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Summary
Osteoporosis is one of the major health problems worldwide. One out of every two
women and one in four men above the age of 50 years will suffer from an osteoporosisrelated fracture in their lifetime. With the aging population, the number of people
with osteoporosis-related fractures will increase further. The pain, suffering, and
economic costs will be enormous.
To fight this worldwide health problem, the medical community needs to consider
several aspects of and related to the disease, such as risk factors, prevention, diagnosis, treatment, monitoring and finally, if not prevented, fixation of fractures, as
well as monitoring of the healing process. In this context, this thesis is devoted to
three of these aspects: diagnosis of osteoporosis, fixation of osteoporotic fractures
and monitoring of the healing process. Specifically, this doctoral thesis aimed at (i)
improving diagnosis by deriving more appropriate estimates of bone competence at
the distal forearm, (ii) providing better insight into implant failure to be able to optimize fracture treatment, and (iii) quantifying bone healing and assessing mechanical
stability in patients during the healing process of osteoporotic wrist fractures.
In a first step, new findings on the assessment of bone structure and strength were
presented. A study on human cadaveric forearms showed good reproducibility of
bone microstructural indices as assessed by high-resolution peripheral quantitative
computed tomography (HR-pQCT) and of bone strength as derived from microfinite element (µFE) analyses. Significant gender differences as well as age-related
changes in bone quantity and quality were found. Good correlations of bone indices
and µFE estimated bone strength with measured failure load could be presented.
The fact that, based on these results, the most relevant region to determine failure
load was located just below the end of the distal subchondral plate is of high clinical
relevance. Clinically speaking, this would in fact favor a region of interest for the
HR-pQCT measurements that is even more distal than currently recommended by
the manufacturer.
In a second step, a method was presented and validated by which mechanical
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competence of bone-implant constructs can be computationally analyzed using µFE
analysis. This technique can be used to analyze the contribution of individual trabeculae to implant stability and pull-out strength. Hence, µFE analyses may lead to
a mechanistic understanding of why low density bone offers less potential for screw
fixation than normal bone, and may aid to systematically develop more appropriate
screws to treat osteoporotic fractures. Additionally, a new testing equipment was
developed with the aim to obtain insight into implant loosening and subsequent
failure. For the first time, experimental bone-implant failure at the microstructural
level in a clinically relevant scenario was visualized, a technique also referred to
as image-guided failure assessment (IGFA). Such experimental data are crucial to
enhance the understanding on the quality of the bone-implant interface and of the
peri-implant trabecular bone in the process of implant failure. Both the computational and experimental approaches are likely to lead to new insights into implant
failure and provide critical information to define new solutions for improved implant
anchorage and longevity.
Finally, the afore gained knowledge was used in a clinical case of fracture repair
at the human radius. HR-pQCT in combination with µFE analysis was used to
non-invasively assess mechanical stability during fracture healing in vivo. The feasibility of the techniques to estimate mechanical function of bone-implant constructs
was successfully shown in one patient. The combination of these two methods could
potentially be used in the future to monitor fracture healing and improvement in
implant stability in patients in a clinical setting. To perform this at high accuracy,
excellent image quality as assessed by HR-pQCT has to be guaranteed. Therefore,
a new fixation method for the use in clinical imaging was developed and patented.
This novel fixation system will help to diminish motion and therefore improve accurate and reproducible assessment of bone microstructure and its competence. The
fixation method is a useful tool to also improve the diagnosis of osteoporosis because
it will help proper quantification of bone microstructure.
In conclusion, this work has led to three main outcomes. First, new findings
on the assessment of reproducible and accurate estimates of human distal forearm
bone structural quality and mechanical competence were found. This will potentially
affect future assessment of fracture risk and have implications on the diagnosis of
osteoporosis. Second, novel computational and experimental methods for analyzing
bone-implant interaction and implant strength have been developed. Especially the
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newly developed IGFA device has great potential to lead to new directions in implant
designs for osteoporotic fracture treatment. In the future, this method could be used
by medical implant manufacturer to target implants for specific patient groups, e.g.
patients with osteoporotic bone. And third, a novel approach to monitor fracture
healing in patients was successfully applied as well as an innovation allowing for
improved clinical assessment of bone structural and mechanical competence was
successfully developed and patented. Both these approaches have great potential to
make it into clinics.
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Zusammenfassung
Osteoporose ist eines der grössten und bedeutendsten Gesundheitsprobleme,
weltweit. Bereits jetzt erleidet jede zweite Frau und jeder vierte Mann im Alter von
über 50 Jahren einen Knochenbruch als Folge von Osteoporose. Angesichts einer
alternden Bevölkerung ist zudem eine weitere Zunahme von Osteoporose Frakturen
zu erwarten. Dies ist verbunden mit hohen wirtschaftlichen Kosten sowie mit einem
hohen Mass an Schmerz und Leid für die Betroffenen.
Um das Gesundheitsproblem Osteoporose anzugehen muss die medizinische
Gemeinschaft verschiedene Aspekte der Krankheit berücksichtigen. Im Vorfeld gilt
es Risikofaktoren zu identifizieren, Osteoporose-Prävention zu forcieren und eine
möglichst sichere und frühzeitige Diagnose zu ermöglichen. Im Falle einer positiven Diagnose stehen die Behandlung und Überwachung der Krankheit im Vordergrund und sollten im Verlauf der Krankheit dennoch Frakturen auftreten, gilt es
eine optimale Fixierung und Überwachung des Heilungsprozesses sicherzustellen.
Diese Arbeit widmet sich drei der genannten Aspekte: der Diagnose von Osteoporose, der Behandlung von osteoporotischen Frakturen und der Überwachung des
Heilungsprozesses. Ein spezieller Fokus der zugrundeliegenden Forschung lag hierbei
auf: (i) Einer verbesserten Diagnose mittels geeigneter Analyse der Knochenstärke
am distalen Unterarm. (ii) Der Ermöglichung eines besseren Einblickes in das Implantatversagen um Frakturbehandlungen zu optimieren. (iii) Der Quantifizierung
von Knochenheilung und der Beurteilung der mechanischen Stabilität während des
Heilungsprozesses osteoporotischer Handgelenksfrakturen.
Zur verbesserten Diagnose wurden in einem ersten Schritt Knochenstruktur und
Knochenstärke untersucht. Eine Studie an postmortalen menschlichen Unterarmen
zeigte eine gute Reproduzierbarkeit von Knochenstrukturparametern gemessen mittels hochauflösender peripherer quantitativer Computertomographie (HR-pQCT)
und von Knochenstärke, berechnet mittels der Mikro-Finite-Element-Methode
(µFE). Des Weiteren wurden signifikante, geschlechtsbedingte Unterschiede, sowie
altersbedingte Veränderungen der Knochenmasse und Knochenqualität gefunden.
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Es konnte zudem gezeigt werden, dass sowohl Knochenstrukturparameter, als auch
die berechnete Knochenstärke, gut mit mechanisch gemessenen Bruchkräften des
Unterarmes korrelieren. Wir konnten zudem zeigen, dass die massgebende Region
zur Bestimmung der Knochenstärke gleich unterhalb der distalen Gelenksfläche
liegt. Dies hat eine direkte klinische Relevanz. Aufgrund unserer Erkenntnisse
sollten in Zukunft HR-pQCT Messungen am Menschen weiter distal am Unterarm
durchgeführt werden als es heute üblich und vom Geräthersteller empfohlen ist.
Das Ziel des zweiten Teils der Arbeit war die Entwicklung und Validierung einer
µFE Methode, zur rechnerischen Analyse mechanischer Eigenschaften von KnochenImplantat Verbindungen. Diese Technologie kann genutzt werden um den Beitrag
einzelner Knochenstrukturen zur Implantatstabilität und Ausreisskraft zu berechnen. µFE Analysen können dabei helfen zu verstehen welche Mechanismen dazu
führen, dass Knochen mit geringer Dichte weniger Möglichkeiten für die Schraubenfixierung bieten als gesunde Knochen. Dies wiederum ermöglicht die systematische Entwicklung geeigneter Schraubenimplantate für die Behandlung osteoporotischer Frakturen. Darüber hinaus konnten wir ein neues Testgerät entwickeln,
dass es ermöglicht einen Einblick in die Lockerung der Implantate und der daraus
resultierenden Implantatversagen zu erlangen. Mit dieser, auch als ”image-guided
failure assessment” (IGFA) bekannten Technik, konnten wir erstmals, in einem
klinisch relevanten Szenario, das Versagen von Knochen-Implantat Verbindungen
untersuchen und auf der Ebene der Knochenmikrostruktur dreidimensional visualisieren.

