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1. BACKGROUND

TOTAL HIP ARTHROPLASTY

Total hip replacement restores the mobility and quality of life in
an individual with a painful and deformed hip joint (1).

History of total hip arthroplasty
Over the past centuries the advances in hip joint surgery has
evolved from the earliest resection arthroplasties through inter-

positional membrane techniques to the successful total hip ar-
throplasty (THA) as known today in which the entire joint is re-
placed (2, 3).

The first salvage procedure of a degenerated painful hip joint
was the removal of the affected femoral and acetabular bone by
White in 1821. Later, in 1826 Barton treated an ankylosed hip
with a trochanteric osteotomy creating a false joint (a pseudoar-
throsis). Although immediate relief was apparent long-term out-
come was unpredictable.

Further need for improvement in mobility introduced from
1830s and onwards strategies of interposing membranes be-
tween the femoral head and the acetabulum (wood, rubber, wax,
gold foil, pig bladders). In the early 1900s the use of the individu-
als own peri-implant soft tissues (fascia lata, muscle etc.) became
popular. However, failure occurred due to insufficiency in
strength withstanding the stresses of weight bearing and intraar-
ticular pressure. In 1932 Smith Petersen introduced the synthetic
interpostitional arthroplasty with a mould prosthesis (4). A cup
was fitted on the existing femoral head articulating with both
joint surfaces as a synovial/cartilage-like layer “guiding nature’s
repair”. The moulded cups were of celluloid (Bakelite) or glass
(Pyrex), but sensitive to material fracture. These cups were fol-
lowed by Vitallium (Co-Cr-Mo) when Venable in 1937 set the
standard in material properties of implants. The same year the
Aufranc cup was introduced as a further anatomic design. These
mould interpositional arthroplasties provided the first predictable
results in hip joint surgery.

The earliest recorded attempt of the total hip arthroplasty
(THA) was replacement of one half of the hip joint with a femoral
head prosthesis (hemiarthroplasty). In 1891 Gliick used a femoral
head of ivory and in 1919 Delbet a rubber femoral prosthesis.
However, until the progress in metallurgy in the 1940’s the THA
procedures were rare and unpopular compared to mould arthro-
plasties. In 1946 the Judet brothers introduced a short-stem
femoral prosthesis of Co-Cr alloy and others adapted the implant
design (Thompson 1951). These and subsequent short-stem
implants were however subject to high shear stress and resulted
in early loosening and failure. Longer stems that provided less
stress concentration gradually replaced short-stem designs. In
1942 the Moore prosthesis was introduced. The original prosthe-
sis was a femoral head replacement with a large fixed head of
Vitallium, which was secured to the resected end of the femoral
shaft. Long-term success was however not achieved until 1950
when Moore inserted the femoral replacement within the medul-
lary canal and with only partial resection of the femoral neck. This
technique is a fundamental of today’s THA in which weight-
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bearing forces are transferred to the femur through an intrame-
dullary stem (5). In 1952 Moore refined the implant featuring a
proximally fenestrated stem to allow bone ingrowth. The modern
artificial joint of today owes much to the work of Sir Charnley,
who replaced both the acetabulum and the femoral head in a
total hip replacement. Although Wiles in 1938 and McKee in 1951
described the first attempts of THA, the introduction of Low
Friction Arthroplasty by Sir Charnley far surpassed these by the
1970s. Charnley’s original design in 1960 (6) consisted of three
parts with synovial fluid lubrication: 1) a metal femoral compo-
nent of stainless steel (a long femur stem) with a non-modular
artificial femoral head articulating with 2) an artificial acetabular
component (cup), with both components fixed to the bone using
3) poly(methylmethacrylate) (PMMA) (cement) as a bone filler.
The cup was originally of Teflon (polytetrafluorothylene, PTFE)
which caused significant wear debris and bone resorption (osteol-
ysis). It was replaced in 1962 with Ultra High Molecular Weight
Polyethylene (UHMWPE), a Co-Cr alloy stem, and an articulating
small head reducing wear. The Charnley prosthesis showed in
general good mid-term results. Ten years after the introduction
some implants showed mechanical loosing due to osteolysis and
this was suspected to be caused by cement particles (7, 8). Under
this impression implants inserted without cement prospered in
the 1980s and were further refined with roughened implant
surfaces facilitating bone ingrowth.

Present total hip arthroplasty
Current standard THA consists of
1. afemoral stem of titanium or cobalt-chromium (Co-Cr)
alloy with insertion in interference fit or with PMMA as
means of fixation
2. connected to a modular femoral head of Co-Cr alloy or
ceramic and
3. articulating with an acetabular liner of UHMWPE or ce-
ramic. The articulation may be cemented into the ace-
tabulum or fitted into
4. anacetabular cup of titanium, Co-Cr alloy or tantalum
and press-fit secured in the acetabulum.

The long-term survival of hip implants depends on how well
the implant becomes fixed from the outset of the procedure. Two
methods are now routinely used to attain initial implant fixation:
1) cementing the implant in the bone using polymethylmethacry-
late (PMMA), 2) press-fitting the implant into the prepared bone
site with subsequent bone ingrowth into the implant porosity.

In Denmark, of the 7473 primary hip arthroplasties per-
formed in year 2008 59.1% were non-cemented, 17.9% hybrids
(one prosthetic component cemented, the other uncemented),
and 22.9% cemented (9). Of the 534 cup revisions performed in
2008 83 % were uncemented and 73 % in the 486 femur stem
revisions (9).

For young more active patients, non-cemented implants are
preferable. Reports from the Norwegian Arthroplasty Register
(10) and other studies (11) show better survival of non-cemented
as to cemented femur stems in patients younger than 60 years
old. In general uncemented femoral components have high mid-
term results (11, 12), but higher failure rate has been reported of
the cementless acetabular cups compared to the femoral stem,
with acetabular components having less bone ingrowth (10, 12,
13).

The functional life of a prosthetic total joint is influenced by
a large number of factors (14), among others

. Patient related
*  host bone quality and pathology
. load conditions
. patient activity
. underlying disease
*  Technical aspects
. surgical technique
. stability
*  surgeon
. Prosthesis
. geometry and design
. composition
. elastic modulus
. corrosion resistance
. biocompability
*  surface texture

The typical total hip replacement enjoys in general a high
success rate, but outcome differs depending on subgroup evalu-
ated. The ten-year implant survival rate for patients over 75 years
is 95%, but only 88% for patients under 50 years of age according
to the Danish Hip Arthroplasty Registry (9).

Among the risk factors, age less than 60 years old is still a
strong predictor of long-term implant failure (14) and for younger
patients the risk of implant failure is still unsatisfactorily high.

The overall objective of this thesis is to improve the long-
term survival of a prosthetic total joint by improving the initial
implant integration into bone.

It seems relevant to enhance the initial fixation by adjuvant
therapy.

Implant composition

The goal of an orthopaedic implant material is to obtain
long-term implant fixation and implant material properties com-
parable with the bone environment. Bone is viscoelastic and
anisotropic (15, 16) and the bone bed varies in which a prosthesis
is inserted. The femur component of the THA is primarily fixed in
the proximal femur in a bone environment abundant in cancel-
lous bone. The acetabular cup is inserted in the cancellous or
subchondral bone of the acetabulum.

Metals used for uncemented implants include
1. titanium (Ti) as commercially pure titanium (CPTi) or ti-
tanium alloy, predominantly Ti-6AL-4V,
2. cobolt-chromium (Co-Cr) alloys, most widespread Co-
Cr-Mo,
3. stainless steel, or
4. tantalum

Metals differ in properties and biocompatibility. Implants made of
Co-Cr alloys are harder, more wear resistant, and with lower
biocompatibility than Ti alloys (3, 17). Ti alloys have superior
mechanical and corrosive properties than CPTi, but CPTi has
relatively higher ductility and biocompatibility (18). Whereas the
elastic modulus of Co-Cr alloys (210-253 GPa) considerably ex-
ceeds that of cortical bone (15-40 GPa), the modulus of Ti alloys
(116GPa) and CPTi (110 GPa) are closer and thereby provide less
non-physiological bone remodelling (stress shielding) (3). In gen-
eral, the Ti alloys are used as stem and cup in the THA compo-
nents of uncemented prosthesis, the CPTi in some as coatings,
and Co-Cr alloys in the THA articulation. Only short-term success
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has been achieved using stainless steel in uncemented hip ar-
throplasty (19).

Implant surface
The surfaces used for uncemented implants include
1. asmooth surface or
2. aroughened surface. The roughness is achieved by
a. aporous coat. The porosity may consist of
i. plasma spraying heated Ti-alloy
powder on to the implant surface,
ii. beads sintered to the implant sur-
face,
iii. diffusion bonding of Ti wires mould-
ed into a fibre mesh, or
iv. trabecular metal structure
b. grit-blasting
c. etching

Uncemented implants with a smooth surface on the entire com-
ponent have a high failure rate and are abandoned (10). To help
achieve adequate initial fixation without the use of cemented
implants porosity provides a rough surface that secures the initial
stability at the time of insertion, and a structure for subsequent
bone ingrowth for secondary fixation. Comparative studies on
porous coats are limited (20, 21). The optimum pore size for
facilitating bone ingrowth is controversial. Openings of 50 um and
400 pm in diameter have been shown to provide good bone
ingrowth and fixation strength (22). Acetabulum components
often have a porous coat. Femoral components have either a
porous coat along the whole length, or a proximal porous coating
with the distal portion of the implant being gritblasted or smooth.
The implants used in this PhD thesis are Ti-alloy with a po-
rous coat of plasma spray and inserted non-cemented in bone.

Peri-implant endosseous healing

The insertion of a prosthesis induces a bone injury. Subse-
quent bone repair is required in order to integrate the implant
into the bone. A few retrieval studies show that some well-
functioning acetabular and femoral stems may become fixed by
fibrous tissue instead of bone ingrowth (5, 23). During load of a
prosthesis wear of the components occur. This may induce wear
osteolysis and implant loosening. By stimulating bone ingrowth to
the implant surface a seal of tightly-bonded bone on the implant
inhibits peri-implant migration of wear particles (24).

Ideal conditions for peri-implant bone healing require func-
tional stability at insertion. A modest bone-implant motion im-
pairs the process of bone growth while a more extensive motion
(>150 um) induces a fibrous encapsulation (25) with a layer of
reactive bone on the fibrous membrane (26). Inserting the
uncemented prosthesis in press-fit with surrounding bone pro-
vides a primary fixation, while secondary fixation is acquired by
subsequent bone-integration.

The osseointegration of an implant is a time related process
in which the initial regeneration of new bone is followed by life-
long bone remodelling. The definition of osseointegration varies
with the observer’s perspective and evaluation options. Clinically,
osseointegration is defined as the asymptomatic rigid fixation of
alloplastic material maintained in bone over time during func-
tional loading (27). In clinical implant studies the degree of rigid
fixation can be evaluated by radio-stereometric-analysis (RSA)
(28). However, on the daily basis the clinician is faced with the
challenge of identifying successful osseointegration by an x-ray

image in which the implant may seem in direct contact with bone
at the feasible macroscopic resolution level (29). The original
definition by Branemark (30) and Albrektsson (31) provides the
histology of implant anchorage on the light microscopy level and
defines osseointegration as direct connection of osseous tissue to
the implant surface without intervening (connective) tissue. At
the level of transmission electron microscopy ultrastructural
investigations have challenged the light microscope perception of
bone in continuum with the implant revealing an intervening
amorphous matrix between bone and implant interface (27).

A number of factors can be defined in describing the bone
formative process.

Osteogenesis is the process of bone formation in which new
bone is laid down by osteoblasts.

Osteoinduction and osteoconduction are prerequisites for
osseointegration.

Osteoinduction is the process by which osteogenesis is in-
duced (32). It describes the recruitment of perivascular primitive
undifferentiated pluripotent mesenchymal cells, and the stimula-
tion of these cells to develop into osteoprogenitor cells and oste-
oblasts. Inductive agents induce heterotopic osteogenesis (33),
thatis, stimulate bone formation extraskeletally by recruitment
of mesenchymal cells without the presence of osteogenic and
osteoconductive substances. However, in an orthotopic bone site
differentiation between bone induction and conduction may be
more vague. Of osteoinductive agents bone morphogenetic pro-
teins BMP-7 (OP-1), BMP-2 as well as TGF-§ induce bone growth
(34).

Osteoconduction describes the process by which bone grows
on a surface. It is characterised by an initial invasion of fibro-
vascular tissue along the surface followed by new bone for-
mation. It includes the recruitment and migration of differentiat-
ed cells through the residue of the peri-implant blood clot placing
differentiated osteogenic cells at the surface. An osteoconductive
surface permits bone growth (32). Bone grafts are osteoconduc-
tive. Implant materials of high conductive biocompatibility are the
titanium compounds, CPTi better than and Ti-alloy (35), whereas
copper and silver show less.

Rasping and reaming damage trabeculae during implant site
preparation. In this respect fracture healing and peri-implant
healing exhibit many similarities. However the presence of an
implant induces an additional mode of healing (36) in an envi-
ronment characterised by intramembranous ossification.

The osseointegration process is triggered by trauma from
the implantation procedure and by the implant. In implants of
adequate stability the integration process opens with the for-
mation of a hematoma, then a reactive phase of inflammation
and granulation tissue, followed by a reparative phase of woven
bone formation, which is later remodelled.

*  Hematoma. Preparing the bone site causes bleeding in
the peri-implant space. The coagulation pathway is acti-
vated. The blood clot acts as physical barrier to further
bleeding and a provisional scaffold for cell migration.
Platelets adhere, become activated, degranulate and re-
lease multiple growth factors (platelet-derived growth
factor (PDGF), transforming growth factor beta (TGF-b)),
cytokines and vasoactive substances (serotonin, hista-
mine). These chemotactic and mitogenic factors play an
important role in accelerating the subsequent bone re-
generative cascade in which inflammatory, endothelial,
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mesenchymal, and bone cells are recruited, migrate,
and proliferate (34, 37-39).

*  Reactive phase. The hematoma is gradually transformed
into granulation tissue by angiogenesis and fibroplasia
accompanied by an inflammatory response. Neutrophil
leucocyt infiltration is followed by influx of monocytes
influenced by PDGF (37) and thrombin (40). Monocytes
differentiate into macrophages for phagocytosis of
wound debris. The initial ischemia and anaerobe me-
tabolism leads to local acidity which in itself also is
chemotactic to endothelial and mesenchymal cells (41).
New blood vessels are initiated. Bone conduction and
formation depends on an adequate blood supply. Influ-
enced by both PDFG and TGF-b fibroblasts migrate and
proliferate forming a loosely woven connective tissue
supporting vascular growth of cells (42, 43).

*  Reparative phase. Osteogenesis relies on previous oste-
oinduction, since pre-existing preosteo-
blasts/osteoblasts only contribute minimally in the new
bone formation (44, 45). Surface osteoinduction is con-
sidered essential, although at the same time as a repar-
ative reaction the damaged bone surfaces at the pre-
pared site provide the osteogenic cells that lay down
new bone matrix on the old bone. Undifferentiated cells
are recruited to form osteoprogenitor cells (46) and de-
velop into bone forming cells. This is affected by the
growth factor bone morphogenetic proteins (BMP-2
and BMP-7), which are the only known osseoinductive
agents and are released in response to the trauma of
implant insertion (33, 34, 47). PDGF modulates the pro-
liferation of osteoblasts (48, 49). The growth factors re-
leased from platelets and injured bone tissue stimulates
synthesis of additional factors by the osteoblasts,
thereby maintaining the healing process (34). Osteo-
blasts lay down woven bone as osteoid containing
mainly collagen type | with subsequent mineralization
and woven bone formation.

At the implant interface the initial hemorrhagia leads to a coating
of the surface with plasma proteins (50). An implant surface,
which is microtextured, improves the osteoconductive activity
(51-54). Differentiating osteogenic cells initiate bone deposition.
Collagen is synthesized onto and mineralized to produce morpho-
logically identifiable bone matrix. However, an amorphous matrix
layer (20-50 to 500 nm thick) can be visualized directly on the
titanium implant surface (27, 55). This amorphous layer has been
associated with both mineralised (56) and non-mineralised tissue
(27) in which the innermost 20-40 nm seem not to contain colla-
gen and the outermost have randomly arranged filaments. Non-
collagen-proteins have been identified as osteopontin, bone
sialoprotein, proteoglycans and glucosaminoglycans (57, 58).
With titanium alloy implants similar zones of the amorphous
matrix of varying magnitude are described showing an organiza-
tion at the implant interface divergent from that of the surround-
ing bone (59). The amorphous layer has in in vitro studies been
associated with osteoblast activity, but not confirmed in vivo (27).
The effect on implant fixation has been questioned.

