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Abbreviations and definitions

ADL

angiopoietins

ATP

B-catenin

BCC
BMC
BMD
BMP

BMPR

BV/TV
CFU-F
DBM

DEXA

Dickkopf

FPPS

GDF

HA
HCO

Histomorph-
ometry

HKA angle

activities of daily living
growth factors that promote
angiogenesis

adenosine triphospate

an intracellular signal protein
used by Wnt

bone conduction chamber

bone mineral content (g)

bone mineral density (g/cm?)
bone morphogenic protein. Local-
acting signaling proteins.

bone morphogenic protein recep-
tor

bone volume/total volume
colony-forming unit—fibroblast
demineralized bone matrix

Dual Energy X-ray Absorptiom-
etry, method to measure bone
mineral content and bone mineral
density

a secreted Wnt antagonist that
binds to a part of its receptor
complex

farnesyl pyrophosphate syntase,
enzyme in the mevalonate path-
way, important for bisphospho-
nate function

growth differentiation factors,
members of the TGF-a superfam-
ily

hydroxyapatite

hemicallotasis osteotomy

histological quantification of
volumes, surfaces, cell numbers,
and tissue dimensions involved in
bone formation and resorption

hip-knee-ankle angle. A radio-
graphic method for determining

IL-1
IL-6
KOOS

M-CSF

MSC

ONJ

OP-1

OPG

PDGF
PLA

Prenylation

PPI

PTH
PTHR1
QOL

R1 and R2

RANK

RANKL

the alignment of the leg in the
frontal plane. Varus is <180°,
valgus >180°

interleukin 1, a cytokine
interleukin 6, a cytokine

Knee injury and Osteoarthritis
Outcome Score, patient-relevant
outcome measure

macrophage colony-stimulating
factor. Essential for osteoclast dif-
ferentiation

mesenchymal stem cell, a multi-
potent stem cell that can differen-
tiate into a variety of cell types

osteonecrosis of the jaw

osteogenic protein-1, recombi-
nant BMP-7

osteoprotegerin, a protein
secreted by osteoblasts that act as
a decoy receptor for RANKL
platelet-derived growth factor
polylactic acid, a biodegradable
biopolymer made from natural
sugar sources

lipid modification of a protein,
important for protein-protein
interaction and signaling

pin performance index
parathyroid hormone
parathyroid hormone receptor 1
quality of life

side-chains in the chemical struc-
ture of bisphosphonates

receptor activator of nuclear
factor ¥ B. Expressed on the cell
surface of osteoclasts and osteo-
clasts precursors

receptor activator of nuclear
factor x B ligand. Expressed on
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ROI

Sclerostin

Smad

Small
GTPases

the surface of osteoblasts and
marrow stromal cells

region of interest, the area in the
DEXA image selected for mea-
suring

a secreted Wnt antagonist that
binds to a part of its receptor
complex

intracellular signaling proteins
used by the TGF-f superfamily to
signal

signaling proteins in osteoclasts

TGF-3

TNF-a
VEGFs

Wnt

WOMAC

transforming growth factor 8,
three known subtypes in humans

tumor necrosis factor o

vascular endothelial growth
factor, stimulates growth of new
vessels

the mammalian homologue of
wingless (a gene in the droso-
philia fruit fly). Wnt is a family of
growth factors

Knee and hip osteoarthritis index,
developed at Western Ontario and
McMaster Universities
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Introduction

Clinical background

Drug treatment is an important cornerstone of
modern medicine, successfully changing the
course of many diseases. However, in orthopedic
surgery, drugs are still surprisingly seldom used.
Technical advances, such as new fracture fixation
devices and joint prostheses, have revolutionized
the lives of many orthopedic patients, but biologi-
cal advances in the treatment are few. Yet, even
today, some fractures fail to heal, despite numer-
ous operations applying the most modern devices.
Limb amputations are sometimes the only remain-
ing solution in these severe cases of non-uniting
fractures.

The healing of a fracture is influenced by many
factors. Systemic factors often depend on the gen-
eral health of the patient, such as nutritional status
or generalized disease such as diabetes or anemia,
but also on life-style factors like drugs and smok-
ing. Local factors, such as the type of bone or rather
the quality of blood supply and access to progeni-
tor cells, also affect the prerequisites for the frac-
ture to heal. About 5-10% of all fractures fail to
heal, leading to delayed healing, fibrous healing or
non-healing (Bostrom and Camacho 1998; Boux-
sein et al. 2001). For the patient this means at least
prolonged immobilization, pain or maybe even a
reoperation, and for both the patient and the soci-
ety an economic loss.

The use of bone graft in the treatment of non-
unions is well documented and known to improve
the outcome of surgery. Autografts are harvested
from the patient him- or herself but give post-oper-
ative morbidity in 8-25% of cases (Summers and
Eisenstein 1989). Instead of autografts, recombi-
nant bone-inducing proteins such as the bone mor-
phogenic proteins (BMPs) have been introduced
into orthopedic surgery and are approved for use in
fractures, non-unions and spinal fusion. However,
the drugs are expensive, and no study has proven
them to be better than autograft, as regards the
healing rate of pseudarthroses (Friedlander et al.
2001).

Autografts and bone anabolic drugs are aimed at
improving the anabolic bone-forming osteoblasts
when insufficient callus is being formed. Delayed
healing or non-union can however also be a result
of a premature catabolic response by the osteo-
clasts, triggered either by instability or by a too rig-
idly fixated fracture. Sometimes non-union is due
to a combination of an anabolic insufficiency and
a premature catabolism of the sparse new-form-
ing callus. The inability of the BMPs to perform
better than autograft in pseudarthrosis healing in
the clinical studies must be considered surpris-
ing and maybe a premature osteoclasts-mediated
catabolism by the BMP (Wutzl et al. 2006, Jensen
et al. 2009) is the cause. Bisphosphonates reduce
the osteoclastic catabolic activity in experimental
studies, but the use of bisphosphonates in ortho-
pedic conditions other than osteoporosis and bone
metastases is limited. If the delayed healing or
non-union is a failure of both the anabolic and
catabolic responses, theoretically the combination
of BMP and a bisphosphonate would be effective.
If anabolism is sufficient, a bisphosphonate given
alone without the BMP might have the capacity to
shorten the healing time of a more benign fracture
such as the osteotomy of the proximal tibia in gon-
arthrosis.

Fracture treatment by external fixation has been
developed and refined during the last century. It
offers several advantages for severely comminuted
fractures, where other methods would fail. It is
minimally invasive and therefore reduces the risk
of devitalization and infection in open fractures.
Limb reconstruction with external fixation can be
used in bone lengthening and correction of defor-
mities. The fixation of the pins in all these situa-
tions is important and maybe the most critical for
the treatment by external fixation. In several stud-
ies, both animal and clinical, improved fixation
has been described with the use of hydroxyapa-
tite-coated pins (Moroni et al. 1998, 2001, 2008;
Magyar et al. 1997). Perhaps the anti-catabolic
effect of the bisphosphonates could also be used
in this context to influence the bone-pin interface
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Table 1. Experimental studies on local or systemic bisphosphonate effect on fracture healing

Dose Effect

Author (year) Model Bisphosphonate
Gerstenfeld et al.  Closed femoral Alendronate s.c.
2009 fracture, mouse compared to

RANKL inhibitor

and control
Greiner et al. 2008 Closed femoral Zoledronate

fracture, rat coated titanium

K-wires
McDonald et al. Closed femoral Zoledronate s.c.
2008 fracture, rat

Amanat et al. 2007 Closed femoral Zoledronate i.v.

fracture, rat and local
Amanat et al. Open femoral ~ Pamidronate s.c.
2005 fracture, rat and local
Li et al. 2001 Open femoral Icandronate s.c.
fracture, rat
Adolphson et al. Colles fracture, Clodronate p.o.
2000 human, plaster
splint
Li et al. 1999 Open femoral Icandronate s.c.

fracture, rat

Madsen et al. 1998 Tibial fracture, Clodronate s.c.
rat

Nyman et al. 1996 Tibia double Clodronate s.c.
osteotomies,

rat
Peter et al. 1996 Open radial Alendronate p.o.
fracture, dog
Goodship et al Osteotomy gap Pamidronate i.v.
1994 tibia, sheep
Hyvénen et al. Closed femoral Clodronate s.c.
1994 fracture, rat

0.1 mg/kg, twice weekly Delayed callus remodel-
ling. Increased strength and
stiffness

20 pg/implant Increased callus area. Earlier
mechanical stability

0.1 mg/kg one dose 1 Increased hard callus BMC,
week postop. or 0.02 volume and strength.
mag/kg weekly for 5 Delayed remodelling with
weeks weekly dosing

0.1 mg/kg, i.v., 0, Tor2 Increased callus BMC,
weeks postop. 0.01 mg/  volume and strength. 2
kg local weeks postop. superior.

3 mg/kg, s.c., one dose at Increased callus BMC,
surgery. 0.1 mg/kg or 1.0 volume and strength in
mg/kg local systemic treatment.

10 pg/kg or 100 pg/kg Higher stiffness and
three times/week for 2 ultimate load. Delayed

weeks or continuous remodelling in continuous,
high dose

400 mg twice daily Increased BMD of fractured
radius

10 pg/kg or 100pg/kg 3 Larger callus in continuous
times/week for 2 weeks  treatment
preop. or continuous

10 mg/kg daily 28 days Increased BMC and BMD of

preop. and 28 days fractured tibia. No effect on

postop. or saline callus size and mechanical
strength

10 mg/kg daily, 6 weeks Delayed maturation of
callus

2 mg/kg/day. 9 weeks Larger callus in continu-

preop. or 16 weeks ous treatment. No adverse

postop., or both effect on union, strength or

mineralization

0.5 mg/kg once a week. Increased external callus
4 preop. and 12 postop.  and ultimate torsional
strength

0, 3, 10 or 30 mg/kg once No altered histological
aweek. 1,2, 3,4,8,12 appearance of callus, no
or 22 weeks delayed healing.

by delaying the bone resorption around the pins
and maybe prevent early loosening. In previous
experimental studies both local and systemic treat-
ment with bisphosphonates has proven effective
in enhancing the fixation of pins (Skoglund et al.
2004).

Hypotheses

In the present study we address two separate tasks
in fracture healing: (1) whether fracture healing
can be faster or rather achieved earlier; and (2)
if fracture healing can be better, i.e. decrease the
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Table 2. Clinical studies on the application of BMP for fractures or non-unions

Author (year) Model Type of BMP

Effect

Kanakaris et al. 2008 Tibial non-unions rhBMP-7
Ristiniemi et al 2007 Distal tibial fracture rhBMP-7 vs. collagen

Giannoudis et al. 2007  Pelvic ring instabil-  BMP-7 with or with-
ity and non-union  out ABG

Swiontkowski et al. Open tibial fracture BMP-2 0.75 or 1.5
2006 mg/ml vs. no implant
Dimitriou et al. 2005 Tibial-, femoral-, rhBMP-7, 3.5 mg with

humeral-, forearm-, or without ABG
clavicle non-unions

Govender et al. 2002 Open tibial fracture BMP-2 0.75 mg/ml
or 1.5 mg/ml vs. no
implant

Friedlaender et al. 2001 Tibial non-unions BMP-7 vs. ABG

Healing rate 89.7%
Accelerated healing

Healing rate 89%

Reduced frequency of secondary inter-
ventions

Healing rate 92.3%

Reduced frequency of secondary
interventions. Accelerated fracture and
wound-healing

Healing rate 85%, on par with autograft

ABG = autologous bone graft

incidence of pseudarthrosis/delayed healing and 2. Is it possible to improve the net biological

offer a solution to pseudarthrosis/delayed healing effect of the BMPs by controlling the resorp-

as they occur. tion, thereby increasing the remaining amount
We suggested four hypotheses to address these of callus?

questions: 3. Can we replace the expensive, hard-to-handle

1. Can we prolong the time between the doses anabolic drugs with an anti-catabolic drug such
with a bisphosphonate, also in fracture heal- as a bisphosphonate?

ing, as the trend has been in osteoporosis treat- 4. Is it possible to use the biologic effect of the
ment? bisphosphonate to improve pin fixation?
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Fracture healing and remodeling

The capacity of the bone for repair and regenera-
tion in response to injury or surgical treatment is
substantial. Both fracture healing and remodeling
involve a complex set of regulated signaling path-
ways that control the formation of new bone matrix
and the resorption of damaged bone at the disease
or injury site. These pathways are responsible for
recruiting and activating the different cells and
growth factors that are involved in the process of
fracture healing. The sources of cells and signals
in fracture healing may come from the periosteum
and the bone marrow space at the site of the dam-
aged bone (Gerstenfeld et al. 2003), but also from
the surrounding muscles which appear to be an
important secondary source when the bone ends
are necrotic, as in an open fracture (Tigil et al.
2009; Liu et al. 2009). The coordination of mul-
tiple cell types and cellular processes recapitulates
the pathway of normal embryonic development
(Gerstenfeld et al. 2003; Ferguson et al. 1999) and
partly the growth in the epiphysis in the child (Ger-
stenfeld et al. 2003).

Fractures heal by endochondral and/or intra-
membranous ossification (Gerstenfeld et al. 2003).
Endochondral bone formation usually occurs in
regions that are mechanically less stable and imme-
diately adjacent to the fracture site, whereas intra-
membranous ossification occurs at the proximal
and distal edges of the callus (Einhorn 1998; Ger-
stenfeld et al. 2003; Dimitriou et al. 2005). Fracture
trauma involves not only an interruption of skeletal
integrity but also disruption of the normal vascular
structures and disruption of the marrow architec-
ture. This results in the infiltration of inflammatory
cells, macrophages, and degranulating platelets
during formation of a hematoma (Einhorn 1998,
Brighton and Hunt 1991). This first inflammatory
response is coordinated by and involves the secre-
tion of a range of cytokines and growth factors
including IL-1, IL-6, and TNF-a that play a role
in initiating the repair cascade. TGF-f3, PDGF and
BMP-2 initiate the callus formation. GDF-8 con-
trols cellular proliferation and recruits mesenchy-
mal stem cells (Ai-Aql et al. 2008; Cho et al. 2002;

Gerstenfeld et al. 2003; Dimitriou et al. 2005).
Mesenchymal cells that have differentiated into
chondrocytes proliferate and synthesize cartilagi-
nous matrix. In the final stages of this soft callus
production, the chondrocytes undergo hypertro-
phy and mineralize the cartilaginous matrix before
undergoing apoptosis (Barnes et al. 1999). During
this stage angiopoietins and VEGFs are induced,
which stimulate vascular ingrowth from vessels in
the periosteum (Gerstenfeldt et al. 2003).

The next stage is remodeling of soft callus into
hard callus. In this stage the soft callus cartilage/
fibrocartilage is gradually removed and replaced
with woven bone (Barnes et al. 1999; Einhorn
2005). Osteoclasts are recruited from the blood
stream for the resorption and osteoblasts locally for
the formation of woven bone. The cells involved in
the resorption of the soft callus may not be osteo-
clasts, but instead another large multinucleated cell
termed chondroclast (Cole and Walters 1987; Ger-
stenfeldt et al. 2003). The early new bone equiva-
lent to the hard callus is irregular and under-remod-
eled. Hard callus does form, also in the absence of
a cartilaginous template as intramembranous bone
formation. The vasculature is critical for formation
of the hard callus and VEGFs are up-regulated to
stimulate neo-angiogenesis.

The final stage comprises the remodeling of the
hard callus into the original cortical and/or trabec-
ular bone configuration to restore the anatomical
structure essential to support the mechanical loads
(Gerstenfeld et al. 2003). The remodeling is a cou-
pled process of bone resorption by the osteoclast
followed by the formation of lamellar bone by the
osteoblast.

The described above overlap. The
outcome of the fracture repair process can be

stages

described as a balance between the anabolic (bone
forming) and catabolic (bone resorbing) responses
instead of the temporarily ordered stages (Little et
al. 2007). Many of the cell types recruited to the
early stage fracture site as well as the associated
regulatory growth factors and cytokines are parts
of a general response to tissue injury. Some growth
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Activated
Preosteoclast Osteoclast osteoclast
OPG OPG OPG
Oo o OOOO
09
M- CSF RANK RANK
RANKL

Figure 1. Differentiation and activation of osteoclasts.
M-CSF and RANKL are essential for osteoclastogenesis.
OPG can bind RANKL and thereby inhibit osteoclast dif-
ferentiation.

factors are non-specific to bone and these processes
are referred to as non-specific anabolism and
non-specific catabolism (Schindeler et al. 2008),
generic to all kinds of tissue injury and including
proliferation and expansion of non-differentiated
progenitor cells. Specific anabolism and catabo-
lism implies differentiation into more specialized
cells with unique function such as osteoblasts or
osteoclasts. The speed of fracture healing may be
determined by the process of non-specific anabo-
lism and catabolism (recruiting cells, revascular-
ization), while the strength of repair relates to the
mechanically driven balance between bone-spe-
cific anabolism and catabolism (Schindeler et al.
2008).

Cells
Osteoclasts

Osteoclasts are multinucleated cells of hematopoi-
etic lineage. They are members of the monocyte/
macrophage lineage and are formed via multiple
cellular fusions from their mononuclear precur-
sors (Vidndnen and Laitala-Leinonen 2008). Their
proliferation and differentiation depend on the
presence of two different cytokines, macrophage
colony- stimulating factor (M-CSF) and receptor
activator of nuclear factor k¥ B ligand (RANKL)
(Figure 1). M-CSF is expressed by osteoblasts
and stromal cells in both soluble and membrane-
bound forms (Felix et al. 1996; Teitelbaum 2000)
and RANKL is expressed on the surface of osteo-
blasts and marrow stromal cells (Lacey et al. 1998;
Takahashi et al. 1999; Boyle et al. 2003). M-CSF
binds directly to its receptor on the surface of the
early osteoclast progenitor and thereby provides
signals required for proliferation (Teitelbaum

RANK
G

Osteoblast

Osteoclast

RANKL precursor

Differentiation
Proliferation

Figure 2. RANK is activated by the binding of RANKL.
OPG act as a decoy receptor and block the interaction
of RANK and RANKL.

2000). M-CSF is thought to be crucial for the sur-
vival and proliferation of osteoclast precursor cells
as it induces the proliferation, supports their sur-
vival and up-regulates the expression of receptor
activator of nuclear factor K B (RANK), which is
a prerequisite for osteoclast precursor cells (Arai
et al. 1999; Ross and Teitelbaum 2005). RANK
is expressed on the cell surface of osteoclasts and
their precursors (Boyle et al. 2003). Binding of
RANK to the extracellular protein RANKL pro-
motes several of the steps leading to the develop-
ment of mature, multinucleated, bone-resorbing
osteoclasts. RANKL induces activation of intra-
cellular pathways, which leads to the induction
of an essential transcription factor that is translo-
cated into the nucleus and starts transcription of its
target genes that promote osteoclast differentiation
(Takayanagi 2007).

The protein osteoprotegerin (OPG) which is
secreted by the osteoblast acts as a decoy recep-
tor that competes with RANK for RANKL and
thereby inhibits osteoclast differentiation (Simonet
etal. 1997) (Figure 2). Skeletal mass may be deter-
mined by the relative concentrations of RANKL
and OPG (Hofbauer et al. 2001). In OPG knockout
mice the production and function of osteoclasts are
unregulated and the result is osteoporosis (Bucay et
al. 1998). Besides having an effect on osteoporosis
(Bekker 2001), OPG treatment has been shown to
decrease bone resorption and preserve the structure
of the femoral head in an animal model of isch-
emic osteonecrosis (Kim et al. 2006). In an animal
study of tibial fractures, OPG treatment impaired
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the remodeling process and decreased the material
properties of the callus tissue (Ulrich-Vinther and
Andreassen 2005).

Osteopetrosis is a heterogeneous group of heri-
table conditions in which there is a defect in osteo-
clastic bone resorption (Tolar et al. 2004). The
mutations affect processes that are essential for
the resorption, such as acidification of the bone.
In RANK or RANKL knockout animals, osteo-
clasts cannot be produced, and the animals develop
osteopetrosis. In humans a mutation in the gene-
encoding RANKL leads to an osteoclast-poor
form of osteopetrosis (Sobacci et al. 2007). These
individuals present with severe osteopetrosis, but
progress more slowly than other types of autoso-
mal recessive osteopetrosis associated with normal
or elevated numbers of non-functional osteoclasts,
where the mutations result in impaired function of
osteoclasts (Tolar et al. 2004). BMPs that promote
osteoblastogenesis have also been found to have
an effect on osteoclast formation. In vitro studies
show that BMPs increase the RANKL/OPG ratio
(Wautzl et al. 2006) or act directly on cells of the
osteoclastic linage (Okamoto et al. 2006; Jensen
et al. 2009) and thereby result in increased osteo-
clastogenesis. Osteoclast activity is also regulated
by calciotropic hormones. Vitamin D promotes the
differentiation of osteoclasts from the monocyte
macrophage stem cell precursors by stimulation
of RANKL production of osteoblasts. Parathyroid
hormone (PTH) binds to its receptor, PTH recep-
tor 1 (PTHR1) on osteoblasts and thereby induces
the production of M-CSF and RANKL (Ma et al.
2001; O’Brien et al. 2008). Calcitonin inhibits
bone resorption by acting directly on osteoclasts
through its receptor (Yasuda et al. 1998).