Die so erhaltenen Daten sind von entscheidender Bedeutung um ein

besseres Verständnis der Knochen-Implantat Schnittstelle und der Veränderungen
in der Knochenstruktur während des Implantatversagens zu entwickeln. Zusammen
mit den entwickelten rechnerischen und experimentellen Ansätzen können damit
nicht nur neue Erkenntnisse zum Implantatversagen gewonnen, sondern auch neue
Lösungen für eine bessere Verankerung und Langlebigkeit von Implantaten gefunden
werden.
In letzten Teil der Arbeit wurde das zuvor erlangte Wissen in einer klinischen Fallstudie über Frakturheilung am humanen Radius angewendet. Hierzu wurde die HRpQCT Technologie zusammen mit der µFE Analyse verwendet um die mechanische
Stabilität während der Frakturheilung auf nicht invasive Weise zu bestimmen. Wir
konnten erfolgreich eine Zunahme der mechanischen Stabilität über die Zeit der
Frakturheilung zeigen und damit die Methode verifizieren. Der erfolgreiche Trans-
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fer in die Klinik verspräche die Möglichkeit in Zukunft auch hier die Frakturheilung und Implantatstabilität, mit unserer Methode, nicht invasiv überwachen
zu können. Um hierbei höchstmögliche Genauigkeit zu garantieren ist eine hervorragende Bildqualität bei HR-pQCT Messungen unabdingbar. Aus diesem Grund
wurde in einem letzten Schritt eine neuartige Fixierungsmethode für den Gebrauch
in der klinischen Bildgebung entwickelt und patentiert. Dieses neue Fixierungssystem wird dazu beitragen, Bewegungen zu minimieren und damit noch präzisere
und reproduzierbarere Untersuchungen der Knochenstruktur und Knochenstärke zu
ermöglichen. Hiermit kann die neue Fixierungsmethode dazu beitragen, durch eine
optimierte Quantifizierung der Knochenstruktur, auch die Diagnose von Osteoporose
zu verbessern.
Zusammenfassend hat diese Arbeit zu drei Hauptergebnissen geführt. Erstens
wurden neue Erkenntnisse bei der Untersuchung von exakten und reproduzierbaren
Werten zur Qualität der Knochenstruktur und der mechanischen Eigenschaften des
Knochens am menschlichen Unterarm gefunden. Dies könnte Auswirkungen auf
die zukünftige Bemessung des Frakturrisikos und die Diagnose von Osteoporose
haben. Zweitens wurden neuartige rechnerische und experimentelle Methoden zur
Analyse der Knochen-Implantat Interaktion und der Implantatstabilität entwickelt.
Im speziellen das neu entwickelte IGFA Gerät verfügt hierbei über grosses Potential,
um beim Design von Implantaten zur Behandlung osteoporotischer Frakturen neue
Wege zu gehen. In Zukunft könnte diese Methode von Implantatherstellern verwendet werden, um gezielt Implantate für bestimmte Gruppen zu entwickeln, beispielsweise für Patienten, die an Osteoporose leiden. Drittens wurde ein neuartiger
Ansatz zur Überwachung der Frakturheilung am Patienten erfolgreich angewendet
und eine Innovation, zur verbesserten Bildgebung und damit klinischen Beurteilung
der Knochenstruktur und mechanischen Eigenschaften, entwickelt und patentiert.
Beide Ansätze haben grosses Potential in der klinischen Anwendung.
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Chapter 1
Introduction
Osteoporosis is recognized as one of the major public health problems. It affects an
estimated 75 million people in Europe, the United States and Japan [1]. In 2000, the
number of osteoporotic fractures was estimated at 3.79 million. In terms of hospitalbed days the burden of osteoporotic fracture lay midway between that estimated
for stroke and ischaemic heart disease, but is significantly greater than that for
breast or prostate cancer [2]. In Switzerland, the annual costs of hospitalizations
for osteoporotic fractures are greater than those for myocardial infarction, stroke
and breast cancer, and only slightly lower than for chronic obstructive pulmonary
disease [3]. In Europe, the total direct costs were estimated at e 31.7 billion, which
is expected to increase to e 76.7 billion in 2050, based on the expected changes in
the demography of Europe [4]. With the aging population, the number of people
with osteoporosis-related fractures will increase further. The pain, suffering, and
economic costs will be enormous [5, 6].
Osteoporosis is defined as a skeletal disorder characterized by compromised bone
strength predisposing to an increased risk of fracture. Bone strength reflects the
integration of two main features: bone density and bone quality [7].
Current measures of bone strength are based on bone mass, although it is known
that bone strength also depends on other factors related to bone quality such as architecture, turnover, damage accumulation and mineralization [7]. Here we will concentrate on the contribution of microstructure to the determination of bone strength.
Recent developments allow assessing bone microstructure at the distal forearm and
at the lower leg at unprecedented resolution in humans. This has high potential to
improve bone strength predictions. The spine, hip, and wrist are common areas of
osteoporosis-related bone fractures. As it is known that the prospective association
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between fracture history and subsequent hip fracture risk is strongest for Colles’
fractures [8, 9], one of the most common type of wrist fractures, an accurate prediction of bone strength in the human distal forearm must be of major interest and
needs further exploration.
Osteoporosis does not only increase fracture risk by reducing bone strength, but it
also complicates the treatment of fractures. Although it is logical, that the disease
responsible for the fracture is still present after the fracture, this was not in the
focus of treatment planning up to now. Therefore, it is not surprising that implants
developed for good bone quality fail in osteoporotic bone [10]. Consequently, it is of
great importance to get better insight into the bone-implant failure mechanisms as
this might lead to improved designs of implants for the proper fixation of osteoporotic
fractures.

