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SUMMARY

Osteoarthritis (OA) is the most common joint disease and a leading cause of long-term

disability. For many years, pharmaceutical therapies for OA have been focused on the

degenerating cartilage. However, there is increasing evidence that changes in the bone

play an important role in OA as well. The structural and material properties of the

subchondral bone are modified, cartilage is replaced with bone tissue via endochondral

ossification, and bone cysts and osteophytes may develop. The cause of these bone

changes is subject of debate, and a better understanding of the mechanisms involved

may help in the development of bone-targeting OA therapies.

Normally, bone architecture is maintained through tightly regulated cellular processes,

in response to mechanical loading. Since there is no evidence that these processes are

disturbed in OA patients, we postulated that the bone architectural changes result

from mechanoregulated adaptation in response to adverse circumstances in the joint.

To evaluate this hypothesis, we used an established mathematical bone adaptation

model to predict the bone response under various conditions that occur in OA. In

the model, osteocytes respond to the local mechanical tissue load by promoting os-

teoblastic bone formation, while osteoclasts resorb bone near randomly occurring

microcracks. To investigate whether the predicted bone architectural changes repre-

sented an OA phenotype, we compared our simulation results to experimental data.

We found that high loading conditions and decreased bone material properties could

both induce an adaptation response resulting in bone microarchitectural changes that

are in concurrence with OA clinical and animal studies from the literature. Subse-

quent quantitative comparison of simulation results to data that we obtained from

human OA tibia plateaus indicated that the decrease in bone mineralization could

explain only part of the increase in bone volume fraction. Therefore, we concluded
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Summary

that decreased mineralization may contribute to the alterations in subchondral bone

architecture, but cannot be the main cause.

In addition to adaptation of the existing trabecular structure, we considered the re-

placement of mineralized cartilage with bone tissue as the cause of the subchondral

bone structural changes in OA. We simulated the replacement of mineralized cartilage

with bone tissue under both normal and high loading conditions and compared the

results to experimental data from human OA tibia plateaus. According to our simula-

tions, endochondral ossification may explain different experimental observations that

could not be explained by adaptation of the existing trabecular structure to altered

loading circumstances, such as the high trabecular number underneath areas of severe

cartilage degeneration, and the presence of a “second subchondral plate”. However,

endochondral ossification under normal loading conditions could not explain the sub-

chondral sclerosis, in contrast with bone adaptation and endochondral ossification

under high loading conditions. These data thus indicated that while both high joint

loading and the replacement of mineralized cartilage with bone tissue may have con-

tributed to the bone architectural changes that we determined experimentally, neither

was solely responsible for these changes.

As the alterations in bone microarchitecture are not the only bone changes charac-

teristic for OA, we also studied the development of subchondral bone cysts. In the

literature, the entrance of pressurized synovial fluid into the bone has been suggested

as the underlying cause for the development of cysts. The pressurized fluid was hy-

pothesized to induce cyst growth through either overloading of the bone tissue or

through osteocyte death. With the mathematical model, we showed that bone adap-

tation in response to both altered loading conditions resulting from the presence of

pressurized fluid, and the presence of dead osteocytes may lead to the development

of subchondral bone cysts.

To summarize, we could explain how mechanoregulated remodeling of bone and min-

eralized cartilage under various conditions associated with OA may result in bone

microarchitectural changes similar to those observed in OA, and we showed that bone

adaptation in response to fluid pressure or osteocyte death may explain cyst growth.

These results support our hypothesis that mechanoregulated adaptation is the mech-

anism responsible for the alterations in bone structure in OA.
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SAMENVATTING

Artrose is een veel voorkomende gewrichtsaandoening die wordt gekenmerkt door

kraakbeenslijtage en veranderingen in het bot. Therapie is meestal gericht op pijnbe-

strijding en het behandelen van het kraakbeen. Er zijn echter steeds meer aanwijzin-

gen dat ook veranderingen in het bot een belangrijke rol spelen bij de ontwikkeling

van artrose. Botveranderingen vinden plaats in een vroeg stadium en uit experi-

mentele studies is gebleken dat veranderingen in het subchondrale bot kunnen leiden

tot kraakbeendegeneratie. Tijdens artrose veranderen de materiaaleigenschappen en

structuur van het subchondrale bot. Daarnaast kan kraakbeen worden omgezet in

bot en kunnen artrosepatiënten botcystes en osteofyten ontwikkelen. Inzicht in de

oorzaak hiervan kan helpen bij de ontwikkeling van nieuwe behandelmethoden voor

artrose die gericht zijn op het bot.

Gezond botweefsel kan zichzelf vernieuwen en aanpassen aan mechanische belasting

middels een continu proces van botafbraak door osteoclasten en botaanmaak door

osteoblasten. Botadaptatie wordt gestuurd door osteocyten die ingebed zijn in het

botweefsel en die fungeren als mechanosensoren. Omdat er geen aanwijzingen zijn

dat dit biologische proces verstoord is in artrosepatiënten, is de centrale hypothese in

dit proefschrift dat veranderingen in botstructuur het gevolg zijn van mechanogeregu-

leerde adaptatie in reactie op abnormale condities in het artrotische gewricht. Om

deze hypothese te testen hebben we onderzocht of we een bestaand computer model

voor het simuleren van botadaptatie konden gebruiken om veranderingen in botstruc-

tuur te voorspellen onder verschillende artrose-gerelateerde condities. In het model

wordt botaanmaak gestimuleerd door signalen die osteocyten produceren als reactie

op hoge lokale mechanische belasting, terwijl botafbraak wordt getriggerd door mi-

croschade die ontstaat op willekeurige plaatsen in het bot. Door met het model een

aantal zeer uiteenlopende situaties te evalueren en de simulatieresultaten te vergelij-

ken met experimentele resultaten, kon de hypothese getest worden.
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vi Samenvatting

Simulaties lieten zien dat zowel hoge gewrichtsbelasting als verminderde materi-

aaleigenschappen ten gevolge van demineralisatie van het bot een adaptatieproces in

gang kunnen zetten dat kan leiden tot veranderingen in microstructuur vergelijkbaar

met literatuurdata. Uit een vervolgstudie, waarin we simulatieresultaten kwantitatief

vergeleken met experimentele resultaten van humane artrotische tibiaplateaus, bleek

dat de afname in botmineralisatie slechts een deel van de toename in bot volume-

fractie kon verklaren. Hieruit concluderen we dat, hoewel demineralisatie kan hebben

bijgedragen aan de veranderingen in subchondrale botstructuur in de tibiaplateaus,

het niet de hoofdoorzaak kan zijn geweest van deze veranderingen.

Naast adaptatie van de bestaande botstructuur hebben we ook endochondrale os-

sificatie -de omzetting van gemineraliseerd kraakbeen in botweefsel- bestudeerd als

mogelijke oorzaak van de veranderingen in subchondrale botstructuur bij artrose. We

hebben endochondrale ossificatie gesimuleerd onder normale en hoge gewrichtsbelas-

ting en de resultaten vergeleken met experimentele data van humane artrotische ti-

biaplateaus. Deze simulaties boden een verklaring voor de experimentele observaties

van een toename in het aantal trabekels onder gebieden met ernstige kraakbeenslij-

tage, en de aanwezigheid van een “tweede subchondrale botplaat”, welke we niet kon-

den verklaren met adaptatie van de bestaande botstructuur. Echter, endochondrale

ossificatie onder normale belasting leidde niet tot een toename in botvolume, wat in

tegenspraak is met de experimentele data. Simulaties van endochondrale ossificatie

en botadaptatie onder hoge belasting konden de toename in botvolume wel verklaren.

Deze resultaten suggereren dat terwijl de omzetting van kraakbeen in bot en adaptatie

aan hoge belasting beiden bijgedragen kunnen hebben aan de structuurveranderingen

zoals gemeten in de experimentele data, ze geen van beiden afzonderlijk verantwoor-

delijk kunnen zijn geweest voor deze veranderingen.

Een ander karakteristiek verschijnsel in artrotische gewrichten is de vorming van bot-

cystes. In de literatuur wordt als onderliggende oorzaak voor de ontwikkeling van

cystes het binnendringen van synoviale vloeistof in het bot genoemd. De druk die

hierdoor ontstaat zou leiden tot cystegroei als gevolg van ofwel overbelasting van het

botweefsel, ofwel het afsterven van osteocyten. Simulaties lieten zien dat botadaptatie

in reactie op zowel toegenomen druk als het afsterven van osteocyten inderdaad kan

leiden tot de ontwikkeling van subchondrale botcystes met vergelijkbare kenmerken

als beschreven in de literatuur.

In conclusie: mechanogereguleerde adaptatie van bot en gemineraliseerd kraakbeen

onder condities gerelateerd aan artrose kan leiden tot veranderingen in de microstruc-

tuur van bot en de vorming van cystes zoals geobserveerd bij artrose. Dit onderschrijft

de hypothese dat fysiologische mechanogereguleerde botadaptatie verantwoordelijk is

voor de veranderingen in botstructuur bij artrose en dat deze veranderingen het gevolg

zijn van abnormale omstandigheden waaraan het bot zich aanpast.
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Chapter 1

1.1 Osteoarthritis (OA)

Osteoarthritis (OA) is the most common joint disease, affecting approximately 10% of

the population older than 60 (Buckwalter and Martin, 2006). Patients with OA suffer

from chronic joint pain, loss of joint function, and disability (Buckwalter and Martin,

2006; Abramson and Attur, 2009). OA involves the degeneration of a synovial joint

and is characterized by a generally progressive degeneration of articular cartilage,

remodeling and sclerosis of subchondral bone, and in many cases the formation of

subchondral bone cysts and osteophytes (Buckwalter and Martin, 2006; Abramson

and Attur, 2009).

Although OA is acknowledged to be a joint disease rather than a cartilage disease,

efforts in developing diagnostic tools and therapeutic interventions have mainly been

focused on the articular cartilage (Brandt et al., 2006; Goldring, 2009; Mansell et al.,

2007). The most striking pathologic changes in OA may indeed be seen in the car-

tilage, but since cartilage tissue does not contain nerve endings, the patient only

develops symptoms due to the involvement of the synovium, subchondral bone, joint

capsule, ligaments, or muscle (Brandt, 1991). The initial focus on the articular carti-

lage can be attributed to the theory that cartilage degeneration is the initiating factor

of OA, and that changes in other tissues occur secondary to cartilage degeneration.

However, more recently the changes in the subchondral bone have been implicated to

play an important role in the onset and progression of OA as well, making the bone

an interesting target for OA therapy (Mansell et al., 2007; Burr and Schaffler, 1997;

Hunter and Spector, 2003; Karsdal et al., 2008b; Lajeunesse and Reboul, 2003).

1.2 Bone changes in OA

In the course of OA, various changes occur in the subchondral bone. Metabolism

increases (Mansell et al., 1997; Lavigne et al., 2005; Hunter et al., 2003; Day et al.,

2004; Brandt, 1991; Neilson et al., 2004; Quasnichka et al., 2006), and bone tissue

composition and mechanical properties change. Matrix mineralization is lower (Li and

Aspden, 1997a,b; Mansell and Bailey, 1998; Day et al., 2004), while collagen content is

higher (Bailey et al., 2002; Mansell and Bailey, 1998) in OA bone tissue compared to

normal bone tissue. Furthermore, an increase in the ratio of immature over mature

collagen cross-links has been observed, together with a distinct type I homotrimer

collagen (Bailey et al., 2002). Due to these alterations in tissue composition, the

material stiffness of OA bone is decreased (Li and Aspden, 1997a; Day et al., 2001,

2004).
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General introduction

In addition to the changes in bone material properties, changes in bone architecture

occur. The bone architectural changes in OA include the development of subchon-

dral bone cysts and osteophytes, and subchondral sclerosis. The sclerosis can at

least partly be attributed to thickening of the subchondral bone plate and mineral-

ized cartilage, which has been observed both in OA patients (Li and Aspden, 1997a;

Buckland-Wright and Patel, 2000) and in animal models (Pastoureau et al., 2003;

Lahm et al., 2006; Ewald et al., 1982; Brandt et al., 1991; Norrdin et al., 1999).

Furthermore, changes of the bone microarchitecture are likely to contribute to bone

sclerosis in OA. In several papers, changes of the bone microarchitecture in the course

of OA have been reported. However, the findings of these studies are not consistent.

Both increases (Bobinac et al., 2003; Kamibayashi et al., 1995; Li and Aspden, 1997b;

Ding et al., 2001) and decreases (Lindsey et al., 2004; Blumenkrantz et al., 2004) in

bone volume have been reported. Similarly, trabeculae were described to be either

thicker (Bobinac et al., 2003; Buckland-Wright et al., 2000; Fazzalari and Parkinson,

1998) or thinner (Lindsey et al., 2004; Blumenkrantz et al., 2004; Messent et al.,

2005, 2006), the number of trabeculae was described to be either lower (Bobinac

et al., 2003; Kamibayashi et al., 1995; Lindsey et al., 2004; Blumenkrantz et al., 2004;

Fazzalari and Parkinson, 1998) or higher (Messent et al., 2005), and the distance be-

tween trabeculae was described to be either smaller (Bobinac et al., 2003; Fazzalari

and Parkinson, 1998) or larger (Lindsey et al., 2004; Blumenkrantz et al., 2004) in

OA patients compared to controls.

These differences in observations may partly be due to differences in measurement

locations between the studies. For example, Neilson et al. (2004) found that in OA

hips, the weightbearing areas contained more bone than the associated areas in con-

trols, while the non-weightbearing zones contained significantly less bone compared

to controls. Also, a study by Lindsey et al. (2004) indicated that there are differences

in bone remodeling between the compartments with the diseased cartilage and the

opposite compartments. They concluded that either bone formation occurs in the

diseased cartilage compartments, or bone resorption occurs in the opposite compart-

ments, or both. Bobinac et al. (2003) found supporting evidence for the theory that

bone formation is increased in the diseased cartilage compartment. In their study on

human OA knees, the medial condyle showed more cartilage degeneration and also

a significantly higher increase in bone volume than the lateral condyle. In addition,

differences in study outcomes may be related to the control groups used in the clin-

ical studies. In some studies, age-matched control groups were used (Kamibayashi

et al., 1995; Li and Aspden, 1997b; Ding et al., 2001; Buckland-Wright et al., 2000;

Fazzalari and Parkinson, 1998), while in others, the mean age of the control group

was lower compared to that of the OA group (Bobinac et al., 2003; Lindsey et al.,

2004; Messent et al., 2005). This complicates the interpretation of the results, since

bone mass decreases with increasing age after obtaining peak bone mass.
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To gain better insight in the OA disease process, animal studies are performed. Ani-

mal studies offer the opportunity to investigate various stages of the disease process,

whereas OA patients usually do not seek medical attention until pathologic changes

are far advanced and articular cartilage has already been extensively lost (Brandt,

1991). In addition, the cause of OA can be controlled in animal studies, the intersub-

ject variation is usually lower compared to clinical studies, and animal studies offer

more opportunities for analysis, for example through histologic evaluation. One of

the most commonly used animal models is that of anterior cruciate ligament (ACL)

transection. The morphologic, biochemical, metabolic, and biomechanical alterations

in articular cartilage from the unstable knee of ACL transected dogs have been shown

to mimic those in human OA (Brandt, 1991). In a study by Boyd et al. (2000b), ACL

transection in dogs decreased the bone volume and trabecular thickness, and increased

trabecular separation, within weeks after the surgery. However, a long term study of

Brandt et al. (1991) showed that after 54 months, ACL transection led to an increase

in subchondral plate density and thickness, an increase in trabecular number, and

a decrease in trabecular separation. A similar pattern of initial bone loss followed

by an increase in bone density was shown by Hayami et al. (2006) who investigated

the effect of ACL transection and ACL transection combined with meniscectomy in

rats. In both models, there was significant subchondral bone loss in the medial tibial

plateau 2 weeks post-surgery, soon after the initially observed focal cartilage damage,

before visible cartilage thinning. However, subchondral bone volume started to in-

crease around 4 weeks post-surgery, eventually leading to a significantly higher bone

volume compared to sham (Hayami et al., 2006). According to Hayami et al. (2006)

these data support the hypothesis that the periarticular bone plate locally responds

to focal surface cartilage damage by increasing resorption, which leads to subsequent

bone formation and further cartilage damage. Another explanation could be that the

decrease in bone volume was unrelated to cartilage damage, but instead caused by

other factors such as decreased loading after ACL transection.

A different OA animal model is the Dunkin Hartley (DH) guinea pig, which has the

advantage that it develops OA spontaneously. Quasnichka et al. (2006) found that

DH guinea pigs had greater tibial subchondral bone thickness compared to controls.

An increase in subchondral bone density occurred concomitantly with the first ap-

pearances of cartilage pathology and was more pronounced in the medial side of the

joint than the lateral side. Since the first histopathological signs of OA detected in

the cartilage are generally agreed to be reversible and subchondral bone thickness

was already increased prior to the first detectable histological changes in the carti-

lage, Quasnichka et al. (2006) suggest that their study supports the theory that bone

changes are a critical inductive component of spontaneous knee OA.
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1.3 Bone changes can affect cartilage

Although it is clear from both clinical and animal studies that bone changes occur in

OA, the question remains whether they can cause cartilage degeneration. The studies

by Boyd et al. (2000b), Hayami et al. (2006) and Quasnichka et al. (2006) show that

bone remodeling starts at an early stage of OA. However, this does not proof that bone

plays an important role in cartilage degeneration. Indirect evidence that bone plays

a role in the development of OA can be derived from studies on OA in bone diseases.

For example, OA is linked to osteopetrosis (Strickland and Berry, 2005; Cameron

and Dewar, 1977), which comprises a clinically and genetically heterogenous group of

conditions that share the hallmark of increased bone density on radiographs, caused

by abnormalities in osteoclast differentiation and function (Stark and Savarirayan,

2009). Also Paget’s disease, another bone metabolic disorder, is associated with OA

(Ralston et al., 2008). While it is not know why these bone diseases may result in

OA, their association with a high OA incidence indicates that initial alterations in

the bone tissue may eventually induce cartilage degeneration.

Further supporting evidence for the role of bone in cartilage degeneration comes

from work by Sanchez et al. (2005a,b) and Westacott et al. (1997). Sanchez et al.

(2005b) showed that OA osteoblasts can induce a marked dysregulation of chondro-

cyte metabolism, characterized by a decrease of aggrecan synthesis and an increase

of pro-matrix metalloproteinases (MMP) synthesis. Furthermore, they demonstrated

that OA osteoblasts can alter chondrocyte gene expression in such a manner that it

may initiate a chondrocyte phenotype shift towards hypertrophic differentiation and

matrix mineralization (Sanchez et al., 2005a). Westacott et al. (1997) also showed

that bone cells derived from OA patients can influence cartilage metabolism, through

an alteration in glycosaminoglycan (GAG) release from the cartilage.

To obtain more information on the role of bone remodeling in OA, animal studies

have been performed that aimed to investigate the effect of artificially induced alter-

ations to the subchondral bone. Ewald et al. (1982) filled the femoral neck of dogs

with methyl methacrylate (MMA), while Lahm et al. (2005) used impact loading of

the knee joint in dogs, after which intact articular cartilage could be demonstrated

above subchondral bone bruises and subchondral fractures. In both models, cartilage

damage could be demonstrated eventually (Lahm et al., 2005; Ewald et al., 1982).

Bone changes that were observed after impact loading of the knee joint included a

significant increase in trabecular bone volume and trabecular thickness, a decrease in

trabecular number, and an increase in subchondral bone plate thickness (Lahm et al.,

2006).
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Another animal model that sheds light on the role of bone remodeling in OA is that of

chymopapain injection, which induces rapid loss of proteoglycans from the articular

cartilage (Uebelhart et al., 1993; Muehleman et al., 2002). High dose chymopapain

injection has been shown to lead to changes in urinary excretion levels of deoxypyridi-

noline (D-pyr), a bone-specific collagen cross-link derived from catabolism of bone

collagen type I (Uebelhart et al., 1993). Muehleman et al. (2002) investigated the

role of bone in cartilage degradation by inhibiting bone remodeling through the in-

jection of zoledronic acid. D-pyr levels only rose significantly in animals that received

chymopapain injection without zoledronic acid. Cartilage degradation was shown in

both the animals that received a chymopapain injection and the ones that received

a chymopapain injection accompanied by zoledronic acid, but cartilage damage was

significantly greater in the non-zoledronic acid group, indicating that zoledronic acid

protected the cartilage (Muehleman et al., 2002). According to Muehleman et al.

(2002) the most likely explanation is that zoledronic acid was able to inhibit bone

turnover, thereby maintaining the integrity of the subchondral bone. Alternatively,

a chymopapain-induced breakdown of bony matrix that generates the release of an-

abolic and/or catabolic factors may be lessened due to the reduction in bone turnover

during zoledronic acid treatment (Muehleman et al., 2002).

Because of the strong indications that bone changes can promote cartilage degener-

ation others have investigated the influence of bone targeting medicines on OA as

well. Although different studies have shown that bisphosphonates can inhibit bone

remodeling in OA (Ding et al., 2008; Karsdal et al., 2008a; MacNeil et al., 2008;

Buckland-Wright et al., 2007), the effects of bisphosphonates on cartilage are less

promising. Risedronate decreased the level of a cartilage degradation marker, but did

not improve signs or symptoms of OA (Bingham et al., 2006) while tibilone did not

show any effect on cartilage degradation despite a 60% decrease in bone resorption,

and alendronate even increased cartilage degradation (Ding et al., 2008). Estrogen

replacement therapy (ERT) (Ham et al., 2002; Ham and Carlson, 2004) and calcitonin

(Behets et al., 2004; Hajjaji et al., 2004; Sondergaard et al., 2007), an inhibitor of os-

teoclastic bone resorption, have both been shown to decrease cartilage degradation in

OA. However, the interpretation of the results of these studies is not straightforward

since it is difficult to distinguish between the direct effect of the therapeutic agents on

cartilage and the indirect effects of inhibited bone remodeling (Abramson and Honig,

2007). A calcitonin receptor has been identified in articular chondrocytes and it has

been shown that calcitonin can inhibit MMP expression and collagen II degradation

from cartilage (Sondergaard et al., 2006). Furthermore, the presence of functional es-

trogen receptors in monkey articular cartilage has been documented, and it has been

noted that ERT increased the production of insulin-like growth factor binding pro-

tein 2 (IGFBP2) and proteoglycans by chondrocytes from surgically postmenopausal

monkeys (Richmond et al., 2000).
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1.4 Mechanisms by which bone may affect cartilage

Despite the fact that the interpretation of the results of certain studies that investi-

gated the relation between bone changes and cartilage degeneration is complicated,

it does seem likely that bone changes may affect the articular cartilage in OA. How-

ever, these studies offer no explanation for the mechanism by which bone may pro-

mote cartilage degeneration. Considering the limited succes of currently available

bone-targeting drugs in inhibiting cartilage degeneration, it seems that a better un-

derstanding of this mechanism is needed. The first hypothesis with regard to this

mechanism was issued by Radin et al. (1972). They hypothesized that bone remod-

eling in OA leads to a stiffer subchondral structure with a decreased shock-absorbing

capability, thereby increasing the stress in the overlying cartilage (Radin et al., 1972).

Although this may seem to be in disagreement with findings that bone material stiff-

ness is decreased in OA, at the apparent level the stiffness may indeed be increased as

a result of subchondral sclerosis (Day et al., 2001, 2004; Li and Aspden, 1997a). The

hypothesis of Radin et al. (1972) could explain why filling the femoral neck of dogs

with MMA led to cartilage damage in the study of Ewald et al. (1982). However,

implantation of a metal plug beneath the subchondral plate of the tibial plateau in

sheep did not lead to progressive cartilage loss, even after 5 years (Burr and Schaf-

fler, 1997). Mechanical testing in the MMA experiment showed that the MMA-filled

femoral heads were only 5% stiffer than the control femoral heads (Ewald et al.,

1982), while finite element analysis of the sheep experiment showed that the metal

plug would increase the cartilage stress up to 50% (Brown et al., 1984). Furthermore,

it has been shown numerically that stress increases due to bone stiffening are probably

insufficient to induce cartilage damage (Anderson et al., 1993).

Alternatively, it has been proposed that an initial decrease in subchondral bone mass

and strength, observed in for example the ACL transection studies, could contribute

to cartilage degeneration by enhancing cartilage deformation (Behets et al., 2004;

Brandt, 1991). Support for this hypothesis was found in the observation that in

animals treated with calcitonin, the lack of reduction of subchondral bone mass was

associated with a marked reduction in the severity of cartilage lesions in the cruciate-

deficient joint (Behets et al., 2004). However, as explained previously, calcitonin has

also been shown to have a direct effect on cartilage degradation (Sondergaard et al.,

2006).

According to another hypothesis, bone remodeling mainly influences cartilage degen-

eration through reactivation of the secondary center of ossification (Oegema Jr. et al.,

1997; Burr and Radin, 2003; Brandt et al., 2006). The thickening of the subchondral

bone in OA could be caused by the increased turnover and reactivation of the sec-

ondary center of ossification that result from an underlying change in joint mechanics
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(Brandt et al., 2006). This reactivation is reflected in the advancement of the miner-

alized tissue that leads to thinning of the hyaline cartilage (Burr and Radin, 2003).

This process may lead to progressive joint wear because thinned articular cartilage is

highly prone to further damage and loss (Anderson et al., 1993). However, in a study

on OA patients the advancement of the zone of mineralized cartilage was symmetrical

between extremities, while osteophytosis and subchondral sclerosis were reported to

be greater in the dominant extremity (Buckland-Wright and Patel, 2000). This could

indicate that advancement of the zone of mineralized cartilage is not mechanically

driven (Buckland-Wright and Patel, 2000).

As has been shown by studies from Sanchez et al. (2005a,b) and Westacott et al.

(1997), the effects of alterations in subchondral bone in OA do not have to be mediated

through changes in mechanical loading of the cartilage. The changes in osteoblast

phenotype can also directly influence cartilage degeneration. Furthermore, due to the

increased bone remodeling rate, also various cytokines, including insulin-like growth

factors (IGFs), transforming growth factor β (TGFβ), and bone morphogenic proteins

(BMPs), which are known to modulate chondrocyte proliferation and differentiation,

and matrix synthesis, are released (Hayami et al., 2006; Lajeunesse and Reboul, 2003;

Muehleman et al., 2002). In addition to this, the effect of cytokines and growth factors

released by the bone on the cartilage could be enhanced due to the increased delivery

of these factors as a result of increased vascularization (Lajeunesse and Reboul, 2003;

Hwang et al., 2008).

1.5 Cause of the bone changes

In order to treat OA through interventions with bone, not only a better understand-

ing of the mechanism by which bone can promote cartilage degeneration is needed.

As important for the development of successful OA bone targeting therapies, is un-

derstanding the cause of the bone changes. Even the effect of the bone targeting

therapies that are being developed is largely measured by their reduction of cartilage

degeneration (Bingham et al., 2006; Ding et al., 2008; Ham et al., 2002; Ham and

Carlson, 2004; Behets et al., 2004; Hajjaji et al., 2004; Sondergaard et al., 2007).

However, since the pain associated with OA does not originate in the cartilage, this

focus may not be completely justified. A better understanding of the cause of the

bone changes may help in predicting the effects of bone targeting medicines on bone

itself, and in preventing, halting, or even reversing detrimental bone changes. In

addition, bone targeting therapies that are currently being developed may actually

negatively influence the bone tissue, because inhibiting bone remodeling can result

in accumulation of bone microdamage (Brennan et al., 2011; Mashiba et al., 2000).

Finally, if the cause of the bone changes is known, this may elucidate the mechanism
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by which bone influences cartilage degeneration. It may explain whether increased or

decreased apparent bone stiffness occurs, and whether ossification plays an important

role, since the relative contribution of the different bone changes may vary depending

on the underlying cause of the disease.

According to Bailey et al. (2002), the presence of the type I homotrimer collagen in OA

bone could explain various bone-related changes seen in OA. For example the reduced

bone matrix mineralization and the disorganized collagen matrix could be attributed

to the presence of the homotrimer (Bailey et al., 2002). Couchourel et al. (2009) also

attributed the low mineralization to the different type of collagen, with the elevated

TGFβ1 production by OA osteoblasts as cause for the abnormal production of type

I collagen. Another explanation for the low mineralization of OA bone might be the

high bone turnover rate itself. Day et al. (2004) suggested that this high rate would

lead to bone with a relatively low age and therefore reduced mineralization, since

mineralization lags behind osteoid formation. Bailey et al. (2002) further hypothesized

that this rapid turnover means that the environment of the osteoblasts differs from

that in normal bone, indicating a change in cytokines and growth factors, which could

in turn explain differences in osteoblast phenotype observed in the studies by Sanchez

et al. (2005a,b), Westacott et al. (1997), and Hilal et al. (1998).

