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Abstract

Background

Osteonecrosis (ON) is defined by the in situ death of bone cells, osteocytes,
hematopoietic and fatty marrow precursor cells. Events and risk factors known to be
associated with ON are femoral neck fracture, hip dislocation, slipped capital femoral
epiphysis in children, humeral head fracture and insufficiency fractures in load-bearing
joints. The etiology of non-traumatic ON is less well understood. Factors associated
with non-traumatic ON are corticoid steroid use, alcohol abuse and systemic lupus
erythematosus. If factors related to the osteonecrotic lesion cannot be found, the lesion
is defined as “spontaneous”. Regardless of the cause, vascular compromise is however
the final pathway which leads to cellular death. Ingrowing blood vessels invade the
necrotic bone and remodeling starts with simultaneous coupled bone resorption and
formation. The changes resemble what happens in fracture healing and bone graft
incorporation. The mechanical strength of the remodeling bone might temporarily be
decreased due to either the resorption of the necrotic bone or a fatigue stress fracture in
necrotic bone not yet revitalized. If the necrosis occurs in subchondral load bearing
bone, partial joint collapse and secondary osteoarthritis may be the final consequence.

Methods

In paper 1, a 1-4 year follow-up study was performed of 17 patients with spontaneous
osteonecrosis of the knee (SPONK), who were treated with bisphosphonates and
evaluated regarding secondary degenerative changes. These 17 treated patients were
compared to a previously untreated control group (paper 2).

In paper 2, an almost life long follow-up of 40 SPONK patients was conducted. The
patients were matched with the Swedish Knee Arhtroplasty Register (SKAR) to evaluate
the frequency of major knee surgery.

In paper 3 the risk of ON and secondary degenerative changes after cervical hip fracture
was studied in children and younger adults. Radiographs performed at follow-up
minimum of 12 months after the fracture were correlated with the scintigraphic
examinations evaluating the remaining femoral head circulation made directly post-
operatively.

In paper 4, the remodeling of non-vascularized bone grafts under high load was studied
in a specially designed bone chamber in rats. Bone chambers with bone grafts were
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implanted in the proximal tibial bone. Half of the rats were administered
bisphosphonates and the other half were not. The lengths of the grafts, before surgery
and after harvest, were compared to assess whether bisphosphonates decreased the
compression of the graft during remodeling.

Results

Paper 1. The 17 patients who were treated with bisphosphonate had a significantly
(p<0,05) lower risk of developing secondary degenerative changes at the follow-up,
compared to the untreated control group.

Paper 2. 75% of the patients developed secondary degenerative changes in this almost
life long follow-up study with SPONK patients. 17/40 patients have had major knee
surgery with arthroplasty or high tibial osteotomy. Younger patients and patients with
small ON lesions were at lower risk of major knee surgery (p<0,001).

Paper 3. 3/3 children or young adults with cervical hip fracture and normal
postoperative circulation had normal radiographs at follow up, as had 3/4 with partial
remaining circulation. 1/3 patients with absent postoperative circulation in the
scintigraphic investigations had a joint collapse, in spite of treatment with
bisphosphonates and prolonged restricted weight-bearing. 1 patient had secondary
radiological changes but no joint collapse and 1 patient in this group had normal
radiographs at follow up.

Paper 4. Bone grafts implanted in loaded bone chambers in rats were less compressed
(p<0,05) when treated with bisphosphonates compared to the grafts in untreated rats.

Discussion

Morbidity after untreated ON in subchondral bone in load bearing joint is substantial
with a high risk of osteoarthritis and need for secondary joint prosthesis. Evaluating the
postoperative circulation in the femoral head after cervical neck fracture helps predict
the outcome in children and young adults. Bisphosphonates may reduce the risk of
collapse of the necrotic bone during remodelling and thereby reduce the risk for
secondary degenerative changes in the affected joint. Randomized clinical series are
warranted to further define the role of bisphosphonates or other bone-acting drugs like
receptor activator of NF-kB ligands (RANKL) antibodies and parathyroid hormone
(PTH).
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The purpose of this thesis

Figure 1. Why this thesis was written.

To the left, the radiogram of the hip in a 12-year-old girl is shown 1 year after a 2 meter fall resulting in a
hip fracture. After operation the fracture healed uneventfully but gradually thereafter she developed an
osteonecrosis. At the time of the fracture, the arteries supplying the femoral head ruptured and, as seen in
this picture, secondary degenerative changes occured long after fracture healing, causing pain and
dysfunction. It is likely that the patient may require a prothesis relatively early in adulthood. To the right
we can see the radiograph of an 82 year old woman with a spontaneous osteonecrosis of the knee (SPONK).
This is a condition of unknown cause affecting the middle aged and elderly. SPONK also leads to
secondary osteoarthritis in 75% of the affected joints and knee replacement in about 50%. The larger the
lesion, the higher the risk.

Osteonecrosis (ON) is an uncommon condition and has been described in several
locations in the skeleton. It occurs relatively frequently in the knee and hip joints but
also occurs in the elbow, scaphoid, lunate, talus and the humeral head. ON is defined
as the death of bone cells and the cause can be traumatic, secondary to disease or of
unknown origin. Regardless of cause, the result is avascularity of the affected bone. As
healing starts, new vessels will grow into the necrotic bone from the surrounding viable
bone and bone-forming cells along with bone-resorbing cells will enter the necrotic
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zone. A remodeling of the dead bone will start with the bone resorbing cells preceding
the bone forming cells. In subchondral bone a temporary weakening of the bone may
occur with degradation of the necrotic bone before new bone has formed. During this
phase, even normal joint loading with walking or running may cause the subchondral
bone to collapse, resulting in malalignment of the joint surfaces and the development
of secondary osteoarthritis as seen in late stages of the disease.

In the present thesis we have focused on spontaneous osteonecrosis of the knee
(SPONK) as well as post-traumatic osteonecrosis following hip fracture in children and
young adults.

SPONK occurs without known causes and is characterized of sudden onset of pain in
the knee without trauma. Most frequently, the medial femoral condyle is affected. In
the early stages the lesion is only seen in magnetic resonance imaging (MRI) whereas
the radiograph can be normal. The condition is therefore easy to miss initially. A
radiolucent lesion however is, most often, in time seen on radiographs. SPONK is
associated with an up to 75% risk of secondary knee osteoarthritis, a risk we in the
present thesis aim to reduce.

Fortunately, cervical hip fractures are rare in children and young adults. However, just
as in adult patients with hip fractures, there is a risk of injuries to the vessels supplying
the femoral head and a risk for ON in up to 40% following these injuries. The diagnosis
of avascularity can be made by various methods before or shortly after surgery has been
performed.
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Hypothesis

II

III

v

Bisphosphonates reduce the risk for future development of osteoarthritis
(OA) and reduce the risk for knee surgery in patients with SPONK.

What is the life long risk in patients with SPONK of developing
osteoarthritis, leading to major knee surgery with prosthesis or high
tibial osteotomy? What risk factors for inferior results can be

identified?

An evaluation of the postoperative blood circulation in the cervical
head after cervical hip fracture in children and young adults helps
predict outcome regarding AVN and secondary degenerative changes
in the hip joint.

Bisphosphonate treatment protects an osteochondral bone graft from
collapse and maintains the joint architecture during remodeling in a
high load environment in an experimental loaded bone chamber
model in rats.
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Introduction

Bone is indeed a living material. Besides being a structural organ, bone is an endocrine
organ responsible for the homeostasis of calcium, phosphate and other minerals. Bone
has been optimized for million years with respect to its structure and composition to
handle stress transfer from the extremities to the axial skeleton in the ambulatory Homo
sapiens. Regeneration and repair continues throughout life, whereas the balance
between strength and weight will be constantly optimized. Bone, at reasonable loads,
must be strong enough to resist fracture, but still maintain a low weight to keep us light
and swift.

The process of bone remodeling in an individual person is a mechanism that adapts the
bone to the mechanical load the individual is exposed to. The bones of a stone-age
hunter most certainly differ from the bones of today’s sedentary office worker, but the
mechanisms are the same. Specialized bone cells, osteoclasts, osteoblasts and osteocytes
react to increased or decreased strain/deformation by increasing or decreasing the bone
density as well as by optimizing the bone architecture. The mechanism that adapts to
the actual mechanical stress also comprises the ability of repairing the bone, when the
same specialized cells are responsible for healing of bone fractures. Bone injuries can
be caused by macro-damages, such as a fracture, but also by micro-damages due to
fatigue during a regular activity. Various conditions result in bone injuries, including
metabolic diseases, infections, tumors and trauma, which all may trigger a regenerative
healing process to repair the overall structure of the tissue. The mechanical integrity of
the bone depends on the regulation of bone formation and resorption by means of
integrated processes of osteoblasts and osteoclasts triggered and controlled by the
mechanical stress, but also by hormones and transmitter substances. This process is
often referred to as bone remodeling. Injuries to the bone damage cell viability and
integrity and trigger a regenerative healing process to repair the overall structure of the
tissue. The healing process can sometimes result in unwanted side effects in ON. The
present thesis will discuss this process.
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Bone composition

Like other tissues, bone consists of living cells and extracellular matrix. The cells control
the bone metabolism and the synthesis of bone matrix. The cells react to external
stimuli such as load and signaling substances by changing the bone mass and/or bone
architecture.

Bone matrix

Bone matrix contains approximately 20-25% organic substances, 60-70 % mineral and
the rest water. The organic material, mainly collagen, provides elasticity to the bone,
while the minerals calcium and phosphor, mainly in the form of hydroxyapatite (HA),
Ca10(PO4)(OH)z2, makes the bone rigid. Collagen type 1 is the most abundant collagen
in connective tissue. Collagen is a polymer made out of collagen molecules forming
long fibers arranged in a 3-D pattern. The composition and architecture of the collagen
and the HA together give bone its impressive properties with the optimized mechanical
properties related to its weight.

Bone cells

Bone cells make up only a few percent of the bone volume. Two different stem cell
populations give rise to the cells that regulate skeletal metabolism, the mesenchymal
and the hematopoietic stem cell pools. Osteoblasts and bone lining cells derive from
mesenchymal stem cells and osteoclasts develop from hematopoietic stem cells.
Osteoblasts are bone-forming cells and osteoclasts are bone-resorbing cells. Their
function and interaction in bone remodeling and repair are intricate and only partially
understood.

Osteoclasts

Osteoclasts are derived from monononuclear hematogenous progenitor cells that
undergo fusion to multinucleated bone resorbing osteoclasts. The development from
precursor cells to osteoclasts is regulated by activation of the Colony-stimulating factor-
1 receptor (c-Fms) by the cytokine macrophage colony-stimulating factor (M-CSF) as
well as the receptor activator of NF-kB (RANK) receptor with the tumor necrosis factor
(TNF) related cytokine RANK-ligand (RANKL). Activation will lead to expression of
genes responsible for specific functions of the cells regarding bone resorption and
induce transfer of the precursor cells from the circulation to the site of bone resorption.
Mononuclear preosteoclasts fuse to form the mature, multinucleated osteoclasts.
Osteoclasts are large cells and their cytoplasm contains many mitochondria and
lysosomes with degradative enzymes. Osteoclasts respond to numerous regulatory
agents known to stimulate bone resorption such as interleukin-1, interleukin-6, TNF
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and prostaglandin E. Mature osteoclasts only exist on bone surfaces and in the
Haversian canals and have a half-life around 10 days. During bone resorption, the
osteoclasts adhere to the bone surface through a “sealing zone” that surrounds the
ruffled border. Carbonic acid and degrading enzymes are secreted through the basal
membrane into the determined confined space. How the osteoclast knows what part of
the bone it should resorb is not fully known.