*  Remodelling phase. Bone remodelling reflects the func-
tional adaptation of the bone structure and starts with

osteoclastic resorption. At the light microscopy level di-
rect bone contact, osteogenesis and bone resoption oc-
cur simultaneously (60). Basic multicellular units (BMU)
resorb woven bone and lay down new lamellar bone at
the presented resorbed surface. Resorption and deposi-
tion are coupled in space and time. The resorption-
formation frequency of the BMU is increased initially
(44, 45). Osteogenic cells are derived from the endoste-
al trabecular surfaces and mesenchymal osteoprogeni-
tor cells in marrow influenced by BMP release during
resorption (34), while circulating mononuclear precur-
sors supply osteoclasts.

Osseointegration is characterised by the direct connection be-
tween bone and implant surface. However, histologically, total
bone contact does not occur. Levels of ingrowth into porous
coatings vary considerably, ranging from 10-40% in intramedul-
lary in vivo models (61-63) and 10-65% in clinically retrieved
specimens (64-66).

This thesis evaluates the effect of adjuvant parathyroid
hormone on the bone formation at an implant and in conse-
guence implant fixation. The implant fixation is evaluated by both
osseointegration and mechanical fixation. Given the studies are
experimental, in this case, determination of osseointegration by
light microscopy is feasible.

BONE GRAFT

Joint replacement can present with difficult bone defects. In
the primary arthroplasty, loss of bone stock may be evident as
arthritic cysts. In the revision setting, bone loss may be caused by
osteolysis with cavitary defects, by peri-implant osteopenia or
during implant change at the revision surgery. At revision initial
implant fixation can be achieved on the femoral side by using a
long stem. The stem may be uncemented passing the fixation
from the proximal defective bone to the more distal viable bone,
or it can be cemented as often used in older patients. On the
acetabular side revision is often more challenging with the need
of metal augmentations and highly trabecular or custom made
cups with supplemental screw fixation. Changing a prosthetic
component and the fixation method both intend to secure fixa-
tion, however bone grafting is often needed for supplemental
implant stability. Impacting morsellised bone graft around the
implant in these situations is a well-established method for opti-
mizing the initial implant stability. Restoring bone with bone graft
is therefore often used in younger patients or in patients with
large defects.

History of bone graft

Bone grafting did not become an applicable and sustainable
technique until the late 1970°s. Hasting described in 1975 the use
of bone graft for acetabular reconstruction of protrusio acetabuli
(67). In 1984 Sloof introduced morsellised impacted bone grafting
for cemented acetabular revisions (68). On the femoral side in
1985 the Exeter group introduced bone grafting without cement
in which morsellised allograft was impacted around the stem (68).
However, success was limited due to high subsidence and in 1987
the group introduced the cemented bone graft technique in
which the stem-cement-graft-bone construction provides the
initial fixation (69).
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Present bone grafting

The effect of bone grafting on implant outcome and survival
is hard to establish. In the revision setting an even larger number
of factors influence the functional life of a prosthetic total joint
compared to the primary arthroplasty. Clinically the evaluation
may be by RSA on subsidence, by x-ray, patient evaluation scores
and the need for re-revision. Grafted revised femur stems have
been described with subsidence in 48% of the cases. In other
series, 2 5 mm subsidence was seen in 20% of cases, and 210 mm
in 4% (69). Admissible mid- and long-term results on the acetabu-
lar side show a survival rate of 94% at 11.8 years (70) but less on
the femur side (71, 72). The outcome of a revision arthroplasty is
considerably worse than after a primary arthroplasty. In Den-
mark, the 10-year survival for the first revision of total hip re-
placement is 80% and for second revisions 70% (9). Although both
the cemented and uncemented grafting techniques are used to
day, no definite reports are available on which technique provides
best outcome (71).

Objective of bone grafting

The primary aim of bone grafting in total joint replacement is
to give structural support of the prosthesis. Secondary, restoring
bone loss is considered. In the ideal situation of bone grafting
bone chips are impacted and fill the bone defects around the
prosthesis with a secure fit of the implant. During remodelling,
the graft must maintain its volume and shape, not only during the
initial weight-bearing by the patient, but also during the entire
remodelling period, which involves osteoclastic resorption of the
graft and simultaneous osteoblastic cancellous new bone for-
mation.

Graft biology

Bone graft material may be characterised according to donor
site. Autograft is graft harvested from the same individual, allo-
graft from another genetically different individual, and xenograft
from a different species. Autograft is considered the golden
standard, but sufficient amount is often hard to harvest and
frequently involves donor site morbidity. Allograft has been used
as a successful alternative. Immunogenicity may be reduced by
modifications as freezing, drying, irradiation, rinsing, chemomodi-
fication (73).

Bone graft material can be characterised in bone types by
structure and histology as cortical, cancellous, corticocancellous,
or osteochondral. Cortical and corticocancellous struts have been
used to reconstruct uncontained bone defects, while morsellised
graft may impact more closed defects. Morsellised graft is most
often applied.

Morsellised graft is a structure of bone fractures exposing
the bone matrix to the surrounding tissues without a protective
linning cell and osteoid layer. Bone graft material induces bone
(osteoinduction) by releasing growth factors (BMP) during resorp-
tion and thereby stimulating local bone formation. Bone graft also
performs as a scaffold for new bone formation (osteoconduction).
The bone formation within mechanically stable grafts has been
described as an intramembranous ossification (74, 75). The pro-
cess by which graft is replaced with new bone over time has been
described as creeping substitution (74).

Although bone graft is non-structural and particulate in
nature, implant stability can be achieved with the impaction.
After impaction the graft material recoils (76) and at the same
time the mechanical loading causes graft interlocking movement
(77). This adds to initial stability of the implant. Bigger size bone

chips increase stability of uncemented cups (78). The morsellised
and impacted graft can still be regarded as a porous structure and
ingrowth of vessels is thought not to be impaired (79). Even after
a fairly firm experimental impaction, 35% of graft volume still
consists of non-osseous material for the fibro vascular tissue to
penetrate (80).

On the basis of radiographs that show increased radiograph-
ic density and load-oriented trabecular orientation, it is thought
that most of the graft volume remodels into trabecular living
bone (69). Histological studies in humans of biopsied or retrieved
morsellised impacted grafts reveal mixed areas of remodelled
bone and necrotic graft bone (81-87). Up to 4 years after grafting
old bone is still visible (81, 83-85). Varying ingrowth of new bone
into the bone graft has been shown. In a human retrieval study of
grafted uncemented cups vascular penetration of 4 mm is seen at
18 and 53 months (83). Bone graft may remain encapsulated in
fibrous tissue within the host bone many years after transplanta-
tion (87). Ingrowth into the morsellised impacted graft may be
delayed or limited due to the impaction alone. Bone growth into a
bone conduction chamber was reduced at 6 weeks, but not at 12
weeks compared to structural grafts (88). Bone graft size per se
may not be an advantage in implant fixation. The relative area of
surface per volume influences the degree of osteoconduction.
However with the increased degrees of graft density impaction
can in reverse reduce osteoconduction and this can be explained
by the impacted graft acting as a hindrance for ingrowth of tissue
(89) Mechanical load increases remodelling and new bone for-
mation of morsellised impacted cancellous bone grafts. In the
bone conduction chamber model both formation and resorption
of the graft were increased (90).

PARATHYROID HORMONE

PTH and calcium homeostasis

Parathyroid hormone (PTH) is the hormone naturally secret-
ed by the parathyroid gland. The genuine hormone is a chain of
84 amino acids (PTH(1-84)). It is the major regulator of bone
metabolism and maintains homeostasis of the calcium ion in
extracellular fluids within physiological limits (91). Secretion of
PTH is controlled by serum calcium through negative feedback.
PTH acts on bone, kidney, and gastrointestinal tract (91). In bone,
calcium is liberated through a process of enhanced bone resorp-
tion by osteoclasts. The osteoclasts do not have PTH receptors
and are indirectly activated by PTH. PTH activates the osteoblast
PTH/PTHrP-receptor that stimulates its expression of RANKL.
RANKL activates the RANK-receptor on the osteoclast precursors
causing the cells to differentiate and resorb bone. In the kidney,
PTH increases the active re-absorption of calcium from the distal
tubules. In the intestine PTH enhances the absorption of calcium
indirectly by activating the vitamin D precursor in the kidney,
which then as activated 1.25-dihydroxy vitamin D exerts it calci-
um absorbing action in the intestine.

PTH shows dual action on bone (the PTH paradox) (92-95). The
skeletal effect depends on administration:

*  physiological: calcium homeostasis

*  continuous: bone resorption (katabolic)

* intermittent: bone formation (anabolic)

History of PTH treatment
PTH improves skeletal mass when administered pulsative.
The osteogenic potency of PTH has been known since the late
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1920°s. Based on work by Bauer from 1929, Selye (93) and Pugs-
ley (96) demonstrated in 1932 that bovine extract of parathyroid
injected daily for 30 days in rats caused macroscopically more
dense bone than in untreated controls. They described large
numbers of osteoblasts, which produced a massive marrow-
obliteration of trabecular bone. Not until 1970 a pure PTH be-
came available (97) and Kalu showed that the pure PTH(1-84) is
osteosclerotic in thyro-parathyroidectomised (TPTX, calcitonin-
free) rats (97). The year after in 1971 Potts introduced the
hPTH(1-34) fragment which consists of the first 34 amino-acids of
the genuine humane hormone (98). This fragment is fully active
and became easy accessible in 1974 (99). In 1976 Reeve reported
that hPTH(1-34) in elderly human individuals improved bone
turnover and structural trabecular growth (100). Extensive inves-
tigation further ventured into the anabolic response on bone in
human and experimental models of remodelling bone, either in
normal or pathological bone (101, 102). This led to US FDA ap-
proval of hPTH(1-34) in 2002 and hPTH(1-84) in 2007 for treat-
ment of patients who have osteoporosis and are at high risk of
fracture.

Research on the effect of PTH on regenerating bone evolved
in the late 1990°s in experimental fracture studies, distraction
osteogenesis and implant related studies. In 1999 Kim (103) was
the first to demonstrate that a decrease in strength in fractures of
ovariectomized rats could be prevented by hPTH(1-84). The same
year Andreassen confirmed that hPTH(1-34) can enhance me-
chanical strength and callus volume in normal rats (104). The first
human study on fracture healing has only recently been published
by Aspenberg in 2010 showing moderate improved healing of
non-operated distal radius fractures treated with hPTH(1-34)
(105). The first implant related study saw the light of day in 2000
with the bone chamber studies by Skripitz (106, 107). This fol-
lowed in 2001 when he demonstrated improved mechanical
fixation by pull-out test of implanted stainless steel screws (108).
No implant studies have been conducted in models of higher
animal species in normal bone with implants of clinical nature.

PTH Fragment

The N-terminal part of the native hormone PTH(1-84) is
associated with the anabolic properties of the hormone.

At equimolar doses the N-terminal fragments PTH(1-31),
PTH(1-34), and PTH(1-38) have the same bone formative effect
and pharmacological profiles as the native polypeptide PTH(1-84)
(109-113). Fragments smaller than PTH(1-31) at the C-terminus
loose their ability to stimulate bone growth. hPTH(1-30) does
stimulate bone growth in ovariectomized rats, but larger doses
are needed (114). Fragments shorter than this do not respond.
Removing amino-acids at the N-terminus also eliminates the
anabolic response, as demonstrated when transforming hPTH(1-
38) into hPTH(3-38) and thereby eliminating the restoration of
ovariectomy-induced bone loss in rats (115, 116). Although
equipotency in bone formative parameters for PTH(1-34), PTH(1-
31), and PTH(1-84) exist, differences in bone resorption may
display being less in PTH(1-31) (93, 117).

Little information is available on the effect of heterolog PTH
molecules in which PTH from one animal or human species is
applied in another species. Little information is also available on
the immunological responses to exogenous PTH. In clinical studies
antibodies to hPTH(1-34) and hPTH(1-84) appear and are dose-
dependent (102). Whether these antibodies bind in a manner to
reduce biological activity is not known, or at least not apparent
(102). The bone formative effect has most extensively been stud-

ied with the human PTH (hPTH) experimentally in various species
and clinically. The bovine PTH (bPTH) is also effective (118). The
human fragment PTH(1-34) has most often been used (101).
However, increasing numbers of papers of the genuine human
PTH(1-84) and other fragments are emerging.

In this thesis the human PTH(1-34) has been applied as adju-
vant treatment for implant fixation.

PTH Pharmacokinetics

The osteogenic effect of PTH requires intermittent admin-
istration (119). This may be due to a situation in which the pulsa-
tive secretion pattern of PTH is mimiced. Administration is sys-
temic by subcutaneous injections, although alternative
administrations have been studied (120-122).

Depending on PTH dosage, a single subcutaneous injection of
PTH leads to increase in PTH plasma concentration within 10-60
minutes with most of the PTH cleared from the circulation within
1 hour, and normalised serum levels within 4 hours (123-126).
The duration of PTH in plasma above baseline influences the
effect on bone. PTH infusion one hour/day in ovariectomized rats
increases osteoblast number and bone formation, while longer
infusion duration leads to focal bone resorption (119).

PTH dose regimens

The osteogenic effect of PTH depends on dose, administra-
tion frequency and duration of treatment (103, 106, 107, 127-
129).

In the following, remodelling bone refers to intact, non-
injured bone and regenerating bone to bone healing and repair as
in fracture repair and implant osseointegration.

Dose

Tolerance and effective dosage of PTH vary among animal
models. (130-134).

Bone remodelling in intact bone and bone healing in fracture
models may deviate from the regenerate process of implant
osseointegration. However, the effect of intermittent PTH on
bone in these non-implanted bone models may prompt insight
and potentials of PTH in the situation of implant osseointegration.

In models of remodelling bone with normal bone, aged, or
osteoporotic bone doses commonly evaluated in rats are subcu-
taneous injections of PTH(1-34) and PTH(1-84) 60-200 ug/kg/day
(106, 127, 129, 135-139). These dosages improve bone mass and
biomechanical strength. Dose range studies show the highest
dose inducing new bone with normal morphology is PTH(1-34)
200 pg/kg/day, while doses at 400 and 1000 ug/kg/day only
induce small quantities of bone and this as endosteal woven bone
(136, 140). Administering PTH (1-38) in a daily dosage of 1600
ug/kg/day is however catabolic (136). This follows the original
work of Selye revealing bone resorption at high concentrations of
parathyroid extract (93). Administering doses lower than 10
ug/kg/day in rats show conflicting results. (112, 140-142). In
rabbits the effective dosage evaluated is PTH(1-34) 10-40
ug/kg/day (143). In higher animal species a similar dose related
increase in bone formation is seen. In monkeys PTH(1-34) in dos-
age range 1-10 ug/kg/day (132, 144) or PTH(1-84) 5-25 ug/kg/day
increases bone mineral density in spine and proximal tibia, and
this primarily related to cancellous bone (145). In canine models
of normal bone with PTH(1-34) in dosage range 0.375-6
ug/kg/day similar osteogenic findings apply in the proximal tibia,
spine and iliac crest (146-150). In humans the optimal dosage for
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Table 3

Model Adm. Rat Rabbit Monkey Human
15-150 (103, 151) 10-40 (153, 160) 20-40 (161)
. 30 (152-155)
D
aily 40 (156)
Fracture 60-200 (104, 129, 157-159)

10-30, x3 (162)
50, x5 (159)
100, x1 (138)

Weekly

0.75-7.5 x2 (163)

108, 164-1
Daily 60 (108, 164-167)

15-240 (106, 155, 168)(154)

5-75, x5 (127)

6, x3 (164)

25-30, x5 (169, 170)
30-60, x3 (108, 171-173)
40, x5 (174)

100, x1 (175)

Implant
Weekly

Distraction Daily 5-25 (176, 177)

osteogenesis Weekly 60, x3.5 (139)

Table 3. Summary of effective dose of PTH(1-34) administered systemically in models of bone repair. All dosages in animal studies are in unit ug/kg/day. Unit in human studies
are ug/individual/day. ”Adm.””Daily” indicates administration is daily, whereas the weekly administration is illustrated as number of injections per week. Studies in mice

models are not included. No canine studies are available.

treatment of osteoporosis is PTH(1-34) 20 ug/day per person
(102). Although a dosage of 40 ug/day has the same effect, this is
less tolerated.

In models of regenerating bone (bone repair) a similar dose
dependency exists. An overview of the evaluated doses is shown
in the Appendix table 1 and a summary of the effective dosages is
shown in table 3 in this section.

The dosage chosen for the studies in this thesis is 5 ug/day,
which corresponds to the dosage used in studies in higher animal
species.

