 300 s relaxation at e, = 0.15.

2.3 Elongation homogeneity

In order to demonstrate the homogeneity of the deformation
during an uniaxial tensile test, elongation in the central region
of the five samples was measured using digital image correla-
tion (DIC). Samples were speckled using India ink, and peri-
osteal elongation was recorded using a 5-megapixel-resolution
video camera (GO-5000M-PMCL, JAI, Copenhagen, Den-
mark). Images were processed using Vic-2D version 6.0.6
digital image correlation software (Correlated Solutions, Inc.,
Irmo, SC, USA) to compute the Lagrange deformation fields
of the samples. The measured strain in the central region is
linear with é = k. Therefore, we corrected the strain eg by

this coefficient to determine the strain € of the sample homo-
geneous region. For the samples where the DIC was not avail-
able, we have corrected eg by the average coefficient k calcu-
lated on the other experiments. In the following, we only
consider the strain of the homogeneous region e(e = ¢, - k).

2.4 Tensile test model
2.4.1 Phase 1

The objective here was to use a model with mainly geomet-
ric parameters that we could also measure using imaging
on the histological slices. The periosteum presents a typical
nonlinear stress—strain curve with a similar shape as the skin.
Ellender et al. (1988) showed that the collagen fibrils of peri-
osteum are aligned with the long axis of the bone. Therefore,
we used the model based on a collagen structural approach
developed by Manschot and Brakkee (1986) for the skin.
This model is considering the collagen fibril like an elastic
rod with a planar sinusoidal waveform and neglects any con-
tributions from other components (elastin). It also supposes
that the tensile force is applied along the fibrils’ direction;
then, the straining process is decomposed into two parts.
First part, the collagen fiber is straightened; thus, it is
the collagen bending stiffness which is contributing to the
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stress—strain curve. This corresponds to the low-stiffness
region of the tensile test curve.

Second part, the fiber is straight; thus, the stress is origi-
nated from elastic behavior of the collagen (E,). This cor-
responds to the high-stiffness region of the tensile test curve.
More details can be found in Comninou and Yannas (1976).

The stress—strain curve related to the model is

i+ D(E+1)

€= 1 (3
1+ py?
with
1
R EA “)
FEE,

The three model parameters E, C. and p are related to struc-
tural material properties of the tissue.

E. is a material parameter representing the collagen
elasticity.

E. = Ecqup Q)
where E_, is the Young’s modulus of pure collagen and p is
a measure for the surface fraction occupied by the collagen
in the periosteum.

Cr represents the typical corrugation of the fibril,

F7 2R

(6)

with A the fibril wavelength and R its typical circular sec-
tion radius.

u is related to the elongation value at which the fibril has
become almost straight.

_tan’@
4

@)

with 6 the maximum angle of the sinusoidal shape of the
collagen fibril with its main direction (Fig. 2c).

On the tensile test curve, E_ is related to the final stiff-
ness, u to the elongation where the stiffness change arises
(between the low- and high-stiffness regions) and Cy, to the
low-stiffness region and to the curvature of the transition
between the low- and high-stiffness regions. In the follow-
ing, using the model, we will fit the tensile test curves to
extract the parameters from periosteum from different loca-
tions to compare their mechanical properties.

2.4.2 Phase2
For phase 2, the stress over time relation o(¢, f), normalized

by the stress at the beginning of the relaxation o, was fit-
ted with the bi-exponential function
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Phase 2 : o(e,0)/0.y = Ale™/" + ey 46, (8)
providing two characteristic times, 7, and 7,, specific to each
periosteal sample Lynch et al. (2017). o, is the residual
stress over o, These tests are applied in both calvarial and
mandibular specimens.