Osteoclast function

To resorb bone, the
adheres tightly to the surface through a ring-like
sealing zone that is rich in the cytoskeletal protein
actin (Tolar et al. 2004). When the osteoclast is
resorbing it is polarized and forms three distinct
areas: the basolateral membrane, the sealing zone
and the ruffled border (Viidndnen and Laitala-
Leinonen 2008). The ruffled border membrane is
the actual resorbing organ. The basolateral mem-
brane, which is not in contact with bone material,
is important in exocytosis, a process in which a

differentiated osteoclast

]

COZ+ Hzo_’HZCO3

HCO;
/03

Figure 3. In the osteoclast cytoplasm, carbonic anhy-
drase Il (CA Il) forms carbonic acid (H,CO5) from car-
bone dioxide (CO,) and water; the H,CO; dissociates
to bicarbonate (HCO3’) and a proton (H*). The pro-
tons are transported through the ruffled border into
the resorption lacuna by a vacuolar proton pump (H*-
ATPase), generating a pH of 4 to 5 in the extracellular
space adjacent to bone. To ensure electro neutrality, a
chloride channel (CLC7) simultaneously transports the
counter ion chloride. The organic matrix of the bone
is removed through enzymatic activity, with cathepsin
K, a cystein protease, as a major actor. The degrada-
tion products and debris are transported within vesicles
through the osteoclastic cytoplasm and released at the
basolateral membrane.

vesicle releases its contents when it fuses with the
cell membrane. Resorption occurs through acidifi-
cation of the bony surface, by targeted secretion of
hydrochloric acid into a closed compartment called
the resorption lacuna that leads to dissolution of
mineral matrix and bone mineral, such as hydroxy-
apatite (Figure 3). This is a unique feature of the
osteoclast (Viidnidnen and Laitala-Leinonen 2008).
The osteoclast half-life is approximately 10 days.
They can likely move from one resorption site to
another during this time. Bisphosphonates that are
bound to bone mineral will be released during the
dissolution of bone mineral and then taken up by
endocytosis by the osteoclast. Inside the osteoclast,
the bisphosphonates affect enzymatic systems and
lead to apoptosis of the osteoclast (Russel et al.
2007).

Osteoblasts and osteocytes

Osteoblasts originate from bone-marrow-derived
pluripotent mesenchymal stem cells (MSCs) of the
colony-forming unit-fibroblast (CFU-F) lineage
that also gives rise to fibroblasts, chondrocytes,
myocytes and adipocytes (Bodine and Komm
2006). Osteoblast differentiation is promoted by
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Figure 4. Overview of the canonical Wnt pathway.
Extracellular binding of Wnt to the receptor complex
causes intracellular accumulation of B-catenin that can
induce the expression of target genes after transloca-
tion to the nucleus.

lipid-modified glycoproteins of the wingless (Wnt)
family, bone morphogenic proteins (BMPs), and
several transcription factors. Two transcription fac-
tors essential in the signaling pathways that induce
osteoblastogenesis are Runx2 and Osterix (Phim-
philai et al. 2006; Nakashima et al. 2002).

Wnt molecules are a large family of growth fac-
tors that mediate fundamental biological processes
such as embryogenesis, organogenesis and tumori-
genesis (Bodine and Komm 2006). Although
Whnt proteins signal through several pathways to
regulate cell growth, differentiation, function and
death, the Wnt/f-catenin or canonical pathway
appears to play an important role in bone formation
(Pieters et al. 2008). Activation of Wnt/B-catenin
signaling occurs upon binding of Wnt to a recep-
tor complex on the cell surface of the osteoblast
(Figure 4) (Bhanot et al. 1996; Wehrli et al. 2000).
In early stages the differentiation of mesenchymal
stem cells to osteoblast precursors is stimulated
while alternative differentiation of these stem cells
toward adipocytes or chondrocytes is inhibited
(Piters et al. 2008). Wnt signaling has been shown
to reduce osteoblast and osteocyte apoptosis in vivo
and increase bone formation by stimulating differ-
entiation and replication of osteoblasts (Krishnan
et al. 2006). The stimulation of differentiation can
be referred to as bone-specific anabolism and the
replication as unspecific anabolism. Interruption
of the Wnt signaling results in reduction in bone
mass and a defect in osteoblast proliferation and

Type Il
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Type | TGF-B
receptor

Type | BMP
receptor

i i

(@D Q
R-Smad /CO—Smad\A

R-Smad

Transcription
factor

Figure 5. The BMP and TGF-B family members use the
Smad signaling pathways. When the ligand associates
with the type | receptor, the type Il receptor binds to
and phosphorylates the type | receptor. Type | receptor
phosphorylates R-Smad proteins, which in turn associ-
ates with CO-Smads in a complex. This complex moves
across the nuclear membrane into the nucleus, where
it associates with transcription factors and induces spe-
cific gene expression and protein production

maturation (Kato et al. 2002). Loss of function in
one of the genes of the receptor complex is found
in some individuals with idiopathic or early onset
osteoporosis (Piters et al. 2008).

BMP induces osteoblast differentiation through
an intracellular Smad protein dependent signal
pathway (Figure 5) (Kawabata et al. 1998; ten Dijke
et al. 2003). BMPs bind to specific transmembrane
BMP receptors (BMPR) type I and II (Miyazono
et al. 2005). Upon binding of BMP, the receptors
dimerize and the receptor autophosphorylates.
This starts a signaling pathway inside the cell, con-
sisting of Smad proteins, and leads to the translo-
cation of a Smad protein-complex into the nucleus
(Kawabata et al. 1998; ten Dijke et al. 2003). Inside
the nucleus the Smad protein-complex interacts
with transcription factors that are important for
osteoblast differentiation (Phimphilai et al. 2006).
The transcription factors control the expression of
genes that are required for the cell to function as an
osteoblast. Runx2 and Osterix are two important
transcription factors for osteoblast differentiation.
Their function is so critical that mice deficient in
the production of either of these transcription fac-
tors have skeletons completely composed of car-
tilage (Phimphilai et al. 2006; Nakashima et al.
2002). The maturation of osteoblasts is blocked and
the differentiation of osteoblasts is absent. Runx2
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Figure 6. Extensive heterotropic bone formation typical
for FOP (Shore et al. 2006).

seems to act upstream of Osterix and is required
for Osterix expression (Nakashima et al. 2002). In
humans, loss of a single copy of Runx2 leads to a
defect of intramembranous bone formation result-
ing in the disease cleidocranial dysostosis (Zhang
et al. 2000). A heterozygous mutation in one of the
BMP receptors leads to fibrodysplasia ossificans
progressiva (FOP) (Shore et al. 2006), an autoso-
mal dominant human disorder of bone formation
that causes developmental skeletal defects and
extensive debilitating bone formation within soft
connective tissues (Figures 6 and 7).

Osteoblast function

Osteoblasts have the ability to form bone tissue by
the secretion of alkaline phosphatase, type I col-
lagen, proteoglycan, bone sialoprotein and osteo-
pontin. Osteoblasts do not function individually
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Figure 7. Mutations or variations in signaling pathways
of osteoblasts and osteoclasts result in changed activity
and ratio of the cells. FOP = fibrodyplasia ossificans pro-
gressiva, OPG = osteoprotegerin, OPPG = osteoporosis
pseudoglioma

but are found in clusters along the bone surface,
lining on the layer of bone matrix that they are pro-
ducing (Hadjidakis and Androulakis 2006). Bone
matrix is produced by deposition of collagen I. The
collagen matrix becomes mineralized, presumably
by the activity of alkaline phosphatase (Wennberg
et al. 2000). Osteoblasts are also involved in the
osteoclast differentiation as they produce RANKL
and osteoprotegerin to modulate osteoclast activ-
ity (Takahashi et al. 1999; Simonet et al. 1997).
The half-life of an osteoblast is approximately 100
days.

Osteocytes

Osteoblasts that become embedded in the new bone
matrix during bone formation are transformed to
osteocytes, the most abundant cellular component
of the bone. Once embedded into the bone matrix,
the former osteoblasts, now osteocytes, cease their
bone-forming activity. An important role of osteo-
cytes, and their network of cell processes, is to
function as strain and stress sensors, signals that
are very important for maintaining bone struc-
ture (Burger and Klein-Nulend 1999). Osteocytes
communicate with neighboring osteocytes and
with cells on the bone surface via a meshwork
of cell processes, which are located inside cana-
liculi within the bone matrix (Franz-Odendaal et
al. 2006). The osteocytes produce sclerostin, a gly-
coprotein and an antagonist to the Wnt pathway.
Sclerostin inhibits Wnt signaling by blocking a part
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of its receptor-complex leading to reduced osteo-
blast activity (van Bezooijen et al. 2007). Scleros-
tin is regarded as a key inhibitor that regulates the
normal extent of bone formation and consequently
protects against the deleterious effects of uncon-
trolled bone formation (Poole et al. 2005). Loss of
function of the sclerostin protein results in scleros-
tosis and van Buchem disease, two conditions of
severe hyperostosis (Pieters et al. 2008). Sclerostin
antibodies have been suggested as a treatment of
osteoporosis (Hoeppner et al. 2009) as an anabolic
drug. Treatment of osteoporotic rats with scleros-
tin function-blocking antibody increased the bone

mass and bone strength (Li et al. 2009). Another
protein secreted by the osteoblasts and osteocytes
is Dickkopf. Like sclerostin it binds to a part of
the Wnt receptor complex and blocks the canonical
Whnt pathway (Mao et al. 2001).

A special receptor for PTH, parathyroid hormone
receptor 1 (PTHR1), is expressed in osteocytes and
in osteoblasts. Activation of PTHR1 in transgenic
mice decreases the expression of sclerostin and
elevates the signaling from the receptor complex,
which results in higher bone mass (O’Brien et al.
2008). Osteocytes can live for several decades.
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Proteins and drugs in bone healing and remodeling

Anabolic proteins and drugs

Bone healing and remodeling can be affected by
various proteins and drugs acting on cells and sig-
naling pathways involved in these complex pro-
cesses. Alone or in combination, they have been
tested in animal experiments but also in clinical
studies. PTH increases the rate of remodeling and
induces both formation and resorption (O’Brien
et al. 2008). Continuous treatment increases net
bone resorption, but with intermittent administra-
tion the net effect is bone formation (Andreassen
et al. 1999). PTH thereby acts as an anabolic drug
in bone repair and remodeling (Skripitz et al 2000).
The anabolic effect of PTH is caused by increased
osteoblast number due to down-regulation of
sclerostin and elevated Wnt signaling (O’Brien et
al. 2008). The catabolic effect of PTH is caused
by stimulating osteoclast formation by binding
to osteoblastic cells, increasing the production of
RANKL and M-CSF (Ma et al. 2001; O’Brien et
al. 2008).

PTH has been used clinically in the treatment
of osteoporosis (Lindsay et al. 1997; Misof et al.
2003) with a distinct effect. The drug has also been
used in fracture healing, and in a randomized clini-
cal study of distal radial fractures a shorter heal-
ing time was observed with daily injections of
low-dose PTH (Aspenberg et al. 2009). Statins are
another group of drugs found to have anabolic bone
effects in animals (Mundy et al. 1999) and were
also tested in a similar randomized study compar-
ing simvastatin and saline, also in distal radial frac-
tures. No difference was found between the active
compound and the control (Patil et al. 2009). In an
animal study by Morgan et al., the combination
of BMP-7 in a bone defect and daily injections of
PTH led to greater bone volume as well as better
microstructural organization and integration of the
new-formed bone (Morgan et al. 2008).

Strontium resembles calcium and in the same
group in the periodic system and therefore easily
incorporated in bone. It has been used in treat-
ment of postmenopausal osteoporosis and bone-

biopsy specimens from patients treated with stron-
tium ranelate show a reduction in bone resorption
(Canalis et al. 2007). Apart from these anticata-
bolic prerequisites, the drug also has anabolic
properties and appears to be an ideal drug for bone
metabolism (Hamdy 2009; Marie 2006). No clini-
cal studies of fracture healing exist for strontium.

BMP

BMP molecules are soluble, local-acting signaling
proteins, which bind to specific receptors on the
surface of a mesenchymal progenitor cell and are
capable of inducing these cells to differentiate into
osteoblasts. Such a substance was prophesized
by Hippocrates (460-370 BC), who observed the
regenerative potential of bone and speculated that
natural products and endogenous substances in
the human body are superior therapeutic agents
for clinical application (Reddi 1997). Over 2000
years later, Senn demonstrated in 1889 that decal-
cified bone implants could be used in the treat-
ment of osteomyelitis and certain bone deformi-
ties (Reddi 1997; 2001). A Swedish surgeon,
Gustav Levander, showed in 1938 that when cell-
free alcoholic extracts of bone are injected into
the muscles of rabbits, cartilage and bone form at
the site of injection. Levander suggested that bone
regeneration takes place as the result of some spe-
cific bone forming substance activating the non-
specific mesenchymal tissue (Levander 1938).
Levander’s finding was later confirmed by Anner-
sten (1940) and Bertelsen (1944) after which
Lacroix (1945) named the hypothetical substance
osteogenin. In 1965 Urist showed that segments
of demineralized, lyophilized rabbit bone matrix,
DBM, induced new bone when implanted intra-
muscularly in rabbits (Urist 1965). He called the
substance bone morphogenic protein and the phe-
nomenon of inducing bone at a non-skeletal site
osteoinduction.

Bone induction induced by demineralized bone
is a multistep cascade resembling the sequence of
events observed during embryogenesis (Reddi and
Huggins 1972). The first, at least partially, puri-
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fied osteoinductive substance was named osteo-
genin (BMP-3) (Sampath et al. 1987). At almost
the same time, BMPs were purified (Wang et al.
1988), sequenced and synthesized recombinantly
(Wozney et al. 1988). By screening human genomic
libraries the genes for BMP-2b and BMP-3 were
isolated and a new gene termed OP-1 (osteogenic
protein-1), later BMP-7 (Ozkaynak et al. 1990).

To date, at least 20 BMP-related proteins have
been identified (Miyazono et al. 2005; Nakase and
Yoshikawa 2006; Alaoui-Ismaili and Falb 2009).
Except for BMP-1, which is a pro-collagen C pro-
tease, they are all members of a family of secreted
signaling molecules referred to as the TGF-f3 super-
family (Wozney and Rosen 1998; Reddi 2001). The
TGF-f superfamily consists of structurally related
proteins that are found in different kinds of organ-
isms from fruit fly to human. The ability to manu-
facture proteins through recombinant technology
led to the commercialization of two BMPs, BMP-7
(OP-1) and BMP-2, both approved for clinical use
to repair bone. The BMPs have a short half-life
and only a small amount is retained at the repair
site due to rapid local clearance. BMPs are there-
fore combined with implanted carriers to avoid
breakdown and increase their concentration at the
bone repair site. The carriers must be biocompat-
ible and can be made from (I) natural polymers,
such as collagen, (II) inorganic materials such as
hydroxyapatite, (III) synthetic polymers, such as
polylactic acid (PLA), (IV) composite materials
such as collagen plus inorganic materials (See-
herman and Wozney 2005). One of the first carriers
was type 1 collagen, modified to limit breakdown
and to decrease its immunogenic properties. In one
of the commercially available proteins, Osigraft
(rthBMP-7), the amount of active protein appears
to be small. One vial contains 3.5 mg BMP-7 per
1000 mg collagen (Bishop and Einhorn 2007). A
collagen sponge with BMP-2 retains only 5% of
BMP-2 after being implanted for 14 days (Senta et
al. 2009). Other ways of administration are there-
fore being tested, and the ideal would be to have
local production of the gene product, and gene
therapy has been another strategy for producing
BMPs locally (Baltzer and Lieberman 2004). The
results have been promising in small animals but
not in larger animals (Senta et al. 2009).

BMP receptors
BMP treatment has been shown to induce osteo-
genic differentiation in myoblasts (Katagiri et al.
1994; Yeh et al. 2002). Osteoblasts, myoblasts,
chondrocytes and adipocytes arise from the same
pluripotent mesenchymal stem cell of the colony-
forming unit-fibroblast (CFU-F) lineage. BMPs
bind to transmembrane receptors on a cell’s sur-
face, and two types of receptors, types I and II,
are required for signal transduction (Miyazono et
al. 2005). Three type I receptors and three type
IT receptors have been identified. Type II recep-
tors have serine/threonine kinase domains that
are constitutively active and phosphorylate gly-
sine/serine domains in the type I receptors upon
ligand binding, leading to activation of the type I
receptors (Yamashita et al. 1996; Miyazono et al.
2005). The BMP receptors (BMPR) IA and II are
reported to be ubiquitously expressed, whereas IB
is tissue-specific. The sensitivity of the myoblast to
BMP-2 treatment has been shown to be correlated
to the expression of BMPR-IA and the expression
of BMPR-IA is enhanced by BMP-2 treatment.
Fibroblasts do not show the same response when
treated with BMP-2 (Liu et al. 2009).
Fibrodysplasia ossificans progressiva has been
linked to a heterozygous mutation in a BMPR type
I (Shore et al. 2006). The mutation is believed to
cause constitutive activation of the receptor. Mes-
enchymal cells expressing this receptor are more
sensitive to undergo BMP-induced osteoblast dif-
ferentiation and mineralization (van Dinther et al.
2009). Mutations in the BMPR-II gene have been
found in some patients with familial pulmonary
arterial hypertension (Machado et al. 2009).

TGF-

Another protein that participates in the fracture
healing and could be described as anabolic is the
transforming growth factor beta (TGF-3). TGF-f3s
are ubiquitous in the body and they stimulate pro-
liferation of cells of mesenchymal origin. The
most concentrated natural source of TGF-fs is the
platelets, which release them in the early inflam-
matory phase. Like the BMPs the TGF-3s signal
through serine-threonine receptors (Yamashita et
al. 1996) and the Smad signaling pathway inside
the cell (Kawabata et al. 1998). The difference
between the intracellular signaling of BMPs and
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TGF-Ps appears to concern which of the different
Smad proteins that the receptor associates with
(Miyazono et al. 2005). The TGF- and BMP
pathways interact with each other through multiple
mechanisms. They compete in interaction with cer-
tain Smad proteins and regulate the expression of
others. In this way there is a cross-talk between the
BMP and the TGF-f signaling pathways (Maeda
et al. 2004; Miyazono et al. 2005). During fracture
healing the TGF-f seems to be present during all
stages and it peaks during chondrogenesis. Because
they are produced by degranulated platelets after
initial injury they are suggested to be involved in
the initiation of callus formation. While the BMPs
induce differentiation of osteoprogenitor cells
into osteoblasts (bone-specific anabolism), the
TGF-f induce proliferation of the osteoprogeni-
tors (unspecific anabolism). Treatment of a stable
fracture with TGF-P2 increases the callus volume
but not the bone content in the callus. In a mechan-
ically unstable fracture neither the callus volume
nor its bone content is increased, but the fibrous
component of the callus is increased (Barnes et al.
1999). The signaling cross-talk between BMP and
TGF-f pathways plays a crucial role in the regu-
lation of osteoblastic differentiation (Maeda et al.
2004) and thereby affects bone healing and remod-
eling. Inhibition of the TGF-f} signaling acceler-
ates the BMP-induced osteoblastic differentiation
(Maeda et al. 2004) and may be a treatment option
in conditions where the anabolic part of fracture
healing and remodeling needs to be boosted.

Anti-catabolic drugs and proteins

The protein osteoprotegerin (OPG), which is

secreted by the osteoblast and acts as a decoy
receptor for RANKL on the surface of the osteo-
clast and thereby inhibits osteoclast differentia-
tion (Simonet 1997), can be described as an anti-
catabolic drug or protein. A single injection of
OPG in postmenopausal women has demonstrated
that bone turnover can be substantially reduced
(Bekker 2001). OPG treatment has been shown to
decrease bone resorption and preserve the struc-
ture of the femoral head in an animal model of
ischemic osteonecrosis (Kim et al. 2006) far more
effectively than by bisphosphonates (Kim et al.
2005). In an animal study of tibial fractures, OPG
treatment impaired the remodeling process and
decreased the material properties of the callus
tissue (Ulrich-Vinther and Andreassen 2005).
Denosumab, a RANKL antibody given as an infu-
sion every 6 months, has been shown to reduce the
risk of fracture in postmenopausal osteoporosis
(Cummings et al. 2009).

Bisphosphonates

Bisphosphonates were first synthesized in the
1800s, and have only been used in medicine since
the 1960s. The early use of bisphosphonates was
industrial, mainly as corrosion inhibitors but also
as complexing agents in the textile, fertilizer and
oil industries. Chemically, the bisphosphonates are
stable analogues of naturally occurring inorganic
pyrophosphate but have a P-C-P bond instead of
a P-O-P bond. They have two side-chains (R1 and
R2) that are attached to the carbon atom (Figure
8). The two phosphonate groups are essential for
binding to bone mineral, such as hydroxyapatite
(HA), and together with the R1 side chain they act
as a “bone hook”. A hydroxyl group (OH) or an
amino group at the R1 position increases the affin-



Anna Kajsa Harding

17

ity for calcium and thus bone mineral (van Beek
et al. 1998; Russell et al. 2007). Bisphosphonates
adhere to bone mineral to such an extent that the
binding can practically be considered as perma-
nent and lasts until bone is resorbed. The structure
and three-dimensional conformation of the R2 side
chain determine anti-resorptive potency and affect
binding to HA (Russel et al. 2007; van Beek et
al. 1998, Nancollas et al. 2006). Bisphosphonates
containing a nitrogen atom in an alkyl chain as R2
side chain, as in alendronate, are 10—100-fold more
potent than etidronate, which does not contain any
nitrogen atom (Russell and Rogers 1999). If the
bisphosphonates contain a nitrogen atom within
a heterocyclic ring, as in risedronate and zoledro-
nate, they are up to 10,000-fold more potent than
etidronate in some experimental systems (Russell
and Rogers 1999). Bisphosphonates that share a
common P-C-P structure, and have OH at the R1,
can have different binding affinities for hydroxy-
apatite (Nancollas et al. 2006), and zoledronate has
the highest affinity to hydroxyapatite (Nancollas et
al. 2000).

