
MIT Open Access Articles

The Use of Extracorporeal Shock Wave-Stimulated 
Periosteal Cells for Orthotopic Bone Generation

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Kearney, Cathal J., Huping P. Hsu, and Myron Spector. “The Use of Extracorporeal 
Shock Wave-Stimulated Periosteal Cells for Orthotopic Bone Generation.” Tissue Engineering 
Part A 18.13-14 (2012): 1500–1508. Copyright ©2012 Mary Ann Liebert, Inc. publishers.

As Published: http://dx.doi.org/10.1089/ten.TEA.2011.0573

Publisher: Mary Ann Liebert, Inc.

Persistent URL: http://hdl.handle.net/1721.1/71868

Version: Final published version: final published article, as it appeared in a journal, conference 
proceedings, or other formally published context

Terms of Use: Article is made available in accordance with the publisher's policy and may be 
subject to US copyright law. Please refer to the publisher's site for terms of use.

https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/71868


The Use of Extracorporeal Shock Wave-Stimulated
Periosteal Cells for Orthotopic Bone Generation

Cathal J. Kearney, Ph.D.,1,2 Huping P. Hsu, M.D.,2,3 and Myron Spector, Ph.D.1–3

The cambium cells of the periosteum, which are known osteoprogenitor cells, have limited suitability for clinical
applications of tissue engineering in their native state due to their low cell number (2–5 cells thick). Extra-
corporeal shock waves (ESWs) have been shown to cause rapid periosteal cambium cell proliferation and
subsequent periosteal osteogenesis. This work investigates a novel strategy for orthotopic bone generation:
applying ESW therapy as a noninvasive, inexpensive, and rapid method for stimulating cambium cell prolif-
eration, and combining these cells with a bioactive scaffold for bone growth. ESWs applied to the rabbit medial
tibia resulted in a significant 2.7-fold increase in cambium cell number and a 4-fold increase in cambium cell
thickness at 4 days post-ESW. ESW-stimulated, or nontreated control, periosteal cells were elevated in situ and
overlaid on an anorganic bovine bone scaffold to interrogate their ability to form bone. At 2 weeks post-surgery,
there was a significant increase in all key outcome variables for the ESW-stimulated group when compared with
controls: a 4-fold increase in osseous tissue in the upper half of the scaffold underlying the periosteum; a 12-fold
increase in osseous tissue overlying the scaffold; and a 2-fold increase in callus size. These results successfully
demonstrated the efficacy of ESW-stimulated periosteum for orthotopic bone generation.

Introduction

Bone is a regenerative tissue that is capable of osseous
regeneration in fractures and contained defects due, in

part, to its vascular network, reservoir of osteoprogenitor
cells, and its constant turnover throughout life1; however, its
capability for orthotopic regeneration is limited, as there is
an insufficient framework for tissue repair.2–6 The current
clinical gold standard is to treat these defects with autografts;
however, autografts are known to undergo resorption at the
treatment site, cause morbidity at the harvest site, and the
volume that can be treated is limited in size by the available
harvest volume.2,3,5,7 Furthermore, autografting requires an
additional surgical procedure, and this may be technically
challenging in certain situations (e.g., a dental surgeon re-
quiring non-oral bone source).3,5

There have been numerous approaches for treating these
defects with various tissue-engineering strategies, which
combine one or more components of the tissue-engineering
triad: cells, scaffolds, and growth factors.2–6,8 In vitro tissue
generation before implantation is advantageous, as the cul-
ture environment, shape, and load bearing can be carefully
controlled.2–6,8 However, these strategies are expensive;
moreover, there are technical challenges that are associated
with implantation (especially for larger defects): maintain-

ing cell viability, revascularizing the tissue, and integrating
the tissue biologically and mechanically.4,6 In vivo engi-
neering of bone using strategies that combine porous ce-
ramic or demineralized bone scaffolds with marrow-derived
mesenchymal stem cells and/or bone morphogenetic pro-
teins has been more successful.2–6 However, these strategies
can be complex and costly, and they require careful
management.