1.1 Specific aims
This doctoral thesis aims at deriving better estimates of bone strength, providing
better insight into primary implant failure, and on using this information to quantify
bone healing and to assess implant stability in patients. Specifically the following
three aims were formulated.
Specific aim 1 Use bone microstructural data as assessed with a new generation
high-resolution peripheral quantitative computed tomography (HR-pQCT)
system and large-scale micro-finite element (µFE) analysis to derive more accurate estimates of bone strength than currently used estimates based solely
on bone mass.
Specific aim 2 Develop and implement three-dimensional visualization and quantification of primary implant failure in large bone-implant constructs.
Specific aim 3 Use knowledge on bone strength analysis and implant failure to
monitor fracture healing in patients.
To address these objectives, HR-pQCT was chosen to assess bone microstructure
at the distal forearm. We aimed at using it in combination with µFE analysis to
assess bone mechanical competence and to predict bone strength. Subsequently, we
developed an image-guided failure-assessment (IGFA) device to obtain insight into
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implant loosening and subsequent failure on an experimental level. Furthermore,
the feasibility to estimate mechanical function of bone-implant constructs in vivo
using HR-pQCT-based µFE analysis was assessed.

1.2 Outline of the thesis
The following five chapters are structured to best address the three specific aims,
preceded by a background chapter on the state-of-the-art in the field and concluding
with the synthesis.
Chapter 2 In this chapter the biological and medical background as well as the
technological state-of-the-art in the field is presented. It starts with general
information about bone tissue, followed by an introduction to osteoporosis
and its impact on humans. Furthermore, the three main technologies used in
this thesis are presented and explained in depth. These are: high-resolution
peripheral computed tomography, micro-finite element analysis and imageguided failure assessment.
Chapter 3 Recent advances in imaging of bone and increases in computational
power make it possible today to develop highly detailed computational models. In this chapter we will consider mechanical, computational and imaging
aspects to evaluate bone strength. In a first part, reproducibility of CT and
FE analysis procedures to analyze bone morphometry and bone strength in
the human radius as assessed by HR-pQCT is carried out on a subset of human
radius specimens from a large cadaver study. HR-pQCT is then used to detect
regional, age and gender differences in architectural measures of bone quality in the full cohort. Additionally, the correlation of bone microstructural
quality to bone mechanical competence in the human radius of this elderly
population is investigated. Finally, finite element modeling of the human radius as assessed by HR-pQCT shows to what extend computed bone strength
can predict biomechanically measured bone strength.
Chapter 4 This chapter includes two studies. First, mechanical competence of
bone-implant constructs is computationally and experimentally tested using
µFE methods and standardized mechanical tests, respectively. Second, primary implant stability is assessed experimentally using time-lapsed imaging of
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implant-bone constructs with newly developed testing equipment. Both these
approaches give new insight into implant failure and provide critical information to define new solutions for improved implant anchorage and longevity in
osteoporotic bone.
Chapter 5 Two clinical applications are presented in this chapter. The first application uses the methods as developed in this thesis and applies them to a
clinical study of fracture repair at the human radius. HR-pQCT in combination with µFE analysis is used to non-invasively assess mechanical stability
during fracture healing in a single patient in vivo. The second application
handles about improving image quality by reducing motion-induced imaging
artifacts. Thus, a new and patented fixation method for the use in clinical
imaging is presented.
Chapter 6 An overall synthesis concludes this thesis; it includes a review of the work
performed, its impact on the field of osteoporosis research, the limitations on
the outcomes, and pathways for future research.
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Chapter 2
Background
2.1 Bone
Bone is the major structural and supportive connective tissue of the body and builds
up, supported and supplemented by ligaments, tendons, muscles and cartilage, the
human skeleton. Bone is responsible for several functions in the human body, among
which are mechanical, productive and metabolic functions. Mechanically, bones
protect internal organs, provide a frame to keep the body supported and are site
of muscle attachment necessary for locomotion. Furthermore, the bone marrow,
located within the medullary cavity of long bones and interstices of cancellous bone,
produces blood cells in a process called haematopoiesis. Metabolically, bones act
as storage of minerals, especially calcium and phosphate. Furthermore, mineralized
bone matrix stores important growth factors and yellow bone marrow acts as a
reserve of fatty acids. Additionally, bone tissue stores heavy metals and other foreign
elements thus detoxifies the blood and reduces potentially harmful effects on other
tissues, only to mention some other metabolic effects bone is responsible for.
A typical long bone can be divided into three regions (Fig. 2.1). From the long
ends of the bone towards the center of the bone the following zones are encountered:
the two extremities called epiphyses, followed each by the developmental zones,
called metaphyses, coming together in the middle, called midshaft or diaphysis. The
diaphysis consists of a more or less cylindrical bone shaft. Generally, the external
part of the bones is formed by a dense layer of calcified tissue. This outer shell of
the bone is called cortex or compact bone. Towards the metaphysis and even more
pronounced at the epiphysis, the cortex is thinner, and the internal space is filled
with a porous network of thin and calcified bone structures called trabeculae. This
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bone type is called cancellous or trabecular bone. Two bone surfaces are identified
at which the bone is in contact with soft tissue. The one on the outside of the
bone is called periosteal surface, whereas the surface that lines the inner part of the
bone is the endosteal surface. Both types of bone surfaces, the periosteum and the
endosteum, are lined with osteogenic cells which are organized in layers.

Figure 2.1: Schematic drawing of a longitudinal section through a typical long bone.
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Trabecular and cortical bone have two distinct differences. First, on a structural
level bone tissue is the major constituent of cortical bone; the percentage bone
tissue is much lower in trabecular bone. The remaining volume consists of bone
marrow, blood vessels and connective tissue. Therefore, most of the interface with
soft tissues is at the endosteal bone surface. This leads to a functional difference,
the second distinct difference between cortical and trabecular bone. Even though
slightly generalized, cortical bone mainly has a mechanical and protective function,
whereas the major metabolic effects are taking place in the trabecular bone regions.

2.2 Osteoporosis
Osteoporosis is recognized as one of the major public health problems [1] facing aging
individuals irrespective of gender [2]. It is defined as a skeletal disorder characterized
by compromised bone strength predisposing to an increased risk of fracture [3]. Bone
strength reflects the integration of two main features: bone density and bone quality.
Specifically, bone quality includes architecture, turnover, damage accumulation and
mineralization [3]. The skeletal disorder is reflected in an age- and disease-related
bone loss, characterized by a decrease in bone mineral density and an alteration of
the trabecular bone structure (Fig. 2.2).
Bones that are affected by osteoporosis can fracture with only minor trauma which
would normally not cause a bone fracture. The spine, hips, and wrists are common
areas of osteoporosis-related bone fractures, although osteoporosis-related fractures
can occur in almost any skeletal bone area [4]. Osteoporosis is responsible for more
than 3.79 million fractures annually in Europe, including 179’000 hip fractures in
men and 711’000 in women [5]. Worldwide, the number of hip fractures occurring
each year is expected to increase from 1.66 million in 1990 to approximately 6.26
million by 2050 [6]. Osteoporotic bone fractures are responsible for considerable
pain, decreased quality of life, lost workdays, and disability [7]. It has been estimated
that 4 in 10 white women at the age of 50 years will experience at least one hip,
spine, or wrist fracture during the remainder of their lives [8, 9]. The risk for men
is lower due to their shorter life expectancy and lower fracture incidence rates as
well as their higher absolute bone density which leads to a higher safety margin.
Up to 30% of patients suffering a hip fracture will require long term nursing home
care [10]. Elderly patients can further develop pneumonia and blood clots in the leg
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Figure 2.2: Healthy bone structure of a 31 year old man (left side) and osteoporotic
bone structure of a 89 year old women (right side). Images courtesy of
Alan Boyde.