The gastrointestinal uptake of bisphosphonates
is low and the bioavailability for alendronate is
<1% (Gertz et al. 1995) and about 50% of the
absorbed dose is taken up selectively by the skel-
eton (Cremers et al. 2005). After an intravenous
infusion of zoledronate, the renal excretion is 40%
of the total dose, with the majority of excretion
occurring within 24 hours (Chen et al. 2002). The
retention is greater in patients with disease states of
high bone turnover and is influenced by other fac-
tors, such as renal function (Cremers et al. 2005).
The bisphosphonates with higher binding affin-
ity to bone have lower urinary excretion. Within
bone, bisphosphonates initially localize to regions
where new bone mineral is being deposited and
also where bone is being resorbed by osteoclasts,
preferentially in areas of high bone turnover (Sato
et al. 1991). The bisphosphonates stay there until
they are released during the bone resorption by the
osteoclasts (Russel et al. 2007).

Classification and function of bisphosphonates

Bisphosphonates can be classified into at least two
major groups due to different modes of influenc-
ing the osteoclast. The first generation of bisphos-
phonates comprises the non-nitrogen-containing

bisphosphonates, such as etidronate and clodro-
nate. In the osteoclast these are metabolically
incorporated into non-hydrolysable analogs of
adenosine triphosphate (ATP) (Frith et al. 1997),
which inhibit the adenine nucleotide translocase
in the mitochondrial membrane (Lehenkari et al.
2002). The mitochondrial permeability is thereby
affected, which initiates a caspase activation lead-
ing to an irreversible step toward apoptotic cell
death (Benford et al. 2001). The second group
comprises the more potent, nitrogen-containing
bisphosphonates, such as risedronate and zoledro-
nate. These bisphosphonates, containing a nitrogen
atom in one of the alkyl chains, are referred to as
the second generation of bisphosphonates, and
those containing a nitrogen atom within a hetero-
cyclic ring as the third generation. Members of this
group interfere with other metabolic reactions as
an inhibitor in the mevalonate pathway (Luckman
et al. 1998). The mevalonate pathway is found in
all cells of virtually all known prokaryotic as well
as eukaryotic organisms. The major target in the
mevalonate pathway is the enzyme farnesyl pyro-
phosphate syntase (FPPS), which is inhibited by all
of the clinically used nitrogen-containing bisphos-
phonates (van Beek et al. 1999). By inhibiting
FPPS, the synthesis of farnesyl pyrophosphate
and its downstream metabolite geranylgeranyl
pyrophosphate is prevented. These metabolites
are required for lipid modification (prenylation) of
small GTPases, crucial signaling proteins regulat-
ing a variety of cell processes important for osteo-
clast function, including cytoskeletal arrangement,
membrane ruffling, trafficking of intracellular ves-
icles and cell survival (Coxon and Rogers 2003).
The proteins accumulate in their unprenylated
form, and prenylated small GTPases cannot be
replaced in the osteoclast following normal protein
turnover. The inhibition of FPPS by nitrogen-con-
taining bisphosphonates appears to be the cause
of the acute-phase reaction to nitrogen-containing
bisphosphonates, resulting in fever and “flu-like”
symptoms.

Safety

Osteonecrosis of the jaw (ONJ) has been identi-
fied as a potential and serious complication, par-
ticular with long-term and high-dose intravenous
bisphosphonate therapy in malignant disease,
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especially with the potent nitrogen-containing
bisphosphonates (Rizzoli et al. 2008). Most
reported ONJ cases have been in cancer patients
receiving intravenous bisphosphonates. The etiol-
ogy of osteonecrosis is unknown, and any causal
role for bisphosphonates remains unproven, but
there seems to be a strong clinical correlation
between ONJ and bisphosphonate therapy (Rug-
giero and Drew 2007). Other reported risk factors
associated with the development of ONJ include
history of dento-alveolar trauma, inflammatory
dental disease and use of chronic steroids in con-
junction with bisphosphonates (Ruggiero and
Drew 2007). The inhibition of osteoclasts and
thereby bone resorption and remodeling is one
hypothesis of the mechanism behind ONJ (Rug-
giero and Drew 2007); anti-angiogenic properties
of certain bisphosphonates is another (Wood et al.
2002). Few cases of ONJ have been reported in
patients who have been given oral therapy with
various bisphosphonates for benign disorders
(Rizzoli et al. 2008).

Subtrochanteric insufficiency fracture in patients
with long-term bisphosphonate therapy is another
drug-related side effect that has been reported and
discussed. The incidence of stress fractures was
estimated at 1/1000, considered acceptable, since
the bisphosphonate treatment reduces the inci-
dence of any fracture by 15/1000 (Schlicher and
Aspenberg 2009).

In our studies we use zoledronate, a third gen-
eration potent bisphosphonate developed for intra-
venous use. Zoledronate belongs to the group of
heterocyclic  nitrogen-containing  bisphospho-
nates and is the most potent of the clinically used
bisphosphonates. It has strong affinity for bone
mineral and strong inhibitory activity in FPPS in
osteoclasts. Both features appear to contribute to
its high potency as well as its prolonged duration
of action. In the clinical situation it is administered
once yearly to patients with osteoporosis but has
been used up to every fourth week in patients with
malignancies, the latter maybe the reason for the
appearance of ONJ in these patients.
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Mechanics

Callus distraction

The first known successful lengthening of deformed
limbs was reported by Codivilla in 1905 (Codivilla
1905), who described the use of an osteotomy of
the cortex and immediate application of traction
force to a calcaneal pin (Codivilla 1905). Ombre-
danne was first to use an external fixator for limb
lengthening. In 1913 he reported having performed
a lengthening of a bone, a femoral osteotomy, at a
rather high rate of 5 mm per day (Aronson 1997).
In 1923 Bier described how bony consolidation
can be expected if the ends are left in contact a few
days after osteotomy (Giebel 1992) and in 1927,
Abbott introduced the idea of a latency period after
the osteotomy to promote the formation of bone
(Abbott 1932).

In Kurgan, Siberia, in the former USSR, Gavriil
A Ilizarov started in 1950s to use a ring fixator for
treating fractures and deformities. To optimize the
process of callus distraction, he did extensive basic
research and was the one who coined the term “dis-
traction osteogenesis”. Initially, his patients were
treated for fractures and non-unions, but later, he
developed the techniques of bone transportation
and limb lengthening (Aronson 1994). Ilizarov
studied the effects of various distraction rates and
distraction frequencies on the bone regenerate and
the soft tissues around the bone and found a distrac-
tion rate of 1 mm per day to be the most appropri-
ate (Ilizarov 1989). The rhythm of the distraction,
as recommended by Ilizarov, is 0.25 mm four times
aday (Ilizarov 1989). Other experimental work has
shown that sporadic rhythms of distraction inhibit
bone formation (Aronson 1994). Increases in the
distraction rate can be detrimental to healing and
lead to a distraction gap filled with mostly fibrous
tissue (Ilizarov 1989; Choi et al. 2004).

The callus distraction is divided by some authors
into four phases: resting phase, distraction, neu-
tralization and dynamization phase (Giebel 1992)
but by others into three phases: latency (resting
phase), distraction, and consolidation (Cho 2007 et
al.; Ai-Aql et al. 2008). The resting phase corre-

sponds to the first 6-10 days after the corticotomy.
During this phase the regenerate or callus precur-
sor forms and corresponds to the early stages of
fracture healing (Ai-Aql et al. 2008). During the
subsequent distraction phase, distraction is under-
taken at a rate of 1 mm per day. The callus is elon-
gated and a central fibrous zone forms, called the
fibrous interzone. This is rich in chondrocyte-like
fibroblasts and oval cells, morphologically an
intermediate between fibroblasts and chondrocytes
(Vauhkonen et al. 1990; Aronson 1994; Sato et al.
1998). After the desired length has been achieved,
the neutralization phase begins with callus for-
mation (Giebel 1992). During the dynamization
phase, there is a gradual conversion of the length-
ening system from a static to a dynamic mode, to
permit micromovement under weight-bearing con-
ditions (Giebel 1992).

The molecular signals that drive the regenerative
process during distraction osteogenesis are similar
to the signals in fracture healing and include the
pro-inflammatory cytokines (Cho et al. 2007), the
BMPs (Sato et al. 1999), and angiogenic factors
(Choi et al. 2002). A difference between the two
processes of new bone formation can be seen in the
relative levels of expression of individual media-
tors and their timing of expression (Ai-Aql et al.
2008). The angiogenic response in callus distrac-
tion has been shown to be directly related to the
rate of distraction (Lewinson 2001 et al.; Meyer et
al. 2001).

There are three basic types of callus distraction:
longitudinal, angled and lateral callus distraction
(Giebel 1992). Mechanical strain during callus dis-
traction stimulates osteogenesis. In animal models
of distraction osteogenesis Yasui et al. describes
the ossification during the early stages of distrac-
tion as endochondral with callus formation, and
this cartilaginous callus is replaced by bone (Yasui
et al. 1997). The process that takes place during
the distraction phase also resembles the endochon-
dral bone formation based on the findings of the
chondrocyte-like cells and fibroblasts. During the
neutralization phase, when the callus formation is
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increased, the fixation is not likely to be so rigid that
intramembranous bone formation will occur as it
would in a stress-shielded mechanical environment
as in a plated fracture. During the distraction the
mechanical strain is applied to the bone and to the
callus, in a predetermined direction as the patient
is weight-loading. According to Wolff’s law, bone
structure, growth and repair are influenced by the
functional demands, and the way in which bone
responds to a variety of pathological conditions is
called adaptation. Early during the distraction and
loading, the bone cells get the information about
which direction the predominant load will be in,
and deposit osteoid accordingly along the collagen
bundles in the regenerate.

During the dynamization phase the callus
volume increases, is gradually mineralized and
finally remodeled. Intermittent distraction and
compression of a diaphyseal osteotomy leads to
higher bending stiffness and larger callus (Claes
et al. 2008) and it may be speculated that it is
the same in a metaphyseal osteotomy. Too early
dynamization does not improve healing (Claes et
al. 2009), perhaps due to the tissue deformation
and microcracks that would occur in the fracture
gap if the strength of the tissue is insufficient. If so,
osteoclastic resorption would be initiated and the
catabolic response would even exceed the anabolic
response, leading to delayed healing. A technically
suboptimal osteotomy with severed periosteum or
thermally injured bone ends due to blunt saw blades
(Toksvig-Larsen 1992), causing necrosis, frame
instability (Aronson 1994) or a too high distraction
rate (Ilizarov 1989; Choi et al. 2004) may disturb
the vascularization and local blood supply to the
regeneration tissue, thereby also causing delayed
bone healing (Choi et al. 2002). However, in the
metaphyseal bone, the site where the osteotomy
was performed in our randomized study (III and
1V), the vascular supply and a cell-rich marrow is
abundant and the risk of delayed healing and non-
union will be lower than in the diaphyseal bone.

Pin fixation and loosening

Stable pin fixation is a prerequisite for successful
treatment by external fixation to minimize the risk
of complications such as pin loosening, delayed

healing, non-union and pin site infection (Moroni
et al. 2001). The stable fixation of non-cemented
orthopedic implants is a result of a direct con-
tact of living bone with the implant surface; bone
ingrowth into a porous surface of the implant; bio-
logical bonding between bone and a bioactive sur-
face; or a combination of these phenomena (Dhert
et al. 1998).

Various pin and screw designs have been com-
pared to optimize the thread and tip design in
order to enhance the fixation (Asnis et al. 1996;
Rovinsky et al. 2000; Gausepohl et al. 2001). In
several studies, both animal and clinical, improved
fixation and reduced rates of pin site infection have
been described with the use of hydroxyapaite (HA)
coated pins in both cancellous and cortical bone
(Magyar et al. 1997; Moroni et al. 1998; Moroni
et al. 2001; Moroni et al. 2008). In some situa-
tions the HA-coating by itself seems to be more
important than the pin design (Moroni et al. 2008)
but the effect differs greatly between cancellous
and cortical bone. In our clinical model the pin
fixation is satisfactory with HA- coated pins in the
metaphyseal/cancellous bone and standard pins in
the diaphyseal/cortical bone. HA-coated pins in
the diaphyseal/cortical bone can be too well fixed
and thereby painful and difficult to remove in the
out-patient clinic (Moroni et al. 1998). With inser-
tion of conical pins, each screw thread cuts a new,
slightly larger path in the bone. This contrasts with
bicylindrical pins, where each successive screw
thread occupies the grooves cut in the bone by
previous threads. In an animal study, both conical
and bicylindrical HA-coated external fixation pins
proved to be well fixed and osseointegrated, but the
conical pins showed higher extraction torque — an
important factor in treatment using external fixa-
tion (Moroni et al. 2002).

During insertion there is a risk of micro-cracks
(Verborgt et al. 2000) and thermal injury (Wiken-
heiser et al. 1995), which can lead to resorption
around the pins. The design of conical pins has
been shown to generate less heat in bone during
insertion (Wikenheiser et al. 1995), to optimize
bone grip (Lavini et al. 1994) and reduce stress
on the pin during dynamization in fracture treat-
ment (Aro et al. 1993). Predrilling reduces the
forces required for pin insertion, while self-drilling
pins may require additional force to insert them
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Table 3. Clinical studies on local or systemic bisphosphonate effect on implant fixation

Author (year) Model Bisphosphonate, type Dose Effect
and administration

Friedl et al. 2009 Cementless total hip  Zoledronate i.v. 4 mg, single Minimized migration
arthroplasty, human infusion of the cup

Hansson et al. 2009 Uncemented knee Alendronate p.o. 70 mg/week, No decreased migra-
prosthesis, human 6 months tion of the implants

Hilding and Aspenberg Cemented knee Ibandronate local 1 mg into tibial Improved fixation

2007 prosthesis, human bone surface

Moroni et al. 2007 Hip fracture, exter-  Alendronate p.o. 70 mg/week, Improved fixation in
nal fixation, human 3 months cancellous bone

Table 4. Experimental studies on local or systemic bisphosphonate effect on implant fixation

Author (year) Model Bisphosphonate, type Dose Effect
and administration

Miettinen et al. 2009 Titanium implant Zoledronate lavage in 10 ml/min, lavage Elevated perimiplant
femur, rat madullary canal time 1 min, con- bone volume
centration 20 uyM

Jakobsen et al. 2009 Titanium implants  Alendronate local 2 mg/ml, 5 ml into Increased peri-implant
tibia, dog drill hole bone volume fraction.
Increased fixation
Suratwala et al. 2008 HA-coated intra- Zoledronate local 50 pM, soaked for Increased pull-out
medullary nail 5 min force. Higher bone
femur, rat mass
Eberhardt et al. 2007 HA- and non- Ibandronate s.c. 1.0; 2.5 or 5.0 yg/  Accelerated osseointe-
coated titanium kg daily gration of HA-coated
implant implants
femur, rat
Jakobsen et al. 2007 Titanium implants  Alendronate local 2 mg/ml, soaked  Decreased implant
and morzelised not rinsed fixation
allograft
humerus, dog
Wermelin et al. 2007 Stainless-steel screw Pamidronate and Increased pull-out
tibia, rat ibandronate coating force
Miyaji et al. 2005 External fixator Alendronate s.c. 350 pg/kg once a  Reduced loosening
femur, rat week, 5 weeks
Bobyn et al. 2005 Porous tantalum Zoledronate i.v. 0.1 mg/kg, one Increased ingrowth
implant dose postop.
ulna, dog
Skoglund et al. 2004 Stainless-steel screw Ilbandronate systemic 3 pg/day, 14 days Enhanced extraction
tibia, rat and local 0.1 mg into drill force and pull-out
hole strength
Mochida et al. 2002  Hip arthroplasty, Alendronate p.o. 10 mg daily No difference in radiol-
titanium, HA- ogy or histological
coated, dog findings

(Wikenheiser et al. 1995). Predrilling is neces- treating distal radial fractures with external fixa-
sary for certain pins in certain bones and unnec- tion, but the predrilling did not decrease the inci-
essary for others. Hutchinson showed significantly  dence of pin track infections or other pin problems
elevated temperatures with self-cutting pins when  (Hutchinson et al. 2000).
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The principal mechanisms underlying the osseo-
integration process around implants are similar to
those occurring during fracture repair and remodel-
ing (Fini et al. 2004). Good implant stability tends
to minimize distortional strains in the regeneration
tissue facilitating osteogenesis and bone ingrowth.
On the contrary, motion or poor implant stability
which result in tensile and shear motions, stimulate
fibrous tissue formation (Carter et al. 1998).

During the postimplantation period, when the
bone that originally was in contact with the implant
is being remodeled, a situation may develop where
implant integration in bone is less than it was ini-
tially (Branemark et al. 1997). The heat necrosis
in the bone that can appear during the insertion of
the pin (Wikenheiser et al. 1995), as well as micro-
cracks due to fatigue (Verborgt et al. 2000), lead to
remodeling of the bone at the bone-pin interface. If
an imbalance occurs between the anabolic and cat-
abolic local factors acting on bone formation and
remodeling, the risk of pin loosening increases.

Initially fibroblasts and chondrocytes proliferate
in the gap between the implant and bone and col-
lagenous matrix fills the gap (Prendergast et al.
1997). When the fixation is sufficiently stable, the
mechanical environment would stimulate osteo-
blast proliferation (Prendergast et al. 1997). If
the early pin fixation fails, this would lead to pro-
longed micromotion at the pin bone interface and
there would be no mechanically stable situation
that stimulates osteoblast proliferation. This can
result in further loosening of the pin. On the other
hand, too low a load on the pin, minimizing the
deformation of the bone adjacent to the pin, would
create a stress-shielded environment with a high
catabolic response in the bone, leading to resorp-
tion. Also, for pin fixation there is a thin balance
between insufficient mechanical stimulation and
overload, both stimulating bone catabolism and
thereby possible to be moderated by bisphospho-
nate treatment.
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Materials and methods

Animal model
The bone conduction chamber

In paper 1 and 2 we used the bone conduction
chamber (BCC) (Figure 9). The BCC consists of
a threaded titanium cylinder, formed out of two
half-cylinders held together by a hexagonal closed
screw cap. The overall length is 13 mm and the
screw cap is 7 mm, leaving 6 mm of the implant
to be screwed into the bone. The bone ingrowth
chamber has an inside diameter of 2 mm and an
inside length of 7 mm. The outside diameter is 3.5
mm. The BCC is screwed into the proximal tibia
of a rat. There are two bone ingrowth openings
located at the bone end of the chamber. Thus, the
ingrowing tissue enters the cylindrical space from
the bone compartment. The chamber space extends
far out into the subcutaneous region and the
ingrowing bone-derived tissue can grow into the
chamber without competition with other tissues.
Ingrowing tissue will fill a portion of the chamber
but not reach to the far end of the cylinder with the
normal experiment time of 6 weeks. The interior
can be left empty or an osteoconductive material,
such as bone graft can be inserted right from start,
and the chamber fills with mesenchymal tissue,
which gradually differentiates into bone.

Hexagonal screw
¢
cap 2x2x4 mm

Interior
chamber
space
2x7 mm

Two triangular * :
ingrowth ®
openings

1.5%x1 mm i

Figure 9. The bone conduction chamber in situ in the
proximal tibia. The graft is placed in the chamber and
mesenchymal tissue grows from the bottom upwards
into the bone graft, which subsequently remodels.
Arrows point at ingrowth openings (Aspenberg and
Wang 1993).

In the present studies, we used cancellous bone
grafts. Pairs of structurally intact cancellous bone
grafts were obtained from female Sprague-Daw-
ley rats. A cylindrical 2 x 6 mm bone rod was
resected in the axial direction from the knee joint
with a hole cutter. The epiphysis and the growth
plate were excised. The grafts were kept sterile
and freeze-dried at —70°C. At surgery the grafts
were inserted into the chambers, which then were
screwed into the proximal tibiae of recipient male
Sprague-Dawley rats.

Under aseptic conditions the medial proximal
tibial metaphysis was exposed with a longitudinal
incision. After incising and raising of the perios-
teum, the medial and posterolateral cortices were
pierced with a I mm awl just anterior to the inser-
tion of the medial collateral ligament. The hole
created in the medial cortex was enlarged manu-
ally with a 2.7 mm drill. The chamber was then
screwed into position so that the bone ingrowth
holes were placed at the level of the cortical bone.
In the first paper we used unilateral chambers and
in the second paper bilateral chambers.

Administration of drugs and proteins

In the first paper 0.5 mL subcutaneous injections of
zoledronate 1.05 pg were given at day 4 postopera-
tively and then weekly until harvest. The controls
were given the same amount of saline solution at
the same regime.

In the second paper one subcutaneous injection
of zoledronate 0.1 mg/kg was given at day 14. The
controls were given a subcutaneous injection of 0.4
mL NaCl. The graft in the chamber at the right side
was soaked with 8 L. of a dilution corresponding
to 1 ug of BMP-7 per graft just before implanta-
tion. The control grafts at the left side were soaked
with 8 uL buffer alone.

