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does not seem to form from surrounding tissues when both
periosteum and bone marrow are destroyed.

Abstract

Bone function requires a good repair system. The Keywords: Periosteum; Bone marrow; Leg lengthening;
qguantitative role of each healing component, mainly Rabbit

periosteum and bone marrow/endosteum and of their
interactions is not clearly known. To evaluate more precisely
the role of periosseous tissues in bone formation, we chose
a bone lengthening model in rabbits. Nineteen purebred
immature male New Zealand white rabbits were fitted with
a femoral lateral external fixator and randomly assigned to 4
intervention groups: 1) Periosteum (PS) and bone marrow
(BM) preservation; 2) PS preservation and BM destruction;
3) PS destruction and BM preservation; 4) PS and BM

Introduction

Healing potential is very important to assess in patients with
bone fractures or lengthening, as healing problems may lead to
complications requiring specific surgeries. Delineating the role
and importance of various bone forming tissues and their
interactions may allow quantifying the healing response, and

destruction. Animals were killed on day 30 and histology
showed different bone regeneration modes. The most
frequent ossification in the centre of the distraction gap was
enchondral ossification. For bone formed between cortices
only group 1 showed a difference (p=0.034). Density of the
formed bone at the periosteal site showed a positive effect
only with PS preservation, with an interaction of BM and PS.
Density of group 4 was different from groups 1 (p=0.028),
and 2 (p=0.001). No difference was present between groups
at the endosteal sites. PS had a positive effect on the
thickness of the formed bone at the periosteal site, with an
interaction between PS and BM, but not at the endosteal
site. A difference in thickness was noted between group 2
and 4 (p=0.018).

Periosteum forms more bone and more likely to spread than
bone marrow, but for restoration of the cortical wall
preservation of both shows optimal density results. Bone

thus providing better treatment for patients. Bone regeneration
depends from adult mesenchymal stem cells, which can
proliferate, form clones in vitro and migrate in various locations
[1]. Bone formation can occur by direct, endochondral or
chondroid ossification [2]. Stem cells, elaborating these tissues,
were shown in the stromal tissue of bone marrow (BM) [3].
Osteochondrogenic properties of periosteum (PS) were
demonstrated [4], and in certain species circulating stem cells
were described [5]. In vitro, mesenchymal stem cells obtained
from BM can produce myoblasts, chondroblasts, adipocytes,
tendon cells, fibroblasts or osteoblasts [6]. Some of the factors
or culture conditions able to induce differentiation in one way or
another were described [7-13]. Periosteal stem cells can form
either bone or cartilage, depending on the culture conditions
[14]. In vitro, muscle satellite cells, adipocytes or pericytes can
differenciate towards an osteoblast phenotype [15,16]. In vivo,
osteoblasts can form from mesenchymal fibroblast-like cells,
hypertrophic chondroblasts during enchondral ossification,
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chondroid cells during chondroid ossification [2]. However, in
vivo cellular interactions and local conditions like mechanical
stimulations may modify the in vitro bone forming potentials.

The aim of this study was to outline the in vivo role of
periosseous tissues in supplying bone forming cells during bone
regeneration, in rabbits femoral lengthening, known to
stimulate bone formation [9].

Materials and Methods

This experimental, longitudinal study was conducted in the
Department of Orthopaedics of the Hospital for Joint Diseases,
New York, NY, USA, in accordance with the Institutional Animal
Care and Use Committee of Beth Israel Medical Center, NY, USA.
Nineteen purebred immature 2.4-3.0 kg New Zealand white
rabbits were fitted on one randomly chosen femur with a lateral
external fixator. They were randomly assigned to 4 surgical
groups: 1) PS and BM preservation (5 animals). The PS was
elevated up to its proximal and distal insertions; a corticotomy
was performed using a high-speed steel cutter preserving the
BM. 2) PS preservation, BM destruction (5 animals). As group 1,
but BM was removed and scrapped up to the metaphyseal
cancellous bone using a curette. The cavity was filled with
radiotransparent polymethylmetacrylate (PMMA). Cooling was
provided by irrigation with saline solution at room temperature
while the cement hardened. 3) PS destruction, BM preservation
(5 animals). The muscle fibers were elevated from the PS, then it
was stripped from the bone; corticotomy as Group 1. 4) PS and
BM destruction (4 animals): combined Group 2 and 3
procedures. Suture and antibioprophylaxy were performed. Full
weight-bearing was allowed. Distraction began on day 5 at a rate
of 0.25 mm twice a day, and stopped on day 25. Animals were
killed on day 30 with pentobarbital and CO,. Femora were
harvested with a layer of 0.5 to 1.0 mm of muscle. Specimens
were fixed in formalin then radiographs and dual energy X-ray
absorptiometry (DXA) were performed. Specimens were
dehydrated in methanol for minimum 10 days; fat was removed
using toluene 100% for one day. Specimens were then
embedded in PMMA. The region of interest was the distraction
gap and surrounding areas. Sections were performed using a
0.25 mm thick diamond saw (Buehler-Met, Les Ulis, France). A
longitudinal median anterior-posterior section was performed at
the distraction gap, including it and the adjacent proximal and
distal areas with at least 1.5 cm above and below the gap.