2.5 Slice image treatment

According to the Manschot model, E_, ¢ and Cy, are related
to the material and structure properties of the collagen tis-
sue. The objective is to measure structural properties of
the periosteum on histological slices and compare them
to the parameters extracted from the model (Fig. 2¢). On
each histological slice, we took three pictures at a zoom
of 40x at different locations with taking care of align the
collagen fibers with the ¢, direction. Then, for the three
pictures, we calculated the spatial spectrum on each line
along the €, direction, and we averaged these spectra over
Ey direction. We also did the opposite: calculating the spa-
tial spectrum on each column along the ¢, direction, and
we averaged these spectra over ¢, direction. These aver-
aged spectra extract predominant characteristic lengths of
the periosteum structure in the ¢, and ¢, directions.

For each direction, we identified in averaged spectra:
two peaks corresponding to two wavelengths (Fig. 3).

Small wavelengths 4, ;, 4, ; ~ 0.6 pm which correspond
to the characteristic thickness of collagen fiber. According
to the literature (Altendorf et al. 2012), this value appears
to be relevant—if this peak is not displayed on the spec-
trum, we took the mean value of similar samples.

350

300 |
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200

E/A

150 -

100
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Fig.3 Example of a spatial spectrum of a histological slice of the
vestibular periosteum. Each spatial spectrum presents two peaks
pointed by the dashed lines. The peak at small wavelength (~ 0.6 pm)
is noted: 4, ; and A, and the peak at a large wavelength (~ 10 pm) is
noted: 4, , and 22
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Fig.4 Collagen fiber scheme and the geometric definition of the typi-
cal wavelength extracted from the spatial spectra 4, ,, 4,,; the corru-
gation maximum angle (€) and the corrugation wavelength 4,

Large wavelengths 4,,,4,, ~10pm which corre-
sponds to half the characteristic thickness of collagen
fibril (Fig. 4).

2.6 Tissue density measure

The collagen density has been measured directly from
images of histological slice. The method consisted to
enumerate the averaged number of fibers ny in a reference
distance /, along the y-direction. Therefore, the collagen
surface tissue density p can be approximated by:

PR nFl—z’, ©)]

where /152 corresponds to the area of the cross section of a

fiber and l§ to the area of the reference cross section of the
periosteum. According to the definition of the model param-
eters: E,, Cp and p, these parameters can be related to the
structural measures. Here we used a median value for the
elastic modulus E_;; = 1000 MPa extracted from the litera-
ture (Wenger et al. 2007). If we suppose that the collagen
fibrils are aligned with the long axis bone (Ellender et al.
(1988)), itself aligned with the tensile test stretching direc-
tion ¢,, and that the spatial spectra are dominated by the
contribution of the fibril maximum angle corrugation (6 in
Fig. 4), then u can be approximated like:

o 2 10
Y (10)

Finally, for the three pictures of each histological slice, we
measured the fibril’s wavelength 4 (see Fig. 4). According
to the definition of Cy, this parameter can be approximated
as:

C A \* 11
FR wis ) a1

1.5

o (MPa)
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0.08 0.1

Fig.5 Phase 1 stress—strain curves of calvaria periosteum. The axial
stress ¢ (in MPa) is displayed against the axial elongation €. We
observed typical nonlinear stress—strain curves with a toe region, a
heel and a linear steeper phase. Curves of all samples are represented
with gray X. The black curve corresponds to the fit of the traction test
of cadaver VII

2.7 Statistical analysis

All the curves were fitted using MATLAB (MathWorks®,
Incorporated). Statistical analyses were conducted using
IBM®SPSS®Statistics version 23 (IBM®, Chicago, USA).
The statistical level of significance was set at p < 0.05. Para-
metric variables normally distributed were displayed with their
means and standard deviation (STD) and compared using a ¢
test.

3 Results
3.1 Traction tests and model
3.1.1 Phase 1

The model had been applied to 44 periosteum samples (18
from the mandible: 9 from vestibular and 9 lingual sides; and
26 from calvaria). The typical results of the fitting are shown
in Figs. 5 and 6. As expected in collagenic tissues, the curve
is composed of two parts: a low- and a high-stiffness region
separated by a more of a less smooth transition.