Evaluation

The specimens were fixed in 4% formalin, decal-
cified, dehydrated and embedded in paraffin. The
specimens were cut with a microtome parallel to
the long axis of the chamber and were stained with
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Figure 10. The mean ingrowth distance (l) in each slide
is calculated by dividing the new bone area (A) with
the width of the specimen (W). The mean of the three
sections yields as a value of the specimen.

hematoxylin and eosin. Three sections from the
middle of the specimens, each 300 pm from the
next slide, were used for histological and histomor-
phometric analysis. All slides were investigated in
random order. The area of the new ingrown bone
was measured by circumscribing it on a digitiz-
ing table using the Videoplan (Kontron GmbH,
Germany) equipment at 40x screen magnification.
This area includes marrow cavities and graft rem-
nants that had been surrounded by new bone. The
mean ingrowth distance in each slide was calcu-
lated by dividing the new bone area by the width
of the specimen (Figure 10). In all cases, fibrous
tissue had penetrated into the chamber ahead of the
new bone. The total tissue ingrowth distance, that
is, the distance from the ingrowth end of the cham-
ber to the fibrous ingrowth border, was measured
in the same way. We measured the bone density of
the remodeled graft by manual point counting of
an area of interest ranging from the bottom of the
chamber (the ingrowth end) to the advancing new
bone formation frontier, but comprising only the
central third of the bone so that bone close to the
titanium side walls was excluded. Points superim-
posing new bone or dead graft were counted and

recorded as “bone points”. The total number of
“bone points” on the slide was divided by the sum
of total measured points, and the mean for the slide
calculated. The mean of three slides at a distance of
300 um was then used to determine the final value
for each chamber.

The net amount of retained graft and new-formed
bone within the remodeled graft was determined
by calculating the volume of the remodeled bone
cylinder (the radius? of the interior of the chamber
x 7 X the ingrowth distance of new bone) times the
bone volume/total volume in percentage.

Clinical model
Hemicallotasis osteotomy (HCO)

High tibial osteotomy using the hemicallotasis
technique is a treatment option for younger and/or
physically active patients with unicompartmental
knee osteoarthritis or knee deformities. HCO is an
open wedge technique, based on an external fixa-
tion, and both HA-coated and uncoated pins are
used (Magyar et al. 1998). The angle deformity
is successively corrected postoperatively under
radiographic control. HCO is a procedure with high
demands on pin fixation, due to early weight bear-
ing combined with forces necessary for the angu-
lar correction. All this makes the HCO an appro-
priate and repeatable clinical model for studying
bone and fracture healing including pin fixation,
and to investigate the effect of a bisphosphonate.
The osteotomy is performed in well vascularized
metaphyseal bone where access to circulation and
cells is high. It resembles a closed fracture animal
model and there is no need to bolster the anabolic
part of the fracture healing as in an open fracture
with compromised bone formation (Ristiniemi et
al. 2007; Little et al. 2005). Because the patients
are younger (35-65 years) the risk of osteoporosis
as a confounding factor is low in this model.

Surgical procedure

The HCO was performed as an out-patient proce-
dure using the Orthofix® T-garche as external fix-
ator. The two proximal holes in the metaphyseal
bone were made with a 3.2 mm drill and the distal
holes in cortical bone with a 4.8 mm drill. Four
conical stainless steel pins were inserted (6/5 mm
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diameter), two of which HA-coated (Orthofix®
Bussolengo, Italy) in the metaphyseal bone and two
un-coated pins in the diaphyseal bone (Orthofix®).
The HA coating was applied by plasma spraying,
with an HA-layer thickness of 45-70 um (Magyar
et al. 1998). The pins must penetrate the posterior
cortex with 2-3 threads for best fixation, which
was controlled in fluoroscopy. A 5-cm longitudinal
skin incision was made ventral to the tibial tuber-
osity. The osteotomy was done at the level of the
distal third of the tibial tuberosity. The osteotomy
was tested and judged to be sufficient if the gap
could easily be opened 4-5 mm. For valgus defor-
mity, the surgical procedure was identical except
that a fibulotomy was performed 10-15 cm below
the head of the fibula (Magyar et al. 1998). The
patients were allowed free mobilization and full
weight bearing after the operation. No prophylac-
tic antibiotic was used. Pin site care was carried out
once a week using chlorhexidine-moistened gauzes
as dressings in the orthopedic outpatient clinic. In
case of pin site infections oral antibiotic treatment
(flucloxacillin 1g x 3) was given for 7 days.

Callus distraction
The distraction started seven to ten days postopera-
tively. The patient made the correction by adjusting
one quarter of a turn 4 times per day on a distractor
placed at the external fixator, the first turn in the
morning and the last turn not later than 5 pm to
avoid pain at night. This corresponds to 1 mm or 1°
per day. The correction was measured by the hip-
knee-ankle angle (HKA angle) of the knee during
the corrective phase until the desired correction, 4°
valgus for the varus knee and 0-2° varus for the
valgus knee with respect to the error of measure-
ment (2 degrees). When the desired correction was
achieved the instrument was locked.

Eight weeks postoperatively, the fixator was
dynamized.

Administration of bisphosphonate

Four weeks postoperatively the patient received
an infusion either of zoledronate 4 mg (Zometa®,
Novartis Pharma GmbH, Basel, Switzerland) or
sodium chloride 9 mg/ml. The infusion of zoledro-
nate was prepared by diluting 4 mg zoledronic acid
in 100 ml sodium chloride 9 mg/ml and was given
as a 15-min intravenous infusion.

Evaluation

Time to clinical healing

Eight weeks postoperatively a radiograph of the
lower leg was performed, without loading and 10
weeks postoperatively came the first evaluation of
healing on radiographs and ultrasound. The ultra-
sonic examination shows unmineralized callus for-
mation in the distracted area earlier than conven-
tional radiographs. When the callus was judged to
be sufficient by radiographic and ultrasonic exami-
nations, the fixator was removed and the patient
was encouraged to practice full weight bearing
for 1 or 2 days before the pins were eventually
extracted. If the healing of the bone was not clini-
cally satisfactory, the patient was checked every
second week radiographically and by ultrasound
examination until healing of the bone was satisfac-
tory (Magyar et al. 1998).

HKA angle

The HKA angle was measured radiographically
with anteroposterior and lateral views of the lower
limb (hip, knee and ankle) with the patient stand-
ing in a weight-bearing position. By drawing a line
from the centre of the femoral head to the midpoint
of the tibial eminential spine and another line from
this midpoint to the centre of the talus surface of
the ankle joint, the mechanical axis of the limb can
be calculated (Siu et al, 1991). The medial angle
between the lines is the HKA angle (varus < 180°).
The accuracy and reproducibility of measurement
of the HKA angle has been shown to be within 2
degrees (Odenbring et al. 1993).

Radiographs were taken a mean 20 months (SD
2) after surgery with measurement of the HKA
angle to evaluate whether the correction was
retained. All radiographs were analyzed and mea-
sured by one radiologist. The value of the HKA
angle was compared to an estimated angle of the
correction i.e. 4° valgus for the varus knee and
0-2° varus for the valgus knee. This was used as a
measure of the retention of the correction.

DEXA

Dual Energy X-ray Absorptiometry (DEXA) of the
operated lower leg and bilateral proximal femur
was performed 10 weeks postoperatively. The fix-
ator was removed but the pins were still in place.
The DEXA scans were centered anteroposteriorly
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over the osteotomy and 2-3 scans were performed
to avoid over-projection of the fibula. Only one of
the scans was used for evaluation. The region of
interest (ROI) was centered over the osteotomy
including the edges. When the osteotomy gap was
almost consolidated at the DEXA images, the bor-
ders of the osteotomy were measured on the cor-
responding X-ray and transferred to the DEXA
image. The bone mineral density (BMD; g/cm?)
and the bone mineral content (BMC; grams) were
measured. The total T-score of the proximal femur
was used to evaluate whether the patients had
osteoporosis (<—2.5 SD), osteopenia (-1 to 2.5
SD) or normal bone. All scans were performed
using GE Lunar Prodigy 16196 (Lunar BMP Prod-
ucts, Madison, WI, USA).

KOOS

The patient-relevant outcome measure Knee injury
and Osteoarthritis Outcome Score (KOOS) was
filled in preoperatively, at 8 and 10 weeks and then
every second week postoperatively until extraction
of the external fixation, as well as at the 20-week
and 1Y2-year follow-up. KOOS is a 42-item self-
administered knee-specific questionnaire based on
the WOMAC index (Roos et al. 1998) and com-
prises five subscales: pain, symptoms, activities of
daily living (ADL), sports and recreation function
and knee-related quality of life (QOL). Standard-
ized reply options are given in 5 Likert boxes and
each question is scored 0 to 4. A percentage score
from O to 100 is calculated for each subscale 100
points representing the best possible results. A dif-

ference of 8 points was considered a clinically sig-
nificant difference (Roos and Lohmander 2003).

PPI

Both the insertion and extraction torque forces
(Nm) of the pins were measured using a torque
force screwdriver (range 0—1100 Ncm; Orthofix®
SRL, Italy). The pins were inserted by the surgeon
in a slow clockwise turn. The torque was measured
during the whole insertion procedure and the peak
torque was registered as the pin engaged the second
cortex. The extraction was done in a slow coun-
terclockwise turn and the maximum peak torque
recorded immediately as the screw loosened. The
pins were removed in the out-patient clinic.

The pin performance index (PPI) was calculated
from the insertion and extraction torque. PPI is the
ratio of extraction to insertion torque and expressed
as percentage (Lawes et al. 2004). An equal inser-
tion and extraction torque would result in a PPI of
100%. The PPI gives the information on how the
fixation is proceeding over time.

Pin site infection

The clinical symptoms of a pin site infection are
redness of the skin, discharge from the pin site,
pain and tenderness in the soft tissues, alone or
in different combinations. Tenderness and pain
around the pin site often occur one or two days
before other signs of infection (Gordon et al. 2000;
Hedin 2003). The need (number of patients) and
use (days/treated patient) of antibiotics were used
as outcomes of pin site infection.
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Methodological considerations

Animals

The use of laboratory animals in medical experi-
ments allows large series to be performed and
thereby the outcome to be treated statistically, all
with the intention to change only one factor at a
time. Surgical intervention and drug delivery are
controlled and local conditions are consistent,
which provides relatively reproducible and quan-
tifiable information. The animals are generally
obtained from the same breed and living environ-
ment.

The adult male rat weighs 450-520g and the
female 250-300g. Their general food intake is
10g/100g bodyweight per day and they mainly
eat during the night. Rats normally have a life of
3—4 years, are sexually mature at 7-8 weeks and
suited for breeding at 9-16 weeks of age. Rats
are popular for animal experiments as homoge-
neous populations are available at low costs, but
their physiology differs from that of humans. In
rat bone, collagen constitutes only approximately
60% of their organic matrix compared to 90% in
humans (Jorgensen et al. 1991), thereby influenc-
ing the mechanical properties of the bone. The
cortical bone is subdivided into an outer zone of
concentric lamellar bone and an inner zone of
more irregularly oriented non-lamellar bone, with
the outer lamellar zone not occurring until after the
age of 3 months (Danielsen et al. 1993). Rats in
our two experimental studies were male Sprague-
Dawley rats weighing 382-425g and 320-360g
respectively. The rationale for useing male rats
in the experiments was to avoid the effect of the
polyestral cycle in the female rat and also because
the male rat is larger and its tibia is more suited
for the BCC. The rat tibia undergoes remodeling
due to growth, which might influence the results.
The cellular mechanism involved in bone loss or
gain is much the same as in humans, and rat skel-
eton provides an appropriate model when evaluat-
ing the principal effects of therapeutic agents on
bone mass and bone structure (Frost and Jee 1992;
Sandhu and Khan 2002). These rats have bone with

a healing and remodeling capacity much larger
than in humans.

The bone chamber

The measurement error, methodological or ana-
lytical, of new bone ingrowth into a graft in the
BCC, i.e., the intraindividual error with repeated
measurements, has been reported to be 6% (Thorén
1994) and the interindividual error has been
reported to be 8% (Tégil 2000). By these standards
the method has a high reliability. The bone density
measurement by manual point counting was made
on the central third of the specimens. The ingrowth
distance varies in different parts of the specimen
and thus the mean of all three slides was used to
determine the final value for each chamber. All
measurements were made blinded by one labora-
tory technician.

Dose of BMP and bisphosphonate

The BMP treated grafts in study 2 were soaked in
a dilution corresponding to 1ug BMP-7 per graft.
The same dose of BMP-7 has been used in ear-
lier studies with the BCC in rats and has shown
to increase the ingrowth into impacted graft and
thereby overcome the decreased ingrowth caused
by impaction (Tégil et al. 2000). The dose was
also used in a study where BMP-7 was combined
with local treatment of the graft with clodronate
(Jeppsson et al. 2003). In a rat critical defect model
both 11 and 50 pg, i.e. significantly higher doses,
induced significant osteogenic response (Chen et
al. 2002; Little et al. 2005). In our first study the
rats were given a weekly dose of 1.05 pg of zole-
dronate. The dose was calculated by the manufac-
turer of the drug to correlate to the dose of alendro-
nate given in preceding experiments by our group.
In the second study the bisphosphonate was given
as a single injection of zoledronate 0.1 mg/kg. This
would correspond to the human dose of 5 mg dose
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of the zoledronate dose approved for humans in
0steoporosis.

Pin Performance Index

Both the insertion and extraction torque forces of
the pins were measured using a torque force screw-
driver. Before measuring, the torque force screw-
driver was reset to zero and if needed the instru-
ment was adjusted so that the starting point for the
measurement always was zero. We had one torque
force screwdriver in the operating theater and
one in the outpatient clinic which was considered
more convenient and we did not change during the
study time. All patients were randomized so any
measurement error would be equally distributed
between the two groups.

The pins were inserted in a slow clockwise turn.
The torque was measured during the whole inser-
tion procedure and the peak torque was registered
as the pin engaged the second cortex. The extrac-
tion was done in a slow counterclockwise turn until
the pin suddenly released and the torque measured
at this point was recorded as the extraction torque.
This corresponds to the yield point in a stress/strain
diagram. This method of measuring the insertion
and extraction torque force has been used in many
clinical studies. In studies with the same opera-
tion technique and the same type of pins, Moroni
used an electronic torque wrench connected to the
pin. A comparison of the results from these studies
with our results using the torque force screwdriver
yielded comparable values (Moroni et al. 2001).

The ratio of extraction and insertion torque is
expressed as a percentage and defined as PPI. An
equal insertion and extraction force would result
in a PPI of 1 or 100% (Lawes et al. 2004). The
PPI gives the information about how the fixation
is proceeding over time. We are interested in how
the contact area between pin and bone develops
over time as a reaction to the surgical trauma, HA
coating, correction, weight bearing etc. Altogether
15/184 single pin measurements are missing. We
did not exclude these patients in the calculation of
insertion and extraction forces, but it was not pos-
sible to calculate PPI.

Fracture healing (outcome)

In the clinical situation, the decision as to when a
fracture is healed is often based on a combination
of clinical and radiographic criteria. In the scientific
studies too, the combination is most often (62%)
used (Corrales et al. 2008) but in 37% the decision
was based on the radiographic criteria only and in
1% on clinical criteria only. The most common
clinical criteria were absence of pain or tender-
ness during weight bearing, the absence of pain or
tenderness on palpation or physical examination,
and the ability to bear weight. The most common
radiographic definitions of fracture healing in stud-
ies involving the use of plain radiographs, were
bridging of the fracture site by callus, or signs of
trabeculas or bone (53%); bridging the fracture
site at three cortices (27%); and/or obliteration of
the fracture line and/or cortical continuity (18%).
When both orthopedic surgeons and radiologists
are involved in the judgment, the radiologists often
give a more conservative measurement. In the lit-
erature there is a lack of consensus about to the
definition of fracture healing (Corrales et al. 2008).
Richardson et al. measured the stiffness of tibial
fractures to define a biomechanical healing time.
They suggested that 15 Nm/degree is a reasonable,
if slightly conservative, definition of healing of the
tibia (Richardson et al. 1994). The method may be
more suitable for external fixation in diaphyseal
fractures than for external fixation in HCO.

At ultrasound examination of the fracture site the
unmineralized callus can be visualized and echo-
genic foci representing early ossification foci are
seen. These echogenic areas are often not detected
radiographically (Maffulli and Thornton 1995).
Ultrasonography can be used, at least in animals,
to document complete fracture healing earlier than
conventional radiography (Risselada et al. 2005).

In our clinical studies the first evaluation of
healing on radiographs and ultrasound was per-
formed 10 weeks postoperatively. When the callus
was judged to be sufficient by radiographic and
ultrasonic examinations, the fixator was removed
and the patient was encouraged to practice full
weight bearing for 1 or 2 days before the pins
were eventually extracted. If the healing of the
bone was not clinically satisfactory, the patient
was checked every second week radiographically
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and by ultrasound examination until healing of
the bone was satisfactory (Magyar et al. 1998).
An earlier first evaluation of the healing might
possibly have revealed a difference between the
groups, as some patients had sufficient healing at 8
or 9 weeks. More frequent examination could also
have revealed a difference between the groups, but
there is a limit to how often we can radiograph the
patients. We believe a two-week interval is a rea-
sonable interval as this difference in time to heal-
ing was what we deemed clinically relevant.

Statistical analysis

In the experimental studies the number of animals
used in the studies was based on previous experi-
ence, with 10 rats needed in each group to obtain
a power of 80% at p=0.05 in a two-sided test and
with an estimated reduced ingrowth of 50%. In
the first article the results were tested for signifi-
cance using unpaired Student’s t-test and because
the response is continuous (numerical), the data
has a normal distribution in relation to mean and
standard deviation, and the standard deviations in

the two groups are comparable, we believe we can
justify the use of a parametric test.

For the clinical studies a power analysis was per-
formed based on the data from a pilot study as well
as previous pin design studies. Twenty-five sam-
ples were needed in each group to obtain a power
of 85% at p=0.05 in a two-sided test, with an
estimated mean difference of insertion and extrac-
tion torque force of 1.00 Nm (SD 1.5) between
the bisphosphonate and control group and an esti-
mated mean difference of healing time of 20 days
between the bisphosphonate and control group. For
each patient the mean value of the two proximal
pins and the mean value of the two distal pins were
calculated and used for the statistical analysis. For
bilateral procedures, the index operation was used
for statistical analysis. Unpaired Student’s t-test
was performed to test the differences between the
groups. In the clinical studies, the sampled size of
more than 20 samples in each group and again the
fact that the response is continuous, the data have
a normal distribution in relation to the mean and
standard deviation, and the standard deviations in
the two groups are comparable allow us to use a
parametric test.
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Results of our own studies and discussion

Experimental studies

Manipulating bone density and ingrowth
distance in the bone conduction chamber

The bisphosphonate alendronate has previously
been shown to be effective in preventing or delay-
ing resorption of bone grafts. In previous studies,
bone grafts were pretreated with alendronate, or
alendronate was given systemically in different
doses (Astrand and Apenberg 2002; Aspenberg
and Astrand 2002). In both modes of adminis-
tration, the bisphosphonate treatment reduced
the resorption of necrotic bone. A more potent
bisphosphonate, zoledronate, also decreases the
bone resorption during graft remodeling and when
given systemically has the advantage of having to
be administered less frequently. Zoledronate was
prepared and commercially available as a solution,
in contrast to alendronate.

Bone healing and bone graft remodeling can
be influenced by adding both an anabolic and an
anticatabolic drug like BMP and bisphosphonate.
In bone chambers, BMPs increase bone ingrowth
rate in non-vital bone grafts, but also cause an
almost simultaneous resorption of almost all of the
newly formed bone. BMPs can compensate for the
decreased ingrowth caused, for example, by impac-
tion of a graft (Tégil et al. 2000). The combination
of a local bisphosphonate (clodronate) and BMP-7
caused both increased ingrowth and increased bone
density in impacted grafts in the bone conduction
chamber model (Jeppsson et al. 2003).

We investigated zoledronate in the BCC to see if
it could be administered less frequently than alen-
dronate and at the same time reduce the resorption
to the same extent. We also investigated whether
the combination of local BMP-7 and zoledronate
given systemically as a single dose could increase
the ingrowth distance into a bone graft and at the
same time increase total bone volume.

The first study showed that zoledronate was
equally effective in weekly injections as the thrice-
weekly alendronate treatment. The total distance
of the soft tissue ingrowth, which corresponds to

the revascularized but not remodeled parts of the
graft, did not differ between the treated rats and the
controls. A difference was found in bone density
in the remodeled bone. In the controls, the fron-
tier of active bone formation was thin and both the
graft and the new-formed bone underneath this
primarily formed bone appeared to be immedi-
ately resorbed and replaced by hematogenous or
fatty bone marrow (Figure 11). In the grafts in rats
treated with zoledronate, the graft and new-formed
bone underneath the active bone formation front
remained intact with new bone lining the graft tra-
beculae, leaving little space for the marrow (Figure
12). The bone density in the remodeled bone was
35% in the zoledronate-treated grafts compared to
19% in the controls (p=0.01). (Table 5)

In the second study, the combination of a single
injection of the potent nitrogen containing bisphos-
phonate, zoledronate and local BMP-7 was supe-
rior to zoledronate or BMP-7 alone. With the
combination, both the BMP-induced increased
ingrowth distance and the bisphosphonate-induced
increased bone density were affected and the net
amount of bone formed and retained in the BMP-7
+ zoledronate group was increased five times com-
pared to the untreated controls (Figures 13 and 14).

The bone chamber model is a stress-shielded
model. The resorptive stimulus is high due to the
stiff chamber walls protecting the graft from any
stress leading to a mechanically triggered resorp-
tion. Despite this absence of strain in the ingrowing
tissue, the default mode of tissue healing in close
contact and within chemical reach of living bone
is bone formation. Normally, in the stress-shielded
chamber, all graft and new formed bone are resorbed
as the remodeling is finished, and an anticatabolic
drug such as a bisphosphonate is probably more
effective than in a mechanically loaded environ-
ment. The results show not only a decreased resorp-
tion as expected, but also an increased amount of
new bone in the remodeled area. This is probably
the result of a delay in the resorption of the newly
formed bone rather than an increased formation.
However, the ingrowth distance of new bone into
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Figure 11. (A) Untreated control graft. The fibrotic tissue (F) is revascularized but the
graft trabeculas (G) have not remodeled or started to resorb. The frontier of new
formed bone (NB) advances as a thin rim into the graft, proceeded by osteoclasts (OC).
The new formed bone is resorbed immediately and replaced by haematogenous or
fatty bone marrow (M). (B) Magnification of the borderzone between the remodeled
and resorbed bone, the front of new formed bone.