A transverse section was performed at the mid-regenerate.
Using a microtome Autocutter type E (Reichter-jung, Germany),
two 7-um thick slides were cut at each sectioned surface.
Stainings were the Von Kossa technique associated with Giemsa
staining. Some Masson’s Trichrome for macrophotography and
Silver Methelamine stainings were performed. An optic Polyvar
Met microscope (Reichert-Jung, Vienna, Austria) was used,
interfaced with a RBG FAC 830l Digital Grundig camera
(Germany) to a Maclntosh PowerPC workstation (Cupertino, CA,
USA) with an Optilab Pro Version 2.6.1 software (Graftek
Imaging, Mystic, CT, USA). Qualitative analysis was performed on
transverse and longitudinal sections, while histomorphometry
on longitudinal sections. The combined enlargement ratio for
measuring densities (DIC, D1 and D2) using optic lenses, camera
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and computer interfaces was 10. The periosteum and bone
marrow thickness was measured with a ruler positioned directly
on the slide; displacement of the slide allows a perpendicular
measurement on the ruler. Thus far, no enlargement ratio was
applied. Reference points for the measurement by the
histomorphometric study (Figure 1) were: 1) osteotomy and
adjacent zones, 2) lines along inner and outer cortical lines.

( M

%% ICA:Intercortical area
PA: Periosteal area

MA: medullary area

PT: periosteal thickness

v B E

MT : medullary thickness

Figure 1 Histomorphometric measurements made on the
longitudinal sections of the regenerate area.

- J

Several interest areas were measured for density: total
intercortical area (DIC) between the proximal and distal cortices;
periosteal (D1) and medullary (D2) areas (constant windows
with a 10 times magnification). Thickness (in mm) of periosteal
and medullary reactions was assessed at the fracture lines.
Measured parameters were the relative surface area of bone (in
DIC, D1 and D2), of cartilage and of the healing fibrous tissue (in
DIC), and the thickness of reaction (in mm) on periosteal (X1)
and medullary sides (X2). The anterior and posterior
measurements proximally and distally were recorded. Data are
given in percent (average of all measurements and standard
deviation) for each specimen. The relative surface of bone was
the percentage of specific tissue surfaces over total surface of
the measured zone: mineralized matrix and osteoid bone for
bone, metachromatic matrix for cartilage, and fibrous tissue.
The loose connective tissue contained in the bone pores was not
counted as fibrous tissue. Statistical tests were performed using
BMDP V7.0 program (BMDP Statistical Software Inc., Los
Angeles, CA, USA). At the cortical site of the regenerate the
effect of PS/BM interaction on bone, cartilage, and fibrous tissue
formation was analyzed with a two-way ANOVA, as well as at the
periosteal and BM sites the effect of PS/BM interaction on bone
formation. The activity of bone formation was separately
recorded as the area percent of calcified tissue in the juxta-
cortical window and as the reaction thickness (in mm).
Differences between groups were analysed with one-way
ANOVA. For dependent parameters with significant effect the
Kruskal-Wallis test with pair-wise comparisons was performed to
determine differences between each group. For the given alpha
(e.g., a=0.05) the test power was computed. A statistical power
of 0.80 is a minimum to ensure valid results with a=0.05.
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Results

Histology

For the 4 groups, the density of the bone at the cortical area
is shown in Table 1.