veins that can travel to the lungs (pulmonary embolism) due to prolonged bed rest
after a hip fracture. Within the first year, death rates in female patients with a hip
fracture are 10% to 20% higher than in women of similar age, race and sex [11, 12].
A 50-year-old white woman has a 16% risk of suffering a hip fracture, a 15% risk of
suffering a Colles’ fracture, and a 32% risk of suffering a vertebral fracture during her
remaining lifetime. These risks exceed her risk of developing breast or endometrial
cancer. However, her risk of dying of hip fractures is about the same as dying of
breast cancer [13]. Furthermore, once a person has experienced a fracture due to
osteoporosis, he or she is at very high risk of suffering another fracture in the near
future. About 20% of postmenopausal women who experience a vertebral fracture
will suffer a new vertebral bone fracture in the following year [14].
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Public health costs
Osteoporosis affects an estimated 75 million people in Europe, the United States
and Japan [15]. In 2000, the number of osteoporotic fractures was estimated at 3.79
million. In Europe, the total direct costs were estimated at e 31.7 billion, which is
expected to increase to e 76.7 billion in 2050, based on the expected changes in the
demography of Europe [5]. It has also been estimated that the global expenditures
will rise from US$ 50 billion in 1990 to almost US$ 200 billion in 2050, assuming that
each hip fracture case costs roughly US$ 30’000. It is obvious that with the aging
population, the number of people with osteoporosis-related fractures will increase
further. The pain, suffering, and economic costs will be enormous [16, 17].

Factors leading to osteoporosis and osteoporotic fractures
Numerous studies have documented a progressive reduction in bone mineral density (BMD) or a removal of structural elements at nearly every skeletal site with
aging [18–40]. Bone density is the amount of bone present in the skeletal structure.
Generally, the higher the mass is, the stronger are the bones [41]. Predictors of
low bone mass include female gender, increased age, estrogen deficiency, white race,
low body mass index (BMI), family history of osteoporosis, smoking, and history of
prior fracture. Use of alcohol and caffeine-containing beverages are inconsistently
associated with decreased bone mass [3]. Estrogen is important in maintaining bone
density in women. When estrogen levels drop after menopause, bone loss accelerates. During the first five to ten years after menopause, women can suffer up to
two to four percent loss of bone density per year [42]. This can result in the loss
of up to 25% to 30% of their bone density during this relatively short time period.
Accelerated bone loss after menopause is a major cause of osteoporosis in women.
In addition, fracture risk also climbs with age, independent of BMD [43], most likely
due to decreased neuromuscular function. Although many older persons may lose
bone, as expressed by a decrease in bone density, not all develop fractures. This is
not unexpected, as bone density is not the sole determinant of bone strength. Bone
strength also depends on other factors related to bone quality such as architecture,
turnover, damage accumulation and mineralization [3]. Additionally, neuromuscular
function and environmental hazards influencing the risk of fall and force of impact
are also important factors [44].
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Diagnosis of osteoporosis
Currently it is difficult, if not impossible, to clinically measure characteristics of
bone; however, clinical risk factors such as age, prior fragility fractures, smoking,
excess alcohol, family history of hip fracture and rheumatoid arthritis capture some
of the determinants of fracture risk. In contrast to the limited clinical factors to
measure changes in bone, quantitative measures exist such as the assessment of BMD
and loss of BMD by routine X-ray or Dual Energy X-ray Absorptiometry (DXA)
measurements [45–50]. A routine X-ray can reveal osteoporosis of the bone, which
appears less bright (i.e. a lower intensity) compared to normal bones. Unfortunately,
by the time X-rays can detect osteoporosis, at least 30% of the bone has already been
lost. In addition, X-rays are not accurate indicators of bone density. The appearance
of the bone on an X-ray is often affected by variations in the degree of exposure
of the X-ray film [51, 52]. The National Osteoporosis Foundation, the American
Medical Association, and other major medical organizations are recommending a
DXA scan for diagnosing osteoporosis [3, 53, 54]. The bone density of the patient is
then compared to the average peak bone density of reference data gained from young
adults. This score is called ”T-score”, and expresses the bone density in terms of the
number of standard deviations (SD) above or below average peak young adult bone
mass. According to the definition of the World Health Organization (WHO) [15],
osteoporosis is defined as a bone density with a T-score of −2.5 or below. Osteopenia
is defined as a bone density with a T-score between −1 and −2.5.
Recently, the WHO has developed a fracture risk assessment tool (FRAXr ) to
evaluate patient risk. This tool is based on individual patient models that integrate
the risks associated with clinical risk factors as well as bone mineral density at the
femoral neck. The FRAXr models have been developed from studying populationbased cohorts from different continents. The FRAXr algorithms give the 10-year
probability of fracture. The output is a 10-year probability of hip fracture and
the 10-year probability of a major osteoporotic fracture (spine, hip, forearm or
shoulder fracture) [55, 56]. The tool increases sensitivity and is now being used in
the reappraisal of clinical guidelines. Nevertheless, there are also some concerns
about it. Fracture risk prediction is only useful if a cutoff is defined above which
the risk is deemed sufficiently high to warrant treatment. The cutoff reflects the
price a country, insurance system, or individual is prepared to pay to prevent an
osteoporotic fracture. Therefore, it depends on each countrys healthcare budget
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and prevention policies, as well as on the age distribution of the population and the
results of cost-effectiveness studies. Furthermore, the FRAXr score could be refined
by introducing additional risk factors such as the fall risk, BMD values at other sites
than the femoral neck and bone turnover markers. In the future, individual bone
quality and strength assessments could further improve the FRAXr tool. To gain
widespread recognition, the FRAXr score needs to be validated by therapeutic trials
in patients selected based on FRAXr score values [57]. In addition a number of
technical points should be considered. Although FRAXr is an international tool, it
is suitable for use only in those countries for which epidemiological data are available.
The 10-year risk associated with a given risk-factor profile differs across countries.
Several European countries, such as Germany, did not provide epidemiological data.
In summary, FRAXr is a valuable tool that is not simple to use in the current state
of knowledge. In some situations, FRAXr should not be used [58].
Treatment of osteoporosis
The goal of osteoporosis treatment is the prevention of bone fractures by stopping
bone loss and by increasing bone density and strength. Although early detection
and timely treatment of osteoporosis can substantially decrease the risk of future
fractures, none of the available treatments for osteoporosis are complete cures. In
other words, it is difficult to completely rebuild bone that has been weakened by
osteoporosis. Therefore, prevention of osteoporosis is as important as treatment.
Osteoporosis treatment and preventive measures include on the one hand life style
changes such as quitting cigarette smoking [59–61], curtailing alcohol intake [62]
and even more importantly exercising regularly and consuming a balanced diet with
adequate calcium and vitamin D [63, 64]. On the other hand, there are medications
that can stop bone loss or even increase bone mass with a consequent significant
reduction in the number of fractures, such as alendronate [65–69], risedronate [70,71],
raloxifene [72, 73], ibandronate [74, 75], calcitonin [76, 77] or teriparatide [78–82].
Monitoring of osteoporosis progression
The American Medical Association and other reputable medical organizations have
determined that repeat bone density testing (DXA scans) is not indicated in monitoring osteoporosis treatment or prevention on a routine basis. Until new and
accurate systems become available, it is scientifically premature to measure bone
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density as a way of monitoring osteoporosis medications, because it is currently not
known how to use these repeat bone density measurements during therapy. Some
of the most important reasons are: bone density changes slowly with treatment
thus the changes are smaller than the measurement error of the machine. In other
words, repeat DXA scans cannot distinguish between a real increase in bone density
due to treatment and a mere variation in measurement from the machine itself in
the normal timeframe of treatment monitoring. Meaningful changes in BMD can be
recognized earliest half a year after a treatment started and more importantly, small
changes in BMD are less well detectable than changes in structural parameters as
assessed using new and more accurate systems such as micro-computed tomography
(µCT), high-resolution peripheral computed tomography (HR-pQCT) and magnetic
resonance imaging (µMRI) [83–90]. One density measurement taken during treatment will not help the doctor plan or modify the treatment regimen. Even if the
DXA scan shows continued deterioration in bone density during treatment, there is
no data yet demonstrating that changing a medication, combining medications, or
doubling medication doses will be safe and helpful in decreasing the future risk of
fractures. For all of these reasons, routine bone density testing during treatment is
unlikely to be helpful. In the future, however, if ongoing research brings new and
improved technologies or new therapies, testing decisions will clearly have to change
towards the inclusion of bone quality and bone competence.

