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SummarySummarySummarySummary    
Osteoporosis is a skeletal disorder that is fairly common among the elderly and particularly 
elderly women. Although osteoporosis is officially defined by a reduced bone density, the 
increased susceptibility to bone fracture is where its real problem lies. As a fracture is a 
mechanical phenomenon (the bone is not strong enough or the load on the bone is too high), 
the main topic of this thesis deals with the mechanical differences between osteoporotic 
bone and healthy bone, differences that could explain the increased susceptibility to fracture. 
 
Both the strength and stiffness of cancellous bone are determined by the bone density, the 
trabecular architecture, and the tissue mechanical properties. Osteoporotic bone is known to 
have a lower bone density, which causes a decreased bone strength and stiffness. 
Osteoporotic bone is also known to have a more anisotropic trabecular architecture. The 
effects of these changes on the strength and stiffness of osteoporotic cancellous bone have 
not been determined (Chapter 2). The effects of osteoporosis on the tissue mechanical 
properties are also unknown (Chapter 2). 

Neither the strength nor the stiffness of the bone tissue was changed in osteoporotic 
bone compared to healthy bone. In osteoporotic bone the changed trabecular architecture 
resulted in an increased mechanical orientation toward the main loading direction. Per 
amount of bone the osteoporotic architecture provides more stiffness and strength in the 
main loading direction than the healthy architecture does. So much so that it compensates 
the reduced bone mass: in our study the stiffness in the main loading direction was as high in 
the osteoporotic bone as in the healthy bone. This may then even allow normal stress 
transfer under normal daily loads. However, the enhanced mechanical orientation does make 
the bone susceptible to unusual loads, such as those that result from a fall. Falls lead to 
higher than usual loads and more importantly to loads in unusual directions, which the 
changed osteoporotic architecture is far less able to cope with. This effect may well be the 
explanation for the fact that 90% of all hip-fractures result from a fall. 
 
Every bone fracture starts at some microscopic location in the structure where the load 
exceeds the strength. The internal load distribution is thus an important factor in the onset of 
a fracture. For Chapters 3 and 4 we studied the internal load distribution in human vertebrae 
from healthy and osteoporotic people. Possibly the presence of a degenerated intervertebral 
disc, a common condition in the elderly spine, changes the internal load distribution 
unfavorably, this was studied for Chapter 3.  

We found the distribution of the load over shell and cancellous center to be very 
dependent upon location within the vertebra. Near the top or bottom the cancellous center 
carried most of the load, while near the middle of the vertebrae the load was evenly shared 
between the cancellous center and the shell. The main reason for this lies in the architecture 
of both the shell and the trabeculae. Going from the endplates toward the middle of the 
vertebra, the shell curves inward, while simultaneously the outer trabeculae angle from the 
endplate towards the shell. As a result, the mid-transverse shell "collects" the load from the 
outer trabeculae. We also found that disc degeneration resulted in a shift of load from the 
cancellous center to the shell, which was larger for healthy vertebrae than for osteoporotic 
ones. At the trabecular level, the load distributions were, however, surprisingly similar. It 
appears that under a normal daily load of walking the trabeculae in an osteoporotic vertebra 
are stressed very similar to those in a healthy vertebra. In the light of reduced bone mass in 
the osteoporotic vertebra, this is remarkable. Again, as was also seen in Chapter 2, it is 
caused by the enhanced trabecular orientation in the osteoporotic cancellous bone, ensuring 
adequate stiffness for normal daily loads. However, as expected the osteoporotic cancellous 
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bone functioned far less optimal under an unusual load, where the osteoporotic bone had 
more trabeculae that were highly stressed. 

 
Currently the diagnosis of osteoporosis is based solely on bone density measurements. 
Although a strong relation exists between bone density and bone strength and stiffness we 
have previously found that osteoporotic bone can compensate for its lower bone density by 
an increased architectural anisotropy. It would thus be beneficial to estimate the stiffness of 
cancellous bone from its bone density and architecture. These estimates could potentially be 
used as a better clinical diagnostic tool than the bone density measurements that are 
currently used. Although such relationships do exist for healthy bone, they have never been 
determined and validated for osteoporotic bone (Chapter 5).  

We found that these relations can also be used to estimate the stiffness of 
osteoporotic cancellous bone. More importantly, the same relations can be used for healthy 
and osteoporotic bone. As in the clinic the status of the patient is not known beforehand, this 
is a prerequisite for use of these relationships as a diagnostic tool. Once the trabecular 
architecture of a patient can be determined in vivo and non-invasively, patient specific 
estimates of the stiffness (and subsequently strength) can be obtained in vivo. 

 
A frequently used technique for stress analyses in biomechanics, is the finite element 
method. This method allows for the mechanical evaluation of complicated structures, which 
would not have been possible otherwise. Finite element models of bone are often based on 
micro imaging methods, which allow visualization of the bone structure at a three 
dimensional resolution of 20~30 µm ex vivo and of 150~200 µm in vivo. Due to these 
inevitably limited resolutions, the 3D images contain a range of gray-values. In the 
construction of the finite element models, these gray-values are used to determine whether 
an element represents bone or void (a procedure called thresholding). Although this 
procedure is very successful at small element sizes, it results in disconnected trabeculae at 
larger element sizes. It may be more accurate to let the finite element models use the gray-
value information within the imaging data directly, without prior thresholding (Chapter 6). 

At small voxel sizes (< ½ trabecular thickness (Tb.Th.)), there are only a few partial 
volume elements. With these voxel sizes both the trabecular architecture and the volume 
fraction are adequately represented in the finite element models, regardless of the 
thresholding history. These are models that adequately represent the modes of deformation 
that occur in real trabecular bone samples, resulting in accurate approximations of the 
apparent elastic moduli. At larger voxel sizes (> ½ Tb.Th.), there is an increasing number of 
partial volume elements. With these voxel sizes the volume fraction is still adequately 
represented in the models, but the trabecular architecture is increasingly under-represented. 
The models no longer adequately represent the true modes of deformation. In order to 
predict the elastic properties of the model, it becomes more and more important to account 
for local elastic properties. In this range, the accuracy of the thresholded models can be 
improved by using the gray-value method. For voxel sizes up to one Tb.Th., the gray-value 
method gives good predictions of the apparent moduli. For voxel sizes larger than one Tb.Th. 
the predictions become increasingly worse, even with the gray-value method. 
 

In the field of osteoporosis research it is necessary to determine the effects of osteoporosis 
and/or anti-osteoporotic drugs on cancellous bone. In order to get new drugs approved, the 
agencies for drug approval of both Europe (EMEA) and the USA (FDA) demand that 
pharmaceutical companies do mechanical analyses of the effects of the drugs on the 
mechanical quality of the bone. One frequently used model to study these effects is the rat 
vertebra. The vertebrae are used in experiments, where they are compressed to failure. The 
resulting stiffness and strength are taken as measures of the mechanical quality of the 
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cancellous bone. However, rat vertebrae do not consist solely of cancellous bone, they 
contain a substantial cortex as well. It may be that the role of the cortex is so large that it 
overshadows the possible effects of drugs on the cancellous bone. This may even touch 
upon the validity of the rat vertebral model as a model for the mechanical quality of 
cancellous bone (Chapter 7). 

Our results show that the direct load-carrying role of the cancellous bone is only 11%, 
small compared to the role of the cortices (89%). Given that the random errors in 
compression testing can be as large as 18%, it seems unlikely that the changes in 
cancellous bone strength or stiffness, caused by drugs, can be detected dependably. As the 
role of the spongiosa is larger in the strength of the vertebra, effects of drugs on cancellous 
bone strength may be easier to determine. Although larger group sizes will improve the 
results, we conclude that compression testing of rat vertebra is at best an insensitive model 
for the mechanical quality of cancellous bone 
 

Chapter 8 discusses the most interesting findings of this thesis. They are, first, the fact that 
for a normal daily load the tissue stresses are not higher in an osteoporotic vertebrae than in 
a healthy one and, second, that the stiffness of both osteoporotic and healthy cancellous 
bone can be estimated from bone density and architecture using one and the same set of 
equations.  

The fact that for the normal daily loads the tissue stresses are not higher in 
osteoporotic bone is caused by its enhanced trabecular orientation, ensuring adequate 
stiffness for normal daily loads. As for the underlying reasons for the enhanced trabecular 
orientation, there are two possible sources: the biological process of bone adaptation to 
external loads and the external loads themselves. First, predispositions, age, or menopause 
could alter the adaptation mechanism, for example through an increased osteoclast activity 
(leading to decreased bone mass and increased resorption of particularly horizontal 
trabeculae). Second, age is strongly associated with changes in the external loads. Most 
elderly have restricted patterns of physical activity. As the loading so rarely deviates from the 
usual loading direction, the bone is not encouraged to maintain its strength in other 
directions.  

The fact that the stiffness of both osteoporotic and healthy cancellous bone can be 
estimated from morphology using one and the same set of equations, offers a view to a 
better clinical diagnosis. It would then be necessary to determine the trabecular architecture 
in vivo, which is currently not possible. Future, advancements in imaging techniques will 
undoubtedly make in vivo determination of the trabecular architecture possible, at that time 
the mechanical orientation for the individual patient can be determined using the equations 
between bone density and architecture and stiffness. 
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SamenvattingSamenvattingSamenvattingSamenvatting    
Osteoporose is een aandoening aan het skelet die redelijk vaak voorkomt bij ouderen en met 
name bij oudere vrouwen. Alhoewel osteoporose officieel gedefinieerd wordt door een 
afgenomen botdichtheid, is de sterk toegenomen kans op een botbreuk het werkelijke 
probleem. Aangezien een botbreuk een mechanisch fenomeen is (het bot is niet sterk 
genoeg of de belasting op het bot is te hoog), zijn de mechanische verschillen tussen 
osteoporotisch en gezond bot het hoofd onderwerp van dit proefschrift. 
 
Zowel de sterkte als de stijfheid van trabeculair bot worden bepaald door de botdichtheid, de 
trabeculaire architectuur en de mechanische eigenschappen van het basismateriaal. Het is 
bekend dat osteoporotisch bot een lagere botdichtheid heeft, resulterend in een lagere 
sterkte en stijfheid. Het is tevens bekend dat osteoporotisch bot een anisotropere 
trabeculaire architectuur heeft. De effecten hiervan op de sterkte en stijfheid van het 
trabeculaire bot zijn nog onbekend (hoofdstuk 2). De effecten van osteoporose op de 
mechanische eigenschappen van het basis materiaal zijn ook onbekend (hoofdstuk 2). 

Osteoporose bleek geen effect te hebben op de sterkte en stijfheid van het basis 
materiaal. De veranderde trabeculaire architectuur in osteoporotisch bot resulteerde in een 
hogere mechanische oriëntatie in de richting van de belangrijkste belastingrichting. In deze 
belangrijkste belastingrichting, levert de osteoporotische architectuur per hoeveelheid bot 
meer sterkte en stijfheid dan de gezonde architectuur. Op deze wijze kan de lagere 
botdichtheid worden gecompenseerd: in onze resultaten was de stijfheid in de belangrijkste 
belastingrichting even groot in osteoporotisch en gezond bot. Dit kan dan zelfs resulteren in 
een normale spanningsdoorleiding onder de normale dagelijkse belastingen. Echter, de 
hogere mechanische oriëntatie maakt het osteoporotische bot gevoeliger voor ongewone 
belastingen zoals die bijvoorbeeld optreden bij een val. Deze belastingen zijn niet alleen 
hoger dan gewoon maar hebben ook een andere richting dan gewoon. Hier kan de 
veranderde architectuur slecht mee overweg hetgeen de kans op een botbreuk doet 
toenemen. Dit zou tevens kunnen verklaren waarom 90% van alle heupfracturen het gevolg 
zijn van een val. 

 
Elke botbreuk begint op een microscopische locatie waar de belasting groter is dan de 
sterkte. De interne belastingsverdeling is derhalve een belangrijke factor in het ontstaan van 
een breuk. Voor de hoofdstukken 3 en 4 hebben we de interne belastingverdeling in humane 
wervels van mensen met en zonder osteoporose onderzocht. Veel ouderen hebben een of 
meerdere gedegenereerde tussenwervelschijven, mogelijkerwijs beïnvloed dit de  
belastingverdeling ongunstig, dit is ook onderzocht (hoofdstuk 3). 
 De verdeling van de belasting over de cortex en het trabeculaire hart hangt af van de 
hoogte in de wervel. Bij de boven of onderkant draagt het trabeculaire hart de meeste 
belasting, terwijl in het midden van de wervel de belasting gelijk verdeelt is over het hart en 
de cortex. Deze verschuiving van de belasting wordt veroorzaakt door de architectuur van 
zowel de cortex als de trabekels. Gaande van de eindplaten naar het midden, buigt de cortex 
naar binnen terwijl de buitenste trabekels schuin van de eindplaat naar de cortex lopen. De 
cortex verzamelt daardoor als het ware de belasting van de buitenste trabekels. Tevens is 
gevonden dat een gedegenereerde tussenwervelschijf resulteert in een verschuiving van 
belasting van het trabeculaire hart naar de cortex, deze verschuiving was groter voor 
gezonde wervels dan voor osteoporotische wervels. Op het niveau van de individuele 
trabekels waren de belastingverdelingen in de gezonde en osteoporotische wervel 
verrassend gelijk. Het lijkt dat tijdens een normale dagelijkse belasting zoals lopen, de 
trabekels in een osteoporotische wervel even zwaar belast worden als die in een gezonde 
wervel. Gezien de lagere botdichtheid in de osteoporotische wervel is dit opmerkelijk. Net als 
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in hoofdstuk 2, is ook hier de oorzaak een toegenomen mechanische oriëntatie in het 
osteoporotische trabeculaire bot, resulterend in een adequate stijfheid voor normale 
dagelijkse belastingen. Het osteoporotische trabeculaire bot functioneert onder een 
ongewone belasting echter verre van optimaal, resulterend in meer hoog belaste trabecels in 
het osteoportische bot. 

 
De huidige definitie van osteoporose is enkel gebaseerd op botdichtheid. Alhoewel er een 
sterke relatie is tussen de botdichtheid en de botsterkte en -stijfheid hebben we eerder 
gevonden dat osteoporotisch bot deze lagere botdichtheid kan compenseren met een 
toegenomen orientatie van de architectuur. Het zou derhalve nuttig zijn om de stijfheid en 
sterkte te bepalen op basis van zowel de botdichtheid als de botarchitectuur. Mogelijk zou dit 
ook kunnen worden gebruikt voor een betere diagnose dan de huidige -op botdichtheid 
gebaseerde- diagnoses. Alhoewel dergelijke relaties tussen de morfologie (botdichtheid en 
botarchitectuur) en de stijfheid van bot reeds bestaan voor gezond bot, zijn deze nooit 
bepaald en gevalideerd voor osteoporotisch bot (hoofdstuk 5). 
 We vonden dat deze relaties ook kunnen worden bepaald voor osteoporotisch bot en 
belangrijker nog, dat dezelfde relaties kunnen worden gebruikt voor gezond en 
osteoporotisch bot. Aangezien de status van een patiënt niet op voorhand bekend is, is dit 
een absolute voorwaarde voor het gebruik van de relaties voor een diagnose. Zodra de 
botdichtheid en -botarchitectuur van een patiënt in vivo en niet-invasief kunnen worden 
bepaald, ook de stijfheid (en daardoor de sterkte) patiëntspecifiek kan worden bepaald. 
 
Een in de biomechanica veelvuldig gebruikte methode voor spanningsanalyses, is de eindige 
elementen methode. Met deze methode kunnen gecompliceerde structuren mechanisch 
worden doorgerekend, wat anders onmogelijk was geweest. Eindige elementen modellen 
van bot zijn meestal gebaseerd op micro-beeldvormingtechnieken, die de botstructuur 
visualiseren op driedimensionale resoluties van 20~30 µm ex vivo en van 150~200 µm in 
vivo. Door de beperktheid van de resolutie zullen deze visualisaties een scala aan 
grijswaarden bevatten. Normalerwijze worden deze grijswaarden in de constructie van het 
eindige elementen model gebruikt om te bepalen of een element wel of geen bot voorstelt 
(een procedure die tresholding wordt genoemd). Alhoewel deze procedure bij kleine element 
groottes erg succesvol is resulteert zij bij grotere elementen in onderbroken trabekels. 
Wellicht is het nauwkeuriger om de grijswaarden direct in de eindige elementen modellen te 
gebruiken en niet alleen voor het tresholden (hoofdstuk 6). 

 Bij kleine elementgroottes (< ½ trabeculaire dikte (Tb.Th.)), is het aantal grijze 
elementen gering, hierdoor zijn zowel de botdichtheid als de trabeculaire architectuur correct 
weergegeven in het model, onafhankelijk van de tresholding geschiedenis. Deze modellen 
geven de vervormingen van het werkelijk trabeculaire bot juist weer, hetgeen resulteert in 
nauwkeurige schattingen van de globale stijfheden. Bij grotere elementgroottes (> ½ Tb.Th.), 
neemt het aantal grijze elementen gestaag toe. Alhoewel de botdichtheid correct is 
weergegeven in het model, is dit voor de trabeculaire architectuur steeds minder het geval. 
Deze modellen geven de vervormingen van het werkelijk trabeculaire bot niet meer juist 
weer. Om de globale stijfheid goed te voorspellen, wordt het belangrijk om de lokale stijfheid 
in rekening te brengen. Hier kan de nauwkeurigheid van de modellen worden verbeterd door 
de gray-value methode te gebruiken. Voor elementengroottes tot één trabekel dikte geeft de 
gray-value methode goede resultaten. Bij nog grotere elementgroottes beidt zelfs deze 
methode geen uitkomst meer, de schattingen worden in toenemende mate onnauwkeurig. 

 
In het onderzoeksgebied van de osteoporose is het noodzakelijk om de effecten van 
osteoporose en/of anti-osteoporose medicijnen op trabeculair bot te bepalen. De 
agentschappen die nieuwe medicijnen keuren (Europa: EMEA, Verenigde Staten: FDA) 
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eisen mechanische analyses van de effecten van het medicijn op de mechanische 
botkwaliteit. Een van de meest gebruikte modellen om deze effecten te bestuderen is de rat 
waarvan de wervels worden gebruikt in compressie experimenten. De aldus bepaalde 
stijfheid en sterkte worden gezien als maten voor de mechanische kwaliteit van het 
trabeculaire bot. Echter, rattenwervels bestaan niet alleen uit trabeculair bot, zij bezitten 
tevens een aanzienlijke cortex. Mogelijk is de rol van deze cortex zo groot dat zij de effecten 
van medicijnen op het trabeculaire bot overschaduwd. Dit zou de validiteit van het 
rattenwervel model als model voor de kwaliteit van trabeculair bot kunnen aantasten 
(hoofdstuk 7). 
 Uit onze resultaten blijkt het trabeculaire bot slechts 11% van de totale belasting te 
dragen terwijl de cortex het overige draagt. Gegeven dat de fouten bij dergelijke 
compressietesten tot 18% groot kunnen zijn, lijkt het niet aannemelijk dat veranderingen in 
de stijfheid van het trabeculaire bot betrouwbaar kunnen worden gemeten. Aangezien de rol 
van het trabeculaire bot in de sterkte van de wervel groter is dan in de stijfheid van de 
wervel, zijn effecten van medicijnen op de sterkte van het trabeculaire bot waarschijnlijk 
beter te bepalen. Alhoewel grotere aantallen proefdieren de resultaten zullen verbeteren, 
concluderen wij dat de compressietest op de rattenwervel  in het gunstigste geval een 
ongevoelig model is voor de mechanische kwaliteit van trabeculair bot. 
 