Administration frequency

Although an anabolic response on bone demands a pulsative
administration, daily injections are not necessary (table 3, Appen-
dix table 2). In models of remodelling bone (normal bone or low-
bone-density/osteoporotic bone) the anabolic response of PTH
has been observed in monkeys, canines, rats and mice given 3-6
injections weekly. Parallel effect is seen in mice with weekly
alternating injections, but not in canines with a weekly admin-
istration (146). In regenerating bone the effect is seen in models
of fracture in monkeys and rats with injections 2-5 times weekly,
in distraction osteogenesis injected every second day, and in
implant models administered 3-5 times weekly. PTH seems to
have less anabolic effect on bone when administration frequency
is reduced, as shown in a rat study of remodelling bone with
injections every second day compared to every third and fifth day
(178).

Increasing administration frequency to more than once daily
may induce bone resorption. In a canine model of remodelling
bone with normal turnover multiple small daily doses of PTH
resulted in an overall negative balance in trabecular bone (PTH
USP Eli Lilly, 1.25 pg/kg/day, divided in 4 equal doses per day, 60
days)(118). However, the effect of multiple doses in rats may
differ (154, 179). When the administration frequency of PTH
becomes continuous, resorption is induced with loss of trabecular
and cortical bone (95, 123-125).

The most commonly used administration is once daily. This
frequency is used in the studies in this thesis.

Molecular and cellular mechanism of the anabolic PTH action
Intermittent administration of PTH stimulates bone for-
mation. This is caused by increasing osteoblast number (180, 181)

and activity (151, 155, 179, 182). The molecular and cellular
mechanism underlying this effect is elucidated mainly by in vitro
studies. However, increasing numbers of in vivo studies in remod-
elling and regenerating bone models are appearing.

Molecular mechanism

The anabolic response on bone of PTH is considered to be a
cascade of signalling.

The action of PTH is mediated by the G protein coupled
PTHR1 receptor (183). Binding of PTH to PTHR1 stimulates

*  Gos-mediated activation of adenyl cyclase which stimu-
lates cAMP production and subsequent activation of
protein kinase (PKA)

*  Gog-mediated activation of protein kinase C (PKC)

Only PTH stimulated cAMP production seems sufficient for initia-
tion of the signalling cascades that increase osteoblast number
and bone anabolism. This is elucidated in the differential stimula-
tion of Gas and Gaq by various PTH fragments. Daily injections of
PTH(1-34) and PTH(1-31) produce equivalent anabolic effects in
rats. PTH(1-34) activates both cAMP and PKC production, while
PTH(1-31) only activates cAMP (184). PTH(3-38) which activates
PKC but not cAMP does not cause an anabolic response on bone
(185).

PTH increases Runx2, which is a transcription factor associ-
ated with osteoblast differentiation (186). This is either by PTH a
cAMP dependent down regulation of cyclin D1 or increase in
synthesis of the cyclin-dependent kinase inhibitors p27KIP1 and
p21Cip1 (187). Other markers related to osteoblast differentiation
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are increased by intermittent PTH (alkaline phosphatase, procol-
lagen type 1) (188).

Besides the direct activation of osteoblast differentiation and
signalling, PTH also affects the synthesis of osteogenic growth
factors and cytokines (188). PTH stimulates the synthesis of IGF-I,
IGF-Il, and FGF-2 via cAMP dependent mechanism. The action of
sclerostin may be involved in the PTH response. Administration of
PTH causes a transient reduction in the level of sclerostin mRNA
(125, 188, 189). Osteocytes produce sclerostin, which inhibits
osteoblast bone formation. PTH down-regulates the expression of
sclerostin. This may increase osteoblastic bone formation. Wnt
signalling contributes to the anabolic response by increasing
survival of osteoblasts and differentiation of osteoblast progeni-
tors (188, 190, 191).

Receptor kinetic studies contribute to the understanding of
PTH action suggesting, that the PTH1R receptor is not desensized
by PTH but left sensitized for new cycles of activation (192).

Differences in bone cell genes are expressed when PTH is
administered intermittent as to continuous. PTH treatment in rat
bone regulates 22 genes including collagen and osteocalcin. In-
termittent PTH regulates additional 19 genes. Continuous treat-
ment involves additional 173 genes (188, 193). Continuous PTH
increases gene expression of RANKL (RANK ligand), whereas that
of osteoprotegerin (OPG) is decreased. Continuous PTH results in
up to a 25 fold increase in the RANKL/OPG ratio with an increase
in production of osteoclasts (194).

Cellular mechanism

Intermittent PTH treatment increases osteoblast number.
The increased number has been proposed to be caused by a
signalling cascade that 1) differentiates replicating osteoprogeni-
tor cells into osteoblasts (recruitment), 2) postpones osteoblast
apoptosis by survival signalling (survival), and 3) activates quies-
cent lining cells (re-activate) (187).

Recruitment of osteoblast cells by intermittent PTH treat-
ment is suggested to be caused by the exit of osteoblast progeni-
tors from the progenitor cell cycle (179, 187, 195).

Survival of osteoblast cells has been demonstrated in in vitro
studies in which PTH activates survival signalling in the osteo-
blasts delaying their apoptosis(187). This has been confirmed in
experimental studies in mice (196), but not in human (187, 197).

Re-activation of linning cells into active osteoblasts by inter-
mittent PTH has been suggested (151, 155, 182) and shown in a
rat model (179, 188). Daily injections of PTH increased osteoblast
number in cancellous bone, but the percentage of 3H-thymidin
labelled osteoblasts that developed from the labelled progenitors
was not affected (179). It is thought that the increased osteoblast
number is due to activation of pre-existing bone lining cells (179)
Ultrastructural changes in lining cells with modulation into osteo-
blasts is seen with PTH administration (198). A week after with-
drawal of PTH the cancellous bone surfaces are covered with
lining cells without change in cell number, apparently by rever-
sion of osteoblasts to lining cells. These findings may indicate,
that the skeletal response to PTH (initially) is limited to existing
cell number (179).

In bone remodelling, it has been suggested that the reactiva-
tion of the linning cells is the cause of the increased number of
osteoblasts (151, 155, 182). However, in regenerating bone PTH
has been associated with early increases in mesenchymal differ-
entiation as well as proliferative effects on cartilage production.
(154, 155, 180, 182, 199). In regenerating bone PTH increases
osteoblast number, (138, 162, 180, 181), recruits osteoprogenitor

cells (92, 154, 199, 200) and chondroprogenitor cells (154). In a
rat model, injections of PTH increased proliferation of mesen-
chymal progenitors, and the development of soft (cartilage) callus
in the early stages of fracture repair (103, 154, 155). In a bone
conduction chamber study in a rat model, PTH did not increase
the bone ingrowth distance in the chamber, indicating PTH not
being osteoinductive. However PTH increased bone formation in
the chamber behind the formation frontier once it had been
initiated. (106, 107, 201) Accelerated osteoblast maturation is
seen as indicated by Osx (and Runx2) expression in callus and
marrow derived mesenchymal stem cell (MSC) (202). Increased
expression of osterix (Osx), a marker of osteoblastic cell commit-
ment, in fracture callus has been shown following PTH treatment
in a mouse model (202).

Although intermittent PTH stimulates osteoblast activity,
concomitant increased osteoclast activity is suggested (107, 118,
142, 153-155, 199, 203, 204).

Anabolic response of PTH on bone structure

PTH shows an anabolic response in both bone repair and
remodelling bone. Comprehensive research has been conducted
in intact remodelling bone and to a less extent in fracture healing.
Although bone remodelling in intact bone and bone healing in
fracture models may deviate from the regenerate process of
implant osseointegration, insight and potentials of adjuvant PTH
treatment in implant integration may be prompted by the effect
on bone of intermittent PTH in these models.

Models of remodelling bone (normal bone or pathological
bone of low-bone density) have been studied most extensively.
Describing bone mass in general, PTH treatment in ovariecto-
mized (OVX) rodents prevents bone loss following OVX and re-
verses pre-existing bone loss induced by OVX (188). In primates
PTH treatment results in a significant increase in bone mineral
density (primarily in trabecular bone) (144, 205-207). Human
fracture-prevention studies show increased BMD (more prevailing
in the spine with less effect in the hip) (102).

Although PTH in remodelleing bone on the whole stimulates
bone formation in all bone envelopes, the effect is more promi-
nent in the trabecular bone sites (111, 132, 135, 146, 199, 208,
209). In trabecular bone intermittent PTH increases bone volume,
trabecular thickness, trabecular number (species variation), tra-
becular connectivity, and mechanical strength (135, 145, 188,
207, 210, 211). In cortical bone intermittent PTH increases bone
volume, cortical thickness, periosteal diameter, endocortical
diameter, porosity (near endocortical surface), and mechanical
strength (188, 197, 210-212).

Differences in remodelling bone apply in the effect of PTH on
trabecular and cortical bone among animal species (188). In rats
the trabeculae increase by PTH is primarily in trabecular thickness
and not in number. In mouse trabecular thickness, number, and
connectivity is increased. In primates the effect is primarily in
trabecular number and connectivity. In human the trabecular
bone volume and connectivity is primarily increased with a shift
from rod-like lamellar structures to more plate-like structures. In
the cortical envelope thickness is in general improved. In humans
an increase in cortical thickness and endosteal bone formation is
seen, but the periosteal bone formation and increased bone
diameter seen in lower animal species is in humans more contro-
versial (188, 197, 210-212).

Studies on the anabolic effect of PTH on regenerating bone
are sparser, but not less convincing (Appendix, table 1).
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In general, in animal models PTH enhances fracture healing
(138, 152, 158, 162) by improving the rates of callus formation,
callus mineralization, bone remodelling and callus mechanical
strength at an earlier time than in untreated controls. In closed
animal fracture models intermittent PTH(1-34) have all shown a
positive effect on both callus size and strength (104, 152, 155).
However, in an open fracture model of normal bone density, PTH
failed to increase the rate of union (159). Increased fracture
strength and callus volume was seen in rats with a tibia fracture
treated for 8 weeks with PTH(1-34) or PTH(1-31), even after with-
drawal of treatment (157). In rat models of closed fractures with
aged and moderately impaired bone-healing responses high
doses of PTH still enhanced callus size and strength (129, 151,
213). In overiectomized rats PTH improved fracture healing with
external callus consisting of more dense trabeculae, woven bone
and higher total bone volume (103). Although studies in lower
animals suggest increased fracture healing by an increase in callus
formation and size (104, 158), PTH accelerates fracture healing in
larger animals by shrinking callus size, accelerated callus matura-
tion and increasing callus mineralization (163).

The first human study on fracture healing has only recently
been published by Aspenberg et al in 2010 on non-operated distal
radius fractures treated with hPTH(1-34) (105). The study showed
a moderate reduced fracture healing time. The time to complete
cortical bridging in the PTH group was 7.4 weeks compared with
9.1 weeks in the control group.

The bone formation of PTH (1-34) has been evaluated by
placing bone conduction chambers in endosteal bone of rat tibia
(106) and rabbit mandible (214). Skripitz et al (106) found during
treatment from week 2 to 6 a small and non-significant increase
in ingrowth distances of bone into the chamber, a metaplastic
(membranous) ossification process, and with time a fivefold in-
crease in bone density within the bone chamber. In non-
implanted remodelling bone in the same rats an increase in densi-
ty was barely detectable.

Research on PTH treatment for implant fixation is mentioned
in the following section of the introduction “PTH and total joint
replacement” and Appendix, table 1.

Non-uniform response of PTH on bone sites

The anabolic response of PTH exhibits variations between
species (130-133). In models of lower animals, PTH is a powerful
bone anabolic agent. In humans and higher animals of clinical
relevance the magnitude is less profound. (130, 134).

PTH exhibits variations in anabolic response on bone in-
terskeletally between bone sites (108, 132, 144, 199, 206, 215-
219). Clinical trials measuring bone mass have shown that the
proximal femur appears to be less responsive to the anabolic
actions of PTH than the lumbar spine. (216, 217). In the femoral
neck of rats a strong anabolic effect has been described (220).
Also differences intraskelletally occur within the bone envelopes
of cancellous, endocortical, cortical, and periosteal bone (101,
104, 132, 148, 199, 209, 221-223). The effect of PTH appears to
be greater in cancellous than cortical bone (101, 111, 132, 135,
146, 199, 208, 209).

The anabolic response of PTH appears to be more pro-
nounced at sites of bone regeneration than at sites of normal
remodelling (104, 106, 107). In a rat study of regenerating bone
PTH (60 pg/kg/day) caused a five-fold increase in bone density in
a bone conduction chamber, whereas the increase in density in
remodelling bone in the same rat was barely detectable (107). In
contrast Andreassen (104) found increased callus formation in a

rat fracture model with a high dose of PTH (200 ug/kg/day). This
treatment not only affected callus formation but had a positive
effect on bone mineral density at the contralateral side as well,
although smaller.

The reason for the non-uniform anabolic response of PTH
has been related to differences in marrow composition at the
skeletal sites (red versus yellow marrow related to vascularity and
baseline rate of bone turnover) and loading conditions (148, 187).

PTH and total joint replacement

The effect of implant integration with adjuvant PTH treat-
ment has been investigated (Appendix, table 1). Research is ex-
perimental and based on the rat and rabbit model. The general
findings are increased implant osseointegration and mechanical
stability. Research is so far confined to situations of pathological
low bone density (127, 168, 170, 171, 174) or of screw insertion
transcortically (107, 108, 164-167, 169, 173, 224).

In ovariectomized animals rescue of bone loss before im-
plantation is assumed with PTH (1-34) 30 ug/kg 3 times weekly
when administered for 20 weeks before and 2,4 and 8 weeks
after titanium screw insertion (171). Commencing administration
of PTH (1-34) at the time of implantation reveal similar effect
increasing mechanical pull out force, stiffness and toughness with
5, 25, 75 pg/kg/day for 8 weeks (127). Osseointegration and bone
volume were increased with no difference between the highest
doses (127). When inserting titanium rods in tibia bone of protein
undernourished animals PTH (1-34) 40 ug/kg/day for 8 weeks
improves osseointegration (174). 25ug/kg PTH(1-34) 5 times
weekly rescued the peri-implant bone volume and mechanical
function by augmenting trabecular thickness (169).

In normal bone an increase in pull-out strength and removal
torque has been described 4 weeks after implant insertion with
daily injection 60 pg/kg PTH (1-34) (167). With the same dose
three times a week pull-out strength was increased at time point
2 and 4 weeks, and implant bone contact improved at 1, 2 and 4
weeks (108). Implants were threaded stainless screws located
trans-cortically with a cortical and subcortical bone element
contributing.

Cancellous osseointegration of an implant after administra-
tion of PTH (1-34) has not previously been studied in higher ani-
mal species in normal bone with implants of clinical nature.

2. AIM OF THESIS

Long-term survival of uncemented total joint replacements
relies on secure and lasting fixation. This is achieved by osseoin-
tegration. Parathyroid hormone administered intermittently has
an anabolic effect on bone.

This thesis presents three studies on the effect of implant
fixation with parathyroid hormone as adjuvant therapy in joint
replacements.

The specific aim was testing the hypotheses

*  Parathyroid hormone increases early osseointegration
and mechanical fixation of titanium alloy implants in
two settings — press-fit and gap (Study | and I1).

*  Parathyroid hormone improves the bone graft incorpo-
ration process by increasing early osseointegration and
mechanical fixation of titanium alloy implants with im-
pacted morsellised bone allograft around the implants
(Study 111).
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3. METHODOLOGICAL CONSIDERATIONS

STUDY DESIGN

This thesis evaluated the effect of adjuvant parathyroid
hormone (PTH) therapy on the initial integration of implants.

An experimental implant model was used with implants
inserted in canine cancellous bone and randomisation to treat-
ment with PTH (1-34) or control. An unpaired design was required
due to the systemic nature of PTH administration. Different im-
plant models were used depending on which aspect of the im-
plant fixation that was desired to study. Identical implant models
in identical implantation sites were compared within each study.
Asymmetric loading pattern among animals between the left and
right extremity may have applied. The studies were conducted in
one serie. The studies and implantation sites were considered
independent. In order to minimize bias to treatment, the groups
were blinded until mechanical and histological analysis was com-
pleted and analysed with the exception of the animal keeper who
administered the treatment of PTH/control.

EXPERIMENTAL MODEL

Experimental animals

Animal model

When initiating new treatments for human joint replace-
ments it is crucial that evaluation is done in a clinically relevant
model (225). An animal model is advantageous since the individu-
al elements in the process may be studied in a standardised set-
ting with high reproducibility. However, clinically in patients, the
bone healing capacity may vary depending on status of host bone,
concurrent diseases, drugs, and consumption of alcohol / tobacco
(226). This may influence interpretation and extrapolation of the
experimental data.