Fitting was accurate in all cases with a typical correlation
coefficient R? ~ 0.98. From the model, the mean resulting
parameters are given in Tables 1 and 2.

E¢mang = 18 £ 17.4 MPa (12)
Crmang = 0.98 + 1.46 x 10° (13)
Hoang = 0.03 = 0.01 (14)
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Fig.6 Phase 1 stress—strain curves of mandibular periosteum. The
axial stress o (in MPa) is displayed against the axial elongation €. We
observed typical nonlinear stress—strain curves with a toe region, a
heel and a linear steeper phase. Curves of all samples are represented
with gray X. The black curve corresponds to the fit of the traction test
of cadaver VII

The comparison of model parameters between vestibular
and lingual mandibular periosteum does not show significant
differences (Table 1). However, the stiffness of the collagen
(defined in the model by E,) was significantly higher in cal-
varial periosteum (Table 2).

3.1.2 Phase2

From relaxation test, we fitted the curves with the bi-expo-
nential function with R? superior to 0.98, giving 7, of 123.3 s
for the mandible and 96, 5 s for the calvaria, and a mean 7, of
11.6 s for the mandible and 7.4 s for the calvaria (Tables 1, 2,
and in Figs. 7, 8).Relaxation times were comparable between
lingual and vestibular periosteum, and between the mandibu-
lar and calvarial periostea.

3.2 Analysis from collagen structural properties

Structural analysis had been conducted on 10 mandibular

E¢cay =70.1 £71.4MPa 15) specimens (5 vestibular and 5 lingual). From the structural
analysis, the mean resulting parameters are reported in
Creay = 0.82£0.48 10’ (16) Tablz 3. Statistical analysis fhgwed significant dipfferences
foay = 0.03 £ 0.01 a7 between geometric data anfi traction data fo? u, the param-
eter related to the elongation value for which corrugated
-rrr?:cllZIIﬁt]t)iT;:fe ti?rirr?srﬁe test Cad. Loc K. (MPa) Ce x 107 - i "
curves and rela)}ation curve for I v 8.4 1.57 0.033 127.8 9.6
mandibular periosteum I 10.0 0.78 0.034 122.1 10.1
I v 7.9 0.45 0.029 122.8 8.4
1 9.5 0.79 0.032 994 8.4
I v 30.8 0.20 0.035 388.5 68.1
1 10.8 0.38 0.051 107.9 8.7
v N 80.9 0.05 0.010 74.0 6.1
1 27.6 6.65 0.034 99.3 6.3
\Y% \ 13.2 0.22 0.029 75.4 5.5
1 9.8 0.41 0.019 107.2 9.3
VI \ 28.0 0.52 0.034 126.5 7.5
1 21.2 1.36 0.026 134.8 11.6
VII \ 14.1 0.98 0.023 62.8 6.6
1 16.1 1.25 0.029 92.4 7.7
VIII v 10.7 1.17 0.043 100.6 5.7
1 4.3 0.26 0.023 143.8 9.7
IX v 8.2 0.19 0.019 105.1 8.9
1 11.7 0.42 0.039 128.7 10.5
Mean (STD) N 22.5(23.5) 0.59 (0.52) 0.02 (0.009) 131.5 (99.4) 14.0 (20.3)
1 13.4 (7.1) 1.30 (2.01) 0.03 (0.009) 115.1 (17.9) 9.1 (1.6)
p vestibular versus lingual 0.29 (NS) 0.29 (NS) 0.44 (NS) 0.63 (NS) 0.48 (NS)