Osteoblasts

Osteoblasts are bone-forming cells that synthesize and secrete bone matrix (osteoid),
and regulate its own mineralization in response to hormonal as well as mechanical
stimuli. Osteoblasts also regulate bone remodeling, both directly through the control
of bone formation via other osteoblasts, and indirectly via osteoclastic resorption.
Osteoblasts help the hematogenic osteoclast progenitor cells to differentiate, secreting

RANKL and M-CSF.

Multipotent stroma cells in the bone marrow can develop into adipocytes,
chondrocytes, fibroblasts, myocytes or osteoblasts and are referred to as mesenchymal
stem cells MSCs. A cell committed to osteoblastic differentiation is termed an
osteoprogenitor cell. Osteoblasts in the form of bone lining cells on the bone surface
are activated by parathyroid hormone (PTH) and 1,25 dihydroxy-D-vitamin. Further
differentiation, under the influence of various growth factors, mainly the bone
morphogenetic proteins (BMPs), results in a mature secreting osteoblast. Osteoblasts
secrete osteoid, a biologic composite containing proteins such as type I collagen, and
smaller molecules such as growth and attachment factors as well as signaling molecules.

Osteoblasts have a life span of approximately 100 days and some remain on the bone
surface in the form of a bone lining cells. Bone lining cells can be reactivated in to new
osteoblasts. Osteoid secreting cells either become embedded in the bone matrix, and
become osteocytes or disappear via apoptosis.

Osteocytes

Osteocytes are the most abundant bone cells and are found in the lacunar spaces of
mineralized matrix in cortical and trabecular bone. The osteocytes are not active
synthesizing osteoid but instead display numerous small cell processes that traverse the
bone within the canaliculi and resemble neural dendrites. All osteocyte are
interconnected into a network, which also includes the bone lining cells and osteoblasts
on the bone surface as well as cells within the marrow. The osteocytes play a major role
in mechano-sensing, measuring and reporting deformations of the bone, thereby
monitoring the condition of the matrix as well as levels of nutrients and signaling
molecules.
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Osteonecrosis

General aspects of osteonecrosis

Osteonecrosis (ON) or avascular necrosis (AVN) are both terms in use (and used
synonymously here) and can be used to describe the end condition of several
pathological pathways. Any bone relying on intraosseous circulation can be affected,
but most prevalent sites are knee, hip, shoulder, talus, hand and wrist (Buckwalter
2007). Osteonecrotic lesions are painful and often lead to secondary osteoarthritic
changes if they occur in the subchondral bone. Osteonecrosis of the knee and hip are
strongly associated with an increased risk of joint arthroplasty (Jureus 2013, Lai 2005,
Lotke 1982). In the USA as many as 20000 new patients are diagnosed with hip
osteonecrosis each year and 18% of all hip arthroplasties are performed due to
osteonecrosis (Canale and Campbell 2003). In knees, less than one percent of all knee
arthroplasties performed in Sweden are registered as caused by osteonecrosis (Knutson
and Robertsson 2010). Under-reporting is suspected as knee osteonecrosis often is
radiologically difficult to distinguish from primary osteoarthritis. The true incidence is
largely unknown.

Figure 2. Spontaneous Osteonecrosis of the Knee (SPONK)
Osteonecrosis of the medial femoral condyle with secondary degenerative changes and osteorthritis (left).
The same knee after surgery with knee prosthesis (right).

Pathogenesis

ON in general can be divided as being traumatic and non-traumatic (Buckwalter
2007). Avascular necrosis can be regarded as an infarction of the bone. As the term
implies, traumatic osteonecrosis is caused by some sort of major or minor traumatic
event that results in a transient or permanent ischemia of the bone. Traumatic events,
known to be associated with a risk of ON, are femoral neck fracture (Fig. 1), hip
dislocation, slipped capital femoral epiphysis in children, humeral head fracture (Fig.
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4), talus fractures (Fig. 3) and insufficiency fractures in load bearing joints (Akamatsu
2012, Forlin 1992, Gross 2014, Harreld 2009, Lai 2005, Morsy 2001). The etiology
of non-traumatic ON is less well understood. Factors associated with non-traumatic
ON are corticoid steroid use, alcohol abuse, smoking, caisson’s disease, systemic lupus
erythematosus, sickle cell disease, familial trombophilia, Gaucher’s disease, organ
transplantation, inflammatory bowel disease and pregnancy (Buckwalter 2007, Canale
and Campbell 2003, Jones 1993, Mont 2000, Sharareh and Schwarzkopf 2014). If no
factors related to the ON lesion can be found, the lesion is considered to occur
spontaneously or to be idiopathic (Ahlback 1968, Ficat 1985). ON following
arthroscopic surgery in the knee and shoulder is a third entity well described (Dilisio
2013, Kraenzlin 2010) and characterized by increased pain and dysfunction of the
affected joint after arthroscopic intervention and with typical magnetic resonance
imaging (MRI) findings. It is a rare event in the light of the number of procedures
performed.

Figure 3. Talus fracture
Talus fractures are associated with risk of ON due to the anatomical structure of the blood supply of the
talus bone.
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Figure 4. Humeral head ON
Humeral head ON following fracture and plate osteosynthesis.

Osteonecrosis and bone collapse

Regardless of the cause, vascular compromise is the final step, which causes cellular
death. Possible mechanisms of vascular compromise are venous occlusion, arterial vessel
occlusion or mechanical disruptions of vessels due to traumatic fracture dislocation or
fatigue fracture (Buckwalter 2007). Although the cells in the necrotic lesion die, the
organic and inorganic matrices with collagen, non-collagenous proteins, minerals and
proteoglycans generally are initially unaffected and the bone will retain its load bearing
capacity (Parks and Engh 1997). Ingrowing blood vessels invade the necrotic bone from
the surrounding living bone, and osteoclasts are brought into the lesion and start to
resorb the necrotic bone matrix (Kim and Su 2002). If the bone remains avascular, no
cellular resorption will take place but instead fatigue fractures can occur due to the low
resistance of dead bone to fatigue. The normal fatty marrow is phagocytized by
macrophages which can be seen as an increased water content early on MRI
(Buckwalter 2007). Simultaneously primitive mesenchymal cells may start to
differentiate into osteoblasts, which in turn activate the osteoclasts to start resorbing
the dead bone. Remodeling starts with simultaneous coupled bone resorption and
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formation but with the osteoclastic zone preceding the bone formation zone as the
remodeling travels into the lesion (Harding 2008). Osteoid is laid down by the living
osteoblasts on the remaining necrotic trabeculae in a similar fashion as during fracture
healing or non-vascularized bone graft incorporation (Hurtig 2001). The mechanical
strength of the remodeling bone might temporarily be decreased due to either a faster
resorption of the necrotic bone than new formation or due to fatigue fracture in not
yet revitalized necrotic bone. If the necrosis and the subsequent remodeling take place
in a low stress part of the bone, the lesion may heal uneventfully. On the other hand,
if the remodeling occurs in a highly loaded area, such as in the subchondral bone of a
joint, the mechanical strength of the remodeling bone may be temporarily decreased
and the bone collapses. Secondary osteoarthritis might be the final consequence (Lai

2005, Okazaki 2012, Pringle 2004, Tagil 2004).

Symptoms

In cases of non-traumatic ON, the symptoms are often characterized as a sudden onset
of severe pain, swelling and dysfunction of the affected joint (al-Rowaih 1991). In ON
following trauma, normal joint function never returns or the symptoms deteriorate
again after a period of improvement (Boardman 2009, Morsy 2001). Asymptomatic
ON lesions occurring in the contralateral hip joint has also been noted in patients with

manifest symptomatic hip ON (Bradway and Morrey 1993).

Radiographic findings

Radiographic findings in MRI, scintigraphy and plain radiographs reflect the
histological changes taking place during bone necrosis and subsequent bone remodeling
(Buckwalter 2007). In T1 weighted MRI images the water replacing the fatty marrow
after bone necrosis can be seen as a decreased signal. T2-weighted image shows an area
of low signal intensity surrounded by a high-intensity signal caused by edema
(Bjorkengren 1990, Oner 2011, Yates 2007). A decreased scintigraphic uptake after 1-
3 weeks is a strong indicator of loss of blood supply (Stromqvist 1987). Due to
increased bone remodeling, an increased focal uptake can be seen at the site of the lesion
approximately 5 weeks after the onset of symptoms, as technetium is increasingly taken

up by active osteoblasts (Ahlback 1968, al-Rowaih 1990).

The first radiographic signs appear months later. The subchondral cyst formation often
seen on plain radiographs reflects the resorption of trabeculae and a confluent
subchondral trabecular loss forms the morphologic basis of the crescent sign. Further
progression follows with secondary degenerative changes now seen as osteoarthritis on
plain radiographs or a full subchondral collapse in more advanced stages (Aglietti

1983).

23



Figure 5. Osteonecrosis in the shoulder joint
Osteonecrosis in the cranial part of the humeral head visible on MRI (left) and on plain radiographs (right)

Treatment options

Today, treatment options comprise both non-surgical methods such as pulsed
electromagnetic fields (PEMFs) therapy (Marcheggiani Muccioli 2013) or just
restricted weight-bearing, as well as surgical methods like core decompression, or
osteochondral autograft transplantation (Duany 2010, Strauss 2011, Zywiel 2009).
Core decompression (fig 6) is a common procedure meant to relieve the increased
intraosseus pressure believed to exist in osteonecrotic lesions (Mont 1996, Mont 1996,
Mont 1997). Vascularized fibular grafting is hypothesized to have four positive effects;
1, core decompression (see above), 2 excision of the sequestrum inhibiting
revascularization, 3 filling of the defect with osteoinductive cancellous graft, supplying
a viable cortical strut to support the subchondral bone and improve revascularization
(Garrigues 2009, Urbaniak 1995). The fourth argument is that the procedure is
followed by a period of non-weight-bearing which in itself may reduce morbidity. Hip
fracture is a known complication (Aluisio and Urbaniak 1998).

Bisphosphonate treatment reduces bone resorption and is hypothesized to have a role
in the treatment of ON (Agarwala 2005, Jureus 2012, Lai 2005). Circulating
bisphosphonates bind to bone mineral and as the bone is resorbed by osteoclasts,
bisphosphonates are internalized and interfere with the cell metabolism, which results
in apoptosis of the osteoclast. This prevents resorption of the dead subchondral bone
and may thereby prevent the collapse of the joint line. New bone supporting the joint
cartliage is laid down on the scaffolding of the necrotic bone (Tagil 2004). No long
time, randomized, large series comparing different treatment options have been

published.
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Figure 6 Core decompression
Core decompression of an ON lesion in the femoral head is a common procedure that is hypothesized to
relieve the increased intraosseous pressure believed to exist in ON lesions.

Osteonecrosis in the present thesis

The present thesis’ aim is to explore the fate of ON involving the subchondral bone in
load bearing joints. The focus in the first two publications has been on the prognosis
and treatment of Spontaneous Osteonecrosis of the Knee (SPONK), and in the third
paper on the diagnosis of vascular impairment in ON following hip fracture in children
and young adults. In the fourth paper, an experimental animal study was used to study
the effect of bisphosphonates in revascularizing bone under stress as a model of
osteonecrosis healing.