The periosteum, long employed as an autograft for bone
and cartilage procedures, is comprised of two layers of tis-
sue: the inner cambium layer, which consists of progenitor
cells, and the outer fibrous layer comprising fibroblasts.
Periosteal cambium cells are promising for bone tissue-
engineering applications because of their ability to prolifer-
ate, their osteogenic potential, and their accessibility.9–12 The
ability of periosteal cells to differentiate into multiple cell
types (osteoblast, chondrocyte, adipocyte, and myocyte) has
been demonstrated both in vivo and in vitro, which demon-
strates the value of this cell source.13 The thinness of the
periosteum can be advantageous, as it can be quickly re-
vascularized after transplantation; however, for applications
dependent on its progenitor cells, the periosteum is typically
limited by its low cell number (a cambium layer that is 2–5
cells thick), and consequently its thickness makes harvest
technically difficult.14 To overcome this drawback, various
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strategies have been developed to increase the cambium cell
number by surgical trauma, culture, or growth factor injec-
tion.9,12,15–18

Although there are many non-invasive energy sources
(e.g., thermal, acoustic, and laser) that are known to have
stimulatory effects on cells, there are a few examples of
tissue-engineering strategies which utilize these techniques
to stimulate cells in vivo before combining them with a
scaffold for tissue generation. Our previous work demon-
strated the ability of extracorporeal shock waves (ESWs) to
rapidly stimulate cambium cell proliferation and the osteo-
genic differentiation of these cells.19 Herein, we describe a
novel approach to orthotopic bone generation that combines
extracorporeal shock wave-stimulated periosteum (ESWSP)
with a porous osteoconductive scaffold (see Fig. 1).

In a rabbit model, we compared the control periosteum
(CP) to ESWSP with and without scaffold implantation (see
Table 1 for experimental design). Animals were sacrificed
either 4 days post-ESW stimulation or 2 weeks after scaffold
implantation, and were qualitatively evaluated using mi-
crocomputed tomography (micro-CT). Histology was per-
formed on decalcified sections from all groups, and a
histomorphometric analysis was performed to quantify the
tissue response.

Materials and Methods

Experimental design

All procedures were approved by the Veterans Adminis-
tration (VA) Boston Healthcare System Institutional Animal
Care and Use Committee. Eighteen adult New Zealand
White rabbits (4–4.5 kg) were used in total, divided into
three groups (groups 2–4) as described in Table 1. A fourth

group comprised the untreated contralateral limbs from
group 2. All groups were designed to have n = 6. The power
calculation was based on determining as significant a dif-
ference between the treated and control limbs of 30% for
select outcome variables, assuming a standard deviation of
15% and a = b = 0.05.

Shock wave application

The shock wave treatment was based on our findings in
rat studies.19 The focused ESW treatment was applied using
the OssaTron (SANUWAVE Health, Inc., Alpharetta, GA)
operating at 28 kV (energy flux density of 0.40 mJ/mm2;
ellipsoid focal zone *1 cm diameter · 7 cm long). The rabbits
were anesthetized using ketamine (10 mg/kg) and acepro-
mazine (0.5 mg/kg) for induction and maintained with
isoflurane (1–2% by endotracheal intubation) and O2

throughout the procedure. The pressure in the treatment
head was adjusted to ensure the secondary focus was cen-
tered at the applicator tip, which was coupled to the shaved
medial proximal tibia using ultrasound gel (Fig. 1B). The
device was oriented perpendicular to the rabbit tibia along
the centerline of the medial aspect of the tibia at 17.5 mm
distal to the center of the knee joint. Overall, 3000 shocks
were delivered (4 s - 1) in one treatment session. Ketofen
(2 mg/kg) was subcutaneously administered for 24 h post-
ESW.

Scaffold preparation

The calcium phosphate scaffolds used in this study were
anorganic bovine cancellous bone with pore sizes distributed
from 200 to 800 mm. The scaffolds were obtained as blocks
(Geistlich Pharma, Wolhusen, Switzerland), sliced 1.6 cm

FIG. 1. Proposed strategy for orthotopic bone generation. (A) Overview of strategy: the periosteal cell source at the defect
site is stimulated with extracorporeal shock waves 4 days before surgery. At the time of surgery, the cells are elevated off the
bone, and a subperiosteal scaffold is implanted. (B) Images of the various stages as performed in the rabbit study. ESW,
extracorporeal shock waves. Color images available online at www.liebertonline.com/tea
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thick by using a diamond saw (Buehler Isomet, Lake Bluff,
IL), and trimmed to 5.5 mm diameter using a burr. The
scaffolds were sterilized with STERRAD sterilization system
(Irvine, CA).