Treatment of osteoporotic fractures

The options available for the treatment of one of the most common osteoporotic
fractures in elderly patients, the wrist fracture, were reviewed recently by Ring
and Jupiter [91]. They highlight that some patients will accept functional deficits
after conservative treatment while others remain active and need a restoration to full
function. Today plate fixation as well as pinning or conservative treatment is used to
treat these fractures in elderly patients [92–94]. No consensus has been established
whether one method is better than another in terms of functional treatment or
complication rate in poor bone quality. Recently studies are becoming available that
show a correlation between the rate of implant failure and local bone quality [95–98].
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Implant fixation in osteoporotic bone
The fact that osteoporosis leads to fractures is well known. In contrast, the assumption that osteoporosis complicates the treatment of these fractures is rather
not [99]. Although it seems logical, that the disease responsible for the fracture is
still present after the fracture, this was so far not in the focus of treatment planning.
For a long time orthopedic implants were developed for patients with a good bone
stock. The fundamental that bone mechanical properties depend on bone density
and bone microstructure was not really considered. Therefore, it is not surprising
that implants developed for good bone quality fail in osteoporotic bone [100, 101].
Particularly, implant stability is a critical issue in osteoporosis since the performance
of bone-implant constructs is reduced due to low bone quality. Biomechanical tests
have proven this in a variety of different settings. It was shown that bone mineral
density correlates inversely with different types of forces applied to screws [102–104]
as well as to complete implant constructs [96, 105–108]. Implant stability depends
on the quality of the implant fixation, on the amount and quality of peri-implant
bone, on how that bone deforms and eventually fails during implant loading. Implant loosening might be a major cause of failure in low density bone. Nevertheless,
in contrast to biomechanical evidence that local osteoporosis affects anchorage of
implants, this could not be proven in clinical studies due to the lack of accurate
osteoporosis assessment, missing complication definitions and heterogeneous inclusion criteria [109]. Mismatches in stiffness as well as inappropriate designs of the
anchoring element [110] might lead to local failure at the implant-bone interface
with subsequent loosening of the complete implant. First experiments have shown
that prototypes specifically designed for severely osteoporotic bone survive significantly longer during cyclic testing than comparable conventional implants [111,112].
However, a detailed analysis of the mechanisms underlying implant anchorage and
stability has not been performed so far and it is not clear to what extent these
factors play a role in the processes of local damage accumulation and final implant
failure.

2.3 Technology: bioimaging and biomechanics
To overcome some of the limitations of 2D histology, several 3D measurement and
analysis techniques have been developed over the last two decades. Computed to-
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mography (CT) is one of them allowing to image and quantify bone structures in
3D [113, 114] with image resolutions ranging from millimeters (clinical CT), to micrometers (µCT), down to nanometers (synchrotron radiation nanoCT). Ideally, in
vivo imaging systems with resolutions better than 50 µm would allow measurement
of patients at different time points and different anatomic sites. Unfortunately,
such systems are not available today. Nevertheless, the highest resolution at peripheral sites is now 82 µm, a resolution that allows assessment of trabecular bone
microstructure non-invasively. In combination with large-scale finite element modeling, it is not only possible to assess bone microstructure but also bone stiffness and
strength in humans [115]. These techniques and methodologies start entering the
clinical or medical technology arena in the near future to help improve diagnosis,
treatment and monitoring of osteoporotic patients. Additionally, the high-resolution
peripheral quantitative computed tomography (HR-pQCT) modality might also be
used in combination with mechanical testing systems, thereby stepwise visualizing
bones and bone-implant constructs under load (image-guided failure assessment,
IGFA) [116]. Specifically, IGFA has been presented in studies in combination with
µCT thereby investigating small human bone and material samples as well as animal
bone-implant constructs [117–119]. This will improve basic understanding of bone
and bone-implant failure and might lead to better implant designs for improved
anchorage and longevity.

High-resolution peripheral quantitative computed tomography
With the introduction of high-resolution peripheral quantitative computed tomography (HR-pQCT), a new imaging device has become commercially and clinically
available, allowing the three-dimensional (3D) assessment of the bone microarchitecture. The XtremeCT system (Scanco Medical AG, Brüttisellen) allows measurements of the distal forearm and the lower leg (Fig. 2.3).
HR-pQCT provides a field of view of 126 mm diameter and a maximal scan length
of 150 mm. This allows for proper assessment of the peripheral sites of the human,
e.g. radius (Fig. 2.4) and tibia. The clinical measurement as recommended by
the manufacturer includes one stack of 110 slices at an isotropic nominal resolution
of 82 µm. Measurement time for clinical applications is less than 3 minutes in
which the patient is exposed to an effective dose of 3 µSv. Specifically, the in vivo
measurement settings are defined at an energy of 60 kVp, an intensity of 900 µA
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Figure 2.3: High-resolution peripheral quantitative computed tomography system
manufactured by Scanco Medical AG, Brüttisellen, Switzerland.

and an integration time of 100 ms. Resulting clinical measurements of the radius
are shown in Fig. 2.5.
Additionally, the HR-pQCT system can be used to measure entire bones or boneimplant constructs in vitro due to its large field of view (Fig. 2.6). This advantage
is needed to assess larger regions of interest. In summary, the HR-pQCT system
combines in vivo as well as in vitro applications at an unprecedented image resolution.
Quantification of bone microarchitecture
A method of quantitatively describing bone architecture and the changes associated with age or stage of a disease is quantitative bone morphometry. 3D image
processing methods have been presented, allowing direct quantification of bone microarchitecture [120–122]. These techniques calculate distances in 3D space and
therefore do not rely on an assumed model type. In addition to the computation of
direct metric parameters such as bone volume (BV), bone volume density (BV/TV),
bone surface (BS), total examined volume (TV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp), nonmetric parameters
can be calculated to describe the 3D nature of a bone structure. Nonmetric parameters are for example degree of anisotropy (DA), trabecular bone pattern factor
(TBPf) [123] or structure model index (SMI), allowing for the estimation of platerod characteristics of trabecular bone structures [124].
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Figure 2.4: HR-pQCT image measured in vitro at the distal radius of a 79-year-old
male (A) and a 92-year-old male (B), respectively.