In hoofdstuk acht worden de meest interessante bevindingen van dit proefschrift 
bediscussieerd. Zij zijn ten eerste, het feit dat bij normale dagelijkse belastingen de lokale 
spanningen in een osteoporotische wervel niet hoger zijn dan in een gezonde wervel en ten 
tweede het feit dat de stijfheid van zowel osteoporotisch als gezond trabeculair bot goed kan 
worden bepaald aan de hand van de morfologie (botdichtheid en botarchitectuur) met één en 
dezelfde set vergelijkingen. 
 Het feit dat bij normale dagelijkse belastingen de lokale spanningen in een 
osteoporotische wervel niet hoger zijn wordt veroorzaakt door de toegenomen trabeculaire 
oriëntatie, die de botstijfheid voor normale dagelijkse belastingen op peil houdt. Voor de 
onderliggende verklaring voor deze toegenomen trabeculaire oriëntatie zijn twee mogelijke 
bronnen: het biologische proces van de adaptatie van het bot aan de externe belastingen en 
die externe belastingen zelf. Aanleg, leeftijd of menopauze kunnen het adaptatie proces 
veranderen. Bijvoorbeeld door een toegenomen osteoclast activiteit, resulterend in een 
afgenomen botdichtheid en een toegenomen kans op onderbrekingen van met name de 
horizontale trabekels. Daarnaast zijn de externe belastingen sterk leeftijdsafhankelijk. De 
meeste ouderen hebben een beperk bewegingspatroon. Aangezien de belasting dan nog 
slechts zelden van de normale richting afwijkt wordt het bot ook niet gestimuleerd om het bot 
in andere richtingen te onderhouden. 
 Het feit dat de stijfheid van zowel osteoporotisch als gezond trabeculair bot kan 
worden bepaald aan de hand van de morfologie met één en dezelfde set vergelijkingen biedt 
zicht op een betere klinische diagnose. Het wordt dan noodzakelijk om de trabeculaire 
architectuur te bepalen in vivo, hetgeen momenteel niet mogelijk is. In de toekomst zullen 
vooruitgangen in de beeldvormingtechnieken dit echter ongetwijfeld mogelijk maken. Op dat 
moment kan de mechanische oriëntatie van het bot patiëntspecefiek worden bepaald met 
behulp van de vergelijkingen tussen botmorfologie en stijfheid. 
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BoneBoneBoneBone    
The bones in our body serve in a number of different ways. They serve as internal 
mechanical support structures of the body, enable our ways of motion, protect the vital 
organs in our head and chest, and serve as a calcium reservoir. Bones are built of two basic 
types, cortical bone, also known as compact bone, and cancellous bone, also known as 
spongy or trabecular bone. Cortical bone forms the dense exterior of bones and is a strong 
and stiff material. Cortical bone has a volume fraction (= volume of bone / total volume) in the 
range of 90 to 95% and has holes only for cells and blood vessels. Cancellous bone is found 
mainly near the joints in long bones and consists of trabeculae (short struts and plates of 
bone material) surrounded by bone marrow, which contains a pool of stem cells for bone, 
blood, fat, and muscles. 
 

 
Figure 1. Cross-section of a long bone (tibia). The dense exterior of 
the bone is the cortex (cortical bone). The open-cell structure on the 
interior of the bone is cancellous bone. 

 
Bones are shaped such that they are well capable of handling the daily loads they are 

subjected to. Long bones, for example, are shaped like hollow pipes, an ideal shape for the 
compression, bending, and torsion loads that they are subjected to. Inside the bones, the 
trabeculae of cancellous bone are formed such that they transfer the loads from joints and 
muscles into the cortex (made of cortical bone). This observation of a relation between 
structure and external loads is not new. Roesler gives an illuminating view of the origin and 
history of this notion.1 Although Galilei already realized that the size of a bone must be 
related to the weight (rather than the size) of the animal2, the notion truly came to life in 1867 
with the cooperation between the Swiss anatomist von Meyer and the German civil engineer 
Culmann, who compared the results of a mathematical model of load transfer to the structure 
of the trabeculae.3 Only some years later did Wolff take charge of the matter. Since the 
publication of his "Gesetz der Transformation der Knochen" (Law of Bone Transformation4) 
his interpretation has, deservedly or not5, dominated the literature on bone structure. In fact, 
the relation between the structure of trabeculae and the external loads is now generally 
referred to as "Wolff's law". The structure of bone is made and maintained by bone cells of 
which osteoclasts, osteoblasts, osteocytes, and lining cells are the key players.  
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Figure 2. Bone cells. Left: osteoclasts dissolving old bone. Middle: osteoblasts forming 
osteoid. Right: The osteocytes that are encapsulated in the bone matrix and the lining cells 
that lie on the surface of the bone form an interconnected network. 

 
Osteoclasts are large cells that can dissolve bone. They are formed from a number of 

cells that have fused; osteoclasts thus usually have more than one nucleus. They are found 
on the surface of the dissolving bone matrix (Figure 2 left). Osteoblasts are the cells that 
form new bone. They produce a collagen matrix called "osteoid", which is later mineralized to 
form bone (Figure 2 middle). After the production some osteoblasts flatten to a pancake 
shape and remain on the surface of the new bone. These cells line all the surface of the 
bone and are hence called lining cells. In the process of forming osteoid, some osteoblasts 
become encapsulated within the osteoid, these are from then on called osteocytes. 
Osteocytes form a dense network of interconnected cells that are also connected to the lining 
cells at the surface (Figure 2 right). It is often hypothesized that these osteocytes are the 
conductors of the bone remodeling process. They are thought to somehow sense the load 
and signal the osteoclasts and osteoblasts. Although there is much debate about the precise 
function and activities of osteoclasts and osteoblasts and particularly the osteocytes, the 
general consensus is that the combination of cells removes unused or damaged bone and 
forms new bone where it is needed. Such a mechanism would explain the vital and almost 
optimal structure that bone is.6-8 

 
 

OsteoporosisOsteoporosisOsteoporosisOsteoporosis    
A condition that can occur in human bones is osteoporosis, which causes a dramatic 
increase in fracture risk. Fractures due to osteoporosis may occur throughout the body, but 
femur, vertebral, and wrist fractures are most common. The lifetime risk of a fracture at any 
of these three sites in 50-year-old individuals is 40% for Caucasian women and 13% for 
Caucasian men.9 In the Netherlands alone an estimated 15 000 femur fractures, 16 000 
vertebral fractures, and 12 000 wrist fractures occur every year.10 As most vertebral fractures 
are not medically attended but are found incidentally, the 16 000 vertebral fractures are 
estimated to represent only 30% of the total number.11 Of these three types of fractures, 
femoral fractures are most important in terms of death, functional dependence and social 
cost. In Western countries, femoral fracture incidence rates increase dramatically with age. In 
a study in Rochester (US)12, for example, the incidence rose from 0.009% per year for 
women 35-40 years to 3.3% for women over 85 (for men: 0.010% → 1.8%). Femoral 
fractures are also associated with a decreased survival rate, due also to the generally poor 
health of these patients. Most femoral fracture patients become more dependent upon help 
by others for their everyday life, and experience a reduced quality of life.12,13 A second 
important fracture site is the spine. As with femoral fractures, the fracture incidence rates 
increase dramatically with age. In European women the incidence rises from 0.36% per year 
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for women 50-54 years to 2.9% for women 75-79 years (for men: 0.09% → 1.4%14). While 
most vertebral fractures have a gradual onset and are often painless, some involve collapse 
of the vertebra and severe pain. This type of fracture may lead to persistent pain that 
interferes with the activities of daily living.12  
 
CAUSES 
The increased fracture risk, so strongly associated with osteoporosis, has two causes. The 
first is the strength of the bone; clearly a reduced strength will lead to more fractures. The 
second is the load on the bone; higher than normal loads or increased occurrence of high 
loads will also lead to more fractures. 
Strength of the bone 

A lower than normal strength could be caused by reduced bone mass, by a sub-optimal 
architecture, or by reduced strength of the bone tissue itself. The first and most important 
determinant of cancellous bone strength is the bone mass or the amount of bone material 
present.15,16 A decreased bone mass can be caused by natural causes (primary 
osteoporosis) or by certain diseases or medications such as corticosteroids (secondary 
osteoporosis). Primary osteoporosis can be further subdivided into type I and type II 
osteoporosis. Type I osteoporosis (or postmenopausal osteoporosis) is seen in women 
during the first 4 to 8 years following menopause, where women experience an accelerated 
but transient bone loss phase which is due to the decrease in estrogen levels. As this lack of 
estrogens increases the osteoclastic bone resorption, it will lead to bone loss. Type I 
osteoporosis is the most likely explanation for the significantly greater fracture risk in women 
than in men.9,12 Type II osteoporosis (or senile osteoporosis) is seen in both men and women 
from 35 years of age onward. Bone mass increases until about 30 years of age, while from 
35 years onward bone mass slowly decreases. Type II primary osteoporosis may (partially) 
be caused by the more restricted load patterns seen in the elderly. 
 

 
Figure 3. Primary osteoporosis. Type I: 
postmenopausal osteoporosis. Type II: age-
related osteoporosis (senile osteoporosis). 

 
The second component in the strength of the cancellous bone is its architecture. On 

the one hand, the trabeculae should be in-line with the external load to give the highest 
strength per amount of material. On the other hand, the trabeculae should be able to cope 
with unusual loads; loads that result from an unusual movement such as a fall ("error" loads). 
The architecture should thus be adapted but not over-adapted. Osteoporotic cancellous bone 
has been found to have relatively fewer transverse trabeculae than axial trabeculae.17-19  

The third and last component in the strength of cancellous bone is the mechanical 
quality of the microscopic bone tissue itself. A decreased strength of the bone material would 
result in a similarly large decrease in the apparent strength. Osteoporotic bone tissue is 
known to have an unchanged or only slightly decreased tissue mineral density.20-22 
Differences in the amounts of water, organic components, inorganic components, or 
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microcracks present in trabecular bone tissue were not found.21,23 These properties have an 
effect on the mechanical properties of the tissue material, although the effect of osteoporosis 
on these tissue mechanical properties has never been determined directly. 
Load on the bone 

As stated before, bone strength is only one aspect of osteoporotic fractures, the second 
aspect is the load on the bone. A number of studies have demonstrated the significance of 
load for particularly the occurrence of a femoral fracture.24 It has been found that over ninety 
percent of all femoral fractures are related to a fall25,26, that falls to the side are more 
dangerous than falls to the front or rear27-29, and that the use of hip-protectors reduces the 
chance of a femoral fracture in case of a fall.30,31 Elderly people are particularly at risk 
because they fall more often, and more to the side than younger people do.29,32 External 
loads thus play an important role in the occurrence of femoral fractures. Vertebral fractures 
can have a more gradual onset and they do not seem to be related to falls.12 Vertebral 
fractures can be caused by lifting or changing position.12 As these loads do not represent 
major trauma, the internal load distribution may play an important role in the onset of the 
fracture. Possibly a change in the internal or external geometry of the bone leads to changes 
in the internal load distribution, resulting in less load on some parts but more load on other 
parts. Also degeneration of the intervertebral disk, a common condition in elderly people, 
may strongly affect the internal load distribution.33,34 
 
 

DiagnosisDiagnosisDiagnosisDiagnosis    
Understanding the changes that lead to an increased fracture risk associated with 
osteoporosis will lead to more rational definitions of osteoporosis. Ideally one would want an 
in vivo estimate of the bone strength. Based on the strong relationship between bone mass 
and bone strength.15,35,36 osteoporosis is currently defined as a BMD of 2.5 standard 
deviation below the average BMD of healthy 30-year-old woman. Despite the strength of the 
relationship bone mass is a rather poor predictor of fracture risk for the individual patient. Of 
every ten people that fracture one or more bones, eight were diagnosed as non-osteoporotic 
(Figure 4).37,38 
 

 
Figure 4. Bone mass frequency distributions of women (>50 years) with and without 
fractures. Note the considerable overlap between the two curves. Adapted from Melton et al.37 
and Rüegsegger.38 
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An alternative would be to determine the strength through the stiffness as these are 
highly correlated.15,35,36 The bone stiffness in turn can be determined by the methods 
developed by Cowin.39 These methods have been shown to explain over 95% of the variance 
in the stiffness of healthy cancellous bone.40-42 If these relations can be validated for 
osteoporotic cancellous bone and when the cancellous architecture can be accurately 
determined in vivo, they could be applied to estimate, in vivo, the cancellous bone stiffness, 
and thus the strength. 

 
 

Outline of this thesisOutline of this thesisOutline of this thesisOutline of this thesis    
Besides bone mass, the components that determine the strength and stiffness of the 
cancellous bone are the cancellous architecture and the tissue mechanical properties. While 
osteoporosis has been found to lead to a more anisotropic architecture, it has not been found 
to lead to changes in the tissue properties. The effects of osteoporosis on the stiffness of 
cancellous bone have not yet been determined. The central questions of Chapter 2 were: 
"What are the effects of the osteoporotic changes in the architecture on the stiffness of the 
cancellous bone as a whole?" and "What is the effect of osteoporosis on the stiffness and 
strength of the bone tissue?" 
 In vertebrae, as in all bones, the internal load distribution is an important factor in the 
onset of a fracture. For Chapters 3 and 4 we asked, "How is the internal load distribution 
different in osteoporotic and healthy vertebrae?". While Chapter 3 deals with differences at 
the bone level, Chapter 4 deals with differences in the loading of the trabeculae themselves. 
Also degeneration of the intervertebral disc, a rather common condition in the elderly, will 
considerably change the way the load is applied to the vertebra.33,34 So for Chapters 3 we 
also asked, "How is the internal load distribution affected by degeneration of the 
intervertebral disc?". 

 The relations between bone mass, bone architecture, tissue properties and the 
stiffness of bone, as developed by Cowin39, have been validated to give good estimates of 
the stiffness of normal cancellous bone, but they have not been validated for osteoporotic 
cancellous bone. The questions for Chapter 5 were: "Can the stiffness of osteoporotic 
cancellous bone be estimated from Cowin's relationships?" and "Do the relations, that were 
determined for normal bone, apply to osteoporotic bone as well?" 
 A common technique for stress analyses in mechanical engineering, and now also in 
biomechanics, is the finite element method. With this method, complicated constructions are 
approximated with a large but finite number of elements. This approximation allows for the 
mechanical evaluation of the construction, which would not have been possible otherwise. 
Finite element models of bone are often based on micro imaging methods, which allow 
visualization of the bone structure at a three dimensional resolution of 20~30 µm ex vivo and 
of 150~200 µm in vivo.43-46 Due to these inevitably limited resolutions, the 3D images contain 
a range of gray-values. In the construction of the finite element models, these gray-values 
are used to determine whether an element represents bone or void (a procedure called 
thresholding). Although this procedure is very successful at small element sizes, it results in 
disconnected trabeculae at larger element sizes. For Chapter 6 we asked: "Is it more 
accurate to let the finite element models use the gray-value information within the imaging 
data directly, without prior thresholding?". 
 In the field of osteoporosis research it is necessary to determine the effects of 
osteoporosis and/or the anti-osteoporotic drugs on cancellous bone. In order to get new 
drugs approved, the agencies for drug approval of both Europe (EMEA) and the USA (FDA) 
demand that pharmaceutical companies do mechanical analyses of the effects on the 



introduction 

 23 

mechanical quality of the bone.47,48 One of the frequently used models to study these effects 
is the rat vertebra. These vertebrae are used in experiments, where they are compressed to 
failure. The resulting stiffness and strength are taken as measures of the mechanical quality 
of the cancellous bone. However, the vertebrae do not consist solely of cancellous bone, 
they contain a substantial cortex as well. It may be that the role of the cortex is so large that it 
overshadows the possible effects of osteoporosis and/or drugs on the cancellous bone. For 
Chapter 7 we asked: "Is the rat vertebral model valid as a model for the mechanical quality of 
cancellous bone?". 
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AbstractAbstractAbstractAbstract    
Osteoporosis is currently defined in terms of low bone mass. However, the 
source of fragility leading to fracture has not been adequately described. In 
particular, the contributions of bone tissue properties and architecture to the 
risk or incidence of fracture are poorly understood. In an earlier experimental 
study, it was found that the architectural anisotropy of cancellous bone from 
the femoral heads of fracture patients was significantly increased compared 
to age and density matched control material (Ciarelli et al., JBMR 15:32-40, 
2000). Using a combination of compression testing and micro finite element 
analysis on a subset of cancellous bone specimens from that study, we 
calculated the hard tissue mechanical properties and the apparent 
(macroscopic) mechanical properties. The tissue modulus was 10.0 GPa 
(SD: 2.2) for the control group and 10.8 GPa (SD: 3.3) for the fracture group 
(not significant). There were no differences either in the apparent yield strains, 
in the percentages of highly strained tissue, or in the relationship between 
apparent yield stress and apparent elastic modulus. Hence, a difference in 
the tissue yield properties is unlikely. At the apparent level, the fracture group 
had a significantly decreased transverse stiffness, resulting in increased 
mechanical anisotropy. These changes suggest that the bone in the fracture 
group is "over-adapted" to the primary load axis, at the cost of fragility in the 
transverse direction. We conclude that individuals with a history of 
osteoporotic fractures do not have weaker bone tissue. Just architectural and 
mechanical anisotropy renders their bone weaker in the non-primary loading 
direction. 
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IntroductionIntroductionIntroductionIntroduction    
Osteoporosis is a bone disease defined by low bone density, associated with micro-
architectural deterioration of bone.1 Osteoporotic fractures are caused by an imbalance 
between mechanical strength of bones and the mechanical loads placed on them. Fractures 
due to osteoporosis occur throughout the human body, but the sites most at risk are the hip, 
the vertebrae, and the distal radius. The lifetime risk of a fracture at any of these three sites 
in 50-year-old individuals is 40% for Caucasian women and 13% for Caucasian men.2,3 
 It has been shown that the stress distribution in the proximal femur during a fall to the 
side is dependent on the location within the femur. The percentage of the load carried by the 
cancellous bone varied from as little as 4% at the base of the neck to as much as 70% in the 
supcapital region.4 This suggests that both the cortical bone and the cancellous bone play an 
important role in the occurrence of hip fractures. Histological studies into the cortical bone of 
the proximal femur have shown that patients with hip fractures have thinner cortices.5,6 These 
same studies have shown no difference in the bone density of the cancellous bone. This 
does, however, not rule out any changes in the mechanical properties. Although volume 
fraction is a potent estimator of mechanical properties, it cannot clearly discriminate between 
bone from individuals with and without fractures.7 The mechanical properties of cancellous 
bone (apparent properties, order 100 mm) depend on its morphology (volume fraction and 
architecture) and on the mechanical properties of its constituent tissue (tissue properties, 
order: 10-2 mm). Experimental studies have revealed that bone density (volume fraction) can 
explain up to 70% of the variance in mechanical properties8,9, while bone volume fraction and 
architectural parameters together can explain over 90% of the variance.8,10,11 Recently, 
Ciarelli et al.12 examined cancellous bone from age matched women with and without femoral 
neck fractures, whose bone mass measures overlapped, to determine if any architectural or 
mechanical differences were present. Architectural parameters such as trabecular number, 
connectivity, and thickness were not significantly different between the groups. The maximal 
elastic modulus and the ultimate stress in the inferosuperior-direction, were also the same. 
The only difference found was a significantly greater architectural anisotropy in the fracture 
group. 