One of the possible explanations for the increase in bone remodeling rate is the oc-

currence of microcracks in the subchondral OA bone (Burr and Schaffler, 1997; Burr

and Radin, 2003). Microcracks have been shown to induce bone remodeling (Burr

et al., 1985), and microdamage has been shown in subchondral OA bone (Bobinac

et al., 2003). Especially in OA caused by injuries or repetitive loading, increased bone

remodeling due to microdamage might be expected to play a role. Microdamage may

also explain the initial decrease in mechanical properties of subchondral bone in early

OA as observed by Ding et al. (2001). Further support for this hypothesis can be

found in the animal experiments by Lahm et al. (2006) in which bone remodeling

occurred after they initiated subchondral bone damage without visible cartilage dam-

age. However, in a study by Buckland-Wright et al. (2000), ACL rupture did not

seem to lead to alterations in bone structure in the lateral compartment, despite the

initial bone bruising incurred at the time of injury.

Microcracks have been shown to exist in calcified cartilage as well (Mori et al., 1993;

Sokoloff, 1993), so similar to the microcracks in bone, they could be the initiating

factor for cartilage remodeling observed in OA, as has been proposed by Burr and

Radin (2003). This remodeling of the cartilage may explain both the thickening of

the subchondral bone plate, and the thinning of the cartilage, since it involves the re-

placement of cartilage tissue with bone tissue (Burr and Radin, 2003). Alternatively,

it has been speculated that vascular invasion of mineralized cartilage is the critical

component of the remodeling of cartilage (Burr and Schaffler, 1997; Buckland-Wright
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et al., 2000). In race horses, blood vessel ingrowth into calcified cartilage was associ-

ated with a significant reduction in the width of the calcified cartilage layer, while the

increasing number of blood vessels penetrating the calcified cartilage layer was not

associated with microcracking of calcified cartilage (Muir et al., 2006). In a study on

human bone, Lane et al. (1977) found that the number of blood vessels in the calcified

cartilage area decreased from adolescence until the age of 60, after which the number

of blood vessels increased again. They found a similar pattern for the remodeling,

which they defined as the percentage of ‘active’ blood vessels (blood vessels around

which calcified matrix is being resorbed or formed) per total number of blood vessels

(Lane et al., 1977). In a later study, the number of tidemarks was shown to increase

at a similar age as the increases in blood vessels (Lane and Bullough, 1980). Since

vascularization of the calcified cartilage is also seen in OA (Ewald et al., 1982; Lahm

et al., 2006; Hayami et al., 2006), as well as duplication of the tidemark (Muir et al.,

2006; Burr, 2004; Ham and Carlson, 2004; Goldring, 2009) this might be an explana-

tion for the remodeling of the layer of calcified cartilage in OA. During endochondral

ossification in long bones, angiogenesis is largely regulated by chondrocytes (Walsh,

2004). Transformation of chondrocytes to a hypertrophic phenotype is associated

with the expression of angiogenic factors such as vascular endothelial growth factor

(VEGF), MMP-9, and MMP-13 (Ortega et al., 2004). In OA, cells at the osteochon-

dral junction display morphologic characteristics of hypertrophic chondrocytes, and

may express VEGF (Pufe et al., 2001). Furthermore, cell-matrix interactions may

play a role (Walsh, 2004). High-molecular weight hyaluronic acid is antiangiogenic,

and is a major constituent of normal articular cartilage, while low molecular weight

hyaluronic acid may stimulate angiogenesis (Walsh, 2004; West et al., 1985; Pardue

et al., 2008). Since reductions in the median molecular weights of hyaluronic acid

during OA are seen (Praest et al., 1997), this could also allow angiogenesis to occur

during OA.

Changes in subchondral bone microarchitecture have mostly been attributed to bone

remodeling in response to changed loading conditions. The initial decrease in bone

volume observed in some ACL transection models could be attributed to decreased

loading after surgery (Boyd et al., 2000a; Behets et al., 2004; Brandt et al., 1991).

Changes in loading might also explain the nonuniform thinning of trabeculae along

different directions in these models, although the exact change in loading seems rather

unclear (Boyd et al., 2000a). With respect to differences in the changes in bone struc-

ture at different locations in the bone it has been suggested that decreases in cartilage

thickness in one compartment (i.e. medial or lateral) may cause an increase in loading

in this compartment and unloading in the other compartment due to malalignment

(Blumenkrantz et al., 2004). This is consistent with the higher bone densities that are

found in bone underneath the most damaged cartilage (Lindsey et al., 2004; Bobinac

et al., 2003). Another mechanism that has been implied in the increase in subchondral
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bone density is bone remodeling in response to the decreased mechanical properties

of the bone tissue (Day et al., 2004; van der Linden et al., 2004). The decrease in

mechanical properties would increase the strain in the bone and might therefore ex-

plain subchondral sclerosis. In accordance, Ding et al. (2001) showed a decrease in

the apparent mechanical properties of the subchondral bone in early stage OA.

1.6 Mathematical bone adaptation models

Despite the many clinical and animal studies that have been performed, insight in the

OA disease process remains insufficient. An important limitation of clinical studies is

that they mainly involve patients in relatively late stages of the disease process, while

an important limitation of animal studies is that OA is usually induced artificially,

which may lead to a disease process different from that in OA patients. In addition, in

both clinical and animal studies it is impossible to investigate the effect of individual

factors separately, since OA is a multifactorial disease in which various changes occur

simultaneously. These limitations of clinical and animal studies may be overcome by

using mathematical bone adaptation models.

Normally, bone architecture is maintained through a tightly regulated process of bone

resorption and formation in response to mechanical loading and microdamage (Cowin

et al., 1991; Lanyon, 1993; Klein-Nulend et al., 2003; Burr et al., 1985). Although

many of the underlying mechanisms of this bone adaptation process are still a mys-

tery, over the past decades several mathematical models have been developed that

aim at simulating bone adaptation. Most mathematical bone adaptation models find

their basis in what has become known as ‘Wolff’s law’, which proposes that trabecular

architecture follows the stress trajectories in bone. In addition, the idea of Roux, that

bone adaptation is regulated by cells in response to the local state of stress (Roesler,

1987), is incorporated in most models. The first generation of mathematical bone

adaptation models were mainly concerned with modeling trabecular bone adaptation

at the apparent level. Generally, apparent level bone density was adapted to mechan-

ical loading, in order to obtain a certain predefined loading set-point related to local

stress or strain (Cowin and Hegedus, 1976; Huiskes et al., 1987; Carter et al., 1989;

Beaupre et al., 1990a). These models were either used to predict realistic density dis-

tributions for healthy bone (Huiskes et al., 1987; Carter et al., 1989; Beaupre et al.,

1990b; Weinans et al., 1992), or to predict changes in density distributions in response

to altered loading conditions, for example in the presence of hip implants (Cowin and

van Buskirk, 1979; Huiskes et al., 1987; Beaupre et al., 1990b; van Rietbergen et al.,

1993). In contrast with these load-based modeling algorithms, a damage-based bone

adaptation model was developed, which could also successfully predict bone adapta-

tion in response to load changes (Prendergast and Taylor, 1994).
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Further developments led to mathematical models that can describe bone adaptation

on the microscale. The first resemblance of trabecular structures was obtained when

finite element modeling was used to simulate the remodeling process in each element

individually (Weinans et al., 1992), thereby mimicking the local cellular adaptation.

Using this localized optimization method, a discontinuous patchwork of elements with

either maximum or minimum density was obtained, that resembled trabecular struc-

tures (Weinans et al., 1992). An important step forward was the implementation of

osteocyte signaling in a mesh-independent manner, which enabled the simulation of

the development of continuous trabecular-like structures, their adaptation to changes

in mechanical loading, and the alignment of trabeculae with the principal orientations

of the stress patterns (Mullender et al., 1994; Mullender and Huiskes, 1995). In ad-

dition, the inclusion of osteocyte signaling made the model suitable for investigating

hypothetical bone adaptation mechanisms related to cellular activities. For example,

the regulation of functional bone adaptation by mechano-sensitive osteocytes was

compared to regulation by bone surface cells (Mullender and Huiskes, 1997). Further

development of the adaptation models increased their potential for investigating hy-

potheses regarding the biological processes underlying bone adaptation. Huiskes et al.

(2000) incorporated the individual actions of osteoblasts and osteoclasts instead of the

commonly used description of the net effect of their combined actions. In their model,

osteoclastic bone resorption was either triggered by randomly occurring microcracks,

or by disuse, while osteoblastic bone formation was promoted by osteocyte signaling

in response to local mechanical loading (Huiskes et al., 2000). Alternatively, Her-

nandez et al. (2000) captured the activity of osteoblasts and osteoclasts by modeling

adaptation through basic multicellular units (BMUs).

Interestingly, the theory of Huiskes et al. (2000) could explain the emergence and

maintenance of the trabecular architecture as an optimal mechanical structure, as

well as its adaptation to alternative external loads, using only mechanical feed-back

between resorption and formation. In addition, it described both bone modeling and

remodeling, indicating that these two processes are not necessarily different from a

cellular point of view (Ruimerman et al., 2001). In subsequent studies, the model

was shown capable of explaining the emergence and maturation of three-dimensional

trabecular structures (Ruimerman et al., 2003, 2005a), as well as load-adaptation of

these structures (Ruimerman et al., 2003). Also, the development of a diaphyseal

cortex during growth (Tanck et al., 2006), and fracture remodeling in mice (Isaksson

et al., 2009) could be predicted with the bone adaptation theory of Huiskes et al.

(2000).

The potential of mathematical modeling as method for investigating bone diseases

was demonstrated by two different papers in which mathematical bone adaptation

models were used to study osteoporosis. With the model of Huiskes et al. (2000)

it was shown that the decreased osteoclast activation frequency which is thought
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to be the result of decreased estrogen levels may explain postmenopausal bone loss

(Ruimerman et al., 2005a). With the model of Hernandez et al. (2003), small changes

in peak bone mineral density (BMD) were predicted to cause large changes in the

age at which osteoporosis develops, while similar changes in the age of menopause

and the rate of non-menopausal bone loss were predicted to result in much smaller

delays in the development of osteoporosis. These two studies show that mathematical

models can be used to investigate both the underlying biological mechanisms of bone

diseases, as well as the relative contribution of different factors to disease progression,

making them a useful tool for the investigation of OA.

1.7 Outline thesis

For the development of successful bone-targeting therapies for OA patients, insight is

needed in both the cause of the subchondral bone changes, and in the mechanisms by

which the bone may promote cartilage degeneration. The work described in this thesis

was focused on the cause of the subchondral bone changes. The aim was to investigate

which mechanisms may be responsible for the bone changes observed in OA patients.

In addition, it was investigated whether cartilage degeneration is a prerequisite for the

subchondral bone changes. In the different chapters of this thesis, various hypotheses

from the literature regarding the cause of the alterations in subchondral bone archi-

tecture in OA were evaluated. For this purpose, the mathematical bone adaptation

model developed by Huiskes et al. (2000); Ruimerman et al. (2001) was used. With

the model, changes in bone architecture were predicted in response to alterations in

mechanical loading, bone cellular activities, and bone material properties, that are

hypothesized to occur in the course of OA. The choice was made to use the model

developed by Huiskes et al. (2000) since this model was previously shown capable of

explaining several distinct bone adaptation features observed in animal and clinical

studies (Huiskes et al., 2000; Ruimerman et al., 2001, 2003, 2005a; Tanck et al., 2006;

Isaksson et al., 2009).

First a sensitivity analysis study of the mathematical model was performed, which

is described in chapter 2. Simulation results were compared to experimental data

from the literature to verify that the bone adaptation model correctly predicts bone

architectural changes in response to alterations in model parameters. This is a pre-

requisite for the use of the model for the investigation of bone architectural changes

in osteoarthritis. Subsequently, in chapter 3 the turnover of calcified cartilage into

bone was investigated. Replacement of calcified cartilage with bone tissue has been

implicated to contribute to both cartilage thinning and subchondral sclerosis in OA.

However, before the role of this mechanism in OA can be clarified, it should be known

by which mechanism calcified cartilage is normally replaced with bone. Therefore,
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the mathematical model was used to simulate the turnover of calcified growth plate

cartilage during longitudinal growth. By comparing the simulation results to experi-

mental data from the literature, it was evaluated whether the replacement of calcified

cartilage with bone can be regulated by osteocytes, similar to bone adaptation. In

chapter 4, the mathematical model was used to predict bone architectural changes in

response to altered circumstances that may occur in OA joints, independent of car-

tilage degeneration. The aim for this study was to obtain better insight in whether

the bone architectural changes in OA are indeed the result of mechanoregulated bone

adaptation. In addition, it was investigated which factors may contribute to the typ-

ical bone architectural changes observed in OA and whether these bone changes may

occur independent of cartilage degeneration. Subsequently, the relationship between

cartilage degeneration, bone demineralization, and subchondral bone sclerosis was in-

vestigated, which is described in chapter 5. For this study, the mineralization of the

bone matrix, the bone volume fraction, and the degree of degeneration of the over-

lying cartilage were determined, for specimens of human OA bone. In addition, the

mathematical model was used to investigate whether the differences in mineralization

observed in the experiments could explain the differences in bone volume fraction

between specimens. A similar combined experimental mathematical approach was

used in chapter 6. In this chapter, it was evaluated whether endochondral ossification

and/ or bone adaptation in response to high loading conditions could explain ex-

perimentally observed differences in subchondral bone architecture between samples

with different degrees of cartilage degeneration. The work described in chapter 7 was

focused on the development of subchondral bone cysts. Both fluid pressure and osteo-

cyte death have been hypothesized to be the cause of subchondral bone cysts. With

the mathematical model, it was evaluated whether mechanoregulated bone adapta-

tion in response to either of these factors may lead to cyst growth. Finally, chapter 8

provides a general discussion of the work described in this thesis.
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CHAPTER

TWO

ANALYSIS OF BONE

ARCHITECTURE SENSITIVITY

FOR CHANGES IN

MECHANICAL LOADING,

CELLULAR ACTIVITY,

MECHANOTRANSDUCTION,

AND TISSUE PROPERTIES

The contents of this chapter are based on L.G. Cox, B. van Rietbergen, C.C. van

Donkelaar, K. Ito. Analysis of bone architecture sensitivity for changes in mechanical

loading, cellular activity, mechanotransduction, and tissue properties. Biomechanics

and Modeling in Mechanobiology DOI:10.1007/s10237-010-0267-x.
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2.1 Introduction

Bones efficiently adapt to changes in mechanical loading, thereby ensuring that bone

density is high at load-bearing regions, and low at locations of low load. During this

continuous adaptation process, bone tissue is resorbed by osteoclasts, and new bone

tissue is formed by osteoblasts. It is generally believed that bone adaptation is con-

trolled by osteocytes, which act as mechanosensors and regulate osteoblast and osteo-

clast activity (Cowin et al., 1991; Lanyon, 1993; Klein-Nulend et al., 2003). Osteocytes

are the most abundant cell type of bone, and cell culture studies have demonstrated

that they are sensitive to mechanical loading and fluid flow (Klein-Nulend et al.,

1995; Mullender et al., 2004). Furthermore, osteocytes form an extensive network by

gap-junction connections to each other, lining cells, and osteoblasts (Klein-Nulend

et al., 2003; Bonewald, 2006), which makes them suitable for their mechanoregulating

function.

Several conditions can lead to alteration of the bone architecture. The most common

is osteoporosis, in which bone loss typically occurs as the result of hormonal changes

or disuse, thereby leading to an increased fracture risk. In addition, bone disorders

such as Paget’s disease, osteogenesis imperfecta, and osteopetrosis are known to affect

the bone tissue properties and induce bone structural changes. Finally, osteoarthritis,

which is mainly known for affecting the cartilage, also affects the bone structure and

tissue properties. For some of these conditions it is likely that the changes of the

bone architecture are predominantly the result of disturbances in the bone remodeling

process. These disturbances can be altered osteoblast or osteoclast activity, but also

changes in mechanosensitivity of the osteocytes, an affected mechanotransduction

pathway, or a combination of these factors. In other cases however, the bone structural

changes are likely the result of a normal load adaptation process in response to altered

mechanical loading, or altered bone matrix mechanical properties.

In the present paper we grouped these possible causes for alteration of the bone archi-

tecture into four factors: changes in bone cellular activity, changes in mechanical load-

ing, changes in mechanotransduction, and changes in tissue mechanical properties.

The goal of this study was to investigate the sensitivity of the bone microarchitecture

for each of these factors, thus to investigate if typical bone structural changes seen in

various conditions can be explained by one or more of these factors. For this purpose,

we used a well established computational model for the simulation of bone adaptation,

developed by Huiskes et al. (2000). This model incorporates the individual actions

of the different bone cell types (osteoclasts, osteoblasts, and osteocytes). The osteo-

cytes are assumed to react to the local loading conditions by promoting osteoblastic

bone formation, and the model thus incorporates osteocyte mechanosensitivity and

mechanotransduction (Huiskes et al., 2000; Ruimerman et al., 2001, 2005b).
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The four factors mentioned above were represented by parameter changes in the bone

adaptation model. We systematically investigated the effects of these factors on the

bone architecture as predicted by the model, by performing a sensitivity analysis. For

most of these factors more than one parameter was included, leading to a variation

of a total of 13 model parameters. As representatives of model outcome we chose

bone density, trabecular thickness, trabecular number, and trabecular separation,

because these parameters are frequently used to characterize bone structure and they

are important determinants of bone strength (Liu et al., 2006). Where possible, we

validated the effects of model parameter variations against experimental data from

the literature.

2.2 Methods

2.2.1 Mathematical description of the bone remodeling theory

Figure 2.1 is a schematic representation of the bone remodeling theory (Huiskes et al.,

2000). Each osteocyte produces a stimulus P in response to the local strain energy

Bone
architecture

SED
distribution

Resorption
cavity

Mechanical
loading

Osteocyte i

Osteoclast

Osteoblasts

SED rate
sensation

Recruitment
stimulus

Stimuli from other osteocytes

Bone
resorption

Bone
formation

FEA

Figure 2.1: Schematic representation of the bone remodeling theory.

density (SED) rate. At each location x on the bone surface, the total osteocyte stim-

ulus P (x, t) is calculated by summation of the stimuli of the surrounding osteocytes:

P (x, t) =

n
∑

k=1

f(x, xk)µU(xk, t). (2.1)

Here, U(xk, t) is the SED rate at the location of osteocyte k, n is the total number of

osteocytes within the influence distance of x, µ is the osteocyte mechanosensitivity,

and f(x, xk) is a signal decay function:

f(x, xk) = e
−d(x,xk)

D , (2.2)
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depending on the distance between osteocyte k and location x on the bone surface

d(x, xk), and decay parameter D. If the total osteocyte stimulus P (x, t) exceeds

formation threshold kthr, bone is formed according to:

dVf (x, t)

dt
= τ(P (x, t) − kthr) if P (x, t) > kthr. (2.3)

Here,
dVf (x,t)

dt
is the change in bone volume at location x due to bone formation, and

τ is a time constant related to the rate of bone formation. Resorption is assumed

to be triggered by randomly occurring microcracks. Therefore, the resorption chance

is equal for all locations on the bone surface, determined by the frequency at which

new resorption pits are formed, Fres. Furthermore, at each location where resorption

occurs, the same amount of tissue Vcl is resorbed.

dVr(x, t)

dt
= −Vcl (2.4)

The total change of bone volume becomes:

dV (x, t)

dt
=

dVf (x, t)

dt
+

dVr(x, t)

dt
(2.5)

With this volume change, the local relative bone density ρ(x, t) (ranging between 0

and 1) can be calculated, that influences the elastic modulus of the tissue E(x, t)

according to:

E(x, t) = Ebρ(x, t)
γ . (2.6)

Here, Eb is the elastic modulus of bone tissue and γ is a material constant.

2D FEA model

We evaluated the effects of model parameter variation in a 2D domain. We used a

square mesh of 5 mm2, with an element size of 50 x 50 µm. The mesh was loaded

statically with 1.5 MPa compression in both horizontal and vertical direction (per-

pendicular to the mesh), which for a linear elastic material represents the maximum

strain energy density rate of a dynamic load of 0.75 MPa at 1 Hz (Ruimerman et al.,

2001). This external force F was varied to represent changes in mechanical load. Al-

though literature data on stresses in cancellous bone tissue vary (Heijink et al., 2008;

Jonkers et al., 2008), the load we used is reasonable for human cancellous bone.
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Model parameters

As we evaluated the model in a 2D domain, all parameters are related to area rather

than volume (table 2.1). Parameters related to bone cellular activity are bone forma-

tion time constant τ , resorption space Vcl, resorption frequency Fres, and osteocyte

density n. Mechanotransduction parameters are signal decay parameter D which

represents the osteocyte influence distance, osteocyte mechanosensitivity µ, and bone

formation threshold kthr. Mechanical tissue parameters are the elastic modulus and

poisson ratio of both bone and bone marrow (Eb, Em, νb and νm), and bone material

parameter γ.

Vcl was derived from two experimental studies. Eriksen and Kassem (1992) found that

trabecular BMUs have a length of 100 µm and a thickness between 40 and 70 µm.

Assuming that trabecular BMUs are approximately shaped as half a cylinder and that

the length axis of a BMU runs parallel to the length axis of a trabecula, this leads to

an average 2D cross-sectional area (depending on the location of sectioning) between

3.1x10−3 and 5.5x10−3 mm2. According to Parfitt (1994), the resorption cavity in

cancellous bone is approximately 30% of the BMU size, leading to a resorption area

of 0.9x10−3-1.6x10−3 mm2. n was chosen within the osteocyte lacunae density range

found for various species (Marotti et al., 1990). D was set in agreement with a

simulation study (Mullender and Huiskes, 1995). Eb and νb were chosen within the

range of experimental values found in literature (Rho et al., 1993; Rho, 1996; Choi

et al., 1990; van Rietbergen et al., 1995; Ashman et al., 1984). For the bone marrow,

no data could be found in literature, so values from previous simulation studies were

used (Ruimerman et al., 2005b). γ was derived from experimental data (Currey,

1988). µ, kthr, τ , and Fres, could not be derived from literature. Their values were

chosen such that an equilibrium bone turnover rate of approximately 17% per year

was obtained, in agreement with literature data (Han et al., 1997).

Table 2.1: Model parameters.

Factor Symbol Variable Value Unit Reference

Bone cellular τ Formation time constant 9.1x10−4 mm5nmol−1

activity Vcl Resorption space 1.5x10−3 mm2h−1 a,b

Fres Resorption frequency 12.8 mm−2h−1

n Osteocyte density 1600 mm−2 c

Mechano- D Osteocyte decay parameter 0.1 mm d

transduction µ Osteocyte mechanosensitivity 0.5 nmol mm J−1h−1

kthr Formation threshold 2.0x10−4 nmol mm−2h−1

Mechanical Eb Elastic modulus bone 5x103 MPa e,f,g

tissue properties νb Poisson ratio bone 0.3 - h,i

Em Elastic modulus marrow 1 MPa
νm Poisson ratio marrow 0.3 -

γ Bone material constant 3.0 - j

aEriksen and Kassem (1992), bParfitt (1994), cMarotti et al. (1990), dMullender and Huiskes (1995), eRho

et al. (1993), f Choi et al. (1990), gvan Rietbergen et al. (1995), hRho (1996), iAshman et al. (1984),
jCurrey (1988)
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Bone structure parameters

To evaluate the effect of model parameter variations, we determined structure param-

eters from the simulated bone architectures. Bone density was determined by dividing

the area of bone by the total area, and trabecular number by counting the trabecular

intersections along each horizontal pixel row. Trabecular thickness was defined for

each trabecular surface pixel as the smallest distance to another trabecular surface

pixel, bordering a different marrow cavity. Trabecular separation was defined for each

marrow cavity as the largest distance between two bone surface pixels bordering the

marrow cavity.

2.2.2 Taguchi sensitivity analyses

We separated our study into two sensitivity analyses; first we looked at the effects

of parameter variations on the development of a trabecular structure from a uniform

density, and secondly we investigated the effects of parameter variations on the re-

modeling of an existing trabecular structure. The first analysis represents the effect

of the four factors when they are already present during growth, while the second

analysis represents the effect of the four factors when they occur after the develop-

ment of a mature trabecular structure. For all simulations in the second analysis, the

resulting structure of the baseline simulation of the first analysis was used as start-

ing point (figure 2.2). We performed 3-level, fractional factorial Taguchi sensitivity

analyses, based on orthogonal array (OA) designs (Logothetis and Wynn, 1989). In

every pair of columns of an orthogonal array, each combination of levels appears the

same number of times, guaranteeing that the averaged effect of each parameter can be

determined while the levels of all other parameters are varied. This type of fractional

design dramatically reduces the number of simulations.

We performed OA27(3
13) analyses, meaning that for both sensitivity analyses, 27

simulations were used for a 3-level evaluation of 13 parameters. The 3-level analysis

enables the differentiation between a quadratic and a linear effect of model parameters.

We chose to vary all parameters between a low level that was 85% of the standard

value, a normal level (standard value, see table 2.1), and a high level that was 115%

of the standard value. Table 2.2 shows the overview of the parameter levels of the 27

simulations that we performed for both sensitivity analyses.

From the simulation results, the correction factor (CF ) and corrected total sum of

squares (TSS) for each structure parameter were calculated, according to:

CF =
(
∑n

i=1 Yi)
2

n
(2.7)
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Table 2.2: Taguchi table, showing the different levels of the parameter values for each of the 27
simulations. l indicates the low level, m the middle level, and h the high level.

n D Vcl γ µ kthr τ Fres Eb νb Em νm F

1 m m m m m m m m m m m m m
2 m m m m l l l l l l l l l
3 m m m m h h h h h h h h h
4 m l l l m m m l l l h h h
5 m l l l l l l h h h m m m
6 m l l l h h h m m m l l l
7 m h h h m m m h h h l l l
8 m h h h l l l m m m h h h
9 m h h h h h h l l l m m m

10 l m l h m l h m l h m l h
11 l m l h l h m l h m l h m
12 l m l h h m l h m l h m l
13 l l h m m l h l h m h m l
14 l l h m l h m h m l m l h
15 l l h m h m l m l h l h m
16 l h m l m l h h m l l h m
17 l h m l l h m m l h h m l
18 l h m l h m l l h m m l h
19 h m h l m h l m h l m h l
20 h m h l l m h l m h l m h
21 h m h l h l m h l m h l m
22 h l m h m h l l m h h l m
23 h l m h l m h h l m m h l
24 h l m h h l m m h l l m h
25 h h l m m h l h l m l m h
26 h h l m l m h m h l h l m
27 h h l m h l m l m h m h l

TSS =

n
∑

i=1

Yi
2 − CF (2.8)

Here, n is the total number of simulations, and Yi is the structure parameter value

of simulation i. Subsequently, SSA, the sum of squares of the effect of each model

parameter A was calculated:

SSA =
SAl

2 + SAm

2 + SAh

2

m
− CF (2.9)

Here, SAi
is the sum total, where parameter A has level i (ranging from l-h), and m

is the number of observations for each level. Furthermore, we separated the sum of

squares of each parameter into a linear (SSA,l) and a quadratic (SSA,q) effect:

SSA,l =
(−SAl

+ SAh
)2

2m
(2.10)

SSA,q =
(SAl

− 2SAm
+ SAh

)2

6m
(2.11)

2.3 Results

First, we determined the number of increments required to obtain an equilibrium with

respect to the bone structure, by looking at the change in bone fraction, trabecular

thickness, trabecular number, and trabecular separation. Based on this we decided
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to run all simulations from table 2.2 for 1500 increments for the first sensitivity anal-

ysis, and for 1000 increments for the second analysis, after which the bone structure

parameters were determined. Some examples of the resulting trabecular structures

are shown in figure 2.2.

Initial structure

Initial structure

Simulation 4 Simulation 19

Simulation 4 Simulation 19
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bone

marrow

Figure 2.2: Bone structures; Top, from left to right: the starting point for all simulations of analysis
1, the result of simulation 4 of analysis 1, and the result of simulation 19 of analysis 1. Bottom, from
left to right: the starting point for all simulations of analysis 2, the result of simulation 4 of analysis
2, and the result of simulation 19 of analysis 2.