SPONK, Spontaneous Osteonecrosis of the Knee

Almost 50 years ago (Ahlback 1968), Ahlbick and Bauer together with the American
surgeon Bohne described a condition, which they called spontaneous osteonecrosis of
the knee (SPONK). The condition was originally described as a single entity but is
today divided into three conditions (Mont 2000, Mont 2011, Strauss 2011, Zywiel
2009). SPONK, the subject of two of the papers in this thesis, typically affects a single
condyle in older patients. The medial femoral condyle is most often affected (al-Rowaih
1993), but lesions can also be found in the lateral femoral condyle as well as in the tibia
(Marmor 1984, Satku 2003). The term secondary ON is used when the condition has
a known cause, such as corticosteroid treatment or sickle-cell anemia. Younger patients
are frequently more seriously affected and the radiographic appearance is different with
lesions at multiple foci. A third form, ON of the knee post arthroscopy, affects only
one condyle and starts with increasing knee pain and positive MRI findings after
arthroscopic surgery (Kraenzlin 2010).
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The etiology of SPONK is unknown but two main theories have been proposed, a
vascular (Jones 1993, Kantor 1987) and a traumatic (Akamatsu 2012, Yamamoto and
Bullough 2000). In both cases, SPONK can lead to subchondral collapse and secondary
osteoarthritis, and subsequent knee surgery is common. The prognosis of the disease
has been shown to depend on the size of the lesion (Lotke 1982).

The condition classically present with an acute onset of pain without predisposing
trauma and the most common finding on physical examination is localized tenderness
over the medial femoral condyle (Lotke 1982). A positive radiograph typically shows a
subchondral radiolucent lesion in the weight-bearing area of the medial or lateral
femoral condyle (Fig 7). The initial radiograph may be negative, especially if the
symptoms are of short duration and therefore the diagnosis is often missed at this stage.
In some patients, the radiographs may remain normal during the whole course of the
disease (Houpt 1983, Lotke 1977) and changes are only seen with bone scintigraphy
or MRI (Koshino 1982). Scintigraphy, performed within a few days of the onset of
pain, characteristically shows a high uptake in the affected femoral condyle (Rozing
1980). MRI typically reveals bone marrow edema in the affected condyle along with a
focal subchondral lesion (Fig 8 and 9) This is considered the cardinal sign for a ON
diagnosis (Bjorkengren 1990, Yates 2007).

Figure 7. Spontaneous Osteonecrosis of the Knee, SPONK
Spontaneous osteonecrosis of the knee in the medial femoral condyle. Secondary degenerative changes are
also seen.

26



Osteonecrosis following hip fracture

Fractures of the femoral neck in children and young adults are rare, representing less
than 1% of all fractures in children. These are usually high-energy injuries with high
complication rates such as premature closure of the physis, coxa-vara, coxa-plana, non-
union, and avascular necrosis (AVN) (Morsy 2001). Hip fractures in children are
categorized according to anatomical location and the most widely used scheme is the
Delbet classification (table 4) (Delbet 1907). Delbet typ I, transphyseal fracture (with
and without dislocation of the epiphysis A respectively B subtype). Type II, trans-
cervical fracture. Type III, baso-cervical fracture. Type IV trochanteric fracture. AVN
is the most common complication described (Moon and Mehlman 2006), with an
incidence between 20 and 40% (100%) (Boardman 2009, Yeranosian 2013). The risk
for AVN varies with fracture subtype. Transphyseal dislocated fractures (Delbet type
IB) have the highest incidence of osteonecrosis, up to 100% (Canale 1981), but are
uncommon. Trans-cervical and baso-cervical fractures (Delbet II and III) represent
80% of the hip-fractures in children and are reported to have an incidence of AVN of
28 respectively 18% (Moon and Mehlman 2006) although some authors report
incidences of AVN in up 61 % in these fracture types (Canale and Bourland 1977,
Ratliff 1962). AVN following trochanteric fractures (Delbet type IV) is less common
but still occurs in 5-14% of these fractures types (Moon and Mehlman 2006, Ratliff
1962). The risk for AVN in children rises by 1,14 times for each year of increasing age
(Moon and Mehlman 2006) The vascular supply of the femoral head relies mainly on
the retinacular vessels from the medial femoral circumflex artery but the lateral
circumflex artery and the artery of the ligamentum teres also contribute to the blood
supply of the femoral head. The vascular anatomy is complex and the significance of
the different arteries changes with the osseous development of the proximal femur
(Boardman 2009).

At the time of the fracture, at reduction or at surgery, the vessels may be torn and the
entire femoral head becomes avascular (fig 8) (Boardman 2009, Kalhor 2009, Trueta
1957).

Bone scintigraphy is the classic tool to diagnose AVN (al-Rowaih 1990, Stromqpvist
1987). Immediately after the loss of blood supply there will be a complete or marked
decrease of isotope uptake in the femoral head. With healing, a hyperaemic response in
the surrounding tissues results in an increased uptake of isotopes in the area
surrounding the necrosis and eventually, in case of complete restitution, in the entire
femoral head. On MRI the pathognomonic sign of AVN is seen as a subchondral ‘band-
like” low-signal lesion in T1 weighted images (Karantanas 2013) and as a “double-line”
sign in T2-weighted, non-fat suppressed images (Mitchell 1986).
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Figure 8. Cervical hip fracture

The vascular supply of the femoral head mainly relies on the retinacular vessels from the medial femoral
circumflex artery. The retinacular vessels follow the cervical neck in a proximal direction to the femoral
head and at the time of fracture or reduction the vessel may be torn.

Regulators of bone metabolism

Bisphosphonates

Bisphosphonates are a group of drugs, which are mainly used for osteoporosis and bone
malignancies. Circulating bisphosphonates bind to bone mineral and as the bone is
resorbed by osteoclasts, bisphosphonates are internalized and interfere with the cell
metabolism of the osteoclast eventually leading to apoptosis and reduced bone
resorption (Rogers 2003). Bisphosphonates have been used in medicine since the
1960s. They were initially intended to be used to prevent calcifications of blood vessels
in atherosclerosis, the formation of kidney stones and plaque in dental care (Russell
2011). Today the drug is used in conditions related to bone fragility such as Paget’s
disease, multiple myeloma, primary hyperparathyroidism, osteogenesis imperfecta and
fibrous dysplasia.

Bisphosphonates remain in the bone for a very long time and have a half-life ranging
from 1-10 years (Lin 1996). Sites with ongoing bone resorption and remodeling possess
high affinity for bisphosphonates. The osteoclasts are exposed to high drug
concentrations as the protein layer covering the mineral has been removed. The
osteoclasts then typically turn into apoptosis. As long as the bone is laden with
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bisphosphonates, every new osteoclast resorbing bone will meet the same fate. Over
time, all bisphosphonate laden bone will be resorbed, if new drugs are not distributed.
The next wave of osteoclasts will now be effective and the resorption is reinitiated. A
single dose or a short-term dosing regime can therefore be seen as a delay of the
resorptive part of the bone remodeling. In contrast, when bisphosphonates are given
for years, the bone remodeling is down-regulated and even with retained bone volume
the quality may be reduced. Spontaneous fatigue fractures may occur as in the atypical
femur fracture described in patients taking bisphosphonate for extended time periods

(Aspenberg and Schilcher 2014).

Bisphosphonates are synthetic drugs and chemically similar to inorganic naturally
occurring pyrophosphates. The compound is called bisphosphonate because it has two
phosphonate (PO’) groups covalently linked to carbon, in contrast to pyrophosphates
where the phosphonate groups are linked to oxygen. Bisphosphonate drugs have two
side chains determining their specific function. The long side chain (R2) determines
the chemical properties. The short side chain (R1), “the hook”, mainly influences
chemical properties and pharmacokinetics. Together with the two phosphonate groups,
“the hook” with its three-dimensional molecular structure, is essential for binding to
Ca’ ions and bone mineral such as hydroxyapatite (HA). Bisphosphonates with a
hydroxyl group (OH) or an amino group at the R1 position will have increased affinity
to calcium and bone mineral. The R2 side-chain determines the antiresorptive potency
and also affects binding to HA by its structure and three-dimensional conformation.
Bisphosphonates preferentially bind to the mineral phase of bone exposed by osteoclasts
(Russell 2007).

There are at least two classes of bisphosphonates (Russell 2011), the N-containing and
the non-N containing, interfering with different mechanisms in the osteoclast and bone
resorption. The first generation bisphosphonates such as etidronate and clodronate are
non-nitrogen compounds, having side chains R1 and R2 of simple chemical structures
such as Cl, CH? and OH. They are metabolized into non-hydrolysable analogs of
adenosine triphosphate (ATP) causing osteoclast apoptosis. The targeting of
bisphosphonates to bone and the selective uptake of these cytotoxic ATP analogs by
osteoblasts accounts for their ability to selectively induce apoptosis for osteoclasts but
not other bone cells (Rogers 2003).

The second generation nitrogen containing bisphosphonates includes the commonly
used drugs alendronate, risendronate, pamidronate and zoledronic acid. The R2-chain
is modified to include an amino group and their antiresorptive activity has been found
to be much higher compared to the first generation of bisphosphonates. Their effects
are exerted by inhibiting the intracellular mevalonate pathway, also known as the
HMG-CoA reductase pathway, an important cellular pathway for the biosynthesis of
molecules used in the cell membrane function, hormones, protein prenylation and
protein anchoring. Inhibition of the enzyme farnesyl pyrophosphate syntase (FPPS) in
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the mavelonate pathway prevents prenylation and thereby formation of GTPases.
GTPases, of which G-proteins are a group, are important for the transmission of signals
across the cell membrane and are crucial for osteoclast functions such as cytoskeletal
arrangement in the ruffled border, integrin signaling, membrane protein trafficking and
induction of apoptosis. Although the exact mechanism of action is not fully understood
the inhibition of protein prenylation is presumably the most important molecular
mechanism by which nitrogen containing bisphosphonates reduces bone resorption
(Russell 2007).

Zoledronate, a third generation bisphosphonate, has been shown to have an anti-
angiogenic effect (Fournier 2002) supporting its use in the treatment of malignant bone
diseases as well as in bone diseases with angiogenic components. It poses, however, at
least a theoretical downside in the treatment of osteonecrosis where ingrowth of vessels
is a prerequisite for healing.

Bisposponates have, perhaps surprisingly with regards to this thesis, been shown to be
associated with osteonecrosis in the jaw of cancer patients. These patients have normally
been administered high doses of intravenous bisphsphonates due to bone metastasis
and during this time-period also been treated for dental conditions. The reason for this
side effect of bisphosphonates is not fully understood (Ristow 2014).