-

Figure 12. (A) Zoledronate treated graft. No marrow cavity has formed behind the ossi-
fication front and the graft trabeculas below are largely retained. (B) Magnification of
the border zone with retained trabeculas in the remodeled area.

the graft is a measure which we consider corre- becomes significantly increased when all series are
lates to bone anabolism. Although non-significant  pooled, with a bisphosphonate-treated chamber
in the separate studies, the bone ingrowth distance  group being compared with a saline group (unpub-
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Table 5. Bone volume in the remodeled area and ingrowth distance of new bone into
the graft. Bone volume fraction expressed in percent of total tissue volume. Values

are mean (standard deviation)

Zoledronate Control P-value

New-formed bone (%) 22 (7) 14 (9) 0.03
Remaining graft bone (%) 13 (6) 5 (5) 0.008
Total bone (%) 35 (0.12) 19 (0.13) 0.01
Bone ingrowth distance into graft (mm) 2.65 (0.48) 2.12 (0.63) 0.052 ns
Vasculature ingrowth distance (mm) 4.2 (0.9) 3.9 (1.0) ns
ns = not significant
Saline Zoledronate percent
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Figure 13. (a) Untreated chamber specimen with remod-
eled bone graft after 6 weeks in the chamber. The bone
ingrowth front is marked with arrows. (b) In the BMP-7
treated specimens, the bone ingrowth front (arrows)
reached 50% to 100% further into the graft compared
to controls. Most newly formed bone below the bone
ingrowth front has already been resorbed and replaced
by fatty marrow. (c) In the zoledronate treated speci-
men, the remodeled bone below the ingrowth front
contained three to four times more bone than in
the controls. (d) When both BMP-7 and zoledronate
were given both an increased ingrowth distance and
increased bone retention occurred.

lished data). One could interpret these results as
showing that bisphosphonates are not only anti-
catabolic drugs but also function as an anabolic

Figure 14. The net amount of bone in the remodelled
part of the graft as a function of the ingrowth distance
of new bone x radius? x © x BV/TV for the drug treated
grafts relative the untreated controls.

substance, as hypothesized in some in vitro (Im
et al. 2004, Wedemeyer et al. 2005) and in vivo
studies (Reinholz et al. 2000). Bisphosphonates,
for example, have an antiapoptotic effect in osteo-
cytes and osteoblasts (Plotkin et al. 2005). Several
other explanations for the findings of an increased
amount of newly formed bone can be discussed. In
contrast to cortical bone, remodeling in cancellous
bone does not require cutting cones to make space
for new bone. In cancellous bone there is sufficient
space for new bone to form, and often the new bone
formation appears as appositional growth, covering
the dead bone graft, which is not resorbed because
it is bisphosphonate-treated. In consequence, a
larger surface area exists to lay down new forming
bone. The fact that we find an increased amount
of newly formed bone does not necessarily mean
that more bone has formed or that zoledronate is
by any means anabolic. New-formed bone might
simply just prevail for a longer period if bone
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resorption is reduced. Before resorption starts in
untreated grafts, due to the stress shielding, bone
is gradually formed inside the chamber. We believe
that the chemical signals, first from the damaged
but living surrounding bone, and later from the
bone entering/gradually growing in through the
chamber openings, are responsible for the biologi-
cally driven bony ingrowth into the chamber. If we
impede the mechanically driven resorption by an
anti-catabolic drug, the bone front grows further
into the chamber and we speculate that this could
be a result of elevated “auto-signaling” of BMP
from the osteoblasts and the retained bone.

In the BMP-7 treated graft, the newly forming
bone grows into the dead graft at almost twice the
speed of untreated controls (Tégil et al. 2000).
However, increasing the anabolism pharmacologi-
cally leads to unexpected consequences. BMPs
are differentiating paracrine proteins acting on a
variety of cells in bone remodeling, not only bone-
forming cells but also osteoclasts (Kaneko et al.
2000; Wutzl et al. 2006; Jensen et al. 2009). In the
chamber, the results of the osteoclast activity can
clearly be seen as the ingrowth front sweeps into
the dead graft (Figure 13 b). The newly formed
bone and the graft are immediately resorbed if not
treated by an antiresorptive agent. In a weight-
bearing non-cemented knee prosthesis model
in rabbits, treatment of impacted bone grafts by
BMP-7 did not increase bone density, probably
because instability caused increased resorption of
both old graft and newly formed bone (Tagil et al.
2003).

In experimental fracture models, postponing the
catabolic response and in consequence the resorp-
tion of the new-forming callus leads to a stron-
ger callus (Amanat et al. 2005; Li et al. 2000). In
osteonecrosis of the femoral head this inhibition
of bone resorption prevents collapse of the femo-
ral head (Ramachandran et al. 2007; Aya-ay et al.
2007). In the clinical situation of a healing fracture
or bone graft, the balance between catabolism and
anabolism is modulated by the mechanical situa-
tion. In analogy to our stress-shielded chamber,
a low stress environment such as a rigidly fixed
fracture would cause a resorptive stimulus, which
would then be further boosted by the BMP-7. In
another bone chamber study in rabbits allowing
motion, the response to BMP-2 switched from net

resorption to net formation when micromotion was
added (Bostrom et al. 1998). Fixation of a fracture
or pseudarthrosis using an intramedullary nail,
especially if locked and non-dynamized, would
increase the catabolic stimulus. In fractures with
already adequate anabolic drive, BMP-7 might
only boost catabolism, and the addition of an anti-
catabolic drug would hypothetically increase the
proportion of healed fractures. At the other end of
the spectrum of mechanical stimulation, a high or
too high stress environment, for example, in the
vicinity of a semistable prosthesis or an unstable
fracture, also leads to an increased resorptive
stimulus. Similarly, too high or too low mechani-
cal stimulation allows the resorption to be further
boosted by BMP-7.

Open tibial fractures treated with intramedul-
lary nail fixation and an implant containing BMP-2
have reduced the frequency of secondary inter-
ventions, accelerated fracture and wound healing,
and reduced infection rate compared to fractures
treated with intramedullary nail fixation and rou-
tine soft-tissue management. The rate of union,
however, is similar to autograft (Govender et al.
2002). In tibial non-unions, the healing rate was
85% when BMP-7 was used, which is on par with
but not superior to autograft (Friedlaender et al.
2001). In distal tibial pilon fractures treated by
external fixation, BMP-7 has been found to accel-
erate the healing in a non-randomized but paired
study (Ristiniemi et al. 2007).

In conclusion, the experimental studies showed
that zoledronate given in weekly injections was
equally effective as the thrice-weekly alendronate
treatment. Increasing the dose, zoledronate was
found to be effective also given as a single injec-
tion for the whole study period of 6 weeks. Given
as a single dose, the combination of zoledronate
with BMP-7 increased new bone formation and
at the same time protected the graft from prema-
ture catabolism. We believe that the combination
of an anabolic and an anti-catabolic drug might be
a potent bone graft enhancer and a powerful tool
to treat non-unions or to prophylactically prevent
delayed or non-union in some difficult, compro-
mised fractures. With the combination of BMP
with an anti-resorptive drug, BMP can perhaps be
made to perform better than autograft.
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Clinical studies

Bisphosphonate effect on fracture healing
and pin-fixation

The HCO is a human, relatively standardized and
relatively frequent model of bone healing in a non-
compromised environment. As in the bone graft
remodeling in the BCC, both anabolic and anticat-
abolic drugs, separately, can affect fracture heal-
ing. The efficacy and mode of action of the drugs
appear to differ between open and closed fractures
(Tégil et al. 2009). In open or in other ways com-
promised fractures, a specific anabolic drug like a
BMP sometimes appears to be necessary (Little
et al. 2005; Ristiniemi et al. 2007), whereas for a
fracture in a cell-rich, well vascularized environ-
ment, an anti-catabolic drug might be sufficient
(Little et al. 2005). In our study, the osteotomy is
performed in well vascularized metaphyseal bone
where access to circulation and cells is high. It
resembles a closed fracture animal model and there
is no need to bolster the anabolic part of the frac-
ture healing as in an open fracture with compro-
mised bone formation.

The healing time in our study was not affected
by a single infusion of zoledronic acid. The heal-
ing time was the same in both groups, but a true
shortening of the healing time in both groups com-
pared to previous studies was achieved, unrelated
to the drug treatment. Also, the bone mineral den-
sity and bone mineral content were not affected
by the treatment. A fear that a too early extraction
of the external fixator would cause a loss of the
achieved correction could not be verified at the
late radiographic control, the correction was main-
tained over time (Table 6). The result of the KOOS
questionnaire improved over time and there was no
difference between the groups.

The bisphosphonate was given four weeks post-
operatively. The choice of time point to adminis-
ter the drug was based on the animal experiments.
Bisphosphonates bind to bone mineral, and when
given at the time of ongoing fracture healing, a
larger proportion binds to the fracture site than, for
example, at the time of the osteotomy. In animals,
delayed administration of zoledronate has been
shown to have a superior effect compared both
to saline and to zoledronate administered imme-
diately at the time of the fracture (Amanat et al.

Table 6. DEXA 10 weeks postoperatively. Change in
HKA 20 months postoperatively compared to achieved
HKA angle at the primary healing time point. Values
are mean (standard deviation)

Zoledronate Control P-value
DEXA n=24 n=20
BMD (g/cmz) 1.14 (0.27) 1.01 (0.18) 0.1
BMC (g) 6.2 (2.3) 5.2 (2.3) 0.2
HKA change n=25 n=19
(degrees) 0.3 (3.3) -1.0 (3.3) 0.2

2007). A second reason to administer the bisphos-
phonate at four weeks was to avoid disturbing the
initial bone formation, which has been feared in
both in vitro (Im et al. 2004) and in vivo studies
(Jacobsen et al. 2007).

The pin-bone interface is important and maybe
the most critical for the treatment by external
fixation. Stabile pin fixation minimizes the risk
of complications such as pin loosening, delayed
healing, non-union and pin site infection (Moroni
et al. 2001). By reducing the resorption of the
bone surrounding an implant, increased fixation
can theoretically be achieved. Bisphosphonate
treatment of the bone adjacent to a screw has been
shown to be mechanically effective in experimen-
tal pull-out tests of screws. By both local and sys-
temic treatment, an enhanced extraction torque
and pull-out strength was found (Skoglund et al.
2004). For HA-coated (Eberhardt et al. 2007) or
porous implants (Bobyn et al. 2005) the osseointe-
gration was also accelerated by administration of
bisphosphonates.

In our clinical study, we were able to show
improved fixation, in patients operated on by the
HCO and treated with a single dose of zoledronate,
of the non-coated pins in the cortical diaphyseal
bone distally but not of the HA-coated pins in the
cancellous metaphyseal bone proximally (Table
7). Zoledronate almost doubled the fixation of the
non-coated pins.

In high tibial osteotomy using the hemicallota-
sis technique, both HA-coated and standard pins
are used. The method makes high demands of pin
fixation due to early weight bearing combined with
large forces at the angular correction (Magyar et
al. 1997). A high load is carried by the pins and the
contact pressure at the interface between the pin
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Table 7. Insertion/extraction torque and Pin Performance Index
(PPI) in metaphyseal and diaphyseal bone. Values are mean

(standard deviation)

Zoledronate Control P-value
n=25 n=21

Metaphyseal bone

Pin insertion torque (Nm) 2.0 (0.6) 1.5 (0.6) 0.02

Pin extraction torque (Nm) 4.7 (1.3) 4.0(1.3) ns

PPI (%) 257 (106 289 (115 ns
Diaphyseal bone

Pin insertion torque (Nm) 7.0 (2.0) 7.0(1.7) ns

Pin extraction torque (Nm) 4.5 (2.1) 2.4(1.0) <0.0001

PPI (%) 62 (23) 35(14) <0.0001

ns = not significant

and bone might be high enough to induce resorp-
tion around the pin, especially during the hemical-
lotasis procedure/correction phase, and could lead
to pin loosening. Magyar et al. (1997) compared
HA-coated and standard pins and found that stan-
dard pins in cancellous bone all became loose in
contrast to HA-coated ones. In the cortical bone
no such loosening was found, but the standard pins
lost about 40% of their grip during the fixation
time. In contrast, the HA-coated pins increased
the fixation/insertion torque (Magyar et al. 1997).
The increase in fixation in the cortical bone in our
study, caused by the zoledronate treatment, is on a
par with the effect of the HA coating.

In another study in patients with hip fractures
treated with external fixation, the extraction torque
force of the pins in the cancellous bone was almost
doubled, but not for the pins in the cortical bone in
those given bisphosphonates. HA-coated pins were
used in both the femoral neck and the femoral shaft
(Moroni et al. 2007). Compared to our study these
patients were older and the rate of osteoporosis
probably higher. Considering this, the pin fixation
in our study might be better already at insertion,
and the insertion torques were found to be higher
in the present study of osteoarthritis patients than

in the hip fracture patient study. In hip fracture fix-
ation, the pins in the femoral head rely on cancel-
lous bone fixation only, whereas in the knee each
cancellous pin still has a bicortical grip. The single
dose systemic mode of application may not be
the final solution to manipulate pin fixation. Per-
haps local application or coating of the pins with
bisphosphonates (Skoglund et al. 2004; Wermelin
et al. 2007) will be more effective, thereby avoid-
ing the well-known side effects of the drug when
given intravenously.

With the experience from our animal experi-
ments, we used a potent third-generation bisphos-
phonate, zoledronate, which was administered as a
single infusion four weeks after surgery. A single
infusion of zoledronate has an effect on the bone
remodeling since it almost doubled the pin-fixation
in the cortical diaphyseal bone. As regards the frac-
ture healing time no such effect could be detected.
Perhaps a higher dose, a different time of adminis-
tration or a continuous administration would have
an effect. However, a higher dose could elevate the
risk of side effects and unwanted effects such as
local toxic effects in the osteoblasts, and continu-
ous administration can lower compliance with the
treatment.
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Conclusions

. Zoledronate given in weekly injections is

equally effective as alendronate daily or three
times a week in decreasing the resorption of
graft or new-formed bone.

. The combination of BMP-7 and a single dose

of zoledronate increases new bone formation
and protects at the same time protects the new-
formed bone from premature catabolism.

. Zoledronate increases fixation of non-coated

pins in diaphyseal bone in humans.

. Zoledronate, as a single dose, does not decrease

fracture healing time in humans.
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Future studies

Bisphosphonate treatment affects bone remodeling
and thereby the bone-pin interface. The treatment
with one single infusion of zoledronate improved
the fixation of non-coated pins in diaphyseal bone,
but no effect was seen on the fixation of the HA-
coated pins in metaphyseal bone. This single dose
systemic mode of application may not be the final
one, but we believe the concept is an interesting
way to improve pin fixation. We are aware of
other studies in progress, for example with local
application or direct coating of the pins with
bisphosphonates. Since the study was designed
for fracture treatment and therefore a delayed
administration was chosen, one can only specu-
late about what would have happened if we had
given the BP immediately postoperatively. Would
it be possible to replace the HA pins by uncoated
pins in the metaphyseal bone as well? We know
we cannot do so without treatment. The method of
using bisphosphonates to improve pin fixation is
definitely not finalized for clinical application, and
more studies are necessary.

Bisphosphonates are disputed at the present due
to the problem of ONJ, and alternative anticata-

bolic substances would be welcome. Drugs other
than bisphosphonates are in the pipeline for intro-
duction into the field of osteoporosis, such as OPG,
denosumab and sclerostin. When treating fractures
and non-unions, a long-term effect of anti-catab-
olism is unnecessary, in contrast to osteoporosis,
and short-acting alternatives would be attractive.
Several alternatives are abput to be launched as
osteoporotic treatment and should be attractive to
test regarding fracture healing as well.

BMPs have been tested in clinical studies of frac-
tures and non-unions, but the combination of BMP
with a bisphosphonate has never been investigated
in a clinical randomized study. Animal studies by
ourselves and others show a superior effect with
the combination, and it would be thrilling to see if
this combination affected the healing rate of non-
unions in humans and proved better than autograft.
Finally, the two tested drugs in this study have their
downsides. BMP is expensive and in its current
form difficult to handle. Maybe other substances
can be tested also in fractures and non-unions such
as bone active peptides, which are much cheaper to
manufacture than the recombinant proteins.
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Summary

Drug treatment is one of the most successful
methods to affect the course of disease in modern
medicine, but in orthopedic surgery it is used
surprisingly seldom. A better understanding of
the biological prerequisites of fracture healing or
other diseases or conditions in orthopedic surgery,
together with the research and development of bone
modulating pharmaceuticals in other areas, espe-
cially osteoporosis, has given us new tools to work
with. Healing and normal physiological skeletal
repair involve a complex set of regulated signaling
pathways that control the formation of new bone
matrix and the resorption of damaged bone at the
disease or injury site. Pharmaceutical substances,
both anabolic and anticatabolic, have been used to
modulate fracture healing. Anabolic drugs such as
PTH or BMP influence the osteoblasts and thereby
increase the bone formation. Anti-catabolic drugs,
such as bisphosphonates, reduce osteoclastic activ-
ity and in fracture healing this leads to increased
strength of healing by retaining the new-forming
callus. In the present study we address two sepa-
rate tasks in fracture healing: (1) if fracture heal-
ing can be faster or rather achieved earlier; and (2)
if fracture healing can be better, i.e. decrease the
incidence of pseudarthrosis/delayed healing and
offer a solution to pseudarthrosis/delayed healing
as they occur. Four hypotheses were suggested to
address these questions:

1. Is it possible to prolong the time between the
doses with a bisphosphonate, also in fracture
healing as the trend has been in osteoporosis
treatment?

2. Isit possible to improve the net biological effect
of the BMPs by controlling the resorption,
thereby increasing the amount of callus?

3. Is it possible to replace the expensive, hard—to-
handle anabolic drugs with an anti-catabolic
drug such as a bisphosphonate?

4. Is it possible to use the biologic effect of the
bisphosphonate to improve pin fixation?

In the first two studies, bone chambers were
implanted in rats and the distance of new bone
ingrowth into the graft and bone density were mea-

sured. In Paper I, subcutaneous injections of zole-
dronate 1.05 ug were given at day 4 postoperatively
and then weekly until harvest. The controls were
given the same amount of saline solution with the
same regime. We concluded that zoledronate was
equally effective in weekly injections as the thrice-
weekly alendronate treatment. The bone density in
the remodeled bone was 35% in the zoledronate-
treated grafts compared to 19% in the controls.

In Paper II, one subcutaneous injection of zole-
dronate 0.1 mg/kg was given at day 14. The con-
trols were given a subcutaneous injection of 0.4
mL NaCl. The graft in the chamber at the right side
was soaked with 8 uL of a dilution corresponding
to 1 ug of BMP-7 per graft just before implantation.
The control grafts at the left side were soaked with
8 uL buffer alone. The results show that the com-
bination of zoledronate and BMP-7 was superior
to zoledronate or BMP-7 alone. Both the ingrowth
distance and the bone density were increased and
the net amount of bone formed and retained in the
BMP-7 + zoledronate group was increased five
times compared to the untreated controls.

In the two subsequent clinical studies, high tibial
osteotomy by the hemicallotasis technique was
used as a clinical model to study fracture heal-
ing and pin fixation. Four weeks postoperatively
the patients were randomized to receive either an
infusion of zoledronate 4 mg or sodium chloride
9 mg/ml. In Paper III the insertion and extraction
torque forces (Nm) of the pins were measured and
the pin performance index was calculated from
the insertion and extraction torque. Zoledronate
almost doubled the fixation of the non-coated pins
in the diaphyseal bone, but no effect was seen on
the fixation of the HA-coated pins in the metaphy-
seal bone.

In Paper 1V, we evaluated whether a single infu-
sion of zoledronate can decrease the time to clini-
cal osteotomy healing. Dual Energy X-ray Absorp-
tiometry was performed 10 weeks postoperatively.
Radiographs were taken at the same time and then
every second week until clinical healing. After 18
months, an additional radiograph was performed
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and the hip-knee-ankle angle measured to evaluate
whether correction was retained. The healing time
was not affected by a single infusion of zoledronate
and there was no difference in bone mineral den-
sity or bone mineral content between the groups.
Both groups had retained the acquired correction.
In conclusion, zoledronate given in weekly
injections is equally effective as the thice-weekly

alendronate treatment. Given as a single dose, the
combination of zoledronate with BMP-7 increases
new bone formation and at the same time protects
the bone from premature catabolism. A single infu-
sion of zoledronate has an effect on bone remodel-
ing since it almost doubled the pin-fixation in the
cortical diaphyseal bone. As regards the fracture
healing time, no such effect could be detected.
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Summary in Swedish

Likemedelsbehandling @r en av de mest fram-

gangsrika metoderna for att paverka sjukdomsfor-

lopp inom modern medicin men har anvénts forva-
nansvirt lite inom ortopedi. En dkad forstéelse for
de biologiska forutsdttningarna for frakturlakning
eller andra sjukdomar och tillstand inom ortopedin
tillsammans med framtagande av benaktiva medi-
ciner inom andra omraden, framférallt osteoporos,
ger oss nu helt nya verktyg att arbeta med.