In studies of PTH several different animals were used. The
bone anabolic response of PTH exhibits varying magnitude de-
pending on species, the bone sites, and bone envelops tested
(108, 130, 131, 144, 199, 215). Lower level animals like rats may
be more advantageous because of low costs in large series and
homogenous populations. However, their bones are smaller and
they have sparse cancellous bone, which results in implants in-
serted in marrow or abutting cortical bone. Also bone differs in
composition (e.g. collagen content), hierarchical levels of bone
structure, and remodelling. A certain size of experimental animal
and bone sites are needed in clinically related studies of ortho-
paedic implants in order to have sufficient sized specimens for
histomorphometry and mechanical testing. The canine was cho-
sen as animal model on various grounds. The canine bone quality
is in many ways similar to and most closely resembles human
bone (227, 228). Canine bone is abundant in cancellous bone in
the meta- and epiphysis of the long bones. The implantation sites
were easily accessible, which reduced the surgical tissue trauma
and eased post-operative observation. Several bone-implant
studies in this model are available at our institution (229).

The studies were done in healthy bone and with a healing
capacity much larger than in humans. The remodelling rate in
dogs is 2-3 timer higher than in humans (230). This allowed a
relative short observation time. Choosing juvenile single sex
(male) canines reduced inter-individual biological variation in
bone structure.

Ethical considerations

The Animal Care and Use Committee of the Minneapolis
Medical Research Foundation (MMRF), Minneapolis, Minnesota,
USA approved the studies. The animals were purpose bred for
research. Surgery and observation was done at the Animal Care
Facilities of MMRF and Hennepin County Medical Centre, Minne-
apolis, Minnesota, USA. The site veterinary surgeon directed
surgery and animal care. The regulations of the National Institute
of Health, USA were followed.

Exclusion of animals

Two animals in the PTH group died on day 6 and 8 postoper-
atively. All other animals completed the observation period with
no other complications.

Implant models

Implant device
Three different experimental implant models were used
1. Implants inserted press-fit into surrounding bone (study
I, press-fit implant model, figure 1)
2. Implantsinserted in a 1 mm empty gap (study Il, gap
implant model, figure 2)
3. Implantsinserted in a 2.5 mm gap with morsellised
bone allograft impacted around the implant (study IlI,
grafted gap implant model, figure 3)

Implantation site

The models were designed to resemble the practice with
total joint replacements in humans with the component in the
cancellous bone. Therefore implants were inserted in the proxi-
mal humerus in metaphyseal bone or proximal tibia bone, which
enabled evaluation of implant osseointegration in the cancellous
bone envelope with no cortical envelope contributing to the
implant incorporation.

Inserting the implants in press-fit (study I) followed clinical
practice in which an implant is placed in an undersized implant
bone-bed (figure 1). Although intimate bone contact and initial
fixation of a clinical orthopaedic implant is intended by inserting
in press-fit, gaps of various sizes often exist between the pros-
thetic component and the surrounding bone. In the experimental
gap model (figure 2 and 3) the peri-implant gaps were standard-
ized and reproduced by applying consistent surgical technique
and implants. The size of the gap in study Il and Ill was estab-
lished in these experimental gap models from previous studies at
our institution. In the unloaded model with an empty gap (study
I1) the gap must be 1 mm or more in order to be a critical defect
with poor osseointegration at this observation time (229). In the
unloaded model with morsellised impacted allograft in the gap
(study 111) 3 mm with 6 week observation time implies (231, 232).
In the empty gap model (study Il) with no initial implant fixation
per se, a top-washer and footplate secured the implant stability
and maintained the concentricity of the gap. The washer also
prevented soft tissue from growing in from the outer surface. In
the allografted gap model (study Ill) the washers additionally
contained the graft material in the gap.

All models were limited by the lack of implant weight bearing
during gait cycle. Also the implants were not communicating with
joint fluid and thereby not exposed to joint fluid pressure (229).
However, the implanted bone was load bearing. In the proximal
tibia the medullary canal may extend relatively proximally. Post-
operative x-rays secured placements of implants.
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Figure 1

Figure 1. Study I. Press-fit implant model. Press-fit implant device, dimension 10x6
mm. Implant inserted in a 0.1 mm undersized bone bed in the left proximal tibia. X-
ray image at time of bone harvest completing 4 weeks treatment of PTH/control.

Figure 2

Figure 2. Study I. Gap implant model. Gap implant device, dimension 10x6 mm with
end-washers of 8 mm securing a 1 mm circumferential empty gap. Implant in the
right proximal tibia. X-ray image at time of bone harvest completing 4 weeks treat-
ment of PTH/control.

Figure 3

6 mm

Figure 3. Study lll. Allografted gap implant model. Gap implant device, dimensi-
on10x6 mm surrounded by a 2.5 mm gap impacted with morsellised allograft bone
secured by 11 mm washer. Implant in host of cancellous bone in the right proximal
humerus. X-ray image at time of bone harvest completing 4 weeks treatment of
PTH/control.

Implant characteristics

The cylindrical implant shape enabled standardization of
surgical procedures and peri-implant gaps by cylindrical hole
drilling. Also, mechanical analysis in push-out test is optimized.
Vertical sectioning of the central portions of the implant is also
possible, which is a prerequisite for unbiased stereological sam-
pling.

Implants for all studies were custom made by the same
manufacturer (Biomet Inc., Warsaw, IN, USA). Implants in a study
were from the same batch. All implants were cylindrical porous
coated with a nominal length of 10 mm and an outer diameter of
6 mm (table 4). Endcaps were attached in study Il with a diameter
of 8 mm and in study Il of 11 mm.

Table 4

Study I: Press-fit ~ Study Il: Gap Study IlI: Graft
Implant diameter 6.13 (0.14) 6.20 (0.06) 5.95 (0.09)
Implant length 10.24 (0.19) 10.91(0.12) " 10.94 (0.04) ¥
Endcap diameter n/a 8.00 (0.02) 11.06 (0.02)

Table 4. Dimension of implant. Data presented as mean (SD), Yl Length with one
endcap mounted on implant (footplate), n/a = not available.

Variation in diameter may be due to implant sphericity /
roundness and isolated spikes in implant porosity.

The implant core consisted of titanium alloy (Ti6AI4V) with a
plasma-sprayed porous coating of titanium alloy (Ti6AI4V) super-
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imposed (figure 1-3). The implant material and porous coating
was similar to the manufacturers clinically available implants.
Within a study implants were randomised to animals.

Four additional implants in each study were randomly cho-
sen among the implants intended for implantation. The surface
roughness was evaluated with quantitative topography (The
Danish Technological Institute, Copenhagen, Denmark) (Rough-
ness profilometer, Somicronic Surfascan, 3CS, Hommel Somicron-
ic, France) (table 5). Rotating the implant 45 degrees, eight meas-
urements per implant were performed.

Table 5
Study I: Press-fit Study Il: Gap Study IlI: Graft
Ra 55.6 66.1 66.3
(51.1-63.5) (60.7-72.8) (62.6-70.9)
Rz 267.0 307.1 322.5
(237.6-299.3) (290.4-323.3) (311.8-336.4)
Rq 67.3 79.0 80.0
(60.7-76.5) (72.8-85.5) (76.3-85.1)
Rmax 267.0 307.1 322.5

(237.6-299.3) (290.4-323.3) (311.8-336.4)

Table 5. Surface topography. Data presented as mean (range). Ra(um) =“average
surface roughness” / arithmetic average of the deviation from the mean line over a
sampling length, Rz(um) = average height difference between the five highest peaks
and the five lowest valleys, Rq(um) = root mean square value of the profile departu-
re, and Rmax(um) = maximum peak-to-valley height.

Parathyroid hormone

Hormone preparation

PTH and drug vehicle was prepared in a sterile environment
according to Andreassen (104) using a vehicle of heat inactivated
2 % canine serum (560 C, 1h) (S-1757, Sigma-Aldrich, Saint Louis,
USA) in 0.9% NaCl (NaCl, Baxter Healthcare Corp., Deerfield USA)
adjusted to pH 5 (Hydrochloric Acid 1.0 N, Mallinckrodt Chemi-
cals, Mallinckrodt Paris, USA). Before adding PTH the vehicle
solution was sterilised with a 0.22 um micropore sterilizations
filter (Nalgene Filtration 0.2, Nalge Nunc International / Apogent
Technologies, Rochester, USA) (233, 234). The drugs for the whole
study were prepared all at once and stored at -20°C until use.

Hormone administration

Postoperatively, the animals were randomly divided in two
groups of ten. The intervention group was injected with human
PTH(1-34) (Bachem Holding, Bubendorf, Switzerland)) subcutane-
ously 5 pg/kg body weight daily (with the exception of one day)
between 8 am and 10 am starting on the day after surgery and
continued until completing the 4-week observation period. The
animals were weighed once a week, and the doses were adjusted
to body weight in 0.5 kg increments. The control group was in-
jected with drug vehicle in similar volume. On day 11 PTH(1-34)
was changed from research grade to GMP grade (Bachem, Tor-
rance, CA, USA) with unaltered dosage. This change was made
due to concern on Tri-Fluoroacetic Acid (TFA) content.

Bone allograft

In study Ill the gap was impacted with bone allograft. Cancel-
lous allograft bone was harvested under sterile conditions from
the humeral heads of canines not included in the study. Prepara-
tion of graft for the whole study was done two days before im-
plant surgery. Using a bone mill (L160, 3M, St.Paul, MN), bone

from donors was milled once and mixed before being divided into
portions of 2 ml. The bone was kept frozen at -20°C. At surgery
the bone graft was thawed for one hour prior to use and inserted
into the peri-implant gap with custom-made impaction tools.
Using the finest grater in the bone mill, the graft was milled to
chips, which could be used in a 2.5 mm gap. These chips were
smaller than typical in the clinical settings and it is noted that
smaller chips incorporate and resorb faster (235). The amount of
allograft in the peri-implant gap was evaluated by weight with
mean (SD) 1.99 (0.15) g with no significant differences between
PTH treatment group and control. A top washer kept graft in
place and centralized the implant. All pre- and peroperative han-
dling of the allograft was done by the same person (HD) in order
to standardize impaction

Surgery and postoperative period

Surgery was performed under sterile conditions and under
general anaesthesia monitored by the site veterinary surgeon. In
order to control reproducibility of implantation at surgery the
same surgeon handled all implants in a study, implants were
inserted in a standardized surgical procedure with fixed land-
marks and postoperative x-ray confirmed correct implant posi-
tioning. All studies were performed in the same surgery session.

Surgical technique

Implantation sites were exposed. A K-wire was used to es-
tablish the point for implant insertion and to guide the cannulat-
ed drill while creating the drill hole. In order to avoid thermal
trauma to the bone drilling was at low speed (< 2 HZ) and cooled
with saline irrigation drip. The overlying fascia and skin was closed
in layers.

Study I: Press-fit. The anteromedial surface of the proximal
tibia was exposed by a medial incision. The cranial tibia muscle
and medial collateral ligament were spared and the periosteum
elevated in implant insertion area. A 2.5 mm guide wire was
inserted into the proximal tibia metaphyseal bone 12 mm from
the femurotibial joint line, perpendicular to the anterior medial
bone surface. Over the guide wire, a cannulated 5.9 mm drill was
used to drill the cylindrical bone bed cavity. Immediately after
drilling the implant was inserted.

Study II: Gap. The surgical access was identical as in study |.
An 8.0 mm cannulated drill prepared the cylindrical bone cavity.
Immediately after drilling, the implant with footplate was insert-
ed. The top washer was then mounted in situ, securing the con-
struct to the bone.

Study Ill: Graft. The incision was made on the lateral proxi-
mal humerus from the top edge of the greater tubercle. Blunt
dissection under the deltoid muscle exposed the periosteum. A
2.5 mm Kirschner-guide-wire was inserted anterolateral and
perpendicular to the surface at a distance of 1.7 mm from the top
of the major tubercle. The implant bed was drilled with a cannu-
lated 11 mm drill. The implant with the footplate was inserted
and premeasured bone graft was impacted. Finally, a top washer
was mounted onto the implant to contain the graft.

Postoperative observation

The dogs were housed individually and socialised daily in
groups. Animals were allowed unrestricted weight bearing. The
veterinary surgeon inspected the canines daily as to wound heal-
ing, weight-bearing, diet and general condition. All animals were
fully weight bearing the day after surgery.
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Observation time.

A long lasting joint replacement depends on early osseointe-
gration. In order to determine a potential optimization of the
early implant fixation a 4-week observation period was chosen. A
short period might not have given enough time to exert an effect.
A longer period might have depleted the effect in that the control
implant could have reached the same implant fixation as the
intervention. Also, a long period might exceed the clinical rele-
vance of early osseointegration. PTH per se shows species de-
pendency in potency and therefore effect-related in time. Previ-
ous studies in the applied canine implant models have shown that
stimulation factors with a 4 week observation period is sufficient
to improve osseointegration and implant fixation (229, 231).

Specimen block preparation

No clinical signs of infection at the implant sites were ob-
served at bone harvest. Joint fluid was obtained at euthanasia
and cultured to rule out infection. A block of bone containing
implants and surrounding bone was cut from the proximal tibia
(study I, ) and proximal humerus (study Ill), and bone specimens
frozen at -20°C until sectioning. All specimen preparation was
done blinded as to treatment group and by the same person in a
study. Two transverse bone-implant specimens were obtained
using a water-cooled diamond band saw and implant based
alignment post (Exact Apperatebau, Nordstedt, Germany) (figure
4).

Figure 4

35 65
]

Figure 4. Sectioning technique. Specimen from study Il illustrating sectioning tech-
nique. Implant in-situ in right humerus metaphyseal bone.

The first and most superficial specimen with a thickness of
3.5 mm was used for mechanical testing and stored at -20° C until
testing (figure 5). The inner 6.5 mm implant section was fixed in
alcohol 70% and processed for un-decalcified histomorphometric
evaluation with implant-in-situ. Hence, all specimens for mechan-
ical testing and histomorphometry were taken consistently from
the same part of the implant. This eliminated bias in potential
anatomical difference in peri-implant bone quality along the
implant length in specimens from alternating implant ends.

Figure 5

Figure 5. Sectioning technique illustrated with specimen from study Ill. Left image:
outer section specimen (3.5 mm) for mechanical testing. Right image: Inner section
specimen (6.5 mm) for histomorphometry using the vertical section method applying
4 sections around implant centre after random rotation around implant axis.

Sample size

The number of animals included was based on a sample size
estimation for the unpaired study groups using the equation
(236):

- = 22 ap +Zlfﬁ)2 SD?
1 2 dZ
Abbreviations are:
n; and n, is the number of individuals in each treatment group,
z;..52is the (1-0/2) quantile and z,, is the (1-f) quantile in the
standard normal distribution at two-sided testing. SD is the esti-
mated standard deviation on group differences assumed to be
similar in both groups; d is the minimal relative difference to be
detected.

The assumptions for sample size estimations were based on
mechanical and histomorphometric data from previous studies
using similar models at our institution. The risk of type | error (o)
was set to 0.05, and the risk of type Il error () was set to 0.2. The
standard deviation (SD) was 50% and the minimal relevant differ-
ence (d) was set to 80%.

Sample size was calculated to 16 and 20 animals were in-
cluded in the studies.

HISTOMORPHOMETRIC ANALYSIS

The implant osseointegration was evaluated by histomorphome-
try applying stereological methods in the sampling of sections and
of tissue parameters.

Histological specimen preparation

Staining

The specimens for histomorphometry were dehydrated in
graded ethanol (70-100 %) containing 0.4 % basic fuchsine
(Merck, Darmstadt, Germany) followed by embedding in methyl-
methacrylate (MMA, Merck, Hohenbruun, Germany). After spec-
imen sectioning, the surface was counter-stained with 2 % light
green (Light Green SF, BDH Laboratory Supplies, Poole, England)
for 2 minutes. The staining technique made it possible to distin-
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guish bone at the section surface (green), and fibrous tissue /
bone marrow tissue (red) (237).

The penetration depth of the light green stain was deter-
mined to be in the range of 3-10 um. This was evaluated on addi-
tional sections in study | with sections perpendicular to the
stained surface of the specimen block in the peri-implant bone,
which was not subjected to implantation. This is consistent with a
previous study at our laboratory (238).

Sectioning

Four vertical uniform random sections were cut with a hard-
tissue microtome (KDG-95, MeProTech, Heerhugoward, Nether-
land) (figure 5). Specimen blocks were random rotated around
the implant long axis in order to randomly establish the plane for
sectioning. The sections were cut serially at the centre part of the
implant, parallel to implant long axis, and 400 pm apart as the
space minimal achieved due to kerf of the saw.