Table 1 Tissue density (in %) between cortices at the distraction
gap in the four surgical groups Average (AVG), standard
deviation (SD).
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The effect of periosteum and bone marrow at the 3 sites
(periosteal, intercortical and endosteal sites) is shown using the
Brown-Forsythe test (Table 3) and effect of groups is shown
using the Kruskal Wallis test (Table 4). Individual results are
shown in Table 5.

Table 2 Periosteal and endosteal bone formation. Tissue density
(in %) and Thickness (mm) in the four surgical groups Average
(AVG), Standard Deviation (SD).

Tissue Bone (1) Cartilage (2) Fibrous 1+2+

Density Tissue (3) 3

(In %

Area)

Group AVG SD AVG SD AVG SD AVG

1 41 16.69 1 2.23 3.5 7.8 45.4

3
2 30.72 19.55 7.15 13.2 21 4.7 39.97
4

3 30.6 2223 0 0 0 0 30.6

4 1.44 2.87 0 0 98.5 2.8 100
6 7

The density and thickness at the periosteal and bone marrow
areas are shown in Table 2.

Site Periosteum Bone Marrow
Group Avg Sd Avg Sd
Density (%)

1 30.78 12.41 0.75 1.67
2 39.01 8.86 0 0

3 18.65 11.58 21.4 17.59
4 3.13 6.25 0 0
Thickness (Mm)

1 1.98 1.58 0.5 0.72
2 3.63 1.3 0 0

3 1.01 0.44 1.9 1.56
4 0.19 0.37 0 0

Table 3 Brown-Forsythe test for PS and BM effects on cortical, chondroid and fibrous tissues formation at the distraction gap and
their interaction on bone density and thickness at the periosteal and endosteal areas. Statistical significance: + p value (P).

Density (%) in periosteal and Thickness (mm) in periosteal and
Density (%) in the intercortical area endosteal areas endosteal areas
Fibrous

Bone Chondroid tissue Periosteal Endosteal Periosteal Endosteal
PS + - + + - + -
P 0.0282 0.2465 1.4110-07 0.0002 0.059 0.0013 0.1241
BM + - + - + - +
P 0.0286 0.362 2.05 10-08 0.495 0.0487 0.3751 0.0261
Interaction - - + + - + -
P 0.2681 0.366 9.35 10-08 0.0258 0.0594 0.0372 0.1319

Table 4 Kruskal-Wallis Test for effect of groups (Separate Variances) for: 1) Bone, cartilage and fibrous tissue formation in the
intercortical areas, 2) Bone density at the periosteal and endosteal sites, 3) Bone thickness at the periosteal and endosteal sites.