Frakturldkning men &dven normal fysiologisk
benomsittning innefattar komplexa vilreglerade
signalvidgar som kontrollerar bade bildandet av
ny benmatrix och resorption av skadad benvivnad
pa fraktur stillet. Bdde anabola och anti-katabola
likemedel har anvints for att paverka frakturldk-
ning. Anabola likemedel, som PTH och BMP,
paverkar osteoblasterna och Okar ddrigenom bil-
dandet av ny benmatrix. Anti-katabola likemedel,
som bisfosfonater, minskar osteoklasternas aktivi-
tet. I samband med frakturldkning leder detta till att
den nybildade kallusen inte resorberas och dérige-
nom starkare ldkningsvédvnad. I denna avhandling
inriktar vi oss pa tva separata fragor inom fraktur-
lakning: (1) om frakturldkning kan ske snabbare
eller uppnas tidigare och (2) om frakturldkning kan
forbittras dvs minska incidensen av pseudartros/
forldngd ldkningstid men ocksa att kunna erbjuda
en losning nir det forekommer. Fyra hypoteser
foreslogs:

1. Ar det majligt att forldnga tiden mellan doserna
av en bisfosfonat i samband med frakturldkning
pa samma sitt som det har visat sig vara mojligt
i samband med behandling av osteoporos?

2. Ardet majligt att forbittra den biologiska effek-
ten av BMP genom att farmakologiskt kontrol-
lera resorptionen och dirigenom oka méngden
kallus?

3. Ar det moijligt att ersitta de dyra, svarhanter-
bara anabola likemedlen med anti-katabola
likemedel som t ex en bisfosfonat?

4. Ar det moijligt att anvinda den resorptionshim-
mande effekten av en bisfosfonat for att dka
pinnfixation vid extern fixation?

I de tva forsta studierna implanterades benkon-

duktionskammare i rattor och invixtdistansen av
nytt ben och bendensiteten miittes. I studie I gavs
1.05 pg zoledronat subkutant pa 4:e dagen efter
operationen och sedan en gang per vecka fram
tills avlivning efter 6 veckor. Kontrolldjuren gavs
pad samma sitt motsvarande volym saltlosning.
Zoledronat givet som injektion en gang per vecka
visade sig lika effektivt som alendronat givet tre
ganger per vecka. Bendensiteten i det remodelle-
rade omradet var 35 % i den zoledronatbehandlade
gruppen jamfort med 19 % i kontroll gruppen.

I studie II gavs 14 dagar efter operationen 0.1
mg/kg zoledronat som subkutan injektion. Kon-
trolldjuren gavs en subkutan injektion av 0.4 ml
NaCl. Bengraften i kammaren pa den hogra sidan
var indridnkta i 8§ yL av en 10sning motsvarande
lug BMP-7/graft fore implantationen. Kontroll-
graften pa vinster sida var indridnkta i SuL av
enbart buffertlosning. Resultaten visar att kombi-
nationen av zoledronat och BMP-7 ir overldgsen
zoledronat eller BMP-7 ensamt. Béade invixtdis-
tansen och bendensiteten Okade och den totala
mingden nybildat och bevarat ben tkade femfalt
i zoledronat+BMP-7-gruppen jamfort med obe-
handlade kontrollerna.

I de tvé foljande kliniska studierna anvindes hog
tibiaosteotomi med hemikallotasisteknik som en
klinisk modell for att studera frakturldkning och
pinnfixation. Fyra veckor postoperativt randomi-
serades patienterna till antingen en infusion av 4
mg zoledronat eller 9 mg/ml saltlosning. I studie
IIT mittes inséttnings- och utdragskraften (Nm) av
pinnarna och pin performance index riknades ut.
Zoledronat nistan fordubblade fixationen av obe-
handlade pinnar i diafysért ben, men ingen effekt
sags pa fixationen av hydroxyapatitbehandlade
pinnar i metafysért ben.

I studie IV utvdrderades om en injektion av
zoledronat kan minska tiden till klinisk likning av
osteotomi. Tio veckor postoperativt genomférdes
DEXA-mitning. Rontgen genomfordes samtidigt
och varannan vecka fram tills klinisk ldkning. Efter
18 manader genomfordes rontgen med métning av
HKA-vinkel for att se om korrektionen var bibehal-
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len. Likningstiden paverkades inte av en infusion
av zoledronat och DEXA-mitningen visade ingen
skillnad mellan grupperna av benmineraldensitet
eller benmineralinnehall. Bdda grupperna bibeholl
sin korrigering i lika stor utstriackning.
Sammanfattningsvis fann vi att zoledronat givet
som veckoinjektion dr lika effektivt som alendro-

nat givet tre ganger per vecka. Kombinationen av
en dos zoledronat och BMP-7 okar benbildningen
samtidigt som benet skyddas fran fortidig nedbryt-
ning. En infusion av zoledronat paverkar benremo-
delleringen eftersom den nistan fordubblar pinn-
fixationen i kortikalt diafysért ben. Nagon liknande
effekt pa frakturlidkningstiden kunde inte ses.
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Comparisons in this thesis

Paper |

Hypothesis: Zoledronate (ZA) prevents resorp-
tion of a bone graft during remodeling and weekly
dosing is sufficient.

Method: Bone conduction chambers with cancel-
lous graft. ZA or saline subcutaneous injections
starting day 4 postoperatively and then weekly
until harvest at 6 weeks.

Conclusion: ZA given in weekly injections are

equally effective as the thrice-weekly alendronate
injections.

Paper Il

ae e L e

Untreated graft to the left and ZA treated to the right
after 6 weeks in the chambers. In the untreated grafts
the trabeculas are resorbed and replaced by fatty
tissue. By ZA treatment the bone is retained during
remodeling.

Hypothesis: The combination of local BMP-7 and
ZA will increase ingrowth and prevent resorption.

Method: Bone conduction chamber with cancel-
lous graft treated with BMP-7 or saline combined
with one subcutaneous injection of ZA or saline
at day 14.

Conclusion: The combination of locally applied
BMP-7 and ZA increases new bone formation and
prevents resorption.

percent
600 -
503
500
400 358

300

200 - 152

100
100 -

0 -

Ctri+Ctrl  BMP7+Ctrl Ctrl+ZA  BMP7+ZA

The net amount of bone in the remodeled part of the
graft.
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Paper Il

Hypothesis: Bisphosphonate increases pin fixation
in external fixation.

Method: Tibia osteotomy by the hemicallotasis
technique. Hydroxyapatite-coated and standard
pins. Randomization to either a single infusion of
ZA or saline at 4 weeks postoperatively.

Conclusion: A single dose of ZA increases fixa-
tion of standard pins in diaphyseal bone.

Paper IV

Pin Performance Index (PPI) in metaphyseal and dia-
physeal bone. Values are mean (standard deviation)

Zoledronate Control P-value
n=25 n=21
Metaphyseal bone
PPI (%) 257 (106) 289 (115) ns
Diaphyseal bone
PPI (%) 62 (23) 35 (14) <0.0001

ns = not significant

The ratio of extraction and insertion torque expressed
as a percentage and defined as PPl (pin performance
index). ZA doubled the fixation of the non-coated pins.

Hypothesis: A single dose of ZA decrease fracture
healing time.

Method: Tibial osteotomy by the hemicallotasis
technique as a clinical model of fracture heal-
ing. Randomization to either an infusion of ZA or
saline at 4 weeks postoperatively in 48 patients.

Conclusion: A single dose of ZA does not decrease
fracture healing time.

i

After a tibial osteotomy successive lengthening by
1 mm a day (left). The HKA angle is slowly normal-
ized and the frame locked at the desired angle and
kept until bone healing (middle). Sufficient callus has
formed and the frame is removed (right).



Anna Kajsa Harding

45

References

Abbott LC. Lengthening of the Lower Extremities. Cal West
Med. 1932 Jan; 36(1): 6-13

Adolphson P, Abbaszadegan H, Bodén H, Salemyr M, Hen-
riques T. Clodronate increases mineralization of callus
after Colles’ fracture: a randomized, double-blind, pla-
cebo-controlled, prospective trial in 32 patients. Acta
Orthop Scand. 2000 Apr; 71(2): 195-200

Ai-Aql ZS, Alagl AS, Graves DT, Gerstenfeld LC, Einhorn
TA. Molecular mechanisms controlling bone formation
during fracture healing and distraction osteogenesis. J
Dent Res. 2008 Feb; 87(2): 107-18.

Alaoui-Ismaili MH, Falb D. Design of second generation
therapeutic recombinant bone morphogenetic proteins.
Cytokine Growth Factor Rev. 2009 Oct-Dec; 20(5-6):
501-7.

Amanat N, Brown R, Bilston LE, Little DG. A single sys-
temic dose of pamidronate improves bone mineral con-
tent and accelerates restoration of strength in a rat model
of fracture repair. J Orthop Res. 2005 Sep; 23(5): 1029-
34. Epub 2005 Apr 19.

Amanat N, McDonald M, Godfrey C, Bilston L, Little D.
Optimal timing of a single dose of zoledronic acid to
increase strength in rat fracture repair. ] Bone Miner Res.
2007; 22: 867-876.

Andreassen TT, Ejersted C, Oxlund H. Intermittent parathy-
roid hormone (1-34) treatment increases callus formation
and mechanical strength of healing rat fractures. ] Bone
Miner Res. 1999 Jun; 14(6): 960-8.

Arai F, Miyamoto T, Ohneda O, Inada T, Sudo T, Brasel K,
Miyata T, Anderson DM, Suda T. Commitment and dif-
ferentiation of osteoclast precursor cells by the sequen-
tial expression of c-Fms and receptor activator of nuclear
factor kappaB (RANK) receptors. J Exp Med. 1999 Dec
20; 190(12): 1741-54.

Aro HT, Markel MD, Chao EY. Cortical bone reactions at
the interface of external fixation half-pins under different
loading conditions. J Trauma. 1993 Nov; 35(5): 776-85.

Aronson J. Experimental and clinical experience with dis-
traction osteogenesis. Cleft Palate Craniofac J. 1994
Nov; 31(6): 473-81; discussion 481-2.

Aronson J. Limb-lengthening, skeletal reconstruction, and
bone transport with the Ilizarov method. J Bone Joint
Surg Am. 1997 Aug; 79(8): 1243-58.

Asnis SE, Ernberg JJ, Bostrom MP, Wright TM, Harrington
RM, Tencer A, Peterson M. Cancellous bone screw
thread design and holding power. J Orthop Trauma.
1996; 10: 462-9.

Aspenberg P, Wang J S. A new bone chamber used for mea-
suring osteoconduction in rats. Europ J Exp Musculoskel
Res. 1993; 2: 69-74

Aspenberg P, Astrand J. Bone allografts pretreated with a
bisphosphonate are not resorbed. Acta Orthop Scand.
2002 Jan; 73(1): 20-3.

Aspenberg P, Genant HK, Johansson T, Nino AJ, See K,
Krohn K, Garcia-Hernandez PA, Recknor CP, Einhorn
TA, Dalsky GP, Mitlak BH, Fierlinger A, Lakshmanan
MC. Teriparatide for Acceleration of Fracture Repair
in Humans: A Prospective, Randomized, Double-blind
Study of 102 Postmenopausal Women with Distal Radial
Fractures. J Bone Miner Res. 2009 Jul 13. [Epub ahead
of print]

Aya-ay J, Athavale S, Morgan-Bagley S, Bian H, Bauss F,
Kim HK. Retention, distribution, and effects of intraos-
seously administered ibandronate in the infarcted femo-
ral head. J Bone Miner Res. 2007 Jan; 22(1): 93-100.
Erratum in: J Bone Miner Res. 2007 Apr; 22(4): 642.

Baltzer AW, Lieberman JR. Regional gene therapy to
enhance bone repair. Gene Ther. 2004 Feb; 11(4): 344-
50.

Barnes GL, Kostenuik PJ, Gerstenfeld LC, Einhorn TA.
Growth factor regulation of fracture repair. ] Bone Miner
Res. 1999 Nov; 14(11): 1805-15.

van Beek ER, Lowik CW, Ebetino FH, Papapoulos SE.
Binding and antiresorptive properties of heterocycle-
containing bisphosphonate analogs: structure-activity
relationships. Bone. 1998 Nov; 23(5): 437-42.

van Beek E, Pieterman E, Cohen L, Lowik C, Papapoulos S.
Farnesyl pyrophosphate synthase is the molecular target
of nitrogen-containing bisphosphonates. Biochem Bio-
phys Res Commun. 1999 Oct 14; 264(1): 108-11.

Bekker PJ, Holloway D, Nakanishi A, Arrighi M, Leese PT,
Dunstan CR. The effect of a single dose of osteopro-
tegerin in postmenopausal women. J Bone Miner Res.
2001 Feb; 16(2): 348-60.

Benford HL, McGowan NW, Helfrich MH, Nuttall ME,
Rogers MJ. Visualization of bisphosphonate-induced
caspase-3 activity in apoptotic osteoclasts in vitro. Bone.
2001 May; 28(5): 465-73.

van Bezooijen RL, Svensson JP, Eefting D, Visser A, van der
Horst G, Karperien M, Quax PH, Vrieling H, Papapoulos
SE, ten Dijke P, Lowik CW. Wnt but not BMP signaling
is involved in the inhibitory action of sclerostin on BMP-
stimulated bone formation. J Bone Miner Res. 2007 Jan;
22(1): 19-28.

Bhanot P, Brink M, Samos CH, Hsieh JC, Wang Y, Macke
JP, Andrew D, Nathans J, Nusse R. A new member of the
frizzled family from Drosophila functions as a Wingless
receptor. Nature. 1996 Jul 18; 382(6588): 225-30.

Bishop GB, Einhorn TA. Current and future clinical appli-
cations of bone morphogenetic proteins in orthopaedic
trauma surgery. Int Orthop. 2007 Dec; 31(6): 721-7.
Epub 2007 Aug 1.

Bobyn JD, Hacking SA, Krygier JJ, Harvey EJ, Little DG,
Tanzer M. Zoledronic acid causes enhancement of bone
growth into porous implants. J Bone Joint Surg Br. 2005;
87: 416-20.

Bodine PV, Komm BS. Wnt signaling and osteoblastogen-
esis. Rev Endocr Metab Disord. 2006 Jun; 7(1-2): 33-9.



46 PHARMACOLOGICAL MANIPULATION OF FRACTURE HEALING AND BONE REMODELING

Bostrom MP, Aspenberg P, Jeppsson C, Salvati EA. Enhance-
ment of bone formation in the setting of repeated tissue
deformation. Clin Orthop Relat Res. 1998 May; (350):
221-8.

Bostrom MP, Camacho NP. Potential role of bone morpho-
genetic proteins in fracture healing. Clin Orthop Relat
Res. 1998 Oct; (355 Suppl): S274-82.

Bouxsein ML, Turek TJ, Blake CA, D’Augusta D, Li X,
Stevens M, Seeherman HJ, Wozney JM. Recombinant
human bone morphogenetic protein-2 accelerates heal-
ing in a rabbit ulnar osteotomy model. J Bone Joint Surg
Am. 2001 Aug; 83-A(8): 1219-30.

Boyle WIJ, Simonet WS, Lacey DL. Osteoclast differen-
tiation and activation. Nature. 2003 May 15; 423(6937):
337-42.

Brighton CT, Hunt RM. Early histological and ultrastruc-
tural changes in medullary fracture callus. J Bone Joint
Surg Am. 1991 Jul; 73(6): 832-47.

Branemark R, Ohrnell LO, Nilsson P, Thomsen P. Biome-
chanical characterization of osseointegration during
healing: an experimental in vivo study in the rat. Bioma-
terials. 1997 Jul; 18(14): 969-78.

Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J, Cap-
parelli C, Scully S, Tan HL, Xu W, Lacey DL, Boyle W1J,
Simonet WS. Osteoprotegerin-deficient mice develop
early onset osteoporosis and arterial calcification. Genes
Dev. 1998 May 1; 12(9): 1260-8.

Burger EH, Klein-Nulend J. Mechanotransduction in bone-
-role of the lacuno-canalicular network. FASEB J. 1999;
13 Suppl: S101-12.

Canalis E, Giustina A, Bilezikian JP. Mechanisms of ana-
bolic therapies for osteoporosis. N Engl J Med. 2007 Aug
30; 357(9): 905-16.

Carter DR, Beaupré GS, Giori NJ, Helms JA. Mechanobi-
ology of skeletal regeneration. Clin Orthop Relat Res.
1998 Oct; (355 Suppl): S41-55.

Chen T, Berenson J, Vescio R, Swift R, Gilchick A, Goodin
S, LoRusso P, Ma P, Ravera C, Deckert F, Schran H,
Seaman J, Skerjanec A. Pharmacokinetics and pharma-
codynamics of zoledronic acid in cancer patients with
bone metastases. J Clin Pharmacol. 2002 Nov; 42(11):
1228-36.

Chen X, Kidder LS, Lew WD. Osteogenic protein-1 induced
bone formation in an infected segmental defect in the rat
femur. J Orthop Res. 2002 Jan; 20(1): 142-50.

Cho TJ, Gerstenfeld LC, Einhorn TA. Differential temporal
expression of members of the transforming growth factor
beta superfamily during murine fracture healing. J Bone
Miner Res. 2002 Mar; 17(3): 513-20.

Cho TJ, Kim JA, Chung CY, Yoo WI, Gerstenfeld LC, Ein-
horn TA, Choi IH. Expression and role of interleukin-6
in distraction osteogenesis. Calcif Tissue Int. 2007 Mar;
80(3): 192-200. Epub 2007 Mar 5.

Choi IH, Chung CY, Cho TJ, Yoo WJ. Angiogenesis and
mineralization during distraction osteogenesis. J Korean
Med Sci. 2002 Aug; 17(4): 435-47.

Choi P, Ogilvie C, Thompson Z, Miclau T, Helms JA. Cellu-
lar and molecular characterization of a murine non-union
model. J Orthop Res. 2004 Sep; 22(5): 1100-7.

Claes L, Augat P, Schorlemmer S, Konrads C, Ignatius A,
Ehrnthaller C. Temporary distraction and compression
of a diaphyseal osteotomy accelerates bone healing. J
Orthop Res. 2008 Jun; 26(6): 772-7.

Claes L, Blakytny R, Gockelmann M, Schoen M, Ignatius A,
Willie B. Early dynamization by reduced fixation stiff-
ness does not improve fracture healing in a rat femoral
osteotomy model. J Orthop Res. 2009 Jan; 27(1): 22-7.

Codivilla A. On the means of lengthening, in the lower
limbs, the muscles and tissues which are shortened
through deformity. J Bone Joint Surg Am. 1905 April;
§2-2: 353-69.

Cole AA, Walters LM. Tartrate-resistant acid phosphatase
in bone and cartilage following decalcification and cold-
embedding in plastic. J Histochem Cytochem. 1987 Feb;
35(2): 203-6.

Corrales LA, Morshed S, Bhandari M, Miclau T 3rd. Vari-
ability in the assessment of fracture-healing in ortho-
paedic trauma studies. J Bone Joint Surg Am. 2008 Sep;
90(9): 1862-8.

Coxon FP, Rogers MJ. The role of prenylated small GTP-
binding proteins in the regulation of osteoclast function.
Calcif Tissue Int. 2003 Jan; 72(1): 80-4. Epub 2002 Oct
10. Review

Cremers SC, Pillai G, Papapoulos SE. Pharmacokinetics/
pharmacodynamics of bisphosphonates: use for optimi-
sation of intermittent therapy for osteoporosis. Clin Phar-
macokinet. 2005; 44(6): 551-70.

Cummings SR, San Martin J, McClung MR, Siris ES, East-
ell R, Reid IR, Delmas P, Zoog HB, Austin M, Wang A,
Kutilek S, Adami S, Zanchetta J, Libanati C, Siddhanti
S, Christiansen C; FREEDOM Trial. Denosumab for
prevention of fractures in postmenopausal women with
osteoporosis. N Engl J Med. 2009 Aug 20; 361(8): 756-
65. Epub 2009 Aug 11.

Danielsen CC, Mosekilde L, Svenstrup B. Cortical bone
mass, composition, and mechanical properties in female
rats in relation to age, long-term ovariectomy, and estro-
gen substitution. Calcif Tissue Int. 1993 Jan; 52(1):
26-33.

Dhert WJ, Thomsen P, Blomgren AK, Esposito M, Ericson
LE, Verbout AJ. Integration of press-fit implants in corti-
cal bone: a study on interface kinetics. J Biomed Mater
Res. 1998 Sep 15; 41(4): 574-83.

ten Dijke P, Korchynskyi O, Valdimarsdottir G, Goumans
MJ Controlling cell fate by bone morphogenetic protein
receptors. Mol Cell Endocrinol. 2003 Dec 15; 211(1-2):
105-13.

Dimitriou R, Dahabreh Z, Katsoulis E, Matthews SJ, Bran-
foot T, Giannoudis PV. Application of recombinant
BMP-7 on persistent upper and lower limb non-unions.
Injury. 2005 Nov; 36 Suppl 4: S51-9.

Dimitriou R, Tsiridis E, Giannoudis PV. Current concepts
of molecular aspects of bone healing. Injury. 2005 Dec;
36(12): 1392-404. Epub 2005 Aug 15.



Anna Kajsa Harding

47

van Dinther M, Visser N, de Gorter DJ, Doorn J, Goumans
MJ, de Boer J, Ten Dijke P. ALK2 R206H Mutation
Linked to Fibrodysplasia Ossificans Progressiva Confers
Constitutive Activity to the BMP Type I Receptor and
Sensitizes Mesenchymal Cells to BMP-Induced Osteo-
blast Differentiation and Bone Formation. J Bone Miner
Res. 2009 Nov 23. [Epub ahead of print]

Eberhardt C, Habermann B, Muller S, Schwarz M, Bauss
F, Kurth AH. The bisphosphonate ibandronate acceler-
ates osseointegration of hydroxyapatite-coated cement-
less implants in an animal model. J Orthop Sci. 2007;
12: 61-6.