The specimen thickness was determined to be mean (SD)
32.3 (7.0) um (study 1) and 40.8 (7.1) um (study II).

Implant length for histomorphometric analysis (study IlI) was
determined to be mean (SD) 5802 (503) um

Histomorphometric set up

Histomorphometric analysis was performed with light micro-
scope (Olympus BX50 (study I+11), Olympus BX51TF (study I1)).
The field of vision in the microscope image was transmitted to a
computer monitor. A computer assisted stereologic image analy-
sis application superimposed test probes on the image, and con-
ducted the sampling of the tissue parameters (CAST-Grid, CAST
Version 2.1.4, Olympus Denmark (study I-1l) and newCAST, VIS
Version 2.16.1.0, Visiopharm Integrator System, Denmark (study
).

In all studies the implant was oriented and aligned on the
microscope stage in the same way. The non-sectioned end of the
implant was placed so the end was at the top of the computer
screen, which in study Il-1ll was the end with the washer mount-
ed.

Definition of region of interest (ROI) was done with objective
x1.25, which with the microscope adapters, camera and comput-
er screen gave a total of magnification of x35 (study ), x54 (study
11), and x30 (study IIl). In study I-Il a template overlay on the com-
puter screen was used to outline the regions. In study Il the
software enabled outlining of regions with integrated measure-
ment lines. Parameter sampling was done at objective x10 (study
I-11) and x20 (study II) with a total magnification of x282 (study 1),
x431 (study Il) and x499 (study Ill). Calibration of Lens and Par-
Centre-Lens was done at the initiation of a study and the stage
orientation was secured daily.

Parameters were sampled by meander, which included
systemic sampling of the regions with random choice of the first
screen-field within the region. Line probes for surface fraction
sampling were sine weighed and random rotated, while volume
fraction sampling was with point grid counting (figure 6). Test
system was calibrated with minimum 100 tissue line interceptions
and points per region as recommended (239). The whole implant
surface and peri-implant tissue within region was sampled. Pa-
rameter sampling was done blinded and by the same person. All
regions were counted in the same session and independent.

Histomorphometry
The osseointegration of an implant was evaluated as bone-
in-contact with implant (tissue surface fraction) and peri-implant

bone volume (tissue volume fraction). Tissue at implant interface
and peri-implant bone was estimated in concentric zones of rele-
vance as to the implant model (figure 6+7+8).

Figure 6

Peri-implant

Figure 6. Study I. Press-fit Histomorphometry. Schematic drawing. Region of interest
(ROI) collectively defined on both implant sides, but illustrated on one side above: a)
interface (illustrated on right image) and b) peri-implant 0-500 um, 500-1000 um,
and 1000-2000 um (illustrated on left image). Interface tissue counting (surface
fraction) was done with sine-weighed line probe (right illustration) and peri-implant
tissue counting (tissue volume fraction) with point probe grid (left illustration).
Regions defined from the mean implant surface and 500 um below the cleared (non-
sectioned) end of implant.

Figure 7

Figure 7. Study Il. Gap. Histomorphometry. Schematic drawing. Region of interest
(ROI) collectively defined on both implant sides, but illustrated on one side above: a)
tissue ongrowth (surface fraction) at interface, b) tissue volume fraction in gap
divided in two of an in inner gap region and an outer gap region (500 um), and c)
tissue volume fraction in region of intact non-implanted bone (1000 um). Regions
defined from washer margin as a fixed point with a 100 um clearance at gap-intact-
bone-interface and 400 um below washer.

DANISH MEDICAL BULLETIN 14



Figure 8

Figure 8. Study lll. Graft. Histomorphometry. Schematic drawing. Region of interest
(ROI) collectively defined on both implant sides, but illustrated on one side above: a)
Tissue ongrowth (surface fraction) at implant surface, b) tissue volume fraction in
grafted gap of 2.5 mm divided in two of an outer region (1500 um) and an inner
region reaching implant surface, c) tissue volume fraction in region of intact non-
implanted bone (1000 um). Regions defined from end-washer margin as a fixed point
with a 100 um clearance at gap-intact-bone-interface and 500 um below washer.

Tissue definition

Histomorphometry was based on the tissue morphology.
Sampling was done with light and polarized microscopy.

Bone at the cut surface stained green. Overall, bone was
discriminated as woven bone, lamellar bone and allograft. Woven
bone was randomly organised in structure, in the cells and in the
fibrous organisation of bone matrix. Osteocytes were larger,
spherical and more widespread. Lamellar bone was organised
more homogenously and was arranged as lamellae in parallel
structures ("plywood” structure) with osteocytes being bipolar
and appearing flattened on a line. Allograft was in structure tra-
becular lamellar with empty lacunae and colourfastness. When
difficulties arose in discrimination between woven and lamellar
bone, polarized light was used in order to illuminate the inherent
differences in collagen fibre organisation. Fluorescence microsco-
py assisted the distinction of allograft.

Fibrous tissue and bone marrow stained red. Fibrous tissue
appeared as parallel fibres and low cell density. Bone marrow
tissue showed cellular masses of blood / marrow cells lying be-
tween round empty fat vacuoles.

Exclusions histomorphometric analysis

Study I: One implant specimen in the control group was excluded
before testing due to mix-up of implant devices during surgery.
Study II-lll: No implant specimens were excluded.

Bias

This thesis evaluated the osseointegration of an implant on
the tissue parameters at the implant surface (tissue surface frac-
tions) and in peri-implant bone (tissue volume fractions). These
3-D concentric areas around the implant represented the refer-
ence space for evaluation. From this space four vertical uniform
sections for histology was applied, regions of interest (ROI) were
defined and parameters sampled. These 2-D histological sections
were fractions of the 3-D reference space and therefore need to
be representative and equally unbiased sampled (uniform and

random). From the 2-D histological sections estimates were made
of tissue parameters present in 3-D and these estimates similarly
needs equally unbiased sampling. Bias may have involved the
sampling process reaching from histological sectioning to final
estimates of tissue parameters.

Stereological bias

Trabecular bone is anisotropic, which means that the bone
morphology is oriented (240, 241). A surface of an implant is also
assumed to be anisotropic. An unbiased sampling of histological
sections and of tissue parameters needs to take this into account
in the sectioning technique and in the probe chosen for parame-
ter sampling. The sampled tissue volume in the peri-implant bone
was a 3-D structure, while the tissue at the implant surface was
an area of 2-D. Stereological bias may be introduced if dimen-
sions-in-space of the probe are insufficient as to dimension-in-
space of the tissue parameters. Basic stereological principles for
unbiased sampling state that the sum of dimensions in the probe
and the parameter must equal at least 3. That is, the number of
dimensions in the tissue, which per se is 3-D, must not exceed the
sum of dimensions in the parameter sampled and the sampling
probe. This relates to equal probability of sampling. The probes
must be distributed uniform random and either the probe or the
tissue must be isotropic. Therefore, with stereological applica-
tions tissue volume fractions (3-D) can be estimated with dimen-
sionless point probes (0-D) and do not require isotropy of the
tissue estimated. Surface fractions (2-D) can be estimated by one-
dimension line probes (1-D) and as result require isotropy. In
order to obtain unbiased estimates of tissue parameters on the
implant surface either isotropic uniform sections or isotropic
random test probes on vertical sections apply (242, 243).

In all studies stereological sectioning and parameter sam-
pling was used (239, 242). The vertical sectioning technique was
applied with the long axis of the implant defining the vertical axis
for uniform random rotation. Rotating the cylindrical embedded
specimen block randomly defined the offset for the first section
(figure 5). Subsequent sections were done parallel and serial by
systematic uniform random section sampling. Sampling of four
serial sections of the central portion of the implant allowed three-
dimensionally structured tissue to be quantified.

Estimation of tissue parameters at the implant surface (sur-
face fraction) was done with sine-weighed line probes and peri-
implant tissue counting (tissue volume fraction) with point grid
probe (figure 6). The applied stereological methods in sectioning
and sampling have been shown to provide reliable estimates with
minimal bias (239, 244).

Tissue close to the implant surface may have been
overrepresented due to central section bias (244). Point probes
far from the implant vertical axis (surface) may have represented
larger volumes than in the reverse, which implies that a structure
far from surface was selected with less probability. This bias
inherent in the used implant model and sectioning technique has
been shown to be minimal (244).

Selecting sections

Sampling was done from four sections. Previous studies have
shown, that four sections as to 14 sufficed with limited effect on
variance (239). The first section was defined randomly and serial
sections were done with the space being the minimal achievable
(239). Applying sections with minimal achievable distance may
have introduced bias as to sections being representative. If bone
were homogeneous one section would have been sufficient.
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Applying four sections of approximately 35 um thickness and 400
um apart covered approximately 1300 um of the centre region.
However, by enlarging the sampling coverage in the specimen
block with further distance between sections may have intro-
duced bias in ROI definition and is therefore not applied.

ROI definition

The applied implant model was a cylindrical implant inserted
in bone in a cylindrical hole in press-fit (study I) or in a gap (study
I and IIl). A section for histomorphometry at the centre of the
implant represented the concentric peri-implant reference space.
A section away from the centre at the periphery of the implant
presented an oblique section as to the implant cylinder radius
(figure 9+10). In sections of extreme close to the implant periph-
ery, the peri-implant region appeared widened and ROI deviates
from the reference space.

Figure 9
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Figure 9. Section offset and ROI definition. Study I. Schematic drawing of a transverse
section of the implant. Left image: section at the implant centre, right image section
at the periphery of the implant. Gray circle illustrates the implant. The circle lines
outline the circumferential region 0-500 um and 500-1000 um around the implant.
Region of interest defined from the mean implant surface. Dotted line indicates the
region of interest with the section deviant from centre section.

Figure 10
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Figure 10. Section offset and ROI definition. Study Il. Schematic drawing of a tran-
sverse section of the implant. Left image: section at the implant centre, right image
section at the periphery of the implant. Gray circle illustrates the implant. The endcap
is not shown but corresponds to the outer circle line. Implant gap in this image is
divided in two of circumferential region 0-500 um and 500-1000 um around the
implant. Region of interest defined from the endcap. Dotted line indicates the region
of interest with the section deviant from centre section.

In all studies regions were defined with the implant as the
point of origin. The washer margin was considered an easy line to
define with high reproducibility. In study Il and Ill the end-washer
margin was the fix point for defining regions. From the washer-
line the regions were outlined starting at the washer margin
expanding in towards implant surface. The zones were of a de-
fined width, were in specified zones, and with the last zone reach-
ing the implant surface. In a section at the implant periphery the
ROl was however expanded predominantly in the inner zone
(figure 10). In study | there was not a washer and regions were
outlined from an arbitrary line defining the mean implant surface.
All zones were of a fixed width expanding outwards from the
implant surface. Increasing the distance between the implant
centre and the section decreased the fraction of reference cov-
ered by ROl on the histological sample, and this predominantly in
the outer zone (figure 9). The sampled region (ROI) did not cover
the entire reference space. The part not covered was the most
peripheral zone and the sampled regions may have represented
samples from neighbouring regions. Under the assumption of an
implant diameter of 6 mm, a maximum section offset from im-
plant centre of 1.3 mm and a reference space of 1000 um the
minimum coverage on the section was 93 %. In all studies the
sections were done on the same microtome and by the same
laboratory technician securing centered implant sections.

Tissue differentiation and staining

Tissue parameters were sampled at the implant interface as
tissue in direct contact with implant surface at light microscopy,
and in the peri-implant bone.

In study |, bone was discriminated as woven and lamellar
bone, and woven bone was assumed being the bone formed in
the observation period of the studies. New bone formation as
lamellar bone was not estimated. This may have introduced bias
in evaluating the new bone formation with the applied adjuvant
treatment. In study Il florescence aid and magnification modified
the bone differentiation with parameters of new bone and old
bone (allograft) in the gap.

Light green stained mineralised bone green. Osteoid was not
stained. This may have caused bias in new bone (study I-llI).

As seen in the results, the adjuvant PTH therapy may have
benefited from biases of new bone formation beeing underesti-
mated.

Section thickness

Histological sections need to be thin to reveal osseointegra-
tion as bone in contact with the implant on the light microscopy
level. In sections of implant-bone specimens the implant limited
the minimum thickness of the section. Specimen preparation
with mechanical removal of the implant after embedding has
been used. However, this technique imposes bias in the estimates
of tissue at the implant surface as tissue at the surface may be
removed with the implant. Histological sections in all studies were
processed as undecalcified sections with implant in situ in bone
securing estimates of tissue visually in direct contact with the
implant. The average thickness estimated was 32-41 um (study I-
).

Thicker sections may have had a shadow effect. This is
caused when an object is cut oblique to the object surface. In a
cylindrical implant this holds true with sections cut parallel to the
long axis at the periphery of the cylinder. This may impair the
resolution at the implant surface making it difficult to state
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whether or not true direct bone contact has been achieved. In-
creasing both section thickness and section offset from implant
centre increases the shadow effect. In the applied implant model
the bias on the parameters of tissue in contact with implant sur-
face was small with sections at the implant centre. Assuming an
implant diameter of 6 mm, a section thickness of 30 micron, and
that the sections were cut wit a maximum offset of 1.5 mm from
the implant centre, then the maximum shadow effect could be
calculated to be 17 micron. An osteoclast is around 50-100 mi-
cron. So, as long as the section sampling coverage was within 1.5
mm from the implant centre the shadow effect is acceptable.

Thicker sections may have caused tissue over-projection. In
thick sections tissue less transparent (i.e. more visible)(bone)
may have been oversampled. In all studies light green was used to
counter stain bone at the cutting surface, while bone deeper in
the section remained unaffected. The penetration depth of light
green was low. In the applied implant model the plane used for
sampling in the section was defined as only the most superficial
morphological focus plane in which also light green stained the
superficial bone tissue. This provided a reliable plane for focus
and sampling in the light microscope and minimized the bias of
over-projection.

Reproducibility of histomorphemtry

The histomorphometric reproducibility was estimated from
double measurements by the same person (intra-observer varia-
tion) using the identical equipment and setup (table 6-8). Four
implant specimens with two from each treatment group were
randomly selected and sampled at a monthly interval. Reproduci-
bility was expressed as coefficient of variance of tissue surface
estimates at implant interface and tissue volume estimates in

peri-implant regions:
k
N Gk DY &
cv = E'

X

Abbreviations are:

CV = coefficient of variation, k = number of double estimates, d =
difference between first and second double estimate, X = value of
first and second estimate.

Table 6
Bone Marrow  Fibrous
Interface 13 2 0
Region 0-500 um 9 2 0
Region 500-1000 um 8 2 0
Region 1000-2000 um 9 2 0
Table 6. Reproducibility, Press-fit model (study 1), CV in percent
Table 7
Bone Marrow  Fibrous
Interface 7 5 13
Inner gap 6 3 15
Outer gap 2 1 0
Intact bone 7 3 0

Table 7. Reproducibility, Gap model (empty gap) (study i), CV in percent

Table 8
Total bone New bone Oldbone Marrow Fibrous
Interface 4 8 3 7 0
Inner gap 1 3 4 1 0
Outergap 1 4 3 0 0

Table 8. Reproducibility, Gap model (grafted gap) (study Il), CV in percent

A test sampling was done at the initiation of each study in order
to minimize bias from the learning curve of tissue identification
and sampling.

MECHANICAL TESTING

Mechanical testing set-up

The mechanical implant fixation was evaluated by axial push-
out test to failure (MTS 858 Mini Bionix, MTS System Corporation,
Eden Prairie, MN, US) (Software MTS Test Star 790.00 Version
4.00). Testing of all specimens was done in one session and blind-
ed as to treatment group. Specimens in each study were tested
one hour after thawing. The specimens were placed on a metal
support jig and the implant centred over a 7.4 mm circular open-
ing assuring a 0.7 mm distance between the implant and support
jig (figure 11). The piston diameter was 5.25 mm and a preload of
2 N with a 5 second hold was applied. Implants were pushed from
the external side towards the inside of the bone. With a dis-
placement velocity of 5 mm/min and a 10 kN load cell, continuous
load (N) - displacement (mm) data were recorded.

Figure 11

Figure 11. Mechanical testing. Axial push out test with specimen placed on metal
platform with central opening. Specimen thickness nominal 3.5 mm, implant nominal
diameter 6 mm, support hole diameter 7.4 mm, preload 2N, displacement velocity 5
mm/min.

Mechanical fixation was evaluated from the normalised data as
the mechanical parameters (figure 12)

*  maximum shear strength

. maximum shear stiffness

*  total energy absorption
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Figure 12
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Figure 12. Mechanical testing. Normalisation of load-displacement curve enables
calculation of maximum shear strength (MPa), maximum shear stiffness (MPa/mm),
total energy absorption (J/m2).