 An explanation for increased fracture risk may be a decrease in stiffness and strength 
of the bone tissue material itself. A number of studies concerning tissue properties of 
individuals with and without fractures have been published.13-17 Their results suggest that in a 
fracture group the average tissue density is either unchanged or slightly decreased, and that 
the number of microcracks in the tissue is unchanged. Both effects may reduce the 
mechanical properties of the tissue material. To determine whether the mechanical tissue 
properties really were reduced, we extended the work of Ciarelli et al.12 First, to determine 
the tissue mechanical properties we used micro finite element analysis combined with 
compression testing.18-23 Second, we calculated the mechanical anisotropy from the same 
specimens, to determine if this differed between those with and without fracture. 
 
 

MethodsMethodsMethodsMethods    
Material 

We used the specimens from the "equal bone mass subset" of Ciarelli et al.12 A subset that 
included specimens with a bone volume fraction less than one standard deviation from the 
mean of the fracture group, resulting in 11 control specimens (mean age 80 years, SD 12) 
and 19 fracture specimens (mean age 81 years, SD 8). Specimens came either from women 
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who had undergone arthroplasty for neck fractures of the proximal femur (fracture group), or 
from female cadavers (control group). Specimens were wrapped in a saline-soaked paper 
towel and stored frozen until future use. Cancellous bone cubes were cut from the middle of 
the femoral heads immediately inferior to the epiphysial scar, and were grossly aligned to the 
primary orientation of the trabeculae as visualized by radiographs. The axis corresponding to 
the primary orientation of the trabeculae will be referred to as the inferosuperior (IS) axis. For 
a more complete description of the specimen acquisition and preparation the reader is 
referred to the paper by Ciarelli et al.12 
 
Mechanical testing 

Ciarelli et al. had evaluated the stress-strain behavior in the IS-direction in a uniaxial 
compression test to determine the apparent elastic moduli that were determined from the 
maximal slope within the linear region of the stress-strain curve.12 The data from these 
compression tests were reanalyzed to determine the apparent yield properties, which had not 
been determined. These yield properties were determined using a 0.03% offset method, with 
zero-strain defined as the point where the tangent of the maximal slope of the stress-strain 
curve crossed the strain-axis (Figure 1).24,25,26 For a more complete description of the 
compression tests themselves the reader is referred to the paper by Ciarelli et al.12 
 

 
Figure 1. Stress-strain curve for compression test in inferosuperior 
direction. A fifth order polynomial was fitted through the data using 
the least square method (R2 > 0.99 for all samples). Apparent 
elastic modulus, E, was determined from the maximum slope within 
the linear region of the fitted stress-strain curve. The apparent yield 
properties (stress and strain) were determined using a 0.03% offset 
method, with the zero-strain point defined as the point at which the 
tangent of the maximum slope of the stress-strain curve crossed the 
strain-axis. 

 
Tissue mechanical properties 

Before mechanical testing, all specimens were scanned with micro computed-tomography 
(µCT27) and reconstructed with 50 µm-cubic voxels (Figure 2). These voxel-meshes were 
directly converted to finite element models with eight-node brick elements of 50 µm-cubed 
(< ½Tb.Th.), which are sufficiently small to accurately determine the apparent elastic 
moduli.28-32 All element material properties were assumed isotropic and linear elastic with an 
arbitrary tissue modulus of 1 GPa. Although the calculations of the apparent properties are 
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not very sensitive to the value of the element Poisson's ratio30, we have chosen to use the 
frequently used value of 0.3. 10,11,18,20,23,29,31,32 

 

 
Figure 2. Two of the µFEA-models generated from the µCT reconstructions. 

 
Using micro finite element analyses (µFEA32) we simulated the compression tests 

that were performed on the specimens. We used laterally fixed boundary conditions at the 
loaded surfaces. Ladd et al.30 have determined that the difference between a laterally fixed 
and a laterally free compression test can be as much as 25% in the apparent stiffness. Our 
choice for laterally fixed boundary conditions was based on the fact that the platens in the 
mechanical test were not purposefully lubricated, although the marrow from the specimens 
may have acted as a mild lubricant. If, in reality, there was movement at the loaded surfaces, 
our results will underestimate the actual tissue modulus. This will influence both groups to 
the same extent. From the micro finite element analyses we determined the apparent 
stiffness in the IS-direction for all the models. The ratio between the experimentally 
measured apparent stiffness and the calculated apparent stiffness is dominated by the value 
of the assumed tissue modulus. The assumed tissue modulus was scaled so the calculated 
apparent modulus matched the measured apparent modulus.32 This scaled tissue modulus is 
then an indirect measure of the elastic modulus of the bone tissue. In the remainder of this 
study the values of these calculated tissue moduli were used for further computer analyses 
of the specimens. 

 We computationally loaded the models to their apparent yield strain and assembled 
frequency plots of the largest compressive tissue strain in every element. We then 
determined the amount of tissue at risk of failure; i.e. loaded beyond 10 000 µstrain (the 
tissue yield strain for bovine bone22). This, in combination with the relationships between 
apparent yield stress and apparent elastic modulus, was used to estimate the differences in 
the tissue yield properties between the two groups. If there is a difference in the tissue yield 
properties, this would result in a different relationship between apparent yield stress and 
apparent elastic modulus in the two groups.22 Also, when the samples are loaded to the 
apparent yield strain, a difference in the percentage of tissue loaded beyond 10 000 µstrain 
would be expected if there were a difference in yield properties.  
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Apparent mechanical properties 

For the determination of the apparent elastic properties in the principal directions we selected 
a 5mm-cubed volume of interest from the center of the models. These volumes of interest 
contained at least 5 trabeculae in every direction, thus satisfying the continuum criterion.33 
For every specimen we used the calculated tissue modulus and a Poisson’s ratio of 0.3. 
Using micro finite element analyses (µFEA) we determined the Young’s and shear moduli for 
every specimen in the principal directions (directions of maximal elastic moduli).28,23 In order 
to compare the variation in stiffness with direction, each apparent modulus was normalized 
relative to the average elastic modulus (⅓(E1+E2+E3)) for that specimen. 
 
Statistical analysis 

We analyzed the differences between the groups in apparent and tissue level mechanical 
properties, and the percentage of highly strained tissue at yield. Where data were normally 
distributed Student’s t-tests were used. Where data were not normally distributed Mann-
Whitney rank sum tests were used. All statistical analyses were performed using commercial 
software (SigmaStat, SPSS Science). 
 

 

ResultsResultsResultsResults    
The bone volume fractions for the samples were 17% (SD: 2%) for the control group and 
18% (SD: 3%) for the fracture group (Table 1). This difference was not significant (p=0.350, 
Student’s t-test). There were no significant differences between the two groups for any of the 
parameters measured in the compression tests (apparent modulus, apparent yield stress, 
and apparent yield strain, Table 1).  
  control (n=11) fracture (n=19) p-value 
Bone volume fraction [%] all samples 17 ± 2 18 ± 3 0.350 
Experimental apparent modulus [MPa] all samples 635 ± 265 742 ± 240 0.266 
Apparent yield stress [MPa] all samples 6.7 ± 2.7 8.2 ± 2.6 0.144 
Apparent yield strain [µstrain] all samples 11112 ± 2136 11949 ± 2750 0.931 
Hard tissue modulus [MPa] all samples 10.0 ± 2.3 10.8 ± 3.4 0.863 
 reduced set 10.6 ± 1.4 10.1 ± 1.8 0.514 
Average tissue strain [µstrain] all samples 4203 ± 1194 4521 ± 1391 0.531 
Highly strained tissue [%] all samples 6.1 ± 4.1 6.5 ± 5.0 0.857 
Table 1. Summary of results for the full specimens: bone volume fraction, apparent elastic modulus, 
apparent yield stress and strain, hard tissue elastic modulus, average tissue strain at yield and the 
amount of highly strained tissue. All results are displayed as mean ± SD. No significant differences 
were found between the fracture and control group for any of the properties. 
 
Tissue mechanical properties 

The calculated tissue modulus was 10.0 GPa for the control group and 10.8 GPa for the 
fracture group (not significant, Table 1). Two calculated tissue moduli did not fall within two 
standard deviations of the average: one value from the control group (4.4 GPa), and one 
value from the fracture group (22.9 GPa). The average tissue moduli in the groups excluding 
these two values were 10.6 GPa for the control group and 10.1 GPa for the fracture group 
(not significant, Table 1). As we did not have any valid reason for excluding these two 
samples, the remainder of this study deals with all samples. The linear regressions of the 
apparent yield stress versus the apparent elastic modulus showed no significant differences 
in slope between the two groups (p=0.389, Student’s t-test, Figure 3).  
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Figure 3. Scatter plots for apparent yield stress vs. apparent 
elastic modulus for control and fracture samples. There 
were strong relationships for both the control group 
(R2 = 0.87) and the fracture group (R2 = 0.78). The 
relationships were not significantly different for the two 
groups (p = 0.389, Student’s t-test). 

 
When the models were loaded to the apparent yield strain, the average tissue level 

strain was 4203 µstrain (compression) for the control group and 4521 µstrain (compression) 
for the fracture group (not significant, Table 1, Figure 4). The percentage of tissue strained 
beyond 10 000 µstrain (compression) was 6.1% for the control group and 6.5% for the 
fracture group (not significant, Table 1, Figure 4). 
 

 
Figure 4. Principal strain histograms for the control and the fracture group, 
loaded to the apparent yield strain, the average compressive tissue level 
strain was 4203 µstrain (SD: 1139) for the control group and 4521 µstrain 
(SD: 1354) for the fracture group (p=0.531, Student’s t-test). The 
percentage of highly strained tissue was 6.1% (SD: 3.9) for the control 
group and 6.5% (SD: 4.8) for the fracture group (p=0.857, Student’s t-test). 

 
Apparent mechanical properties 

The relative apparent modulus in the primary principal direction was about twice that in the 
secondary principal direction and about three times that in the tertiary principal direction 
(Figure 5). The first, second, and third principal directions were very close to the cube 
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directions defined as IS, AP, and ML directions, respectively. Eaverage was unchanged in the 
fracture group compared to the controls (Table 2). Of all the apparent moduli only E3 and G12 
were significantly different between the two groups. The fracture group showed a significantly 
decreased E3 and an increased G12, relative to the normal group (Table 2). As a result, the 
mechanical anisotropy was significantly higher in the fracture group (Figure 6, Table 2). 
 control (n=11) fracture (n=19) p-value 
Eaverage [MPa] 484 ± 185 523 ± 153 0.545 
E1 [Mpa/MPa] 1.65 ± 0.07 1.71 ± 0.18 0.299 
E2 [Mpa/Mpa] 0.83 ± 0.07 0.85 ± 0.16 0.646 
E3 [Mpa/Mpa] 0.52 ± 0.06 0.44 ± 0.09 0.015 
G12 [Mpa/Mpa] 1.40 ± 0.06 1.48 ± 0.12 0.048 
G23 [Mpa/Mpa] 0.72 ± 0.05 0.69 ± 0.10 0.391 
G31 [Mpa/Mpa] 0.88 ± 0.08 0.83 ± 0.08 0.092 
Anisotropy [Mpa/MPa] 3.2 ± 0.5 4.1 ± 1.0 0.010 
Table 1. Summary of results for the 5mm cubed volume of interest: 
apparent elastic moduli (normalized to the average elastic modulus) and 
anisotropy. All results are displayed as mean ± SD. Significant 
differences between the fracture and control group were found only for 
the minimum principal elastic modulus, the first principal shear modulus, 
and the elastic anisotropy. 
 

 
Figure 5. Relative Young´s and shear moduli for the control and the fracture group. Only E3 and G12 
were significantly different between the two groups. Fracture cases showed a significantly decreased 
E3 and an increased G12. 

 

 
Figure 6. Mechanical anisotropy for the 
control and the fracture group. As a result 
of the decreased E3 in the fracture group, 
the mechanical anisotropy was significantly 
increased in the fracture group. 
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DiscussionDiscussionDiscussionDiscussion    
We determined and compared the tissue and apparent mechanical properties of cancellous 
bone specimens from women with similar ages and bone densities, with and without femoral 
neck fractures. To this end we combined µFEA and mechanical tests. This increased 
architectural anisotropy suggested reduced stiffness and strength in the directions transverse 
to the primary loading axis. As large forces can be applied in this direction as a result of an 
abnormal loading incident (such as a fall), this could potentially explain the increased fracture 
risk in the fracture group. 

From the µFEA in combination with the compression tests, we estimated the tissue 
elastic modulus to be a little over 10 GPa for both groups. This value falls well within the 
range of values found previously for healthy bone, using experimental techniques alone and 
in combination with computational techniques.18,21-23,34-37 Although we did not determine the 
tissue yield properties directly, we conclude that a difference in the tissue yield properties 
between the two groups is highly unlikely. Different tissue yield properties would have 
resulted in a different relationship between apparent yield stress and apparent elastic 
modulus.22 Also, when the samples were loaded to the apparent yield strain, there were no 
differences in the percentage of tissue with high compressive strains. In the past there have 
been a number of studies into the non-mechanical tissue properties of individuals with and 
without fractures. Faccini et al.13 found that their fracture group contained relatively more 
individuals with an increased proportion of trabecular osteoid than their control group. Katz et 
al.14 found a decrease in the amount of highly mineralized tissue in their fracture group 
compared to their control group. Li and Aspden15 studied trabecular bone tissue from fracture 
patients and controls, but found no difference in the tissue density or in the amounts of water, 
organic, and inorganic components present in the tissue. McCreadie16 found that in the 
fracture group the tissue mineral content was on average decreased (although not 
statistically significant), but had a significantly increased variability both within and among 
individuals. The results from these studies suggest that, in individuals with osteoporotic 
fracture, the average local tissue mineral density is either unchanged or slightly decreased. 
In a study by Mori et al.17 it was found that the amount of microcracks present in trabecular 
bone tissue from women with fractures was equal to that in controls. All these properties 
have an effect on the mechanical properties of the tissue material; as such, the tissue 
modulus may be altered by numerous combinations of physical property variations. In our 
present study, however, we found no differences in the average mechanical properties of the 
tissue material between the normal group and the fracture group.  

With µFEA we determined the relative apparent elastic moduli. Since a strong 
relationship has been demonstrated between stiffness and strength9, the elastic moduli give 
us an estimate about strength as well. The principal directions did not exactly match the cube 
orientations, which was caused by small errors in the directions in which the specimens were 
obtained. Only E3, G12, and the mechanical anisotropy were significantly different between 
the two groups. Fracture cases showed significantly lower E3 values and higher G12 values. 
As a result, the mechanical anisotropy was significantly increased in the fracture group. 
These changes in the fracture group demonstrate either a predisposition, or an adaptation to 
a restricted pattern of physical activity, or an over-adaptation to the primary load axis. The 
most likely explanation for an increased adaptation appears to be a thinning or even 
resorption of the transverse trabeculae, resulting in an increased load on those in the primary 
load direction, which will then be maintained, or even thickened.38,39 During normal 
physiological activities the cancellous bone is generally loaded in the primary loading 
direction. The stiffness (and strength) in this direction was found to be similar in the control 
and fracture groups. However, during abnormal loading, such as during a fall, the cancellous 
bone may be over-loaded in the transverse direction. In this direction the stiffness (and 
strength) of the cancellous bone was reduced in fracture cases, leading to an increased risk 
of fracture in case of a fall. This reduced stiffness (and strength) in the ML-direction could 
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explain why 90% of all hip-fractures are the result of a fall, and in particular why fractures 
often occur from a fall to the side (ML-direction).40,41 

 Some limitations of the present study must be discussed. First, we assumed the 
tissue modulus to be isotropic and homogeneous. As the bone tissue consists of highly 
structured sheets of proteins, calcium phosphate, water, and cells (lamellae), it is highly 
unlikely that this tissue material is isotropic. Recently McCreadie has shown that the tissue 
mineralization is inhomogeneous and even more so in osteoporotic patients.16 Thus, in reality 
bone tissue is not isotropic and it is not homogeneous. However, Kabel et al. have 
demonstrated that these anisotropic and inhomogeneous properties of the bone hard tissue 
have negligible -if any- effect on the apparent elastic properties.20 They will, however, have 
an influence on the strains at the tissue level. The tissue modulus that we calculated in this 
study is thus an effective tissue modulus. Second, the mechanical properties were 
determined using a platen compression test, which is associated with both systematic and 
random errors.42 The systematic underestimations may have influenced the absolute values, 
but not the relative results. In addition, the finite element models accounted for some of these 
sources of error, such as the disconnected trabeculae at the cube surfaces. The random 
errors have increased the variance in our data. Third, the complete medical histories were 
unavailable for both groups of patients. Both groups could include patients with medical 
conditions or lifestyles that influence cancellous bone properties at the apparent or tissue 
level. Fourth, the mechanical "over adaptation" to the primary load axis as seen in the 
fracture group could only be detected with 3D morphological measurements and/or micro 
finite element analyses. The necessary resolutions for 3D morphological measurements 
and/or micro finite element analyses are on the order of 100 microns or less. Until imaging 
equipment that can reach these resolutions non-invasively and in vivo become available 
clinically, this "over adaptation" cannot be used as a clinical diagnostic tool. Fifth, in theory all 
bone could, ex vivo, settle into a uniformity that is no longer representative of the in vivo 
situation. Studies by Eanes et al. and Termine et al. have demonstrated a rapid transition of 
calcium phosphate from an amorphous state to a crystalline state.43,44 This could partly 
explain the decrease in cancellous bone stiffness decreases in the first 24 hours post 
mortem found by Linde et al.45 This same group found no effects of storage at -20º C. 
Recently Day and coworkers, using a protocol very similar to the one we used in this study, 
found a marked difference between the effective tissue modulus of patients with and without 
osteoarthritis.18 We, therefore, feel that the mechanical changes that may have occurred post 
mortem, will not influence the conclusions reached in this study. 
 In summary, there are no significant differences in the effective tissue modulus 
between patients with and without fractures. A difference in the average tissue yield 
properties is also highly unlikely. Cancellous bone from fracture cases had a significantly 
higher mechanical anisotropy, likely related to an increased fracture risk when the bone is 
loaded in a direction different from its normal load-bearing direction. 
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AbstractAbstractAbstractAbstract    
Study Design. A finite element study to investigate the amount of trabecular 
bone at risk of fracture and the distribution of load between trabecular core 
and cortical shell, for healthy, osteopenic, and osteoporotic vertebrae. 
Objectives. Determine differences between healthy, osteopenic, and 
osteoporotic vertebrae with regard to the risk of fracture and the load 
distribution. 
Summary of Background Data. Literature contains no reports on the effects of 
osteopenia and osteoporosis on load distribution in vertebral bodies, nor any 
reports on the amount of trabecular bone at risk of fracture. 
Methods. CT-data of vertebral bodies was used to construct patient-specific 
finite-element-models. These models were then used in finite element 
analyses to determine the physiological stresses and strains in the vertebrae. 
Results. For all three classes of vertebrae the contribution of the trabecular 
core to the total load transfer decreased from about 70% near the endplates 
to about 50% in the mid-transverse region. The amount of trabecular bone 
that is at risk of fracture was about 1% for healthy vertebrae, about 3% for 
osteopenic vertebrae, and about 16% for osteoporotic vertebrae. 