2.3.1 Bone structure parameters

The bone structure parameters determined from the ‘baseline’ simulation are shown

in table 2.3, together with experimental values from literature. The bone fraction

seems rather high, while trabecular number seems low compared to literature values,

but an increase in trabecular number would only further increase the bone fraction.

The difference between simulation and experimental data can largely be attributed

to the fact that in the simulations all trabeculae are connected in the 2D plane,

whereas this is not the case for 3D bone structures. Since we focus on the change in

structure parameters as a result of a variation in model parameters, rather than on

the structure parameter values themselves, we conclude that the simulated structure

parameters are reasonable. The structure parameters were determined automatically

as described in the methods section for all simulations (table 2.4).

22



Sensitivity analysis

Table 2.3: Bone structure parameters determined from the baseline simulation (simulation 1 of the
first analysis).

Simulation Literaturea,b,c,d

Bone fraction (BF) 0.52 0.15-0.41
Trabecular thickness (Tb.Th) 221µm 119-330 µm

Trabecular number (Tb.N) 1.20 mm−1 1.30-1.90 mm−1

Trabecular separation (Tb.Sp) 656 µm 300-740 µm

aAkhter et al. (2007), bCortet et al. (2004), cHildebrand et al. (1999),
dKrug et al. (2008)

Table 2.4: Taguchi simulation results. The calculated structure parameters for each of the 27
simulations of both analyses.

Analysis 1 Analysis 2

BF Tb.Th Tb.N Tb.Sp BF Tb.Th Tb.N Tb.Sp

1 0.52 221 1.20 656 0.52 221 1.20 656
2 0.46 213 1.19 779 0.46 227 1.16 816
3 0.59 211 1.37 517 0.58 241 1.15 619
4 0.61 170 1.75 396 0.61 255 1.07 581
5 0.37 192 1.05 877 0.37 193 1.16 895
6 0.47 175 1.40 605 0.46 212 1.23 778
7 0.42 263 0.92 944 0.43 230 1.08 923
8 0.55 230 1.31 646 0.54 256 1.09 688
9 0.71 201 1.49 349 0.70 309 0.98 515

10 0.66 191 1.51 381 0.65 307 0.99 597
11 0.49 203 1.26 611 0.49 247 1.09 813
12 0.42 218 1.06 861 0.42 214 1.10 925
13 0.37 194 1.12 932 0.37 196 1.07 871
14 0.45 248 1.03 986 0.39 202 1.09 909
15 0.43 192 1.19 723 0.42 209 1.10 890
16 0.55 237 1.25 659 0.54 245 1.14 703
17 0.48 227 1.14 760 0.47 237 1.13 838
18 0.61 219 1.38 500 0.61 274 1.06 646
19 0.38 254 0.84 980 0.40 224 1.06 968
20 0.62 199 1.46 468 0.61 263 1.08 602
21 0.56 227 1.25 630 0.56 248 1.16 694
22 0.48 204 1.23 674 0.48 212 1.21 743
23 0.42 204 1.13 822 0.41 206 1.12 912
24 0.54 197 1.38 537 0.54 241 1.12 697
25 0.69 194 1.56 360 0.69 311 0.96 538
26 0.61 214 1.38 472 0.61 253 1.09 600
27 0.65 188 1.61 383 0.65 292 1.00 585

It can be seen from table 2.4 that the bone fractions from the first and second analysis

are almost equal for the corresponding simulations, while the other structure param-

eters are not. In the second analysis, the number of trabeculae is largely determined

by the initial bone structure, ensuring that to obtain a similar strength, bone thick-

ness is changed rather than trabecular number. In the model, it is difficult to create

new trabeculae in an existing structure, which is why the number of trabeculae either

remains at the same level or decreases in comparison with the initial structure in the

second analysis. This decrease can be caused by resorption of trabeculae due to a

decrease in trabecular thickness, and by fusion of trabeculae due to an increase in

trabecular thickness.

2.3.2 Statistical analysis

The correction factors, corrected total sums of squares, and sum totals per level that

were calculated for each structure parameter from the results in table 2.4 are shown
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in table 2.5 and 2.6. In table 2.7, the combined sum of squares, the linear sum of

squares, and the quadratic sum of squares for each model parameter with respect to

the 4 different structure parameters are shown, expressed as the percentage of the

total sum of squares for that structure parameter. When a combined sum of squares

accounts for more than 5% of the total sum of squares, it is indicated by the use of

bold font in table 2.7. Table 2.8 gives an orderly overview of the qualitative effect of

individual parameter variations on bone structure parameters.

Table 2.5: Correction factor and corrected total sum of squares.

Analysis 1 Analysis 2

CF TSS CF TSS

BF 7.37 2.62e-1 7.24 2.63e-1
Tb.Th 1.20e6 1.35e4 1.58e6 3.02e4
Tb.N 4.40e1 1.17 3.26e1 1.18e-1
Tb.Sp 1.14e7 1.05e6 1.48e7 5.02e5

Table 2.6: Sum totals per model parameter for each level (l is low, m is middle, and h is high).
From this table it can be seen if an increase or a decrease in a certain model parameter has a positive
or a negative effect on each of the structure parameters.

Analysis 1

F τ Vcl Fres n D µ kthr Eb νb Em νm γ

BF
SAl

4.07 4.39 4.97 5.00 4.46 4.14 4.45 4.71 5.02 4.73 4.67 4.72 4.65

SAm
4.72 4.72 4.65 4.64 4.70 4.70 4.68 4.66 4.71 4.68 4.77 4.72 4.77

SAh
5.32 5.00 4.49 4.47 4.95 5.27 4.98 4.74 4.38 4.70 4.67 4.67 4.69

Tb.Th
SAl

1936 1916 1745 1791 1929 1776 1930 1869 1819 1952 1873 1954 1900

SAm
1891 1944 1933 1901 1876 1937 1928 1900 1920 1867 1918 1843 1875

SAh
1859 1826 2008 1994 1881 1973 1828 1917 1947 1867 1895 1889 1911

Tb.N
SAl

10.41 10.81 12.58 12.49 10.94 11.28 10.95 11.67 12.21 11.37 11.61 11.29 11.52

SAm
11.30 11.54 11.27 11.35 11.68 11.14 11.38 11.47 11.55 11.61 11.24 11.46 11.65

SAh
12.75 12.11 10.61 10.62 11.84 12.04 12.13 11.32 10.70 11.48 11.61 11.71 11.29

Tb.Sp
SAl

7066 6400 4946 5092 6413 6552 6421 5824 5200 6019 5686 5971 5875

SAm
5651 5903 5904 5760 5769 5883 5982 5842 5938 5762 5934 5800 5808

SAh
4791 5205 6658 6656 5326 5073 5105 5842 6370 5727 5888 5737 5825

Analysis 2

F τ Vcl Fres n D µ kthr Eb νb Em νm γ

BF
SAl

4.07 4.39 4.95 4.98 4.36 4.05 4.35 4.68 4.97 4.67 4.64 4.65 4.63

SAm
4.69 4.66 4.61 4.61 4.67 4.69 4.69 4.64 4.61 4.65 4.70 4.69 4.69

SAh
5.22 4.93 4.42 4.39 4.95 5.24 4.94 4.66 4.40 4.66 4.64 4.64 4.66

Tb.Th
SAl

2038 2120 2284 2275 2131 1926 2084 2205 2309 2170 2185 2165 2151

SAm
2137 2173 2104 2160 2144 2192 2201 2125 2117 2171 2228 2185 2152

SAh
2350 2232 2137 2090 2250 2407 2240 2195 2099 2184 2112 2175 2222

Tb.N
SAl

9.95 9.90 9.69 9.72 9.77 10.17 10.01 9.89 9.67 9.81 9.96 10.07 10.09

SAm
10.13 9.94 10.29 10.01 10.12 9.99 9.78 9.90 10.14 9.98 9.66 9.80 9.82

SAh
9.61 9.85 9.71 9.96 9.80 9.53 9.90 9.90 9.88 9.90 10.07 9.82 9.78

Tb.Sp
SAl

7616 7109 6312 6172 7192 7276 7073 6546 6381 6714 6760 6706 6705

SAm
6509 6696 6630 6712 6471 6690 6580 6735 6589 6596 6683 6537 6484

SAh
5877 6197 7060 7118 6339 6036 6349 6721 7032 6692 6559 6759 6813

The corrected total sum of squares for the bone fraction is similar for both sensitivity

analyses (table 2.5), as was expected from the similarity in bone fractions (table
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2.4). The corrected total sum of squares for the trabecular thickness and trabecular

separation is larger for the second analysis, while the corrected total sum of squares

for the trabecular number is higher for the first analysis. This was also expected,

since the variation in trabecular number is limited when starting from an initial bone

structure, which is why trabecular thickness and separation respond more strongly to

parameter variations during remodeling.

Table 2.7: Sum of squares per model parameter expressed as percentage of the total sum of squares
(combined, linear, and quadratic sum of squares). SSA indicates the individual contribution of the
variation of each model parameter to the variation of each structure parameter. SSA,l and SSA,q

indicate the linearity of the relation between each model parameter and structure parameter. If a
structure parameter is linearly related to a model parameter, SSA,l is equal to SSA, and SSA,q is 0.

Analysis 1

F τ Vcl Fres n D µ kthr Eb νb Em νm γ

BF
SSA 33.1 7.9 5.1 6.2 5.1 27.1 6.0 0.1 8.7 0.1 0.3 0.1 0.3
SSA,l 33.1 7.9 4.9 6.0 5.1 27.1 6.0 0.0 8.7 0.0 0.0 0.1 0.0

SSA,q 0.0 0.0 0.2 0.3 0.0 0.0 0.0 0.1 0.0 0.0 0.3 0.0 0.3

Tb.Th
SSA 2.5 6.3 30.2 17.0 1.4 18.1 5.6 1.0 7.5 4.0 0.8 5.1 0.6
SSA,l 2.4 3.3 28.5 17.0 0.9 16.0 4.3 0.9 6.7 3.0 0.2 1.7 0.0

SSA,q 0.0 2.9 1.8 0.0 0.5 2.1 1.3 0.0 0.8 1.0 0.6 3.4 0.5

Tb.N
SSA 26.4 8.0 19.1 16.8 4.4 4.4 6.8 0.6 10.9 0.3 0.9 0.8 0.6
SSA,l 25.9 8.0 18.4 16.6 3.8 2.7 6.6 0.6 10.8 0.1 0.0 0.8 0.3

SSA,q 0.5 0.0 0.7 0.3 0.5 1.7 0.2 0.0 0.1 0.2 0.9 0.0 0.4

Tb.Sp
SSA 27.9 7.6 15.5 13.0 6.3 11.6 9.5 0.0 7.4 0.5 0.4 0.3 0.0
SSA,l 27.3 7.5 15.5 12.9 6.2 11.5 9.1 0.0 7.2 0.5 0.2 0.3 0.0

SSA,q 0.5 0.1 0.1 0.1 0.1 0.0 0.3 0.0 0.2 0.1 0.2 0.0 0.0

Analysis 2

F τ Vcl Fres n D µ kthr Eb νb Em νm γ

BF
SSA 28.1 6.1 6.2 7.5 7.4 30.0 7.4 0.0 7.0 0.0 0.1 0.1 0.1
SSA,l 28.0 6.2 5.9 7.4 7.4 30.0 7.4 0.0 6.9 0.0 0.0 0.0 0.0

SSA,q 0.1 0.0 0.2 0.2 0.0 0.1 0.1 0.0 0.2 0.0 0.1 0.1 0.1

Tb.Th
SSA 18.7 2.3 6.7 6.4 3.1 42.7 4.8 1.4 10.0 0.0 2.5 0.1 1.2
SSA,l 17.9 2.3 4.0 6.3 2.6 42.5 4.5 0.0 8.1 0.0 1.0 0.0 0.9

SSA,q 0.8 0.0 2.8 0.1 0.5 0.2 0.4 1.4 1.9 0.0 1.5 0.1 0.3

Tb.N
SSA 13.1 0.4 21.9 4.5 7.1 20.5 2.5 0.0 10.4 1.4 8.5 4.3 5.4
SSA,l 5.4 0.1 0.0 2.7 0.0 19.3 0.6 0.0 2.1 0.4 0.6 2.9 4.5

SSA,q 7.7 0.3 21.9 1.8 7.1 1.2 1.9 0.0 8.4 1.0 7.9 1.3 0.8

Tb.Sp
SSA 34.3 9.2 6.2 10.0 9.3 17.0 6.1 0.5 4.9 0.2 0.5 0.6 1.2
SSA,l 33.5 9.2 6.2 9.9 8.1 17.0 5.8 0.3 4.7 0.0 0.4 0.0 0.1

SSA,q 0.8 0.0 0.0 0.1 1.3 0.0 0.3 0.2 0.2 0.2 0.0 0.6 1.1
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Table 2.8: Qualitative effect of parameter variations on bone structure parameters. This table shows
the effect that a decrease (-) and an increase (+) of each model parameter had on the bone structure
parameters. In the table, ↓ and ↓↓ represent a moderate and high decrease in bone structural
parameter respectively, ↑ and ↑↑ a moderate and high increase, and ∼ a small change.

Analysis 1 Analysis 2
BF Tb.Th Tb.N Tb.Sp BF Tb.Th Tb.N Tb.Sp

F
– ↓↓ ∼ ↓↓ ↑↑ ↓↓ ↓↓ ↓↓ ↑↑

+ ↑↑ ∼ ↑↑ ↓↓ ↑↑ ↑↑ ↓↓ ↓↓

τ
– ↓ ↓ ↓ ↑ ↓ ∼ ∼ ↑

+ ↑ ↓ ↑ ↓ ↑ ∼ ∼ ↓

Vcl
– ↑↑ ↓↓ ↑↑ ↓↓ ↑ ↑ ↓↓ ↓

+ ↓ ↑ ↓ ↑↑ ↓ ∼ ↓↓ ↑

Fres
– ↑ ↓↓ ↑↑ ↓↓ ↑ ↑ ∼ ↓↓

+ ↓ ↑↑ ↓↓ ↑↑ ↓ ↓ ∼ ↑↑

n
– ↓ ∼ ∼ ↑ ↓ ∼ ↓ ↑

+ ↑ ∼ ∼ ↓ ↑ ∼ ↓ ↓

D
– ↓↓ ↓↓ ∼ ↑ ↓↓ ↓↓ ↑↑ ↑↑

+ ↑↑ ↑ ∼ ↓ ↑↑ ↑↑ ↓↓ ↓↓

µ
– ↓ ∼ ↓ ↑ ↓ ∼ ∼ ↑

+ ↑ ↓ ↑ ↓ ↑ ∼ ∼ ↓

kthr
– ∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼

+ ∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼

Eb
– ↑ ↓ ↑↑ ↓ ↑ ↑↑ ↓↓ ∼

+ ↓ ↑ ↓↓ ↑ ↓ ↓↓ ↓↓ ∼

νb
– ∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼

+ ∼ ∼ ∼ ∼ ∼ ∼ ∼ ∼

Em
– ∼ ∼ ∼ ∼ ∼ ∼ ↑ ∼

+ ∼ ∼ ∼ ∼ ∼ ∼ ↑ ∼

νm
– ∼ ↑ ∼ ∼ ∼ ∼ ∼ ∼

+ ∼ ↑ ∼ ∼ ∼ ∼ ∼ ∼

γ
– ∼ ∼ ∼ ∼ ∼ ∼ ↑ ∼

+ ∼ ∼ ∼ ∼ ∼ ∼ ↓ ∼

Effects of model parameter variations on bone structure development

When developing a trabecular structure from a uniform density, the bone fraction is

mostly influenced by changes in external load F and osteocyte influence distance D

(table 2.7). Increases in F and D both lead to a higher bone fraction (table 2.6 and

table 2.8). Additionally, increases in osteocyte density n, formation time constant τ ,

and osteocyte mechanosensitivity µ have a markedly positive effect on bone fraction,

while increases in resorption space Vcl, resorption frequency Fres, and Eb have a

markedly negative effect on bone fraction.

The most influential parameters with respect to trabecular thickness are Vcl, Fres,

and D. Trabecular thickness is negatively related to both Vcl and Fres, and positively

related to D. In addition, trabecular thickness is negatively related to Eb, and either

an increase or decrease in τ leads to a decrease in trabecular thickness, while increases

and decreases of νm have the opposite effect.
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Trabecular number is mainly influenced by F , Vcl and Fres. An increase in F leads

to more trabeculae, while increases in Vcl and Fres reduce the number of trabeculae.

Furthermore, trabecular number is increased by increases in τ and µ or a decrease in

Eb.

The main determinant of trabecular separation is F , which is linearly inversely related

to trabecular separation. τ , n,D, and µ are also linearly inversely related to trabecular

separation, while Vcl, Fres, and Eb are positively related to trabecular separation.

Effects of model parameter variations on bone remodeling

The same parameter variations that determine the variations in bone fraction during

the development of a bone structure, are also the most important determinants of

bone fraction variations during remodeling. Increases in F and D, and to a lesser

extent τ , n, and µ have a positive effect on bone fraction, while increases in Vcl, Fres,

and Eb have a negative effect on bone fraction.

However, it can be seen that these parameters exert their effect on bone fraction by

different mechanisms in remodeling than in the first analysis. In remodeling, the most

influential parameters with respect to trabecular thickness are F and D, which both

are positively linearly related to trabecular thickness. Variation of D had a similar

effect in both analyses, but variations in F did not have a major effect on trabecular

thickness in the first analysis. Additionally, Vcl, Fres and Eb are markedly negatively

related to trabecular thickness in remodeling.

Trabecular number is mainly influenced by Vcl and D, which is also different from the

first analysis. An increase in D linearly decreases trabecular number, while both an

increase and a decrease in Vcl decrease trabecular number compared to normal. An

increase in Vcl decreases trabecular number through resorption of trabeculae, while

a decrease in Vcl decreases trabecular number through fusion of trabeculae. This

quadratic effect is also dominant for other influential parameters such as F , n, Eb,

and Em. The linear effect of D indicates that an increase in D results in fusion

of trabeculae, while a decrease counteracts negative effects of other parameters on

trabecular number.

For trabecular separation, parameters have the opposite effect compared to their

effect on bone fraction. The most influential parameters, F and D are both inversely

linearly related to trabecular separation. Furthermore, increases in Vcl and Fres

increase trabecular separation, while increases in τ , n, and µ decrease trabecular

separation.
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2.4 Discussion

The goal of this study was to investigate the sensitivity of the bone microarchitecture

for four different factors; changes in mechanical load, changes in bone cellular activ-

ities, changes in mechanotransduction, and changes in mechanical tissue properties.

We differentiated between the effect of these factors when they are already present

during growth, and when they occur after the development of a mature trabecular

structure. The main difference between these two analyses was that similar to in vivo

bone adaptation (Frost, 1999), no new trabeculae were formed during simulations of

adaptation of an existing trabecular structure.

Changes in mechanical load were represented by changes in model parameter F , which

had a marked effect on bone structure in both analyses. The simulations are in agree-

ment with the effect of unloading in rats, which decreases bone fraction, trabecular

thickness, and trabecular number, and increases trabecular separation (Laib et al.,

2000). It has been known for a long time that decreased loading can induce bone

loss, for example during disuse-related osteoporosis or space flight. In contrast, in-

creased joint loading may play a role in the development of subchondral sclerosis in

osteoarthritis. In osteoarthritic joints, bone fraction and trabecular thickness are fre-

quently increased, while trabecular number and trabecular separation are decreased

(Bobinac et al., 2003; Grynpas et al., 1991; Fazzalari and Parkinson, 1998). This is

in concurrence with our high load simulations.

Model parameters related to bone cellular activities are bone formation time con-

stant τ , resorption space Vcl, resorption frequency Fres, and osteocyte density n.

Although the effect for these individual parameters was not as marked as for the

mechanical load, alterations in each changed the bone structure in both analyses.

We predicted increases in bone fraction and trabecular thickness in response to an

increase in τ , which represents osteoblast activity. This is in agreement with the

effect of prostaglandin E administration (Lin et al., 1994), which has been shown

to block osteoblast apoptosis (Machwate et al., 1998). In contrast, a decrease in

osteoblast activity seems to compromise the mechanical properties of the bone, indi-

cating that this may play a role in bone degenerative processes. Variations in Fres

and Vcl, representing the number of active osteoclasts and the osteoclast resorption

area respectively, both had a similar influence on the bone structure, although the

model was more sensitive for Vcl. It is likely that the increases in both osteoclast

number and osteoclast activity caused by estrogen deficiency (Henriksen et al., 2007),

play an important role in postmenopausal osteoporosis. Similar to our simulations

of increases in Fres and Vcl, estrogen deficiency decreased trabecular thickness and

trabecular number, and increased trabecular separation in rats (Bagi et al., 1997). In

the model, a decrease in osteocyte density negatively affected the bone architecture,
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because osteocytes promote osteoblastic bone formation in response to mechanical

load. Decreases in osteocyte density have been reported for osteoporotic patients

(Mullender et al., 2005), so this might indeed contribute to the bone loss observed in

those patients. However, this is in conflict with a concurrent theory, which states that

osteocytes inhibit osteoblastic bone formation in the absence of load (Martin, 2000;

van Bezooijen et al., 2004). In mice, killing 70-80% of the osteocytes induced bone

loss under ambulatory conditions (Tatsumi et al., 2007), similar to our simulations.

However, in mice subjected to unloading, osteocyte ablation protected against bone

loss (Tatsumi et al., 2007). This negative feedback mechanism is absent in our model,

which means that under unloading conditions, the effect of a change in osteocyte

number was not predicted correctly.

Model mechanotransduction parameters are osteocyte influence distance D, osteo-

cyte mechanosensitivity µ, and bone formation threshold kthr. A decrease in D had

a detrimental effect on bone architecture, indicating that blocking biochemical os-

teocyte signals could play an important role in bone diseases. In oculodentodigital

dysplasia, osteocyte gap junction connections are affected. But the skeletal abnormal-

ities in this disease can not solely be attributed to blockage of biochemical osteocyte

signals, since for example osteoblast differentiation is also affected (Civitelli, 2008).

With respect to µ, our simulations show that when osteocytes become desensitized to

mechanical loading, this may lead to deterioration of the bone architecture. Even in

normal bone remodeling, desensitization is thought to occur after prolonged exposure

to increased load (Schriefer et al., 2005). Possibly, pathologic conditions exist in which

this desensitization is permanent. The predicted bone structure was not sensitive for

changes in kthr, which represents the mechanical reference point for bone formation.

Even in equilibrium, the osteocyte stimulus (locally) exceeded the formation thresh-

old, resulting in basal bone formation that balances bone resorption. This indicates

that the 15% variation of kthr that we applied is relatively small compared to the

difference between the osteocyte stimulus and formation threshold. If our simulations

correctly represent in vivo bone remodeling, this means that a relatively small change

in the sensitivity of osteoblasts for load-induced stimuli would not markedly affect

bone architecture.

Mechanical tissue parameters included in the model are the elastic modulus and pois-

son ratio of both bone and bone marrow (Eb, νb, Em and νm), and bone material

parameter γ, which relates the bone elastic modulus to the bone volume fraction.

The predicted bone structure was not sensitive to changes in νb. Changes in νm only

had a minor influence on trabecular thickness in the first analysis, and changes in

γ and Em only had a minor influence on trabecular number in the second analy-

sis. In contrast, variations in the bone matrix stiffness did have a marked effect on

bone architecture, and may play a role in both osteoarthritis and osteogenesis imper-

fecta. Bone matrix stiffness is decreased in osteoarthritic joints (Day et al., 2001),
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and similar to our simulations, bone fraction and trabecular thickness are increased,

while trabecular number and trabecular separation are decreased in osteoarthritic

joints (Bobinac et al., 2003; Grynpas et al., 1991; Fazzalari and Parkinson, 1998).

In analogy with this, the changes in bone structure observed in osteogenesis imper-

fecta might be caused by an increase in bone matrix stiffness as a result of increased

mineralization. In various forms of osteogenesis imperfecta, the bone fraction and

trabecular thickness were increased, while trabecular number was decreased (Rauch

et al., 2000), similar to our predicted effect of an increase in matrix stiffness during

bone adaptation.

In the model it is assumed that osteocytes can sense an SED equivalent loading

measure and that they can stimulate osteoblast cells in their vicinity. Although these

are assumptions, we have demonstrated in earlier studies that this model can explain

a large number of trabecular bone features (Ruimerman et al., 2001), and that its

results are not strongly dependent on the choice of the exact load parameter sensed by

the osteocytes (Ruimerman et al., 2005b) or even the assumed regulation mechanism

(van Oers et al., 2010). In the present study we used a 2D model, which limits the

structures that can be represented. However, the aim was to investigate changes

in bone architecture rather than to predict realistic trabecular structures, and the

predicted changes in bone architecture seem to be in agreement with the in vivo

remodeling response.

A strong point of our sensitivity analysis approach is that it can identify the impor-

tance of different factors in multi-factorial bone diseases. For example, it is known

that Paget’s disease is associated with increased osteoclast numbers and osteoclast

activity (Ralston et al., 2008). This would be expected to decrease bone fraction and

trabecular thickness, but instead these parameters seem increased in bone affected

by Paget’s disease. This may be explained by the decrease in bone matrix stiffness

that is observed in Paget’s disease, because this would result in a counteracting effect

according to our simulations.

In conclusion, we found that alterations in mechanical load, bone cellular activities,

mechanotransduction, and mechanical tissue properties may all affect bone architec-

ture and play a role in various degenerative processes. Our predicted changes in bone

architecture seem to be in agreement with the in vivo remodeling response, which

makes the model a useful tool for the investigation of bone diseases and therapies. In

particular, our simulations may help in gaining a better understanding of the contri-

bution of individual disturbances to a complicated multi-factorial disease process.
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3.1 Introduction

During growth, bone is formed through endochondral ossification, which involves

highly organized cartilaginous growth plates. In these growth plates chondrocytes

proliferate, hypertrophy, and synthesize extracellular matrix, which becomes miner-

alized. Mineralization combined with low oxygen tension attracts blood vessels, and

chondrocytes in mineralized areas undergo apoptosis (van der Eerden et al., 2003;

Gerber et al., 1999). The newly formed blood vessels bring in osteoclast-like cells,

which resorb the mineralized cartilage (Vu et al., 1998; Nordahl et al., 1998), and

osteoblasts, which form new bone (Mackie et al., 2008). However, it is unclear how

these processes of cartilage resorption and bone formation are regulated during endo-

chondral ossification.

Conversely, in bone remodeling the regulation of osteoclastic bone resorption and

osteoblastic bone formation has been investigated extensively. It is generally be-

lieved that bone remodeling is controlled by osteocytes, which act as mechanosensors

and regulate osteoblast and osteoclast activity (Cowin et al., 1991; Lanyon, 1993;

Klein-Nulend et al., 2003). Osteocytes are suitable for this function since they form

an extensive network by gap junction connections to each other, lining cells, and

osteoblasts (Klein-Nulend et al., 2003; Bonewald, 2006). Furthermore, cell culture

studies have demonstrated that osteocytes are sensitive to mechanical loading and

fluid flow (Klein-Nulend et al., 1995; Mullender et al., 2004).

The replacement of mineralized cartilage with bone during endochondral ossification

seems quite similar to bone remodeling. However, unlike bone, mineralized cartilage

does not contain cells that can regulate osteoclast and osteoblast action. Therefore, we

hypothesize that signals from osteocytes within the bone adjacent to the mineralized

cartilage extend into the latter tissue, thereby regulating its turnover. We investigated

this hypothesis using a widely accepted computational model of osteocyte-regulated

bone adaptation (Ruimerman et al., 2001, 2005a).

The model is based on the theory of Huiskes et al. (2000), that describes the metabolic

processes in bone as a result of bone tissue loading sensed by osteocytes. Osteocytes

are assumed to react to the strain energy density (SED) rate by sending a biochemi-

cal signal. This signal promotes osteoblastic bone formation while osteoclastic bone

resorption is allowed in the absence of osteocyte signals, for instance at the location

of microcracks, which obstruct osteocyte signals (Ruimerman et al., 2001; Huiskes

et al., 2000; Ruimerman et al., 2005b). With 2D (Ruimerman et al., 2001) and

3D (Ruimerman et al., 2005a, 2003) finite element analysis (FEA) it was previously

shown that this theory can be used to simulate the formation of trabecular bone. In

addition, the adaptation of trabecular bone to alternative loading conditions, and the

morphological effects of osteoporosis could be explained (Ruimerman et al., 2005a).
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To determine if it is feasible that osteocytes control the replacement of mineralized

cartilage with bone during endochondral ossification, we tested if the existing bone

remodeling theory can explain typical phenomena observed during the replacement

of mineralized cartilage with bone tissue. For this purpose we compared model re-

sults to rat tibia histology and physiological and pathological experimental data from

literature.