Groups 1 2 3 1 2 3 1 2 3
Intercortical Areas Density (%) Thickness (mm)
Bone Periosteum Periosteum
1 1.000 1.000 1.000 0.894 0.680 1.000
2 1.000 1.000 1.000 1.000 0.680 0.052
3 1.000 1.000 0.894 0.093 1.000 0.052
4 0.034 0.168 0.254 0.028 0.001 0.245 0.381 0.018 0.117
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Cartilage Endosteum Endosteum
1 1.000 1.000 0.350 1.000 0.729
2 1.000 1.000 1.000 1.000 1.000 0.315
3 1.000 1.000 0.350 0.729 0.315
4 1.000 1.000 1.000 0.318 1.000 N/A 0.315
Fibrous Tissue
1 1.000 1.000
2 1.000 1.000
3 1.000 1.000
4 0.000 0.000 0.000
Table 5 Full results of rabbits from Group 1 (G1) to 4 (G4) with cs074 AVG 33.00 46.50 125 250
. . - ) -97.
bone density and thickness, on the periosteal side (P) and on the
bone marrow side (BM) with averages (AVG) and standard Sb 424 778 0.64 0.00
deviations (SD).
(SD) 63.978 AVG 11.00 15.50 133 3.50
- : - SD 10.36 6.66 0.15 0.08
Density (in % surface) Thickness (in mm)
AVG 9.75 15.00 1.24 0.50
Animal P BM P BM G3-967
AVG 1040 0.00 275 0.00 SD 3.89 7.07 0.23 0.24
©1-983 . . . . AVG 0.00 0.00 0.00 0.00
SD 8.96 0.00 1.48 0.00 G4-055 i i i :
AVG 52.25 0.00 400 0.00 SD 0.00 0.00 0.00 0.00
61-969 ' ' . . AVG 0.00 0.00 0.00 0.00
SD 5.25 0.00 0.82 0.00 G4-981 i i i :
AVG 31.00 0.00 163 0.00 SD 0.00 0.00 0.00 0.00
e1-975 - . . . AVG 0.00 0.00 0.00 0.00
SD 19.66 0.00 0.95 0.00 G4-973 i i i :
AVG 1075 0.00 525 0.00 SD 0.00 0.00 0.00 0.00
61-980 ' . . . AVG 12.50 0.00 0.75 0.00
SD 19.67 0.00 1.94 0.00 G4-054 i i i :
AVG 2067 0.00 250 0.00 SD 15.00 0.00 0.87 0.00
©1-965 . . : . AVG 0.00 0.00 0.35 0.00
SD 16.74 0.00 212 0.00 55 CTRL i i i :
AVG 4550 0.00 . 175 SD 0.00 0.00 0.17 0.00
czor7 - . . . AVG 0.00 0.00 0.20 0.00
SD 6.45 0.00 0.29 0.29 969 CTRL : : : :
AVG 2850 0.00 150 0.00 SD 0.00 0.00 0.00 0.00
©2-908 ' . . . AVG 0.00 0.00 0.15 0.00
SD 0.71 0.00 0.14 0.00 972 CTRL i i i :
AVG 14.00 0.00 125 035 SD 0.00 0.00 0.06 0.00
©2:968 . . ‘ . AVG 0.00 0.00 0.20 0.00
SD 28.00 0.00 2.50 0.75 978 CTRL i i i :
VG 1015 0.00 56 035 SD 0.00 0.00 0.00 0.00
G2-984 : ) : :
Sb 0.87 0.00 0.56 0.75 Group 1: Macroscopically the periosteal bone formation was
2072 AVG 25.75 375 0.38 0.00 far less than in group 2, with no fibrous or car‘%'llage differences
3 respect to group 2. The medullary canal was invaded by bone
Sb 29.96 7.50 0.75 0.00 formation; some flow of trabecular bone was spreading along
the cortices (Figure 2).
G3.982 AVG 10.00 0.00 0.25 0.00 g
SD 20.00 0.00 0.50 0.00
53076 AVG 29.50 30.00 1.00 3.00
SD 0.71 42.43 1.41 0.00
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Figure 2 Histological examination (group 1) shows periosteal
reaction with bone formation in the medullary canal around
the BM.

- J

Group 2: A large ossification zone around the bone was noted
with hypertrophy of bone tissue from periosteal origin,
sometimes spread into the muscle. New bone formation was
seen between the two bone fragments and in the BM (Figure 3).
Resorption process was observed on both sides of the cortical
wall.

Group 3: The periosteal bone formation was almost invisible,
but never absent. Macroscopically, it was present particularly at
the distraction gap. As in group 1 the medullar canal was not
filled by bone formation, but some flow of trabecular bone was
spreading along the cortices, around the BM (Figure 4).

Group 4: The distraction gap was filled with neither dense
fibrous tissue without ossification nor cartilage tissue. Some
lining of periosteal bone formation was seen at the extremities
of the periosteal insertions of bone, spreading toward the
distraction gap, not joining it (Figure 5). A resorption line was
observed at the inner cortex of two specimens.

( 7

Figure 3 Histological examination (group 2) showing strong PS
bone formation without BM formation. Note the periosteal
reaction invading the BM space between the two bone
fragments.

. J/
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Figure 4 Histological examination (group 3) showing, similarly
to group 1, no clear invasion of medullar canal by bone, with
only some flow of trabecular bone spreading along the
cortices, around the BM itself. Note on the right side some
scared bone formation not related to periosteal layer around
the bone.