Conclusions. Our finite element models indicated that neither osteopenia nor 
osteoporosis had any effect on the contribution of the trabecular core to the 
total load placed on the vertebra. The trabecular core carried about half the 
load. Our finite element models further indicated that osteoporosis had a 
significant effect on the amount of trabecular bone at risk of fracture, which 
increased from about 1% in healthy vertebrae to about 16% for osteoporotic 
vertebrae.  
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IntroductionIntroductionIntroductionIntroduction    
Osteoporosis is a bone disease which typical clinical symptoms are pain, stature changes, 
and atraumatic fractures. All these symptoms are results of decreased bone strength. Hence, 
osteoporosis would be best diagnosed by measuring the strength of the bone. However, in 
current clinical practice it is impossible to determine the strength of bone non-invasively. 
Clinicians are thus forced to use Bone Mineral Density (BMD) measurements as a surrogate 
estimate of bone strength. In one well-controlled experimental study it was found that up to 
70% of the variance in trabecular bone strength could be explained by bone density.1 
However, for a given bone density, the real strength can differ from the estimated strength by 
as much as 50%.1 Hence, to estimate bone strength, BMD is not a very precise measure, 
which was confirmed by epidemiological data on bone fractures.2 The use of BMD as an 
estimate of vertebral strength is particularly complicated by the load sharing between the 
trabecular core and the cortical shell in load transfer. The part of the load transferred through 
of the trabecular core as reported in various studies ranged from 25% to 90%.3-7 The share of 
the total load taken by each of the components, core and shell, depends on the relative 
stiffnesses; hence, it varies with bone density. There is no data available on the effects of 
BMD on load sharing. What complicates matters even further is the fact that the load sharing 
also depends on the status of the intervertebral disc. Kurowski and Kubo8 and Shirazi-Adl9 et 
al. have demonstrated that a healthy disc, with a load-bearing nucleus, places more load on 
the trabecular core, whereas a degenerated disc, with no load bearing of the nucleus, places 
most of the load on the cortical shell. 

 The purpose of our study was twofold. First, we wanted to give an estimate of the 
relative amount of bone at risk of fracture in normal, osteopenic, and osteoporotic vertebrae 
under physiologic loading conditions10-13 (twice the load of normal standing). Second, we 
wanted to quantify the effects of both trabecular BMD and the state of the disc on load 
sharing and fracture risk in vertebral bodies. For that purpose we used CT-based finite 
element models of lumbar vertebrae from healthy, osteopenic, and osteoporotic donors. 
Using finite element analysis (FEA) we evaluated load distribution and fracture risk for both a 
normal and a degenerated intervertebral disc. The contribution of the trabecular core to the 
total load was not significantly different for healthy and osteoporotic vertebrae. The amount 
of bone at risk of fracture was significantly higher for osteoporotic vertebrae than for healthy 
vertebrae.  
 
 

MethodsMethodsMethodsMethods    
We used 49 lumbar vertebral bodies from 49 donors who were part of the European Union 
BIOMED I project "Assessment of Bone Quality in Osteoporosis".14 The donor group 
consisted of 28 males and 21 females, with ages ranging from 24 to 92. The vertebrae were 
diagnosed based on trabecular BMD values. Ten vertebrae were diagnosed as healthy (BMD 
higher than 100 mg/cm3). Fourteen vertebrae were diagnosed as osteopenic (BMD between 
80 and 100 mg/cm3). Twenty-five were diagnosed as osteoporotic (BMD below 80 mg/cm3, 
Figure 1). 
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Figure 1. Trabecular Bone Mineral Density (BMD) values of the 
vertebrae vs. the age of the donors. Solid dots represent vertebrae 
from female donors, open squares represent vertebrae from male 
donors. Despite the considerable scatter in the data, the decrease in 
trabecular BMD values with increasing age is evident. The dashed 
lines represent the boundaries between the three groups: healthy, 
osteopenic, and osteoporotic. 

 
 All the vertebrae were scanned on a Somatom Plus S CT-scanner (Siemens AG; 1 
mm slice thickness and a trans-axial resolution of 182 x 182 microns). The resulting CT 
images were used to produce patient-specific 3D finite element models.3,15  The voxel-based 
models had elements of approximately 910 x 910 x 1000 micron. The apparent density value 
assigned to every element in the model was calculated from the Houndsfield numbers of the 
voxels within the element (25 voxels in our case). To simulate an entire functional unit, we 
connected artificial intervertebral discs to the upper and lower endplate portions. These 
intervertebral discs contained two types of material, one representing the annulus fibrosus 
and the other representing the nucleus pulposus. Altogether, the finite element models 
contained on the order of 100 000 8-node brick elements (Figure 2). 
 

 
Figure 2. Left, the 3D geometry of one of the finite element models. Right, the density distribution in a 
coronal plane of that model. The density scales from black (low density) to white (high density); the 
annulus had a fixed modulus of 10 MPa; and the modulus of the nucleus was varied (1 or 100 MPa) 
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 The Poisson's constant was taken equal for all bone elements at ν = 0.30. Mosekilde 
found that the cortical shell and endplates of a vertebral body do not resemble cortical bone, 
but that they should rather be characterized as condensed trabecular bone.16,17 The low 
density-values found in the cortical shell of our vertebrae confirm Mosekilde's observations. 
The relationship that we used for the Young's modulus of the bone elements was determined 
in a study using trabecular bone material from the same BIOMED I project18, as 

E = 0.366 × Et × ρ1.7, 

with a tissue Young's modulus Et of 14 GPa19-22 and ρ the apparent density of the element. 
The two materials of the intervertebral discs, representing the annulus fibrosus and the 
nucleus pulposus, were modeled as linear elastic materials.23 The annulus fibrosus elements 
had a fixed Young's modulus of 10 MPa and a Poisson's constant of 0.45.8,24,25 The effective 
stiffness of the nucleus pulposus elements was varied to study the effects of a healthy disc 
with a functional nucleus pulposus (100 MPa) and a degenerated disc with virtually no load 
bearing of the nucleus (1 MPa). The Poisson's ratio of the nucleus polposus elements was 
taken according to the hydrated environment and was constant for both cases as ν = 0.49. 
The models were subjected to a total load of 1000 N (twice the load of normal standing12,13). 
The posterior side was compressed less than the anterior side, representing 2 degrees of 
flexion. This corresponds to in vivo statics of the spine.10,11 The finite element calculations 
were performed on a Cray C916/121024 supercomputer with an element-by-element finite 
element code.26  

We determined the stress and strain distributions throughout the vertebral bodies. 
Where strains exceeded 5000 µstrain the material was considered at risk of fracture.27 We 
determined the amount of bone at risk of fracture in every vertebra, for both the healthy and 
the degenerated disc. For every vertebra the load through the trabecular core was compared 
to the total load through the vertebra for both the healthy and the degenerated disc. The 
segmentation between trabecular core elements and cortical shell elements was based on 
location and density value. Trabecular core elements were taken a) to have density values 
below 400 mg/cm3 and b) to be connected to the center of the vertebral body, either directly 
or through other trabecular core elements. 
 

 

ResultsResultsResultsResults    
Load sharing between the trabecular core and the cortical shell depended on the status of 
the disc; for a degenerated disc the cortical shell carries more load than the trabecular core 
(Figure 3). Near the endplates, the trabecular core carries about 70% of the load for a 
functional disc. Moving away from the endplates, toward the mid-transverse region, load is 
transferred from the trabecular core to the cortical shell. At the mid-transversal level the load 
is equally distributed between the trabecular core and the cortical shell (Figure 3). The 
contribution of the trabecular core in the mid-transverse region as depending on trabecular 
BMD is displayed in Figure 4A. At the mid-transverse region, the contribution of the 
trabecular core to the total load (for a functional disc) was about 50% for all the vertebrae. 
There were no significant differences between the healthy, osteopenic, and osteoporotic 
groups (Anova, p > 0.01). The load sharing patterns for degenerated discs were very similar 
to those for functional discs. The only difference being that a functional disc placed more 
load on the trabecular core, whereas a degenerated disc placed more load on the cortical 
shell (Figure 3). This decrease in load sharing of the trabecular core is referred to as the 
sensitivity to degeneration of the disc. In the mid-transverse region, the average sensitivity 
was 14% in healthy vertebrae, 14% in osteopenic vertebrae and 10% in osteoporotic 
vertebrae. The differences in sensitivity between the osteoporotic vertebrae on the one hand 
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and the healthy and osteopenic vertebrae on the other hand were significant (student t-test, 
p < 0.01). There was no significant difference in sensitivity between the healthy vertebrae 
and the osteopenic vertebrae (Figure 4B). 
 

 
Figure 3. Example of the load distribution in a healthy vertebra. To the left are three figures displaying 
the normal stress in the longitudinal direction in a transversal section near the endplate (A and C) and 
near the middle of the vertebra (B). The scale goes from white (0 MPa) to black ( > 1 MPa). To the 
right is the load through the trabecular core as a function of the height in the vertebra. The solid line 
represents a normal disc and the dashed line represents a degenerated disc. 

 

 
Figure 4. Load through the trabecular core (mid-transverse region) versus the trabecular bone mineral 
density (BMD) values. The dashed vertical lines represent the boundaries between the three groups: 
osteoporotic, osteopenic, and healthy. The contribution of the trabecular core, for a functional disc, 
does not seem to depend upon the trabecular BMD of the vertebra (A). However, the sensitivity of this 
contribution to the state of the disc, increases with increasing trabecular BMD (B). 

 
 The percentage of the material (mid-transverse region) with compressive strains 
above 5000 µstrain decreased with increasing BMD, up to a BMD of about 60 mg/cm3, after 
which the percentage maintained a fairly constant low value (Figure 5A). The percentage of 
the material with compressive strains above 5000 µstrain was about 1.2% for the healthy 
vertebrae, 2.6% for the osteopenic vertebrae, and 16% for the osteoporotic vertebrae. The 
differences between the three groups of vertebrae were all significant (student t-test, 
p < 0.01). The strain patterns for a degenerated disc were very similar to those for the 
functional disc, but the percentages of the material with strains above 5000 µstrain were 
lower. This sensitivity to degeneration of the disc decreased with increasing BMD, up to a 
BMD of about 60 mg/cm3. For BMD values above 60 mg/cm3 the sensitivity to degeneration 
of the disc remained fairly constant (Figure 5B). The sensitivity to degeneration of the disc 
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was 0.5% in healthy vertebrae, 1.4% in osteopenic vertebrae and 7.8% in osteoporotic 
vertebrae. The differences in sensitivity between the three groups of vertebrae were all 
significant (student t-test, p < 0.01). 
 

 
Figure 5. Percentage of the material that is loaded above 5000 µstrain vs. the trabecular bone mineral 
density (BMD) values. All values were obtained in the mid-transverse region (10 mm). The dashed 
lines represent the boundaries between the three groups: osteoporotic, osteopenic, and healthy. For a 
functional disc, the percentage of highly loaded material decreases with increasing trabecular BMD 
(A). The sensitivity of this percentage to the state of the disc, clearly decreases with increasing 
trabecular BMD (B). 

 

 

DiscussionDiscussionDiscussionDiscussion    
We used finite element models to analyze the physiological stresses and strains in vertebrae 
from healthy and diseased patients. From these physiological stresses and strains we were 
able to answer the question of how load sharing and fracture risk are related to both BMD 
and the state of the disc. 

We refer to the two parts of the vertebral body as trabecular core and cortical shell. 
Mosekilde found that the cortical shell and endplates of a vertebral body do not resemble 
cortical bone, but that they should rather be characterized as condensed trabecular bone.16,17 
The low density-values found in the cortical shell of our vertebrae confirm Mosekilde's 
observations. The reason we refer to it as cortical shell is clarity about what part of the 
vertebral body we are dealing with.  

For all the vertebrae, the contribution of the trabecular core to the total load in the mid-
transverse region was about 50%. The contributions of the trabecular core found in our study 
fall within the lower half of the range of values reported earlier.3-7 We did not find any effect of 
trabecular BMD on load sharing; there were no significant differences between the healthy, 
osteopenic, and osteoporotic vertebrae. When BMD in the trabecular core reduces, as it 
does with osteoporosis, it becomes less strong but it also becomes less stiff. As a result of 
the reduced stiffness there is a shift of load from the trabecular core to the cortical shell. So 
theoretically, if the decrease in strength exceeds the decrease in load on the trabecular core, 
the fracture risk would increase. If, on the other hand, the decrease in load on the trabecular 
core exceeds the decrease in strength, the fracture risk would decrease. However, in our 
study this shift of load from the trabecular core to the cortical shell was not observed at all. 
One possible explanation would be changes in the gross geometry of the vertebrae that 
completely counteract the shift of load to the shell. Such changes would cause a shift of load 
from the shell to the core.  
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The fact that the load on the trabecular core remains the same for less dense 
trabecular bone in that core, means that on the tissue level, the trabecular bone in the core 
becomes more loaded. This has an immediate effect on the amount of bone material at risk 
of fracture (strains > 5000 µstrain). For the healthy vertebrae this amount was 1.2%, for the 
osteopenic vertebrae it was 2.6%, and for the osteoporotic vertebrae it was 16.1% 
(Figure 5A). Thus indicating that BMD had a strong effect on the amount of bone at risk of 
fracture. All the elements at risk of fracture were located within the trabecular core, not in the 
cortical shell. 

The contribution of the trabecular core to the total load transfer depended on location 
within the vertebra. In the vertebrae in this study, the trabecular contribution to the total load 
decreased from about 70% near the endplates to about 50% in the mid-transverse region. 
The only other study into the contribution of the trabecular core as a function of location 
within the vertebra was reported by Silva et al.6 They also found a large shift of load from the 
trabecular core to the cortical shell. In long bones, the main function of trabecular bone is to 
direct the loads from the articular surfaces to the diaphysyses. It is surprising to see that this 
effect was as prominent as it was over the short distance from the endplates to the mid-
transverse section in the vertebrae. The load shift, leading to an increased load on the 
cortical shell, could explain the increased cortical thickness in the mid-transverse region, 
which is found in anatomical observations. 

Degeneration of the disc resulted in a decrease of the contribution of the trabecular 
core. A functional disc (with a stiff nucleus) tends to produce a more concentrated load on 
the central part of the endplate, whereas a degenerated disc (with a flexible nucleus) will 
place most of the load directly on the cortical shell of the vertebra.8 This effect was clearly 
visible in our data; degeneration of the disc resulted in a decrease of the contribution of the 
trabecular core to the total load. For healthy and osteopenic vertebrae this decrease 
(sensitivity) was 14%, while for osteoporotic vertebrae it was 10%. 

As a result of the degeneration of the disc (resulting in less load on the trabecular core) 
the amount of bone at risk of fracture halved. The decrease was 0.5% for the healthy 
vertebrae, 1.4% for the osteopenic vertebrae, 7.8% for the osteoporotic vertebrae (Figure 
5B). Even though a degenerated disc may have a positive effect on the amount of bone at 
risk of fracture, it has negative effects elsewhere, among which are a reduced flexibility of the 
spine and an increased load in the posterior elements. 

Some limitations of the present study must be discussed. First, we used isotropic bone 
elements in our models. Silva et al.6 found that using isotropic bone elements rather than 
anisotropic ones, can result in an underestimation of the contribution of the trabecular core 
by about 20%. In their generic model the elements in the cortical shell were about 100 times 
stiffer than those in the trabecular core, a situation not unlike confined compression (axial 
compression with no transverse expansion allowed). In our physiological models the 
elements in the cortical shell were about 10 times stiffer than those in the trabecular core, 
resulting in a situation much less resembling confined compression. Hence, the 
underestimation of the contribution of the trabecular core in our models will be much smaller 
than the 20% reported by Silva et al.6 The introduction of anisotropy in our models would 
increase the contribution of the trabecular core to the total load. Because of the increase in 
the load on the trabecular core, the amount of bone at risk of fracture would also increase. 
We do not expect any influence on the differences between the healthy, osteopenic, and 
osteoporotic vertebrae, nor on the differences between the functional and the degenerated 
disc. Second, we modeled the lumbar vertebral bodies without any posterior elements. In the 
ordinary upright position, the posterior elements carry no more than 15%, and most likely 
much less, of the load on the motion segment.12,28,29 Including the posterior elements and the 
loads on these posterior elements would increase the stresses in the posterior cortical shell. 
As this increase in stress will be small compared to the stresses already present, we expect 
that the effect on our results will be minimal. Third, we used linear elastic elements for the 
intervertebral discs. Clearly, an intervertebral disc does not consist of linear elastic material, 
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but of biphasic material containing water and solid fibers. Therefore, instead of modeling a 
true time-dependent behavior, we have modeled the effective stiffness of the disc. This 
characterizes the effective elastic response of a functional or degenerated disc at a specific 
time after loading. Our two different intervertebral discs represent two extremes for the 
values found in vivo. Fourth, we have no information on the actual status of the discs of the 
donors. Some vertebrae probably had a degenerated disc adjacent to them. As a result the 
vertebrae may have adapted their structures to the changed loading conditions. This change 
of structure due to the degenerated disc may confound the change of the structure due to 
osteoporosis. 
 