Vestibular and lingual parameters are compared

NS nonsignificant results, STD standard deviation
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Fting of te tenoe st curves S Vilie  E,MPy G, X107 . -
for calvarial periosteum I _ 48.0 0.32 0.04 97.4 73
11 Mean 60.0 0.80 0.03 123.3 94
STD 40.3 0.27 0.004 97.4 7.3
111 Mean 140.6 0.86 0.03 134.8 10.0
STD 131.6 0.17 0.01 111.1 8.3
v Mean 47.2 0.47 0.03 80.4 6.0
STD 19.6 0.12 0.01 70.8 6.2
\'% Mean 37.0 0.68 0.02 106.8 9.6
STD 17.3 0.17 0.003 114.5 10.0
VI Mean 49.8 0.75 0.04 85.6 5.2
STD 30.0 0.40 0.02 105.5 7.5
viI Mean 93.7 1.37 0.02 84.3 5.3
STD 104.1 0.94 0.004 42.8 3.9
Mean calv. (STD) 70.1 (71.4)  0.82(0.48) 0.03(0.01) 965(24.1)  7.4(2.0)
Mean mand. (STD) 18.0(17.4) 098 (1.46) 0.03(0.01) 123.3(69.8) 11.6(14.2)
p calv. versus mand. 0.001 (*) 0.67 (NS) 0.26 (NS) 0.20 (NS) 0.30 (NS)

Calvarial and mandibular parameters are compared

NS nonsignificant results, STD standard deviation

*Highly significant
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Fig. 7 Calvaria relaxation curves. All samples are represented (gray
points); the dark line represents the bi-exponential fit for sample 12.
The axial stress o (in MPa), normalized with the maximum axial
stress of the sample max obtained at the end of phase 1, is displayed
against time (in s). The following function was used to fit the relaxa-
tion curves: R? > 0.983. It has to be noted that one sample relaxation
stopped at 200 s for technical problems. We assume that the relaxa-
tion was long enough to perform a bi-exponential fit

fibril has become straight. E_ (related to the collagen stiff-
ness) and Cg (corrugation of the fibril) were significantly
comparable (Table 3).

Finally, to illustrate those differences we propose a com-
parison of the Manschot model based on fitted material
parameters and parameters identified from histological slices
(Fig. 9). We observe a good agreement between the model
based on fitted material constants and the results extracted
from the tensile tests. The final slope is globally equivalent

© 06
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Fig.8 Mandibular relaxation curves. All samples are represented
(gray points); the dark line represents the bi-exponential fit for
cadaver IV. The axial stress ¢ (in MPa), normalized with the maxi-
mum axial stress of the sample max obtained at the end of phase 1 is
displayed against time (in s). The following function was used to fit
the relaxation curves: R? > 0.983. It has to be noted that one sample
relaxation stopped at 200 s for technical problems. We assume that
the relaxation was long enough to perform a bi-exponential fit

between all curves due to low differences between the two
values of E_ identified. More specifically, the model based
on the histological slices study is the one exhibiting the less
stiff behavior. Inflection point location shows a significant
difference and is observed around 4% and around 11%,
respectively, for the fitted model and for the histology-based
model. Influence of u is also observed thanks to the valid-
ity domain of the histology-based model defined by p+SD.
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Table 3 Data from collagen histological analysis (mandibular perios-
teum)

Cad. E, (MPa) Cp x 1073 U
Mean (STD) Mean (STD) Mean (STD)

11 20.6 (9.6) 0.42 (0.13) 0.11 (0.10)
v 8.0 (6.5) 0.31 (0.21) 0.13 (0.06)
v 9.8 (4.9) 0.50 (0.26) 0.05 (0.03)
VI 16.4 (6.3) 0.46 (0.31) 0.13 (0.08)
vl 15.0 (10.8) 0.93 (1.10) 0.08 (0.05)
Mean (histo.) 14.0 (152) 0.53 (0.55) 0.10 (0.07)
Mean (tract.) 18.0 (17.4) 0.98 (1.46) 0.03 (0.07)
p (histo. vs. tract.) 0.30 0.23 (NS) 0.0001 (**)

E,, C, u were obtained from geometric analysis of the collagen from
histological slices. Geometric E,, Cg, u were compared to E_, Cg, p
obtained from the model fitting of the tensile test curves

NS nonsignificant results, STD standard deviation

**Highly significant

0.8

o (MPa)