Bisphosphonates could have beneficial effects on the treatment of ON by inducing
apoptosis in osteoclasts and reducing bone resorption. ON in load bearing joints might
lead to collapse of the subchondral bone. By reducing or delaying the rate of bone
resorption with bisphosphonates, the mechanical strength of the necrotic bone can be
preserved long enough for new bone formation, thus hindering the subchondral joint
collapse and subsequent osteoarthritis (Lai 2005, Ramachandran 2007, Tagil 2004).
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Methods and Background

The present thesis includes four papers with three clinical studies. Two of the clinical
studies cover spontaneous osteonecrosis of the knee, SPONK. The first study addresses
the possibility of treating SPONK patients with bisphosphonates (Jureus 2012). The
second SPONK series is a long time follow-up of 40 patients and describes the natural
course of this disease in an almost life long perspective (Jureus 2013). In the third
clinical study we assess the post-operative circulation in the femoral head after cervical
hip fracture in children and young adults and discuss the possibility of treating patients
with compromised circulation at risk of AVN with prolonged restricted weight bearing
and bisphosphonates. In the fourth paper we study bisphosphonate treatment of bone
grafts experimentally in a mechanically loaded bone chambers in rats.

Patient populations

Paper 1 (Jureus 2012). Between the years 2006-2009, 17 consecutive SPONK patients
were treated with bisphosphonates at our department. Patients with secondary ON
were excluded. The group treated with bisphosphonate was compared to a previous
group of 40 untreated consecutive patients with SPONK at our department (al-Rowaih
1991). The groups were compared in terms of requiring knee arthroplasty and
development of secondary osteoarthritis.

Paper 2 (Jureus 2013). A long-term follow-up study was performed after 1-27 years in
40 consecutive untreated SPONK patients originally diagnosed at our department
during the period 1982-1988. A short-term follow-up study, 1-7 years, has been
previously published (al-Rowaih 1991). The records of all 40 patients were reevaluated
in 2012 in terms of need for further major knee surgery (knee arthroplasty or high tibial
osteotomy) and the significance of the size of the osteonecrosis.

Paper 3. A cohort of 12 children and young adults with a cervical hip fracture and
thereby at risk of impaired femoral head circulation was studied. In 2006, we started to
evaluate the postoperative circulation in the femoral head in children and young adults
after cervical hip fracture. Cervical hip fractures in these young patients are rare, and
between 2006 and 2012, 12 patients, 7-23 years old, were diagnosed and, in case of an
avascular femoral head, treated with bisphosphonates for this condition at our
department. 10 of these 12 patients had the postoperative circulation in the femoral
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head evaluated (see below) and all these 10 patients were included in the study. The
patients were followed for a minimum of 1 year in terms of development of AVN and
secondary degenerative changes.

Paper 4. An experimental animal study on rats. 24 animals had a loaded bone chamber
with a bone graft implanted in the proximal tibia. Systemically administered
bisphosphonates were given to 12 rats with the other 12 serving as controls. The ability
of bisphosphonates to protect the subchondral bone from collapse and compression in
a high load environment was evaluated.

Swedish Knee Arthroplasty Register (SKAR)

Information from the Swedish Knee Arthroplasty Register (SKAR) was used to identify
SPONK patients who had undergone reconstructive knee surgery (Jureus 2013). The
SKAR was started in 1975, and all hospitals performing knee arthroplasties in Sweden
report both primary procedures and revision procedures to the SKAR. The SKAR
covers 100% of the Swedish hospitals and 97% of the Swedish knee arthroplasties have
been shown to be included in the register (Knutson and Robertsson 2010).

Radiological methods

Multiple methods of radiological evaluation and classifications were used in this thesis
and the systems of classification will be discussed but not the method of radiology itself.
Early in the remodeling process, the subchondral cysts, normally but not always seen
on plain radiographs, represent the increased size of the individual trabeculas. The
methods of assessing ON lesions in the hip as well as the knee with magnetic resonance
imagining, MRI, will be broadly described as well as the use of scintigraphy in hip AVN

following fracture.

Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging, MRI, is a method used in a variety of applications in the
medical field. MRI has been proven to be a valuable tool in the diagnosis of knee ON
(Bjorkengren 1990, Yates 2007). When the marrow becomes necrotic, the normal fatty
marrow is gradually replaced by fibrosis with a higher water content, which in turn is
detected in T1-weighted MRI images as a decreased signal replacing the high-intensity
fat signal. The T2-weighted image shows areas of low signal intensity surrounded by a
high-intensity signal caused by edema.
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Fig 9. T2-weighted MRI, medial femoral ON
MRI showing bone marrow edema of the medial femur condyle with a focal subchondral lesion typical of

ON.

Fig 10. T1-weighted MRI, medial femoral ON
MRI of the same knee as above with decreased signal in the medial femoral condyle in T1-weighted image.

MRI is a valuable tool to diagnose hip ON in a similar way as described for knee
osteonecrosis. In MRI, the pathognomonic sign of AVN is seen as a subchondral ‘band-
like’ low-signal lesion in T1 weighted images and as a “double-line” sign in T2-
weighted, non-fat suppressed images (Karantanas 2013, Mitchell 1986). However, after
a fracture the use of MRI becomes more challenging in diagnosing ON especially in
the femoral head due to artifacts from the osteosynthesis. A popular method is
Diffusion Weighted Imaging (DW1), a sensitive method of detecting early pathological
findings in tissue. DW1I can be used to differ hip AVN from normal hips (Oner 2011).
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Perfusion-MRI, detects the passage of a gadolinium contrast agent through the vessels
and tissue, acquiring series of T2 images. It has not been shown to add to the diagnostic
or prognostic value of MRI in idiopathic AVN (Karantanas 2013), but does after a
femoral neck fracture (Ehlinger 2011, Kaushik 2010). In conclusion, MRI is a sensitive
method for early diagnosis of ON but pathological changes on MRI may take several
weeks to develop (Sakaia 2000).

Scintigraphy

In scintigraphy, emitted radiation from isotopes is detected by gamma cameras and
form two-dimensional images. In bone scintigraphy, technetium 99m is attached to
methylene-diphosponate (MDP), which is preferentially taken up by bone and binds
to hydroxyapatite (HA). Bone scintigraphy is the tradition method to diagnose AVN
(al-Rowaih 1990, Stromqvist 1987) and a decreased uptake in the femoral head of
technetium 99m-MDP 1-3 weeks after a hip fracture is a strong indicator for loss of
the vascular supply (Stromqvist 1987). In SPONK (Ahlback 1968, al-Rowaih 1990)
but also in hip AVN, an increased focal uptake is seen at the site of the lesion
approximately 5 weeks after the onset of symptoms, as technetium 99m-MDP is taken
up by increased osteoblast activity during remodeling. Some authors report a
characteristically high uptake in the affected femoral condyle after just a few days of the
onset of pain (Rozing 1980). Today, SPONK is mainly diagnosed by MRI (Yates
2007).

Figure 11. Scintigraphy
Scintigraphy of a right cervical hip fracture in a 16-year-old boy, performed 1 week after surgery. Left
frontal view and right dorsal view showing decreased uptake (arrow) in the right femoral head indicating

loss of blood supply and risk of AVN.
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SPECT

Single-photon emission computed tomography (SPECT) is similar to conventional
scintigraphy as described above and uses gamma cameras for imaging. The information
can be provided in true 3D. Multiple 2D scintigraphic pictures are acquired from
different angels and converted into a 3D structure by using a computer algorithm. The
data set can show thin slices of any chosen axis.

SPECT/CT

When computed tomography (CT) is added to SPECT, fusion images known as
SPECT/CT can be created, containing both physiologic information from the SPECT
and anatomic information from the CT. The diagnostic capability of AVN is improved
over SPECT alone. It allows anatomical location of increased scintigraphic uptake, or
tissues, which may be seen on SPECT but are otherwise difficult to locate with regard
to other anatomical structures (Luk 2010).

Figure 12. SPECT/CT

A SPECT/CT of a 15-year-old boy is seen showing an operated right-sided cervical hip fracture. When
computed tomography (CT) is added to SPECT, fusion images known as SPECT/CT can be created.
Scintigraphic information is displayed in color and CT information in gray-scale. The pins, which fixate
the femoral neck fracture, can be clearly seen along with a distinctly reduced (partial) scintigraphic intensity
in the right femoral head compared to the left. The intense uptake in the trochanteric region is caused by
the surgery.

Osteonecrosis in plain radiographs

During the early stage after a vascular disrupture and the subsequent necrosis of the
bone- and other mesenchymal cells, the standard radiographic investigation is normal.
Scintigraphy performed at the same time may show a decreased or increased uptake
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and T2-weighted MRI images may show a central area of low signal intensity,
surrounded by a high-intensity signal, which is caused by edema. By using exclusively
a radiographic examination, an ON can be missed (Ahlback 1968, Lotke 1977).
Findings on plain radiographs as well as the changes on T1 weighted MR images
develop at a later stage, after the bone remodeling process has started. The central black
cyst, seen in the center of an ON on radiographs, represents the increased size of the
individual trabeculae and takes months to develop. The gradual return of the bone
density is used to monitor healing of an ON. The healing tissue of the ON gradually
ossifies with sclerotic changes as a result of mineral being laid down onto the necrotic
trabeculae, forming new bone. The typical “crescent” sign seen in later stages of knee
ON, probably represents either subchondral collapse of the necrotic bone or fluid
leaking in from the joint space initiating osteoclastic resorption (Buckwalter 2007).
Regardless of cause, the changes in the subchondral bone ultimately can lead to collapse
of a portion or the entire affected joint. At the end stage secondary arthritic changes
appear in plain radiographs as a result of the collapse and the subsequent joint
incongruency.

Radiological classification of osteonecrosis, osteoarthritis
and hip fracture.

Several methods of measuring and evaluating ON lesions exist and they all may be
important. The size of the necrotic lesion has been shown to be prognostic in SPONK
(Lotke 1982), which was confirmed in our study of the natural course of SPONK
(Jureus 2013). The use of different methods and staging systems can be somewhat
confusing. In addition the use of different methods of staging ON lesions in the knee
and hip sometimes makes it difficult to compare the outcome of different treatment
options.

Radiological classification of SPONK

Lotke

All the methods of measuring osteonecrosis of the knee involve approximations. The
Lotke method (Lotke 1982) used in Paper 1 and 2 (fig 13) uses only the antero-
posterior (AP) view. Lotke relates the width of the lesion to the size of the affected
condyle. This method often allows the lesion to be measured. It does not however take
into account the volumetric size of the ON, nor does the method measure the
progression of the disease or stage secondary changes.
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Figure 13. The Lotke index
The Lotke index relates the width of the lesion to the size of the affected condyle, b/a.

Mubheim and Bobne

Using the method of Muheim and Bohne, an area of the necrotic lesion is calculated
by multiplying the width on the AP with the length of the lesion on the lateral view
(Muheim and Bohne 1970). Sometimes the ON lesion is seen only in the frontal or in
the lateral view, which limits the use of this method.

Aglietti

Aglietti (Aglietti 1983) classified the necrotic lesion into five stages after modification
from Koshino (Koshino 1982) without relation to the size. Stage I simply indicates
normal radiographs, whereas Stage II represents a flattening of the affected condyle. In
Stage 111, a subchondral radiolulucent lesion can be observed, surrounded by limited
sclerosis, which in Stage IV has developed into a more evident surrounding sclerosis
and subchondral bone collapse. Finally in Stage V, secondary degenerative changes have
appeared. The Aglietti method, thus, measures the progression of the disease and also
takes in to account secondary changes. It does not relate the stage to the size of the
osteonecrotic lesion, a disadvantage, since several studies have shown the size to
correlate with the prognosis. (Jureus 2013, Lotke 1977, Muheim and Bohne 1970,
Rozing 1980)

37



Mont

The necrotic angle was described by Mont (Mont 2000) and measures the size of the
epiphyseal lesion. The angle is measured from the epiphyseal scar (ES) in the sagittal
and coronal plane and the two necrotic angles are summed to provide the combined
necrotic angle. Lesions of 150° or less are categorized as small, lesions of 151-249° as
medium and lesions of 250° or more as large. The method further requires the lesion
to be visible in both the frontal and lateral views Fig (14).