 

ConclusionsConclusionsConclusionsConclusions    
In conclusion, our finite element models indicated that the trabecular core carried about half 
of the load placed on the entire vertebra, this contribution was not affected by osteopenia or 
osteoporosis. Our finite element models further showed that disc degeneration reduced the 
contribution of the trabecular core. This reduction was affected by trabecular BMD, it was 
larger for healthy than for osteoporotic vertebrae. The finite element models indicated an 
increase in the amount of bone at risk of fracture from about 1% in healthy vertebrae to about 
16% for osteoporotic vertebrae. Disc degeneration halved the amount of bone at risk of 
fracture. 
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AbstractAbstractAbstractAbstract    
Osteoporotic vertebral fractures typically have a gradual onset and remain 
clinically undetected and thus do not seem to be trauma related. 
Osteoporotic vertebrae could then be expected to have a less optimal 
architecture, leading to an uneven load distribution over the bone material; 
some structures are unloaded others are overloaded. We evaluated the 
trabecular load distribution in an osteoporotic and a healthy vertebra, 
loaded with a normal daily load, using a combination of three recent 
innovations: high resolution computed tomography of entire bones, large-
scale finite element analyses, and parallel supercomputers. If future clinical 
imaging techniques would enable such high-resolution images to be 
obtained in vivo, this combination could proof to produce a powerful 
diagnostic tool. However, to our surprise the number of highly loaded 
trabeculae was not higher in the osteoporotic vertebra than in the healthy 
one, for the normal daily loads. The osteoporotic trabeculae were highly 
oriented in the longitudinal direction, compensating for effects of bone loss 
and ensuring adequate stiffness for normal daily loads. The increased 
orientation did, however, make the osteoporotic structure less resistant 
against collateral "error" loads; in this case the number of overloaded 
trabeculae in the osteoporotic vertebra increased much more than in the 
healthy one. These results strengthen the paradigm of a lasting relationship 
between bone morphology and external loads of normal daily life. They also 
suggest that vertebral fractures originate from actions like forward flexion or 
lifting, loads that may not be "daily" but are definitely not trauma either. 
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IntroductionIntroductionIntroductionIntroduction    
Osteoporosis is a bone disease which clinical significance lies in an increased fracture 
incidence. Although osteoporotic fractures can occur anywhere in the human body1, one of 
the sites most at risk is the spine.2 In Europe the incidence of new vertebral fractures among 
people aged 50 to 79 years is 1.1% in women and 0.6% in men.3 From a mechanical point of 
view these vertebral fractures are caused either by reduced strength or increased loads. As 
most vertebral fractures have a gradual onset and remain clinically undetected, it seems that 
they are the result of normal daily loads rather than trauma. An osteoporotic vertebra could 
then be expected to have reduced strength, or, in other words, high stresses for normal daily 
loads. A lower bone mass of the osteoporotic vertebra is one possibility; an unequal 
distribution of the stresses over the material is another. While some trabeculae are virtually 
unloaded others are overloaded. 

A combination of three recent innovations now allows for the evaluation of trabecular 
load distribution in vertebrae. The first one is large-scale micro computed tomography (µCT) 
scanning. With this technique entire human bones can be digitized at resolutions of ±60 µm, 
allowing visualization of cortices as well as trabeculae. The second innovation is that of 
large-scale finite element analyses (FEA). Where standard (commercial) FEA codes can 
conveniently handle up to 105 elements, these large-scale FEA codes can handle up to 108 
elements. With these new codes, analyses of entire human bones at high resolutions 
became possible, albeit that computer times were still excessive. Which is where the third 
innovation comes in, the development of new supercomputers with large quantities of parallel 
processors. By distributing the analyses over multiple processors, the calculations can be 
accelerated considerably. Combining these three developments offers a powerful evaluation 
modality for biomechanics. If, in the future, imaging techniques enable such high-resolution 
images to be obtained in vivo, this could even proof to become a powerful diagnostic tool for 
osteoporosis. 

In this work such analyses were used to evaluate the trabecular stress and strain 
distribution in an osteoporotic and a healthy vertebra, loaded with normal daily forces. 
 

 

MethodsMethodsMethodsMethods    
For a study by Bürklein et al.4 a large set of vertebral bodies was obtained. In that study 
correlations between DXA measurements and mechanical properties were determined for 
thoracic and lumbar vertebrae. From that set two L1 vertebrae were selected such that, 
based on bone mineral density (BMD) status, one was distinctly osteoporotic (T-score: -4.4) 
and the other was healthy (T-score: +2.5). The healthy vertebra came from an 80-year-old 
female (weight: 62 kg, length: 1.58 m) and the osteoporotic one came from an 81-year-old 
female (weight: 53 kg, length: 1.65 m). Table 1 lists age, weight, and height of the two 
donors, as well as the T-scores of the lumbar vertebral segments L2-4 (from in situ A-P 
DXA), and strengths of T6, T10, and L3. Further details about how the vertebrae were 
obtained and analyzed can be found in the paper describing the original study.4  
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 age weight height t-score ST6 ST10 SL3 
 [years] [kg] [m] [-] [N] [N] [N] 
healthy 80 62 1.58 +2.5 4004 4250 4157 
osteoporotic 81 53 1.65 -4.4 1192 1943 2208 
Table 1: Results from the study performed by Bürklein et al.4 Data include: age, 
weight, height, t-score of the lumbar vertebral segment L2-4 (from in situ A-P 
DXA), and strengths of the T6, T10, and L3 vertebrae (ST6, ST10, and SL3 
respectively). 
 

In the current study, both vertebrae were scanned in a µCT scanner (µCT80, 
SCANCO Medical AG, Switzerland). The resulting 3D images were thresholded using a 
value that gave the best visual agreement with the raw µCT-images. Voxel finite element 
models5 with ±30 million brick elements of 65 µm cubed were made from these 3D images 
(Figure 1). The upper and lower endplates were augmented with soft layers that were solely 
intended to properly distribute the load over the endplates. Through these soft layers a total 
load of 1.2 times bodyweight (peak load during walking6,7) was distributed such that the 
stresses through the nucleus region were 30% higher than those through the annulus 
region.8,9 All bone element material properties were assumed isotropic and linear elastic, with 
a tissue stiffness of 18 GPa10 and a Poisson’s ratio of 0.3. Following Mosekilde11,12, we 
characterized both the outer shell and the spongiosa as made out of trabecular bone 
material. The finite element models were solved using a micro finite element code5, 16 
processors on a supercomputer (SGI Origin 3800, Silicon Graphics, USA), and about 
8 weeks wall-clock time. We determined the strain and strain energy density (SED) 
distributions throughout the vertebral bodies, for the individual trabeculae. Specifically, we 
determined the contribution of the spongiosa to the total load, 3D plots of the strain and SED 
distribution, and strain and SED frequency plots. 
 

 
Figure 1. Finite element model for the osteoporotic vertebra. In the right image the 
anterior part of the model is removed to show the internal cancellous structure. 

 

Cancellous bone cubes (±10x10x10 mm) were selected from the center of both 
vertebrae to determine morphological parameters: volume fraction (BV/TV), trabecular 
number (Tb.N.13), trabecular thickness (Tb.Th.14), trabecular spacing (Tb.Sp.13), structure 
model index (SMI15), Mean Intercept Length in three anatomical directions (MILAP, MILML, and 
MILSI

16), and degree of architectural anisotropy (DA).  
The cancellous bone cubes were also used to investigate trabecular stress transfer 

under "error" loads. The "error" load we applied consisted of a distributed load varying 
linearly from anterior (higher) to posterior (lower). This load distribution was chosen because 
it represents the common "error" load due to forward flexion or lifting.17 This type of loading is 
also the most likely injury mechanism for a wedge fracture, the most frequent type of 
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osteoporotic vertebral fracture.1,18,19 The total load relative to bodyweight was the same for 
both cubes. For comparison to the entire vertebrae, we scaled the total load on the cubes 
such that the average strain in the bone cubes was equal to the average strain in the whole 
vertebrae. 
 

 

ResultsResultsResultsResults    
The contribution of the spongiosa to the total load depended strongly on the location within 
the vertebra. Near the endplates the spongiosa carried most of the load, but toward the 
middle of the vertebrae the load became more evenly distributed. The contribution of the 
healthy spongiosa was larger than that of the osteoporotic spongiosa (Figure 2). The larger 
strain and SED values were located predominantly in the vertical trabeculae (Figures 3 and 
4). The strain and SED frequency plots differ very little between the two vertebrae. In the 
healthy vertebra 90% of the material had strains between -400 and +400 µstrain, while for 
the osteoporotic vertebra this was 91% (Figure 5, shaded area). In the healthy vertebra 74% 
of the material had SED-values below 0.5x10-3 MPa, while for the osteoporotic vertebra this 
was 75% (Figure 6, shaded area). 

 

 
Figure 2. The load through the spongiosa as a function of the height in the 
vertebra. The solid line represents the healthy vertebra and the dashed line 
represents the osteoporotic vertebra. 
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Figure 5. Tissue principal strain frequency plots of the entire vertebrae under the 
peak load during walking. The solid line represents the healthy vertebra and the 
dashed line represents the osteoporotic vertebra. 

 

 
Figure 6. Tissue strain energy density frequency plots of the entire vertebrae 
under the peak load during walking. The solid line represents the healthy vertebra 
and the dashed line represents the osteoporotic vertebra. 

 

All architectural parameters were different in the osteoporotic cancellous bone 
compared to the healthy bone, although not all differences were equally large (Table 2). The 
largest differences were found for the volume fraction (-31%) and the degree of architectural 
anisotropy (+24%). Moderate differences were found for trabecular number (-13%), 
trabecular thickness (-11%), trabecular spacing (+16%), and the mean intercept lengths (AP: 
-3%, ML: -12%, SI: +14%).  
 

 BV/TV Tb.N. Tb.Th. Tb.Sp. SMI MILAP MILML MILSI DA 
 [-] [-] [µm] [µm] [-] [-] [-] [-] [-] 
healthy 0.14 0.99 268 957 2.51 0.31 0.33 0.36 1.15 
osteoporotic 0.10 0.87 238 1111 2.65 0.30 0.29 0.41 1.43 
change -31% -13% -11% +16% +5% -3% -12% +14% +30% 
Table 2: Cancellous bone morphological parameters for the cancellous bone sub-volumes 
(±10x10x10 mm) of the healthy and osteoporotic vertebrae. Morphometrical parameters that were 
determined are: volume fraction (BV/TV), trabecular number (Tb.N.), trabecular thickness (Tb.Th.), 
trabecular spacing (Tb.Sp.), structure model index (SMI), Mean Intercept Length in three anatomical 
directions (MILAP, MILML, and MILSI), and degree of architectural anisotropy (DA). 
 

For the "error"-loading loading mode, the osteoporotic cancellous bone had more 
highly loaded trabeculae than the healthy cancellous bone. In the healthy cancellous bone 
95% of the material had strains between -400 and +400 µstrain, while for the osteoporotic 
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cancellous bone this was only 86% (Figure 7, shaded area).  In the healthy cancellous bone 
83% of the material had SED-values below 0.5x10-3 MPa, while for the osteoporotic 
cancellous bone this was only 72% (Figure 8, shaded area). The osteoporotic vertebrae had 
more than twice as much material with SED-values above 1.0x10-3 MPa than the healthy one 
(Figure 8, ultimate right column). 

  

 
Figure 7. Tissue principal strain frequency plots of the cancellous bone sub-
volumes under an "error" load. The solid line represents the healthy bone and the 
dashed line represents the osteoporotic bone. 

 

 
Figure 8. Tissue strain energy density frequency plots of the cancellous bone 
sub-volumes under an "error" load. The solid line represents the healthy bone and 
the dashed line represents the osteoporotic bone. 

 

 

DiscussionDiscussionDiscussionDiscussion    
This is the first finite element study evaluating trabecular loading in entire vertebral bodies, 
after such analyses were performed earlier for the proximal femur.20 Potentially, provided the 
development of high-resolution in vivo scanners, these methods could be used to diagnose 
fracture risk in vivo. Such a tool could then be a tremendous aid in diagnostics of 
osteoporosis. 
 Much to our surprise, for the normal daily load, the number of highly loaded 
trabeculae was not higher in the osteoporotic vertebra than in the healthy one. Given that the 
osteoporotic vertebra has much less bone material to carry the load than the healthy 
vertebra, this is even more remarkable. We had expected that the increased fracture risk of 
osteoporotic vertebrae could be explained by a sub optimal architecture, resulting in lower 
stresses in some parts but higher ones in other parts. However, no differences were found; 
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taking body weights into account, both seemed to be equally well adapted to normal loads of 
daily life. The architectural parameters show how the osteoporotic cancellous bone has 
accomplished this, in spite of its lower volume fraction. Compared to the architecture of the 
healthy vertebra the trabeculae were fewer in number, thinner, further apart, and more 
oriented in the longitudinal direction at the cost of the transverse directions. Due to the 
increased anisotropy of the osteoporotic bone, more of the trabeculae are stressed for the 
normal daily loads. At the same time, this allows the material to stay out of the high-strain 
domain. This increased orientation thus compensates for the effects of bone loss. Such a 
mutually compensating effect between volume fraction and architecture has also been 
observed in cancellous bone adaptation during growth.21 Seen in that light, the osteoporotic 
bone seems "over-adapted".22 However, longer and thinner trabeculae are more vulnerable 
to buckling, thinner trabeculae are more likely to be fully perforated by osteoclasts, and the 
axial "over-adaptation" makes the structure less resistant against unusual loads. Hence, the 
effects of normal daily loads cannot explain the increased fracture risk of osteoporotic 
vertebrae. Could the increased fracture risk of osteoporotic vertebrae be caused by "error" 
loads, which may not be "daily" but are definitely not trauma. The changes in the architecture 
likely lead to an increased vulnerability for such "error" loads. This was tested using 
cancellous bone sub volumes from the vertebrae that were loaded with a common "error" 
load as occurs in forward flexion or lifting. The results of these analyses showed a less 
optimal stress transfer in the osteoporotic bone. Compared to the healthy bone, the 
osteoporotic one had more trabeculae at high strains. These differences could be the result 
of a predisposition, an adaptation to a restricted pattern of physical activity, or an over-
adaptation to the primary load axis. 
 The contribution of the spongiosa in load transfer depended strongly on location 
within the vertebra. Near the endplates the spongiosa carried most of the load, but toward 
the middle of he vertebra the load became more evenly distributed over the spongiosa and 
the shell. The main reason for this lies in the architecture of both the shell and the trabeculae 
within the spongiosa. Going from the endplates toward the middle of the vertebra, the shell 
curves inward, while simultaneously the outer trabeculae angle from the endplate towards 
the shell. As a result the mid-transverse shell "collects" the load from the outer trabeculae. A 
similar load shift was observed in previous studies.23,24 Although the contribution of the 
spongiosa was larger in the healthy vertebra than in the osteoporotic one, both fell within the 
range of values found previously for both healthy and osteoporotic vertebrae.23-28 
 Some limitations of the present study must be discussed. First, we studied only one 
healthy and one osteoporotic vertebra; our results are thus exemplary. The computational 
expenses for such μFEA studies on whole bones presently defy inclusion of whole series. 
However, as the two vertebrae represent extremes with regard to T-scores (-4.4 and +2.5) 
we expect them to be good examples of what general effects osteoporosis could have on 
vertebrae. Second, in our finite element calculations we assumed the tissue material to be 
homogeneous and equal for both vertebrae. We have previously demonstrated that the 
tissue stiffness and strength are on average unchanged by osteoporosis.29 However, 
recently, McCreadie has shown that tissue mineralization is inhomogeneous and even more 
so in osteoporotic patients.30 When this leads to more variation in the tissue elastic 
properties, the tissue level stresses and strains will show more variance than calculated with 
our models. This will only marginally influence the frequency plots.5,31 The work of van der 
Linden et al.32 and the combination of the works from McCreadie30 and Jaasma et al.33 
suggests that the effects of inhomogeneous mineralization on the strength of the vertebra are 
likely very small. However, when the inhomogeneity in the tissue strength is increased as 
well, the strength of the vertebra as a whole may change. Third, the medical histories were 
unavailable for both patients. If the vertebrae had degenerated intervertebral discs adjacent 
to them, they may have adapted their structures to the changed loading conditions. This 
change of structure may have confounded the change of the structure due to osteoporosis. 
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 In conclusion, our finite element models indicated that, for normal daily loads, the 
osteoporotic vertebra is as well adapted as the healthy one. However, when subject to 
abnormal loads, the osteoporotic vertebra runs a much higher risk of failure than the healthy 
one. These results strengthen the paradigm of a lasting relationship between bone 
morphology and external loads throughout life. They also suggest that vertebral fractures 
may originate from actions like forward flexion or lifting, loads that may not be "daily" but are 
also definitely not trauma. 
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AbstractAbstractAbstractAbstract    
Osteoporosis is a progressive systemic skeletal condition characterized by low 
bone mass and microarchitectural deterioration, with a consequent increase 
in susceptibility to fracture. Hence, osteoporosis would be best diagnosed by 
in vivo measurements of bone strength. As this is not clinically feasible, our 
goal is to estimate bone strength through the assessment of elastic properties, 
which are highly correlated to strength. Previously established relations 
between morphological parameters (volume fraction and fabric) and elastic 
constants could be applied to estimate cancellous bone stiffness in vivo. 
However, these relations were determined for normal cancellous bone. 
Cancellous bone from osteoporotic patients may require different relations. In 
this study we set out to answer two questions. First, can the elastic properties 
of osteoporotic cancellous bone be estimated from morphological 
parameters? Second, do the relations between morphological parameters 
and elastic constants, determined for normal bone, apply to osteoporotic 
bone as well? To answer these questions we used cancellous bone cubes 
from femoral heads of patients with (n=26) and without (n=32) hip fractures. 
The elastic properties of the cubes were determined using micro finite 
element analysis, assuming equal tissue moduli for all specimens. The 
morphological parameters were determined using micro computed 
tomography. Our results showed that, for equal tissue properties, the elastic 
properties of cancellous bone from fracture patients could indeed be 
estimated from morphological parameters. The morphology based relations 
used to estimate the elastic properties of cancellous bone are not different 
for women with or without fractures. 
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IntroductionIntroductionIntroductionIntroduction    
Osteoporosis is a progressive systemic skeletal condition characterized by low bone mass 
and microarchitectural deterioration, with a consequent increase in susceptibility to fracture.1 
Hence, osteoporosis would be best diagnosed by in vivo measurements of bone strength. As 
this is not clinically feasible, our goal is to estimate bone strength through the assessment of 
its elastic properties, which are highly correlated to strength (R2 ≥ 0.952-4). 
 The apparent elastic properties of cancellous bone depend on bone density (volume 
fraction), cancellous architecture, and the tissue modulus. Experimental studies have 
revealed that bone density or volume fraction alone can explain 70-80% of the variance in 
mechanical properties.3-5 Although osteoporosis is characterized by low bone density, it 
cannot clearly discriminate between bone from individuals with and without fractures.6 As 
osteoporosis is also characterized by deterioration of the cancellous architecture, it may be 
helpful to estimate the mechanical properties not only through bone density, but also through 
cancellous architecture. Incorporation of the tissue modulus, although not affected by 
osteoporosis7, may further improve the estimate. A good estimate of the mechanical 
properties that incorporates both bone density and cancellous bone architecture has been 
published by Cowin.8  

 In 1985, Cowin proposed relations between morphological parameters (volume 
fraction and fabric), on the one hand, and the apparent elastic properties on the other.8 
These relations were later shown to explain over 90% of the variance in the apparent elastic 
properties.9-11 These relations between morphological parameters and elastic properties 
could, in theory, be applied to estimate cancellous bone stiffness in vivo. However, none of 
these relations were determined for cancellous bone from patients with osteoporotic 
fractures. Different relations may be needed for cancellous bone from these patients. 

This raises two questions. First, can the elastic properties of osteoporotic cancellous 
bone be estimated from morphological parameters? Second, do the relations between 
morphological parameters and elastic constants, that were determined for normal bone, 
apply to osteoporotic bone as well?  
 

 

MethodsMethodsMethodsMethods    
Strategy 

To test our first research question, whether the elastic properties of osteoporotic cancellous 
bone could be estimated from morphological parameters using the relations proposed by 
Cowin8, we determined relations between morphology and stiffness for our fracture samples. 
These relations were then used to estimate the elastic properties of each fracture sample. 
Estimated elastic properties were correlated to those calculated by micro finite element 
analyses (µFEA). 