Mechanical test type

The mechanical fixation was tested by a destructive push-out
test to failure. During weight bearing a prosthesis is exposed to
combined shearing, compressive and bending forces. The ideal
test for evaluating the mechanical fixation in this situation does
not exist. When testing the bone-implant interface different
values of the mechanical parameters are obtained depending on
the specific test and the test conditions. Also, the implant model
may restrict the usefulness of a test. A torsion test of cylindrical
implants generates values different from a push-out-test in main-
ly shear (245). The applied push-out test reflected the bone sur-
rounding the implant and at the interface, and the dynamic micro
interlocking of bone along the porous implant surface during
testing. The mechanical parameters reflected consequently not
only shear forces at implant interface, but also multiaxial tensile
and compressive forces of bone interdigiting with the implant and
surrounding tissue (246). A push-out test imitates more closely
the stress applied to prosthesis. If the experimental conditions
are well controlled the axial push-out test seems valid (245, 247).

Test conditions and bias

Bone is in general an anisotropic material (240, 241), de-
pending on bone site (248-251). This means that mechanical
properties depend on the loading direction and reflects its func-
tion as a load-bearing structure. All implants were tested along
the long axis of the implant. An implant based alignment post
ensured that specimens prepared for testing were cut perpendic-
ular to the long axis. Oblique specimen cuts as to the implant axis
may have resulted in overestimation of mechanical implant fixa-
tion due to multiaxial stress states around the implant, due to
relative larger implant surface, and due to supportive bone under
the implant axis. However, this potential bias was eliminated by
random distribution between treatment groups. In a push-out
test the mechanical data depend on the test direction. Reversing
the test induces different results (252). All implants in the studies
were tested in the same direction from the external side of the
bone inwards.

Bone is a viscoelastic material. Bone consists mainly of the
inorganic hydroxyapatite mineral and the pliant polymeric organic
collagen type | besides other elements as proteoglycans and

glycoproteins. The mechanical properties of bone are affected by
this bone composition and the degree of mineralisation (240).
The composition makes bone a viscoelastic material (253-255).
This means, that in the mechanical properties the stress
(force/area on bone) not only depends on the strain (percent
deformation of bone) but also on the time history of the strain
and rates of loading. This time-dependent material behaviour
gives rise to the mechanical phenomena as load ratio dependency
of stiffness, stress relaxation and creep. During mechanical testing
settings were accordingly chosen with a relatively low push out
rate and a standardised hold after preload. A standardized pre-
load established the contact position for starting the test.

Specimens were frozen until testing. This allowed mechani-
cal testing of all specimens in a study at the same time with the
same setup of push-out equipment. Freezing does not change the
mechanical properties of trabecular bone, nor repeated thawing
and freezing (256). Specimens were thawed at room temperature
before testing. This reduced the influence of water content on the
viscoelasticity of bone (257).

During mechanical testing the entire bone-implant-interface
and surrounding bone was evaluated. The clearance between the
implant and support jig was a critical factor in the test conditions.
A small distance with tight fit leads to stress concentration (245)
and vice versa. An opening of 0.5-0.7 mm shows low stress peaks
(247). The clearance was chosen as recommended (247). By using
a relative small opening the mechanical testing of the bone-
implant interface was optimised at the cost of information about
the mechanical properties of more distant bone surrounding the
implant.

Exclusions mechanical testing

Study I: Two mechanical implant specimens in the control
group were excluded before testing. One was excluded due to
incomplete implant exposure after sectioning and one because of
mix-up of implant devices during surgery.

Study Il: One mechanical implant specimen in the control
group was excluded due to oblique placement on the support jig
during testing.

Study Ill: One mechanical implant specimen in the control
group revealed incomplete implant exposure after sectioning and
was excluded at time of testing.

Treatment groups of the excluded specimens were blinded
until the mechanical testing of all implants was completed.

Mechanical parameters generated

All push-out parameters were normalised by the cylindrical
surface area of the implant section tested, which transforms load
data (N) into stress (Pa) (implant surface = t x diameter x length).

Table 9

Implant diameter  Implant length

Study | 6.12(0.14) 3.05(0.38)
Study Il 6.17(0.10) 3.22(0.19)
Study Il 5.91(0.13) 3.25(0.38)

Table 9. Dimension of implant specimens for mechanical testing. Implants measured
after mechanical testing. Data presented as mean (SD)

The normalised implant surface represents a smooth cylin-
der. The experimental implant surface is a porous coat with a
relative higher surface area. The normalised load-displacement
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data were therefore overestimated as to the true values. This did
not imply a bias. Implants were similar and randomly distributed
in the two treatment groups.

Maximum shear strength (Pa) was determined from the
maximum force applied until failure of the bone-implant interface
(figure 12). Mechanical failure at the bone-implant interface was
regarded as the first peak on the stress-displacement curve. The
linear slope in the elastic region of the stress-displacement curve
defined the stiffness of the bone. The maximum shear stiffness
(Pa/mm) was the maximum slope between 10 points successive
sampled at testing (=0.03-0.04 mm). The energy required to cause
mechanical failure was defined as the total energy absorption
(J/m2) and calculated as the area under the stress-displacement
curve until failure.

Mechanical parameter evaluation

The mechanical parameters reflected different aspects of
implant fixation and depended on properties of the peri-implant
tissue.

The maximum shear strength reflected the stress that the
tissue-implant can tolerate at the interface before ultimate failure
on a stress-displacement curve at the given displacement rate.
The maximum shear stiffness reflected the rigidity or elastic mod-
ulus of the tissue at the tissue-implant interface, while total ener-
gy absorption was a measure of toughness or energy required to
cause failure.

Type | collagen is distensible in tension but lacks resistance
to bending. The mineral component in bone improves the bone
stiffness (258). Increased bone stiffness may impair the ability to
deform and adsorb energy making the material more brittle
(258). During loading the brittle mineral confers stiffness and is
protected by energy adsorption by collagen deformation and by
noncollagenous proteins. These dissipate energy by reversibly
breaking intrahelical bonds to provide hidden length (259, 260).
In this respect the energy absorption in evaluating mechanical
fixation and testing of an implant may seem more important.

During a gait cycle weight bearing of a prosthesis is trans-
ferred as stress forces to the bone-implant compound. Motion of
the bone-implant beyond modest limits impairs the longevity of a
prosthesis. This is due to impaired peri-implant bone growth and
reduced protection against fluid-pressure at the interface induc-
ing fibrous encapsulation and osteolysis by wear-particles from
the prosthesis components (25, 26, 261). The movement at the
bone-implant interface is determined by the stiffness and in-
creased stiffness reduces the micromotion. In this respect stiff-
ness in the mechanical implant evaluation is relevant. It may be
argued, that loading of a prosthesis during gait applies stress
substantially less than the point of total implant failure. Improving
the mechanical fixation in terms of strength is in this respect less
relevant.

Reproducibility of mechanical testing

Determination of reproducibility for the push-out test was
not possible due to its destructive nature. Reproducibility of the
estimated mechanical parameters was not done; since the esti-
mated mechanical values were auto generated as Microsoft Excel
spreadsheet formula.

STATISTICAL ANALYSIS

STATA statistical software (Stata 10.1, StataCorp, College
Station, TX, USA) was used. Since normality in data distribution
could not be assumed, statistical analysis was non-parametric. A

two-sample Wilcoxon rank-sum (Mann-Whitney) test was ap-
plied. Estimates were given as medians and interquartile ranges,
and two-tailed p-values less than 0.05 were considered statistical-
ly significant.

4. RESULTS

SUMMARY OF STUDIES

Study overview of parameters of osseointegration and mechani-
cal fixation of implants inserted in press-fit (study 1), in an empty
gap (study Il) and in a gap impacted with morsellised bone allo-
graft (study I1) (table 10).

Table 10
Study I:  Study Il:  Study IlI:
* Histo- * Interface: T -4 -
morpho- Bone in contact fraction
metry ¢ Gap region: n/a ™ T

Bone fraction
* Intact bone region: - - -
Bone fraction

¢ Mechanical ¢ Max Shear Stiffness - T
testing ¢ Total Energy Absorption — T -
* Max Shear Strength - -2

Table 10. Summary of studies. Change of PTH relative to control. “I“ indicates

u_u

significant increase (p<0.05), “~“ no significant differences, ” R p=0.07, and ” 2w
p=0.08, n/a = not available.

STUDY |

Hypothesis

Treatment with intermittently administered PTH increased
the osseointegration and mechanical implant fixation of Ti-alloy
porous coated implants inserted in press-fit with surrounding
bone after 4 weeks in a canine model.

Histology

Woven bone was observed at the interface and also within
the implant porosity in both treatment groups (figure 13). Around
the PTH implants bone trabeculae adjacent to the implant were
more voluminous in structure and a relative high density of bone
was seen. No implants revealed a detrimental dense fibrous
membrane.

Histomorphometry

PTH caused a significant 1.4 fold median increase in woven
bone in contact with the implant (table 11). In the immediate
adjacent region (0-500 um) and in the additional circumferential
regions of intact host bone outside the drill hole (500-1000 um
and 1000-2000 um) no significant differences in tissue density of
bone types and fibrous tissue were observed.

Mechanical fixation

PTH caused no significant increase in mechanical parameters
(figure 14). In the PTH group maximum shear strength was medi-
an (interquartile range) 3.7 (3.1-4.4) MPa and in control 4.0 (3.3-
4.4) MPa. Maximum shear stiffness in the PTH group was 18.7
(12.7-24.2) MPa/mm and in control 17.3 (15.9-24.4) MPa/mm.
Total energy absorption in the PTH group was 1016.5 (871.5-
1229) J/m2 and in control group 849.5 (698.5-1103) J/m2.
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Figure 13

N

Figure 13. Photomicrograph of representative histological samples. Implant inserted in press-fit with surrounding bone. Control implant (figure a) and PTH implant (figure b).
Staining technique basic fuchsine (red) and light green (green=bone). Black=Implant. Bar 900 um.

Table 11
Woven bone Lamellar bone  Marrow Fibrous

Interface Control 11 (8-13) 6 (3-9) 84 (83-85) 0 (0-0)

PTH 15 (13-18) * 3(2-5) 80 (76-82) * 0 (0-0)
Region Control 10 (4-13) 13 (5-16) 78 (77-80) 0 (0-0)
0-500 um PTH 14 (10-17) 8 (6-13) 75 (72-79) 0(0-1)
Region Control 4 (2-7) 20 (15-23) 74 (73-78) 0 (0-0)
500-1000 um PTH 7 (5-12) 13 (12-22) 77 (74-80) 0 (0-0)
Region Control 2 (1-3) 18 (16-20) 80 (79-82) 0 (0-0)
1000-2000 um ~ PTH 3(3-4)" 15 (11-16) ¥ 83(81-85) 0 (0-0)

Table 11. Study I: Press-fit. Fraction of bone, marrow-like and fibrous tissues at the implant surface, in the concentric region 0-500 um, region 500-1000 um, and region 1000-
2000 um around the implant. n(control) = 9, n(PTH) = 8,. Mann-Whitney test, median, interquartile range. * p < 0.05, y p =0.07 within region and PTH compared to control.

Figure 14
Maximum Shear Strength (MPa) Maximum Shear Stiffness (MPa/mm) Total Energy Absorption (J/m2)
2 &
*] g
(=3
o o o
Control PTH Control PTH Control PTH

Figure 14. Study I: Press-fit. Mechanical results. Box plot. Maximum shear strength, maximum shear stiffness, and total energy absorption. n(control) = 8, n(PTH) = 8. Mann-
Whitney test. No significant (p 2 0.05) differences PTH compared to control.
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STUDY Il

Hypothesis

Treatment with intermittently administered PTH increased
the osseointegration and mechanical implant fixation of Ti-alloy
porous coated implants inserted in a gap in normal cancellous
bone after 4 weeks in a canine model.

Histology

Implants treated with PTH showed abundant bone at the implant
surface and in the gap (figure 15). The bone was immature with
trabeculae of no specific orientation, was more connective and
thicker than in the control group. In the PTH specimens, trabecu-
lae were more abundant. They appeared thinner in the gap region
compared to the region of intact host bone. Fibrous tissue was
observed in 6 PTH implants and 5 controls located in the inner
gap and at the bone-implant interface.

Figure 15

Histomorphometry

Treatment with PTH caused a significant increase in bone in
the 1 mm peri-implant gap (table 12) with a 2.5 fold median
increase in the outer half and 2.4 fold increase in the inner part.
At the interface, PTH showed a non-significant difference in bone
in contact by median 1.6-fold (p=0.07). No significant differences
in fibrous tissue were seen in the gap or at interface. In the peri-
implant region of the host bone not subjected to implantation no
differences in bone or fibrous tissue was found.

Mechanical fixation

Treatment with PTH significantly increased maximum shear
stiffness and total energy absorption (figure 16). No significant
increase in maximum shear strength was found. Shear stiffness
was increased 2.0 fold with median (interquartile range) PTH 17.4
(12.7-39.7) MPa/mm and control 8.8 (3.3-12.4) MPa/mm. Energy
absorption was 1.7 fold higher with median (interquartile range)
of PTH 781 (595-1198) J/m2 and control 470 (189-596) J/m2.
Shear strength showed a 1.5 increase with PTH 3.0 (2.6-4.9) MPa
and control 2.0 (0.9-3.0) MPa (p=0.08).

Figure 15. Representative histological samples. Implant inserted in an empty gap. Control implant (figures a+b) and PTH implant (figures c+d). Green is bone and black is

implant. Bar 1000 um in images figure a+c and bar 500 um in images figure b+d.
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Table 12

Bone Marrow Fibrous
Interface Control 10 (7-12) 77 (70-88) 8 (0-21)
PTH 16 (11-20) ¥ 74 (56-80) 7 (0-35)
Inner gap Control 13 (11-18) 82 (77-85) 2 (0-7)
PTH 33 (26-36) *** 60 (53-69) **  3(0-14)
Outer gap Control 10 (6-14) 90 (86-94) 0 (0-0)
PTH 27 (20-37) ** 73 (63-80) **  0(0-0)
Intact bone  Control 22 (19-23) 78 (77-81) 0 (0-0)
PTH 22 (18-30) 78 (70-82) 0 (0-0)

Table 12. Study II: Gap. Fraction of tissue at implant surface, in a 1 mm gap region divided in two of an outer gap (500 um) and inner gap, and in a region of non-implanted
intact bone outside the gap (1000 um), n(control) = 10, n(PTH) = 8. Mann-Whitney test, median, interquartile range. **p<0.01, *** p < 0.001, Y p =0.07, PTH compared to
control within region.

Figure 16

Maximum Shear Strength (MPa) Maximum Shear Stiffness (MPa/mm) Total Energy Absorption (J/m2)
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_ =

Control PTH Control PTH Control PTH

Figure 16. Study II: Gap. Mechanical results. Box plot, median, quartiles, sample range. Maximum shear strength, maximum shear stiffness, and total energy absorption.
n(control) = 9, n(PTH) = 8. Mann-Whitney test, * p < 0.05, y p =0.08, PTH compared to control.

bone was seen. There was no significant difference in the amount
STUDY Il of allograft in the PTH group compared to control. No increase in
formation of new bone was observed on the surface of the im-
plants in the PTH group. An only sparse and unaltered amount of
allograft was observed on the surface.

PTH did not improve total bone fraction in the intact host
bone as no differences were observed in the 1000 pm circumfer-
ential region outside the original drill hole. Total bone density
median (interquartile range) for PTH was 31 (27-36) % and control
33 (22-38) %. Density of marrow tissue for PTH was 69 (64-73) %
and control 67 (62-78) %, and no fibrous tissue was observed in
either treatment groups.

Hypothesis

Treatment with intermittently administered PTH increased
new bone formation, preserve the allograft, and increased the
mechanical fixation of Ti-alloy porous coated implants inserted in
a gap of normal cancellous bone with impacted morsellised bone
allograft around the implants after 4 weeks in a canine model.

Histology

New bone and graft filled the gap in both the control and
PTH groups (figure 17). A common observation in the PTH group
was of allograft chips embedded in new bone with bridging tra-
beculae to neighbouring graft chips and thereby displaying high
connectivity. Resorption lacunae on the allograft were sparse. At
the interface, new bone dominated implant contact as an inter-
vening bone layer between bone graft and implant surface. In the
control group new bone formation appeared more rare with less
connectivity.