ES

Figure 14. The necrotic angle described by Mont

The left circle represents the affected femur condyle in the coronal view and the right circle the same
condyle in the sagittal view on plain radiographs. The angle (a and b respectively), which covers the ON
lesion, is measured from the epiphyseal scar (ES) in the sagittal and coronal plane. The two necrotic angles
(a+b) are summed to give the combined necrotic angle. Lesions (a+b) of 1500 or less are categorized as
small, lesions of 151-249° as medium and lesions of 250° or more are categorized as large.

Radiological classification of knee osteoarthritis

Ahlbick

The prognosis of SPONK is poor and associated with a high frequency of osteoarthritis
(OA) (Lotke 1982). In paper 1 and 2, we used the Ahlbick classification (Ahlback
1968) to evaluate the incidence and especially the development of secondary
osteoarthritis. Stage 0 means no osteoarthritis. In Stage 1, a narrowing of the joint space
of >50% is observed and in Stage 2, the whole joint space is obliterated. In Stage 3 a
bone defect/loss of less than 5 mm is seen and lesions are classified as Stage 4 if the
bone defect/loss is between 5-10 mm. In Stage 5, the bone defect/loss exceeds 10 mm
and is often combined with subluxation and arthritis of the other compartment (Table

1).
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Tabel 1. Ahlbick classification
The Ahlbick classification of knee osteoarthritis was used in paper 1 and 2 for description and evaluation
of secondary arthritic findings following SPONK.

Stage Description

I Narrowing of the joint space inferior to the half of the space in the other compartment
II Obliteration of the joint space

I Bone defect/loss <5 mm

v Bone defect/loss between 5 and 10 mm

\% Bone defect/loss >10 mm often with subluxation and arthritis of the other compartment

Kellgren-Lawrence

Another scale used to grade OA in the knee and sometimes in other joints such as the
hip and hand, is the Kellgren-Lawrence grading scale (Kellgren and Lawrence 1957).
Grade 1 is used when a narrowing of joint space starts and osteophytes appear. The
distinction between normal radiographs and stage 1 can be difficult. Grade 2 is
interpreted as the definite formation of osteophytes and a definite narrowing of the
joint space. In grade 3, moderate multiple osteophytes and definite narrowing of joint
space are seen combined with some sclerosis and deformity of the bone contour. In
grade 4, finally, large osteophytes, marked narrowing of joint space, severe sclerosis and
deformity of bone contour can be found.

Other systems

The Osteoarthritis Research Society international grading system for medial and lateral
tibiofemoral joint space uses the narrowing of the joint space in percent to be divided
into Grade 0= normal, Grade 1= mild (1-33%), Grade 2, moderate (34-66%) and
Grade 3, severe (67-100%).

Radiological classification of hip osteonecrosis and hip fracture

Ficat and Arlet

The Ficat and Arlet (Ficat 1985) staging system is the most commonly used system for
ON of the femoral head and used in paper 3. The staging system is based mainly on
plain radiographic changes that occur as a result of the bone necrosis, but also the
subsequent reparative changes, collapse and degeneration of the femoral head. In Stage
I, the radiographs are normal. In Stage 11, osteopenia and/or sclerosis are seen but the
head remains spherical. In Stage III, the head is flattened and often a crescent sign is
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seen. In Stage IV secondary degenerative changes are present. Today a “Stage 0” is often
added to the classification but was not originally described by Ficat and Arlet. In stage
0 plain radiographs are normal as well as scintigraphy and MRI. In stage 1 plain
radiographs are normal, the bone scan may be non-diagnostic and difficult to interpret
but the MRI indicate early changes. It should be noted that using only plain
radiographs to stage osteonecrosis of the hip, as in paper 3, it is not possible to
differentiation between stage 0 and 1 (Table 2).

Table 2. Ficat and Atlet classification
The Ficat and Atlet classification system was used to stage osteonecrotic lesions in the femoral head in
paper 3.

Stage  Radiograph Bone scan MRI

0 Normal Normal Normal

I Normal Non diagnostic Early changes

II Osteopenia/sclerosis spherical head Positive Positive

I Flattened head crescent sign Positive Positive

v Secondary degenerative changes Positive Positive
Stulberg

The Stulberg classification is the gold standard for diagnosing and staging radiological
findings, originally devloped for the Perthes disease (Stulberg 1981). The method has
been questioned due to a low inter- and intra observer reliability (Neyt 1999).) The
Stulberg classification has been used also to stage radiological changes after traumatic
AVN of the hip (Ramachandran 2007). Stage 1= normal. Stage 2= spherical head with
coxa magna/breva or steep acetabulum (spherical congruency, good prognosis). Stage
3= non-spherical head (aspherical congruency, OA late adulthood). Stage 4= flat head
and flat acetabulum (aspherical congruency, OA late adulthood). Stage 5= aspherical
incongruence (Aspherical incongruence, OA before the age of 50 yrs. The Stulberg
classification was used in paper 3 to measure the collapse of the femoral head (Table3).
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Table 3. The Stulberg classification
The Stulberg classification is the gold standard for diagnosing and staging radiological findings in Perthes

disease.
Stage Description
I Normal
II Spherical head with coxa magna/breva or steep acetabulum (Spherical congruency, good
prognosis)
111 Non-spherical head (aspherical congruency, OA late adulthood)
v Flat head and flat acetabulum (aspherical congruency, OA late adulthood)
\'% Aspherical incongruence (aspherical incongruence, OA before 50 years of age)

Table 4. The Delbet classification

The Delbet classification is used to to describe pediatric hip fractures.

Type Description

I Transphyseal, without or with dislocation (type A respectively type B)
11 Transcervical (cervical)

111 Cervicotrochanteric (baso-cervical)

v Intertrochanteric (trochanteric)

Animal model

Animals

In the animal model, male Sprague-Dawley rats were used (328-367g, Mollegaard,
Koge, Denmark). The use of animals allows larger reproducible series to be performed.
The animals are inbred and are sexually mature at 7-8 weeks. A rat continues to grow
their entire life of approximately 3-4 years. Rats differ in many ways from humans but
physiological principles can be extrapolated. The rat skeleton organic matrix has lower
collagen content, 60 percent versus 90 percent in humans (Jorgensen 1991). In rats,
the cortical bone is subdivided into an outer zone of concentric lamellar bone and an
inner zone of more irregular oriented non-lamellar bone, with the outer zone
developing at 3 months (Danielsen 1993). The rat bone has a remodeling and healing

41



capacity much larger than in humans. The cellular mechanisms involved in bone
metabolism are, however much the same as in humans and the rat skeleton provides a
valid model to evaluate the principal effects of therapeutic bone agents on bone (Frost
and Jee 1992).We used male rats in the experiments, mainly to avoid the effect of the
polyestral cycle in female rats and because the male rat tibia is larger and hence more
suited for the bone chamber used in the study. Grafts were taken from female rats for
historical reasons because of a notion that they possess a more homogenous trabecular
structure of the bone in the proximal tibia, where the grafts are harvested.

Procedure and ethics

Approval of the Institutional Review Board was obtained before the study was started.
The rats were kept at the university animal facility with two rats in each cage and free
access to food pellets and water. For the surgical procedure the animals were
anesthetized with peritoneal injections of a pentobarbital and diazepam. The chambers
were implanted under aseptic conditions.

The bone chamber

The loaded bone chamber (LC) (Tagil and Aspenberg 1999) (Figure 15) consists of a
titanium cylinder formed out of two half cylinders, held together by a cap. There are
two bone ingrowth openings at the end, implanted in the bone where tissue can grow
in from the subcortical cancellous bone. A mechanical load can be transmitted to the
tissue within the chamber by applying a known force on the top of the piston. A spring
returns the piston to the original position when the loading is interrupted. The inside
diameter of the LC is 2mm and the distance between the chamber bottom with its
ingrowth openings and the piston is 5mm when the chamber is unloaded and 1,5 mm
when a force is applied and the piston is loaded and in its most downward position. A
rubber coat covers the top of the chamber with its mobile parts preventing tissue from
interfering with the mechanism. The resistance of the rubber coating and the spring
has been measured in bench tests.
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Figure 15. The loaded bone chamber

The loading force is applied by a dynamometer from outside of the skin at the upper end (large arrow).
Mesenchymal tissue grows into the graft (G) from the openings at the lower end (small arrows), mimicking
the situation in the subchondral bone in load bearing joints. The chamber allows various therapeutically
active agents to be tested either administered locally before implantation or systemically before, or after,

surgery.

Bone chambers with or without bone grafts, implanted in the proximal rat tibia, have
been used in various models at our department to study bone metabolism and the effect
of different drugs administered both locally and systemically (Aspenberg 1996, Astrand
and Aspenberg 2002, Astrand 2006, Belfrage 2011, Belfrage 2012, Harding 2008,
Jeppsson 2003, Khayyeri 2009). The bone chamber offers a unique opportunity to
study the effect on bone remodeling. Most of the studies have been in the unloaded
chamber model, which does not fully mimic the situation in load bearing joints. In the
unloaded chambers both systemic (Astrand 2006) and local (Belfrage 2012)
bisphosphonates have been shown to reduce bone resorption. In a modified bone
chamber (Tagil and Aspenberg 1999) (Fig 15) the bone graft was mechanically loaded
and local treatment with bisphosphonates was shown to prevent collapse of the bone

graft (Tagil 2004).

In study IV, osteochondral grafts were taken with a hole-cutter perpendicular to the
joint cartilage from the femoro-patellar grove of female donor Sprague Dawley rats of
the same age. The length of the grafts were measured by a caliper both before insertion
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and at harvest with the idea that loading of the chamber and thereby the grafts would
mimic the situation of a load bearing joint.

After preparation of the proximal rat tibia one end of the implant can be screwed in to
the bone. The skin is then closed over the implant leaving the other end of the chamber
subcutaneously. The chamber is left in situ for two weeks to allow tissue to grow in and
after two weeks the loading starts. The rats were treated systemically with zoledronate.
With a specially designed dynamometer an external loading force of 8 N is applied to
the top of the chamber. The pressure applied on the tissue beneath the piston was
calculated to be approximately 2 MPa. The loading regime was applied once daily 5/7
days in cycles of 10. After six weeks the animals were sacrificed and the chamber taken
out and the length of the grafts were again measured. The grafts were taken for
histological examination.

Evaluation

After harvest the specimens were measured with respect to their lengths. The degree of
compression of the graft due to bone resorption and loading of the graft, resembles
what could happen in a load-bearing joint with an subchondral ON lesion.