Surgery

The rabbits were anesthetized as described for ESW, and
all procedures were carried out under sterile conditions. A
1.5 cm skin incision was made above the ESW application
site and using a scalpel, the periosteum was scored in an arc
proximal to the implant site. A periosteal elevator was used
to elevate the periosteum and to scrape the cortical surface
clean of cambium cells. The scaffold was implanted in the
surgically created periosteal pocket, and the periosteum was
sutured closed. Ketofen (2 mg/kg) and cefazolin (20 mg/kg)
were given subcutaneously for 48 h post-op, and the animals
were sacrificed at 2 weeks post-op.

Micro-CT analysis and tissue processing

After sacrifice, the implants and surrounding bone were
excised and imaged using micro-CT (GE Healthcare eXplore
Locus; 27mm, 88 min Short Scan; GE Healthcare, Piscataway,
NJ). Subsequently, the samples were fixed in formalin
and decalcified using 10% formic acid before paraffin em-
bedding. Using a microtome, axial cross-sections were re-
moved at 1 mm increments along the bone. Slides were
stained with hematoxylin and eosin and Safranin O, and
examined under light microscopy.

Histomorphometric analysis

The histological sections clearly demarcated the tissue
types and were used for analysis—the micro-CT images did
not show the immature unmineralized tissue, and the mature
tissue was of a similar radiodensity as the implant.

In groups 1 and 2, two slides 1 mm apart—coincident with
the implant site—were analyzed. Cell counts were taken in
an area 50 mm wide (along the circumference of the perios-
teum) and through the entire thickness of the cambium layer;
this analysis has been described previously as a way to
compare periosteal thickness.19 Three cell counts were taken
per slide—medial tibia centerline and at – 1.5 mm. Data were
recorded from digitized images using ImageJ (NIH; http://
rsbweb.nih.gov/ij/).

For groups 3 and 4, the two centermost scaffold sections
(1 mm apart) were analyzed in ImageJ. The total callus on the

medial side, which included all tissue inside the periosteal
pocket up to the cortical surface and the tissues above the
scaffold, were recorded. The periosteal callus away from the
scaffold, which demonstrated the various stages of endo-
chondral ossification, served as an internal control for tissue
appearance during histogenesis. Tissue reported as ‘‘osteo-
progenitor’’ tissue included any areas that had already
committed to forming, or that had formed, bone; the re-
maining tissue was classified as non-osteoprogenitor. The
osteoprogenitor tissue was further subdivided into osseous
tissue (immature and maturing bone) and chondrocytic tis-
sue (hyaline cartilage and hypertrophic/calcifying chon-
drocytes).

To eliminate edge effects, an area with a width of 50% of
the scaffold implant thickness was excluded on both sides.
The scaffold was subdivided into the upper (response to the
elevated periosteum) and lower half (response to cells re-
maining on the cortical surface), the porous area was de-
marcated, and the tissue areas were recorded.

The areal amounts of the various tissue types were nor-
malized to the areas of the selected regions to yield per-
centages, because of the variations (albeit slight) in scaffold
architecture and size among animals. The absolute values for
the areal amounts of the various tissue types are included in
the Supplementary Table S1 (Supplementary Data are
available online at www.liebertonline.com/tea).

Statistical analysis

All data are reported as the mean – SEM of all the animals
for each group. The two-tailed Student’s t-test was used to
compare groups, and p-values of < 0.05 were considered
significant.

Results

Groups 1 versus 2: CP versus ESWSP
(no scaffold implanted)

We first tested the effectiveness of an ESW dose that we
had previously used to demonstrate periosteal proliferation
in rats,19 to stimulate cambium cell proliferation in rabbits.
The bases for establishing that it was cells within the cam-
bium layer that had proliferated in this and our previous
study in rats19 included (1) the location of the cells near the
bone surface instead of in the fibrous layer away from the
bone surface; (2) the absence of an elongated morphology
consistent with the fibroblasts in the fibrous layer; and (3) the

Table 1. Table of Experimental Groups

Experimental
group Treatment ESW Surgery n

Group 1 CP: Untreated contralateral limbs from group 2 rabbits None N 6

Group 2 ESWSP: Animals are sacrificed 4 days post–ESW 3000 shocks @ 0.4 mJ/mm2 N 6