0.6+

0.4 ‘

O O OLingual experimental data
DX X X Vestibular experimental data
Fitted model

M Histological model

_ Histological model + LSD

0.2

0 0.05 0.1 0.15 0.2 0.25

Fig.9 Comparison of the Manschot model based on material param-
eters fitted (black line) and parameters identified from histological
slices (bold line). In addition, histological models involving extreme
values of y+SD are included inside the light gray area. Correspond-
ing experimental data (Cadaver III) are also proposed represented by
cross (vestibular) and white square (lingual)

4 Discussion
4.1 Tensile tests model

In this article, the model proposed by Manschot and Brak-
kee (1986) for the skin has been tested on the periosteum.
To our knowledge, the Manschot and Brakkee (1986) model
had only been applied to skin, until now (Wong et al. 2016;
Jacquet et al. 2017; Killaars et al. 2015). This model is valid
to describe the stress—strain curves, but its link with the peri-
osteum structure is more questionable. In numerous studies,
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the stress—strain curve of the periosteum showed a J-shaped
pattern, similar to other collagen-rich soft tissues, e.g., the
skin (Yiannakopoulos et al. 2008; Eyre-Brook 1984). The
periosteum, alike the skin, is composed of a collagenous
matrix and few elastin fibers (Dwek 2010). In this context,
this was expected that this model could be applied to all
collagen-rich tissue, e.g., periosteum, tendon. Finally, the
relevance of this model for periosteum is corroborated by the
microstructure we observed in pictures of the histological
periosteum slice (see Fig. 2c¢).

In our study, tensile test had been analyzed without pre-
conditioning. Preconditioning is considered as a necessary
step to extract the mechanical characteristics of biological
tissue (Liu and Yeung 2007). Preconditioning is supposed
to align collagen fibers with the stretching direction (Miller
et al. 2012), resulting in more consistent data from mechani-
cal testing. In this study, there is no preconditioning for three
major reasons: The objective was to compare data from trac-
tion test and from histological slice geometric analysis (har-
vested without conditioning). According to the literature, the
periosteum collagen fibers are generally aligned with the
long axis of the bone (Ellender et al. 1988). The mechanical
stretch was performed along this same direction (Fig. 2c).
Finally, the objective was to compare our results with in vivo
measures like the torque implied in osteogenic distraction.

Analysis of the parameters extracted from the model, in
particular E_, is a first step to evaluate the forces involved in
process implying periosteum stretching and remodeling like
distraction osteogenesis, fracture and growth. E_ extracted
from the stress—strain model fitting is similar to the elastic
modulus of the stiff part of the J-shaped curve (from our pre-
vious work) [debelmas], respectively, 18 MPa and 18.9 MPa.

Since the periosteum is not exclusively composed of col-
lagen, it is likely that E, is below the typical modulus of
pure collagen (Egjjyeen)- According to Wenger et al. (2007),
collagen elastic modulus varied from 200 to 11,000 MPa,
whereas Manschot and Brakkee (1986) considered a col-
lagen elastic modulus of 100 MPA. In our studies, we used
a value of E .., = 1000 MPA. Hence, the typical value of
E, ~ 18 MPa implies that the collagen represents less than
2% of the periosteum volume fraction. This volume fraction
is very low and was somewhat unexpected.

The comparison between the parameters extracted from
the tensile test fit and the ones extracted from the histologi-
cal slices analysis is not fully satisfactory. For the y param-
eter, the results are significantly different and it has to be
noted that the uncertainties for E, are very important.