 To test our second research question, whether the relations between morphological 
parameters and elastic constants that were determined for normal cancellous bone apply to 
osteoporotic bone as well, we used two approaches. First, we determined relations between 
morphology and stiffness for control samples. These relations were then used to predict the 
elastic properties of fracture samples. Second, we used the relations between morphological 
parameters and elastic constants of normal cancellous bone that were determined by Kabel 
et al.11 to predict the elastic properties of fracture samples. Predicted elastic properties were 
correlated to those calculated by µFEA. The data by Kabel et al. were preferred over those of 
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Turner et al.9 or van-Rietbergen et al.10 because in it all effects of tissue modulus are 
excluded and because it is based on human cancellous bone. 
 
Material 

Although the official medical definition of osteoporosis is based on bone mass, we felt that for 
this study osteoporosis was best represented by the presence of a non-traumatic fracture. 
We used specimens that came either from women who had undergone arthroplasty for non-
traumatic neck fractures of the proximal femur (fracture group), or from female cadavers 
(control group). These cancellous bone cubes were originally obtained for and used in a 
study by Ciarelli et al.12 The final dataset included 32 control specimens (age: 75±13, volume 
fraction: 0.24±0.07 (mean ± SD)) and 26 fracture specimens (age: 81±8, volume fraction: 
0.18±0.05 (mean ± SD)). Specimens (one from each donor) were taken from the middle of 
the femoral heads immediately inferior to the epiphysial scar, contained primary compressive 
trabeculae, and were aligned with the primary compressive direction. A radiologist screened 
all specimens and excluded any specimen that showed pathology. All specimens were 
scanned with micro computed-tomography (µCT13,14). From these scanned specimens we 
selected 5 mm-cubed volumes of interest (VOI's) from the center. These were reconstructed 
with voxels of 50 µm-cubed (Figure 1). As these VOI's contained at least 5 trabeculae in 
every direction and the voxel sizes were less than half the thickness of a trabecular strut, 
both the fabric and the apparent elastic moduli could be determined with sufficient 
accuracy.15-18 For a more complete description of the specimen acquisition and preparation 
the reader is referred to the paper by Ciarelli et al.12 
 

 
Figure 1. Two of the µCT reconstructions 

 
Apparent architectural properties 

Both the volume fraction and the fabric eigenvalues were determined directly from the voxel-
meshes. The fabric of the cancellous bone samples was measured using the Mean Intercept 
Length (MIL19,20). MIL values were determined in 1000 random orientations, which were then 
fitted to an ellipsoid. The three principal dimensions of the ellipsoid, which represent the 
eigenvalues of the fabric tensor, were sorted and normalized such that H1 > H2 > H3 and 
H1 + H2 + H3 = 1. 
 
Apparent mechanical properties 

The voxel-meshes were directly converted to finite element models with eight-node brick 
elements of 50 µm-cubed. All elements were assigned isotropic and linear elastic material 
properties with an arbitrary tissue modulus, Etissue, of 1 GPa and a Poisson’s ratio of 0.3. 
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Using micro finite element analyses we determined the full apparent stiffness matrix for each 
specimen in its mechanical principal directions.10 As we used one tissue modulus for all the 
samples, effects of possible tissue differences between samples are excluded. In a previous 
study we found no significant difference between the bone tissue modulus for humans with 
and without fractures.7 Nonetheless, we did not calculate the true apparent mechanical 
properties, but only that part which can be attributed to architecture and volume fraction. 
 
Fit on volume fraction and fabric 

The µFEA stiffness results were fit to volume fraction and fabric eigenvalues using the 
relations as proposed by Cowin.8 In these relations the stiffness properties are related to the 
eigenvalues of the fabric tensor (H1, H2, and H3), the second invariant II of these eigenvalues 
(II = H1H2 + H2H3 + H1H3), and nine functions of volume fraction (k1 to k9) as follows: 
  
Ciiii = Etissue ( k1 + 2k6 + (k2 + 2k7)II + 2(k3 + 2k8)Hi + (2k4 + k5 + 4k9)Hi

2 )  (1) 

Ciijj = Etissue ( k1 + k2II + k3(Hi + Hj) + k4(Hi
2 + Hj

2) + k5HiHj )    (2) 
Cijij = Etissue ( k6 + k7II + k8(Hi + Hj) + k9(Hi

2 + Hj
2) )     (3) 

with: 

ki = kia + kib(BV/TV)p   (Turner et al.9)     (4) 
and p = 1.7    (Appendix A) 
The eighteen constants, kij, were determined by performing a joint fit of the apparent elastic 
and morphological properties to equations 1, 2, and 3 using multiple least-squares 
regression. The equations were fitted once using data from patients with hip fractures and 
once using data from patient without hip fractures. 
 
Evaluation of fit 

To test how well the apparent properties were estimated by Cowin's relations8 the estimated 
elastic properties for each specimen were plotted against those calculated from µFEA. The 
correlation coefficients (R2) and the Standard Errors of Estimate (SEE) were determined for 
each stiffness entry using commercial software (SigmaStat, SPSS Science). For comparison 
to the work by Kabel et al11, we also calculated the correlation coefficients (R2) and the 
Standard Errors of Estimate (SEE) for the pooled Ciiii, Ciijj, and Cijij entries. 
 

 

ResultsResultsResultsResults    
When the values for the constants kij that resulted from the fit on the data of our fracture 
samples were used to estimate stiffness, the correlation coefficients between the calculated 
and estimated Ciiii, Ciijj, and Cijij stiffness entries were 0.98, 0.95, and 0.94 respectively. The 
standard errors of estimate were 6.0, 2.1, and 2.3 respectively (table 1A, table 2, Figure 2).  
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Figure 2. Correlation between the estimated and calculated stiffness entries for fracture samples. 
Estimated entries were estimated from volume fraction and architecture using Equation (1) and the 
constants for fracture samples. Calculated entries were calculated using the µFEA models. The 
correlation coefficient between the calculated and estimated Ciiii, Ciijj, and Cijij stiffness entries were 
0.98, 0.95, and 0.94 respectively. 

 
When the values for the constants kij that resulted from the fit on the data of our 

control samples were used to estimate stiffness, the correlation coefficients between the 
calculated and estimated Ciiii, Ciijj, and Cijij stiffness entries were 0.98, 0.98, and 0.96 
respectively for the control samples and 0.97, 0.91, and 0.90 respectively for the fracture 
samples. The standard errors of estimate were 8.4, 2.3 and 3.1 respectively for the control 
samples and 7.2, 3.1, and 2.9 respectively for the fracture samples (Table 1B, Table 2, 
Figure 3).  
 

 
Figure 3. Correlation between the estimated and calculated stiffness entries for control and fracture 
samples. Estimated entries were estimated from volume fraction and architecture using Equation (1) 
and the constants for control samples. Calculated entries were calculated using the µFEA models. For 
the control samples the correlation coefficient between the calculated and estimated Ciiii, Ciijj, and Cijij 
stiffness entries were 0.98, 0.98, and 0.96 respectively for the control samples and 0.97, 0.91, and 
0.90 respectively for the fracture samples. 

 

When the values for the constants kij, as determined by Kabel et al.11 (Table 1C), 
were used to predict stiffness, the correlation coefficients between the calculated and 
predicted Ciiii, Ciijj, and Cijij stiffness entries were 0.98, 0.95, and 0.94 respectively for the 
control samples and 0.97, 0.93, and 0.91 respectively for the fracture samples. The standard 
errors of estimate were 6.8, 1.9, and 3.1 respectively for the control samples and 5.6, 1.4, 
and 2.4 respectively for the fracture samples (Table 2, Figure 4). 
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Figure 4. Correlation between the estimated and calculated stiffness entries for control and fracture 
samples. Estimated entries were estimated from volume fraction and architecture using Equation (1) 
and the constants from Kabel et al.11 Calculated entries were calculated using the µFEA models. The 
correlation coefficient between the calculated and estimated Ciiii, Ciijj, and Cijij stiffness entries were 
0.98, 0.95, and 0.94 respectively for the control samples and 0.97, 0.93, and 0.91 respectively for the 
fracture samples. 

 
kij 1 2 3 4 5 6 7 8 9 
a 6.90E-02 5.56E-01 -7.50E-01 6.53E-01 8.94E-01 1.96E-01 -7.62E-01 1.16E-01 -8.80E-02 
b 1.88E+00 1.13E+01 -1.76E+01 1.48E+01 2.82E+01 -8.49E-01 -1.02E+01 1.29E+01 -1.82E+01 
A.  Constants from fit to the apparent elastic properties of fracture samples (p=1.7). 
kij 1 2 3 4 5 6 7 8 9 
a -2.89E-01 1.50E+00 -5.92E-01 5.03E-01 6.55E-01 -1.12E-01 2.27E-01 4.90E-02 2.10E-02 
b 5.88E+00 4.55E+00 -2.35E+01 1.76E+01 4.20E+01 2.04E+00 -2.27E+01 1.69E+01 -2.43E+01 
B.  Constants from fit to the apparent elastic properties of control samples (p=1.7). 
kij 1 2 3 4 5 6 7 8 9 
a -6.52E-03 2.76E-01 -2.63E-01 2.63E-01 2.74E-01 1.78E-02 -7.13E-02 3.82E-03 5.28E-03 
b 6.24E-01 1.16E+01 -1.34E+01 1.16E+01 1.88E+01 1.21E-01 -8.54E+00 8.00E+00 -1.05E+01 
C.  Constants from Kabel et al.11 (p=1.6). 
Table 1. Constants in equation 4 obtained from the joint fit of the apparent elastic properties to 
equations 1, 2, and 3. 
 

 Fit to fracture group Fit to control group Kabel et al.11 
used on fracture control fracture control fracture 
  R2 SEE  R2 SEE R2 SEE R2 SEE R2 SEE 
C1111  0.96 7.6  0.97 11.6 0.96 8.4 0.97 8.6 0.96 6.4 
C2222  0.94 5.9  0.98 6.5 0.92 7.4 0.98 5.1 0.92 5.3 
C3333  0.94 4.3  0.96 6.6 0.92 5.6 0.96 5.0 0.94 3.6 
C1122  0.94 2.6  0.99 2.4 0.93 3.2 0.98 1.4 0.93 1.5 
C2233  0.91 1.8  0.96 2.2 0.87 2.4 0.96 1.5 0.92 1.3 
C3311  0.94 2.0  0.98 2.2 0.85 3.5 0.98 1.3 0.93 1.3 
C1212  0.90 2.6  0.95 3.4 0.87 3.1 0.95 3.1 0.86 3.2 
C2323  0.93 1.9  0.96 2.8 0.92 2.3 0.95 2.3 0.93 1.6 
C3131  0.91 2.2  0.95 3.0 0.80 3.4 0.97 2.2 0.94 1.7 
Ciiii  0.98 6.0  0.98 8.4 0.97 7.2 0.98 6.8 0.97 5.6 
Ciijj  0.95 2.1  0.98 2.3 0.91 3.1 0.95 1.9 0.93 1.4 
Cijij  0.94 2.3  0.96 3.1 0.90 2.9 0.94 3.1 0.91 2.4 
Table 2. Coefficients of correlation (R2) and Standard Error of Estimate (SEE) for all stiffness entries 
and all three sets of constants. 
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DiscussionDiscussionDiscussionDiscussion    
The first question we wanted to answer was whether the elastic properties of osteoporotic 
cancellous bone could be estimated from morphological parameters. Our results showed that 
this was the case. Morphology could explain 94-96% of the variance in the Ciiii-entries and 
90-94% of the variance in the other elastic properties of the cancellous bone from our 
fracture group. The second question we wanted to answer was whether osteoporotic bone 
requires relations that differ from those for normal bone. Our results show that the relations 
determined for our control samples could explain 92-96% of the variance in the Ciiii-entries 
and 80-93% of the variance in the other elastic properties of the cancellous bone from our 
fracture group. 

 When using the relations determined for the normal cancellous bone cubes of Kabel 
et al.11, we could explain 92-98% of the variance in the Ciiii-entries and 86-98% of the 
variance in the other elastic properties of the cancellous bone from both the control and 
fracture samples. These correlation coefficients are comparable to those found by Kabel et 
al.11 for their data set. However, the slopes of the regression lines were 0.72 and 0.73, 
indicating that the µFEA-calculated stiffness values were systematically underestimated by 
27-28%. This underestimation could be caused by the fact that we used just femoral samples 
and Kabel et al. used samples from a variety of different anatomical sites. However, it is 
more likely mostly caused by the fact that our samples were smaller than those of Kabel et 
al. and to a lesser extent by the fact that we used smaller elements than Kabel et al. used. 
The samples that Kabel et al. used were 8 mm cubed while ours were 5 mm cubed. The 
boundary conditions placed on the faces of the cubes in µFEA tend to stiffen the structure. 
As smaller samples have proportionally more boundary, this effect will be larger for our 
samples than for the samples that Kabel et al. used. Larger element sizes may artificially 
fenestrate thin plates or disconnect thin rods, thus lowering the calculated apparent elastic 
moduli.21,22 As Kabel et al. used elements of 60-75 µm cubed and we used elements of 
50 µm cubed, this effect will be larger for their samples than for the samples that we used. 
The total result of these two effects is that our results overestimate the elastic properties due 
to our smaller sample size while the results of Kabel et al. underestimate the elastic 
properties due to the larger element size in their calculations. 

Some points of the present study must be discussed. First, we assumed the tissue 
modulus to be isotropic and homogeneous, while in reality it is neither. Kabel et al.23 have, 
however, demonstrated that the apparent elastic properties can be estimated using an 
isotropic and homogeneous tissue modulus. Second, we used equal tissue moduli for all 
samples. Thus, we focused only on the contribution of volume fraction and cancellous bone 
architecture to apparent properties, ignoring the influence of the tissue mechanical 
properties. Results from previous studies suggest that individuals with and without 
osteoporotic fractures have similar amounts of microcracks, water, organic components, and 
inorganic components in the tissue, similar effective tissue properties, and similar or slightly 
decreased average local tissue mineral densities.7,24-27 These same studies have also shown 
that differences between individuals or even within one individual can be large. Although the 
implementation of patient specific tissue properties is simple, the fact that they are presently 
not measurable in vivo makes implementation impossible. Third, the results from this study 
and those of Kabel et al.11 demonstrate the importance of sample size and resolution. Unless 
equal sample sizes and resolutions are used, results from different studies or patients (!) will 
be difficult to compare. Standardization will be necessary before use as a diagnostic tool. 

 Our results have some important implications for the diagnosis of stiffness in vivo. As 
the relations for normal bone are valid for osteoporotic bone as well, the stiffness of 
cancellous bone can be estimated without any a priori knowledge about the status of the 
patient. The morphology of the cancellous bone from a patient is enough to predict the 
elastic properties. Although the in vivo resolutions of imaging methods such as computed 
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tomography or magnetic resonance imaging are currently too low for accurate morphology 
measurements, they will likely improve with the advancement of science.28,29,30 Patient 
specific morphological parameters could then be obtained in vivo. 

 In summary, when assuming equal tissue elastic modulus, the elastic properties of 
cancellous bone from fracture patients can be estimated from morphological parameters. 
The morphology based relations that predict the elastic properties are not different for 
cancellous bone from women with or without fractures. 
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Appendix AAppendix AAppendix AAppendix A    
The power used in equation (4) was determined from the fit of the mean elastic modulus on 
the volume fraction using a power law.18,31 The power law was of the form: 
Emean = Etissue (BV/TV)p  

with, 
Emean = 1/3 (E1 + E2 + E3) 
Etissue = 1 GPa 
BV/TV = volume fraction. 
p = power on volume fraction 

With this power law all effects of the cancellous architecture on the mean elastic modulus are 
represented by the power -p-. A value of 1.7 for the power was found to give the highest 
correlation coefficient (R2 = 0.97) between the calculated mean moduli and those estimated 
from the power law (see Figure A). 
 

 
Figure A. Mean elastic modulus as a function of 
volume fraction. 
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AbstractAbstractAbstractAbstract    
In micro finite element analyses (µFEA) of cancellous bone, the 3D-imaging 
data that the FEA-models are based on, contain a range of gray-values. In 
the construction of the eventual FEA-model, these gray-values are commonly 
thresholded. Although thresholding is successful at small voxel sizes, at larger 
voxel sizes there is substantial loss of trabecular connectivity. We propose a 
new method: the gray-value method, where the µFEA-models use the 
information within the 3D-imaging data directly, without prior thresholding. 
Our question was twofold. First, how does the gray-value method compare to 
both plain and mass-compensated thresholding? Second, what is the effect 
of element size on the results obtained with the gray-value method? We used 
nine µCT-scans of human vertebral cancellous bone. These were degraded 
to represent different resolutions, and converted into µFEA-models using plain 
thresholding, mass-compensated thresholding, and the gray-value method. 
The apparent elastic moduli of the specimens were determined using µFEA. 
The different methods were compared on the basis of the apparent elastic 
moduli, compared to those calculated for the 28 µm reference model. The 
results showed that the gray-value method greatly improves the results 
relative to other methods. The gray-value method gives accurate predictions 
of the apparent elastic moduli, for voxel sizes up to one trabecular thickness 
(Tb.Th.). For voxel sizes larger than one Tb.Th. the accuracy, although still 
better than for both thresholding methods, becomes increasingly worse. 
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IntroductionIntroductionIntroductionIntroduction    
The apparent elastic properties of cancellous bone depend on the volume fraction, the 
architecture, and the elastic tissue properties of the mineralized matrix. 3D-reconstruction 
from micro imaging techniques can be used as the basis for µFEA-models.1-3  

The 3D-reconstructions, as obtained with µCT4 or µMRI5, contain a range of gray-
values. There are a number of causes for this range of values, such as differences in the 
degree of mineralization of the bone material and noise. However, the most important cause 
is the partial volume effect. Even though the resolution of these micro-techniques is high, it is 
limited; a voxel may contain bone and marrow (rather than just bone or marrow). Usually, 
before the 3D-reconstructions are turned into µFEA-models, they are binarized into bone and 
marrow, using some method of thresholding. With these thresholding methods only voxels 
with gray-values above a certain threshold are considered bone whereas all others are 
considered marrow. A plain thresholding method ensures the best possible agreement 
between the volume fraction before and after thresholding.6 At small voxel sizes (high 
resolutions), plain thresholding yields good results (Figure 1). At larger voxel sizes (lower 
resolutions) there is a substantial loss of trabecular connections, resulting in unconnected 
bone parts (Figure 2). Ulrich et al.6 introduced mass-compensated thresholding, a method 
that ensures the best possible agreement between the volume fraction before thresholding 
and that of the µFEA-model with all unconnected parts removed from the mesh. At larger 
voxel sizes, mass-compensated thresholding yields better results than plain thresholding. 
One remaining problem is that mass-compensated thresholding tends to compensate for the 
unconnected parts by thickening the remaining structure (Figure 2). The problems with both 
the plain and the mass-compensated thresholding methods originate from the fact that they 
are thresholding methods, which by definition, result in a loss of information from the raw 3D-
reconstructions. Thresholding uses the gray-values of the voxels only in the differentiation 
between bone and marrow. This led us to hypothesize that it may be better to use these 
gray-values to scale the tissue moduli in the µFEA-model. With this method, the 
µFEA-models use the information within the 3D-reconstructions directly, without prior 
thresholding (Figure 2). The µFEA-models made with this method contain not only bone and 
marrow elements, but also partial volume elements. The gray-values of the elements are 
then used to scale the tissue moduli. 