Group 3 CP1scaffold: Scaffold was implanted under normal periosteum
(medial proximal tibia). Animals are sacrificed at 2 weeks postop

None Y 6

Group 4 ESWSP1scaffold: At day 4 post-ESW, scaffold is implanted under
ESW-treated periosteum (medial proximal tibia). Animals are

sacrificed at 2 weeks postop

3000 shocks @ 0.4 mJ/mm2 Y 6

ESWSP, extracorporeal shock wave stimulated periosteum; CP, control periosteum.
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osteogenic nature of the cells as reflected in the subsequent
presence of bone at the location of the proliferating cells. In
five of the six shock wave-stimulated tibiae, there was a
marked thickening of the periosteum (see Fig. 2). There was a
four-fold, statistically significant increase in the thickness of
the ESWSP when compared with the contralateral, non-
stimulated controls (100 – 24.7 mm vs. 25 – 2.3 mm; p = 0.013).
There was also a significant 2.7-fold increase in periosteal cell
number when compared with controls (38 – 7 vs. 14 – 1;
p = 0.008). The width—along the medial side of the tibia in
group 2 samples—of this proliferated layer of cambium cells
was 8.7 – 0.5 mm, which closely matches the devices’ focal
zone diameter. Micro-CT imaging (n = 4) did not demon-
strate any changes on the medial side; however, three of the
four ESW samples demonstrated small healing micro-
fractures on the postero-lateral corner (the side opposite ESW
application), which was not seen in controls.

Groups 3 versus 4: CP + scaffold versus
ESWSP + scaffold

After verifying the effectiveness of the selected ESW dose
to stimulate rapid cambium cell proliferation, we next ele-
vated ESWSP at day 4 and overlaid it on an anorganic bovine
bone scaffold that had previously been shown to form bone
when combined with cambium cells.20

There was no evidence of bone formation above the scaf-
fold in five of the six samples in the control group (one
sample demonstrated a small cartilage nodule above the

scaffold); the sixth sample had a thin layer of bone above
the scaffold. This sample showed some endochondral ossi-
fication within the scaffold pores; in the five other control
rabbits, the scaffolds were filled with nonosteoprogenitor
tissue that was typically fibrous (see Fig. 3). Some filling of
the scaffold lower halves with osteoprogenitor tissue was
contributed from cells on the cortical surface.

During one of the surgeries of the group 4 samples, the
periosteum tore and, as a consequence of contraction, a much
smaller scaffold was implanted. Due to the dramatic differ-
ences in this animal’s surgery, this sample was excluded
from analysis.

For group 4 samples, there was periosteal callus on both
sides of the scaffold that was undergoing osteogenesis and
was continuous with osteogenic tissue over the scaffold (see
Fig. 3). This tissue was primarily undergoing endochondral
ossification, and it ranged in maturity from hyaline cartilage
to trabecular bone. In contrast to controls, the upper half of
the scaffold had osteoprogenitor tissue infiltrating the scaf-
fold from the overlaid periosteum (see Fig. 3). The tissue in
the upper pores was continuous with the tissue forming in
the lower pores; however, as with the control samples, there
also appeared to be bone formed by progenitor cells left over
after scraping the cortical surface (see Fig. 3).

At the edge closest to the intact end of the periosteum,
both CP and ESWSP samples demonstrated relatively more
mature osseous tissue; at the sutured end, there was more
fibrous tissue formation. On micro-CT, it was recorded that
in four of the five ESWSP samples, the periosteum had

FIG. 2. Micrographs of periosteum from (A) control and (B) ESW-stimulated periosteum (ESWSP) samples at day 4, which
demonstrate the proliferation of the cambium layer cells (black outlines and arrows) in response to ESWs. Graphs of control
and ESWSP (C) cell counts and (D) cambium layer thickness, which quantify the proliferative effect of ESWs (n = 6;
mean – SEM). Color images available online at www.liebertonline.com/tea
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longitudinally contracted; however, coverage was typically
75% (the lack of osteogenic tissue precluded this measure-
ment from being made in group 3). Three of the five ESWSP
samples had evidence of healing microfractures on micro-
CT on the postero-lateral side (side opposite ESW applica-
tion); the other two samples demonstrated periosteal callus
formation at this site, but no microfractures were seen on
micro-CT.