Einhorn TA. The cell and molecular biology of fracture
healing. Clin Orthop Relat Res. 1998 Oct; (355 Suppl):
S7-21.

Einhorn TA. The science of fracture healing. J Orthop
Trauma. 2005 Nov-Dec; 19(10 Suppl): S4-6.

Felix R, Halasy-Nagy J, Wetterwald A, Cecchini MG,
Fleisch H, Hofstetter W. Synthesis of membrane- and
matrix-bound colony-stimulating factor-1 by cultured
osteoblasts. J Cell Physiol. 1996 Feb; 166(2): 311-22.

Ferguson C, Alpern E, Miclau T, Helms JA. Does adult frac-
ture repair recapitulate embryonic skeletal formation?
Mech Dev. 1999 Sep; 87(1-2): 57-66.

Fini M, Giavaresi G, Torricelli P, Borsari V, Giardino R,
Nicolini A, Carpi A. Osteoporosis and biomaterial osteo-
integration. Biomed Pharmacother. 2004 Nov; 58(9):
487-93.

Franz-Odendaal TA, Hall BK, Witten PE. Buried alive: how
osteoblasts become osteocytes. Dev Dyn. 2006 Jan;
235(1): 176-90.

Friedl G, Radl R, Stihsen C, Rehak P, Aigner R, Windhager
R. The effect of a single infusion of zoledronic acid on
early implant migration in total hip arthroplasty. A ran-
domized, double-blind, controlled trial. J Bone Joint
Surg Am. 2009 Feb; 91(2): 274-81.

Friedlaender GE, Perry CR, Cole JD, Cook SD, Cierny G,
Muschler GF, Zych GA, Calhoun JH, LaForte AJ, Yin S.
Osteogenic protein-1 (bone morphogenetic protein-7) in
the treatment of tibial nonunions. J Bone Joint Surg Am.
2001; 83-A Suppl 1(Pt 2): S151-8.

Frith JC, Monkkonen J, Blackburn GM, Russell RG, Rogers
MIJ. Clodronate and liposome-encapsulated clodro-
nate are metabolized to a toxic ATP analog, adenosine
5’-(beta, gamma-dichloromethylene) triphosphate, by
mammalian cells in vitro. ] Bone Miner Res. 1997 Sep;
12(9): 1358-67.

Frost HM, Jee WS. On the rat model of human osteopenias
and osteoporoses. Bone Miner. 1992 Sep; 18(3): 227-36.

Gausepohl T, Mohring R, Pennig D, Koebke J. Fine thread
versus coarse thread. A comparison of the maximum
holding power. Injury. 2001; 32 Suppl 4: SD1-7.

Gerstenfeld LC, Cullinane DM, Barnes GL, Graves DT, Ein-
horn TA Fracture healing as a post-natal developmental

process: molecular, spatial, and temporal aspects of its
regulation. J Cell Biochem. 2003 Apr 1; 88(5): 873-84.

Gerstenfeld LC, Sacks DJ, Pelis M, Mason ZD, Graves DT,
Barrero M, Ominsky MS, Kostenuik PJ, Morgan EF, Ein-
horn TA. Comparison of effects of the bisphosphonate
alendronate versus the RANKL inhibitor denosumab on
murine fracture healing. J Bone Miner Res. 2009 Feb;
24(2): 196-208.

Gertz BJ, Holland SD, Kline WF, Matuszewski BK, Free-
man A, Quan H, Lasseter KC, Mucklow JC, Porras AG.
Studies of the oral bioavailability of alendronate. Clin
Pharmacol Ther. 1995 Sep; 58(3): 288-98.

Giannoudis PV, Psarakis S, Kanakaris NK, Pape HC. Bio-
logical enhancement of bone healing with Bone Morpho-
genetic Protein-7 at the clinical setting of pelvic girdle
non-unions. Injury. 2007 Sep; 38 Suppl 4: S43-8.

Giebel G. Callus Distraction Clinical Applications (Ed
Giebel G). Thieme Medical Publishers, Inc. Stuttgart,
New York 1992.

Goodship AE, Walker PC, McNally D, Chambers T, Green
JR. Use of a bisphosphonate (pamidronate) to modulate
fracture repair in ovine bone. Ann Oncol. 1994; 5 Suppl
7: S53-5.

Gordon JE, Kelly-Hahn J, Carpenter CJ, Schoenecker PL.
Pin site care during external fixation in children: results
of a nihilistic approach. J Pediatr Orthop. 2000 Mar-Apr;
20(2): 163-5.

Govender S, Csimma C, Genant HK, et al. BMP-2 Evalua-
tion in Surgery for Tibial Trauma (BESTT) Study Group.
Recombinant human bone morphogenetic protein-2 for
treatment of open tibial fractures: a prospective, con-
trolled, randomized study of four hundred and fifty
patients. J Bone Joint Surg Am. 2002 Dec; 84-A(12):
2123-34.

Greiner SH, Wildemann B, Back DA, Alidoust M, Schwabe
P, Haas NP, Schmidmaier G. Local application of zole-
dronic acid incorporated in a poly(D,L-lactide)-coated
implant accelerates fracture healing in rats. Acta Orthop.
2008 Oct; 79(5): 717-25.

Hadjidakis DJ, Androulakis II. Bone remodeling. Ann N'Y
Acad Sci. 2006 Dec; 1092: 385-96.

Hamdy NA. Strontium ranelate improves bone microarchi-
tecture in osteoporosis. Rheumatology (Oxford). 2009
Oct; 48 Suppl 4: iv9-13.

Hansson U, Toksvig-Larsen S, Ryd L, Aspenberg P. Once-
weekly oral medication with alendronate does not pre-
vent migration of knee prostheses: A double-blind ran-
domized RSA study. Acta Orthop. 2009 Feb; 80(1): 41-5.

Hedin H. External fixation of femoral fractures in children
— clinical, radiological and functional outcome and cost
analysis. Faculty of Medicine. Uppsala 2003; p 73.

Hilding M, Aspenberg P. Local peroperative treatment with
a bisphosphonate improves the fixation of total knee
prostheses: a randomized, double-blind radiostereomet-
ric study of 50 patients. Acta Orthop. 2007 Dec; 78(6):
795-9.

Hoeppner LH, Secreto FJ, Westendorf JJ. Wnt signaling as
a therapeutic target for bone diseases. Expert Opin Ther
Targets. 2009 Apr; 13(4): 485-96



48 PHARMACOLOGICAL MANIPULATION OF FRACTURE HEALING AND BONE REMODELING

Hofbauer LC, Neubauer A, Heufelder AE. Receptor activa-
tor of nuclear factor-kappaB ligand and osteoprotegerin:
potential implications for the pathogenesis and treatment
of malignant bone diseases. Cancer. 2001 Aug 1; 92(3):
460-70.

Hutchinson DT, Bachus KN, Higgenbotham T. External
fixation of the distal radius: to predrill or not to predrill.
J Hand Surg Am. 2000 Nov; 25(6): 1064-8.

Hyvonen PM, Karhi T, Kosma VM, Liimola-Luoma L, Han-
hijarvi H. The influence of dichloromethylene bisphos-
phonate on the healing of a long bone fracture, composi-
tion of bone mineral and histology of bone in the rat.
Pharmacol Toxicol. 1994 Dec; 75(6): 384-90.

Ilizarov GA. The tension-stress effect on the genesis and
growth of tissues: Part II. The influence of the rate and
frequency of distraction. Clin Orthop Relat Res. 1989
Feb; (239): 263-85.

Im GI, Qureshi SA, Kenney J, Rubash HE, Shanbhag AS.
Osteoblast proliferation and maturation by bisphospho-
nates. Biomaterials 2004 Aug; 25: 4105-4115.

Jakobsen T, Baas J, Kold S, Bechtold JE, Elmengaard B,
Sgballe K. Local bisphosphonate treatment increases
fixation of hydroxyapatite-coated implants inserted with
bone compaction. J Orthop Res. 2009 Feb; 27(2): 189-
94.

Jakobsen T, Baas J, Bechtold JE, Elmengaard B, Sgballe
K. Soaking morselized allograft in bisphosphonate can
impair implant fixation. Clin Orthop Relat Res 2007 Oct;
463: 195-201.

Jensen ED, Pham L, Billington CJ Jr, Espe K, Carlson AE,
Westendorf JJ, Petryk A, Gopalakrishnan R, Mansky K.
Bone morphogenic protein 2 directly enhances differen-
tiation of murine osteoclast precursors. J Cell Biochem.
2009 Dec 28. [Epub ahead of print]

Jeppsson C, Astrand J, Tédgil M, Aspenberg P. A combination
of bisphosphonate and BMP additives in impacted bone
allografts. Acta Orthop Scand. 2003 Aug; 74(4): 483-9.

Jgrgensen PH, Bak B, Andreassen TT. Mechanical proper-
ties and biochemical composition of rat cortical femur
and tibia after long-term treatment with biosynthetic
human growth hormone. Bone. 1991; 12(5): 353-9.

Kanakaris NK, Calori GM, Verdonk R, Burssens P, De Biase
P, Capanna R, Vangosa LB, Cherubino P, Baldo F, Ris-
tiniemi J, Kontakis G, Giannoudis PV. Application of
BMP-7 to tibial non-unions: a 3-year multicenter experi-
ence. Injury. 2008 Sep; 39 Suppl 2: S83-90.

Kaneko H, Arakawa T, Mano H, Kaneda T, Ogasawara A,
Nakagawa M, Toyama Y, Yabe Y, Kumegawa M, Hakeda
Y. Direct stimulation of osteoclastic bone resorption by
bone morphogenetic protein (BMP)-2 and expression of
BMP receptors in mature osteoclasts. Bone. 2000 Oct;
27(4): 479-86.

Katagiri T, Yamaguchi A, Komaki M, Abe E, Takahashi N,
Ikeda T, Rosen V, Wozney JM, Fujisawa-Sehara A, Suda
T. Bone morphogenetic protein-2 converts the differen-

tiation pathway of C2C12 myoblasts into the osteoblast
lineage. J Cell Biol. 1994 Dec; 127(6 Pt 1): 1755-66.

Kato M, Patel MS, Levasseur R, Lobov I, Chang BH, Glass
DA 2nd, Hartmann C, Li L, Hwang TH, Brayton CF,
Lang RA, Karsenty G, Chan L. Cbfal-independent
decrease in osteoblast proliferation, osteopenia, and per-
sistent embryonic eye vascularization in mice deficient in
Lrp5, a Wnt coreceptor. J Cell Biol. 2002 Apr 15; 157(2):
303-14. Epub 2002 Apr 15.

Kawabata M, Imamura T, Miyazono K. Signal transduc-
tion by bone morphogenetic proteins. Cytokine Growth
Factor Rev. 1998 Mar; 9(1): 49-61.

Kim HK, Randall TS, Bian H, Jenkins J, Garces A, Bauss
F. Ibandronate for prevention of femoral head deformity
after ischemic necrosis of the capital femoral epiphysis
in immature pigs. J Bone Joint Surg Am. 2005 Mar;
87(3): 550-7.

Kim HK, Morgan-Bagley S, Kostenuik P. RANKL inhibi-
tion: a novel strategy to decrease femoral head deformity
after ischemic osteonecrosis. J Bone Miner Res. 2006
Dec; 21(12): 1946-54.

Krishnan V, Bryant HU, Macdougald OA. Regulation of
bone mass by Wnt signaling. J Clin Invest. 2006 May;
116(5): 1202-9.

Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Bur-
gess T, Elliott R, Colombero A, Elliott G, Scully S, Hsu
H, Sullivan J, Hawkins N, Davy E, Capparelli C, Eli A,
Qian YX, Kaufman S, Sarosi I, Shalhoub V, Senaldi G,
Guo J, Delaney J, Boyle WJ. Osteoprotegerin ligand is
a cytokine that regulates osteoclast differentiation and
activation. Cell. 1998 Apr 17; 93(2): 165-76.

Lavini FM, Brivio LR, Leso P. Biomechanical factors in
designing screws for the Orthofix system. Clin Orthop
Relat Res. 1994 Nov; (308): 63-7.

Lawes TJ, Scott JC, Goodship AE. Increased insertion
torque delays pin-bone interface loosening in external
fixation with tapered bone screws. J Orthop Trauma.
2004; 18: 617-22.

Lee C. Beneficial effects of denosumab for reducing risk of
vertebral and nonvertebral fractures. Curr Osteoporos
Rep. 2009 Dec; 7(4): 107-8.

Lehenkari PP, Kellinsalmi M, Napidnkangas JP, Ylitalo KV,
Monkkonen J, Rogers MJ, Azhayev A, Viindnen HK,
Hassinen IE. Further insight into mechanism of action
of clodronate: inhibition of mitochondrial ADP/ATP
translocase by a nonhydrolyzable, adenine-containing
metabolite. Mol Pharmacol. 2002 May; 61(5): 1255-62.

Levander G. A study of bone regeneration. Surgery Gyne-
cology and obstetrics. 1938; 67 (6): 705-14.

Lewinson D, Maor G, Rozen N, Rabinovich I, Stahl S, Rach-
miel A. Expression of vascular antigens by bone cells
during bone regeneration in a membranous bone distrac-
tion system. Histochem Cell Biol. 2001 Nov; 116(5):
381-8. Epub 2001 Oct 18.

Li C, Mori S, Li J, Kaji Y, Akiyama T, Kawanishi J, Nori-
matsu H. Long-term effect of incadronate disodium
(YM-175) on fracture healing of femoral shaft in grow-
ing rats. J Bone Miner Res. 2001 Mar; 16(3): 429-36.

Li J, Mori S, Kaji Y, Mashiba T, Kawanishi J, Norimatsu H.
Effect of bisphosphonate (incadronate) on fracture heal-

ing of long bones in rats. J] Bone Miner Res. 1999 Jun;
14(6): 969-79.



Anna Kajsa Harding

49

LiJ, Mori S, Kaji Y, Kawanishi J, Akiyama T, Norimatsu H.
Concentration of bisphosphonate (incadronate) in callus
area and its effects on fracture healing in rats. J] Bone
Miner Res. 2000 Oct; 15(10): 2042-51.

Li X, Ominsky MS, Warmington KS, Morony S, Gong
J, Cao J, Gao Y, Shalhoub V, Tipton B, Haldankar
R, Chen Q, Winters A, Boone T, Geng Z, Niu QT, Ke
HZ, Kostenuik PJ, Simonet WS, Lacey DL, Paszty C.
Sclerostin antibody treatment increases bone formation,
bone mass, and bone strength in a rat model of post-
menopausal osteoporosis. J] Bone Miner Res. 2009 Apr;
24(4): 578-88

Lindsay R, Nieves J, Formica C, Henneman E, Woelfert L,
Shen V, Dempster D, Cosman F. Randomised controlled
study of effect of parathyroid hormone on vertebral-bone
mass and fracture incidence among postmenopausal
women on oestrogen with osteoporosis. Lancet. 1997
Aug 23; 350(9077): 550-5.

Little DG, McDonald M, Bransford R, Godfrey CB, Amanat
N. Manipulation of the anabolic and catabolic responses
with OP-1 and zoledronic acid in a rat critical defect
model. J Bone Miner Res. 2005 Nov; 20(11): 2044-52.
Epub 2005 Jul 18.

Little DG, Ramachandran M, Schindeler A. The anabolic
and catabolic responses in bone repair. J Bone Joint Surg
Br. 2007 Apr; 89(4): 425-33.

Liu R, Ginn SL, Lek M, North KN, Alexander IE, Little DG,
Schindeler A. Myoblast sensitivity and fibroblast insen-
sitivity to osteogenic conversion by BMP-2 correlates
with the expression of Bmpr-1a.BMC Musculoskelet
Disord. 2009 May 15; 10: 51.

Luckman SP, Hughes DE, Coxon FP, Graham R, Russell G,
Rogers MIJ. Nitrogen-containing bisphosphonates inhibit
the mevalonate pathway and prevent post-translational
prenylation of GTP-binding proteins, including Ras. J
Bone Miner Res. 1998 Apr; 13(4): 581-9.

Ma YL, Cain RL, Halladay DL, Yang X, Zeng Q, Miles RR,
Chandrasekhar S, Martin TJ, Onyia JE. Catabolic effects
of continuous human PTH (1--38) in vivo is associated
with sustained stimulation of RANKL and inhibition of
osteoprotegerin and gene-associated bone formation.
Endocrinology. 2001 Sep; 142(9): 4047-54.

Machado RD, Eickelberg O, Elliott CG, Geraci MW, Hana-
oka M, Loyd JE, Newman JH, Phillips JA 3rd, Soubrier
F, Trembath RC, Chung WK. Genetics and genomics
of pulmonary arterial hypertension. J Am Coll Cardiol.
2009 Jun 30; 54(1 Suppl): S32-42.

Madsen JE, Berg-Larsen T, Kirkeby OJ, Falch JA, Nord-
sletten L. No adverse effects of clodronate on fracture
healing in rats. Acta Orthop Scand. 1998 Oct; 69(5):
532-6.

Maeda S, Hayashi M, Komiya S, Imamura T, Miyazono K.
Endogenous TGF-beta signaling suppresses maturation
of osteoblastic mesenchymal cells. EMBO J. 2004 Feb
11;23(3): 552-63.

Maffulli N, Thornton A. Ultrasonographic appearance of
external callus in long-bone fractures. Injury. 1995 Jan;
26(1): 5-12

Magyar G, Toksvig-Larsen S, Moroni A. Hydroxyapatite

coating of threaded pins enhances fixation. J Bone Joint
Surg Br 1997; 79: 487-9.

Magyar G, Toksvig-Larsen S, Lindstrand A. Open wedge
tibial osteotomy by callus distraction in gonarthrosis.
Operative technique and early results in 36 patients. Acta
Orthop Scand. 1998 Apr; 69(2): 147-51.

Mao B, Wu W, Li Y, Hoppe D, Stannek P, Glinka A, Niehrs
C. LDL-receptor-related protein 6 is a receptor for Dick-
kopf proteins. Nature. 2001 May 17; 411(6835): 321-5.

Marie PJ. Strontium ranelate: a dual mode of action rebal-
ancing bone turnover in favour of bone formation. Curr
Opin Rheumatol. 2006 Jun; 18 Suppl 1: S11-5.

McDonald MM, Dulai S, Godfrey C, Amanat N, Sztynda
T, Little DG. Bolus or weekly zoledronic acid adminis-
tration does not delay endochondral fracture repair but
weekly dosing enhances delays in hard callus remodel-
ing. Bone. 2008 Oct; 43(4): 653-62.

Meyer U, Meyer T, Wiesmann HP, Kruse-Losler B, Vollmer
D, Stratmann U, Joos U. Mechanical tension in distrac-
tion osteogenesis regulates chondrocytic differentiation.
Int J Oral Maxillofac Surg. 2001 Dec; 30(6): 522-30.

Miettinen SS, Jaatinen J, Pelttari A, Lappalainen R, Monk-
konen J, Venesmaa PK, Kroger HP. Effect of locally
administered zoledronic acid on injury-induced intra-
membranous bone regeneration and osseointegration of
a titanium implant in rats. J Orthop Sci. 2009 Jul; 14(4):
431-6.

Misof BM, Roschger P, Cosman F, Kurland ES, Tesch W,
Messmer P, Dempster DW, Nieves J, Shane E, Fratzl
P, Klaushofer K, Bilezikian J, Lindsay R. Effects of
intermittent parathyroid hormone administration on
bone mineralization density in iliac crest biopsies from
patients with osteoporosis: a paired study before and
after treatment. J Clin Endocrinol Metab. 2003 Mar;
88(3): 1150-6.

Miyaji T, Nakase T, Azuma Y, Shimizu N, Uchiyama Y,
Yoshikawa H. Alendronate inhibits bone resorption at
the bone-screw interface. Clin Orthop Relat Res. 2005
Jan; (430): 195-201.

Miyazono K, Maeda S, Imamura T. BMP receptor signaling:
transcriptional targets, regulation of signals, and signal-
ing cross-talk. Cytokine Growth Factor Rev. 2005 Jun;
16(3): 251-63.

Mochida Y, Bauer TW, Akisue T, Brown PR. Alendronate
does not inhibit early bone apposition to hydroxyapatite-

coated total joint implants: a preliminary study. J Bone
Joint Surg Am. 2002 Feb; 84-A(2): 226-35.

Morgan EF, Mason ZD, Bishop G, Davis AD, Wigner
NA, Gerstenfeld LC, Einhorn TA. Combined effects of
recombinant human BMP-7 (thBMP-7) and parathyroid
hormone (1-34) in metaphyseal bone healing. Bone.
2008 Dec; 43(6): 1031-8. Epub 2008 Aug 9.

Moroni A, Aspenberg P, Toksvig-Larsen S, Falzarano G,
Giannini S. Enhanced fixation with hydroxyapatite
coated pins. Clin Orthop Relat Res 1998; 346: 171-7.

Moroni A, Heikkila J, Magyar G, Toksvig-Larsen S,
Giannini S. Fixation strength and pin tract infection of
hydroxyapatite-coated tapered pins. Clin Orthop Relat
Res 2001; 388: 209-17.

Moroni A, Faldini C, Pegreffi F, Giannini S. Fixation
strength of tapered versus bicylindrical hydroxyapatite-

coated external fixation pins: an animal study. J Biomed
Mater Res. 2002; 63(1): 61-4.