3.2 Methods

3.2.1 Mathematical description of the bone remodeling theory

Figure 3.1 is a schematic representation of the bone remodeling theory of Huiskes

et al. (2000). Each osteocyte produces a stimulus P in response to the local SED

Bone
architecture

SED
distribution

Resorption
cavity

Mechanical
loading

Osteocyte i

Osteoclast

Osteoblasts

SED rate
sensation

Recruitment
stimulus

Stimuli from other osteocytes

Bone
resorption

Bone
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FEA

Figure 3.1: Schematic representation of the bone remodeling theory.

rate. At each location x on the bone surface, the total osteocyte stimulus P (x, t) is

calculated by summation of the stimuli of the surrounding osteocytes:

P (x, t) =
n
∑

k=1

f(x, xk)µU(xk, t). (3.1)

Here, U(xk, t) is the SED rate at the location of osteocyte k, n is the total number of

osteocytes within the influence distance of x, µ is the osteocyte mechanosensitivity,

and f(x, xk) is a signal decay function:

f(x, xk) = e
−d(x,xk)

D , (3.2)

depending on the distance between osteocyte k and location x on the bone surface

d(x, xk), and osteocyte influence distance D. When the total osteocyte stimulus

P (x, t) exceeds formation threshold kthr, bone is formed according to:

dVf,b(x, t)

dt
= τ(P (x, t) − kthr) if P (x, t) > kthr. (3.3)
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Here,
dVf,b(x,t)

dt
is the change in bone volume at location x due to bone formation, and

τ is a time constant related to the rate of bone formation. Resorption is assumed

to be triggered by randomly occurring microcracks. Therefore, the resorption chance

is equal for all locations on the bone surface, determined by the frequency at which

new resorption pits are formed, Fres. Furthermore, at each location where resorption

occurs, the same amount of tissue Vcl is resorbed. The resorbed tissue can be both

bone and mineralized cartilage, depending on the volume fractions of bone Fb(x, t)

and mineralized cartilage Fmc(x, t):

dVr,b(x, t)

dt
= −VclFb(x, t) and

dVr,mc(x, t)

dt
= −VclFmc(x, t). (3.4)

Here,
dVr,b(x,t)

dt
and

dVr,mc(x,t)
dt

are the changes in bone and mineralized cartilage vol-

ume at location x due to resorption. The total change of tissue volume becomes:

dV (x, t)

dt
=

dVf,b(x, t)

dt
+

dVr,b(x, t)

dt
+

dVr,mc(x, t)

dt
. (3.5)

With this volume change, the local relative tissue density ρ(x, t) can be calculated.

ρ(x, t) = 1 when x consists solely of bone or cartilage tissue, and ρ(x, t) = 0 when x

consists solely of bone marrow. In addition, the new volume fractions of bone and

mineralized cartilage can be calculated (with Fb + Fmc = 1), indicating the fractions

of the relative density that represent bone and mineralized cartilage respectively,

which influence the tissue elastic modulus E(x, t) according to:

E(x, t) = (Fb(x, t)Eb + Fmc(x, t)Emc)ρ(x, t)
γ . (3.6)

Here, Eb and Emc are the elastic moduli of bone and mineralized cartilage, and γ is

a material constant.

Model parameters

As we tested the hypothesis in a 2D domain, model parameters are related to area

rather than volume (table 3.1). The osteocyte density was chosen within the osteocyte

lacunae density range that Marotti et al. (1990) found for various species. Material

constant γ was derived from experiments of Currey (1988) on mammal, bird and

reptile bones. Osteocyte influence distance D was set in agreement with a simulation

study (Mullender and Huiskes, 1995). The elastic modulus (Rho et al., 1993; Choi

et al., 1990; van Rietbergen et al., 1995) and poisson ratio (Ashman et al., 1984) of

bone were chosen within the range of experimental values found for human bone. The

elastic moduli of mineralized and nonmineralized cartilage were set to 100 MPa and 6

MPa respectively and the poisson ratios to 0.4 and 0.49, based on experimental data
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on mouse bone, and a numerical study on human bone (Tanck et al., 2004; Carter

et al., 1987). The poisson ratio of mineralized cartilage was assumed in between that

of nonmineralized cartilage and bone.

The resorption space was derived from Eriksen and Kassem (1992) and Parfitt (1994).

Human trabecular BMUs have a length of 100 µm and a thickness between 40 and 70

µm (Eriksen and Kassem, 1992). Assuming that trabecular BMUs are approximately

shaped as half a cylinder with their length axis parallel to the trabecular length

axis, this leads to an average 2D cross-sectional area (depending on the location of

sectioning) between 3.1x10−3 and 5.5x10−3 mm2. According to Parfitt (1994), the

resorption cavity is approximately 30% of the BMU size, leading to a resorption area

of 0.9x10−3-1.6x10−3 mm2.

The osteocyte mechanosensitivity µ, formation threshold kthr, formation time con-

stant τ , and resorption frequency Fres could not be derived from literature. Their

values were chosen such that a bone turnover rate of approximately 17% per year was

obtained, in agreement with human bone turnover data (Han et al., 1997).

Table 3.1: Model parameters.

Symbol Variable Value Unit Ref

n Osteocyte density 1600 mm−2 a

D Osteocyte signal decay parameter 0.1 mm b

Vcl Resorption space 1.5x10−3 mm2h−1 c,d

γ Material constant 3.0 - e

µ Osteocyte mechanosensitivity 0.5 nmol mm J−1h−1

kthr Formation threshold 2.0x10−4 nmol mm−2h−1

τ Formation time constant 9.1x10−4 mm5nmol−1

Fres Resorption frequency 12.8 h−1mm−2

Eb Elastic modulus bone 5x103 MPa f,g,h

νb Poisson ratio bone 0.3 - i,j

Emc Elastic modulus mineralized cartilage 1x102 MPa k

νmc Poisson ratio mineralized cartilage 0.4 -

Ec Elastic modulus nonmineralized cartilage 6 MPa k,l

νc Poisson ratio nonmineralized cartilage 0.49 - l

aMarotti et al. (1990), bMullender and Huiskes (1995), cEriksen and Kassem (1992),
dParfitt (1994), eCurrey (1988), fRho et al. (1993), gChoi et al. (1990), hvan Rietber-

gen et al. (1995), iRho (1996), jAshman et al. (1984), kTanck et al. (2004), lCarter
et al. (1987)

2D FEA model

We evaluated the hypothesis in a 2D domain representing part of the growth plate

and underlying bone. We started with a square mesh of 50 x 50 elements, consisting

of 44 rows of bone tissue, 5 rows of mineralized, and 1 row of nonmineralized growth

plate cartilage, with an element size of 50 x 50 µm. In the bone tissue, osteocytes

were randomly distributed. The mesh was loaded statically with 2 MPa compression

perpendicular to the growth plate, and 1.2 MPa in the horizontal direction, which for

a linear elastic material represents the maximum SED rate of a dynamic load of 1

MPa and 0.6 MPa at 1 Hz (Ruimerman et al., 2001). Literature data on stresses in
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cancellous (long) bone tissue vary (Heijink et al., 2008; Jonkers et al., 2008), but the

load that we used is reasonable for a growing child.

In the initial simulation, only bone remodeling was allowed, until an equilibrium

trabecular structure was obtained. This structure was then used as starting point for

the next simulation, in which mineralized cartilage turnover was also allowed, and

bone growth was simulated by adding rows of mineralized cartilage in between the

existing mineralized cartilage and the nonmineralized cartilage. The growth rate was

set at 1 row of elements per 48 h, corresponding with approximately 9 mm per year,

which concurs with human growth plates (Dimeglio, 2001). After the bone had grown

5 mm in length, we evaluated the structure of the newly formed bone. The bottom

2.5 mm of the bone were not taken into account, since they were not formed through

replacement of mineralized cartilage.

In the model, bone remodeling takes place at the bone surface because osteoclasts and

osteoblasts are derived from the bone marrow. However, in endochondral ossification,

growth plate vascularization is essential for mineralized cartilage resorption, because

it enables the recruitment and/or differentiation of osteoclasts (Gerber et al., 1999).

Growth plate vascularization is controlled through biochemical pathways which are

not included in the model. Because investigating vascularization was not our goal,

we accounted for osteoclast delivery by allowing resorption of the bottom row of min-

eralized cartilage elements, even if these elements did not border a marrow cavity in

our simulated bone structures. For validation, we also simulated inhibition of growth

plate vascularization by only allowing resorption of mineralized cartilage that did bor-

der the bone marrow. We compared this simulation to the experimental inhibition of

vascularization in mice (Gerber et al., 1999).

3.2.2 Bone structure parameters

We performed 10 series of simulations as described previously. These series only dif-

fered in the random distribution of osteocytes within the bone tissue, thereby leading

to different but similar trabecular structures. After 5 mm of growth, bone structure

parameters were determined as a function of the distance from the growth plate. Tra-

becular number was determined by counting the trabecular intersections along each

horizontal pixel row, trabecular thickness was defined as the horizontal distance be-

tween adjacent marrow cavities, and trabecular separation as the horizontal distance

between adjacent trabeculae. Although this is similar to histomorphometric methods

used in literature, trabecular thickness is overestimated, because not all trabeculae are

oriented perpendicular to the growth plate. Therefore, we also manually determined

the thickness of each trabecula perpendicular to its length axis.
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3.2.3 Rat tibia histology

Tibiae were collected from three female 9-month old virgin Wistar rats, that were

sacrificed for another study (Brouwers et al., 2009). The rats were part of the control

group that underwent a SHAM operation for ovariectomy. The formaldehyde-fixed

undecalcified tibiae were embedded in methylmethacrylate (Sigma) and 5-7 µm thick

longitudinal sections were cut with a Leica RM 2165 microtome, after which the

specimens were stained with Safranine O/Fast Green and hematoxylin.

3.3 Results

3.3.1 Simulation of cartilage turnover during growth

cartilage

bone

marrow

Figure 3.2: Bone and cartilage remodeling in growing bone. Top: Bone remodeling starting from
the initial mesh (left) until an equilibrium bone structure was obtained (right). Bottom: Trabecular
structure after 50, 100 and 200 days of bone growth.

The initial simulation that incorporated only bone remodeling resulted in a trabecular-

like architecture (figure 3.2, top). In the bone growth simulations (figure 3.2, bottom),

mineralized cartilage was resorbed by osteoclasts and bone was formed by osteoblasts,

even though the cartilage did not contain load sensing cells and could therefore not

stimulate osteoblastic bone apposition. Instead, the osteocytes in the bone adjacent

to the mineralized cartilage were responsible for inducing bone formation.
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3.3.2 Bone structure parameters

Figure 3.3: Mean value and standard deviation of the bone structural parameters for the 10
simulations. Trabecular number (left) decreases with increasing distance from the growth plate, while
trabecular thickness (middle) and trabecular separation (right) increase with increasing distance from
the growth plate.

The predicted trabecular number (figure 3.3, left) falls within the range of literature

values (1.3-1.9 mm−1), while trabecular separation (figure 3.3, right) is low (300-740

µm), and trabecular thickness (figure 3.3, middle) is high compared to literature val-

ues (119-330 µm)(Akhter et al., 2007; Cortet et al., 2004; Hildebrand et al., 1999;

Krug et al., 2008). Trabecular separation is underestimated, since only the horizon-

tal separation is taken into account. The manually determined average trabecular

thickness is 238 µm, which is within the realistic range.

Despite the inaccuracy in trabecular thickness and separation values, which can

largely be attributed to the fact that in the simulations all trabeculae need to be

connected in the 2D plane, the structure parameters do show how the bone develops

with increasing distance from the growth plate. The number of trabeculae decreases,

and as a result of this trabecular separation increases. The remaining trabeculae

thicken, leading to an increase in trabecular thickness with increasing distance from

the growth plate. This is in agreement with a study of Fazzalari et al. (1997), who

quantitatively investigated histomorphometric features of the growth plate in the hu-

man rib in 20 infants.
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3.3.3 Comparison to rat tibia histology

cartilage

bone

marrow

Figure 3.4: Comparison FEA model and histology. Left: Growth plate and underlying bone tissue
from a rat tibia, with bone tissue stained blue and mineralized cartilage stained red. Right: 2D FEA
simulation.

There are remarkable similarities between simulation results and histology (figure

3.4). In the simulations, most mineralized cartilage is resorbed near the growth plate,

while islands of mineralized cartilage persist at farther distances, which is also seen in

the rat tibiae. Additionally, in both the simulations and the rat tibiae, we observed

a decreasing ratio of mineralized cartilage per bone tissue at increasing distance from

the growth plate.

3.3.4 Inhibition of vascularization

cartilage

bone

marrow

Figure 3.5: Bone and cartilage remodeling in growing bone after 0 (left), 20 (middle) and 40 (right)
days of inhibition of vascularization.

We tested our theory against experimental data of Gerber et al. (1999). They in-

hibited growth plate neo-vascularization in mice by inactivating vascular endothelial
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growth factor (VEGF). As a result, cartilage resorption decreased and the thickness

of the layer of mineralized cartilage increased. In our simulations, inhibition of vas-

cularization also resulted in decreased cartilage resorption and increased thickness of

the layer of mineralized cartilage (figure 3.5).

3.4 Discussion

While the regulation of bone remodeling has been investigated extensively, the reg-

ulation of formation of new bone through endochondral ossification has not received

much attention. Because of the similarities in these two processes, we hypothesized

that osteocytes not only regulate bone remodeling, but also control bone formation

during endochondral ossification. The implementation of our hypothesis in a previ-

ously developed and validated mathematical model resulted in successful turnover of

mineralized cartilage.

In literature, supporting evidence for the role of mechanics in mineralized carti-

lage turnover exists. In human growth plates, the volume and thickness of the pri-

mary spongiosa -the trabeculae consisting of both newly formed bone and cartilage

remnants- increase with increasing age (Byers et al., 2000). This indicates that an

increase in body weight is associated with an increase in endochondral bone forma-

tion. Similarly, both treadmill exercise (Huang et al., 2002) and hypergravity (Vico

et al., 1999) have been reported to increase the bone volume of the primary spongiosa

in growing rats. However, the interpretation of these experiments is not straightfor-

ward, since the hypergravity seemed to have an effect apart from the induced change

in loading (Vico et al., 1999). In addition, weight loading has been reported to pro-

mote growth plate ossification in chicks (Reich et al., 2005), but as the loading also

increased vascularization and altered chondrocyte gene expression, this can not solely

be attributed to an osteocyte response.

Because experimental validation is difficult, we used a mathematical model to evalu-

ate our hypothesis. In the model, osteocytes are assumed to sense an SED equivalent

loading measure and influence osteoblast cells in their vicinity. Although these as-

sumptions have not been validated, we have demonstrated in earlier studies that the

model can explain various trabecular bone features (Ruimerman et al., 2001), and

that its results are not strongly dependent on the choice of the load parameter sensed

by the osteocytes (Ruimerman et al., 2005a). In the model, osteocytes promote os-

teoblastic bone formation in response to mechanical load. According to a concurrent

theory, osteocytes inhibit bone formation in the absence of load (Martin, 2000; van

Bezooijen et al., 2004). It was previously shown that implementation of this theory

in the model also results in load-aligned trabecular structures (van Oers et al., 2010).
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There is experimental evidence that the stimulatory and inhibitory mechanism co-

exist. In mice, killing 70-80% of the osteocytes induced bone loss under ambulatory

conditions (Tatsumi et al., 2007), indicating that the positive feedback of osteoyctes

on bone formation is the dominant mechanism under normal loading conditions. But

in the absence of load the inhibitory mechanism seems dominant, as osteocyte abla-

tion protected against bone loss in mice subjected to unloading (Tatsumi et al., 2007).

Because we performed simulations under loading conditions, we did not include the

negative feedback loop in our model. However, the co-existence of both mechanisms

would be beneficial for cartilage turnover, since it allows osteoblasts to form bone

outside the osteocyte influence distance.

As possible mediators of the osteocyte mechano-response, nitric oxide, prostaglandins,

and sclerostin have been suggested (Bonewald, 2006; van Bezooijen et al., 2004). Since

the exact regulatory mechanisms of bone remodeling remain unknown, no biochemical

signaling pathways are incorporated in the model. Although the importance of these

pathways is undisputable, the empiric character of the model is also its strength. With

only a few equations and a limited number of parameters, healthy and pathologic re-

modeling of trabecular bone were successfully simulated previously (Ruimerman et al.,

2005a; Cox et al., 2010). For our study, the only extra parameters needed, were the

growth rate and mechanical properties of cartilage, which were based on experimen-

tal data from literature. Model parameters were derived from various species, and

we compared simulation results to rat, human, and mouse data. This is appropriate

because we did not aim for quantitative analysis of our data, and bone adaptation

mechanisms are similar across mammals. In addition, we previously showed that the

model predicts stable trabecular structures for a wide variety of model parameter

values and that predicted changes in bone structure in response to model parameter

changes are in agreement with experimental data (Cox et al., 2010).

The success of mineralized cartilage turnover depends on two equilibria. First, the

rate of cartilage replacement with bone has to be in equilibrium with the rate of

cartilage formation during growth, to ensure an approximately constant growth plate

thickness. A disturbance of this equilibrium by a decrease in the rate of cartilage

resorption resulted in an increase in growth plate thickness in our simulations. Simi-

larly, an increase in cartilage formation rate will lead to an increase in growth plate

thickness. This is in agreement with the positive relationship between longitudinal

growth rate and growth plate thickness found in rabbits and rats (Seinsheimer and

Sledge, 1981; Ogawa et al., 2002). The second important balance is that between car-

tilage resorption and bone formation. Problems may arise when cartilage resorption

exceeds bone formation. In the remodeling algorithm, the balance is normally main-

tained because resorption cavities create a local increase in the SED rate, which in

turn increases bone formation through osteocyte signaling. To verify that successful

cartilage turnover in our simulations was not strongly dependent on the chosen model
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parameter values, we performed a sensitivity analysis in which we subsequently in-

creased and decreased all model parameter values by 50% (except for the poisson ratio

of cartilage, because a value higher than 0.5 is unreasonable). For this wide range

of parameter values, cartilage turnover was only unsuccessful when we decreased the

osteocyte influence distance (D) or the osteocyte mechanosensitivity (µ) by 50%,

because cartilage resorption exceeded bone formation in these simulations. In vivo,

this imbalance may partly be countered by an increase in bone formation in response

to a decrease of inhibitory osteocyte signals, as discussed previously. Furthermore,

additional biochemical regulatory mechanisms exist in vivo, which couple cartilage

resorption and bone formation.

Our simulations do not prove that osteocytes are involved in the replacement of min-

eralized cartilage with bone during endochondral ossification. However, they indicate

that the same mechanism that is responsible for bone adaptation, may also explain

typical phenomena observed during the replacement of mineralized cartilage with bone

tissue. Cartilage turnover was successful leading to an approximately constant growth

plate thickness, there was good agreement between the simulated bone structures and

rat tibia histology, and the simulated development of the trabecular architecture with

increasing distance from the growth plate resembled that of infant bones. In conclu-

sion, this study provides support for the role of osteocyte-based mechanoregulation

in the replacement of mineralized cartilage with bone. The same mechanisms that

govern mature bone formation also offer an explanation for various experimental ob-

servations related to endochondral ossification. We therefore conclude that it is well

possible that osteocytes from within the mature bone adjacent to the mineralized

cartilage control the turnover of mineralized cartilage into bone.
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3.A Appendix: Bone growth for different parame-

ter settings

n50% n150% D50% D150%

Vcl,50% Vcl,150% γ50% γ150%

τ50% τ150% Fres,50% Fres,150%
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µ50% µ150% kthr,50% kthr,150%

Eb,50% Eb,150% νb,50% νb,150%

Emc,50% Emc,150% νmc,50% νmc,0.49
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Ec,50% Ec,150% νc,50%
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4.1 Introduction

Osteoarthritis (OA) is a common cause of long-term disability (Buckwalter and Mar-

tin, 2006). It is characterized by degeneration of cartilage and modification of the

structural and material properties of subchondral bone (Goldring, 2009). Patients

suffer from chronic joint pain, restriction of motion, crepitus with motion, and joint

effusions. For many years, pharmaceutical therapies have been focussed on cartilage.

The bone changes were thought to occur secondary to cartilage degeneration, and not

to play a major role in the disease process. However, it has been shown in animal

studies that subchondral bone changes occur at early stages of OA (Hayami et al.,

2006; Quasnichka et al., 2006), and that alterations to subchondral bone can lead to

cartilage degeneration(Ewald et al., 1982; Lahm et al., 2005). Furthermore, there is

an increased incidence of OA in patients with certain bone disorders (Strickland and

Berry, 2005; Cameron and Dewar, 1977; Ralston et al., 2008), and it has been shown

that bone cells derived from OA patients can directly influence cartilage metabolism

(Sanchez et al., 2005b,a; Westacott et al., 1997).

For these reasons, currently the bone is considered as a therapeutic target as well, and

in various OA patient and animal studies, the subchondral bone structure has been in-

vestigated. OA is associated with marked increases in subchondral bone fraction and

trabecular thickness, accompanied by decreases in trabecular number and separation

(Lahm et al., 2006; Kamibayashi et al., 1995; Bobinac et al., 2003; Zysset et al., 1994;

Blumenkrantz et al., 2004). The cause of these bone structural changes remains unre-

solved and a better understanding might help in developing bone targeting therapies

(Burr and Schaffler, 1997).

A wide variety of conditions is associated with OA. Obesity (Sharma et al., 2000;

Toivanen et al., 2010; Coggon et al., 2001), strenuous exercise (Kujala et al., 1994),

and physically demanding professions (Toivanen et al., 2010; Amin et al., 2008; Felson,

1994) are all known risk factors for OA, which is largely attributed to the high joint

loads associated with these conditions (Kujala et al., 1994; Schoffl et al., 2007; Brown-

ing and Kram, 2007). Other conditions that alter joint loads and are strongly associ-

ated with OA are (partial) meniscectomy (Roos et al., 1998; Englund and Lohmander,

2004), anterior cruciate ligament (ACL) injury (Chaudhari et al., 2008), and joint

malalignment (Eckstein et al., 2009). In addition, OA is associated with the bone

disease osteopetrosis (Strickland and Berry, 2005; Cameron and Dewar, 1977; Stark

and Savarirayan, 2009), which is characterized by a decrease in osteoclast number

and activity (Stark and Savarirayan, 2009). Finally, bone matrix mineralization and

stiffness have been found to be decreased in OA bone (Li and Aspden, 1997a; Day

et al., 2001; Grynpas et al., 1991; Mansell and Bailey, 1998), and although it is unclear

whether this should be regarded as a cause or an effect of OA, it has been suggested
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that bone sclerosis in OA occurs to counteract the decrease in matrix stiffness(Day

et al., 2004).

The conditions associated with OA do not only alter joint mechanics and bone cellular

activities in distinct ways; in addition they differ in the time course in which these

changes occur. For example, osteopetrosis is already present at birth, while obesity

may lead to a gradual increase in load, and ACL injury may alter joint mechanics

abruptly. Considering the wide variety of conditions associated with OA, it is clear

that OA can develop via multiple pathways. It is also known for most of these condi-

tions that they themselves can induce bone structural changes even in the absence of

OA, via mechanoregulated bone adaptation. This may explain why bone structural

changes can occur early in the OA disease process, independent of cartilage degener-

ation. However, it is unclear if these structural changes caused by mechanoregulated

bone adaptation are similar to the changes observed in OA, or that in addition a

different, pathological mechanism is involved. We therefore aimed to investigate if

mechanoregulated bone adaptation can lead to OA-like bone structural changes for

various conditions associated with OA, independent of cartilage degeneration. In ad-

dition, we questioned whether countering bone adaptation as a therapeutic target is

likely to reduce the progression of OA.

For this purpose, we used an established computational model of mechanoregulated

bone adaptation to simulate conditions associated with OA that influence joint me-

chanics or bone remodeling in different ways. We changed boundary conditions and

model parameters, but not the remodeling algorithm itself, such that the simulations

reflected the mentioned conditions. Subsequently, we evaluated if the simulated bone

structural changes that were obtained as a result of mechanoregulated bone remod-

eling in these conditions were similar to OA experimental data from literature. In

the simulations, no changes to the articular cartilage were considered, as we aimed to

investigate if OA-like bone structural changes could develop independent of cartilage

degeneration.

4.2 Methods

4.2.1 Computational model

The computational model is based on the theory of Huiskes et al. (2000), that de-

scribes the metabolic processes in bone as a result of bone tissue loading sensed by

osteocytes. It was previously shown that this theory can be used to simulate basal

bone remodeling, and the adaptation of trabecular bone to alternative loading con-

ditions and changes in bone cellular activities (Ruimerman et al., 2005a; Cox et al.,
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2010). In the model, osteocytes are randomly distributed throughout the bone tissue,

and each osteocyte produces a stimulus P in response to the local strain energy den-

sity (SED) rate. At each location x on the bone surface, the total osteocyte stimulus

P (x, t) is calculated by summation of the stimuli by the surrounding osteocytes:

P (x, t) =

n
∑

k=1

f(x, xk)µU(xk, t). (4.1)

Here, U(xk, t) is the SED rate at the location of osteocyte k, n is the total number of

osteocytes within the influence distance of x, µ is the osteocyte mechanosensitivity,

and f(x, xk) is a signal decay function:

f(x, xk) = e
−d(x,xk)

D , (4.2)

depending on the distance between osteocyte k and location x on the bone surface

d(x, xk), and decay parameter D. If the total osteocyte stimulus P (x, t) exceeds

formation threshold kthr, bone is formed according to:

dVf (x, t)

dt
= τ(P (x, t) − kthr) if P (x, t) > kthr. (4.3)

Here,
dVf,b(x,t)

dt
is the change in bone volume at location x due to bone formation, and

τ is a time constant related to the rate of bone formation. Resorption is assumed

to be triggered by randomly occurring microcracks. This means that the chance of

resorption is equal at all locations x on the bone surface. Furthermore, it is assumed

that at each location x where resorption occurs, the same amount of bone Vcl is

resorbed within one increment, making the change of volume due to resorption at

this location:

dVr(x, t)

dt
=

{

−Vcl if r(x, t) ≤
∫

t

∫

x
Fres dx dt

0 if r(x, t) >
∫

t

∫

x
Fres dx dt

(4.4)

Here, r(x, t) is a random number between 0 and 1, and Fres is the resorption frequency,

indicating the frequency with which new resorption pits are formed on the bone

surface. The total change of bone volume becomes:

dV (x, t)

dt
=

dVf (x, t)

dt
+

dVr(x, t)

dt
(4.5)

4.2.2 Finite element analysis

To calculate the local SED values, finite element analysis was used. We evaluated our

hypothesis in a 2D domain that represents part of the articular cartilage and bone
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below the articular cartilage. We used a square mesh of 200 x 200 elements, with an

element size of 50 x 50 µm. The model consisted of 194 rows of bone tissue and 6

rows of articular cartilage. In the bone tissue, osteocytes were randomly distributed.

The mesh was loaded statically with 2 MPa compression in the vertical direction

(perpendicular to the cartilage), and 1.2 MPa in the horizontal direction, which for a

linear elastic material represents the maximum SED rate of a dynamic load of 1 MPa

and 0.6 MPa at 1 Hz respectively (Ruimerman et al., 2001). The initial mesh and

boundary conditions are shown in figure 4.1, as well as the different loads applied for

the different simulations.

(a) (b) (c)

cartilage

bone

Figure 4.1: The different loading conditions: (a) normal, (b) obesity, strenuous exercise, (c)
malalignment, ACL injury, partial meniscectomy.

The volume change is calculated per integration point. If an integration point volume

is completely filled with bone, the relative density is 1. If an integration point does not

contain any bone tissue, the relative density is 0. At the trabecular surface, integration

point volumes can be partially filled with bone, leading to a relative density of bone

volume per integration point volume between 0 and 1. At these locations, the elastic

modulus was calculated using Currey’s power law (Currey, 1988):

E(n, k) = Ebρ(n, k)
γ . (4.6)

Here, Eb is the elastic modulus of the bone matrix, ρ(n, k) is the bone volume density

at integration point location n at time increment k, and γ is a material constant. The

model parameter values are in table 4.1. Since we used 2D analyses, parameters are

related to area instead of volume. The derivation of the model parameter values was

described in a previous paper (Cox et al., 2010).
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Table 4.1: Model parameters.