Histomorphometric analysis

For the ESWSP group, the upper half of the scaffold un-
derlying the periosteum had an almost fourfold increase in

the percent of osseous tissue filling the scaffold pores, which
was statistically significant (see Fig. 4A; 58% – 13% vs.
15% – 5%; p = 0.008). When the chondrocytic tissue was also
considered (Fig. 4B), there was a 3.3-fold increase in osteo-
progenitor tissue (osseous + chondrocytic tissue) when
compared with controls, with almost three-quarters of the
scaffold in the ESW-treated samples filled with osteopro-
genitor tissue (74% – 8% vs. 22% – 5%; p = 0.003). In contrast
to the upper half of the scaffold, there was no difference
between the ESWSP and CP groups for the lower half of the
scaffold, apposed to the bone surface, for either osseous tis-
sue (44% – 15% vs. 43% – 8%; p = 0.94) or osteoprogenitor
tissue (46% – 15% vs. 45% – 8%; p = 0.94).

FIG. 3. Sample images from the
control surgery group (group 3:
control periosteum [CP] +
scaffold; A, C, E, G) and ESWSP
surgery group (group 4:
ESWSP + scaffold; B, D, F, H). (A,
B) Sample of axial cross-section
microcomputed tomography
images at scaffold center (yellow
arrows—periosteal proliferation
in response to surgical
elevation – ESWs; blue
arrowheads—periosteal response
above scaffold in ESWSP group).
(C–H) Sample histological micro-
graphs of reparative tissue for
control samples and ESWSP
samples. Control samples
demonstrated little bone forma-
tion above the scaffold (C), and
the only bone formation in the
scaffold came from cells on the
cortical bone surface (at base of
micrograph E and G). ESW-stim-
ulated periosteal cells demon-
strated robust osseous and
osteoprogenitor (undergoing
endochondral ossification) tissue
above (D) and within (F) the
scaffold. (BN, bone; CR, cartilage;
CT, cortical bone; SC, scaffold).
The Safranin O stains demon-
strate cartilage formation, which
precedes endodchondral
ossification, in both groups (G,
H). Note that some scaffold was
lost during histological
processing, leaving voids. Color
images available online at
www.liebertonline.com/tea
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To further examine the ability of ESWSP to generate bone
after surgery, the area above the scaffold and the total callus
area were recorded. The ESW-treated sample demonstrated
a two-fold increase in the callus total area, when compared
with controls (23 – 4mm2 vs. 12 – 0.3mm2; p = 0.02). This in-
crease in callus area was a combination of the slightly higher
periosteal callus on either side of the implant, as well as the
larger amount of periosteal osteoprogenitor tissue above the
scaffold. There was a twelve-fold increase in osseous tissue
for the total area per unit scaffold length (0.578 – 0.15 mm2/
mm scaffold vs. 0.047 – 0.04 mm2/mm scaffold; p = 0.005).
With the chondrocytic tissue also considered, the total area of
osteoprogenitor tissue was increased by eight-fold for ESW
compared with controls (1.06 – 0.35 mm2/mm scaffold vs.
0.13 – 0.05 mm2/mm scaffold; p = 0.017).

Discussion

The primary objective of this study was to demonstrate,
using a rabbit model, the effectiveness of a strategy that

combines ESW with a bioactive scaffold for orthotopic bone
generation. The strategy is based on the ability of ESWs,
which are a non-invasive and inexpensive treatment, to
rapidly proliferate periosteal cambium layer cells. The ability
of ESWs to stimulate periosteal cell proliferation has previ-
ously been shown by our group19 as well as others.21,22 To
our knowledge, to date, however, ESWSP (or ESW-stimu-
lated tissue from any region) has not been combined with
scaffolds in a tissue-engineering approach. The advantage of
adding a scaffold is three-fold: It contours the new bone,
helps maintain bone at the implant site, and creates a space
that allows the periosteal cells to further proliferate and fill
the scaffold. In this study, ESWSP was overlaid on a porous
calcium phosphate scaffold, which had previously been
subperiosteally implanted and demonstrated bone forma-
tion.20

Groups 1 and 2 were used to evaluate and quantify the
cambium cell response to ESWs (no scaffold). Animals were
sacrificed at the proposed periosteal elevation timepoint (4
days post-ESW); our work, as well as others, shows that at 4