Computational assessment of bone competence
Computational models can be used to simulate the real physical contribution of
the microarchitecture to the mechanical failure behavior of bones and bone-implant
constructs. With the development of more powerful computers, simulation techniques are becoming available for investigating the mechanical properties of bone.
Thereof, finite element (FE) analysis is the most widely used method in engineering
for structural analysis. FE analysis can deal with the highly irregular geometry
and architecture of bones and implants. Furthermore, it can handle complicated
loading and material behavior. Another advantage of FE analysis is that models
can be analyzed multiple times to simulate different types of loading. Basically,
the method artificially divides a complicated object into a finite number of small
elements. Subsequently, the behavior of each element is described in mathematic
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Figure 2.5: Two-dimensional grayscale slice image (left side) and three-dimensional
stack representation (right side) of measurements at the distal radius.

equations, which are solved using computers. Traditionally, element size has been in
the order of millimeters. At this element size, the effects of individual trabeculae are
averaged over an element. Nevertheless, these continuum-level FE models can accurately predict strength [125] and show potential to become a tool in cross-sectional
studies. However, FE analysis might not be precise enough to analyze small changes
in follow-up studies. The use of refined microstructural finite element (µFE) models
that accurately represent bone microarchitecture might be a way to overcome this
problem. The increase in computational power and the use of parallel computers
has made it possible to analyze intact human bones in great detail. Such models can
address aspects of osteoporosis on the stress and strain distribution in trabecular
bone (Fig. 2.7). They provide great potential to enhance our understanding of bone
failure and improve bone strength prediction [85–87, 126–130]. Furthermore, recent
µFE analyses at the distal radius show excellent reproducibility in stiffness [130]. In
summary, µFE-based estimates of bone strength may provide new ways to identify
osteoporotic patients at risk of forearm fractures.
In addition to that, µFE-based estimates of bone-implant construct stability
could be a promising computational pathway to assess the performance of implants
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Figure 2.6: Large volume of interest of a cadaveric human radius as assessed by
HR-pQCT (left). Screw implanted in a human femoral head (right).

in bone. This might lead to better implant designs for improved anchorage and
longevity. Furthermore, this method could also be used as a non-invasive tool to
monitor fracture healing and implant stability in humans in vivo.
Visualization of bone failure mechanism
To be able to understand bone or bone-implant failure a thorough insight into trabecular failure mechanisms is needed. Today, experimental testing is the gold standard
to quantify mechanical properties of bone or bone-implant fixations and its failure
behavior. By combining experimental mechanical testing with µCT, so-called image
guided failure assessment (IGFA), it has become possible to visualize (Fig. 2.8) and
in the same time quantify bone failure and fracture initiation and progression in a
three-dimensional manner [116,118,131,132]. IGFA has been validated as compared
to classical continuous mechanical testing [118, 119]. Nevertheless, to be able to
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Figure 2.7: Micro-finite element analysis of a region in the human distal radius.
Effective strains marked in color make it feasible to track highly stressed
regions of the microstructure of bone.

perform IGFA on intact human bone samples or clinical relevant bone-implant constructs one needs large image-guided failure assessment devices to extrapolate the
findings on the material level to the in vivo situation. Recently, Hulme et al have for
the first time performed IGFA on intact human vertebra [116]. In a study by Gabet
et al [117] bone-implant constructs were tested by using IGFA. They’ve assessed secondary implant stability in rat bones thereby investigating different implant surface
treatments. Nevertheless, there are currently no studies available assessing implant
stability in intact human bone-implant constructs. Such studies would improve the
understanding of bone-implant failure in humans and might lead to better implant
designs for improved anchorage and longevity.
Conclusions
New technologies are key elements for better identification of fracture risk in osteoporotic patients. And better fracture risk assessments might redefine osteoporosis
diagnosis and prognosis. The new technique HR-pQCT allows the measurement
of trabecular and cortical bone in great detail. Furthermore, the capabilities to
assess and compute the bone microstructure in three dimensions as well as to cal-
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Figure 2.8: Image-guided failure assessment of human cancellous bone sample (male
lumbar region). Time-lapsed microcompression steps of 0, 4, 8 and 12%
strain are illustrated sequentially from left to right [119].

culate mechanical properties in patients makes the system unique. The procedure
can help improve predictions of fracture risk, clarify the pathophysiology of bone
diseases, and define the response to therapy. Furthermore, microarchitectural bone
imaging in combination with computational µFE analysis is beneficial to investigate
structure-function relationships and failure mechanisms in bone and bone-implant
constructs. Additionally, bone imaging in combination with mechanical testing approaches (IGFA) could further elucidate bone and implant failure mechanisms, respectively. Thus, these new techniques may provide insight into the assessment of
implant stability and monitoring of fracture healing. Finally, this should lead to
more successful approaches in the prevention of age- and disease-related fractures,
especially in the field of osteoporosis.
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[124] T. Hildebrand and P. Rüegsegger. Quantification of Bone Microarchitecture
with the Structure Model Index. Comput Methods Biomech Biomed Engin,
1(1):15–23, 1997.
[125] R. P. Crawford, C. E. Cann, and T. M. Keaveny. Finite element models
predict in vitro vertebral body compressive strength better than quantitative
computed tomography. Bone, 33(4):744–750, 2003.
[126] J. A. MacNeil and S. K. Boyd. Bone strength at the distal radius can be
estimated from high-resolution peripheral quantitative computed tomography
and the finite element method. Bone, 42(6):1203–1213, 2008.
[127] W. Pistoia, B. van Rietbergen, A. Laib, and P. Rüegsegger. High-resolution
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Abstract:
Osteoporosis is defined as a skeletal disorder characterized by compromised bone
strength. Bone strength depends, among others, on bone density, bone geometry
and its internal architecture. With the recent introduction of a new generation
high-resolution 3D peripheral quantitative computed tomography (HR-pQCT) system, direct quantification of structural bone parameters has become feasible. Furthermore, it has recently been demonstrated that bone mechanical competence can
be derived from HR-pQCT based micro-finite element modeling (µFE). However,
reproducibility data for HR-pQCT-derived mechanical indices is not well-known.
Therefore, the aim of this study was to quantify reproducibility of HR-pQCT-derived
indices. We measured 14 distal formalin-fixed cadaveric forearms three times and
analyzed three different regions for each measurement. For each region cortical and
trabecular parameters were determined. Reproducibility was assessed with respect
to precision error (PE) and intraclass correlation coefficient (ICC).
Reproducibility values were found to be best in all three regions for the full bone
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compartment with an average PE of 0.79%, followed by the cortical compartment
(PE=1.19%) and the trabecular compartment with an average PE of 2.31%. The
mechanical parameters showed similar reproducibility (PE=0.48%−2.93% for bone
strength and stiffness, respectively). ICC showed a very high reproducibility of
subject-specific measurements, ranging from 0.982 to 1.000, allowing secure identification of individual donors ranging from healthy to severely osteoporotic subjects.
From these in vitro results we conclude that HR-pQCT derived morphometric
and mechanical parameters are highly reproducible such that differences in bone
structure and strength can be detected with a reproducibility error smaller than
3%; hence, the technique has a high potential to become a tool for detecting bone
quality and bone competence of individual subjects.