Symbol Variable Value Unit Ref

n Osteocyte density 1600 mm−2 a

D Osteocyte signal decay parameter 0.1 mm b

Vcl Resorption space 1.5x10−3 mm2h−1 c,d

γ Material constant 3.0 - e

µ Osteocyte mechanosensitivity 0.5 nmol mm J−1h−1

kthr Formation threshold 2.0x10−4 nmol mm−2h−1

τ Time constant 9.1x10−4 mm5nmol−1

Fres Resorption frequency 12.8 mm−2h−1

Eb Elastic modulus bone 5x103 MPa f,g,h

νb Poisson ratio bone 0.3 - i,j

Ec Elastic modulus articular cartilage 6 MPa k,l

νc Poisson ratio articular cartilage 0.49 - l

aMarotti et al. (1990), bMullender and Huiskes (1995), cEriksen and Kassem (1992),
dParfitt (1994), eCurrey (1988), fRho et al. (1993), gChoi et al. (1990), hvvan Ri-

etbergen et al. (1995), iRho (1996), jAshman et al. (1984), kTanck et al. (2004),
lCarter et al. (1987)

4.2.3 Simulations of conditions associated with OA

High joint load

Obesity, strenuous exercise, and physically demanding professions uniformly increase

joint loads, while partial meniscectomy, ACL injury, and malalignment increase joint

loads in a spatially non-uniform matter. ACL injury and varus alignment increase

medial loading (Eckstein et al., 2009; Moglo and Shirazi-Adl, 2003; Bourne et al.,

1984), and valgus alignment increases lateral loading (Eckstein et al., 2009; Bourne

et al., 1984), while for partial meniscectomy the redistribution of load depends on the

location of the meniscectomy. We simulated bone remodeling in response to both a

spatially uniform and a spatially non-uniform increase in load (table 4.2, figure 4.1).

For the uniform high load we chose a 40% increase compared to normal (Browning

and Kram, 2007). For the non-uniform increase in load we applied a ramp load on

top of the cartilage, ranging from the normal load to a 40% increase (Moglo and

Shirazi-Adl, 2003; Li et al., 2002; Fukuda et al., 2000).

Decreased bone matrix stiffness

To simulate bone remodeling in response to a decrease in mechanical bone matrix

properties, we decreased bone matrix stiffness by 40%, based on nanoindentation

measurements from an OA patient study (Day et al., 2001).

Bone disease

Osteopetrosis is mainly characterized by a decrease in osteoclast number and activ-

ity (Stark and Savarirayan, 2009), and we simulated osteopetrosis by decreasing the

corresponding model parameters (table 4.2). Because the amount of decrease in os-

teoclast number and activity varies for different forms and severities of the disease,

no exact parameter changes could be derived from the literature. Therefore, we made

an arbitrary choice to decrease the resorption frequency by 60% and the resorption

cavity size by 30%.
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Table 4.2: Overview of the simulated conditions.

Condition Model parameter change

1. obesity, strenuous exercise uniform 40% increase in load

2. malalignment, ACL injury, 0-40% increase in load perpendicular to
partial meniscectomy the joint surface (ramp load)

3. decreased mineralization 40% decrease in bone matrix stiffness Eb

4. osteopetrosis 60% decrease in resorption frequency Fres and
30% decrease in resorption cavity size Vcl

4.2.4 Simulation protocols

First, we performed a simulation with the normal parameter set, until equilibrium

was obtained. Subsequently, we used this ‘normal’ structure as starting point for the

simulation of condition 1, condition 2, and condition 3 (table 4.2), assuming that

these conditions develop at a certain time during adulthood. For condition 4, we did

not use the normal structure as starting point, since osteopetrosis is already present

at birth. Instead we started from the uniform structure that was also the starting

point for the ‘normal’ simulation.

4.2.5 Bone structure parameters

To evaluate the effect of the different simulated conditions, we determined structure

parameters from the simulated bone architectures. Bone density was determined

by dividing the area of bone by the total area, and trabecular number by counting

the trabecular intersections along each horizontal pixel row. Trabecular thickness

was defined for each trabecular surface pixel as the smallest distance to another

trabecular surface pixel, bordering a different marrow cavity. Trabecular separation

was defined for each marrow cavity as the largest distance between two bone surface

pixels bordering the marrow cavity.

4.3 Results

From the simulated structures (figure 4.2), bone structural parameters were deter-

mined. These parameters are in table 4.3, together with literature values determined

from human cancellous bone at different sites. Trabecular dimensions for the nor-

mal simulation are similar to experimentally determined values (table 4.3), although

the simulated bone fraction is slightly high, while trabecular number is slightly low

compared to literature values. The explanation for these deviations is that in our

simulations all trabeculae are interconnected in the 2D plane in contrast with normal
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bone

cartilage

marrow

(a) (b) (c)

(d) (e)

Figure 4.2: Simulated bone structures for different conditions: (a) normal, (b) obesity, strenu-
ous exercise, (c) ALC injury, malalignment, partial meniscectomy (d) reduced mineralization, (e)
osteopetrosis.

bone structures, thereby leading to a higher bone fraction for the same trabecular

number and thickness.

Table 4.3: Bone structure parameters baseline simulation

Simulation Literature∗

Bone fraction (BF) 0.56 0.15-0.41
Trabecular thickness (Tb.Th) 270µm 119-330 µm
Trabecular number (Tb.N) 1.18 mm−1 1.30-1.90 mm−1

Trabecular separation (Tb.Sp) 646 µm 300-740 µm
∗Akhter et al. (2007); Cortet et al. (2004); Hildebrand et al. (1999);
Krug et al. (2008)

Experimentally determined changes in bone structure parameters as a result of OA

vary considerably, depending on for example the severity of the disease, making quan-

titative comparison to our simulations inexpedient. However, to obtain an idea of the

in vivo range of change in structural parameters, we included OA data from clinical

and animal studies from the literature in table 4.4.

From figure 4.2 and table 4.4, it can be seen that each simulated condition led to

an increase in bone fraction and trabecular thickness, and a decrease in trabecular

number and separation, in concurrence with experimental data from OA patients and

animal studies.
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Table 4.4: Changes in bone structural parameters for the simulated conditions compared to the
simulated normal structure.

Condition BF Tb.Th Tb.N Tb.Sp
1. Obesity, strenuous exercise +32% +29% -25% -20%
2. ACL injury, partial meniscectomy, malalignment +11% +11% -2% -7%
3. Reduced mineralization +23% +22% -14% -17%
4. Osteopetrosis +63% +7% -22% -68%

Literature data on OA∗ +(18-80)% +(13-87)% -(9-15)% -(18-26)%
∗Lahm et al. (2006); Kamibayashi et al. (1995); Bobinac et al. (2003); Blumenkrantz et al. (2004); Fazzalari
et al. (1997)

The simulation representing joint malalignment and ACL injury resulted in the small-

est changes in bone structural parameters. The explanation for this is that bone

changes in this simulation were local, while the determined structure parameter val-

ues are an average for the whole mesh. The changes mostly occurred on the right side

of the structure, underneath the area of the most highly loaded cartilage. Such lo-

calized sclerosis is in agreement with experimental data from OA patients with bone

malalignment(Takahashi, 2002). The increase in bone fraction is the most marked

in the simulation of osteopetrosis, which agrees with the association of osteopetrosis

with severe sclerosis.

We calculated the average SED value in the bone tissue during the period of bone

remodeling for each condition and compared these to the average SED value for the

normal equilibrium simulation (figure 4.3). Obesity, strenuous exercise, malalignment,

ACL injury, partial meniscectomy and decreased mineralization all led to an increase

in SED. This was either due to an increase in both stress and strain resulting from

an increase in load, or due to an increase in strain caused by a decrease in matrix

stiffness. During remodeling, bone fraction increased such that the SED returned to

the normal level or even decreased to slightly below the normal level. The SED values

for osteopetrosis are not shown in figure 4.3, since we did not use the normal structure

as input for this simulation. The average SED value in the bone was much lower in

the simulation of osteopetrosis, due to the higher bone fraction.

We also determined the apparent bone stiffness at the onset of the conditions and

after remodeling (figure 4.4). The stiffness before and at the onset of the conditions

is not shown for osteopetrosis, since there was no clear onset point in this case, but at

the end of this simulation the apparent bone stiffness was 172% higher than normal.

As expected, the apparent bone stiffness at the onset of the condition decreased

by approximately 40% in case of the decreased matrix stiffness, while there was no

change in apparent bone stiffness at the onset of the conditions for the simulations in

which the load was increased. Remodeling resulted in an increase in apparent bone

stiffness for all conditions. In case of the increased loads, the increase in bone fraction

that occurred during remodeling led to an apparent bone stiffness which was higher
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Figure 4.3: Average SED in the bone during remodeling after changing the model parameters to
simulate conditions associated with OA.

than normal (74% increase for obesity/ exercise, and 17% increase for ACL injury/

meniscectomy/ malalignment), while the increase in bone fraction in case of decreased

mineralization normalized the apparent bone stiffness (from 40% lower than normal

at the onset of the condition to 8% lower than normal after remodeling).

4.4 Discussion

The bone structural changes that we predicted using a mechanoregulated bone adap-

tation model, are in agreement with bone structural changes observed in OA. This

indicates that subchondral bone structural changes observed in OA can occur inde-

pendent of cartilage degeneration, and that they do not need to result from disturbed

mechanoregulation or inflammatory processes that occur as a direct result of the dis-

ease. However, this does not mean that cartilage degeneration can not (indirectly)

induce or promote bone structural changes in OA. Although in the current study we

focused on the adaptation of the subchondral bone, altered joint mechanics also affect

the articular cartilage. Pathology begins if the repair capacity of the osteochondral

tissue has been exceeded, which usually is a process of many years. Once the de-

generation has begun, the degenerative processes and mechanical adaptation likely

interact. Degeneration of cartilage is thought to increase the stress in the subchon-

dral bone (Fukuda et al., 2000), and additionally, it may lead to joint malalignment

(Lindsey et al., 2004), which would both induce a remodeling response according to

our simulations. Furthermore, the decrease in bone matrix stiffness observed in OA

may be related to cartilage degeneration. In OA femoral heads, bone matrix stiffness
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Figure 4.4: Apparent bone stiffness prior to and after the onset of different conditions, and after
remodeling.

was found to be most markedly decreased directly underneath the cartilage (Grynpas

et al., 1991) and in a study on OA knees, the bone structural changes were also most

marked directly underneath the cartilage, and additionally seemed correlated to the

degree of degeneration of the overlying cartilage (Bobinac et al., 2003).

Our simulations do not exclude the possibility that a different, pathological process

influences bone formation and resorption in OA. However, they do show that it is

likely that mechanoregulation is still present, ensuring that bone is formed at loca-

tions of high mechanical load, and resorbed at locations of low mechanical load. If

mechanoregulated bone remodeling is indeed the mechanism behind the bone struc-

tural changes in OA, what does this mean for the development of bone-targeting

therapies? Currently, pharmaceutical therapies are being developed that target os-

teoblasts and osteoclasts, and decrease the bone remodeling rate. Although the bone

turnover rate is indeed increased in OA, our study indicates that bone formation and

bone resorption are not necessarily disturbed. Furthermore, inhibiting bone remod-

eling may negatively affect bone, since it may lead to higher local bone tissue loading

as shown in figure 4.3.

In addition to the effect that bone-targeting therapies have on bone, they may have

an effect on cartilage. It has been suggested that cartilage degeneration in OA is

related to the subchondral bone stiffness. Both an increase (Radin et al., 1972, 1973)

and a decrease (Brandt, 1991; Behets et al., 2004) in apparent bone stiffness have

been suggested to lead to cartilage degeneration. If both hypotheses hold, the effect

of inhibiting bone remodeling on cartilage may depend on the underlying cause of the

disease. Inhibiting bone remodeling in case high joint loads or osteopetrosis are the
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underlying cause of the disease may be beneficial, since this may prevent an increase in

bone stiffness (figure 4.4). However, in case decreased mineralization is the underlying

cause of the disease, inhibiting remodeling may have a negative effect on cartilage,

since it may prevent ‘normalization’ of the apparent bone stiffness (figure 4.4). Of

course, if inhibiting remodeling would prevent the replacement of normal bone tissue

by less mineralized bone matrix, this may counteract the initial decrease in apparent

bone stiffness observed in our simulations. Furthermore, it should be noted that other

factors may play a role as well, as it has been shown that bone cells isolated from

OA bone may directly alter cartilage metabolism in vitro (Sanchez et al., 2005b,a;

Westacott et al., 1997).

In our model it is assumed that osteocytes can sense an SED equivalent loading

measure and that they can stimulate osteoblast cells in their vicinity. Although these

are assumptions, we have demonstrated in earlier studies that this model can explain

a large number of trabecular bone features (Ruimerman et al., 2001), and that its

results are not strongly dependent on the choice of the exact load parameter sensed by

the osteocytes (Ruimerman et al., 2005b) or even the assumed regulation mechanism

(van Oers et al., 2010). In the present study we used a 2D model, which limits the

structures that can be represented. However, a thorough parameter study showed

that for this 2D model, alterations in bone structure parameters in response to a

change in various model parameters are in agreement with experimental data from

literature (Cox et al., 2010).

In conclusion, mechanoregulated bone remodeling may explain how various conditions

associated with OA can directly induce OA-like bone structural changes, independent

of changes occurring in the cartilage. Also, it may explain why bone structural changes

can occur secondary to cartilage degeneration. Given the hypothesis underlying our

theoretical work, we propose that decreasing the rate of bone remodeling in OA may

increase bone tissue loading. Furthermore, we postulate that whether decreasing

the rate of bone remodeling has a beneficial effect on cartilage degeneration depends

considerably upon the underlying cause of the disease.
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5.1 Introduction

Osteoarthritis (OA) is a complex multi-factorial joint disease, characterized by de-

generation of cartilage and modification of the structural and material properties of

subchondral bone (Goldring, 2009). For many years, pharmaceutical therapies have

been focussed on cartilage, because the bone changes were thought to occur secondary

to cartilage degeneration, and not to play a major role in the disease process. How-

ever, currently the bone is being reconsidered as a therapeutic target (Mansell et al.,

2007; Karsdal et al., 2008b). The bone can be a source of pain in OA, and in addition

it has been theorized that bone changes may play an important role in the initiation

and pathogenesis of OA (Mansell et al., 2007; Hunter and Spector, 2003; Karsdal

et al., 2008b; Lajeunesse and Reboul, 2003).

The most frequently discussed bone change observed in OA is probably subchondral

sclerosis. Subchondral sclerosis has been described in many clinical (Li and Aspden,

1997b; Bobinac et al., 2003; Kamibayashi et al., 1995; Ding et al., 2001; Buckland-

Wright and Patel, 2000) and animal studies (Pastoureau et al., 2003; Lahm et al.,

2006; Ewald et al., 1982; Brandt et al., 1991). Radin et al. (1972) were the first

to suggest that bone sclerosis may play an important role in cartilage degeneration.

They hypothesized that sclerosis would lead to a stiffer subchondral structure with

a decreased shock-absorbing capability, thereby increasing the stress in the overlying

cartilage (Radin et al., 1972). Alternatively, the sclerotic bone may influence carti-

lage degeneration via the release of biochemical signals. Due to the increased bone

remodeling rate associated with the sclerosis, various cytokines, including insulin-like

growth factors, transforming growth factor β, and bone morphogenic proteins, which

are known to modulate chondrocyte proliferation and differentiation, and matrix syn-

thesis, are released (Hayami et al., 2006; Lajeunesse and Reboul, 2003; Muehleman

et al., 2002).

Two factors that have been hypothesized to trigger the remodeling response lead-

ing to subchondral sclerosis in OA are high loading conditions (Boyd et al., 2000a;

Blumenkrantz et al., 2004; Schoffl et al., 2007) and altered bone material properties

(Day et al., 2004; van der Linden et al., 2004). It is well-known that bone adapts to

mechanical loading, and in a previous simulation study we showed that bone adap-

tation in response to high joint loading may explain the typical bone architectural

changes observed in OA (Cox et al., 2011a). In that same study, we showed that

decreased bone matrix stiffness, which has been observed in OA bone (Day et al.,

2001), may also induce bone sclerosis. It is likely that both high loading conditions

and decreased bone matrix mechanical properties play a role in the development of

subchondral sclerosis in OA, but their relative contribution remains unknown.
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In the current study, we investigated the contribution of the change in bone mate-

rial properties to subchondral sclerosis in OA, using a combination of experimental

analyses and mathematical simulations. In different papers, bone matrix mineraliza-

tion (Grynpas et al., 1991; Mansell and Bailey, 1998), and bone structure (Bobinac

et al., 2003) both were reported to change most markedly directly underneath the

cartilage. In addition, the bone structural changes seemed correlated with the de-

gree of degeneration of the overlying cartilage (Bobinac et al., 2003). These data

indicate that bone mineralization, bone sclerosis, and cartilage degeneration might

be related on a local level. We hypothesize that the decrease in bone matrix min-

eralization observed in OA is related to the degeneration of the overlying cartilage,

and that this demineralization in turn contributes to depth-dependent subchondral

sclerosis, via mechanoregulated bone adaptation. To evaluate the first part of this

hypothesis, we determined the bone matrix mineralization at different depth levels in

bone-cartilage plugs with varying degrees of cartilage degeneration, harvested from

human OA tibia plateaus obtained after total knee replacement. To evaluate whether

demineralization contributes to depth-dependent subchondral sclerosis, we addition-

ally determined the bone volume fractions for the same volumes of interest for which

we determined the bone matrix mineralization. Subsequently, we used the experi-

mentally obtained mineralization data as input for bone adaptation simulations, to

predict the effect of bone mineralization on bone volume fraction. With this combined

experimental-mathematical approach, we aimed to evaluate whether the differences

in bone volume fraction observed for different OA grades could be explained by the

differences in matrix mineralization.

5.2 Methods

5.2.1 Sample preparation

We examined 32 human OA tibia plateaus, obtained after total knee replacement

(University hospital Maastricht, Maastricht, The Netherlands). With a diamond-

coated bit, we cored cylindrical specimens perpendicular to the articular surface, with

a diameter of 8 mm. Preferably, one specimen was analyzed for each side (medial and

lateral) of the plateau (figure 5.1a). However, for 11 plateaus, specimens from one

side could not be used for further analysis, due to either limited height of the plateaus

or the presence of cysts, leading to a total number of 53 bone-cartilage specimens (25

medial, 28 lateral).
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5.2.2 MicroCT

Each specimen was fixated in formalin and scanned with a microCT scanner (vivaCT

40, Scanco Medical AG) at a resolution of 21 µm (70 kV, 114 µA). From these scans,

the bone volume fraction (BV/TV) and bone matrix mineralization (Min.BV) were

determined for 2 mm thick bone slices parallel to the cartilage using the Scanco Med-

ical AG software. Analyzing 2 mm thick slices is necessary for accurate measurement

of structural parameters. To detect depth-dependent changes in bone volume fraction

and bone matrix mineralization, we evaluated slices at 5 different distances from the

articular cartilage, which will be referred to according to their mean average distance

as 1, 1.5, 2, 2.5, and 3 mm depth. This means that the bone volume fraction and

bone matrix mineralization that we determined at 1 mm depth, are the average values

determined for the bone slice between 0 mm and 2 mm distance from the cartilage

(figure 5.1b). It also implies that there was a 1.5 mm overlap between consecutive

slices. Due to the limited height of some of the tibia plateaus, we could not obtain

measurements at all five depth levels for all 53 specimens, leading to a decreasing

number of measurements with increasing depth level.

sample 1

sample 2

cartilage

trabecular
bone

subchondral
plate

1 mm
depth

2
 m

m

(a) (b)

Figure 5.1: (a) Schematic representation of a tibia plateau indicating possible sample locations.
(b) Schematic representation of a bone-cartilage plug indicating the 2 mm slice used to determine
mineralization and bone volume fraction values at 1 mm depth.

5.2.3 Cartilage degeneration

All specimens were dehydrated in graded ethanol solutions (70% to 100%) and em-

bedded in polymethylmethacrylate (PMMA). The embedded specimens were bisected

perpendicular to the cartilage using a bandsaw, and then sectioned using a microtome

(Leica RM2165, Leica Microsystems), thereby exposing the trabecular microstructure

at the surface of the specimens. These surfaces were stained with toluidine blue for 1.5

h and then rinsed in running tap water. Images were taken from all specimens, using
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a stereo microscope (Discovery.V8, Zeiss). For each specimen, cartilage degeneration

was graded from 0 to 4 by three independent observers, according to the International

Cartilage Repair Society (ICRS) score, as described by Marticke et al. (2010) (table

5.1).

Table 5.1: ICRS cartilage degeneration scoring system.

ICRS grade Description

0 Normal intact cartilage

1 Chondral softening and blistering, superficial lesions,
fissures and cracks, soft indentation

2 Fraying, lesions and fissures extending down to <50%
of cartilage depth

3 Partial loss of cartilage thickness, cartilage defects ex-
tending down to >50% of cartilage depth as well as
down to calcified layer

4 Full-thickness cartilage loss with exposure of the sub-
chondral bone

In addition to the ICRS score, the Kellgren-Lawrence (K-L) score was used to clas-

sify the samples according to their OA grade. The K-L score is determined from

radiographs and takes into account joint space narrowing as a measure of cartilage

thickness (table 5.2). K-L scores were determined pre-operatively for the medial and

lateral side of each tibia plateau separately, but not per bone-cartilage sample. There-

fore, the K-L score is a more global measure of OA compared to the ICRS score, which

was determined at each sample location. The results of the ICRS score and K-L score

were compared to evaluate whether changes in bone matrix mineralization and bone

volume fraction are mainly driven by local cartilage degeneration or by more global

factors.

Table 5.2: K-L osteoarthritis scoring system.

K-L grade Description

0 Normal bone, no joint space narrowing

1 Doubtful narrowing of joint space and possible osteo-
phytic lipping

2 Definite narrowing of joint space, osteophytes

3 Definite narrowing of joint space, osteophytes, some
sclerosis and possible deformity of bone contour

4 Marked narrowing of joint space, large osteophytes,
severe sclerosis and definite deformity of bone contour
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5.2.4 Statistical analysis

To determine whether the bone matrix mineralization and the bone volume fraction

were different for samples with different ICRS or K-L grades, we performed one-way

ANOVA, with a Bonferroni post-hoc test at each depth level. To quantify the corre-

lation between bone matrix mineralization and bone volume fraction, we determined

Pearson correlation coefficients and corresponding p-values. For comparisons of means

between two groups (to investigate differences between samples from the medial and

lateral side of the tibia plateaus, and to investigate the difference in bone volume

fraction between the grade 0 and grade 4 simulations) we performed student t-tests.

To investigate trends for bone matrix mineralization and bone volume fraction with

depth level, we determined the best fitting linear relationship between both the bone

mineralization and the distance from the cartilage, and the bone volume fraction and

the distance from the cartilage, for each sample individually, using a least-squares

method. Subsequently, we grouped the values obtained for the slopes of these relation-

ships according to their ICRS grade and tested whether the slopes were significantly

different from zero for each of the five ICRS grades, using student t-tests. Finally,

we tested whether there were statistically significant differences in the slopes between

the different ICRS grades, using one-way ANOVA with a Bonferroni post-hoc test.

5.2.5 Mathematical model

We used an established bone adaptation model based on the theory of Huiskes et al.

(2000) to simulate the effect of changes in bone matrix mineralization on bone struc-

ture. In the model, osteocytes respond to the local strain energy density (SED) rate by

promoting osteoblastic bone formation, while osteoclasts resorb bone near randomly

occurring microcracks (figure 5.2a). The model equations and parameter settings that

we used are described in a previous paper (Cox et al., 2010). We implemented the

model in ABAQUS and used finite element modeling to represent the morphology

and material properties of the tissues and to calculate SED values (figure 5.2b).

To evaluate whether the differences in bone volume fraction observed for different

OA grades can be explained by the differences in matrix mineralization, we used

the experimentally determined mineralization data as input for the model. In 1988,

Currey found that the relation between bone mineralization and elastic modulus can

be approximated with a cubic power law (Currey, 1988). This power law is included

in the adaptation model:

E(x, t) = Ebρ(x, t)
3. (5.1)
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(a)

cartilage bone marrow

(a) (b)

Figure 5.2: (a) Schematic representation of the bone remodeling theory. (b) A two-dimensional
finite element mesh representing articular cartilage and subchondral bone tissue.

Here, E(x, t) is the elastic modulus at location x at time point t, and Eb is the elastic

modulus of healthy bone tissue (5 GPa). ρ(x, t) is the mineralization at location x

at time point t, which is normalized to the average mineralization of healthy bone

tissue. This means that a 10% decrease in mineralization (i.e. ρ(x, t)=0.9), leads to

a 27% lower elastic modulus compared to healthy bone tissue ((1-0.93)x100%). For

our simulations, we assumed that the samples for which cartilage degeneration was

scored as ICRS grade 0 represented healthy bone tissue. Therefore, to simulate bone

adaptation to altered mineralization, the mean bone matrix mineralization measured

for other OA grades was normalized to the bone matrix mineralization measured for

the grade 0 samples.

For different degrees of mineralization, we performed multiple simulation series. For

each series, we started with a two-dimensional tissue with a uniform bone density, in

which osteocytes were randomly distributed. First we allowed bone remodeling until a

stable bone structure was obtained (5000 increments). Subsequently, we changed the

bone matrix mineralization according to the experimental data and we allowed the

bone to remodel for 2500 increments, after which always a new, stable structure was

obtained. For each degree of mineralization, we performed 10 simulation series, which

only differed in their random distribution of osteocytes, thereby leading to different

but similar bone structures. From the resulting bone structures, we determined the

bone volume fraction at different depth levels, which we compared to the experimental

data. Similar to the experimentally determined parameters, bone volume fraction for

the simulated structures was determined for 2 mm thick slices, of which the center

was at 1, 1.5, 2, 2.5 and 3 mm distance from the cartilage.
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5.3 Results

5.3.1 Cartilage degeneration according to ICRS score

For 29 of the 53 bone-cartilage specimens all three observers graded cartilage degen-

eration the same, for 23 specimens two observers graded cartilage degeneration the

same while the third observer scored one grade higher or lower, and for 1 specimen

all three observers graded cartilage degeneration differently. For this last specimen,

the average value of the three observers was used, while for the other specimens the

grade on which at least two observers agreed was used. For each of the five ICRS

grades, an example is shown in figure 5.3. In table 5.3, the number of samples and

the mean and standard deviation of the patients age at the time of surgery are shown

for each ICRS grade.

ICRS 0 ICRS 1 ICRS 2

ICRS 3 ICRS 4

Figure 5.3: Samples classified according to the five ICRS cartilage degeneration grades.

Table 5.3: Sample data.

ICRS grade # samples donor age (SD)

0 7 63 (8.4)
1 20 68 (8.6)
2 11 70 (7.6)
3 6 70 (13.6)
4 9 72 (15.3)

66



Bone tissue mineralization and sclerosis in OA

5.3.2 Bone matrix mineralization vs cartilage degeneration

For one patient, cartilage degeneration was graded ICRS 0 for the lateral sample and

ICRS 4 for the medial sample. For these samples, CT-images and mineral distribu-

tions are shown in figure 5.4, as a typical example. Bone volume fraction is higher,

while mineralization is lower in the grade 4 specimen (figure 5.4). Especially the

maximum mineralization seems to be decreased compared to the grade 0 specimen.

The green areas in figure 5.4b represent voxels that were partially filled with bone

and partially with bone marrow. Therefore, these voxels were not taken into account

for determining the mean bone matrix mineralization.

1370190 [mg HA cm ]
-3
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R
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(a) (b)

Figure 5.4: (a) CT images of two samples of the same patient; one graded ICRS 0 (top), and one
graded ICRS 4 (bottom). (b) Mineral distribution in cross-sections of these samples, revealing less
and smaller areas of high mineralization in the sclerotic bone of the ICRS grade 4 sample.