Mechanical fixation

Implants surrounded by allograft and treated with PTH or
control showed no significant differences in the mechanical pa-
rameters (figure 18). In the PTH group maximum shear strength
was median (interquartile range) 4.8 (3.5-5.3) MPa and in control
4.6 (3.6-6.1) MPa. Maximum shear stiffness in the PTH group was
30.1 (23.6-38.3) MPa/mm and in control 26.5 (25.5-35.7)
MPa/mm. Total energy absorption in the PTH group was 963

Histomorphometry. " . . . (780-1339) J/m2 and in control group 962.5 (828-1704) J/m2.
PTH caused a significant increase in the amount of bone in

the gap (table 13). A significant 1.4 fold median increase in new
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Figure 17

Figure 17. Photomicrograph of representative histological samples. Implant inserted in a gap with impacted morsellised bone graft. Control implant (figures a+b) and PTH
implant (figures c+d). Staining technique basic fuchsine (red) and light green (green=bone). Black=Implant. Bar 2000 um in images figure a+c and bar 500 um in images figure

b+d
Table 13
Total bone New bone Old bone Marrow Fibrous
Interface Control 12 (8-16) 10 (7-15) 1(1-2) 87 (84-92) 0 (0-0)
PTH 12 (9-16) 12 (8-14) 1(1-2) 86 (83-88) 0(0-1)
Innergap  Control 26 (23-30) 14 (13-16) 13 (9-17) 73 (70-75) 0 (0-0)
PTH 33 (28-34) 20 (16-22) Vo3 (11-15) 67 (65-70) 0 (0-0)
Outergap Control 26 (23-27) 15 (14-16) 11 (8-12) 74 (73-77) 0 (0-0)
PTH 30(27-32) *  21(17-23)* 8(7-12) 70 (68-73) Y o (0-0)

Table 13. Study Ill: Graft. Fraction of new bone, old bone, total bone, marrow-like and fibrous tissues at implant surface, and in concentric peri-implant gap of 2.5 mm divided in
an outer gap (1500 um) and inner gap. n(control) = 10, n(PTH) = 8. Mann-Whitney test, median, interquartile range. * p<0.05, I p =0.07, PTH compared to control within

region.
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Figure 18
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Figure 18: Study Ill. Graft. Mechanical results. Box plot. Maximum shear strength, maximum shear stiffness, and total energy absorption. n(control) = 9, n(PTH) = 8. Mann-

Whitney test. No significant (p 2 0.05) differences PTH compared to control.

5. DISCUSSION
STUDY I, I, Il

The studies in this thesis were based on the challenges that
the orthopaedic surgeon is faced with in total joint replacements.
Press-fitting the prosthetic component into the prepared cancel-
lous bone bed aims at stabilizing the prosthesis at surgery. Yet,
implant porosity and subsequent bone resorption call for bone
formation in order to maintain implant stability and seal the
bone-implant interface against wear particles and resulting oste-
olysis. The effect of PTH(1-34) in press-fit implant insertion forms
the basis of study I. In spite of intended insertion in press-fit, gaps
exist around the implant at the time of insertion. In study Il we
examined whether PTH(1-34) could improve implant fixation in
the more challenging situation of empty gaps surrounding the
implant. In primary and revision surgery settings, even larger
bone defects may complicate and require bone grafting in order
to consolidate implant stability and fill defects. The effect of
PTH(1-34) on bone-grafted implants comprises study /Il

The papers in this thesis showed that human PTH(1-34)
could stimulate cancellous bone healing indicating that the effect
of PTH(1-34) in the given manner is anabolic. In a canine model
PTH(1-34) increased peri-implant bone at implants inserted press-
fit, in an empty gap, and in a gap impacted with bone graft. In
study I, PTH(1-34) increased osseointegration of implants inserted
in press-fit by increasing new bone formation at the implant
surface. In the gap studies Il and Ill, PTH(1-34) improved the bone
formation in the gaps that surrounded the implants. PTH(1-34)
increased the implant fixation of implants in a gap (study II), while
fixation was unaltered of implants secured in press-fit (study 1)
and implants impacted in bone graft (study IlI). In study Ill the
volume of bone graft was unaltered, while concurrent bone for-
mation improved. Although the PTH(1-34) treatment in all models
stimulated bone deposition in healing bone, bone in intact non-
implanted bone was not influenced.

Much research has been accomplished in animal models
examining the role of PTH in bone remodelling - less so in models
of bone repair. The large animal study is an important stride
between the experimental studies and the human trial for devel-
oping new technologies in implant fixation. Given that the models
were experimental, a confined standardised implant element may
be evaluated. However, models were experimental and hence

clinical adaptations. Therefore, extrapolation of results should be
done in the context of the used experimental model and the
design. The used experimental models were designed to imitate a
cementless total joint replacement with various implant designs
inserted in canine cancellous bone. The observation period repre-
sents a cross-section of the achieved peri-implant healing process
at the given time point and PTH(1-34) was administered in a
single dosage.

We decided to do all implant studies in the same series of
animals utilising the available bone sites suitable for implant
research. This approach had some advantages and disadvantages.
The advantages included ethical, economical and time. Although
we did not directly compare results in-between the three studies,
it would be an advantage that we knew that the same dose was
given in the all studies. On the other hand, this approach also
carries risks, as loss of animals or error would affect all studies.
Further changes in PTH dose or observation period was not possi-
ble.

We would have liked to have done a proper dose-response
study prior to the studies presented. However, this would have
required a large number of experimental animals, which was not
possible for a number of reasons among these ethical and eco-
nomical. As described earlier we estimated the optimal dose
based on the literature. It is therefore a premise for this study
that the optimal dose was not known in a canine model of bone
repair.

In our studies we experienced loss of test animals. As we
could not do immediate autopsy to establish whether the test
animals had unknown illnesses, we had to look for other reasons
for these sudden animal deaths. Consultations with various ex-
perts lead to the suspicion that the carrier TFA could have a toxic
effect. In order to salvage the study and prevent further animal
deaths we decided to change to GMP grade PTH(1-34). According
to the manufacturer the dose and kinetics were similar. We rec-
ognize that different carriers may potentially change the effect of
a given treatment, but in this case we found the substitution
reasonable and did not expect any major differences in the effect
exerted on bone.

The loss of the two animals in the treatment group was
unfortunate. The study set-up allows for loss of animals. It is
however clear that a loss of animals increased the risk of misin-
terpretation of data.
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The aim of PTH treatment was to improve osseointegration
and implant fixation.

Study | demonstrated that PTH(1-34) treatment could signifi-
cantly improve the amount of new bone in contact with the im-
plant surface. The osseointegration (as originally defined by
Branemark (30)) improved, but this did not gain effect mechani-
cally. We found PTH(1-34) improved bone formation at the im-
plant but not in the innermost region adjacent to the implant.
Study | used a press-fit model, which implied that a slightly over-
sized implant was inserted into a predrilled cavity. Inserting an
implant in press-fit secured the implant initially and confined the
need for bone repair to the bone only just at the implant surface.
A potential mechanical improvement could therefore be expected
to relate to the improved bone at the interface. From previous
studies we know that implants inserted in this model, generally
have a good mechanical fixation at the 4 week observation peri-
od. We know that only very potent adjuvant therapies can signifi-
cantly increase the mechanical fixation. On the other hand adju-
vant therapies, which may increase bone resorption at the
interface, can potentially decrease fixation and increase the risk
of loosening. Therefore implant studies using a press-fit setting is
absolutely necessary in order to evaluate treatments. It is evident
from the results that the increase in woven bone was not suffi-
cient to increase the mechanical fixation. We have seen similar
results in previous studies using other adjuvant therapies (262,
263). However it is interesting that an increase in woven bone
was observed without decreasing the amount of lamellar bone,
and the increase in bone was observed in the primary area of
healing. Although intermittent PTH(1-34) did not improve the
mechanical fixation of the implant inserted in press-fit, the im-
proved osseointegration may contribute to long-term implant
survival by sealing the interface.

Study Il demonstrated, that PTH(1-34) treatment significantly
improved the bone formation in the peri-implant empty gap.
Although study Il failed to demonstrate significant improvement
in bone at the implant surface, the increased bone in the gap was
sufficient to increase implant fixation. Study Il used a gap-model
of implants inserted in an empty gap. This imitated the clinical
situation in which peri-implant spaces exist around the implant.
These spaces represented areas with no structural support of the
prosthesis, and at the same time extensions of an effective joint
space. In this model the bone repair exceeded the need at the
implant surface for stabilizing the implant. Inserting implants in a
gap strained the needs for subsequent stabilisation of the implant
by bone growth. PTH(1-34) improved implant fixation and bone
healing around the implant. Previous studies in this implant mod-
el have shown, that differences in bone volume can be estab-
lished in a 1 mm gap. Intermittent PTH(1-34) improved the bone
volume in the entire gap with bone expanding the gap to the
implant surface and no significant differences in fibrous tissue. In
a rat study in tibia, Skripitz demonstrated, that intermittent
PTH(1-34) does not improve ingrowth distance into a bone con-
duction chamber. However, PTH(1-34) increased the bone for-
mation behind the ingrowing bone-formation-frontier (106, 107,
201). In the 1 mm gap we used in our study, the formation fron-
tier apparently exceeded the gap at this time point, which im-
plies, that a critical gap of larger size could have been evaluated.
Regenerating bone appears to be more responsive to the anabolic
actions of PTH(1-34) than intact remodelling bone (106, 107). In
study Il, bone in gap improved, while no difference was observed
outside the gap in intact bone. The difference could be related to
the extent by which bone repair is needed in healing bone as to
normal remodelling bone (170).

Relating study | and Il to research on the anabolic response
of intermittent PTH in joint replacements confines to experi-
mental studies in the rat and rabbit model. Intermittent treat-
ment with PTH improves mechanical fixation of screw implants
inserted transcortically in normal bone (108, 164, 167) or as rods
in cancellous bone of low bone density (127, 168-170, 174). A
positive effect on bone formation has been seen with implants
(screws and rods) inserted in normal bone (108, 172), aged bone
(173), and bone of low bone density (171). The use of a model in
lower animal species, the implant type, and the transcortical
implant localisation explains the mechanical divergence com-
paired to our press-fit model. To our knowledge, no studies have
evaluated implants inserted in a gap.

Bone graft is an inert material in which the mechanical prop-
erties per se remain unaltered over time. As part of the initial
healing process bone graft becomes embedded in fibrous / granu-
lation tissue. Graft material induces bone formation and resorbes
as it remodelles. When loading the bone graft mechanically, bone
chips become interlocked. PTH is anabolic on bone. An expected
outcome of study lll would be an increase in the amount of new
bone in the allograft and allograft being preserved leading to
improved mechanical fixation in the PTH(1-34) treatment group.
Study Il demonstrated, that PTH(1-34) treatment increased for-
mation of new bone within the allografted gap and increased
total bone. While bone formation improved, the volume of allo-
graft was unaltered. In the dosage used, intermittent PTH(1-34)
improved bone formation, with no significant catabolic effect on
bone. Although intermittent PTH stimulates osteoblast activity,
increased osteoclast activity as part of the PTH response is sug-
gested. We did not see differences in old bone, and this might
support that PTH(1-34) did not significantly induce bone resorp-
tion. Concurrent with the unaltered volume of old bone and the
improved new bone in the gap, the mechanical fixation was unal-
tered. This implies, that at this time point the mechanical fixation
constituted of the bone graft supporting the implant and not new
bone. However, in general, in the situation of peri-implant defects
impacted with bone graft new bone formation within the graft is
essential as graft in time resorbes and the new bone succeeds the
supportive role securing implant integration and fixation. Bone at
interface did not improve, which could be subscribed to impac-
tion and time of observation (79, 80)

CLINICAL PERSPECTIVE

The results from study I-1ll are promising. PTH increased
bone healing and mechanical fixation of orthopaedic implants in
higher animal species, and a clinical application may seem rea-
sonable. Study I-ll related to the setting of a primary arthroplasty
with implants inserted in normal bone. Study II-1ll related to the
revision setting, in which various defects exist around the im-
plant, which might restrict implant stability and may necessitate
bone grafting.

When considering the clinical perspective in treatment with
PTH at joint replacement surgery, considerations apply.

Retrieval studies have shown, that bone ingrowth to the
prosthesis varies (64-66). To gain stability of an implant it is pro-
posed that a certain minimum of bone integrates the implant in
every dimension. The question still remains as to what extent of
bone contact clinically correlates to stability and hence osseoin-
tegration. Some well-functioning acetabular and femoral stems
may become fixed by fibrous tissue instead of bone ingrowth (5,
23) and even if one or two point bone contact can be demon-
strated this need not represent actual osseointegration of the
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entire implant (264). Retrieval studies have shown, that in the
proximal part of the femur more bone ingrowth is seen at the
anterior and medial sides of femoral components than the lateral
and posterior surfaces. This part of the femur represents the
metaphysis. In these regions porous-coated implants often have
bone extending from the coating to the proximal femoral cortex.
As the femur narrows from metaphysis to diaphysis, bone in-
growth becomes more circumferential. The clinical potency of
PTH in integrating a joint replacement component may diverse
along the prosthetic component depending on bone localisation
and vascularity variations.

One concern regarding the use of intermittent PTH as adju-
vant therapy in implant fixation is the effect on bone after termi-
nating the treatment. Discontinuation of PTH has been shown to
lead to loss of the anabolic effect of PTH on bone in rats (224,
265, 266). While a successful osseointegration maintains its bone
anchorage over a long period, the PTH osteoconductive response
may then be short lived. Further studies are needed beyond the
period of the initial PTH treatment in relation to the subsequent
remodelling, and this in higher animal species of relevant size and
implant type. Intermittent treatment with PTH followed by
bisphosphonates may be relevant, as shown in the treatment of
osteoporosis (267).

FUTURE RESEARCH

Further studies are needed in large animal models, and

attention should be focused on:

* determination of PTH’s bone healing potential with im-
plants in larger empty gaps, with longer treatment peri-
ods, in a dose-response study and weight bearing

*  bone remodelling and effect on implant fixation after
terminating PTH treatment

*  local administration of PTH in applications securing in-
termittent dosage

e  concurrent bisfosfonate treatment in combined and/or
alternated dosage with PTH

. osteoconductive implants (HA coated, surface textured,
RGD coated) in combination with PTH treatment

. local BMP treatment in combination with PTH treat-
ment

6. CONCLUSION

The studies presented in this thesis demonstrated, that
intermittent administration of human PTH(1-34) increased bone
healing around orthopaedic implants inserted in press-fit in bone,
in an empty gap and in a gap impacted with morsellised bone
graft. This increase was notable in the implant model with peri-
implant gaps, where no other elements than the pure bone
stimulation improved the mechanical fixation. These results were
obtained in a study with no knowledge of an optimal dose from
previous dose-response studies. We are therefore convinced, that
with administration of an optimal dose the effect will be much
greater.

7. SUMMARY

INTRODUCTION

Primary joint replacements generally function well with excellent
clinical results. However, failure rates for young patients are still

high and increasing in number. The long-term survival of an
uncemented prosthesis is influenced by multiple factors depend-
ing on host physiology as well as properties of implanted materi-
al, initial mechanical stability, early osseointegration, and the
surrounding bone.

Parathyroid hormone is the principal regulator of calcium
homeostasis and involved in the control of bone remodelling.
Parathyroid hormone administered intermittently increases bone
formation and mass by osteoblast stimulation. Early osseointegra-
tion and implant fixation could potentially be enhanced with
adjuvant parathyroid hormone treatment.

The aim of the studies in this PhD thesis was to determine if
implant fixation of experimental implants can be improved with
adjuvant intermittent administration of parathyroid hormone.

STUDIES

All studies used an experimental canine model of early im-
plant fixation inserting porous coated titanium alloy implants with
no weight bearing in a bed of cancellous bone. The study design
was un-paired. Test animals were randomised to PTH (1-34) 5
um/kg daily for 4 weeks. Implant fixation was defined by mechan-
ical stability and osseointegration.

Study | investigated the effect of parathyroid hormone on
implant fixation of implants inserted press-fit with surrounding
bone in the proximal tibia of 20 canines. Histomorphometric
analysis showed increased amount of new bone in contact with
the implant. No improvement was observed in the surrounding
bone. PTH did not increase mechanical fixation in push-out test.

Study Il investigated the effect of parathyroid hormone on
implant fixation of implants surrounded by a critical 1 mm gap.
Implants where inserted in the tibia of 20 canines. Bone density
was increased in the inner gap and outer gap with PTH treatment.
Bone at implant interface improved with PTH but did not achieve
significance. Push-out testing showed that PTH increased me-
chanical implant fixation in shear stiffness and total energy ab-
sorption. Shear strength was not significantly increased.

Study Il investigated the effect on implant fixation of im-
plants surrounded by a 2.5 mm gap in which morsellised allograft
was impacted. Implants were inserted in 20 canines in the hu-
merus. Histomorphometric analysis showed that PTH increased
the amount of new bone within the gap, but not in contact the
implant. There were no differences in amount of allograft. The
push-out testing showed no differences in mechanical parame-
ters.