Keywords:
Peripheral quantitative computed tomography (pQCT); Micro-finite element analysis (µFEA); Human radius; Bone density; Bone architecture/structure; Bone quality;
Bone competence; Reproducibility

3.1.1 Introduction
Osteoporosis is recognized as one of the major public health problems in industrialized countries affecting aging individuals irrespective of gender [1–3]. It is defined
as a skeletal disorder characterized by compromised bone strength [4]. The skeletal
disorder is reflected in age- and disease-related bone loss, characterized by a decrease
in bone mineral density and an alteration of the trabecular bone architecture.
The National Osteoporosis Foundation, the American Medical Association, and
other major medical organizations are recommending a Dual Energy X-ray Absorptiometry scan (DXA) for diagnosing osteoporosis [5–8]. However, they also state
that repeated DXA scans are not useful in monitoring osteoporosis treatment or
prevention on a routine basis, due to difficulties in the detection of relatively small
changes along longitudinal studies. Especially, small changes in bone microstructure
are not detectable using DXA. Although, it has been shown that reproducibility of
bone mineral density using DXA at the forearm is in the same range compared to
HR-pQCT (CV<1%) [9] and accuracy is sufficient [10], the use of HR-pQCT appears
to be more promising because it allows to determine bone structure next to bone
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mineral density. It has been shown that changes in trabecular morphology lead to
a disproportionate decrease in bone strength [11]. For this reason, microstructural
information is of great importance and must be included in the analysis to accurately predict individual mechanical bone properties [12–21]. However, the relative
importance of bone density and architecture in the etiology of bone fractures is still
poorly understood.
Recent advances in the development of high-resolution peripheral quantitative
computed tomography (HR-pQCT) enable direct quantification of structural bone
parameters in patients with resolutions below 100 µm [10, 22–29]. Although the inclusion of architectural parameters has strongly improved the prediction of strength
for bone specimens [30], they only do so in a statistical sense. They do not explain
the real physical contribution of the microarchitecture to the mechanical failure behavior of bone. To understand how differences in bone microarchitecture influence
bone strength, insight into load transfer through the bone architecture is needed.
With the advent of fast and powerful computers, it is now possible to estimate the
mechanical properties of bone directly using micro-finite element (µFE) analysis,
specifically at the distal forearm [28, 29, 31–33]. With FEA it is possible to perform
a virtual experiment, i.e. the simulation of a mechanical test in great detail and
with high precision. In addition, FE models of bone can provide better insight into
the relationship of structure and strength by allowing researchers to look inside the
bone to see where stresses are concentrating, and therefore where they may cause
fracture. Indeed, comparison between biomechanical compression tests and µFE
analyses of trabecular bone specimens have shown very good agreement [34, 35],
for normal and osteoporotic bone [36], as well as for HR-pQCT-based µFE models
that provide a lower resolution than the aforementioned µCT systems [29, 33, 37].
Therefore, HR-pQCT-based µFE modeling offers a direct measure of bone strength
and with that a new promising avenue for non-invasive fracture prediction.
Due to the relatively small changes in bone architecture over short time periods,
good reproducibility of the system is of major importance in order to accurately
monitor bone strength. To date, Boutroy et al have determined the short-term
reproducibility of the HR-pQCT by measuring 15 healthy volunteers three times
each [27]. MacNeil et al have evaluated short-term reproducibility at the forearm
site in vitro investigating results with and without repositioning of the specimen.
Subsequently, short- and long-term reproducibility was analyzed in vivo [28]. Ad-

41

Chapter 3 Bone Competence Assessment
ditionally, MacNeil et al have for the first time evaluated the reproducibility of
HR-pQCT-based µFE analyses. Both studies focus on the measurement region as
recommended by the manufacturer and showed that the in vivo reproducibility of
density is close to 1%, of morphological indices smaller 4.5% and for stiffness below
3.5%, respectively. Hence, reproducibility data on HR-pQCT-based indices are rare.
Furthermore, the reproducibility of these indices is unknown when evaluated more
distally or proximally to the standard measurement region. Therefore, the aim of
this study was to assess reproducibility of HR-pQCT morphometry and subsequent
µFE analysis for bone strength prediction. Specifically, we studied the in vitro reproducibility in three different regions at the distal human forearm, because of its
clinical relevance, and because it has been shown that the prospective association
between fracture history and subsequent hip fracture was strongest for Colles fractures [38, 39]. As measures of reproducibility, we examined the precision error (PE)
as introduced by Glüer et al [40] and the intraclass correlation coefficient (ICC) as
first described by Shrout [41].

3.1.2 Materials and Methods
Specimens
For this study, bone volume density (BV/TV) was analyzed in 164 formalin-fixed
intact right forearms using HR-pQCT. The donors aged 60 to 100 years had dedicated their bodies to the Institute of Anatomy at the Ludwig-Maximilians-University
(LMU) Munich in line with German legislative requirements. The forearms were
detached at the distal humerus and radiographed in two planes to exclude specimens with previous fracture and/or presence of osteosynthetic material. Specimens
with bone diseases other than osteopenia or osteoporosis were excluded from the
study. To ease reproducibility analysis 14 samples were selected out of this collection. Care was taken to maintain the mean and the distribution of bone volume
density (BV/TV was 19.8±10.4% and 21.6±10.1% for the 164 and 14 specimens,
respectively).
Microtomographic imaging
The fourteen intact human cadaveric forearms were imaged with a new generation
HR-pQCT scanner (XtremeCT, Scanco Medical AG, Brüttisellen, Switzerland) pro-
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viding an isotropic nominal resolution of 82 µm. Each measurement began above
the subchondral plate and consisted of three consecutive 9.02 mm thick stacks of
cross-sectional images of the forearm (110 slices per stack). The forearms were measured in an arbitrary sequence three times on two different days, with repositioning
after each measurement. The X-ray tube was operated at 60 kVp and 900 µA with
an integration time of 100 ms, which is the same protocol as used for in vivo patient
measurements. Three-dimensional HR-pQCT images were reconstructed as recommended by the manufacturer using a standard convolution backprojection procedure
with a Shepp and Logan filter.
Compartment definitions
By visual inspection the proximal end of the subchondral plate was defined and taken
as the top slice of the distal region. No automated slice matching was used. We then
defined three adjacent analysis regions of 7.95 mm (97 slices) length (Fig. 3.1). The
analyzed regions were defined to 7.95 mm to ensure that always the equal length
could be analyzed. Furthermore, in each region three different compartments were
analyzed: the full compartment including both trabecular and cortical bone, the
trabecular compartment containing trabecular bone only, and the cortical compartment comprising the cortical shell (Figs. 3.2A and B). To define the compartments,
two contours had to be drawn using a semiautomatic contouring algorithm [42].
These contours were drawn by a single experienced operator on slices orthogonal to
the long axis of the radius. The first contour characterized the outer envelope of the
radius, which was then used to define the full compartment. The second contour
described the inner contour delineating cortical from trabecular bone, defining the
trabecular bone compartment. Finally, the difference between the full compartment
and trabecular region defined the cortical compartment. Additionally, the outer
contour was used to apply the different standard contouring procedure provided by
the manufacturer. This procedure automatically creates the different compartments
based on image processing (Figs. 3.2C and D).
Image processing
To separate mineralized bone from soft tissue, a 3D LaplaceHamming filter and a
fixed global threshold were used [43]. Specifically, the Hamming cut-off frequency
was 0.4 of the Nyquist frequency, the weighting factor was 0.5 and the threshold
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Figure 3.1: High-resolution image of a human radius, showing three subsequent regions of 8 mm length. For each region three compartments were analyzed, one representing cortical bone, one representing trabecular bone,
and one representing the full region.

was set to 400/1000 of the maximal gray scale value. All values were adapted from
the recommendation of the manufacturer and the threshold images were visually
controlled. These segmentation steps were applied to each of the analysis regions
and compartments.
3D morphometric indices
Morphometric indices were determined using a direct 3D approach [44] in each of
the three analysis regions and compartments. For the full compartment, we as-
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Figure 3.2: Full compartment including both trabecular and cortical bone (A); exploded view of the trabecular and cortical compartment (B); typical
cortical compartment as used in this study which defined the cortical
shell by an outer and inner hand-drawn contour (C); the cortical compartment as defined by the automated procedure as recommended by
the manufacturer (D).