50 PHARMACOLOGICAL MANIPULATION OF FRACTURE HEALING AND BONE REMODELING

Moroni A, Faldini C, Hoang-Kim A, Pegreffi F, Giannini
S. Alendronate improves screw fixation in osteoporotic
bone. J Bone Joint Surg Am. 2007; 89: 96-101.

Moroni A, Cadossi M, Romagnoli M, Faldini C, Giannini
S. A biomechanical and histological analysis of standard
versus hydroxyapatite-coated pins for external fixation. J
Biomed Mater Res B Appl Biomater 2008; 86B: 417-21.

Mundy G, Garrett R, Harris S, Chan J, Chen D, Rossini G,
Boyce B, Zhao M, Gutierrez G. Stimulation of bone for-
mation in vitro and in rodents by statins. Science. 1999
Dec 3; 286(5446): 1946-9.

Nakase T, Yoshikawa H. Potential roles of bone morphoge-
netic proteins (BMPs) in skeletal repair and regeneration.
J Bone Miner Metab. 2006; 24(6): 425-33.

Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, Beh-
ringer RR, de Crombrugghe B. The novel zinc finger-
containing transcription factor osterix is required for
osteoblast differentiation and bone formation. Cell. 2002
Jan 11; 108(1): 17-29.

Nancollas GH, Tang R, Phipps RJ, Henneman Z, Gulde
S, Wu W, Mangood A, Russell RG, Ebetino FH. Novel
insights into actions of bisphosphonates on bone: differ-
ences in interactions with hydroxyapatite. Bone. 2006
May; 38(5): 617-27. Epub 2005 Jul 20

Nyman MT, Gao T, Lindholm TC, Lindholm TS. Healing
of a tibial double osteotomy is modified by clodronate
administration. Arch Orthop Trauma Surg. 1996; 115(2):
111-4.

O’Brien CA, Plotkin LI, Galli C, Goellner JJ, Gortazar AR,
Allen MR, Robling AG, Bouxsein M, Schipani E, Turner
CH, Jilka RL, Weinstein RS, Manolagas SC, Bellido T.
Control of bone mass and remodeling by PTH receptor
signaling in osteocytes. PLoS One. 2008 Aug 13; 3(8):
€2942.

Odenbring S, Berggren AM, Peil L. Roentgenographic
assessment of the hip-knee-ankle axis in medial gonar-
throsis. A study of reproducibility. Clin Orthop Relat Res
1993; 289: 195-196.

Okamoto M, Murai J, Yoshikawa H, Tsumaki N. Bone mor-
phogenetic proteins in bone stimulate osteoclasts and
osteoblasts during bone development. J Bone Miner Res.
2006 Jul; 21(7): 1022-33.

Patil S, Holt G, Raby N, McLellan AR, Smith K, O’Kane S,
Beastall G, Crossan JF. Prospective, double blind, ran-
domized, controlled trial of simvastatin in human frac-
ture healing. J Orthop Res. 2009 Mar; 27(3): 281-5.

Peter CP, Cook WO, Nunamaker DM, Provost MT, Seedor
JG, Rodan GA. Effect of alendronate on fracture healing
and bone remodeling in dogs. J Orthop Res. 1996 Jan;
14(1): 74-9.

Phimphilai M, Zhao Z, Boules H, Roca H, Franceschi RT.
BMP signaling is required for RUNX2-dependent induc-
tion of the osteoblast phenotype. J Bone Miner Res. 2006
Apr; 21(4): 637-46. Epub 2006 Apr 5.

Piters E, Boudin E, Van Hul W. Wnt signaling: a win for
bone. Arch Biochem Biophys. 2008 May 15; 473(2):
112-6. Epub 2008 Mar 14.

Plotkin LI, Aguirre JI, Kousteni S, Manolagas SC, Bellido T.
Bisphosphonates and estrogens inhibit osteocyte apop-
tosis via distinct molecular mechanisms downstream of
extracellular signal-regulated kinase activation. J Biol
Chem. 2005 Feb 25; 280(8): 7317-25. Epub 2004 Dec 6.

Poole KE, van Bezooijen RL, Loveridge N, Hamersma H,
Papapoulos SE, Lowik CW, Reeve J. Sclerostin is a
delayed secreted product of osteocytes that inhibits bone
formation. FASEB J. 2005 Nov; 19(13): 1842-4. Epub
2005 Aug 25.

Prendergast PJ, Huiskes R, Sgballe K. ESB Research Award
1996. Biophysical stimuli on cells during tissue differen-
tiation at implant interfaces. J Biomech. 1997 Jun; 30(6):
539-48.

Ramachandran M, Ward K, Brown RR, Munns CF, Cowell
CT, Little DG. Intravenous bisphosphonate therapy for
traumatic osteonecrosis of the femoral head in adoles-
cents. J Bone Joint Surg Am. 2007 Aug; 89(8): 1727-34.

Reddi AH. Bone morphogenetic proteins: an unconventional
approach to isolation of first mammalian morphogens.
Cytokine Growth Factor Rev. 1997 Mar; 8(1): 11-20.

Reddi AH. Bone morphogenetic proteins: from basic science
to clinical applications. J Bone Joint Surg Am. 2001;
83-A Suppl 1(Pt 1): S1-6.

Reddi AH, Huggins C. Biochemical sequences in the trans-

formation of normal fibroblasts in adolescent rats. Proc
Natl Acad Sci U S A. 1972 Jun; 69(6): 1601-5.

Reinholz GG, Getz B, Pederson L, Sanders ES, Subra-
maniam M, Ingle JN, Spelsberg TC. Bisphosphonates
directly regulate cell proliferation, differentiation, and
gene expression in human osteoblasts. Cancer Res. 2000
Nov 1; 60(21): 6001-7.

Richardson JB, Cunningham JL, Goodship AE, O’Connor
BT, Kenwright J. Measuring stiffness can define heal-
ing of tibial fractures. J Bone Joint Surg Br. 1994 May;
76(3): 389-94.

Risselada M, Kramer M, de Rooster H, Taeymans O, Ver-
leyen P, van Bree H. Ultrasonographic and radiographic
assessment of uncomplicated secondary fracture healing
of long bones in dogs and cats. Vet Surg. 2005 Mar-Apr;
34(2): 99-107.

Ristiniemi J, Flinkkild T, Hyvonen P, Lakovaara M, Pakar-
inen H, Jalovaara P. RhBMP-7 accelerates the healing in
distal tibial fractures treated by external fixation. J Bone
Joint Surg Br. 2007 Feb; 89(2): 265-72.

Rizzoli R, Burlet N, Cahall D, Delmas PD, Eriksen EF,
Felsenberg D, Grbic J, Jontell M, Landesberg R, Laslop
A, Wollenhaupt M, Papapoulos S, Sezer O, Sprafka M,
Reginster JY. Osteonecrosis of the jaw and bisphospho-
nate treatment for osteoporosis. Bone. 2008 May; 42(5):
841-7. Epub 2008 Jan 18.

Roos EM, Roos HP, Lohmander LS, Ekdahl C, Beynnon
BD. “Knee Injury and Osteoarthritis Outcome Score
(KOOS)--development of a self-administered outcome
measure.” J Orthop Sports Phys Ther 1998; 28(2): 88-96.

Roos, E. M. and L. S. Lohmander. “The Knee injury and
Osteoarthritis Outcome Score (KOOS): from joint injury
to osteoarthritis.” Health Qual Life Outcomes 2003; 1:
64.



Anna Kajsa Harding

51

Ross FP, Teitelbaum SL alphavbeta3 and macrophage col-
ony-stimulating factor: partners in osteoclast biology.
Immunol Rev. 2005 Dec; 208: 88-105.

Rovinsky D, Haskell A, Liu Q, Paiement GD, Robinovitch
S. Evaluation of a new method of small fragment fixation
in a medial malleolus fracture model. J Orthop Trauma.
20005 14: 420-5.

Ruggiero SL, Drew SJ. Osteonecrosis of the jaws and
bisphosphonate therapy. J Dent Res. 2007 Nov; 86(11):
1013-21. Review. Erratum in: J Dent Res. 2007 Dec;
86(12): 1223.

Russell RG, Rogers MJ. Bisphosphonates: from the labora-
tory to the clinic and back again. Bone. 1999 Jul; 25(1):
97-106.

Russell RG, Xia Z, Dunford JE, Oppermann U, Kwaasi A,
Hulley PA, Kavanagh KL, Triffitt JT, Lundy MW, Phipps
RJ, Barnett BL, Coxon FP, Rogers MJ, Watts NB, Ebe-
tino FH. Bisphosphonates: an update on mechanisms of
action and how these relate to clinical efficacy. Ann NY
Acad Sci. 2007 Nov; 1117: 209-57.

Sampath TK, Muthukumaran N, Reddi AH. Isolation of
osteogenin, an extracellular matrix-associated, bone-
inductive protein, by heparin affinity chromatography.
Proc Natl Acad Sci U S A. 1987 Oct; 84(20): 7109-13.

Sandhu HS, Khan SN. Animal models for preclinical assess-
ment of bone morphogenetic proteins in the spine. Spine.
2002 Aug 15; 27(16 Suppl 1): S32-8.

Sato M, Grasser W, Endo N, Akins R, Simmons H, Thomp-
son DD, Golub E, Rodan GA. Bisphosphonate action.
Alendronate localization in rat bone and effects on osteo-
clast ultrastructure. J Clin Invest. 1991 Dec; 88(6): 2095-
105.

Sato M, Yasui N, Nakase T, Kawahata H, Sugimoto M,
Hirota S, Kitamura Y, Nomura S, Ochi T. Expression of
bone matrix proteins mRNA during distraction osteogen-
esis. J Bone Miner Res. 1998 Aug; 13(8): 1221-31.

Sato M, Ochi T, Nakase T, Hirota S, Kitamura Y, Nomura S,
Yasui N. Mechanical tension-stress induces expression
of bone morphogenetic protein (BMP)-2 and BMP-4, but
not BMP-6, BMP-7, and GDF-5 mRNA, during distrac-
tion osteogenesis. J Bone Miner Res. 1999 Jul; 14(7):
1084-95.

Schilcher J, Aspenberg P. Incidence of stress fractures of the
femoral shaft in women treated with bisphosphonate.
Acta Orthop. 2009 Aug; 80(4): 413-5.

Schindeler A, McDonald MM, Bokko P, Little DG. Bone
remodeling during fracture repair: The cellular picture.
Semin Cell Dev Biol. 2008 Oct; 19(5): 459-66. Epub
2008 Jul 25.

Seeherman H, Wozney JM. Delivery of bone morphogenetic
proteins for orthopedic tissue regeneration. Cytokine
Growth Factor Rev. 2005 Jun; 16(3): 329-45.

Senta H, Park H, Bergeron E, Drevelle O, Fong D, Leb-
lanc E, Cabana F, Roux S, Grenier G, Faucheux N. Cell
responses to bone morphogenetic proteins and peptides
derived from them: biomedical applications and limita-
tions. Cytokine Growth Factor Rev. 2009 Jun; 20(3):
213-22. Epub 2009 Jun 2.

Shore EM, Xu M, Feldman GJ, Fenstermacher DA, Cho TJ,
Choi IH, Connor JM, Delai P, Glaser DL, LeMerrer M,
Morhart R, Rogers JG, Smith R, Triffitt JT, Urtizberea
JA, Zasloff M, Brown MA, Kaplan FS. A recurrent muta-
tion in the BMP type I receptor ACVRI causes inher-
ited and sporadic fibrodysplasia ossificans progressiva.
Nat Genet. 2006 May; 38(5): 525-7. Epub 2006 Apr 23.
Erratum in: Nat Genet. 2007 Feb; 39(2): 276

Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS,
Liithy R, Nguyen HQ, Wooden S, Bennett L, Boone T,
Shimamoto G, DeRose M, Elliott R, Colombero A, Tan
HL, Trail G, Sullivan J, Davy E, Bucay N, Renshaw-
Gegg L, Hughes TM, Hill D, Pattison W, Campbell P,
Sander S, Van G, Tarpley J, Derby P, Lee R, Boyle WIJ.
Osteoprotegerin: a novel secreted protein involved in
the regulation of bone density. Cell. 1997 Apr 18; 89(2):
309-19.

Siu, D., Cooke TD, Broekhoven LD, Lam M, Fisher B,
Saunders G, Challis TW. A standardized technique for
lower limb radiography. Practice, applications, and error
analysis. Invest Radiol 1991; 26: 71-77.

Skoglund B, Holmertz J, Aspenberg P. Systemic and local
ibandronate enhance screw fixation. J Orthop Res. 2004;
22:1108-13.

Skripitz R, Andreassen TT, Aspenberg P. Strong effect of
PTH (1-34) on regenerating bone: a time sequence study
in rats. Acta Orthop Scand. 2000 Dec; 71(6): 619-24.

Sobacchi C, Frattini A, Guerrini MM, Abinun M, Pangrazio
A, Susani L, Bredius R, Mancini G, Cant A, Bishop N,
Grabowski P, Del Fattore A, Messina C, Errigo G, Coxon
FP, Scott DI, Teti A, Rogers MJ, Vezzoni P, Villa A, Hel-
frich MH. Osteoclast-poor human osteopetrosis due to
mutations in the gene encoding RANKL. Nat Genet.
2007 Aug; 39(8): 960-2. Epub 2007 Jul 15.

Summers BN, Eisenstein SM. Donor site pain from the
ilium. A complication of lumbar spine fusion. J Bone
Joint Surg Br. 1989 Aug; 71(4): 677-80.

Suratwala SJ, Cho SK, van Raalte JJ, Park SH, Seo SW,
Chang SS, Gardner TR, Lee FY. Enhancement of peri-
prosthetic bone quality with topical hydroxyapatite-
bisphosphonate composite. J Bone Joint Surg Am. 2008
Oct; 90(10): 2189-96.

Swiontkowski MF, Aro HT, Donell S, Esterhai JL, Goulet
J, Jones A, Kregor PJ, Nordsletten L, Paiement G, Patel
A. Recombinant human bone morphogenetic protein-2
in open tibial fractures. A subgroup analysis of data com-
bined from two prospective randomized studies. ] Bone
Joint Surg Am. 2006 Jun; 88(6): 1258-65.

Takahashi N, Udagawa N, Suda T. A new member of tumor
necrosis factor ligand family, ODF/OPGL/TRANCE/
RANKL, regulates osteoclast differentiation and func-
tion. Biochem Biophys Res Commun. 1999 Mar 24;
256(3): 449-55.

Takayanagi H. The role of NFAT in osteoclast formation.
Ann NY Acad Sci. 2007 Nov; 1116: 227-37.

Teitelbaum SL. Bone resorption by osteoclasts. Science.
2000 Sep 1; 289(5484): 1504-8.

Thorén K. Lipid-extracted bone grafts. Thesis, Lund Univer-
sity, Lund, Sweden 1994.

Toksvig-Larsen S. On bone cutting. Thesis, Lund University,
Lund, Sweden 1992.



52 PHARMACOLOGICAL MANIPULATION OF FRACTURE HEALING AND BONE REMODELING

Tolar J, Teitelbaum SL, Orchard PJ. Osteopetrosis. N Engl J
Med. 2004 Dec 30; 351(27): 2839-49.

Tégil M. The morselized and impacted bone graft. Animal
experimants on proteins, impaction and load. Thesis,
Lund University, Lund, Sweden 2000.

Tagil M, Jeppsson C, Aspenberg P. Bone graft incorpora-
tion. Effects of osteogenic protein-1 and impaction. Clin
Orthop Relat Res. 2000 Feb; (371): 240-5.

Tégil M, Jeppsson C, Wang JS, Aspenberg P. No augmenta-
tion of morselized and impacted bone graft by OP-1 in
a weight-bearing model. Acta Orthop Scand. 2003 Dec;
74(6): 742-8.

Tagil M, McDonald MM, Morse A, Peacock L, Mikulec K,
Amanat N, Godfrey C, Little DG. Intermittent PTH((1-
34)) does not increase union rates in open rat femoral
fractures and exhibits attenuated anabolic effects com-
pared to closed fractures. Bone. 2009 Nov 14. [Epub
ahead of print]

Ulrich-Vinther M, Andreassen TT. Osteoprotegerin treat-
ment impairs remodeling and apparent material proper-
ties of callus tissue without influencing structural frac-
ture strength. Calcif Tissue Int. 2005 Apr; 76(4): 280-6.
Epub 2005 Apr 11.

Urist MR. Bone: formation by autoinduction. Science. 1965
Nov 12; 150(698): 893-9.

Vauhkonen M, Peltonen J, Karaharju E, Aalto K, Alitalo I.
Collagen synthesis and mineralization in the early phase
of distraction bone healing. Bone Miner. 1990 Sep;
10(3): 171-81.

Verborgt O, Gibson GJ, Schaffler MB. Loss of osteocyte
integrity in association with microdamage and bone
remodeling after fatigue in vivo. J Bone Miner Res. 2000
Jan; 15(1): 60-7.

Vidndnen HK, Laitala-Leinonen T. Osteoclast lineage and
function. Arch Biochem Biophys. 2008 May 15; 473(2):
132-8. Epub 2008 Apr 6.

Wang EA, Rosen V, Cordes P, Hewick RM, Kriz MJ, Luxen-
berg DP, Sibley BS, Wozney JM. Purification and char-
acterization of other distinct bone-inducing factors. Proc
Natl Acad Sci U S A. 1988 Dec; 85(24): 9484-8.

Wedemeyer C, von Knoch F, Pingsmann A, Hilken G, Spre-
cher C, Saxler G, Henschke F, Loer F, von Knoch M.
Stimulation of bone formation by zoledronic acid in par-
ticle-induced osteolysis. Biomaterials. 2005 Jun; 26(17):
3719-25.

Wehrli M, Dougan ST, Caldwell K, O’Keefe L, Schwartz S,
Vaizel-Ohayon D, Schejter E, Tomlinson A, DiNardo S.
arrow encodes an LDL-receptor-related protein essential
for Wingless signalling. Nature. 2000 Sep 28; 407(6803):
527-30.

Wennberg C, Hessle L, Lundberg P, Mauro S, Narisawa S,
Lerner UH, Millan JL. Functional characterization of
osteoblasts and osteoclasts from alkaline phosphatase
knockout mice. J Bone Miner Res. 2000 Oct; 15(10):
1879-88.

Wermelin K, Tengvall P, Aspenberg P. Surface-bound
bisphosphonates enhance screw fixation in rats--increas-
ing effect up to 8 weeks after insertion. Acta Orthop.
2007 Jun; 78(3): 385-92.

Wikenheiser MA, Markel MD, Lewallen DG, Chao EY.
Thermal response and torque resistance of five cortical
half-pins under simulated insertion technique. J Orthop
Res. 1995 Jul; 13(4): 615-9.

Wood J, Bonjean K, Ruetz S, Bellahceéne A, Devy L, Foid-
art JM, Castronovo V, Green JR. Novel antiangiogenic
effects of the bisphosphonate compound zoledronic acid.
J Pharmacol Exp Ther. 2002 Sep; 302(3): 1055-61.

Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whitters
MJ, Kriz RW, Hewick RM, Wang EA. Novel regulators
of bone formation: molecular clones and activities. Sci-
ence. 1988 Dec 16; 242(4885): 1528-34.

Wozney JM, Rosen V. Bone morphogenetic protein and
bone morphogenetic protein gene family in bone forma-
tion and repair. Clin Orthop Relat Res. 1998 Jan; (346):
26-37.

Wutzl A, Brozek W, Lernbass I, Rauner M, Hofbauer G,
Schopper C, Watzinger F, Peterlik M, Pietschmann P.
Bone morphogenetic proteins 5 and 6 stimulate osteo-
clast generation. J Biomed Mater Res A. 2006 Apr;
77(1): 75-83.

Yamashita H, Ten Dijke P, Heldin CH, Miyazono K. Bone
morphogenetic protein receptors. Bone. 1996 Dec;
19(6): 569-74.

Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kino-
saki M, Mochizuki S, Tomoyasu A, Yano K, Goto M,
Murakami A, Tsuda E, Morinaga T, Higashio K, Uda-
gawa N, Takahashi N, Suda T. Osteoclast differentiation
factor is a ligand for osteoprotegerin/osteoclastogenesis-
inhibitory factor and is identical to TRANCE/RANKL.
Proc Natl Acad Sci U S A. 1998 Mar 31; 95(7): 3597-
602.

Yasui N, Sato M, Ochi T, Kimura T, Kawahata H, Kitamura
Y, Nomura S. Three modes of ossification during distrac-
tion osteogenesis in the rat. J Bone Joint Surg Br. 1997
Sep; 79(5): 824-30.

Yeh LC, Tsai AD, Lee JC. Osteogenic protein-1 (OP-1,
BMP-7) induces osteoblastic cell differentiation of the
pluripotent mesenchymal cell line C2C12. J Cell Bio-
chem. 2002; 87(3): 292-304.

Zhang YW, Yasui N, Ito K, Huang G, Fujii M, Hanai J,
Nogami H, Ochi T, Miyazono K, Ito Y. A RUNX2/PEB-
P2alpha A/CBFA1 mutation displaying impaired trans-
activation and Smad interaction in cleidocranial dys-
plasia. Proc Natl Acad Sci U S A. 2000 Sep 12; 97(19):
10549-54.

Astrand J, Aspenberg P. Systemic alendronate prevents
resorption of necrotic bone during revascularization. A
bone chamber study in rats. BMC Musculoskelet Disord.
2002 Aug 7; 3: 19.

()zkaynak E, Rueger DC, Drier EA, Corbett C, Ridge RJ,
Sampath TK, Oppermann H. OP-1 ¢cDNA encodes an
osteogenic protein in the TGF-beta family. EMBO J.
1990 Jul; 9(7): 2085-93.