The difference in the ¢ parameter and the large uncertain-
ties for E, come from many origins:

e The approximation we used to evaluate the histological
slice parameters could lead to erroneous results because
the periosteal tissue is much more disordered than the
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“ideal” image of collagen (Figs. 2c vs. 4) on which we
based our reasoning. Evaluating the collagen geometry
(e.g., corrugation’s wavelength and amplitude) from the
spatial spectra maximum could be a too crude approxi-
mation. This could be improved by a statistical approach,
evaluating the collagen geometry as the ensemble of the
values taken by the spatial spectra and introducing them
in the model.

e The difference of conservation condition between his-
tological samples and samples submitted to the tensile
test could lead to different shrinkage levels for the same
tissue. As the parameter y is related to the transition elon-
gation between the low- and high-stiffness regions of the
tensile test curve, its value is influenced by the shrinkage.
Therefore, the statistical difference of u values between
histological and tensile test analysis could be explainable
by this shrinkage difference. This discrepancy could be
removed with preconditioning the periosteum before both
histological fixation and tensile test.

e The collagen elastic modulus we used E,_; = 1000 MPa
is a typical value extracted from several studies (Strasser
et al. 2007; Heim et al. 2006; Grant et al. 2009; Wenger
et al. 2007). The uncertainties on this value are very
important and are the origin of very large uncertainties
on the E calculated from histological slices (152 MPa).
The collagen elastic modulus values in human perios-
teum are the main bias of this model and this study and
should further be explored.

The comparison between histological slice and tensile test
is encouraging, and the development of simultaneous ten-
sile test and imaging would be very interesting to conclude
the relation between the tissue structure and its mechanical
properties.

4.2 Comparison calvaria/mandible

In order to increase the number of samples, it has been
proposed to include periosteum from the same anatomical
region (calvarial) and species. In the preamble, we wanted
to compare the mechanical properties between the mandi-
ble and calvarial periostea. From stress—strain curve, it has
been shown significant differences between the two peri-
ostea, especially regarding E_ . E, was significantly higher
in the calvaria, implying either a higher density of collagen
or a stiffer collagen. Cr was comparable between calvaria
and mandible, implying a similar wavelength of the colla-
gen fibril. 4 was comparable between the two localizations.
The tensile test model fit suggests that stiffness is higher in
periosteum calvaria related to a stiffer collagen or a higher
collagen fraction at this location. As mentioned earlier, sev-
eral studies had ever showed mechanical differences between
periosteum from different bones in a same species. Popowics

et al. (2002), in pigs, showed differences between metacar-
pal, mandibular and zygomatic periosteum. Additionally,
they demonstrated that mandibular periosteum was more
deformable than the zygomatic and metacarpal diaphyseal
periosteum that is to say with the lowest peak strain and the
least strength. These results suggest that harvesting calvaria
periosteum to increase the number of samples should be
excluded. The large standard deviation observed for calvarial
periosteum of the same anatomical subject highlighted the
probable variability of periosteum structure into the calvaria.

5 Conclusion

In this study, the mandibular and calvarial periostea through
both tensile test and histological slice analysis have been
studied. We demonstrated that the model developed by Man-
schot and Brakkee (1986) is correct to fit the stress—strain
curves for both periosteum tissues. We also showed that its
relationship with the observed structure of the periosteum is
questionable. This should require a specific studied with, for
example, a recording of the microstructure during the tensile
test and statistical approach to extract a “homogenized” col-
lagen structure. The comparison between calvaria and man-
dible periostea shows significant differences that prevent the
use of calvarial periosteum to increase the number of sam-
ples in a maxillofacial periosteum study, but it also questions
the role and origin of a stiffer periosteum in the calvaria than
in the mandible. The proposed study provides a behavior law
and values of the associated material parameters in order to
develop predictive model of the periosteum behavior under
distraction osteogenesis mechanical load. As an example,
the development of a predictive analytic model of the force
developed by the periosteum during DO would be helpful
in order to develop new distraction devices. Another impor-
tant breakthrough for clinicians is the use of 3D printing for
practice, to create cutting guides or to develop new modus
operandi. However, to create high-fidelity simulation, one
requires deep knowledge of the mechanical properties of
each tissue constitutive of the reproduced body part. In this
context, due its peculiar localization and behavior, perios-
teum is one of the most important tissues. A possible future
work could be the integration of the section monitoring dur-
ing the uniaxial tensile test. This would give access to the
real stress evolution expressed thanks to the deformed sec-
tion configuration.
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