FIG. 4. Graphs of osseous and
osteoprogenitor tissue (A) within
the upper, and (B) lower, half of
the scaffold for control and ESWSP
groups (n = 6 for controls, 5 for
ESWSP; mean – SEM). Color
images available online at www
.liebertonline.com/tea
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days, the periosteal cells have maximally proliferated but not
yet undergone complete osteogenesis.19,21,22 The ESW treat-
ment site (medial proximal tibia) was chosen, as it is the
clinically preferred location of periosteal harvest,14,23 and we
previously demonstrated that tibial periosteal cells are more
responsive to ESW stimulation when compared with the
femur.19 There was a significant 2.7-fold increase in the
cambium cell number and a significant 4-fold increase in
cambium layer thickness; there was also immature bone
formation within the proliferated periosteum as previously
described.19,21,22 The advantage of the proliferated cell layer
is two-fold. First, it is proposed that the increased progenitor
cell number will result in increased callus formation and
increased osteogenesis within the scaffold. Second, the
thickened layer facilitates harvest. It will be instructive in
future studies to evaluate the effects of other values for the
energy flux density, number of shocks, and the number and
timing of shock sessions on the periosteal cell proliferation.
In order to optimize the treatments and the timing of this
approach, the detailed temporal response of periosteal cells
to ESWs should be examined that would look at cell phe-
notype, mitosis, and differentiation.

When a calcium phosphate (anorganic bovine bone) scaf-
fold was implanted below the periosteum, there was a 4-fold
increase in osseous tissue in the upper half of the scaffold,
and a 3.3-fold increase in osteoprogenitor (osseous plus
chondrocytic) tissue filling the scaffold upper pores. The in-
creased filling in the scaffold upper pores was attributed to
the increased periosteal cell number after ESW stimulation.
These cells produced a significant 12-fold increase in the
osseous tissue above the scaffold and an 8-fold increase in
osteoprogenitor tissue compared with the controls, and the
upper pores of the scaffold were filled with 74% osteopro-
genitor tissue. For the majority of control samples, there
was negligible osteoprogenitor tissue above the scaffold
(0.13 – 0.05 mm2/mm scaffold), which is attributed to the
very low periosteal cell number in normal periosteum and
the difficulty in their successful harvest. By extension, there
was little filling of the upper pores of the scaffold for the CP
group (22% – 5%).

After ESW stimulation, the periosteal cells respond by
proliferating and undergoing ossification. At the time of a
surgery, there is a second stimulus for periosteal proliferation/
osteogenesis; previous authors have demonstrated that a
normal periosteum responds to surgical elevation by prolif-
erating and undergoing endochondral ossification.11,17 In
this study, both micro-CT and histology show that normal
and ESWSP groups undergo callus formation in response
to surgical elevation outside the scaffold boundary of
both groups (yellow arrows, Fig. 3). In group 4 (ESWSP +
surgery), the cells proliferate more (there is a much thicker
layer of subperiosteal tissue in group 4 when compared with
group 2 [ESWSP, no surgery]), and they form both bone and
cartilage. Our work in rats demonstrated that the cells re-
spond by intramembranous ossification after ESW stimula-
tion19; other authors have reported not only primarily
intramembranous ossification but also endochondral ossifi-
cation in rats and rabbits.21,22 In this study, none of the group
2 ESWSP samples demonstrated endochondral ossification;
however, endochondral ossification appeared to be the
dominant mechanism of bone formation for group 3, and
there was active endochondral ossification in group 4. Dur-

ing surgical manipulation of the periosteum, vessels are
damaged, and this causes bleeding. The disruption of the
vascular system, coupled with the further proliferation of the
cambium cells, likely leads to a hypoxic environment, which
is known to favor cartilage formation. That the periosteal
cells maintain their chondrogenic potential after ESW stim-
ulation suggests that ESWSP can also be used as a cell source
for cartilage repair strategies.

The tissue formed in the lower half of the scaffold is at-
tributed to the periosteal cambium cells that are left on the
cortical bone surface after ESW stimulation. This was seen in
histological sections (particularly evident in the control
samples, which have little tissue in the upper pores from the
elevated periosteal cells) as osseous tissue infiltrating the
scaffold from below, which was continuous with the cortical
bone surface. The lower half of the scaffold was filled equally
for both groups (ESW vs. control) with osseous (*44%) and
osteoprogenitor tissue (*46%). This demonstrates that the
periosteal response to the ESW stimulus is a one-time event
and that the cells are not permanently altered to a more
proliferative state, which is important from a safety view-
point.