. /

In groups 1, 2 and 3 histomorphometric results differed, but
similarities of bone formation were observed. First, in every
group the diaphyseal bone tissue was remodelled and
resorption cavities were visible (Figure 2) closely and far from
the distraction gap. The diaphyseal bone was distinguishable
from the new bone formed. Trabeculae with variable lengths
and connections formed the periosteal regenerate. In group 2,
full fusion was observed with filling of the ‘medullary space’
with new bone, indicating migration of bone forming cells.
Density of periosteal regenerate in group 1 and 3 was lower than
that in the distraction gap. Pores were filled with a loose stromal
tissue strongly vascularized, containing few fibroblasts and
either none or few BM cells. In groups 1 and 3, periosteal tissue
was lined with a thin cortex. Around the periosteal bone PS had
always the same pattern: an outer layer of long cells parallel to
the bone surface separated by collagen fibers, and an inner layer
of polygonal cells superposed in few layers, the superficial one in
contact with a thin layer of osteoid tissue at the surface of the
trabeculae.

Different stages of regenerate bone formation were
individualized. Few flows of bone formation, separated by a
dense fibrous tissue progressing along the main axis of the bone,
were seen. On transverse sections progression was evidenced
with  spongious bone islands. Ossification progressed
centrifugally from these islands; on their outer parts all bone
formation types were observed. On longitudinal sections some
direct ossification centres were found, surrounded by fibrous
tissue either in the gap or PS. It suggests that either some direct
ossification centre may appear in the fibrous tissue, or the
forming bone flow direction may be not strictly longitudinal.

Zones of chondroid ossification were disseminated in the
trabecular areas. Chondroid cells were not hypertrophic, did not
evolve toward apoptosis, but toward an osteoblastic phenotype.
On transverse sections, they were more likely located at the
periphery of ossification centers.



Figure 5 Histological examination (group 4) showing no bone
formation on the periosteal or endosteal side, with some
cortical bone resorption.

. /

The most frequent ossification pattern in the growth zone on
longitudinal sections located in the center of the distraction gap
was enchondral. A regular mineralization of the cartilaginous
matrix around hypertrophic chondrocytes was seen, with regular
round cavities. The cells were arranged in longitudinal columns.
Two kinds of ossifying cartilages were evidenced: one arranged
in columns as a growth plate (Figure 1) from stem to
hypertrophic cells, another not organized in column, with a not
delimitated differentiation zone. Only hypertrophic cells were at
the ossification front, and non-hypertrophic cells far from it.
Both were at the ossifying front in BM or PS preserved groups.
Cartilage progenitor cells seemed to be localized in the fibrous
tissue surrounding and separating the ossification centres. A
cartilaginous matrix was found in all three groups in different
areas: medullary, distraction and periosteal areas. When bone
healing was not sufficient to bridge the distraction gap, a
cartilaginous tissue interfaced with fibrous tissue was often
present.

Qualitatively, it was impossible to find differences between
bone formation types among groups (Table 4). Most tissue
found in regenerated bone was cancellous bone and stromal
tissue. Fibrous tissue and cartilage were very scant. No cartilage
or ossifying tissue were in the defect zone when both PS and BM
were destroyed, suggesting that stem cells for those tissues are
only in BM and PS.

Histomorphometry

Bone formed between cortices at the distraction gap: Results
of the various groups are shown in Table 1 (intercortical area)
and Table 2 (periosteal and endosteal areas with density and
bone thickness). Preservation of both PS and BM had a positive
effect on bone formation; however, no interaction was observed
(Table 3).

When the groups were compared for tissue formation (bone,
cartilage, fibrous tissue), a positive effect for bone and fibrous
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tissue was noted. For bone formation, only group 1 was
statistically different (p=0.034). For fibrous tissue, group 4
differed from the other three groups (p<0.001).

Periosteal and endosteal bone formation: density and
thickness: Measurements of the thickness of the periosteal and
endosteal bone formation are shown in Table 2. Effects of PS
and BM/endosteal bone formation on bone density and
thickness of the windows located at the periosteal and
endosteal sites are shown in Table 2. When density is compared
using the Kruskal-Wallis test with separate variances at the
periosteal windows, a difference is noted between groups 1 and
4 (p=0.028) and 2 and 4 (p=0.001); no difference is present at
the endosteal sites.

A PS positive action was observed at the periosteal site on
bone thickness. No effect of endosteum was noted at that site,
but an interaction exists. At the endosteal site only endosteum
had a positive effect on bone thickness, without interactions.
When the thickness is compared using the Kruskal-Wallis test at
the periosteal windows (Table 4), a difference is noted between
groups 2 and 4 (p=0.018), but not between 1, 2, and 3. At the
endosteal site no difference is seen between groups.