The question for the present study was twofold. First, how does the gray-value method 
compare to both plain and mass-compensated thresholding? Second, what is the effect of 
element size on the results obtained with the gray-value method? 
 

 
Figure 1. Illustration of the effect of plain 
thresholding at small voxel sizes. The images 
before and after thresholding compare very well, 
the structure is well represented. 
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Figure 2. 2-D cartoon of the different methods: plain thresholding (left column), mass-
compensated thresholding (middle column), and gray-value (right column). Shown are 
the original reconstructions (first row), the reconstructions after thresholding (second 
row), and the µFEA-models (third row). Plain thresholding clearly results in unconnected 
bone parts that are removed from the µFEA-models. Mass-compensated thresholding 
partially restores the unconnected parts from plain thresholding (partially by thickening 
the remaining structure). 
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MethodsMethodsMethodsMethods    
We used nine 3D-reconstructions of 4 mm3 human vertebral cancellous bone cubes (µCT20, 
Scanco Medical, 3D-resolution: 28 µm, 3D-voxelsize: 14 µm4). We considered the binarized 
14 µm voxel meshes as idealized structures, free of differences in mineralization. These 
structures were then degraded (coarsened) to represent the result of different resolutions, 
simulating an ideal scanner, free of beam-hardening or noise. In the degradation, the gray 
value of the degraded voxel represented the ratio of underlying 14 µm voxels that represent 
bone. By doing so, we could study the effects of partial volume elements only, separated 
from all other effects.  

In order to reduce computational cost, the 14 µm voxel meshes were degraded to 
28 µm and converted into µFEA-models, using plain thresholding. All elements were given 
linear elastic, isotropic material properties with a Poisson's ratio of 0.3 and a tissue elastic 
modulus of 5 GPa.7-9 The apparent elastic moduli of the specimens were determined using 
µFEA.10 The apparent elastic moduli for the 28 µm µFEA-models were used as our reference 
values, the "gold standard". 

In the first part of the study we compared the plain and mass-compensated 
thresholding, and the gray-value methods. To this end we generated three voxel meshes per 
specimen, with voxel sizes of 112 µm, which was on the order of the average trabecular 
thickness (Tb.Th.). The µFEA-models were generated from the 112 µm voxel meshes using 
the three different methods, plain thresholding, mass-compensated thresholding, and the 
gray-value method (Figure 2). All elements were given linear elastic, isotropic material 
properties with a Poisson's ratio of 0.3 and an elastic modulus based on the gray-value of the 
element: 

Eelement = Etissue × (GVelement)γ      (1) 

where, Eelement is the element elastic modulus, Etissue is the tissue modulus, GVelement is the 
relative gray-value of the element set in a range from 0 (marrow) to 1 (bone), and γ 
represents the underlying architecture of the element.11 The value of Etissue was taken as 
5 GPa7-9 and the value of γ was set at 1.5. From a pilot study12 we found that this gamma 
gave the best agreement between the gray-value models and the "gold standard" models. 
The apparent elastic moduli of the specimens were determined using µFEA.10 The different 
methods were compared on the basis of the calculated apparent elastic moduli. Specifically, 
on the basis of the deviations from the apparent elastic moduli calculated for the 28 µm 
baseline model, the "gold standard". 

In the second part of this study we evaluated the effects of voxel size on the apparent 
elastic moduli, using the gray-value technique. To this end we created seven voxel meshes 
per specimen, with voxel sizes increasing from 56 to 980 µm all using the gray-value method. 
All elements were given linear elastic, isotropic material properties with a Poisson's ratio of 
0.3 and an elastic modulus based on the gray-value of the element (equation (1)). The 
apparent elastic moduli of the specimens were determined using µFEA.10 The effects of 
different voxel sizes were evaluated by the calculated apparent elastic moduli, compared to 
the apparent elastic moduli calculated for the 28 µm reference model, the "gold standard". 
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ResultsResultsResultsResults    
Comparison of the three methods. 

For element sizes on the order of the trabecular thickness, using mass-compensated 
thresholding rather than plain thresholding substantially reduced both the mean and the 
range of the deviation from baseline values for the volume fraction and all apparent elastic 
moduli (Figure 3). Using the gray-value method gave a further improvement for the volume 
fraction and all the apparent elastic moduli, particularly in the range of the deviation 
(Figure 3).  
 

 
Figure 3. Mean and range of the deviation from baseline values for the 
different methods, at element sizes on the order of the trabecular 
thickness. White for threshold without mass compensation, black for 
threshold with mass compensation, and gray for the gray-value 
method. Plain thresholding resulted in loss of volume fraction and 
substantial changes in the apparent elastic moduli. Both mass-
compensated thresholding and the gray-value method showed almost 
no change in volume fraction, and only small changes in the apparent 
elastic moduli. Overall the changes in the apparent elastic moduli are 
smaller with the gray-value method than with mass-compensated 
thresholding, particularly the range of the deviation-values is much 
smaller. 
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Effect of voxel size (resolution) on the gray-value method. 

Using the gray-value method, the transverse moduli increased with increasing voxel size. For 
voxel sizes below one Tb.Th., all the apparent elastic moduli remained close to the baseline 
values (Figure 4). For voxel sizes larger than one Tb.Th., the transverse moduli increased 
steeply from baseline. In its preferred orientation (cranial caudal) the modulus remained fairly 
close to baseline. The range of the deviation for this modulus, however, did increase. 
 

 
Figure 4. Mean and range of the deviation from the baseline values for 
the gray-value method at different voxel sizes. All the apparent elastic 
moduli remain close to the baseline values for voxel sizes up to one 
Tb.Th. At larger voxel sizes the transversal apparent elastic moduli and 
to a lesser extend the average apparent elastic moduli wander away 
from the baseline values. The apparent elastic modulus in the cranial-
caudal direction remains close to the baseline values for voxel sizes up 
to at least 8 times Tb.Th. (±1000µm). 

 
 

DiscussionDiscussionDiscussionDiscussion    
At small voxel sizes (< ½ Tb.Th.), all models have more than 4-6 elements covering the 
cross-section of a typical trabecula; there are only a few partial volume elements. With these 
voxel sizes both the trabecular architecture and the volume fraction are adequately 
represented in the µFEA-models. These are models that adequately represent the modes of 
deformation that occur in real trabecular bone samples, resulting in accurate approximations 
of the actual apparent elastic moduli (Figure 4).  

At larger voxel sizes (> ½ Tb.Th.), there is an increasing number of partial volume 
elements. With these voxel sizes the volume fraction is still adequately represented in the 
models, but the trabecular architecture is increasingly under-represented. The models no 
longer adequately represent the true modes of deformation. In order to predict the elastic 
properties of the model, it becomes more and more important to account for local elastic 
properties (Figure 4).  
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It has been shown that the elastic properties of trabecular bone can be accurately 
estimated with µFEA models that use isotropic tissue elastic properties.9,13-15 Hence, the 
anisotropy in the apparent elastic properties is a result of the anisotropy in the architecture, 
not of the anisotropy in the tissue elastic properties. With increasing voxel sizes the accuracy 
of the representation of the trabecular architecture decreases. As a result, the accuracy of 
the anisotropy in the apparent elastic properties will also decrease. Although outside the 
scope of this study, this loss of accuracy in the anisotropy could potentially be compensated 
for by introducing anisotropy in the tissue elastic properties. 

Some aspects of the present study must be discussed. First, all the samples that we 
used in this study were taken from one anatomical site (lumbar vertebrae). However, as all 
results were considered relative to the trabecular thickness, we feel that the results are 
meaningful for other anatomical sites as well. Second, the gray-value method requires a 
value for the power (γ, equation(1)) in the relationship between the element gray-value and 
the element elastic modulus.11 From a pilot study12 we found that a value of 1.5 gave the best 
agreement with reference values from our "gold standard" models. Increasing the value 
gamma to 1.6 changed the mean deviation for the average apparent elastic modulus from 
1% to –5% (voxel sizes ~ 1×Tb.Th.). The effects will clearly be much smaller for the finer 
models. As the exact relationship between the element gray-value and the element elastic 
modulus is presently not available for sites other than the lumbar vertebrae, this is a clear 
disadvantage of the gray-value method compared to the thresholding methods, where a 
BMD measurement can be used to find the correct threshold. Third, we used binarized 
14 µm voxel meshes as our underlying structures, which were then degraded to coarser 
resolutions. As a result of this, partial volume effects are the only factor in the models. 
Factors like noise, beam-hardening, the presence of different types of marrow (e.g. fat 
content), or differences in tissue mineralization will likely complicate matters. Our results thus 
represent the upper limit for the accuracy that can be achieved in reality. Fourth, in order to 
obtain accurate tissue level stresses and strains at least 4 to 5 elements are required over 
the diameter of a trabecula.16,17 At larger voxel sizes, neither the gray-value method nor the 
thresholding methods yield accurate stresses and strains at the tissue level. Through its 
better prediction of the apparent elastic moduli, the gray-value method will also give a better 
prediction of the strain distribution. The tissue stresses, however, will not be accurate 
because the young's moduli of the gray elements are based on a partial volume criterion.  

In conclusion, the mass compensating thresholding method greatly improves upon the 
plain thresholding method, but the accuracy can be further improved by using the gray-value 
method. For voxel sizes up to one Tb.Th., the gray-value method gives good predictions of 
the apparent moduli. For voxel sizes larger than one Tb.Th. the predictions become 
increasingly worse. 
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AbstractAbstractAbstractAbstract    
Pharmaceutical companies develop drugs to prevent or reduce the effects of 
osteoporosis. In order to determine the effects and side effects of these drugs on 
cancellous bone quality, agencies for drug approval demand mechanical tests on 
lumbar vertebral bodies from rats. We asked the question whether or not the rat 
vertebra is a good model for testing the mechanical quality of cancellous bone. We 
used L4 vertebrae from twelve two-year-old rats, six of which had been 
ovariectomized (OVX) at one year. We determined bone mineral density (BMD), 
strength and stiffness, and the contribution of the spongiosa to the total load on the 
vertebrae. Due to OVX, cancellous BMD (excl. cortex) decreased significantly by 59% 
and the total BMD (incl. cortex) decreased significantly by 23%. Neither strength nor 
stiffness changed significantly. Using statistical analyses we estimate that detection 
of the effects on stiffness would have required 81 animals in each group, while, for 
strength, groups of about 7 animals each would have sufficed. The contribution of 
cancellous bone to the total load decreased significantly with 71%. These results 
showed that the significant reduction of cancellous bone mass after OVX in the rat 
model does not result in a detectable reduction in strength or stiffness of the 
vertebral body. The cancellous bone carries only 11% of the total load on the 
vertebra. Given the random errors in compression testing and natural variation, small 
changes in mechanical quality of the cancellous bone, caused by OVX or drugs, 
cannot be detected easily. We conclude that the rat vertebra is not a sensitive 
model for testing the mechanical quality of cancellous bone.  
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IntroductionIntroductionIntroductionIntroduction    
In biological studies, the rat is likely the most frequently used model for humans. The main 
reasons for this are that it is a very well known model and that it is quick and relatively cheap. 
After 1969, when Saville found that ovariectomized female rats had a reduced bone mass1, 
they have also become a popular model for human postmenopausal osteoporosis. In rats, 
like in humans, estrogen deficiency leads to a significant decrease in bone mass, which is 
larger in cancellous bone than in cortical bone.1 The most important characteristic of 
postmenopausal osteoporosis, however, is not the decrease in bone mass, but the 
dramatically increased fracture risk,2 largely caused by the reduction in bone strength (load 
required for failure). Hence, it is important to quantify the effects of ovariectomy and drugs on 
bone strength. In fact, the agencies for drug approval of both Europe (EMEA) and the USA 
(FDA) demand such bone strength analyses.3,4 A measure that is strongly correlated to 
strength is stiffness5-7, which is the load required for a certain deformation. Stiffness, like 
strength, is an indication of the quality of the bone and is for that reason frequently 
determined (even though not required by the agencies for drug approval). Because 
ovariectomy and drugs have an effect on both cortical and cancellous bone, both effects 
need to be determined. The long bones (femur and tibia) are tested in three- or four-point 
bending experiments, where the bone is placed on two supports and is loaded in-between 
the two supports. In this loading configuration the bone is bent until failure, while load and 
deflection are monitored throughout the test and used to determine both the strength and the 
stiffness. As predominantly the structures on the outside of the bone are loaded, three- or 
four-point bending experiments determine the strength and stiffness of the cortical bone. In 
order to determine the strength and stiffness of the cancellous bone, the vertebral bodies are 
used in compression experiments, where they are compressed to failure between two 
parallel platens. Both stiffness and strength can be calculated from the load and deformation 
data. Unlike in a bending experiment of a long bone, both the cortical shell and the inner 
cancellous bone are loaded in these vertebral compression experiments. Even though these 
experiments are intended to yield the stiffness and strength of the cancellous bone only, the 
cortical shell part will be loaded as well.  

In this study, we asked the question whether or not the rat vertebral body is a useful 
model. Can the effects of drugs on the mechanical quality of cancellous bone be reliably 
detected? We used vertebrae from twelve two-year-old rats, six of which had been 
ovariectomized at one year. We determined BMD, strength, stiffness, and the contribution of 
the cancellous bone to the total load on the vertebrae, using quantitative computed 
tomography (QCT), mechanical tests, micro computed tomography (µCT), and micro finite 
element analyses (µFEA). 
 
 

MethodsMethodsMethodsMethods    
Animals 

We used mature 12-month-old virgin female Wistar rats. During the experiment, the rats had 
free access to tap water and were pair fed (16g of pelleted food per day). All animal 
procedures were approved by the Animal Ethics Committee.  
Experimental design 

The twelve animals were randomly divided into two groups of six. At the start of the 
experiment, one group was bilaterally ovariectomized (OVX) and the other group was sham-
operated (SHAM). At 24 months of age all the rats were killed and the L4 vertebral bodies 
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were removed. Specimens with plan parallel ends and a total length of approximately 4 mm 
were obtained by removing the endplates and the posterior elements. 
pQCT 

Total (including both the cortical shell and the cancellous core) and cancellous (excluding the 
outer shell) bone mineral density (BMD) of the central transverse 1 mm of the vertebra were 
measured with a pQCT (XCT-960A; in plane-resolution 148x148 µm, slice thickness 1 mm, 
Stratec, Germany).  
Compression testing 

Compression tests were performed using a materials testing machine (Zwick model 1445, 
Germany). The L4 section was placed between the two unlubricated crossheads. A preload 
of 10 N was reached with a speed of 1 mm/min; the actual testing was performed at 
2 mm/min. Load displacement data were recorded. From these recordings the strength and 
stiffness were determined. The stiffness (N/mm) was determined from the initial, linear part of 
the load displacement curve (between 30% and 80% of the maximal force) and the strength 
from the maximum load that was recorded during the compression test. 
Micro computed tomography and micro finite element analysis 

Prior to compression testing, the specimens were scanned in a micro-CT (µCT20, Scanco 
medical, Switzerland8). Bone was digitally separated from marrow, soft tissue, and storage 
medium using a plain threshold of 29% of the maximal attenuation. From these µCT images 
we determined the total and the cancellous surface at the mid-transverse level. The µCT 
images were also used to construct micro finite element models (µFE-models9) with on 
average 350 000 elements of 21 µm cubed (Figure 1). We used linear elastic, isotropic, and 
homogeneous properties for the mineralized matrix.10 All bone elements were given a 
Poisson’s ratio of 0.3 and a tissue stiffness of 10 GPa.11,12 The finite element calculations 
were performed on a Cray C916/121024 supercomputer with an element-by-element µFEA 
code.9 From the µFEA we determined the contribution of the spongiosa to the total load on 
the vertebral specimens. 
 

 
Figure 1. Sagittal view of two of the µFEA models, 
generated from the three-dimensional µCT 
reconstructions. The right halve of the model is not 
displayed in order to show the spongiosa inside the 
vertebral models. 
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Statistical analysis 

Results were evaluated as mean (± one standard deviation). Differences between the OVX 
and SHAM groups were tested for significance using Student’s t-tests for the normally 
distributed data. Where data were not normally distributed Mann-Whitney rank sum tests 
were used. All statistical analyses were performed using commercial software (SigmaStat, 
SPSS Science). 
 

 

ResultsResultsResultsResults    
Comparing the pQCT-data from the OVX group to those for the SHAM group showed that 
the total BMD was significantly decreased by 23%, while cancellous BMD was significantly 
decreased by 59% (Table 1). From the µCT-data it was determined that OVX significantly 
decreased the total cross-sectional surface by 25% and the cross-sectional cancellous 
surface by 69% (Table 1). The compression experiments revealed that OVX non-significantly 
decreased the stiffness by 17% and the strength by 38% (Table 1). The contribution of the 
spongiosa to the total load, as determined with µFEA, was significantly decreased by 71% in 
the OVX group. µFEA revealed that in an intact rat vertebra the spongiosa carried 11% of the 
load on the entire vertebra, with the cortex carrying the remaining 89% of the load (Table 1). 
 
 SHAM OVX Change p-value 
Total BMD [mg/cm3] 495 (±56) 383 (±17) -23% < 0.001 
Cancellous BMD [mg/cm3] 211 (±47) 87 (±16) -59% < 0.001 
Total surface [mm2] 1.37 (±0.22) 1.02 (±0.17) -25% 0.012 
Cancellous surface [mm2] 0.35 (±0.15) 0.11 (±0.10) -69% 0.008 
Stiffness [N/mm] 727 (±465) 603 (±331) -17% NS 
Strength [N] 105 (±52) 65 (±20) -38% NS 
Cancellous contribution [%] 11.3 (±5.5) 3.3 (±4.1) -71% 0.017 
Table 1. Results for total and cancellous BMD, Cancellous and cortical cross-sectional surfaces, 
stiffness, strength, and the contribution of the spongiosa to the total load. Results are displayed as 
mean (±SD). 
 

 

DiscussionDiscussionDiscussionDiscussion    
The effect of the cancellous bone in the mechanics of a rat vertebra is twofold. One role is 
lateral support of he cortices, making them more resistant against buckling. The other role 
lies in the direct resistance of the vertical load on the vertebra. The former role is more 
important for vertebral strength than for vertebral stiffness, while the latter role is important 
for both. Our results, however, show that this direct load-carrying role of the cancellous bone 
is only 11%, small compared to the role of the cortices (89%). Given that the random errors 
in compression testing can be as large as 18%13, it seems unlikely that the changes in 
cancellous bone strength or stiffness, caused by OVX or drugs, can be detected dependably. 
This is illustrated by the fact that the dramatic 71% decrease in the contribution of the 
cancellous bone to the total load seen in the OVX group, did not result in a significant 
measurable change in vertebral strength or stiffness (Table 1, Figure 2). As stated before, 
the cancellous bone is more important for vertebral strength than for vertebral stiffness. 
Although the effects of OVX on neither stiffness nor strength were significant, larger groups 
of animals likely would have shown an effect of OVX on strength. Using statistical analyses 
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we estimate that detection of the effects on stiffness would have required 81 animals in each 
group, while, for strength, groups of about 7 animals each would have sufficed. This is 
consistent with the larger role of cancellous bone in strength than in stiffness. 
 