Although ESWs have received a lot of attention and are
routinely used in the clinic, the mechanisms underlying the
tissue/organ responses to ESWs have not been fully eluci-
dated. It has been reported that ESWs can induce micro-
damage and initiate a regenerative response, but the
molecular and cellular mechanisms of this are still not fully
known.24,25 For the periosteum, some studies have suggested
that subperiosteal separation may contribute to periosteal
bone apposition,21,22,26 but another study compared it with
surgical periosteal separation alone and found increased
osteogenesis in the ESW group.27 Other mechanisms that
have been indentified include increased regional blood flow
and/or the release of angiogenic factors25,27,28; recruitment
and differentiation of MSCs, possibly resulting from marrow
hypoxia25,28,29; and upregulation of osteogenic factors (e.g.,
bone morphogenetic proteins, vascular endothelial growth
factor).30–32

In rat ESW studies, microfractures have not been re-
ported19,22; however, here the rabbit model demonstrated
cortical microfractures on the side opposite to the application
site (postero-lateral corner), which other authors have re-
ported for rabbit bone.21,26 It is noted that the treatment
levels are consistent with current clinical protocols, and it is
possible that there is something specific about the bone
properties and the biomechanics of shock wave propagation
in the rabbit which results in them being more susceptible to
ESW-induced microfractures. In horse models, there have
been differing reports regarding the induction and exacer-
bation of microfractures.27,33 Before the clinical adoption of
the technique, these microfractures should be investigated
further in large animal models that mimic human anatomy
and physiology.

A single timepoint was used to evaluate the rabbit re-
sponse to bone formation. The 2 week timepoint was chosen
based on numerous studies that demonstrated complete os-
teogenesis at this timepoint after ESW in rabbits,21,26 and
after periosteal elevation in rabbits11,18 and goats.17 Further,
since our model is at a site that is minimally load bearing,
stress-induced remodeling would complicate the observed
bone formation if longer timepoints were evaluated. There is

1506 KEARNEY ET AL.



a more pronounced increase in osseous tissue when com-
pared with chondrogenic tissue at the 2 week timepoint post-
ESW. A previous work has suggested an angiogenic effect of
ESWs and a resulting tendency for intramembranous (not
endochondral) bone formation after ESW.19,22 It is difficult to
fully assess this at a single timepoint post-ESW, especially
with the complication of surgery. Future works will examine
the time course of vessel development and ossification after
ESW.

Retraction of the periosteum was observed, although
coverage was typically > 75%. A model that mimics bone
regeneration at a physiologically desired site (e.g., concavity
in the bone) would have more periosteum for bone coverage,
and, at the same time, allow for evalutation of the remodeling
at a load-bearing site. At longer timepoints, the periosteally
formed bone is found to undergo maturation11,18,26; in our
results, the osteoprogenitor tissue was at various phases of
endochondral ossification and is expected to undergo com-
plete osteogenesis.

The ESW-stimulated samples outperformed the control
group in all key outcome variables (e.g., osteoprogenitor
tissue in the upper half of the scaffold, osteoprogenitor tissue
above scaffold, callus size). The increased cambium cell
number in the ESWSP generated more osteoprogenitor and
osseous tissue above the scaffold, and these cells were infil-
trating the upper pores of the scaffold and filling them with
osteoprogenitor and osseous tissue. This study demonstrates
a novel approach for the treatment of bone loss, which has
the potential for many clinical situations where bone appo-
sition is required (e.g., vertical ridge augmentation, regrow-
ing bone after tumor resection, and regenerating bone lost at
sites of osteolysis). When planning for the implementation of
such ESW treatments in human subjects, it will be important
to consider species differences in the dose response to ESWs.
The doses employed in this and other rabbit studies and in
other animal models can serve as guides to the dose (energy
flux density, number of shocks, timing of treatment, etc.) to
initially be employed for a specific application. Variations
among species in the response of a selected tissue site to
ESWs can be due to factors including cellularity (number
density and types of cells), vascularity, and matrix properties
and acoustic impedance mismatches between tissues that
would affect shock wave propagation.
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