The multiple regression analysis showed various results for
the effect of the periosteum and bone marrow on the bone
density and thickness.

Density of bone formation at the distraction site: Results are
not significant and no equation could be inferred.

Density of Bone Formation at the Periosteal Site
DPeriost=10.1127 + 2.9471*BM + 23.3104*P

Density of Bone Formation at the Endosteal Site
DEndost=6.0735 - 10.9324*P + 10.4676*BM

Thickness (mm) of Bone Formation at the Periosteal Site
TPeriost.=0.9132 - 0.4813*BM + 2.1362*P

Thickness (mm) of Bone Formation at the Endosteal Site

TEndost.=0.4118 - 0.7412*P + 1.1588*BM

Discussion

To achieve a dynamic mechanical support for the body, bones
need an efficient repair system in case of injury. This healing
system repairs the structure of the bone and restores its
mechanical characteristics and function, “osteostasis.” The
repair system has several protagonists: the bone forming stem
cells, mainly the periosteum and the bone marrow, helped by
other components like bone morphogenetic proteins, growth
factors, and hormones.

In our study we could delineate some quantitative effects
using different experimental in vivo conditions, using the
lengthening model, in which the distraction gap is well
individualized. We did not use decalcified bone as the
decalcifying procedure impairs informations about bone
structure and formation.

This article is available from: http://www.imedpub.com/



Our histomorphometry study comforts previous DEXA studies
and shows some interesting features of bone healing in vivo: a)
both BM and PS can form bone tissue, confirming literature
[17,18]; b) no other tissues can develop osteogenic stem cells; c)
during healing, there is no difference in bone formation
between BM and PS activities; d) bone quantity formed during
healing is greater with PS than with BM; e) it seems to be
exchange of undefined information between PS and BM.

Migration of periosteal cells occurs, in contrast to migration of
BM/endosteal cells. Three types of bone were evidenced in the
distraction zone or in the callus around it. Yasui already reported
that three modes of ossification were visible during distraction
osteogenesis in rats [18]. They showed enchondral formation in
the early stage followed by a predominant direct bone
formation. We could not evidence the same phenomenon.
Coexistence of different modes of bone formation at the same
section level, visible on transverse sections, does not favour this
hypothesis. Considering ossification pattern, there are two
perpendicular directions for bone growth, longitudinal and
transverse. The longitudinal growth is often provided by a
growth zone, while the transverse by direct or chondroid
ossification. The growth zone was not a specific feature of the
healing BM/endosteum, as it was also observed with isolated
preservation of PS.

The histological aspect of bone healing with BM or PS
preservation was not different. Both enchondral formations,
direct and chondroid, were visible. This suggests that the
precursor cells supplied by BM and PS are identical and
submitted to similar events and factors, possibly cytokines and
growth factors.

Interestingly, bone quantity formed at the same time by BM
or PS is different. PS produces more bone, suggesting that it can
provide more progenitors. Statistical analysis reveals an
interaction for bone formation between PS and BM
independently from histomorphometric parameters and by-pass
effect (selective suppression of BM or PS). It means that PS or
BM preservation has an effect on bone formation by the other
structure, possibly through a biochemical link. Hematopoietic
cells and their paracrine factors may participate in the
interaction; hematopoietic and stromal cells are potential stem
cells for bone formation, and have contact interactions [1]. PS
consists of heterogeneous cell populations with various
commitments to osteoblast differentiation. Degree of
commitment seems to be most in the cells attaching to the bone
surface and lowest from the osteoblastic layer [3]. In certain
conditions cultured periosteal cells show a chondrogenic
potential [19]. These findings comfort the clinical logics in
fractures or lengthening. The periosteum forms bone around it
and cells can migrate (even in the bone cavity) to fill out the
space created by the elevated periosteum. A wide callus of new
bone formed allows a better stabilization of the bone. On the
other way the bone marrow forms bone more likely around the
preserved bone marrow in continuity when a strict corticotomy
is produced. The interesting finding, both on the DEXA and the
histomorphometry study, is that there are interactions between
the PS and the BM, of unknown origin, but perhaps biochemical.

© Under License of Creative Commons Attribution 3.0 License
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Transverse sections show that a transition can exists between
connective tissue, cartilage or chondroid tissue and bone, with a
metachromatic gradient of the extracellular matrix, suggesting
that different cell lines can originate from the same stem cells,
as showed in rats, with a longitudinal columnar cells
arrangement [20].