Between samples with ICRS 0, ICRS 1, ICRS 2, and ICRS 3, no statistically significant

differences in bone matrix mineralization were found (figure 5.5a). In samples with

ICRS 4, mean bone matrix mineralization was significantly lower compared to samples

with ICRS 0 to ICRS 3 at lower depth levels. Compared to ICRS 0, this decrease

varied between 6% at 1 mm distance from the cartilage, to 4% at 3 mm distance from

the cartilage (figure 5.5b).
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Figure 5.5: (a) Bone matrix mineralization (Min.BV) at different distances from the cartilage, for
different grades of cartilage degeneration. (b) Bone matrix mineralization normalized to grade 0.
∗p<0.05, ∗∗p<0.01, one-way ANOVA, Bonferroni post-hoc test.

The boxplot of the slopes of the relationships between bone mineralization and depth

indicates that for all ICRS grades, bone matrix mineralization increased with increas-

ing distance from the cartilage (figure 5.6). For all grades, the slope was significantly

higher than zero (right-tailed student t-test, p<0.05). Although the difference in bone

matrix mineralization between the samples with grade 4 and with grade 0 cartilage

degeneration seemed to decrease with increasing distance from the cartilage (figure

5.5b), no statistically significant difference between the slopes of any of the groups

could be demonstrated (one-way ANOVA, Bonferroni post-hoc test, p<0.05).
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Figure 5.6: Boxplot of the slopes of the relationships between bone matrix mineralization and the
distance from the cartilage per sample for each of the five ICRS grades.
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5.3.3 Bone volume fraction versus bone matrix mineralization

Similar to the bone matrix mineralization, for the bone volume fraction there was no

difference between ICRS grades 0 to 3 (figure 5.7a,b). For ICRS grade 4, bone volume

fraction was significantly increased compared to the other ICRS grades. Compared

to grade 0, this decrease varied between 69% at 1 mm distance from the cartilage to

24% at 3 mm distance from the cartilage (figure 5.7b).
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Figure 5.7: (a) Bone volume fraction (BV/TV) at different distances from the cartilage, for dif-
ferent grades of cartilage degeneration. (b) Bone volume fraction normalized to grade 0. ∗p<0.05,
∗∗p<0.01, one-way ANOVA, Bonferroni post-hoc test.

After obtaining the slope of the relationship between the bone volume fraction and

depth level for each sample, we grouped these slopes according the ICRS score. The

boxplot of these slopes indicates that for all ICRS grades, bone volume fraction de-

creased with increasing distance from the cartilage (figure 5.8). For ICRS 1, 2, 3,

and 4 the slope was significantly lower than zero (right-tailed student t-test, p<0.05).

Only the slopes of the ICRS 1 and ICSR 4 groups differed significantly from each

other (one-way ANOVA, Bonferroni post-hoc test, p<0.05). Because the ICRS 0

group contained a far outlier, and because the slopes for the ICRS 4 group were not

normally distributed, we also performed Wilcoxon Signed-Rank tests to investigate

whether the slopes were different from zero, and a Kruskall-Wallis test with a Bon-

ferroni post-hoc test to compare the slopes from different groups. According to the

Wilcoxon Signed-Rank test the slopes for ICRS 1, 2, 3, and 4 were significantly lower

than zero (p<0), and according to the Kruskall-Wallis test, the slopes of the ICRS 0

group and ICRS 4 group differed significantly (p<0.05).

Bone volume fraction and bone matrix mineralization were negatively correlated (fig-

ure 5.9). When for each ICRS grade the mean values per depth level were taken (i.e.
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Figure 5.8: Boxplot of the slopes of the relationships between bone volume fraction and the distance
from the cartilage for each of the five ICRS grades.

the values displayed in figures 5.5a and 5.7a), thereby averaging out the differences

independent of OA grade and depth level, the correlation increased (figure 5.9b).
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Figure 5.9: (a) Correlation between bone matrix mineralization (Min.BV) and bone volume frac-
tion (BV/TV), taking into account all individual data points. Pearson correlation coefficient -0.62,
p<0.01. (b) Correlation between bone matrix mineralization (Min.BV) and bone volume fraction
(BV/TV) for the mean values per depth level for each ICRS grade. Pearson correlation coefficient
-0.92, p<0.01.

5.3.4 Data classified according to K-L score

For two tibia plateaus, no K-L scores were determined preoperatively, so the four

samples taken from these plateaus were excluded from the analyses, leading to a total

number of 49 samples (table 5.4).
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Table 5.4: Sample data after classification according to the K-L scoring system.

K-L grade # samples donor age (SD)

0 3 65 (6.1)
1 8 70 (8.2)
2 3 73 (6.8)
3 21 68 (11.0)
4 14 71 (7.1)

For both bone matrix mineralization and bone volume fraction, no statistically sig-

nificant differences between any of the K-L grades were found, at any depth level

(figure 5.10a,b), which may at least partly be explained by the uneven distribution

of samples over the 5 K-L grades. What is interesting though, is that bone volume

fraction seemed to increase gradually with increasing K-L grade (figure 5.10b), while

for the ICRS score, a sudden increase was observed for grade 4 only (figure 5.7). For

bone matrix mineralization this trend was not so clear, and the differences between

groups were even smaller than they were for the ICRS score. This is reflected in

the Pearson correlation coefficient between bone matrix mineralization (Min.BV) and

bone volume fraction (BV/TV) for the mean values per depth level for each K-L grade

(figure 5.10c), which was lower than the coefficient we determined for the ICRS score

(figure 5.9).
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Figure 5.10: (a) Bone matrix mineralization (Min.BV) at different distances from the cartilage,
for different K&L scores, normalized to K-L 0. (b) Bone volume fraction (BV/TV) at different
distances from the cartilage, for different K-L scores, normalized to K-L 0. (c) Correlation between
bone matrix mineralization (Min.BV) and bone volume fraction (BV/TV) for the mean values per
depth level for each K-L grade. Pearson correlation coefficient -0.71, p<0.01.
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5.3.5 Bone adaptation simulations

Since bone matrix mineralization did not significantly differ between grade 0 to grade

3 ICRS cartilage degeneration samples, only ICRS 0 and ICRS 4 mineralization data

were used as input for the simulations. For the simulation of ICRS 4, a linear decrease

in bone matrix mineralization of 6% at 1 mm depth to 4% at 3 mm depth was

implemented based on the experimentally determined difference in mean bone matrix

mineralization between ICRS grade 0 and ICRS grade 4 cartilage degeneration (figure

5.5b). For the ICRS 0 simulation, the bone matrix mineralization was left unchanged.

cartilage bone marrow resorption formation

(a) (b)

grade 0 grade 4

Figure 5.11: (a) The starting point for the simulation of grade 0 and grade 4 OA. (b) Differences
and overlap between simulations of grade 0 and grade 4 OA. Blue indicates bone tissue that was only
present at the end of the grade 0 simulation, and green indicates bone tissue that was only present
at the end of the grade 4 simulation. It should be noted that green and blue areas do not indicate
an increase in bone volume compared to the starting point. Green areas represent either bone that
was formed in the grade 4 simulation but not in the grade 0 simulation, or bone that was resorbed
in the grade 0 simulation, but not in the grade 4 simulation.

For one of the ten simulation series, the bone structures are shown in figure 5.11.

Figure 5.11a shows the structure used as starting point for the simulation of adapta-

tion to the bone matrix mineralization of samples with grade 0 and grade 4 cartilage

degeneration, and in figure 5.11b, the final structures for both situations are com-

bined to highlight the differences between the bone structures. Although from figure

5.11b, it can be seen that the final structures are different for the ICRS grade 0 and

grade 4 simulations, no subchondral sclerosis seems to have developed in the ICRS 4

simulation.

The decrease in bone matrix mineralization for the grade 4 simulations resulted in an

increase in bone volume fraction compared to the grade 0 simulations (figure 5.12).

This increase varied between 9% at 1 mm depth to 4% at 3 mm depth (figure 5.12b).

Although statistically significant, this increase is much less than the experimentally

observed increase of 69% at 1 mm depth to 24% at 3 mm depth (figure 5.7b).
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Figure 5.12: (a) Bone volume fraction (BV/TV) at different distances from the cartilage. (b) Bone
volume fraction normalized to grade 0. ∗p<0.05, ∗∗p<0.01, student t-test.

5.4 Discussion

We hypothesized that the decrease in bone matrix mineralization observed in OA is

related to the degeneration of the overlying cartilage, and that this demineralization

in turn promotes depth-dependent subchondral sclerosis, via mechanoregulated bone

adaptation. To evaluate the first part of this hypothesis, we investigated the relation-

ship between bone matrix mineralization and cartilage degeneration. In agreement

with our hypothesis, we found that bone matrix mineralization was lowest for the

samples with the highest ICRS score. The difference in bone matrix mineralization

between the grade 4 cartilage degeneration samples and the other groups was highly

statistically significant, especially close to the cartilage, even though the maximum

difference in mineralization with the grade 0 group was only 6%. This moderate

decrease in mineralization is in concurrence with two studies from Li and Aspden

(1997a,b), who found a decrease of 6% in bone material density for the subchondral

plate of OA bone compared to controls and a decrease of 8% for cancellous bone.

The increase in mineralization that we observed with increasing distance from the

cartilage is another indication that cartilage degeneration and bone demineralization

might be related. In addition, the difference in mineralization between the ICRS grade

4 and grade 0 samples was highest close to the cartilage, although no statistically sig-

nificant difference in steepness could be demonstrated between groups for the increase

in mineralization with depth. While the depth-dependency of bone mineralization in

OA has not been studied before in the detail as presented here, two other studies

point into the same directions as our findings. In both studies, a depth-dependent
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difference in matrix mineralization was reported between OA and control bones, with

a lower mineralization for OA bone, and the largest difference close to the cartilage

(Grynpas et al., 1991; Mansell and Bailey, 1998).

To evaluate the second part of our hypothesis, that bone demineralization promotes

depth-dependent subchondral sclerosis, we studied the bone volume fraction. While

bone matrix mineralization was decreased for ICRS grade 4 samples, bone volume

fraction was increased for this group compared to the other ICRS grades. In addition,

bone volume fraction decreased with increasing depth level, where bone mineraliza-

tion increased with increasing depth level. Although bone volume fraction has been

reported to decrease with increasing distance from the cartilage in bone covered by

healthy cartilage as well (Patel et al., 2003; Kamibayashi et al., 1995), the steepness

of the relationship between bone volume fraction and depth level seemed to increase

with increasing ICRS grade (figure 5.8). These data point towards a relationship

between bone demineralization and subchondral sclerosis in OA. The 69% increase in

bone volume fraction that we observed between the ICRS grade 0 and ICRS grade

4 group, is comparable to differences between OA and normal bone reported in two

studies on human bone tissue (Bobinac et al., 2003; Kamibayashi et al., 1995). In

correspondence with our data, in these studies the volume fraction of OA bone was

described to decrease with increasing distance from the cartilage (Bobinac et al., 2003;

Kamibayashi et al., 1995). Whether the difference in bone volume fraction between

OA and control bones was higher close to the cartilage, was not quantified (Bobinac

et al., 2003; Kamibayashi et al., 1995).

As expected from their opposite relations with cartilage degeneration and depth level,

bone volume fraction and bone matrix mineralization were correlated. Although the

Pearson correlation coefficient of -0.62 indicates that only a moderate part of the

variation in bone volume fraction can be explained by variations in bone matrix

mineralization, the correlation was highly statistically significant (p<0.01). It is not

surprising that the correlation coefficient is low, since it is known that other factors

such as genetics, age, body weight, and activity level influence bone volume fraction

as well. When effects not related to depth level or ICRS grade were averaged out by

taking the mean values per depth level for each ICRS grade, the correlation coefficient

increased to -0.92, indicating that 85% (-0.922x100%) of the remaining variation in

bone volume fraction could be explained by variations in bone matrix mineralization.

This high correlation coefficient offers supporting evidence for the hypothesis that

bone demineralization is the cause of bone sclerosis in OA. However, it does not

exclude the possibility that both the decrease in mineralization and the increase in

bone volume fraction were independently caused by an external factor involved in OA.

Sclerosis could even indirectly be the cause of the low mineralization instead of the

other way around, as the high remodeling rate associated with sclerosis might result

in relatively younger and therefore less-mineralized bone tissue (Day et al., 2004).
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To obtain a better insight in the role that bone demineralization may play in the in-

crease in bone volume fraction, we performed bone adaptation simulations. In these

simulations, a depth-dependent decrease in mineralization led to a depth-dependent

increase in bone volume fraction, in agreement with our experimental observations.

However, despite the cubic relation between matrix mineralization and elastic mod-

ulus of bone tissue, the maximum increase in bone volume fraction for the grade 4

simulations compared to the grade 0 simulations was 9%, which is much less than the

69% increase that we found in the experiments. To verify that the low increase in

bone volume fraction in our simulations was not a result of using 2D analyses, we also

investigated the effect of decreased mineralization in 3D, for a small cube (1.35 mm x

1.35 mm x 1.35 mm) of bone tissue (figure 5.13). In this simulation, a 5% decrease in

bone matrix mineralization led to an average increase of 7% in bone volume fraction,

similar to the 2D simulations. In a previously published 3D simulation study, bone

adaptation in response to a tissue stiffness decrease of 20% led to an increase in bone

volume fraction of approximately 10% (van der Linden et al., 2004), which is quite

similar to our simulation results.

Initial grid structure Normal mineralization Decreased mineralization

Figure 5.13: Bone structures for the 3D simulations. No significant sclerosis occurred after decreas-
ing the matrix mineralization by 5% as can be observed from the small differences in bone structure
between the simulations with normal and decreased mineralization.

The simulations indicate that it is highly unlikely that the 6%-4% decrease in bone

demineralization can be responsible for the 69%-24% increase in bone volume frac-

tion that we observed in the experiments. Therefore, we assume that other factors

than bone demineralization, such as high joint loading or increased bone turnover

contribute significantly to the development of subchondral sclerosis. This idea is sup-

ported by the differences in the changes in bone volume fraction that we observed

when we classified the specimens according to ICRS and K-L scores. Locally, se-

vere cartilage degeneration may cause additional sclerosis, while on a more global

scale, bone volume fraction increases already at a relatively early stage of the disease

process. An example of local sclerosis underneath an area of full-thickness cartilage

erosion that we observed in one of the specimens is shown in figure 5.14. A possible

explanation for this localized increase in bone volume could be the enhanced delivery

of biochemical signals from the OA synovial fluid to the denuded subchondral bone.
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Figure 5.14: Bone cartilage plug with localized sclerosis underneath the area of full-thickness
cartilage erosion.

A point of discussion in our study is that we treated samples from the medial and

lateral side of the same joint as independent samples. Our reason for treating them

as independent samples is that generally, the degree of cartilage degeneration and

bone structural changes in OA differed markedly between the two sides of one tibia

plateau. We considered pair-wise comparison for our study, but since we were not

able to obtain samples from both sides for 11 plateaus -due to limited height of one

side of these plateaus or the presence of cysts- and because the difference in severity

of OA was not the same for all plateaus, we chose to treat them as independent

samples instead. In addition, because we did not find any differences in either bone

matrix mineralization or bone volume fraction between medial and lateral samples

with the same degree of cartilage degeneration (student t-test, p>0.1), we did not

make a distinction between medial and lateral samples in our analyses.

To summarize our results, we found that local changes in subchondral bone miner-

alization and bone volume fraction only occurred underneath severely degenerated

cartilage (defined by ICRS grade 4), while at the joint scale bone volume fraction

seemed to increase independent of bone demineralization, and in earlier stages of the

disease process (defined by low K-L grade). Both experimental data and simulations

indicated that a depth-dependent decrease in mineralization could cause a depth-

dependent increase in bone volume fraction. However, quantitatively we showed that

it can only explain part of the subchondral sclerosis observed in OA. Therefore, we

conclude that the sclerosis in OA bone is the result of the combined effect of global fac-

tors at the joint scale, and local factors at the tissue scale. Quantitatively, the global

factors seem to contribute more to the changes in bone volume fraction observed in

OA patients.
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6.1 Introduction

Subchondral bone architecture (Bobinac et al., 2003; Kamibayashi et al., 1995; Li and

Aspden, 1997b; Lindsey et al., 2004) and subchondral bone material properties (Li and

Aspden, 1997a; Day et al., 2001, 2004) are altered in osteoarthritis (OA). In the litera-

ture both the cause of these alterations and their effect on cartilage remain the subject

of debate. In a previous simulation study we demonstrated that changes in subchon-

dral bone seen in OA can be explained as the result of a physiologic, load-adapted

bone remodeling response to changes in the loading conditions or bone tissue mineral-

ization (Cox et al., 2011a). From a subsequent combined mathematical-experimental

study, we concluded that although bone demineralization probably contributed to

the experimentally observed sclerosis, other factors such as altered loading conditions

were dominant (chapter 5). In both studies it was assumed that the position of the

tidemark would remain constant. This implies that changes in cartilage thickness were

considered to result from cartilage wear and tear, while changes in the subchondral

bone were considered to result from remodeling of the existing bone structure. It has

been proposed however, that a very different mechanism may exist during OA: en-

dochondral ossification (Goldring, 2009; Oegema Jr. et al., 1997; Burr, 2004; Brandt

et al., 2006).

Throughout life articular cartilage is continuously being replaced with bone tissue

via endochondral ossification (Lane et al., 1977). Normally this remodeling process is

very slow, but in the course of OA the rate of cartilage turnover may increase. This

would explain why advancement of the tidemark, which indicates the junction between

the articular cartilage and the mineralized cartilage, is observed in OA (Muir et al.,

2006; Burr, 2004; Goldring, 2009). During longitudinal bone growth vascularization

of the growth plate is a prerequisite for the replacement of mineralized cartilage with

bone tissue (Gerber et al., 1999). Since vascularization of the mineralized cartilage

occurs in OA (Ewald et al., 1982; Lahm et al., 2006; Hayami et al., 2006), it has been

proposed as the critical inductive component of endochondral ossification in OA as

well (Burr and Schaffler, 1997; Buckland-Wright and Patel, 2000). Support for this

hypothesis can be found in experimental data described in the literature. In race

horses blood vessel ingrowth into mineralized cartilage was shown to be associated

with a significant reduction in the width of the calcified cartilage layer (Muir et al.,

2006). In a study on human bone the number of blood vessels in the mineralized

cartilage area was shown to decrease from adolescence until the age of 60, after which

the number of blood vessels increased again, and a similar pattern was found for

cartilage remodeling (Lane et al., 1977). In a later study an increase in the number of

tidemarks was demonstrated to occur at a similar age as the increase in the number

of blood vessels, indicating a possible relation between the two events (Lane and

Bullough, 1980).
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Similar to wear and tear of cartilage in combination with adaptation of the exist-

ing bone structure, endochondral ossification leads to reduced cartilage thickness and

changes in bone structure. Furthermore, endochondral ossification may also induce

cartilage degeneration, since thinned articular cartilage is prone to damage (Ander-

son et al., 1993). However, the mechanism for the two situations is very different.

In addition we hypothesize that endochondral ossification may lead to a different

subchondral bone architecture compared to the situation where changes in the bone

are limited to the existing bone compartment. Since endochondral ossification starts

from a rather homogeneous mineral distribution, a more refined structure may be

expected.

The aim of the present study was to investigate if we could distinguish between ar-

chitectural changes that result from adaptation of an existing bone structure, versus

architectural changes that result from endochondral ossification. For this purpose,

we used our mathematical bone adaptation model to predict whether endochondral

ossification indeed produces a different subchondral bone structure compared to adap-

tation in response to high joint loading. Subsequently, we compared our simulation

results to experimental data collected from human OA tibia plateaus to investigate

whether either of the simulated mechanisms, or both, could explain the differences in

bone architecture between samples with varying degrees of OA.

6.2 Methods

6.2.1 Bone adaptation simulations

In a previous simulation study, we showed that endochondral ossification could be

simulated with a mechanoregulated bone adaptation model (Cox et al., 2011b). After

mineralized cartilage tissue was resorbed by osteoclasts, its replacement with bone

tissue was successfully regulated by mechanosensing osteocytes in the subchondral

bone. In the current study, we used the same mathematical model to predict bone

architectural changes as a result of vascularization of the mineralized cartilage and

progression of the zone of mineralization within the cartilage. In addition, we per-

formed high joint loading simulations, both with and without endochondral ossifica-

tion, as endochondral ossification and high joint loading may occur simultaneously or

separately.

In the model, bone tissue and mineralized cartilage tissue were assumed to be re-

sorbed by osteoclasts, in a random manner. For bone tissue, resorption was assumed

to be triggered by randomly occurring microcracks, while for mineralized cartilage,

resorption was assumed to result from osteoclast delivery by blood vessels that ran-
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domly penetrate the mineralized cartilage in OA. The formation of bone tissue by

osteoblasts was assumed to be regulated by osteocytes, in response to high mechani-

cal loading. The model equations and parameter settings are described in Cox et al.

(2011b). We performed four different simulations, representing: 1) bone adaptation

under normal loading conditions, without endochondral ossification, 2) bone adapta-

tion under normal loading conditions, in combination with endochondral ossification,

3) bone adaptation under high loading conditions, without endochondral ossification

and 4) bone adaptation under high loading conditions, in combination with endo-

chondral ossification. The initial configuration for the first simulation was a 200 by

200 element mesh representing a 7.5 mm thick layer of uniform density bone tissue,

with a 2.5 mm thick layer of cartilage on top, which was subdivided in a 0.25 mm

thick layer of mineralized cartilage, and a 2.25 mm thick layer of non-mineralized

articular cartilage. We simulated bone adaptation under normal loading conditions

for 5000 increments (simulation 1), after which an equilibrated bone architecture was

obtained, that was subsequently used as input for the other three simulations. For

each of the three simulations starting from the normal bone structure, remodeling was

allowed for 2500 increments. For the normal loading conditions we applied 1.5 MPa

static loading on top, and 1.0 MPa static loading to the side of the 2-dimensional

finite element mesh. For the high loading conditions, we increased the loads by 40%

similar to previous high load simulations (Cox et al., 2011a).

Similar to our simulations of endochondral ossification during longitudinal growth

(Cox et al., 2011b), we assumed endochondral ossification in OA to be induced by

vascularization of the mineralized cartilage. Since no quantitative data are available

regarding the rate of vascularization of articular cartilage in OA, we used the same ap-

proach that we used for endochondral ossification in the growth plate. We accounted

for osteoclast delivery via neovascularization by allowing random resorption of the

bottom row of mineralized cartilage elements, even if these elements were not surface

elements bordering a bone marrow cavity. Advancement of the cartilage mineraliza-

tion front was simulated by replacing the bottom row of non-mineralized cartilage

with mineralized cartilage, every 50 increments. Since vascularization and advance-

ment of the front of mineralization are related, the permission for cartilage resorption

in areas not bordering a marrow cavity was also moved upward one element row every

50 increments.

For each of the final structures, we determined the mean bone volume fraction, trabec-

ular number, trabecular thickness, and trabecular separation for the volume between

the bone-cartilage interface and 4 mm depth, as described previously (Cox et al.,

2010).
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6.2.2 Experimental data

We investigated the same 53 bone-cartilage specimens from human OA tibia plateaus

as described in chapter 5. For each of the specimens, we previously graded carti-

lage degeneration based on histology according to the ICRS scoring system. From

microCT images we determined subchondral bone volume fraction (BV/TV) at dif-

ferent distances from the cartilage, between 0 and 4 mm depth. Details regarding

sample preparation, scoring of cartilage degeneration, microCT imaging, and the de-

termination of depth-dependent bone volume fraction can be found in chapter 5. In

the current study, we additionally determined the trabecular number (Tb.N), trabec-

ular thickness (Tb.Th), and trabecular separation (Tb.Sp), for the same volumes of

interest for which we obtained the bone volume fraction, using the Scanco Medical AG

software. In contrast with the simulation bone structural parameters, we determined

the experimental data in a depth-dependent manner. The reason for this is that we

could not obtain data up to 4 mm depth for some of the bone-cartilage specimens

due to their limited heights, making comparison of the mean values over 4 mm depth

impossible.

6.2.3 Statistical analysis

To determine whether the experimentally measured bone structural parameters were

different for samples with different ICRS grades, we performed one-way ANOVA, with

a Bonferroni post-hoc test at each depth level.

6.3 Results

6.3.1 Simulations

Simulating endochondral ossification resulted in the replacement of articular cartilage

with bone, as can be seen from the final bone structures of simulation 3 and 4 (figure

6.1c,d), which were started from the final structure of the normal bone adaptation

simulation (figure 6.1a). For both the simulation of endochondral ossification under

normal loading conditions and the simulation of endochondral ossification under high

loading conditions, mineralized cartilage remnants persisted in the bone tissue that

was formed by replacing cartilage. For the simulations representing high loading

conditions (figure 6.1b,d), there is a clearly visible increase in bone volume compared

to the normal bone adaptation simulation (figure 6.1a).
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(a) (b)

(c) (d)

bonearticular cartilage mineralized cartilage marrow

Figure 6.1: Final bone structures. (a) Simulation 1: Normal bone adaptation, (b) Simulation
2: Bone adaptation to high loading conditions, (c) Simulation 3: Endochondral ossification, (d)
Simulation 4: Endochondral ossification under high loading conditions. The dashed line in (c) and
(d) indicates the initial location of the bone-cartilage interface.

Clear differences in the bone structural parameters exist between all four simulations.

For endochondral ossification under normal loading conditions, the bone volume frac-

tion did not change compared to the normal bone structure, while for bone adaptation

and endochondral ossification under high loading conditions, bone volume fraction in-

creased (figure 6.2). Trabecular number decreased for bone adaptation under high

loading conditions, while it increased for both endochondral ossification simulations.

Trabecular thickness increased for bone adaptation under high loading conditions,

but did not change for either of the endochondral ossification simulations. Trabecular

separation decreased for bone adaptation and endochondral ossification under high

loading conditions, and increased for endochondral ossification under normal loading

conditions.
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Figure 6.2: Bone structure parameters for the four simulations; simulation 1: normal bone adapta-
tion, simulation 2: bone adaptation to high loading conditions, simulation 3: endochondral ossifica-
tion after vascularization of the mineralized cartilage, simulation 4: endochondral ossification after
vascularization of the mineralized cartilage under high loading conditions.

6.3.2 Experimental data
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Figure 6.3: Bone structure parameters for the bone-cartilage specimens at different depth levels
for different ICRS grades. ∗p<0.05, one-way ANOVA, Bonferroni post-hoc test.
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Between samples with ICRS 0, ICRS 1, ICRS 2, and ICRS 3, no statistically signifi-

cant differences in any of the bone structural parameters were found (figure 6.3). In

samples with grade 4 ICRS, bone volume fraction, trabecular number, and trabecular

thickness were highest compared to the other groups at all depth levels, while tra-

becular separation was lowest at all depth levels. However, the differences were only

statistically significant for a limited number of comparisons (figure 6.3).

In the simulations, after the replacement of mineralized cartilage with bone tissue,

the initial subchondral plate was still visible (figure 6.1c,d). We checked whether this

could also be observed in the experimental data, and discovered that a similar feature

was present in some of the bone-cartilage specimens (figure 6.4).

Figure 6.4: Bone-cartilage specimen stained with toluidine blue. At a small distance from the
bone-cartilage interface, a second subchondral bone plate seems to be present.

6.4 Discussion

To evaluate whether we could distinguish between architectural changes that result

from adaptation of an existing bone structure, and architectural changes that re-

sult from endochondral ossification, we performed simulations of both mechanisms

and compared the resulting bone structural parameters to those of the simulation

representing healthy bone. Remarkably, the changes that occurred compared to the

healthy situation differed for all four bone structural parameters between the two sim-

ulated mechanisms (figure 6.2, simulations 2 and 3). Comparison of the simulation

results to the experimental data may thus give an indication of which mechanism was

responsible for the differences in trabecular architecture that were observed in the

experimental data between samples with different degrees of cartilage degeneration.

In the samples with severe cartilage degeneration, bone volume fraction was increased

and trabecular separation was decreased. According to our simulations, these obser-

vations could both be explained by bone adaptation and endochondral ossification
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under high loading conditions, but not by endochondral ossification under normal

loading conditions. The increase in trabecular thickness that was observed in the

experiments was in correspondence with adaptation under high loading conditions,

but not with the other simulations. Finally, the experimentally determined increase

in trabecular number was predicted for endochondral ossification under both normal

and high loading conditions, but not for adaptation of the existing bone architecture.

Although each of the experimental observations was predicted by at least one of the

simulations, none of the three simulated conditions could explain the differences in

all four bone structural parameters between the experimental groups.