After fixation in formalin and decalcification in ethylenediaminetetraacetic acid
(EDTA), the specimens were embedded in paraffin and cut parallel to the longitudinal
axis of the chamber with a microtome. Three sections, 300um apart and from the
middle of the specimens can be used for histological and histomorphometric analyses
after staining with hematoxylin and eosin. Using the Videoplan equipment at 40 x
screen magnification, the area of the new ingrown bone can be measured by
circumscribing it on a digitizing table. This area includes graft remnants and marrow
cavities that had been circled or covered by new bone. The mean bone ingrowth
distance (d) can be calculated on each slide by dividing the new bone area with the
width of the specimens. Fibrous tissue had advanced further into the chamber ahead of
the new bone in all cases and the total tissue ingrowth distance was measured in the
same way as bone ingrowth

Classically, a Merz grid ocular lens (Merz and Schenk 1970) with 6 x 6 crossing lines
forming 36 points of an area of interest were used to measure the bone density by a
manual point counting method ad modum Cavalieri. An area fraction assessment,
expressed as bone area/total area, can be made of both the remaining dead graft as well
as living new-formed bone within the area of the point count. Multiple sections of each
graft are analyzed at 40 x magnification. The volume (V) of the new formed remodeled
bone and remaining graft bone in the specimens below and including the edge of the
bone formation can be calculated using the mean bone ingrowth distance into the graft
(d) and the radius of the chamber (r=1mm), V=d x n x r2. By multiplying (bone
area/total area) with the volume, the total or relative amount of the retained new-
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formed and non-resorbed bone graft can be expressed as bone volume/total volume
(BV/TV). It was possible to do a distinction between dead graft bone and new living
bone by grading the matrix staining and the existence of osteocytes.

New methods of digitally calculating bone ingrowth and BV/TV are now being

introduced.
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The studies- methods results and
discussions

Methods and results

SPONK

Paper 1. Treatment of spontaneous osteonecrosis of the knee (SPONK) by a bisphosphonate

Between 2006 and 2009, 17 consecutive patients (mean age 68 years) with clinical and
radiographic signs of knee ON were identified and given alendronate, 70 mg perorally,
once a week for a minimum of 6 months. The patients were followed clinically,
radiographically, and by MRI. 10 of the 17 patients did not develop osteoarthritis, 4
patients developed mild osteoarthritis but no knee joint surface collapse, and 3 patients
had a joint surface collapse. In contrast to the previous, untreated series of ON patients
(al-Rowaih 1991) at our hospital, the clinical results in the present series appeared
better at an equivalent time period. 59% of the patients had a complete radiographic
recovery, compared to 25% in the original study (p=0.032, Fischer exact test). 12%
were failures regarding the need to undergo surgery when bisphosphonates were
administered, as compared to 32% in the previous untreated series (n.s.). In the long-
term follow-up of the untreated series (Jureus 2013), the size of the lesion was associated
with an inferior outcome but in the bisphosphonate series such association was not

found (Fig 16).
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Figure 16. Results of treatment of SPONK by a bisphosphonate

Treatment of spontaneous osteonecrosis of the knee (SPONK) by a bisphosphonate improves the outcome
compoared to untreated patients, regarding risk for secondary radiological osteoarthritis (P=0.032 Fischer
exact test).

Paper 2. The natural course of spontaneous osteonecrosis of the knee (SPONK)

Between 1982 and 1988, 40 consecutive patients were diagnosed with SPONK. In the
short-term outcome after 1-7 years, 10 patients had a good radiographic outcome and
30 were considered failures, developing osteoarthritis. The short-term results have
previously been reported (al-Rowaih 1991).

In 2012, all of the 40 patients were matched with the Swedish Knee Arthroplasty
Register, SKAR (Knutson and Robertsson 2010) and their medical records were
reviewed to evaluate the long-term need for major knee surgery. In the 2012 review
(Jureus 2013), 33 of the 40 patients were dead. The mean follow up time, from
diagnosis until death, revision or end of study, was 15 (1-30) years.

None of the 7 patients from the initial report, with a lesion visible only with
scintigraphy but not with radiography, were ever operated. None of the 10 patients
with a Lotke index of less than 20% were ever operated. At the time of this review,
17/40 patients had been treated operatively, either with a unicompartmental (n=6), a
total knee arthroplasty (n=9) or an osteotomy (n=2). All but 1 of the 7 patients with an
initial Lotke index of > 40 were eventually operated with knee prosthesis.

1 patient, without radiographic OA changes at the initial review in 1991, later
developed OA and was operated with an unicompartmental arthroplasty 9 years after
symptom onset. With the exception of this patient, all the patients undergoing major
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surgery were in the “failure” group (developing osteoarthritis) in the initial study 1991.
The median time to knee surgery was 1,5 (0,5-11) years and 14/17 of the operations
were carried out within the first 4 years. No major knee surgery was performed later
than 12 years after the diagnosis and in 2012 only 4 un-operated patients were still
alive. A Kaplan—Meier failure estimate was calculated and presented as a graph (Fig 17),
showing the proportion of patients needing to undergo knee surgery with either
osteotomy or arthroplasty over the years.

The age of the patients operated with knee prosthesis or osteotomy was 68 (48-85)
years at the time of symptom onset, compared to 74 (64-84, p= 0,1) in the group who
were never operated but were considered failures in the initial report. The age of the 10
patients with a “good” outcome, who did not develop OA in the initial report, was 56
(41-77) years compared to 71 (48-85) years in the group developing OA (p<0,001).
No gender-specific differences could be shown in terms of the need to undergo a knee
prosthesis surgery.

Proportion
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Figure 17. Kaplan-Meier failure estimate
Kaplan—Meier failure estimate, illustrates the proportion of patients undergoing knee surgery with
arthroplasty or high tibial osteotomy over the years.
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Cervical hip fracture

Paper 3. Vascular impairment after cervical hip fractures in children and younger adults.

10 children or young adults, 5 girls and 5 boys, (mean age 14 years (7-23)) were
operated for a cervical or basocervical hip fracture between 2006 and 2012. The femoral
head circulation was evaluated post-operatively with scintigraphy. Patients with
definitive lack of femoral head circulation had been prescribed non-weight-bearing and
bisphosphonates for a minimum of 6 months. All patients were followed for minimum
of one year with radiographic examinations. Radiological changes were classified
according to the Stulberg and the Ficat and Arlet scores (Table 2 and 3) respectivly
(Ficat 1985, Stulberg 1981)

In 3 patients, the femoral head had normal circulation postoperatively and all 3 had
normal radiographs at follow-up. The patients with normal circulation were non-
weightbearing for mean 3 months (1-6). In 3 patients the entire femoral head was
avascular post-operatively, and at follow-up 1 patient had normal radiographs, 1 had
subchondral sclerosis but normal sphericity and 1 had both subchondral sclerosis and
flattening. The patients with complete avascularity underwent a longer period of non-
weightbearing after surgery, (mean 12.5 months (7.5-18)). All 3 patients were treated
with bisphosphonates. 4 patients post-operatively had retained circulation in parts of
the femoral head and 3 of these 4 patients had normal radiographs at follow-up. The 4
patients with retained vascularity in parts of the femoral head were non-weight-bearing
for mean 3,5 months (1,5-6) and none were treated with bisphosphonates.

Animal study

Paper 4. Systemically administered zoledronate prevents collapse in mechanically loaded
osteochondral grafts. A bone chamber study in rats.

24 male Sprague-Dawley rats, 2 rats in each cage with free access to water and food
pellets, were kept in our animal facilities for 1 week before experiments started. Bone
grafts were harvested, measured with a caliper and placed in a bone chamber inserted
into the tibia of a rat. Host tissue could grow into the graft through openings in the
chamber. Weekly injections with zoledronate (0.1 mg/kg s.c, Zometa, Novartis, Ryde,
Australia) or saline were subcutaneously administered. The grafts were then loaded for
4 weeks. Pressure was applied by hand using a specially designed dynamometer once a
day, five days a week until the rats were harvested after 6 weeks. The specimens were
fixed, cut and stained with haematoxylin/eosin and used for histological and
histomorphometric analyses. In 8 rats a cyst formed around the chamber. The cysts
were punctured and if pus was present (n=2, both saline controls) the rats were excluded
and if the fluid was opalescent (n=06), the animal remained in the study. The mean
decrease from the original graft length of 3.9 (SD 0.7) mm in both groups was 0.63

50



(SD 0.63) in the saline treated controls compared to 0.18 (SD 0.20) in the
bisphosphonate treated group (p=0.03). None of the bisphosphonate treated lost > 0.5

mm whereas 5/10 in the saline group lost > 0,5 mm.

Histologically, the whole graft had revascularized and fibrous tissue had grown in to
replace the bone marrow. A clear ossification front was seen in all grafts. In the controls,
the graft was almost totally resorbed and had been replaced by fatty tissue but in the
bisphosphonate treated specimens the graft remained with new formed bone
appositioned. The increased bone volume was obvious to the naked eye (Fig 18).

Figure 18. Histology of bone graft.

Left, saline treated control specimen after 2 weeks of non-loading followed by 4 weeks of loading. A
marrow cavity (M) has formed where the graft (GB) has been resorbed. Above this, the front of new formed
bone (NB) is seen which has reached the top in the periphery but not centrally. Right, zoledronate treated

specimen after 2 weeks of non-loading followed by 4 weeks of loading. The ingrowth openings are in the
lower end and vessels grow in upwards in the bone part towards the cartilage part (C) of the
osteocartilaginous graft. New bone (NB) is formed without marrow cavity. Next to the chamber wall
marrow fibrosis (F) seem to appear replacing the subchondral bone underneath the cartilage layer
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Discussion

The present thesis aims is to increase our knowledge of ON and to find possible ways
to prevent the consequences of an ON in subchondral bone in load bearing joints. The
focus has been mainly on prognosis and treatment of SPONK but also on diagnosis of
vascular impairment and ON following hip fracture in children and young adults. An
experimental animal study was performed in a rat model to study remodeling of dead
bone under load.

ON in the subchondral bone is painful, often leads to secondary osteoarthritic changes
and is associated with an increased risk of surgery with joint prosthesis (Lai 2005, Lotke
1982). ON is defined by death of bone cells, osteocytes, hematopoietic and fatty
marrow precursor cells. ON can be divided as beeing traumatic or non-traumatic. If no
factors related to the osteonecrotic lesion can be found the lesion is said to occur
“spontancously”. (Ahlback 1968, Akamatsu 2012, Jones 1993, Kantor 1987,
Yamamoto and Bullough 2000). Regardless of cause, vascular compromise is the final
pathway that leads to cellular death.

Three of the papers, including the animal study, comprises bisphosphonate treatment
studies of the osteonecrotic lesions. Two papers, the first investigating bisphosphonate
treated SPONK patients and the second being the animal study, compared treated
patients and specimens with untreated controls. In the paper on osteonecrosis following
hip fracture, the focus was not primarily on treatment with bisphosphonates, although
3 patients were treated with this drug, but on the diagnosis and prognosis related to the
remaining postoperative blood circulation in the femoral cervical head.

SPONK

The long time follow up of SPONK patients describes the natural course of untreated
SPONK. Only 4 non-operated patients were still alive at the end of the study making
it an almost lifelong follow up, with an mean follow-up period of 15 years ranging from
1 to 30 years. The patients were diagnosed between 1982-88 and the last major knee
surgery was performed 11 years after diagnosis making further knee surgery later in life
in these patients due to SPONK unlikely or approaching the normal risk of developing
osteoarthritis. Previous SPONK studies have all had shorter mean follow up periods,
ranging from 3 to 6 years (al-Rowaih 1991, Houpt 1983, Lotke 1982, Rozing 1980,
Satku 2003). Rozing (1980) reported the largest series, in which 35/90 knees with
SPONK were treated with osteotomy or arthroplasty. Patients with a good outcome in
the initial 1-7 year follow-up (al-Rowaih 1991) of our series continued to do well in
the long time follow-up of the same 40 patients (Jureus 2013). Only 1 patient without
radiographic osteoarthritic changes in the initial study deteriorated and was operated
after 9 years. Most surgeries were made during the first years and if the patient had a
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small lesion or did not develop OA during this early time period, it appeared less likely
that a late deterioration will occur. Younger patients have a significantly better
prognosis. Older patients with large lesions and early radiological signs of secondary
osteoarthritis should be considered for early intervention with knee prosthesis.
However, bisphosphonates might alter the course of SPONK even in older patients
with larger lesions.