CONCLUSION.

The studies in this PhD thesis demonstrated that parathyroid
hormone increases bone healing around implants in situations of
insertion in press-fit or in more challenging environments of
empty and grafted gaps. Early fixation was increased in implants
with gaps, in which pure gap bone stimulation improved fixation.
This warrants further preclinical studies.

DANISH MEDICAL BULLETIN 26



8. APPENDIX

Table 1

Model | Animal | PTH Dosage Author (Ref.)

| Rabbit hPTH(1-34) | 6 ug/kg/day, 3 days weekly, 4+8 weeks Corsini (164)

| Rat hPTH(1-34) | 15+60+240 ug /kg/day, daily, 42 days Skripitz (106)

| Rat hPTH(1-34) | 60 ug/kg, daily, 6 weeks Skripitz (107)

| Rat hPTH(1-34) | 60 pg/kg/day, 3 days weekly, 1+2+4 weeks (no effect mechanically at 1 week) Skripitz (108)

| Rat hPTH(1-34) | 60 pg/kg/day, 3 days weekly, 2+4 weeks. Skripitz (172)

| Rat hPTH(1-34) | 60 ug/kg/day, 3 days weekly, 4 weeks Mair (173)

| Rat hPTH(1-34) | 60 ug/kg/day, daily, 4 weeks Skripitz (166)

| Rat hPTH(1-34) | 60 ug/kg/day, daily, 4 weeks Skripitz (167)

I+L Rat hPTH(1-34) | 25 ug/kg/day, 5 days weekly, 6 weeks Gabet (169)

I+L Rat hPTH(1-34) | 30 ug/kg/day, 3 days weekly, total treatment 22-29 weeks (1-8 weeks after implantation) Shirota (171)

I+L Rat hPTH(1-34) | 30 pg/kg/day, daily, 5 days weekly, 2+4 weeks Ohkawa (170)

I+L Rat hPTH(1-34) [ 40 pg/kg/day, 5 days weekly, 8 weeks Dayer (174)

I+L Rat hPTH(1-34) [ 40 pg/kg/day, daily, 8 weeks Dayer (168)

I+L Rat hPTH(1-34) |5, 25 and 75 ug/kg/day, 5 days weekly, 8 weeks (no effect of 5 ug/kg/day) Gabet (127)

I+L Rat hPTH(1-34) | 60 pg/kg/day, daily, 2 weeks Skripitz (165)

s Rat hPTH(1-34) 100 pg/kg, weekly, 8 weeks (”1”: Bone growth on HA-block) Kamo (175)

F Human [ hPTH(1-34) | 20+40 ug/kg/day, daily, 8 weeks Aspenberg (161)

F Mice hPTH(1-34) | 30 ug/kg/day, daily, 2 weeks Kakar (182)

F Mice hPTH(1-34) | 40 pg/kg/day, daily, 1+3 weeks Kaback (202)

F Monkey | hPTH(1-34) | 0.75+7.5 ug/kg/day, twice weekly, 3 weeks Manabe (163)

F Rabbit PTH(1-34) 10+40 pg/kg/day, daily, 3 weeks (no effect 40 ug/kg/day — model limitations), PTH type n/a | Tsiridis (160)

F Rabbit hPTH(1-34) | 10 ug/kg/day, daily, 4 weeks Morgan (153)

F Rat hPTH(1-34) 10 pg/kg/day, daily, 1+3 weeks (no effect at 3 weeks) Rowshan (268)

F Rat hPTH(1-34) | 10 ug/kg/day, daily, 4 weeks Nakazawa (154)

F Rat hPTH(1-34) | 10 pg/kg/day, daily, 4+6 weeks Nakajima (155)

F Rat hPTH(1-34) 10+30 pg/kg/day, 3 times weekly, total treatment of each dosage 3-15 weeks (3 weeks are | Komatsubara (162)
before implantation)

F Rat hPTH(1-34) [ 200 pg/kg/day, daily, 3+8 weeks Andreassen (129)

F Rat hPTH(1-34) [ 40 pg/kg/day, daily, 2+4+8 weeks Sloan (156)

F Rat hPTH(1-34) | 5+30ug/kg/day, daily, 21+35 days (no histomorphometric or mechanical effect of 5 Alkhiary (152)
ug/kg/day at 21 days, or mechanical effect of 5 ug/kg/day at 35 days )

F Rat hPTH(1-34) | 50 pg/kg/day, 5 days weekly, 6 weeks (mute mechanical response in open compared to Tagil (159)
closed fractures)

F Rat hPTH(1-34)+ [ 60 pg/kg/day, daily, 8 weeks (sequential 8 weeks on and 8 off) Andreassen (157)

hPTH(1-31)

F Rat hPTH(1-34) [ 60+200 ug/kg/day, daily, 20+40 days (no mechanical effect of 60 pug/kg/day at 20 days) Andreassen (104)

F Rat hPTH(1-34) [ 80 pg/kg/day, daily, 3 weeks Holzer (158)

F+L Rat hPTH(1-34) [ 100 pg/kg/day, once a week, 4 weeks Nozaka (138)

F+L Rat hPTH(1-84) | 15+150 pg/kg/day, daily, 30 days Jahng (151)

F+L Rat hPTH(1-84) | 15+150 pg/kg/day, daily, 30 days Kim (103)

"F” Rabbit hPTH(1-34) 10 pg/kg/day, daily, 6 weeks ("F”: spinal fusion model) O’Loughlin (204)

"F” Rat hPTH(1-34) 10+100 pg /kg/day), daily, 8 weeks or sequential 4 weeks on/off (”F”=structural graft Hashimoto (269)
model)

DO Rabbit hPTH(1-84) | 25 pg/kg/day, daily, 20+30 days Aleksyniene (177)

DO Rabbit hPTH(1-84) | 5+25 pg/kg/day, daily, 35 days Aleksyniene (176)

DO Rat hPTH(1-34) | 60 pg/kg/day, every second day, 30 days Seebach (139)

Table 1: PTH evaluated in models of bone repair.
All known studies to our knowledge. PTH dosage administered systemically. Human PTH=hPTH. Model Abbreviations of regenerating bone: I=Implant related, F=Fracture,
DO=Distraction osteogenesis, L=low-density bone/osteoporotic bone/OVX/ORX model. n/a = not available. No canine studies are available.
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Table 2

Model | Animal | PTH Dosage Author (Ref.)

| Rabbit hPTH(1-34) | 6 pug/kg/day, 3 days weekly, 4+8 weeks Corsini (164)

| Rat hPTH(1-34) 60 pg/kg/day, 3 days weekly, 1+2+4 weeks (no effect mechanically at 1 week) Skripitz (108)

| Rat hPTH(1-34) | 60 ug/kg/day, 3 days weekly, 2+4 weeks. Skripitz (172)

| Rat hPTH(1-34) | 60 pg/kg/day, 3 days weekly, 4 weeks Mair (173)

I+L Rat hPTH(1-34) 30 pg/kg/day, 3 days weekly, total treatment 22-29 weeks (1-8 weeks after implantation) Shirota (171)

I+L Rat hPTH(1-34) | 30 ug/kg/day, daily, 5 days weekly, 2+4 weeks Ohkawa (170)

I+L Rat hPTH(1-34) | 40 ug/kg/day, 5 days weekly, 8 weeks Dayer (174)

I+L Rat hPTH(1-34) | 5,25 and 75 pg/kg/day, 5 days weekly, 8 weeks Gabet (169)

I+L Rat hPTH(1-34) |5, 25 and 75 pg/kg/day, 5 days weekly, 8 weeks (no effect of 5 ug/kg/day) Gabet (127)

s Rat hPTH(1-34) 100 pg/kg, weekly, 8 weeks (”1”: Bone growth on HA-block) Kamo (175)

DO Rat hPTH(1-34) | 60 pg/kg/day, every second day, 30 days Seebach (139)

F Monkey | hPTH(1-34) [ 0.75+7.5 ug/kg/day, twice weekly, 3 weeks Manabe (163)

F Rat hPTH(1-34) 10+30 pg/kg/day, 3 times weekly, total treatment of each dosage 3-15 weeks (3 weeks are Komatsubara (162)
before implantation)

F Rat hPTH(1-34) [ 50 pg/kg/day, 5 days weekly, 6 weeks Tagil (159)

F Rat hPTH(1-34) 50 pg/kg/day, 5 days weekly, 6 weeks (mute mechanical response in open compared to closed Tagil (159)
fractures)

F+L Rat hPTH(1-34) | 100 pg/kg/day, once a week, 4 weeks Nozaka (138)

N Canine hPTH(1-34) | 0.375ug/kg/day, 3 days weekly, 24 weeks Zhang (146)

N Canine hPTH(1-34) | 0.375ug/kg/day, 3 days weekly, 24 weeks Zhang (148)

N Canine hPTH(1-34) | 0.83 pg/kg/day, 5 days weekly, 24 weeks Boyce (149)

N Canine hPTH(1-34) | 0.83 pg/kg/day, 5 days weekly, 24 weeks Ma (150)

N Rat hPTH(1-38) Intermittent, 50 to 1000 ug/kg/day, 5 days weekly, 2-8 weeks Jerome (136)

N Rat hPTH(1-38) 50 - 1000 pg/kg/day, 5 days weekly, 2-8 week (all doses anabolic on bone) Jerome (136)

L Monkey [ hPTH(1-34) | 10 pg/kg/day, 3 days weekly, 3 months Jerome (132)

L Monkey [ hPTH(1-34) | 10 pg/kg/day, 3 days weekly, 6 months Jerome (205)

L Rat hPTH(1-34) | 1-5 ug/kg/day, 3 days weekly, 25 weeks Hori (141)

L Rat hPTH(1-34) | 12.5 pg/kg/day, 6 days weekly, 8 weeks Tada (270)

L Rat hPTH(1-34) [ 30 pg/kg/day, 3 days weekly, 8 weeks Takano (271)

L Rat hPTH(1-34) [ 30 pg/kg/day/day, 5 days weekly, 1 and 3 weeks Nishida (199)

L Rat hPTH(1-34) | 80 pg/kg/day, 5 days weekly Li (203)

L Rat hPTH(1-34) [ 80 pg/kg/day, 6 days weekly, 5 and 15 weeks Mosekilde (272)

Table 2: Administration frequency, systemic administered PTH.
Anabolic response on bone of PTH with administration frequency other than once daily. Included are known studies to our knowledge on regenerating bone and selected studies
on remodelling bone. Mice models are excluded. Human PTH=hPTH. Model abbreviations: a) Regenerating bone: I=Implant related, F=Fracture, DO=Distraction osteogenesis, b)
Non traumatised/remodelling bone: N=Non-pathological bone, L=low-density bone/osteoporotic bone/OVX/ORX
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9. CORRIGENDA

Corrigenda generated 1% of February 2011. Corrections are related to clerical errors during the typing process of the PhD dissertation.
Corrections have been added as an amendment to the published dissertation after the public defence / acceptance of the dissertation.

PhD Dissertation

Correction

Incorrect statement

Page 8, column 1.
Cellular mechanism.

References are missing in the statement that intermittent PTH treatment
increases osteoblast number:

” Intermittent PTH treatment increases osteoblast number {Krishan, Mol
Endocrinol, 2003; Lindsay, JBMR, 2006; Ma, JBMR, 2006; lida-Klein, JBMR,
2002, Dobnig, Endocrinology, 1997; Bellido, J Biol Chem, 2003; Jilka J Clin
Invest, 1999 }”

” Intermittent PTH treatment increases
osteoblast number.”

Page 8, column 1.
Cellular mechanism.

Missing statement. A section is missing in the description of the mechanism
in osteoblast cell recruitment:

”Recruitment of osteoblast cells by intermittent PTH treatment is suggested
to be caused by the exit of osteoblast progenitors from the progenitor cell
cycle or mesenchymal replication. However, results differ and only seem to
concern regenerating bone {Dobnig, Endocrinology, 1995; Jilka, Bone, 2007,
Pettway, Bone, 2008, Nakazawa, Bone, 2005}”

”Recruitment of osteoblast cells by intermit-
tent PTH treatment is suggested to be
caused by the exit of osteoblast progenitors
from the progenitor cell cycle {Dobnig,
Endocrinology, 1995; Jilka, Bone, 2007,
Pettway, Bone, 2008}.”

Page 12, column 2.
Surgical technique.

Study Ill: Graft, Kirschner guide wire insertion. In study Ill (Graft study) The
Kirschner-guide-wire was inserted 17 mm from the top of the major tuberc-
le and not 1.7mm:

”A 2.5 mm Kirschner-guide-wire was inserted anterolateral and perpendicu-
lar to the surface at a distance of 17 mm from the top of the major tuberc-
le.”

”A 2.5 mm Kirschner-guide-wire was inser-
ted anterolateral and perpendicular to the
surface at a distance of 1.7 mm from the top
of the major tubercle.”

Page 14, column 2.
Sample size.

Sample size estimation calculation. The minimal relevant difference was
60%, not 80%:

"The standard deviation (SD) was 50% and the minimal relevant difference
(d) was set to 60%”

”The standard deviation (SD) was 50% and
the minimal relevant difference (d) was set
to 80%”

Page 15, column 2.
Stereological bias.

Estimation of bias on implant model and sectioning technique:

”The bias inherent in the used implant model and sectioning technique has
been shown to be minimal {Baas, Acta Orthop Suppl, 2008}.

The influence of the central section bias the systematic over- or underesti-
mation in a mathematical model is 2-7%, and in a sample recount 1% {Baas,
Acta Orthop Suppl, 2008}.”

”The bias inherent in the used implant
model and sectioning technique has been
shown to be minimal

{Baas, Acta Orthop Suppl, 2008}.”

Page 16, column 2.
ROI definition.

Maximum offset and minimum coverage. The stated maximum offset and
minimum coverage are incorrect typed:

”Under the assumption of an implant diameter of 6 mm, a maximum secti-
on offset from implant centre of 1.2 mm, and a reference space of 1000 um,
the minimum coverage on the section was 94 % (study 1 93.8% and study II-
111 93.4%).”

”Under the assumption of an implant dia-
meter of 6 mm, a maximum section offset
from implant centre of 1.3 mm and a refe-
rence space of 1000 um, the minimum
coverage on the section was 93 %.”

Page 17, column 2.
Mechanical testing set-
up.

Description on mechanical testing setup:

"The specimens were placed on a metal support jig and the implant centred
over a 7.4 mm circular opening assuring a 0,7 mm distance between the
implant and support jig (clearance study I: 0.64 mm, study Il: 0.60 mm,
study Ill: 0,73 mm) (figure 11). The piston diameter was 5.25 mm and a
preload of 2 N with a 5 second hold was applied. Implants were pushed
from the external side towards the inside of the bone. With a displacement
velocity of 5 mm/min and a 10kN load cell, continuous load (N) — displace-
ment (mm) data were recorded by displacement control with sampling of
the force needed to sustain the displacement rate. Data recorded every 20

”

um.

”The specimens were placed on a metal
support jig and the implant centred over a
7.4 mm circular opening assuring a 0,7 mm
distance between the implant and support
jig (figure 11). The piston diameter was 5.25
mm and a preload of 2 N with a 5 second
hold was applied. Implants were pushed
from the external side towards the inside of
the bone. With a displacement velocity of 5
mm/min and a 10kN load cell, continuous
load (N) — displacement (mm) data were
recorded by displacement control.”

Page 17, table 8.

Table 8 legend is incorrect. The table refers to study Ill, not study II:
”Table 8. Reproducibility. Gap model (grafted gap)(study Ill), CV in percent.”

”Table 8. Reproducibility. Gap model
(grafted gap)(study Il), CV in percent.”

Page 18, figure 12.

In figure 12 the y-axis depicts stress and not strength:
"y-axis: Stress (Pa)”

"y-axis: Strength (Pa)”

Page 19, column 1.
Mechanical parameters
generated.

Distance between points of sampling stiffness. The maximum shear stiffness
(Pa/mm) was sampled as slope between 10 points with distance between
each point 0.02mm.

“The maximum shear stiffness (Pa/mm) was the maximum slope between
10 points successive sampled at testing (10 point slope ~ 0.2 mm).”

“The maximum shear stiffness (Pa/mm) was
the maximum slope between 10 points
successive sampled at testing (~0.03-0.04
mm).”

Page 19, column 1.
Mechanical parameters
evaluated.

Statement missing in discussion on strength and mechanical fixation:
“Improving the mechanical fixation in terms of strength is in this respect
less relevant. However, implant subsidence may reflect repetitive failures
and implant reselling in the early phase of bone implant healing.”

“Improving the mechanical fixation in terms
of strength is in this respect less relevant.”
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