The high trabecular number for the grade 4 ICRS samples is in contrast with previous

reports on human OA bone (Bobinac et al., 2003; Kamibayashi et al., 1995; Lindsey

et al., 2004; Blumenkrantz et al., 2004; Fazzalari and Parkinson, 1998). The dis-

crepancy between our study and these data may be related to both the measurement

location and the categorization of the specimens. We only observed an increase in tra-

becular number for the samples with full-thickness cartilage degeneration (ICRS grade

4), at locations close to the cartilage. Therefore, we postulate that this increase in

trabecular number may have been caused by endochondral ossification. As endochon-

dral ossification is not likely to contribute significantly to bone changes underneath

areas of moderate cartilage degeneration or further away from the cartilage, this may

explain the difference between our observations and literature data. Alternatively, the

trabecular number may have been high because less trabeculae were resorbed with

increasing age in the ICRS grade 4 samples. Normally, trabecular number decreases

with age, but sclerosis may have prevented resorption of trabeculae. However, our

previous observations of the mineralization pattern of an ICRS grade 4 sample and

an ICRS grade 1 sample of the same subject seem to favor a role for endochondral

ossification (figure 5.4b). The decreased area of high mineralization in the sclerotic

bone of the ICRS grade 4 sample indicates that the bone is more likely to be younger

compared to the grade 1 bone tissue as a result of endochondral ossification, than

older as a result of inhibited resorption. In addition, endochondral ossification may

explain the presence of a “double subchondral plate”. In contrast with the endochon-

dral ossification simulations, figure 6.4 does not show a clear increase in trabecular

number in the area between both bone plates, but as it shows only a single small

cross-sectional area, the visible number of trabeculae may not be representative. Al-

though the replacement of mineralized cartilage with bone tissue may result in young,

low mineralized bone, we did not include a time-dependent increase in mineralization

in our simulations, as we investigated the effect of mineralization previously (chapter

5).

A limitation of our study is that the differences between ICRS grade 4 and the other

groups were only statistically significant for a limited number of comparisons for each

structural parameter (figure 6.3). However, our observations of an increase in bone
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volume fraction and trabecular thickness, and a decrease in trabecular separation are

in concurrence with data from other studies (Bobinac et al., 2003; Kamibayashi et al.,

1995; Li and Aspden, 1997b; Ding et al., 2001; Buckland-Wright et al., 2000; Fazzalari

and Parkinson, 1998). Furthermore, although the increase in trabecular number that

we observed was only statistically significant for two comparisons, the data at least

indicate that trabecular number did not decrease with increasing cartilage degenera-

tion, in contrast with previous studies (Bobinac et al., 2003; Kamibayashi et al., 1995;

Lindsey et al., 2004; Blumenkrantz et al., 2004; Fazzalari and Parkinson, 1998).

In the mathematical model that we used, mechanoregulated bone adaptation is de-

scribed with only a few simple equations, while in vivo bone adaptation involves

complex biochemical signaling pathways and cellular interactions. Despite its many

simplifications, the model was previously shown capable of explaining several distinct

bone adaptation features observed in animal and clinical studies (Huiskes et al., 2000;

Ruimerman et al., 2001, 2003, 2005a; Tanck et al., 2006; Isaksson et al., 2009). For

the simulation of endochondral ossification, we included cartilage vascularization by

allowing resorption of the mineralized cartilage close to the subchondral bone. Al-

though this is an additional simplification, it was demonstrated previously that the

mathematical bone adaptation model could explain typical phenomena observed dur-

ing endochondral ossification of the growth plate when vascularization was modeled

in this manner (Cox et al., 2011b). In the current study, we made an arbitrary choice

to set the rate of advancement of the mineralization and vascularization front at 1

element row per 50 increments, which represents 0.05 mm per 50 hours. The re-

placement of the 2.5 mm thick cartilage layer was completed in 2500 hours (∼104

days) in our simulations. This rate is similar to the rate of cartilage remodeling

during longitudinal growth, and may be fast compared to endochondral ossification

in OA. However, slower advancement of the vascularization would also have resulted

in successful turnover of the cartilage. Therefore, we believe that the mathematical

model is an appropriate tool for the investigation of the role of bone adaptation and

endochondral ossification in OA.

Simulations indicated that adaptation of an existing trabecular structure and the

replacement of mineralized cartilage with bone tissue may result in different subchon-

dral bone architectures. Furthermore, comparison of the simulation results to the

experimental data gave an indication of which of these two mechanisms may have

contributed to the bone structural differences between samples with different degrees

of OA. As each of the mechanisms could explain specific experimental observations,

we conclude that both high loading conditions and endochondral ossification may

have played a role. However, neither of the mechanisms could individually explain

all the experimental data, indicating that the cause of the microarchitectural changes

was probably multifactorial.
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SEVEN

THE ROLE OF PRESSURIZED

FLUID IN SUBCHONDRAL

BONE CYST GROWTH

The contents of this chapter are based on L.G.E. Cox, M.W. Lagemaat, C.C. van

Donkelaar, B. van Rietbergen, M.L. Reilingh, L. Blankevoort, C.N. van Dijk, K. Ito.

The role of pressurized fluid in subchondral bone cyst growth. Bone 49(4):762-768,

2011.
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7.1 Introduction

Bone cysts, also referred to as intraosseous ganglia or geodes, are generally located

in the trabecular bone near the articular surface. They are frequently associated

with osteoarthritis and osteochondral lesions resulting from a traumatic event, but

they may also develop idiopathically (van Dijk et al., 2010). On radiographs, bone

cysts are visible as areas of radiolucency. They usually have a fibrous lining (Crane

and Scarano, 1967; Sabokbar et al., 2000; Thomann et al., 1996; Schajowicz et al.,

1979; Rhaney and Lamb, 1955; Feldman and Johnston, 1973; Kambolis et al., 1973;

Seymour, 1968; Woods, 1961) and can be surrounded by a rim of sclerotic bone (Crane

and Scarano, 1967; Thomann et al., 1996; Schajowicz et al., 1979; Resnick et al., 1977;

Dashefsky, 1971; Williams et al., 2004). Figure 7.1 shows multiple cystic lesions in a

talus, which developed a sclerotic rim in the course of time.

(a) (b)

Figure 7.1: Multiple cystic lesions in the talus, which developed a sclerotic rim. CT images, coronal
view. Follow-up time between (a) and (b) 11 months.

Regarding the etiology of bone cysts, different theories have been proposed. One

theory states that pressurized synovial fluid enters the bone through a fissure and

fractures trabeculae, thereby causing an area of osteolysis (Landells, 1953). According

to this theory, a rim of sclerotic bone may result from the displacement of trabeculae

by the fluid together with bone formation in response to the increased strain (Landells,

1953). Although there is not much evidence indicating that pressurized fluid fractures

trabeculae, loading conditions of the surrounding bone may indeed be altered in the

presence of pressurized fluid. This may induce a mechanoregulated bone adaptation

response. According to a second theory, pressurized fluid may decrease perfusion and

oxygen supply, thereby leading to osteocyte death and ensuing osteolysis (Aspenberg

and van der Vis, 1998; Schmalzried et al., 1997). This alternative hypothesis is partly

supported by a clinical study in which high intraosseous pressure was associated with
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low intraosseous pO2 and osteonecrosis (Kiaer et al., 1990), and by an animal study in

which osteocyte lacunae close to an area of high fluid pressure were generally empty,

indicating cell death (van der Vis et al., 1998).

The underlying assumption for both hypotheses is that pressurized fluid plays a crucial

role in the development of bone cysts. Supporting evidence for this assumption can be

found in the literature. First, bone cysts usually contain fluid (Crane and Scarano,

1967; Sabokbar et al., 2000; Schajowicz et al., 1979; Feldman and Johnston, 1973;

Kambolis et al., 1973; Seymour, 1968; Ogilvie-Harris and Sarrosa, 2000). This has

been attributed to synovial fluid intrusion (Landells, 1953; Aspenberg and van der

Vis, 1998) because the cartilage overlying the cysts is often damaged (Sabokbar et al.,

2000; Schmalzried et al., 1997; Landells, 1953) and a connection between the cyst and

the joint space is frequently found (Schmalzried et al., 1997; Paaby, 1973; Harrison

et al., 1953; Resnick et al., 1977; McErlain et al., 2008). In addition, free inflow of

contrast medium from the joint space into a cyst has been demonstrated (Schmalzried

et al., 1997). The contrast medium accumulated in the cyst, indicating that cysts are

enclosed cavities in which pressure can build up. This is confirmed by an experimental

study in which cyst pressure closely resembled intra-articular pressure in two patients

(Jayson et al., 1970).

High fluid pressure may also explain the pain associated with cysts (van Dijk et al.,

2010). Patients with bone cysts mostly experience pain in relation to load-bearing

activity (Paaby, 1973; Thomann et al., 1996; Seymour, 1968), which seems to be in

agreement with dynamic fluid pressure resulting from synovial fluid intrusion through

an osteochondral lesion upon joint loading (van Dijk et al., 2010). In addition, high

intraosseous pressure is associated with pain in osteoarthritis (Lemperg and Arnoldi,

1978).

Bone cysts can develop in the course of months. They are usually discovered and

surgically treated in a late stage, after they have become symptomatic. A better

understanding of the etiology of subchondral bone cysts may help in obtaining earlier

diagnoses and developing less invasive treatment options. If cyst growth indeed is

solely caused by altered mechanical conditions and/ or localized osteocyte death,

this means that the bone adaptation mechanism remains intact around cysts. During

normal bone adaptation, osteocytes are thought to act as mechanosensors and regulate

osteoblast and osteoclast activity (Cowin et al., 1991; Lanyon, 1993; Klein-Nulend

et al., 2003). This adaptive process has been described by mathematical models,

which can successfully predict alterations in bone microarchitecture in response to

changes in mechanical loading and bone cell metabolism (Ruimerman et al., 2005a;

Cox et al., 2010).

In the current study, we used an established computational mechanoregulated bone

adaptation model to evaluate whether altered loading conditions and/ or osteocyte
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death, resulting from the presence of pressurized fluid, could result in cyst growth.

Since multiple studies suggest that the connection between the cyst and the joint

space may become closed in the course of time (Landells, 1953; Rhaney and Lamb,

1955; McErlain et al., 2008), we also investigated the effect of restriction of fluid inflow

in our simulations.

7.2 Methods

7.2.1 Computational model

The computational model is based on the theory of Huiskes et al. (2000) that de-

scribes the modulation of metabolic processes in bone in response to bone tissue

loading sensed by osteocytes. In the current study, we used the model to predict

bone architectural changes in response to altered bone tissue loading near a cavity

filled with pressurized fluid, and to predict bone architectural changes in response to

osteocyte death near the boundary of a cavity. In the model, osteocytes are randomly

distributed throughout the bone tissue, and each osteocyte produces a stimulus P in

response to the local strain energy density. At each location x on the bone surface,

the total osteocyte stimulus P (x, t) is calculated by summation of the stimuli of the

surrounding osteocytes:

P (x, t) =

n
∑

k=1

f(x, xk)µU(xk, t). (7.1)

Here, U(xk, t) is the strain energy density at the location of osteocyte k, n is the

total number of osteocytes within the influence distance of x, µ is the osteocyte

mechanosensitivity, and f(x, xk) is a signal decay function:

f(x, xk) = e
−d(x,xk)

D , (7.2)

depending on the distance between osteocyte k and location x on the bone surface

d(x, xk), and decay parameter D. If the total osteocyte stimulus P (x, t) exceeds

formation threshold kthr, bone is formed according to:

dVf (x, t)

dt
= τ(P (x, t) − kthr) if P (x, t) > kthr. (7.3)

Here,
dVf (x,t)

dt
is the change in bone volume at location x due to bone formation, and

τ is a time constant related to the rate of bone formation. Resorption is assumed

to be triggered by randomly occurring microcracks. This means that the chance of
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resorption is equal at all locations x on the bone surface. Model parameter Fres

indicates the chance of a new resorption pit being formed per mm2 of bone tissue per

hour. The accumulated chance of a new resorption pit to be formed within a volume

of tissue and within a time interval then can be described as:

F acc
res =

∫

t

∫

x

Fres dx dt (7.4)

In the present description it is assumed that the volume and time step are small

enough such that F acc
res <1. Since in our model both the element volume and time

step are constants, F acc
res is a constant as well such that this condition could be checked

easily. To determine whether resorption occurs, a random number r(x, t) between 0

and 1 is generated and resorption only occurs when this number is smaller than F acc
res .

Furthermore, it is assumed that at each location x where resorption occurs, the same

amount of bone Vcl is resorbed, making the change of volume due to resorption at

this location:

dVr(x, t)

dt
=

{

−Vcl if r(x, t) ≤ F acc
res

0 if r(x, t) > F acc
res

(7.5)

The total change of bone volume becomes:

dV (x, t)

dt
=

dVf (x, t)

dt
+

dVr(x, t)

dt
(7.6)

With this volume change, the local relative bone density ρ(x, t) (ranging between 0

and 1) can be calculated, that influences the elastic modulus of the tissue E(x, t)

according to:

E(x, t) = Ebρ(x, t)
γ . (7.7)

Here, Eb is the elastic modulus of the bone matrix and γ is a material constant.

Table 7.1: Model parameters.

Symbol Variable Value Unit

n Osteocyte density 1600 mm−2

D Osteocyte signal decay parameter 0.1 mm

Vcl Resorption space 1.5x10−3 mm2h−1

γ Material constant 3.0 -

µ Osteocyte mechanosensitivity 0.5 nmol mm J−1h−1

kthr Formation threshold 2.0x10−4 nmol mm−2h−1

τ Time constant 9.1x10−4 mm5nmol−1

Fres Resorption frequency 12.8 h−1mm−2

Eb Elastic modulus bone 5x103 MPa
νb Poisson ratio bone 0.3 -
Ec Elastic modulus articular cartilage 6 MPa
νc Poisson ratio articular cartilage 0.49 -

We evaluated the two different mechanisms of bone cyst growth in a 2D domain that

represents part of the articular cartilage and bone below the articular cartilage. We

used a rectangular mesh of 200 x 310 elements, with an element size of 50 µm x
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50 µm. The model consisted of 300 rows of bone tissue and 10 rows of articular

cartilage, which were modeled as isotropic linear elastic materials. In the bone tissue,

osteocytes were randomly distributed. The mesh was loaded statically with 1.6 MPa

compression in the vertical direction (perpendicular to the cartilage), and 1.2 MPa

in the horizontal direction. In a previous study it was shown that for a linear elastic

material, the strain energy density values for these loading conditions represent the

maximum strain energy density rate of a dynamic load of 0.8 MPa and 0.6 MPa at 1

Hz (Ruimerman et al., 2001). The choice for the applied loads is not straightforward,

since reported cancellous (long) bone stress values cover a wide range (Heijink et al.,

2008; Jonkers et al., 2008). However, in this study the exact applied load values are

not that important, since they are ‘scaled’ via the osteocyte mechanosensitivity, which

is chosen such that a realistic bone turnover rate and bone structure parameters are

obtained. The model parameter values are in table 7.1 and the derivation of these

values has been described previously (Cox et al., 2010).

7.2.2 Cyst growth

To evaluate the hypothesis that altered loading conditions in the presence of pres-

surized fluid in a cyst may cause cyst growth, a single marrow cavity was filled with

fluid in the model. The fluid pressure inside this cavity was set equal to the pressure

applied to the articular cartilage, representing a connection between the cyst and the

joint space. Under these conditions, the bone was allowed to remodel for 2500 hours.

Subsequently, the fluid was removed to simulate closure of the communication and

the bone was allowed to remodel for an additional 1500 hours. To test the second

hypothesis, that osteocyte death may cause cyst growth the same initial microarchi-

tecture was used as for the first hypothesis and the same marrow cavity was defined

as cyst. In this second simulation series, osteocytes within a certain distance of the

edge of this cavity (Ddead) were assumed to no longer stimulate osteoblasts, mimick-

ing osteocyte death. After 2500 hours of bone remodeling, propagation of osteocyte

death was ended to simulate closure of the connection between the cyst and the joint

space and further bone remodeling was allowed for 1500 hours. To be able to dis-

tinguish between the effect of fluid pressure on the microarchitecture through altered

loading conditions and through osteocyte death, we did not apply a fluid pressure in

the second simulation. However, we also studied the combined effect of fluid pressure

and osteocyte death, in a third simulation series.

For each simulation increment we calculated the average strain energy density of the

cyst boundary elements, the average osteocyte stimulus in these boundary elements,

and the surface area of the cavity. To evaluate the effect of the application of fluid

pressure and osteocyte death on the strain energy density, osteocyte stimulus, and

cyst area, we normalized these values to those calculated before applying fluid pressure
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and osteocyte death. To verify that the development and growth of cyst-like cavities

in our simulations does not depend on the specific simulation conditions, we varied

multiple simulation parameters. For the fluid pressure series and the osteocyte death

series, we performed simulations for initial cyst cavities at two different distances from

the cartilage, with two different initial cyst cavity sizes, and for two different initial

structures. In addition, we performed osteocyte death simulations and combined

simulations for three different distances of osteocyte death (Ddead) of 0.015 mm, 0.03

mm and 0.06 mm, and for a decreasing osteocyte signal with decreasing distance from

the cyst cavity:

P (x, t) = P (x, t)
dcyst(x, t)

2

Ddead

, for dcyst(x, t) <
√

Ddead (7.8)

with dcyst(x, t) the distance to the cyst, and Ddead set at 0.03 mm.

Finally, we investigated whether the effect of fluid pressure in our 2D simulations is

comparable to the effect of fluid pressure in 3D structures. For this purpose, we used

a square (3mm x 3 mm) and cube (3 mm x 3 mm x 3 mm) of bone tissue, containing a

circular or spherical cavity in the center respectively, with a radius of 1.5 mm. Static

1.6 MPa compression was applied perpendicular to all sides of the square and cube.

To investigate the effect of fluid pressure, the cavity was subsequently pressurized

with 0, 0.8, 1.6, and 2.4 MPa, after which the strain energy density distribution was

calculated.

7.3 Results

(a) (b) (c) (d)

Figure 7.2: Bone remodeling in response to cyst fluid pressure. (a) A marrow cavity is filled with
pressurized fluid. (b) and (c) Growth of the cavity in response to the cyst fluid. (d) Development of
a rounded cavity surrounded by a sclerotic rim after removal of the pressurized cyst fluid.

Based on our simulations starting from different initial bone structures, with different

sizes and locations of the initial cyst, and for different distances within which osteocyte
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death occurred, we conclude that the development and growth of a cyst-like cavity is

not strongly dependent on the specific simulation conditions, although the rate of cyst

growth may vary (Appendix). Therefore, for each of the two proposed cyst growth

mechanisms, and the combination of both, the results of only one simulation series

are shown. For the shown osteocyte death simulation results, no osteocyte signal was

produced by osteocytes within 0.03 mm of the cyst cavity.

Bone remodeling in response to pressurized fluid inside the cavity led to growth of the

cavity, which obtained an irregular shape (figure 7.2b-c). Subsequent removal of the

pressurized fluid, to simulate closure of the connection to the joint space, halted cyst

growth and resulted in a rounded cavity surrounded by a sclerotic rim (figure 7.2d).
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Figure 7.3: (a) The average strain energy density (SED) in the elements at the boundary of the
cavity. (b) The average osteocyte stimulus in these boundary elements. (c) The surface area of the
cavity.

The reason for the growth of the fluid-filled cavity is that, in contrast with the tra-

becular overloading hypothesis, pressurized fluid inside the cyst decreased the strain

energy density in the bone tissue surrounding the cyst (figure 7.3a). The osteocytes

in close vicinity to the cavity responded to this decrease in mechanical loading by

producing less osteoblast stimulatory signal (figure 7.3b), resulting in net bone re-
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sorption and thus growth of the cavity (figure 7.3c). After removal of the pressurized

fluid the strain energy density at the boundary of the cavity was initially increased,

and the bone remodeled such that the strain energy density returned to its normal

level (figure 7.3a). This remodeling initially increased the size of the cavity, but after

stabilization of the strain energy density, cyst growth was halted (figure 7.3c).

The simulations mimicking osteocyte death directly resulted in the development and

growth of a rounded cavity with a sclerotic rim (figure 7.4a-c). Prohibition of further

osteocyte death halted cyst growth (figure 7.4d).

(a) (b) (c) (d)

Figure 7.4: Bone remodeling in response to osteocyte death. (a) Osteocytes in close vicinity to
a marrow cavity are killed. (b) and (c) Growth of the cavity in response to dead osteocytes. (d)
When further osteocyte death was prohibited, to mimic closing of the communication between the
cyst and the joint space, a rounded cavity with a sclerotic rim remained.

In contrast with the fluid pressure simulation, the strain energy density values at the

boundary of the cavity did not change in case cell death occurred (figure 7.5a). The

osteocyte signal decreased at the boundary of the cavity (figure 7.5b), and similar to

what happened in a pressurized cyst, this decrease in osteoblast stimulatory signal

resulted in net bone resorption and thus growth of the cavity (figure 7.5c). When

further osteocyte death was prohibited, the osteocyte signal gradually increased back

to its normal level (figure 7.5b), because the bone containing the dead osteocytes was

replaced with viable bone tissue, and cyst growth was halted (figure 7.5c).

In the simulation for which the bone microarchitecture is shown in figure 7.6, the

combination of pressurized fluid and osteocyte death resulted in the rapid growth of

an irregularly shaped cavity (figure 7.6a-c and figure 7.7c). Removal of the pressurized

fluid and prohibition of further osteocyte death, to simulate closure of the connection

to the joint space, halted cyst growth and resulted in a rounded cavity surrounded

by a sclerotic rim (figure 7.6d).
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Figure 7.5: (a) The average strain energy density (SED) in the elements at the boundary of the
cavity. (b) The average osteocyte stimulus in these boundary elements. (c) The surface area of the
cavity.

(a) (b) (c) (d)

Figure 7.6: Bone remodeling in response to the combination of fluid pressure and osteocyte death.
(a) A marrow cavity is filled with pressurized fluid and osteocytes in close vicinity to the cavity are
killed. (b) and (c) Growth of the cavity in response to fluid pressure and dead osteocytes. (d) When
the pressurized fluid was removed and further osteocyte death was prohibited, to mimic closing of the
communication between the cyst and the joint space, a rounded cavity with a sclerotic rim remained.
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The decrease in the strain energy density in the bone tissue surrounding the cyst (fig-

ure 7.7a), was comparable with the strain energy density decrease in the fluid pressure

simulation (figure 7.3a). Due to the combination with osteocyte death, the decrease

in osteocyte stimulus was larger in the combined simulation (figure 7.7b), resulting

in faster growth of the cavity. Removal of the pressurized fluid and prohibition of

further osteocyte death led to an increase in osteocyte stimulus and formation of a

sclerotic rim, thereby slightly decreasing the size of the cavity.
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Figure 7.7: (a) The average strain energy density (SED) in the elements at the boundary of the
cavity. (b) The average osteocyte stimulus in these boundary elements. (c) The surface area of the
cavity.

The effect of fluid pressure on the strain energy density in the surrounding bone

tissue is comparable between a 2D and a 3D geometry (figure 7.8). Increasing the

fluid pressure up to a pressure equal to the external load decreases the strain energy

density. A further increase will increase the strain energy density values, but for a

pressure of 1.5 times that of the external load, the strain energy density in the bone

tissue is still lower compared to that in the simulation without fluid pressure.
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Figure 7.8: The strain energy density distribution in bone tissue surrounding a cavity, for different
pressures applied to this cavity in 2D (top) and 3D (bottom).

7.4 Discussion

In this study, we aimed to evaluate whether altered loading conditions and/ or os-

teocyte death, as a result of pressurized fluid, could lead to subchondral cyst growth

through mechanoregulated bone adaptation. Both conditions induced growth of a cys-

tic cavity in our simulations, but an intriguing difference in the process of cyst growth

was present between the two situations. The mechanisms involved are explained in

the following two paragraphs.

Interestingly, the presence of pressurized fluid led to a decrease in the strain energy

density in the trabeculae surrounding the cyst, in contrast with the overloading hy-

pothesis of Landells (1953). The pressurized fluid in the cavity counteracted the

compression loading on the bone. Nevertheless, remodeling in response to the pres-

ence of pressurized fluid did result in growth of the cavity, because the stress-shielding

by the fluid induced net bone resorption. However, the appearance of the cyst was ir-

regular. Although this is unlike the generally accepted rounded shape of the sclerotic

rim, irregularly shaped cysts are observed as well (figures 7.1 and 7.9). To obtain the

rounded cyst-like appearance, a period of pressure release was required in the model.

Pressure release may be related to (temporary) closure of the connection to the joint

space (Landells, 1953; Rhaney and Lamb, 1955; McErlain et al., 2008). This could

also explain why fluid is not always found inside cysts (Dashefsky, 1971; Rhaney and

Lamb, 1955; Landells, 1953). Alternatively, pressure release may occur if resorption

of trabeculae increases the size of the bony cyst cavity in a step-wise manner. The

enlarged cavity may not be immediately filled by the fibrous, fluid-containing cyst,
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thereby temporarily releasing pressure. This could for example explain the cystic

appearance in figure 7.9d, with a fibrous lining that does not seem to fill the cavity

completely.

Remodeling in response to osteocyte death in close vicinity to the cavity also led to

the development and growth of a cyst-like cavity in our model. Although it is not

surprising that the simulation of osteocyte death resulted in bone loss, it is remark-

able that osteolysis was not random, but led to the development of cavities which

resembled cysts that are found in vivo. Bone adaptation in response to osteocyte

death resulted in cysts with a rounded shape and a thickened rim, which could not

have been predicted without performing these simulations. The decrease in osteoblast

stimulatory signal resulted in net bone resorption at the inner boundary of the cavity.

This in turn increased the load on the trabeculae surrounding the cavity, thereby

stimulating the development of a sclerotic rim.

Combining fluid pressure and osteocyte death resulted in the largest decrease of osteo-

cyte signal, and therefore the fastest growth of the cavity. For the simulation results

of osteocyte death shown in this paper, osteocytes within 30 µm of the edge of the

cavity were assumed to be dead. Because the osteocyte influence distance was larger

than 30 µm, this means that the osteoblast stimulatory signal was decreased but not

absent at the inner boundary of the cavity (figure 7.5b).

(a) (b) (c) (d)

Figure 7.9: Different cyst appearances, adapted from Harrison et al. (1953), Woods (1961), and
Schrank et al. (2003). (a) Regularly shaped cavity, surrounded by a rim of sclerotic bone (Harrison
et al., 1953). (b) Irregularly shaped cavity, without a clearly defined sclerotic rim (Woods, 1961). (c)
Cavity with a large opening to the joint space, without a clearly defined sclerotic rim (Schrank et al.,
2003). (d) Cavity with a clear fibrous lining, surrounded by a discontinuous rim of bone (Harrison
et al., 1953).

It should be noted that we did not aim to investigate whether fluid pressure can

cause osteocyte death, but whether osteocyte death can cause the development and

growth of cyst-like cavities. Indications exist that osteocyte death occurs during cyst

development. Necrotic bone tissue (Harrison et al., 1953; Schmalzried et al., 1997) and

dead osteocytes (Garcia and Vaca, 2006) have been found around cysts. In addition,

it has been shown that cysts are preceded by areas of bone marrow edema (Carrino
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et al., 2006; Crema et al., 2010), which is associated with osteonecrosis (Koo et al.,

1999). However, it is unclear if osteocyte death always occurs and if it is the result of

the presence of pressurized cyst fluid. For these reasons, we simulated osteocyte death

by suppressing osteocyte signaling within a certain distance from the cyst boundary

rather than making osteocyte death dependent on the fluid pressure. Similarly, we

simulated closing of the connection to the joint space by instantaneously removing the

pressurized fluid and/ or prohibiting further osteocyte death. Although this may be

non-physiologic, it is an adequate approach for our study since we aimed to investigate

the effect of closing on cyst growth rather than the mechanism of closing itself.

Our simulation results show resemblance to the different appearances of cysts observed

clinically. Fluid pressure led to an irregularly shaped cyst without a clearly defined

sclerotic rim, similar to the cyst in figure 7.9b, and subsequent release of the fluid

pressure led to a regularly shaped cyst surrounded by a rim of sclerotic bone, similar to

the cyst in figure 7.9a. Osteocyte death directly resulted in a regularly shaped cavity,

surrounded by sclerotic bone. Furthermore, we observed that in the simulation where

we combined fluid pressure and osteocyte death, the cavity grew towards the articular

surface, similar to the cyst in figure 7.9c.