Figure 19. SPONK

Spontaneous osteonecrosis of the knee seen on MRI.

In our study “Treatment of spontaneous osteonecrosis of the knee SPONK by a
bisphosphonate” (Jureus 2012), we compared bisphosphonate treated SPONK patients
with a previous, untreated series of ON at our hospital (al-Rowaih 1991). The clinical
results in the bisphosphonate series was significantly better with 59% of the patients
having a complete recovery in plain radiographs compared to 25% in the original study.
12% were failures in terms of a need to undergo surgery when bisphosphonates were
given compared to 32% in the previous untreated series. There are however well
recognized problems in the comparison of historical series.

Our hypothesis was that an anticatabolic drug would delay the remodeling of the dead
bone. Systemic treatment with bisphosphonates has been suggested to postpone the
resorption of the necrotic bone during the revascularization and new bone formation.
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Bisphosphonates delay the resorption of revascularizing dead bone experimentally
(Astrand and Aspenberg 2002, Kim 2005, Little 2003, Tagil 2004) as well as in clinical
hip osteonecrosis case series (Agarwala 2005, Nishii 2006, Ramachandran 2007) and
knee osteonecrosis series (Kraenzlin 2010). In a randomized human study
bisphosphonates given to patients with femoral head osteonecrosis substantially
reduced the risk of secondary osteoarthritis and hip arthroplasty (Lai 2005). However,
no effect of bisphosphonate treatment could be seen in a randomized short time follow
up series of mixed causes of knee osteonecrosis diagnosed with MRI and with the
primary objective to study the change in pain score (VAS) after 12 weeks treatment
with ibandronate or placebo (Meier 2014).

Only a direct comparison in a long-term prospective randomized study would be able
to determine if bisphosphonates are capable of changing the outcome with regard to
development of osteoarthritis and need for major surgery. Such a study may, however
be difficult to perform due to the low incidence of the condition.

Cervical hip fracture

In our study "Vascular impairment after cervical hip fractures in children and younger
adults” we found evaluation of the vascularity of the femoral head to be a useful tool to
predict the outcome after cervical or basocervical fractures in children and younger
adults. Without pharmacological or other treatment, other than a shorter period of
restricted weight-bearing, all patients with a normal bone perfusion investigation healed
without signs of radiographic lesions after a follow-up of mean 18 months. Amongst
those patients, where scintigraphy revealed reduced vascularity in parts of the femoral
head, 3/4 patients healed without signs of radiographic deterioration. 1 patient,
diagnosed as having a partially impaired uptake, developed secondary radiographic
lesions, The pattern of avascularity in this patient differed from the other 3 patients in
this group, who all had normal radiographs at follow up with the partial avascularity
appearing in the cranial subchondral part of the femoral head, in the epiphysis, rather
than the metaphyseal region (Fig 20). The avascular part corresponded to the final
radiographic lesion seen in this patient at follow up. Weight-bearing by itself does not
contribute to femoral head AVN but may cause the subchondral bone to gradually
collapse (Okazaki 2012, Pringle 2004, Xu 2010). On reflection, it is possible a
prolonged period of non-weight-bearing and/or addition of a bone resorptive agent
such as bisphosphonate in this patient may have decreased or hindered the development
of secondary radiographic changes.
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Figure 20. Partial avascularity in the subchondral bone

1 patient, diagnosed as having a partially impaired uptake, developed secondary radiographic lesions. The
pattern of avascularity in this patient differed from the other 3 patients in this group, who all had normal
radiographs at follow-up, whereas partial avascularity appeared in the cranial subchondral part of the
femoral head (arrow) in the epiphysis rather than in the metaphyseal region (left). The avascular part
corresponded to the final radiographic lesion seen in this patient at follow-up (right).

The time to the perfusion investigations differed, as did the time for non-weightbearing
and time of bisphosphonate treatment. Both prolonged non-weight-bearing as well as
bisphosphonates were prescribed in patients with avascularity of the entire femoral
head. The length of the non-weight-bearing period differed between the groups in our
series, ranging from 1 to 18 months.

Bone resorption occurs rapidly in children with avascularity due to a cervical hip
fracture when osteoclasts resorb necrotic bone during revascularization. Ramachandran
evaluated a pediatric series of 28 patients with suspected AVN, which included 22
children with slipped capital femoral epiphyses, 4 with femoral neck fractures and 2
with traumatic hip dislocations (Ramachandran 2007). All 17 patients with a cold bone
scan, indicating significant lack of blood supply to the femoral head, were treated with
intravenously administered bisphosphonates and all had a good or excellent clinical
outcome. Radiographically 9 hips were rated as Stulberg class 1 or 2, 6 hips as class 3,
and 2 hips as class 4 (Stulberg 1981). The 11 patients with normal bone scans healed
without radiographic abnormalities.

Femoral head AVN following cervical neck fracture in children and younger adults is
rare but complications are common (Forlin 1992, Morsy 2001) and every effort should
be made to limit the consequences in these young patients. Surgical intervention within
24 hours with anatomical reduction, stable fixation and evacuation of intra-capsular
hematoma is presumed important as it may reduce the risk for AVN (Boardman 2009).
AVN is usually diagnosed radiographically within 12 months but may not be evident
for several years.
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Evaluating the remaining circulation after surgery helps predict the outcome and in
patients with an avascular femoral head after fracture, a prolonged period of non-
weight-bearing and drug treatment with bisphosphonates may be beneficial, whereas
patients with intact postoperative circulation can be expected to have a good prognosis
and can be allowed earlier weight-bearing and return to previous activities.

Animal study

Circulating bisphosphonates bind to bone mineral and as the bone is resorbed by
osteoclasts, bisphosphonates are internalized and interfere with the cell metabolism,
eventually leading to apoptosis of the osteoclast (Rogers 2003, Russell 2007). We have
shown in this study that systemic treatment of an osteochondral graft with a
bisphosphonate diminishes the risk of collapse during revascularization in a high-load
environment. There are various hypothetical mechanisms that can lead to the collapse
of the subchondral bone and in the bone chamber model these can be studied as
separate phenomena.

1) A fatigue fracture might occur in the necrotic subchondral bone before the necrotic
subchondral bone has been reached by the remodeling front.

2) Once the subchondral bone has been reached by the remodeling front, a too rapid
osteoclastic resorption of the necrotic bone, without sufficient osteoblastic bone
formation, weakens the bone as a construct.

3) Fluid enters the subchondral space through a fracture and under the influence of
oscillating pressure, from the joint during load bearing, which induces resorption.

Fatigue fracture

Bone is a material with low resistance to fatigue and bone entirely relies on the repair
mechanism by living osteoblasts and osteoclasts. Necrotic bone lacks the repair system
and is prone to fatigue fractures as seen for example in large femur allograft in tumor
surgery (Enneking and Mindell 1991). In the chamber, the graft is remodeled from the
ingrowth openings in the bottom and upward. It takes time for the remodeling front
to reach the top of the chamber with the subchondral bone and the cartilage. Here the
loading piston pushes upon the graft and with the high load, fatigue fractures may occur
before the subchondral bone has remodeled.

Resorption

Although the cells in an osteonecrotic area become apoptotic, the bone will initially
retain its load bearing capacity (Parks and Engh 1997). First when blood vessels from
the surrounding living tissue start to invade the necrotic zone, the accompanying
osteoblasts and osteoclasts start to remodel the dead bone (Harding 2008). There will
be a period of mechanical weakening as the osteoclasts precede the bone formation. If
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the remodeling occurs in a highly loaded area such as in the subchondral bone of a
joint, the mechanical strength of the remodeling bone may be temporarily decreased so
that the bone collapses (Tagil 2004).

Fluid pressure

Fluid pressure, especially fluctuating, induces bone resorption via an osteoclastic
induction (Aspenberg and van der Vis 1998, Van der Vis 1998). Joint cartilage may
have an important function to protect the subchondral bone from the hydrostatic
pressure within a joint by hindering massive fluid flow. Direct communication of joint
fluid with subchondral bone, causes cavitary bone resorption, and may play an
important role in an osteoarthritic joint, with elevated intracapsular pressure due to
effusion and decreased capsular compliance (Schmalzried 1997, van Dijk 2010). It
should be noted that osteonecrotic bone lacks activated osteoclasts and that the fluid
pressure theory would only be valid in revascularized bone and in the presence of
osteoclasts.

In all three scenarios, bisphosphonates would theoretically be effective and in this study
we have shown that systemic treatment of an osteochondral graft with a bisphosphonate
diminishes the risk of collapse and compression during revascularization in a high-load
environment. This supports the clinical use of bisphosphonates in patients with
osteonecrotic lesions. However the protecting capacity seems to be somewhat less
affective when bisphosphonates are given systemically, as in this present series, when
comparing to a previous loaded bone chamber study with local treatment of the bone
graft with a bisphosphonate (Tagil 2004). New insights into bone remodeling were
acquired. The front of new-forming bone seems to be preceded in space by a zone of
osteoclastic resorption. This zone is a locus minori and may even by physiological
loading be compressed. With bisphosphonate treatment, less bone will be resorbed in
this zone. In addition new bone in the bone forming zone will cover the remaining
graft trabeculae and increase the bone volume fraction substantially (Astrand and
Aspenberg 2002). The remodeling will then lead to an immediate increase in the
strength of the subchondral bone, without the transient weakening that normally
occurs. Our findings confirm the loaded bone chamber as a valuable tool to investigate
the effect of systemic drug treatment on bone metabolism in a non stress-shielded
environment. The results are in analogy with other experimental setups aiming to
investigate the role of systemic bisphosphonate treatment in ON lesions in joints (Kim
2005, Little 2005, Little 2003).

The reasons for the somewhat diverse results in clinical series, ranging from excellent
(Lai 2005) to poor (Meier 2014) can be discussed. It is reasonable to think that
treatment with bisphosphonates should be started before, or at the latest when
remodeling of the necrotic bone begins. Resorption of the bone matrices supporting
the joint surface can then be delayed, which then serves as a scaffold for new bone
formation. In an experimental piglet model on hip ON, pre-ON administration of
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bisphosphonates was shown to be more effective than administration of the medication
after the ON lesion was induced. (Kim 2005). Initiating bisposphonate treatment
before the ON occurs, for obvious reasons is not applicable in the clinical situation but
highlights the need for sensitive radiological examination (al-Rowaih 1990, Karantanas
2013, Luk 2010, Stromqyvist 1987, Yates 2007) and early diagnosis in patients at risk,
or with clinical manifestations of ON. Little is known about type, dose and length of
bisphosphonate treatment and it varies markedly in clinical series. Bisphosphonates are
anticatabolic drugs preventing bone resorption but do not stimulate bone formation.