Comparing chondrogenic and osteogenic potential of rabbit
PS and BM of jaw and long bone, Park noted the higher
expansion ability and osteogenic potential of PS [20]. Other
Authors demonstrated that under specific conditions both
parental and single cell derived clonal cell populations from PS
differentiated to chondrocyte, osteoblast, adipocyte and skeletal
myocyte lineages in vitro and in vivo [14]. Colnot showed that in
mice bone repairing cells are mostly recruited locally. He also
demonstrated differences between PS and BM/endosteum
influence on cell fate within these tissues. When PS is placed in
its original environment or in that of BM, cells derived from PS
can produce osteoblasts or chondrocytes; BM did not originate
chondrocytes [17,22].

Within the time of our study, when PS and BM were
destroyed, no bone formed, indicating that, in vivo, fibroblasts,
muscle cells or pericytes were unable to provide
osteoprogenitors. Only mesenchymal stem cells from PS or BM
could differentiate into osteogenic cells. Presence of different
ossification modes in the same regenerate section shows that
the pathways from stem cells to osteoblasts are multiple.
Nakahara [21] described functional stages of cell differentiation
leading to osteoblasts. A pathway could be observed between
the chondroblast/chondroid lineage and osteoblast lineage in
regenerative bone during limb lengthening.

Chondroid tissue was thoroughly described by Lengelé
[22,23]. It seems to be an intermediary tissue between cartilage
and bone, showing a different ossification pattern from calcified
cartilage or intramembranous bone. Collagen around the
chondroid cells is particular: They are embedded in small islets
of type Il cartilage dispersed within a type | collagen matrix, and
can differentiate into osteoblasts, if surrounded by mineralized
matrix [22,23].

Enchondral ossification can vary: The differentiating
chondrocytes can be organized in columns or without columnar
organisation, indicating that distraction can induce a plate-like
growth at least during distraction. So, either the stem cells are
able to differentiate in growth plate chondrocytes, or the growth
plate can be mechanically induced, or both. The growth cartilage
without columnar organisation suggests that columns are not
necessary for bone growth or enlargement when the mechanical
strain is not significant.

Our study indicates that BM and PS may have a more complex
role than generally expected, being able to interact with
different capacities. PS can form great quantities of bone, even
in unstable mechanical conditions.] BM seems not to be able to
act in unstable conditions, due to several reasons: 1) it forms
little bone quantity; 2) it cannot migrate and ensure longitudinal
mechanical stability of long bones; 3) there is no bone formation
in conditions of large motion.



The multiple regression analysis shows the strong effect of the
periosteum and the little effect of the bone marrow on the
periosteal site, while the periosteum seems to have a similar
effect, or a little inferior to the bone marrow, at the endosteal
site.

Our experimental model suffers from some bias. The scant
number of animals is due to the fact that the Ethical Committee
did not allow the suppression of more animals when statistical
significance was reached; but as differences within groups are
smaller than between groups, few subjects are sufficient.
Another bias was that BM was destroyed by its removal and
setting PMMA into BM cavity. However, this turned out to be an
advantage: BM was fully destroyed and could not reform,
sterilizing endosteum, whose osteogenic activity is impossible to
individualize from that of BM. A criticism may be that the
exothermic reaction of PMMA may alter the surrounding tissues.
However, this was negligible, for the low quantity of PMMA used
and the careful cooling during the setting. In fact, no necrosis
signs were visible in areas in contact with PMMA.

Conclusion

‘Osteostasis’ of the bone is insured mainly by the periosteum,
which can spread its cells and forms far more bone than the
bone marrow/endosteum, and the bone marrow/endosteum.
Each component has an effect on the other one, but
preservation of both is essential at the intercortical area to
restore the bone continuity. Interaction mechanisms between
the periosteum and the bone marrow/endosteum are not
known, probably biochemical. The muscle and other
surrounding soft tissues do not seem to form bone in the in vivo
conditions of our study.

This in vivo study is consistent with the results of previous in
vitro studies, which showed that both PS and BM can provide
stem cells able to regenerate bone tissue. However, it shows
that, in vivo, only a limited part of osteogenic differentiation
modes from pericytes, adipocytes or myoblasts observed in vitro
is found.
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