In our simulations, growth of the cyst is accompanied by the resorption of trabeculae,

which results in openings between the cyst and the intraosseous space. Openings be-

tween cysts and the intraosseous space are also present in vivo, figure 7.9d (Kambolis

et al., 1973; Feldman and Johnston, 1973; Schrank et al., 2003; Rhaney and Lamb,

1955; Harrison et al., 1953). Because we did not take into account the fibrous lining of

the cyst, we defined an adjacent cavity as part of the cyst once a connection with the

cyst was established. This stepwise increase in cyst size occurred a few times in both

simulations, as can be seen in figure 7.3c and figure 7.5c. In vivo, probably first the

fibrous tissue encapsulating the cyst fluid needs to expand to fill the enlarged cavity.

Therefore, the stepwise changes in cyst size may be more gradual in vivo.

Defining an adjacent cavity as part of the cyst was only possible because we performed

our analyses in 2D. In 3D, no separate cavities can be identified, since most of the mar-

row cavities are interconnected. The choice for 2D simulations limited the structures

that can be represented, and it is unclear if a 2D cyst-like cavity is representative

of the in vivo situation. However, with a 3D simulation of a fluid-filled cavity we

verified that pressurized fluid causes similar stress shielding of the surrounding tissue

in a 3D enclosed cavity (figure 7.8). And similar to our 2D simulations, a decrease in

osteocyte signal would cause net bone resorption in 3D. Furthermore, we did show in

a previous study that for this 2D model, alterations in bone structure parameters in

response to a change in various model parameters are in agreement with experimental

data from literature (Cox et al., 2010).
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In the model used in the current study, it is assumed that osteocytes can sense a strain

energy density equivalent loading measure and that they can stimulate osteoblast

cells in their vicinity. Although it is not known if these assumptions are entirely

correct, we have demonstrated in earlier studies that this model can explain a large

number of trabecular bone features (Ruimerman et al., 2001), and that its results

are not strongly dependent on the choice of the exact load parameter sensed by the

osteocytes (Ruimerman et al., 2005b) or even the assumed regulation mechanism (van

Oers et al., 2010).

In conclusion, according to our simulation results mechanoregulated bone adaptation

in response to pressurized fluid may lead to cyst growth, via each of the two mecha-

nisms proposed in the literature. Both altered loading and osteocyte death may result

in a decrease in bone forming signal at the boundary of the cavity, which in turn may

lead to net bone resorption and thereby cyst growth. We can not conclude that one

hypothesis is better than the other, but the time-dependent process of cyst growth

was remarkably different. In case of osteocyte death, simultaneously a sclerotic rim

developed, while in case of altered loading, pressure release was required to obtain

a sclerotic rim. Given the circumstantial experimental evidence, i.e. the presence of

pressurized fluid and dead osteocytes, and the different appearances of cysts in vivo, it

seems likely that both mechanisms may play a role simultaneously in the development

and growth of subchondral bone cysts.
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7.A Appendix: Simulations for various parameter

settings

start fluid pressure end fluid pressure end simulation

Standard simulation (fluid pressure)

start fluid pressure end fluid pressure end simulation

Initial cavity further away from the cartilage (fluid pressure)

start fluid pressure end fluid pressure end simulation

Initial cavity smaller (fluid pressure)
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start fluid pressure end fluid pressure end simulation

Different initial structure (fluid pressure)

start osteocyte death end osteocyte death end simulation

Standard simulation (osteocyte death, Ddead=0.03 mm)

start osteocyte death end osteocyte death end simulation

Initial cavity further away from the cartilage (osteocyte death,
Ddead=0.03 mm)
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start osteocyte death end osteocyte death end simulation

Initial cavity smaller (osteocyte death, Ddead=0.03 mm)

start osteocyte death end osteocyte death end simulation

Different initial structure (osteocyte death, Ddead=0.03 mm)

start osteocyte death end osteocyte death end simulation

Osteocyte death within shorter distance (osteocyte death,
Ddead=0.015 mm)
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start osteocyte death end osteocyte death end simulation

Osteocyte death within larger distance (osteocyte death,
Ddead=0.06)

start osteocyte death end osteocyte death end simulation

Decreasing osteocyte signal (osteocyte death, Ddead=0.03 mm)

start combination end combination end simulation

Standard simulation (fluid pressure and osteocyte death,
Ddead=0.03 mm)
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start combination end combination end simulation

Osteocyte death within shorter distance (fluid pressure and os-
teocyte death, Ddead=0.015 mm)

start combination end combination∗ end simulation

Osteocyte death within larger distance (fluid pressure and osteo-
cyte death, Ddead=0.06 mm)

∗Remodeling was stopped at 1500 h to prevent the cyst from reaching the boundaries of the
mesh.

start combination end combination end simulation

Decreasing osteocyte signal (fluid pressure and osteocyte death,
Ddead=0.03 mm)
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8.1 Main findings

For the development of successful bone-targeting therapies for OA patients, insight

is needed in the cause of the subchondral bone changes, and in the mechanisms by

which the bone may promote cartilage degeneration. The work described in this thesis

was focused on the cause of the subchondral bone changes. With a mathematical

bone adaptation model, changes in bone architecture were predicted in response to

various alterations in mechanical loading, bone cellular activities, and bone material

properties that occur in the course of OA. To evaluate whether the predicted bone

architectural changes represented an OA phenotype, simulation results were compared

to experimental data.

8.1.1 Bone architecture in OA is altered via mechanoregulated

adaptation

Since there is no evidence that the mechanoregulatory process is disturbed in OA

patients, it was postulated in this thesis that the bone architectural changes result

from mechanoregulated adaptation in response to adverse circumstances in the joint.

With the mathematical model it could be explained how mechanoregulated remod-

eling of bone and mineralized cartilage under various conditions associated with OA

may result in bone microarchitectural changes similar to those observed in OA. Fur-

thermore, it was shown in this thesis that mechanoregulated bone adaptation may

explain cyst growth. These results support the hypothesis that mechanoregulated

adaptation is the mechanism responsible for the alterations in bone structure in OA.

As bone adaptation is a physiologic process, this means that the underlying cause of

the bone structural changes lies in altered circumstances in the joint.

8.1.2 Adverse circumstances in the joint trigger adaptation

In the literature, various factors have been proposed to trigger a remodeling response

leading to the bone architectural changes in OA, including increased joint loading

(Boyd et al., 2000a; Blumenkrantz et al., 2004), decreased bone material properties

(Day et al., 2004; van der Linden et al., 2004), microdamage (Burr and Radin, 2003;

Lahm et al., 2006), and vascularization of the mineralized cartilage (Burr and Schaf-

fler, 1997; Buckland-Wright et al., 2000). With the mathematical model, the effect of

bone adaptation in response to several of these factors was investigated.

In chapter 4, it was found that high loading conditions and decreased bone material

properties could both induce an adaptation response resulting in an increase in bone

volume fraction and trabecular thickness, and a decrease in trabecular number and
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trabecular separation, in concurrence with OA clinical and animal studies. To fur-

ther investigate the contribution of altered bone material properties to subchondral

bone changes, the bone volume fraction and the bone matrix mineralization were

determined at different distances from the cartilage, for human bone-cartilage speci-

mens with varying degrees of OA (chapter 5). Bone matrix mineralization increased

with increasing distance from the cartilage, while bone volume fraction decreased with

increasing distance from the cartilage, for all degrees of cartilage degeneration. Under-

neath areas of severe cartilage degeneration, matrix mineralization was decreased and

bone volume fraction was increased compared to samples with healthy to moderately

degenerated cartilage. Together with the correlation that was observed between bone

matrix mineralization and bone volume fraction, these experimental data suggested

that subchondral sclerosis in severe OA might be caused by bone demineralization.

However, bone adaptation simulations indicated that the moderate decrease in bone

mineralization that we measured could explain only part of the increase in bone vol-

ume fraction. Therefore, it was concluded that although bone adaptation in response

to decreased mineralization may contribute to the alterations in subchondral bone

architecture, other factors are probably dominant.

In addition to adaptation of the existing trabecular structure, in response to high

joint loading or decreased bone material properties, a completely different mechanism

was considered as the cause of the subchondral bone structural changes in OA. The

replacement of mineralized cartilage with bone tissue may also result in bone changes

and decreased cartilage thickness (chapter 6). In simulations, allowing resorption of

mineralized cartilage resulted in the replacement of mineralized cartilage with bone

tissue organized in a trabecular architecture that may explain different experimental

observations. Endochondral ossification could offer an explanation for the high tra-

becular number that was measured underneath areas of severe cartilage degeneration,

whereas bone adaptation in response to high loading conditions could not. Besides the

increase in trabecular number, endochondral ossification might explain the decrease

in bone matrix mineralization that was observed for the samples with severe cartilage

degeneration, as it would result in the formation of younger, less mineralized bone

tissue that may contain remnants of mineralized cartilage. However, according to

the simulations, endochondral ossification under normal loading conditions would not

result in subchondral sclerosis, in contrast with bone adaptation and endochondral os-

sification under high loading conditions. For this reason, it was concluded that while

both high joint loading and the replacement of mineralized cartilage with bone tissue

may have contributed to the bone architectural changes determined experimentally,

neither was solely responsible for these changes.

Chapters 4 to 6 were focused on the alterations in bone microarchitecture. In addition

to these general bone changes, osteophytes and bone cysts are characteristic for OA

bone. To investigate whether such distinct bone features can also be explained by
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mechanoregulated bone adaptation, the development of subchondral bone cysts was

studied as well (chapter 7). In the literature, the entrance of pressurized synovial

fluid into the bone has been suggested as the underlying cause for the development of

subchondral bone cysts (Landells, 1953; Aspenberg and van der Vis, 1998; Schmalzried

et al., 1997; van Dijk et al., 2010). The pressurized fluid was hypothesized to induce

cyst growth through either overloading of the bone tissue (Landells, 1953) or through

osteocyte death (Aspenberg and van der Vis, 1998; Schmalzried et al., 1997). With

the mathematical model, it was shown that bone adaptation in response to both

altered loading conditions resulting from the presence of pressurized fluid, and the

presence of dead osteocytes may contribute to the development of subchondral bone

cysts. In contrast with the hypothesis of Landells (1953), growth of a cystic cavity

was promoted as a result of stress-shielding by the fluid rather than overloading of

the bone tissue in the simulations.

8.1.3 Bone changes can be related to cartilage degeneration

As mechanoregulated adaptation can explain many features of OA bone, it may also

shed light on the relationship between alterations in subchondral bone properties and

cartilage degeneration, which continues to be subject of debate in the literature. In

some studies, cartilage degeneration has been suggested to initiate bone remodeling

via altered loading conditions (Boyd et al., 2000a; Blumenkrantz et al., 2004), while in

others bone changes have been suggested to precede cartilage degeneration (Hayami

et al., 2006; Quasnichka et al., 2006). Alternatively, the alterations in the cartilage

and bone tissue may occur simultaneously, either independent of each other, or for

example due to the replacement of mineralized cartilage with bone tissue (Oegema

Jr. et al., 1997; Burr and Radin, 2003; Brandt et al., 2006).

With the mathematical model, it could be explained how bone adaptation as a result

of increased joint loading may induce OA-like bone architectural changes (chapter 4).

This indicates that the increased joint loading associated with OA risk factors such

as obesity, meniscectomy, anterior cruciate ligament injury, and joint malalignment

may directly alter the bone structure, independent of cartilage degeneration. How-

ever, as degeneration of cartilage is thought to increase the stress in the subchondral

bone (Fukuda et al., 2000), and may even lead to joint malalignment (Lindsey et al.,

2004), cartilage degeneration may promote subchondral sclerosis via increases in bone

loading as OA progresses.

The effect of cartilage degeneration on the subchondral bone may be mediated by

other factors than increased loading as well. Based on experimental data from the

literature, it was hypothesized in this thesis that the decrease in bone matrix mineral-

ization observed in OA might be related to the degeneration of the overlying cartilage
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(chapter 5). This hypothesis was evaluated by comparing bone matrix mineraliza-

tion between bone-cartilage specimens with varying degrees of cartilage degeneration.

Underneath areas of severe cartilage degeneration, bone matrix mineralization was

significantly decreased compared to bone tissue covered by healthy to moderately de-

generated cartilage. In addition, the decrease in mineralization was highest directly

underneath the cartilage, which is in concurrence with the hypothesis. While the

experimental data indicated that bone demineralization and cartilage degeneration

might be related, they did not explain the nature of this relationship. A possible ex-

planation for the observed correlation between severe cartilage degeneration and low

bone mineralization may be found in the replacement of mineralized cartilage with

bone tissue via endochondral ossification (chapter 6).

Interplay between articular cartilage and bone adaptation has also been hypothe-

sized to play a crucial role in the development of subchondral bone cysts. In the

literature, pressurized fluid has been suggested as the underlying cause for the devel-

opment of subchondral bone cysts (Landells, 1953; Aspenberg and van der Vis, 1998;

Schmalzried et al., 1997; van Dijk et al., 2010), and simulations described in chapter

7 corroborated this hypothesis. Cartilage seems to be involved in the development

of cysts, because the pressurized fluid is thought to enter the bone through an osteo-

chondral defect. This idea is supported by experimental data in the literature. The

cartilage overlying cysts is often damaged (Sabokbar et al., 2000; Schmalzried et al.,

1997; Landells, 1953), a connection between the cyst and the joint space is frequently

found (Schmalzried et al., 1997; Paaby, 1973; Harrison et al., 1953; Resnick et al.,

1977; McErlain et al., 2008), and free inflow of contrast medium from the joint space

into a cyst has been demonstrated (Schmalzried et al., 1997).

8.2 Modeling choices and assumptions

In this thesis, a mathematical model of mechanoregulated bone adaptation was used as

research method, combined with experiments to provide model input and comparison

data. This approach has both advantages and drawbacks compared to the more

commonly applied animal and clinical study methods for investigating OA. With

mathematical models, the effects of biological processes that are thought to play a

role in OA can be predicted, as well as the relative contribution of different factors

to disease progression. However, the validity of model predictions depends on the

accuracy with which the biological processes are described. In the different chapters

of this thesis, various modeling choices and assumptions were made that should be

considered in the interpretation of the results.
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8.2.1 Model assumptions

In the model it is assumed that osteocytes can sense mechanical loading and that

they can stimulate osteoblast cells in their vicinity, while osteoclasts are assumed to

resorb bone in response to randomly occurring microcracks. In the literature, sup-

porting evidence can be found for each of these assumptions. Osteocytes are sensitive

to mechanical loading and fluid flow (Klein-Nulend et al., 1995; Mullender et al.,

2004; Vezeridis et al., 2006), and they may promote bone formation by gap junction

connections to osteoblasts (Cowin et al., 1991; Klein-Nulend et al., 2003; Bonewald,

2006; Taylor et al., 2007). Furthermore, osteoblastic bone formation rate was shown

to increase as a result of mechanical loading (van der Meulen et al., 2006; Schulte

et al., 2011), microcrack distribution was shown to be spatially random (Fazzalari

et al., 2002), and microdamage was shown to increase the number of resorption pits

(Burr et al., 1985; Mori et al., 1993). However, these are not the only regulatory

mechanisms involved in bone adaptation. For example, osteoblasts are sensitive to

mechanical loading and fluid flow as well (Tan et al., 2007; Sanchez et al., 2009),

and osteoblast signalling can influence osteoclast maturation (Filvaroff and Derynck,

1998). Furthermore, osteocytes are not only capable of promoting bone formation in

the presence of mechanical loading, they can also inhibit bone formation in the ab-

sence of loading (Martin, 2000; van Bezooijen et al., 2004). In addition, osteocytes can

inhibit osteoclastic bone resorption (Tan et al., 2007). Finally, although microcrack

distribution may be spatially random under normal loading conditions, the number

of microcracks can increase as a result of overloading (Burr et al., 1985).

Hence, bone adaptation clearly involves more regulatory and interaction mechanisms

than those described in the mathematical model used in this thesis. In previous

studies the effect of incorporating some of these mechanisms into the model was in-

vestigated. Mullender and Huiskes (1997) investigated whether osteoblasts would be

suitable as primary mechanoregulatory cells. They concluded that mechanical infor-

mation at the bone surface may not be sufficient to adequately regulate functional

bone adaptation, thereby indicating that although osteoblasts may be sensitive to me-

chanical loading, osteocyte signaling probably plays a dominant role. In a different

study it was shown that when osteocytes responded to other mechanical stimuli than

strain energy density, also reasonable trabecular structures were formed, although

the predicted trabecular morphologies based on strain energy density were most re-

alistic (Ruimerman et al., 2005b). Van Oers et al. (2010) incorporated the negative

feedback of osteocytes on osteoblasts in the absence of loading into the model, and

showed that both the inhibitory and the stimulatory osteocyte feedback could explain

the development and load-adaptation of trabecular structures. Finally, Tanck et al.

(2006) studied the effect of including both disuse and overload enhanced resorption

characteristics. Although the rate of structural adaptation to alternative loading was
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higher for disuse-controlled resorption than for overload-controlled resorption, the

architecture remained stable within a wide margin of resorption characteristics.

These studies indicate that the model outcomes are not strongly dependent on the

choice of the exact load parameter sensed by the osteocytes, on the choice of the

mechanoregulatory mechanism, or on the choice of the resorption characteristics.

However, the co-existence of both inhibitory and stimulatory osteocyte signaling

might play a role in endochondral ossification. In mice, killing 70-80% of the os-

teocytes induced bone loss under ambulatory conditions (Tatsumi et al., 2007), in-

dicating that the positive feedback of osteocytes on bone formation is the dominant

mechanism under normal loading conditions. In the absence of load, the inhibitory

mechanism seems dominant, as osteocyte ablation protected against bone loss in mice

subjected to unloading (Tatsumi et al., 2007). Because in this thesis simulations were

performed under loading conditions, the negative feedback loop was not included in

the model. While for most of the simulations the absence of the inhibitory mecha-

nism is not likely to make a difference, the co-existence of both mechanisms would

be beneficial for cartilage turnover as it allows osteoblasts to form bone outside the

osteocyte influence distance.

8.2.2 2D simulation of microscale bone adaptation

Although it was previously shown that the remodeling theory of Huiskes et al. (2000)

could successfully predict the emergence, maturation, and load-adaptation of 3D tra-

becular structures (Ruimerman et al., 2003, 2005a), the choice was made to use 2D

simulations in this thesis. An advantage of 2D analysis is that it requires significantly

less computational time, thereby facilitating rapid evaluation of mechanoregulated

adaptation under various conditions. While the simulated 2D structures may not

completely represent the 3D in vivo bone microarchitecture, it was verified that pre-

dicted bone architectural changes in response to alterations in model parameters were

in agreement with experimental data from the literature (chapter 2). Also, 3D simu-

lations were performed to validate the predictions of bone volume fraction increases

in response to demineralization (chapter 5), and the predictions of stress-shielding by

pressurized cyst fluid (chapter 7). In both cases, the 3D simulations corroborated the

2D results.

Another modeling choice was to investigate bone adaptation on the microscale instead

of the joint scale. In this thesis, the aim was to test the feasibility of various hypotheses

regarding the cause of the alterations in subchondral bone properties. An advantage

of simulating adaptation on the microscale is that in several papers experimental data

on the bone microarchitecture in OA are described, which can be used for comparison

to the simulation results. In addition, microscale simulations provide general insight
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in mechanisms that may be involved in the disease process, as the results are not site-

specific. Insight obtained with the microscale simulations may eventually be used for

simulations on the joint scale. In chapter 5 it was concluded based on the experimental

data that the sclerosis in OA bone results from the combined effect of global factors

such as high mechanical loading at the joint scale, and local factors related to cartilage

degeneration at the tissue scale. With realistic 3D geometries and loading conditions,

the relative contributions of various local and global factors to alterations on bone

architecture may be predicted in a site-specific manner.

8.2.3 Additional factors that may contribute to OA bone

changes

In this thesis, it was shown that high mechanical loading, decreased bone material

properties, and vascularization of the mineralized cartilage may induce an adaptation

response resulting in OA-like bone architectural changes, but other factors are likely

to be involved as well. For example, microdamage has been proposed to play a role in

OA (Burr and Radin, 2003; Lahm et al., 2006). Microcracks in the subchondral bone

plate and mineralized cartilage were hypothesized to trigger vascular invasion of the

mineralized cartilage and induce endochondral ossification (Burr and Radin, 2003).

While this particular trigger for endochondral ossification was not investigated, the

simulations described in chapter 6 support the idea that the replacement of mineral-

ized cartilage with bone tissue plays a role in OA. In the cancellous bone, increased

remodeling in response to microfracturing after trauma was proposed to contribute

to the disease process (Lahm et al., 2006; Nakamae et al., 2006). Although there

seems to be a relation between bone trauma and cartilage degeneration, bone bruises

generally heal well and do not seem to induce significant alterations in trabecular ar-

chitecture (Boks et al., 2006). Instead of remodeling in response to microfracturing,

cartilage degeneration observed after bone trauma may have other causes such as joint

instability or alterations in load distribution, and even initial chondral damage as a

direct result of the trauma (Mathis et al., 1998; Nakamae et al., 2006; Horisberger

et al., 2009b,a). Another factor that might contribute to the alterations in sub-

chondral bone architecture in OA is biochemical signaling from the synovial fluid or

degenerating cartilage. Data from an in vitro study indicated that chondrocytes iso-

lated from a normal joint inhibited osteoblast differentiation, whereas chondrocytes

isolated from an osteoarthritic joint enhanced osteoblast differentiation (Prasadam

et al., 2010). Since a depth-dependent increase in osteoblast activity could contribute

to depth-dependent sclerosis, similar to OA data, it would be interesting to investigate

whether these in vitro data represent the in vivo situation.
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8.3 Bone-targeting OA therapies

The reason for investigating the cause of the bone changes in OA, was that insight

in these changes combined with insight in the mechanisms by which the bone may

promote cartilage degeneration, might help in developing successful bone-targeting

OA therapies. Based upon the simulations described in this thesis, it can be concluded

that alterations in bone architecture in OA are most likely the result of the coordinated

actions of osteocytes, osteoblasts, and osteoclasts. While sufficient knowledge of the

mechanisms by which the bone may promote cartilage degeneration is still lacking,

the most logical strategy for bone-targeting therapies seems to be preventing the

bone from obtaining an OA phenotype. Currently, bone-inhibiting drugs are being

investigated as OA treatment option, which makes sense considering experimental

observations of an increased turnover rate in OA bone, and the conclusion that bone

remodeling is causing the bone architectural changes. However, a successful outcome

for bone-inhibiting therapies is not trivial, and potential benefits and drawbacks of

this type of therapy are discussed in the next paragraphs.

8.3.1 Targeting osteoblasts

One option for decreasing bone remodeling is decreasing osteoblast activity. Os-

teoblast collagen metabolism is altered in OA, and this is thought to contribute to

the low mineralization and mechanical strength of OA bone tissue (Hilal et al., 1998;

Bailey et al., 2002, 2004). Furthermore, osteoblasts may directly influence carti-

lage metabolism. OA osteoblasts can induce a marked dysregulation of chondrocyte

metabolism, characterized by a decrease of aggrecan synthesis, an increase of pro-

matrix metalloproteinases (MMP) synthesis, and an alteration in glycosaminoglycan

(GAG) release from the cartilage (Sanchez et al., 2005b; Westacott et al., 1997). In

addition, OA osteoblasts can alter chondrocyte gene expression in such a manner

that it may initiate a chondrocyte phenotype shift towards hypertrophic differenti-

ation and matrix mineralization (Sanchez et al., 2005a). It seems that inhibiting

osteoblast activity may be beneficial for OA patients as it may prevent alterations in

bone architecture and bone material properties, and also may diminish direct effects

of osteoblast metabolism on cartilage. However, there is a major problem with tar-

geting osteoblasts in the treatment of OA. A systemic decrease in osteoblast activity

would result in an overall decrease in bone strength and may even induce osteoporosis.

Therefore, only a treatment that can decrease osteoblast activity locally, in areas of

subchondral sclerosis is acceptable.
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8.3.2 Targeting osteoclasts

As local inhibition of osteoblasts seems complicated, osteoclasts may be a more suit-

able target for OA therapy. While the effect of osteoclast-inhibiting drugs is mainly

investigated in relation with osteoporosis, their potential for the treatment of OA has

more recently become the subject of research as well. Different studies have shown

that bisphosphonates can inhibit remodeling in OA bone (Ding et al., 2008; MacNeil

et al., 2008; Buckland-Wright et al., 2007). However, it is unclear to what extent these

drugs prevent the bone from obtaining an OA phenotype. Although bisphosphonates

decreased the bone remodeling rate, they did not prevent the development of sub-

chondral sclerosis (Ding et al., 2008; MacNeil et al., 2008; Buckland-Wright et al.,

2007). It is not surprising that inhibiting osteoclasts did not prevent sclerosis. In

OA, bone formation already exceeds bone resorption, and this imbalance is not likely

to disappear as a result of inhibited osteoclast activity. While anti-resorptive treat-

ment may thus not be the most logical choice for preventing subchondral sclerosis,

it can help in preventing or repressing other typical OA bone changes. For example,

inhibiting resorption may prevent cartilage thinning as a result of the replacement

of mineralized cartilage with bone. In addition, anti-resorptive treatment may have

a beneficial effect on OA bone material properties, as it has been shown to increase

bone matrix mineralization (Cheng et al., 2009). Finally, there are indications that

inhibition of osteoclast activity may prevent osteophyte formation, as estrogen re-

placement therapy has been demonstrated to result in a lower number of osteophytes

in OA monkeys (Ham et al., 2002).

The effects of osteoclast-targeting drugs on cartilage degeneration have also been

investigated. Estrogen replacement therapy (Ham et al., 2002; Ham and Carlson,

2004) and calcitonin (Behets et al., 2004; Hajjaji et al., 2004; Sondergaard et al.,

2007) both seemed to decrease cartilage degradation in OA. However, it is difficult to

distinguish between the effect of inhibited bone remodeling, and the direct effect of

these therapeutic agents on cartilage (Abramson and Honig, 2007). Bisphosphonates

seemed to have a less promising effect on cartilage. Risedronate decreased the level

of a cartilage degradation marker, but did not improve signs or symptoms of OA

(Bingham et al., 2006), while tibilone did not show any effect on cartilage degradation

(Karsdal et al., 2008a), and alendronate even increased cartilage degradation (Ding

et al., 2008). Considering these results, it seems that further research is required

regarding the effect of osteoclast-targeting therapies on cartilage.

8.3.3 Considerations for bone-targeting therapies

Even if osteoclast- or osteoblast-targeting drugs can be developed that prevent OA

bone changes and repress cartilage degeneration, several issues need to be considered.
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General discussion

As simulations described in this thesis indicate that the alterations in subchondral

bone architecture are the result of a mechanoregulated adaptation process, inhibit-

ing bone adaptation may be detrimental for the bone tissue. For example, in case

high joint loading is the underlying cause of the disease, preventing an increase in

bone volume fraction may result in bone not adequately adapted to its mechanical

requirements. Similarly, preventing the decrease in bone matrix mineralization may

have a negative effect on the bone tissue, as it has been proposed to result in better

joint congruity, thereby decreasing the stresses in the bone (Buckland-Wright, 2004).

Finally, inhibiting bone remodeling can result in the accumulation of bone micro-

damage (Brennan et al., 2011; Mashiba et al., 2000). Therefore, even if inhibiting

bone remodeling may prove to have a beneficial effect on cartilage, it is important to

consider the effects of bone-targeting therapies on the bone tissue itself as well.

8.4 Future directions

The aim of this thesis was to investigate the cause of the bone changes that are

observed in OA. With a mechanoregulated bone adaptation model several aspects

of OA were studied, including the development of subchondral sclerosis and bone

cysts, and the replacement of mineralized cartilage with bone tissue. Comparing

simulation results to experimental data gave insight in adaptive processes that may

occur in the course of OA in response to various stimuli. As there are indications that

bone changes may promote cartilage degeneration, the insight that was obtained may

help in developing bone targeting therapies that reverse specific adaptive processes

or remove specific adaptation stimuli. Reversing all bone changes seems to be a

bad strategy, as this may decrease bone strength and result in bone not sufficiently

adapted to its mechanical requirements. Instead, a balance needs to be obtained

between inhibiting remodeling to prevent cartilage degeneration, and allowing the

bone to adapt to altered joint circumstances. Once the relation between bone changes

and cartilage degeneration is known, mathematical bone adaptation models can be

used to predict the effects of medical therapies on both bone strength and cartilage

degeneration. Therefore, the next step should be to investigate which specific changes

in bone microarchitecture, bone material properties, or bone cellular activities are

detrimental to the cartilage.
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