 
Figure 2. Conceptual graph of the effect of OVX on the total stiffness of the vertebra. Relative to the 
SHAM vertebra, the stiffness of the OVX vertebra is reduced due to a decrease in the contribution of 
the cancellous bone. Even though, the reduction in the contribution of the spongiosa is 71% the 
reduction of the total stiffness of the vertebra is only 8%. 

 
 A limitation of this study is that, in our models, we assumed equal tissue stiffness for 
the cortical and trabecular bone material. In reality it is likely that the cortical tissue has a 
higher tissue stiffness than the trabecular tissue.11,14 Our results then represent an upper 
boundary of the contribution of the cancellous bone and as such they also represent an 
upper boundary of the accuracy that can be achieved with this parallel platens compression 
test on rat vertebrae. Another possible limitation lies in the fact that in order for the 
specimens to be scanned they had to be thawed and refrozen. This could eventually have an 
effect on the mechanical properties of the vertebrae. However, Linde and coworkers could 
not find any significant effect of up to five freezing-thawing sequences.15 
  There are a number of promising alternatives for the parallel platens compression 
test on rat vertebra. The first alternative is using cancellous bone cores from the vertebrae 
rather than the entire vertebrae. With this method only the cancellous bone is tested, thus 
eliminating the effect of the cortices. It may then also be necessary to treat the cancellous 
bone near the endplates differently from the cancellous bone from the middle. The second is 
the reduced-platen compression test as introduced by Hogan et al.16, which uses platens that 
are sized and aligned to load only the cancellous bone in the center of the sample, thus 
largely avoiding the confounding effect of the cortices. The third alternative uses a 
combination of micro-imaging and micro finite element analyses (as we have used in this 
study), which offers a detailed look at the internal strains and stresses and allows for a more 
precise determination of the mechanical behavior of the cancellous bone. The fourth 
alternative is the use of larger animals, where the role of the spongiosa in the vertebral load 
distribution is larger, as it is in humans.17-22 A major limitation of all these methods is the 
considerable increase in time and cost, compared to the standard parallel platens 
compression test on rat vertebrae.  

 In conclusion, due to the small role of the cancellous bone to the total load on the rat 
vertebra and due to the inherent errors in the parallel platens compression test, effects of 
OVX and/or drugs on the cancellous bone stiffness are difficult to determine with the parallel 
platens compression test. As the role of the spongiosa in the strength of the vertebra is 
larger, effects of OVX and/or drugs on cancellous bone strength may be easier to determine. 
Although larger group sizes may improve the sensitivity, we conclude that compression 
testing of rat vertebra is at best an insensitive model for the mechanical quality of cancellous 
bone 
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During a consensus development conference in 1993 osteoporosis was defined as "a 
systemic skeletal disease characterized by low bone mass and microarchitectural 
deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to 
fracture".1 The clinical significance of osteoporosis lies in the increased "susceptibility to 
fracture", the problem is thus clearly of a mechanical nature. In this project we set out to 
determine mechanical differences between osteoporotic bone and healthy bone, differences 
that could explain the dramatically increased fracture risk seen in osteoporotic patients. 
Specifically our questions were: What is the effect of the microarchitectural changes that 
occur with osteoporosis on the mechanical properties of the cancellous bone? Are the bone 
tissue mechanical properties affected by osteoporosis? Does the internal load distribution in 
vertebrae change due to osteoporosis? Can the apparent mechanical stiffness of 
osteoporotic cancellous bone be predicted from its morphology (bone mass, architecture, 
and tissue properties)? 

 
 

Chapter by chapterChapter by chapterChapter by chapterChapter by chapter    
For Chapter 2, we studied the effects of the architectural changes that occur with 
osteoporosis on the mechanical properties of cancellous bone. The architectural change, 
associated with osteoporosis, is a more anisotropic structure with relatively fewer transverse 
than axial trabeculae.2-4 We found that these architectural changes result in increased 
mechanical anisotropy oriented in the main loading direction. On the one hand, such an 
enhanced orientation to the external load provides higher stiffness and strength per amount 
of bone in the main loading direction. This may even allow normal stress transfer under 
normal daily loads. On the other hand, the enhanced orientation makes the bone susceptible 
to high local stresses from unusual loads, such as those that result from a fall. Falls lead to 
higher loads, but more importantly they lead to loads in unphysiological directions, so called 
"error" loads.5,6 The increased mechanical orientation may well be the explanation for the fact 
that 90% of all hip-fractures result from a fall.7-11 To test this hypothesis of increased 
susceptibility to unusual loads, it would be very interesting to load a refined FEA-model of a 
femur first with a usual load and then with an unusual load. Using large-scale FEA-models 
like those described in Chapter 4, this could be done today.12,13 
 For Chapter 2 we also studied the effect of osteoporosis on the tissue mechanical 
properties. Previously, osteoporosis had not been found to lead to changes in some average 
material properties. The average tissue mineral density is unchanged or only slightly 
decreased14-16, and the amounts of micro cracks, water, organic or inorganic components 
were unchanged.15,17 We found that the average tissue stiffness and strength are also 
unchanged by osteoporosis. However, while the bone mechanical properties may on 
average be unchanged, there may be a higher variance in the local mechanical properties in 
osteoporotic cancellous bone. It has been found that the local tissue mineral density is 
increased in one trabecula while it is decreased in another.16 These fluctuations in local 
tissue mineral density will likely lead to fluctuations in the local mechanical properties. Nano-
indentation techniques18-20 could be used to study these local mechanical properties in 
osteoporotic and healthy bone tissue. When they do indeed fluctuate, this would influence 
the local load and failure patterns.21,22 The work by van der Linden et al.21 and the 
combination of the works by McCreadie16 and by Jaasma et al.22, however, suggest that the 
effect of the mineral density fluctuations is small (less than 0.1% increase in percentage 
failed tissue). Still, it would be interesting to investigate these effects on the local stress and 
failure patterns in whole bones. This could be accomplished using large-scale FEA-models 
like those described in Chapter 4. Ideally these FEA-models should be based on quantitative 



discussion 

 95 

micro CT images, which would allow for the detection and implementation of realistic local 
tissue mechanical properties. 

 In Chapter 3 and 4 we described the study of the internal load distribution in healthy 
and osteoporotic vertebrae. We found the load distribution between the shell and the 
spongiosa to be very dependent upon location within the vertebra. Near the endplates most 
of the load was carried by the spongiosa, while near the middle of the vertebrae the load was 
evenly shared between the spongiosa and the shell. The main reason for this lies in the 
architecture of both the shell and the trabeculae within the spongiosa. Going from the 
endplates toward the middle of the vertebra, the shell curves inward, while simultaneously 
the outer trabeculae angle from the endplate towards the shell. As a result, the mid-
transverse shell "collects" the load from the outer trabeculae. We also found that disc 
degeneration resulted in a shift of load from the spongiosa to the shell, an effect predicted by 
studies on the intervertebral disc.23,24 The effect of a degenerated disc was larger for the 
healthy vertebrae than for the osteoporotic one. At the trabecular level, the load distribution 
was surprisingly similar for the healthy and the osteoporotic vertebra. It appears that under 
the normal daily load (walking) that we subjected the vertebrae to, the trabeculae in an 
osteoporotic vertebra are stressed similarly as in a healthy one. In the light of reduced bone 
mass in the osteoporotic vertebra, this is remarkable. It is accomplished by an enhanced 
trabecular orientation ensuring adequate stiffness for normal daily loads. It did, however, also 
make the osteoporotic cancellous bone less resistant against "error" loads: more material 
was highly strained. The effect of such an "error" load on the whole vertebral body could be 
tested using large scale FE-models like those used here. Although we expect this increased 
orientation to the normal daily loads to be present at other cancellous bone sites as well, we 
have not demonstrated this. 

 In Chapter 5 we described the validation of the relations between morphology (bone 
mass, architecture, and tissue properties) and stiffness as developed by Cowin25 for 
osteoporotic bone. We found that these relations can very well be used to estimate the 
stiffness of osteoporotic cancellous bone. More importantly, the same relations can be used 
for healthy and osteoporotic bone. As there is no a priori clinical knowledge about the 
osteoporotic status of a patient, this is a prerequisite for using these relationships for 
diagnostics of fracture risk from morphology. The morphology of cancellous bone from a 
patient would then be enough to predict the stiffness, from which strength can be estimated. 
Although the in vivo resolutions of imaging methods such as computed tomography or 
magnetic resonance imaging are currently too low for accurate morphology measurements, 
they will likely improve with the advancement of technology.26-28 Patient specific stiffness 
(and subsequently strength) could then be obtained in vivo with more accuracy than if based 
on bone mass alone. 
 
 

limitationslimitationslimitationslimitations 
For this work we studied the effects of osteoporosis on the fracture risk using finite element 
models (FEA-models), which is both its strength and limitation. It is a limitation because there 
will inevitably be differences between FEA-models and the real bone that they represent. 
One difference lies in the tissue properties. In the FEA-models the tissue properties were 
assumed isotropic and homogeneous. Cancellous and cortical bone tissue is for a large part 
made out of parallel layers of mineralized bone (lamellae), which alternate in orientation from 
layer to layer. Also the mineralization of the tissue is known to fluctuate from one location to 
the next.16 In reality the bone tissue is therefore neither isotropic nor homogeneous. This 
assumption will have an influence on the tissue loading; in reality the tissue loading will 
fluctuate slightly more than in the FE-models.16,21,22 Another difference lies in the 
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representation of the trabecular edges, which are much smoother in reality than in the FEA-
models. The jagged edges in the FEA-models are known to cause fluctuations in tissue 
stresses compared to a smooth structure. Possibly, these fluctuations compensate (partially) 
for the more even stresses due to the isotropic and homogeneous tissue properties. On the 
other hand the use of FEA-models is a strength, because no other tool allows for the 
determination of tissue stresses or for determination of apparent mechanical properties non-
destructively. In fact, once the resolutions of in vivo imaging methods are increased, most of 
the work described in this thesis could be done based on such in vivo images.  

 
 

Main pointsMain pointsMain pointsMain points    
The two most interesting and clinically relevant results of this work are, first, the fact that for a 
normal daily load the tissue stresses are not higher in an osteoporotic vertebrae than in a 
healthy one and, second, that the stiffness of both osteoporotic and healthy cancellous bone 
can be estimated from morphology using one and the same set of equations.  

The osteoporotic vertebra has to carry its load with less bone than the healthy vertebra. 
It does manage to carry the normal daily load because of an enhanced mechanical 
orientation, leading to a greater percentage of the material to contribute under these normal 
daily loads, an effect also seen in bone during growth.29 However, the osteoporotic vertebra 
will likely be more vulnerable to unusual loads, as it is also expected for the femur 
(Chapter 2). The enhanced mechanical orientation seen in osteoporotic bone leads to a 
higher stiffness per amount of material in that direction. Hence, the osteoporotic bone is 
better adapted to daily loading than healthy bone. Assuming that healthy bone is optimally 
adapted, osteoporotic bone is "over-adapted".30 As to what causes this over-adaptation, 
there are two possible mechanisms: the biological metabolic process of bone adaptation to 
external loads and the external loads themselves. First, predispositions, age, or menopause 
could alter the adaptation mechanism, for example through an increased osteoclast activity. 
Increased osteoclast activity leads to a decreased bone mass31 and to an increased 
resorption of particularly horizontal trabeculae.32 Second, age is strongly associated with 
changes in the external loads. Most elderly have restricted patterns of physical activity. As 
the loading so rarely deviates from the usual loading direction, the bone is not encouraged to 
maintain its strength in other directions. The precise pathway that the osteoporotic over-
adaptation follows could be investigated by a longitudinal study in which the cancellous bone 
structure of younger people is scanned regularly until they have become of age or get an 
osteoporotic fracture. Simultaneously their patterns of physical activity should be regularly 
monitored. From the perspective of patient treatment it is interesting how these two 
explanations for over-adaptation imply completely different causes. If the problem lies, for 
example, in an increased osteoclast activity, first the bone mass is reduced followed by a 
relatively normal bone remodeling reaction. The external load explanation implies that there 
is in fact nothing wrong with the bone itself, there is just something wrong with the loading 
patterns on the bone. The bone is optimally adjusted for the restricted load pattern it is 
subjected to. Clearly, the two explanations require entirely different treatment methods. 
Where bone reduction is the cause, it will be beneficial to increase (or better: maintain) bone 
mass. Where the restricted loading pattern is the cause, it will be beneficial to introduce (or 
better: maintain) a broader loading pattern including the occasional "error" load. Maintaining 
bone mass could be accomplished by anti-osteoporosis drugs (antiresorptives or anabolics) 
or by strenuous loading of the bones.33-36 The latter option would also maintain a broader 
loading pattern by including sporting activities that include a wide variety of unusual loads, 
such as for example soccer, tennis, or judo (as these will likely result in "error-loads"). 



discussion 

 97 

Apart from bone mass, architecture and mechanical orientation are also important for 
bone fracture risk. It would then be clinically helpful to determine these factors in vivo. In vivo 
bone density measurements are already routinely done, using techniques like DEXA (Dual 
Energy X-ray Absorptiometry) or QCT (Quantitative Computer Tomography). Currently, the 
architecture cannot be measured in vivo, although it would be achievable in the future using, 
for example, improved QCT or MRI (Magnetic Resonance Imaging) techniques.26-28 Once the 
cancellous bone architecture and bone mass are determined, the mechanical orientation can 
easily be calculated using the relations from Chapter 5. Ultrasound is another potential 
technique with which the mechanical properties of cancellous bone can be determined in 
vivo. With ultrasound, ultra high frequency sound waves are sent through the bone. Both the 
velocity of the ultrasound wave through the structure (speed of sound) and the amount of 
energy that the wave loses on its way through (broadband ultrasound attenuation) are 
measures of the mechanical properties of the structure.37-43 Although research is needed to 
determine how the cancellous bone properties (both morphological and mechanical) relate to 
ultrasound parameters44, and although the in vivo technology should be more refined45, 
ultrasound measurements already predict mechanical properties as well as bone density 
measurements.37,38,40,41 

 
 

FinallyFinallyFinallyFinally    
The principal themes of this thesis were the mechanical differences between osteoporotic 
bone and healthy bone that cause the dramatically increased fracture risk seen in 
osteoporotic patients. This thesis shows that an important problem of osteoporotic cancellous 
bone lies in the increased mechanical orientation toward the normal daily load direction; it is 
in that sense "over-adapted". This leads to the seeming paradox that a less optimized 
architectures result in more bone strength. Or, in the words of the famous architect Mies van 
der Rohe (1886-1967), "less is more." 
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Na mijn afstudeeropdracht in Nijmegen begon ik daar aan een promotieproject. Een mooi 
onderwerp en een begeleiding om van te dromen: Harrie Weinans, Rik Huiskes en Bert van 
Rietbergen; wat kon ik mij nog meer wensen. Maar toen de werkelijkheid: Bert vertrok binnen 
een paar maanden richting Zwitserland, Harrie binnen een jaar richting Rotterdam, en Rik na 
een paar jaar richting Eindhoven. Een ramp in wording? Geenszins, Bert was hier lang 
genoeg om mij vertrouwd te maken met zijn eindige elementen software, Harrie was hier 
lang genoeg om de eerste projecten mee op te zetten, Rik was hier lang genoeg om de 
meeste projecten mee af te ronden. Maar bovenal was er internet. 
 
Rik, allereerst bedankt voor het opzetten van het fantastische Nijmegen lab. Het feit dat het 
zo naar buiten gericht is, is denk ik voor een groot deel aan jou te danken. Zonder alle lijntjes 
naar mensen buiten het lab had het grootste deel van mijn onderzoek niet gedaan kunnen 
worden. Het Eindhoven lab zal, daar twijfel ik geen moment aan, net zo mooi worden. 
Bedankt ook voor het feit dat je de dagelijkse begeleiding na het vertrek van Harrie zo goed 
hebt opgepakt. 
Harrie, ondanks je snelle vertrek naar een eigen lab in Rotterdam is jouw bijdrage aan mijn 
promotieproject groot. De zeer creatieve en speculatieve gesprekken die we vooral in de 
begin periode veel hadden waren precies goed; ik mis ze nog steeds. Het feit dat het 
Rotterdam lab nu reeds loopt als een zonnetje is denk ik voor een groot deel aan jou 
creativiteit te danken. 
Bert, jij had een rol in het begin, toen het vaak erg fijn was om een de EBE-man in de buurt 
te hebben. Daarnaast had jij een rol aan het einde, waar we als buren ("Huize Femur" en 
"Huize Wervel") af en toe eens over de haag konden bijpraten over de osteoporose buurt. 
Daarnaast zijn er op het lab natuurlijk nog velen die direct of indirect, bewust of onbewust 
hebben meegeholpen. Mensen zonder wier hulp dit geheel een stuk lastiger had kunnen zijn. 
René, zonder twijfel heb ik van jou de meeste hulp gehad. Onderzoek is 1% inspiratie en 
99% transpiratie (vrij naar Thomas Edison) en zonder al die programmaatjes van jou ben ik 
bang dat het echt zo was geweest. De kamergenoten: Esther, Jan, Harry en Sanne, bedankt 
voor de discussies over bot en mechanica, maar zeker ook over de toekomst, de frustraties 
en natuurlijk over sportverdwazing. Marlies, Jellien en vooral Ineke bedankt voor het uit 
handen nemen van van alles en nog wat, maar vooral de immer te late 
lablunchprogrammering. Alle andere vaste en tijdelijke mensen op het lab, bedankt voor de 
gezelligheid bij koffie, taart en middageten. 
A great thanks to all the co-authors. Barbara McCreadie, Traci Ciarelli, and Steven Goldstein 
for letting me play around with their great data set, Wolfgang Gowin and Dieter Felsenberg 
for their valuable medical perspective on our results. De mensen bij Organon en AKZO: 
Twan Ederveen, Helenius Kloosterboer, Rutger Schlatmann en Maarten Oosterbroek: 
bedankt voor de samenwerking in het rattenproject. 
 

Mijn ouders: Mam, Pap en Anke, bedankt voor ... voor alles eigenlijk. Maar misschien het 
meest voor het zelfvertrouwen dat jullie me hebben meegegeven. Bedankt. 

De dames, Manon en Karlijn. Lieve Karlijn, hoewel je nog (net) geen jaar oud bent, wil dat 
niet zeggen dat jouw rol een kleine was. Bedankt dat je er was om de laatste loodjes 
zwaarder, maar vooral lichter te maken. Manon, lieve Manon, bedankt voor jouw steun en 
liefde. Ik hou van jou. 
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Op 23 juli 1972 werd ik, Jasper Homminga, geboren in Enschede. Aan mijn wieg stonden 
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