At our department unloaded bone chamber studies have shown promising results,
combining bisphosphonates with locally administered bone morphogenic protein
(BMP), with both an increased bone ingrowth as well as increased bone retention
superior to bisphosphonates alone (Belfrage 2012, Harding 2008, Sandhu and Khan
2002). BMPs can, however, not be given systemically. Intermittently administered
parathyroid hormone (PTH) is a systemically administered anabolic drug in clinical use
for osteporosis. A combination of the anabolic effect of PTH and the anticatabolic
effect of bisphosphonates has shown promising clinical results in osteoporosis treatment
(Cosman 2011) and in promoting fracture healing in animal studies (Kuroshima 2014,
Li 2012) and could perhaps in the future improve even further the outcome in patients
with subchondral osteonecrotic lesions. RANK-ligand antibodies, which besides being
more short acting, have also been shown to be more effective than bisphosphonates in
experimentally induced ON (Kim 2006). Combinations of drug treatments and
surgical procedures like core decompression may offer further improvements in
outcome.
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Conclusions

e Morbidity after untreated SPONK is substantial with a more than 75 % risk
of secondary osteoarthritis and an almost 50/50 chance of surgery with knee
prosthesis or high tibial osteotomy. Younger patients have a lower risk for
secondary osteoarthritis. Patients with smaller lesions of less than 20 % of the
joint surface rarely (none in our study) require major knee surgery whereas
patients with lesions of more than 40% almost always do (6/7 in our study).

e Bisphsophonate treatment, alendronate 70 mg once weekly, for a minimum of
6 months seems to reduce the risk of secondary osteoarthritis in patients with

SPONK.

e Evaluation of postoperative blood circulation in the femoral head after cervical
hip fracture in children and young adults helps predict outcome and guide
postoperative treatment regimes. Patients with normal postoperative
circulation can be allowed early weight-bearing and return to previous
activities. In patients with an avascular femoral head, or with partial
avascularity in the subchondral load bearing part of the femoral head, a
prolonged period of non weight-bearing and perhaps treatment with
bisphosphonates should be considered.

e Bisphosphonates given systemically in an experimental animal model reduce
the risk for compression of a non-vascularized bone graft in a loaded bone
chamber. This supports the role for bisphosphonates in patients with AVN in
load bearing joints.
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Future studies

Future clinical studies

SPONK

The obvious future study is a randomized study in patients with SPONK, comparing
bisphosphonate treatment with treatment only with NSAID or paracetamol. The
groups could be compared regarding development of secondary degenerative changes,
functional scores and frequency of surgery with knee arthroplasty. Since some studies
have found a correlation with osteoporosis and SPONK (Akamatsu 2012), the study
should also include evaluation of bone mineral density.

Cervical hip fractures

Cervical hip fractures in children and young adults are rare. They are on the other hand
common in the elderly population. Today, patients over the age of 70 (60) years old
are treated with primary hip arthroplasty (Rogmark 2002) if they have a dislocated hip
fracture due to the high risk of complications such as non union and AVN. Patients
not operated with arthroplasties due to younger age or because the hip fracture is non-
displaced, still run a significant risk for AVN and healing complications (Stromqpvist
1987). These patients could be evaluated with scintigraphy/SPECT and randomized
between bisphosphonates or placebo treatment if the postoperative blood circulation
in the femoral head is absent (cold scints). The groups could be compared regarding
development of secondary degenerative changes, functional scores and the incidence of

hip arthroplasty.

Future animal studies

Animal model, bone chamber

The animal model with the bone chamber allows us to test different therapeutic agents
and combination of agents on experimental AVN. Potential drugs are PTH, RANK-
ligand antibodies, BMP and bisphosphonates.

61






Populirvetenskaplig sammantfattning
pa svenska

Ben dr ett levande material som stindigt omsitts och fornyas. Benvivnaden kinner av
den omgivande miljon och kan anpassa sig till forindringar i det dagliga livet och vid
enskild punktbelastning. Precis som andra organ i kroppen kan benet drabbas av skador
och sjukdomar men har en unik férmaga att lika helt utan 4rrbildning. Ben ersitts med
ben. Osteonekros kallas ett tillstind d& benvivnaden inom ett omride dor. Om det
omride av skelettetet som drabbas ligger nira ledytan i en viktbirande led som héft-,
kni- eller fotled, kan det fa stora konsekvenser. Under likningen sjunker benet ihop
och det utvecklas en artros (ledsvikt). Pa grund av virk och dalig funktion méste leden
sd smaningom inte sillan opereras med ledprotes.

Orsakerna till osteonekros kan vara flera, till exempel fraktur i nira anslutning till ledyta
sisom larbenshalsbrott, medicinering med kortison, vissa reumatiska sjukdomar,
alkoholism, eller dykarsjuka. Ibland vet vi inte orsaken till osteonekros och vi kallar da
tillstaindet spontan osteonekros.

De kliniska besviren av en osteonekros kan vara kraftig smirta och nedsatt funktion i
den drabbade leden. Diagnosen kan stillas tidigt med magnetkamera-undersékning
eller scintigrafi (en undersokning dir ett svagt radioaktiv amne spéras i kroppen). Sa
sminingom, men inte alltid, blir forindringen ocksd synlig pa vanlig rontgen.

Naturalforloppet av spontan osteonekros i knd undersdktes i den andra av vara studier.
Mellan 1982 och 1988 diagnosticerades 40 patienter med osteonekros pa ortopediska
kliniken i Lund. Patienterna féljdes med upprepade réntgenundersokningar och de
forsta resultaten publicerades 1991. Patienterna hade da foljts mellan 1 och 7 ar. 2012
gick vi igenom dessa 40 patienter och jimforde med det Svenska Kniprotesregistret dér
alla som opererats med kndprotes under aren registrerats. Vi kontrollerade via
journalsystemet ocksd om de genomgitt nigon annan stérre knioperation. 31/40
patienter hade diagnostiserats med artros (ledsvikt) synlig pa réntgen i sitt drabbade
kni. 17/40 patienter hade blivit opererade med kniprotes (15 st) eller vinkelosteotomi
(2st) varvid underbenet under knileden vinklas om for att minska belastningen pa den
drabbade delen av ledytan. Vi fann att yngre patienter med osteonekros har bittre
prognos 4n ildre och att stora osteonekroser har simre prognos in sma.
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Kan bisfosfonater, ett vilbeprovat likemedel mot benskérhet, minska risken att
utveckla artros efter osteonekros? I en djurstudie mitte vi effekten av likemedlet i en
modell som ska efterlikna osteonekros, dir dott ben fir omvandlas till levande ben
under samtidig belastning. Vi anvinde en si kallad benkammare som opereras in pa
underbenet hos rattor. I benkammaren kan smé benbitar utsittas for tryck. Nir rattorna
behandlades med bisfosfonater minskades risken for att benbiten i kammaren skulle
tryckas ihop jamfért med rittor som inte fick bisfosfonater. Vi fann att resultaten stoder
vir hypotes att bisfosfonater ocksd kan anvindas i kliniken vid osteonekros i
viktbdrande leder.

I den forsta studien som ingir i denna avhandling behandlade vi 17 patienter med
spontan osteonekros i knileden med en bisfosfonat. Vid en jimférelse med den tidigare
obehandlade gruppen i studie 2 (forsta uppfoljningen som presenterades 1991) sig vi
att risken for artros minskade med bisfosfonatbehandling.

En frakeur pa larbenshalsen hos barn och ungdomar 4r ovanligt men det kan intriffa
vid hogenergiskador som trafikolyckor, fall frin hoga héjder eller vid utforsakning pa
skidor. Frakturen opereras men ofta leder skadan till en alldeles for tidig artros i héften.
Vi tror att detta kan bero pa att blodforsérjningen till ledhuvudet i héftleden ibland
skadas i sjilva frakturdgonblicket. Nir blodforsérjningen dteretableras och nytt ben ska
bildas &verviger i borjan de bennedbrytande cellerna och delar eller hela ledhuvudet
riskerar att utveckla en osteonekros. De senaste dren har barn och unga vuxna som
drabbas av denna fraktur i Lund och Malmo undersokes huruvida det finns adekvat
blodcirkulation i ledhuvudet efter operation. I den tredje studien efterundersokte vi hur
det gitt for dessa patienter. Alla med normal cirkulation likte fint med bevarat
ledhuvud och ingen utveckling av artros. Om hela eller delar av ledhuvudet saknade
blodcirkulation fanns risk f6r ostenekros och utveckling av artros. Unga patienter med
hoftfrakeur kan dirfor i framtiden delas upp mellan de som har nedsatt cirkulation i
ledhuvudet och som bér ha en forsiktigare dtergang till normala aktiviteter och kanske
ocksa likemedelsbehandling med bisfosfonater och de som har en normal cirkulation
och som kan trina iging tidigare.
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Comparisons in this thesis

Paper I

Hypothesis: Bisphosphonates reduce the risk for future development of OA and reduce
the risk for surgery in patients with SPONK.

Method: 17 patients with SPONK were treated with alendronate 70 mg once a week
for a minimum of 6 months. The patients were examined after 3 years regarding
development of osteoarthritis and frequency of surgery. The results were compared
with a previous untreated series of 40 patients.

Results: The 17 bisphosphonate treated patients had significantly (p<0,05) lower risk
of developing secondary degenerative changes in radiographs taken at follow up
compared to the untreated group. 12% of the patients in the treatment group received
knee prostheses compared to 32% in the untreated group (n.s)

Paper II

Hypothesis: What is the life long risk of osteoarthritis and major knee surgery with
prosthesis or high tibial osteotomy following SPONK?

Methods: A life long follow-up was made of 40 patients with SPONK diagnosed from
1982-88. In 2012, the patients were matched with the Swedish Knee Arthroplasty
register (SKAR) to evaluate the frequency of major knee surgery. The size of the lesion
and the age of the patient with regards to outcome were evaluated.

Results: 75% of the patients developed secondary degenerative changes and 17/40
patients have had major knee surgery including arthroplasty or high tibial osteotomy.
Younger patients and patients with small ON lesions were at lower risk of major knee
surgery (p<0,001).

Paper III

Hypothesis: An evaluation of the postoperative blood circulation in the cervical head
after cervical hip fracture in children and young adults helps predict outcome regarding

AVN and secondary degenerative changes in the hip joint.

Methods: In 10 children and young adults with cervical hip fracture, follow up
radiographs were taken at a minimum of 12 months after surgery. The radiographs
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were classified and correlated with the postoperative scintigraphic examinations
evaluating the remaining femoral head circulation after surgery. Patients with no
remaining circulation in the femoral head after surgery were treated with
bisphosphonates and prolonged restricted weight-bearing

Results: 3/3 patients with normal postoperative circulation had normal radiographs at
follow up as had 3/4 with partially remaining circulation. 2/3 patients with no
postoperative circulation had radiographic changes of ON but only 1 demonstrated
bony collapse.

Paper IV

Hypothesis: Bisphosphonate treatment protects an osteochondral bone graft from
collapse and maintains the joint architecture during remodeling in a high load
environment

Methods: Bone grafts were mounted in a specially designed bone chamber allowing the
graft to be mechanically loaded. The chambers were implanted in the proximal tibial
bone. Half of the rats were given bisphosphonates and the other half were not. The
lengths of the grafts, before surgery and after harvest, were compared to evaluate if
bisphosphonates decreased the compression of the graft during remodeling.

Results: Bone grafts treated with bisphosphonates were less likely (p<0,03) to collapse
compared to the grafts in untreated rats.
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