sessed bone volume (BV) and apparent volume density (AVD), which is defined
as bone volume divided by the volume contained within the outer contour [45, 46].
Indices determined in the trabecular compartment included bone volume (Tb.BV),
bone surface (Tb.BS), bone volume density (Tb.BV/TV), structure model index
(SMI), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), trabecular number (Tb.N), and connectivity density (Conn.D). In the cortical compartment, cortical
bone volume (Ct.BV), bone volume density (Ct.BV/TV), total bone area (T.Ar),
cortical thickness (Ct.Th), polar moment of inertia (J), the minimal and the maximal moment of inertia (Imin, Imax) were assessed. Additionally, the standard
manufacturer analysis approach using the automatically created compartments as
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described in MacNeil and Boyd [10] was applied to region 2. Morphometric indices
were analyzed with and without the 2D area matching method, which is recommended by the manufacturer to determine the common region between baseline and
follow-up measurements.
µFE analysis
µFE models of the three different regions were created by a direct conversion of
bone voxels to linear hexahedral elements. Bone tissue properties were chosen to be
isotropic and linear-elastic with a Young’s modulus of E=10 GPa and a Poisson’s
ratio of ν=0.3. The proximal side of the µFE models was fully constrained whereas
the distal side was subjected to a prescribed axial displacement resulting in 1%
apparent strain [37]. A special-purpose element-by-element µFE solver [47] was
used to solve these problems with up to 16 million degrees of freedom, using an IBM
SP4 at the Swiss National Supercomputing Centre (CSCS, Manno, Switzerland).
Approximately 4.5 h of CPU time were necessary for each analysis. The force
required to reach 80 µm displacement (1% apparent strain) as well as the tissue
level stresses and strains were calculated. Stiffness was derived by dividing the µFEcalculated force in axial direction with the axial displacement. The µFE-calculated
force was then scaled, such that 2% of all elements in the distal radius model had
effective strain values above 7’000 microstrain. This scaled load was taken as the
predicted bone strength as defined previously [37].
Statistics
One of the 126 measured regions had to be excluded due to an image artifact in that
region. Precision errors (PEs) were defined to best characterize the reproducibility of a given bone measurement technique. For the seventeen structural and two
mechanical indices PEs were expressed both in absolute values and as coefficients
of variation (%CV) of repeated measurements, as described in detail by Kohler et
al [46].
Another term classically used in reproducibility studies is the intra-class correlation coefficient (ICC), as originally described by Shrout [41] and discussed more
recently by Vargha [48]. ICC is defined as the intersubject variance divided by the
population variance. It varies between 0 and 1, where 1 indicates perfect reproducibility and reliability, respectively. The ICC model, chosen for a reproducibility
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study with given repeated measurements, is the two-way mixed model. This model
assumes randomly selected subjects, which are measured with a fixed number of
repetitions, where those repetitions are the only ones of interest. For statistical
analysis, the SPSS software package was used (version 15.0 for Windows; SPSS,
Chicago, IL).

3.1.3 Results
Bone morphometry
The PE%CV for region 1 ranged from 0.5% (Tb.Th) to 3.54% (Tb.Sp), for region 2
from 0.42% (Tb.Th) to 3.43% (Conn.D) and for region 3, from 0.48% (BV) to 7.0%
(Conn.D). A full overview of mean values, PESD , and PE%CV as well as the 95% CIs
for PE%CV is given in Table 3.1 and averaged PE%CV over all indices are illustrated
in (Fig. 3.3). All morphometric indices had a PE better than 3.54% in all three regions, except Conn.D which showed less reproducibility in region 3. Reproducibility
values were found to be best in all three regions for the full bone compartment with
an average PE of 0.79%, followed by the cortical compartment (PE=1.19%) and the
trabecular compartment with an average PE of 2.31%. Finally, the manufacturer
approach showed higher reproducibility errors for the cortical indices and lower ones
for trabecular indices when comparing to the hand-contouring based analysis. When
applying the 2D area matching method, reproducibility increased significantly for
cortical thickness and total bone area.
ICC showed a very high reproducibility of subject-specific measurements, ranging
from 0.982 to 1.000, allowing secure identification of individual donors ranging from
healthy to severely osteoporotic subjects (Fig. 3.4). The ICC for region 1 ranged
from 0.982 (Tb.Sp) to 0.999 (BV, Tb.BV), for region 2 from 0.992 (Conn.D, Tb.Sp)
to 1.000 (BV, J) and for region 3, from 0.994 (Conn.D, Tb.Th) to 1.000 (AVD,
BV, Ct.BV, J, T.Ar). ICC values and their corresponding 95% CIs can be found
in Table 3.2. The ICC values were generally lower in the trabecular compartment,
than in the full and cortical compartments and, hence, confirmed the findings for
the PEs.
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Region 2

Region 3

Table 3.1: Precision errors and confidence intervals for the three regions of interest
Region 1

Tb.BS [mm2 ]

Tb.BV [mm3 ]

0.79

1.30

0.04 3.54%

0.03 3.01%

10198.30 132.08 1.58%

785.60 11.81 1.75%

0.24 1.39%

1094.89 11.53 1.14%

0.40−0.68%

2.80−4.81%

2.38−4.10%

1.25−2.15%

1.38−2.38%

1.10−1.89%

0.90−1.55%

0.75−1.30%

1.76

1.21

18.73

830.91

31.67

0.04 2.51%

0.02 2.28%

4833.91 100.90 1.99%

377.22

0.03 1.89%

0.23 0.001 0.42%

0.91

0.06 3.43%

6.32 1.76%

0.19 1.29%

4.93 0.67%

0.34 0.98%

0.62−1.05%

2.72−4.64%

1.50−2.55%

0.33−0.57%

1.99−3.39%

1.81−3.08%

1.58−2.69%

1.39−2.38%

1.02−1.74%

0.53−0.91%

0.78−1.33%

430.68

87.20

1.45

1.97

0.91

14.77

713.97

39.18

0.41 0.52%

0.06 7.00%

0.03 1.27%

0.08 2.92%

0.02 2.80%

2149.61 72.48 3.14%

175.55

3.08 0.82%

0.24 0.002 0.75%

1.72

0.01 1.16%

4.76 2.89%

0.21 2.34%

3.51 0.48%

0.22 0.52%

0.92−1.57%

0.65−1.11%

0.41−0.70%

5.55−9.47%

1.00−1.71%

0.60−1.02%

2.32−3.96%

2.22−3.79%

2.49−4.24%

2.29−3.91%

1.86−3.17%

0.38−0.65%

0.41−0.71%

Mean PESD PE%CV CI95% PE%CV

Tb.N [mm−1 ]

0.22 0.001 0.50%

1.16−1.99%

2.31

0.55 0.78%

1.31−2.23%

1.04

Mean PESD PE%CV CI95% PE%CV

Tb.Sp [mm]

0.02 1.46%

2.78−4.79%

77.66

4.93 1.65%

0.99−1.68%

Mean PESD PE%CV CI95% PE%CV

Tb.Th [mm]
1.55

0.10 3.52%

1.17−2.01%

308.33

0.01 1.25%

Tb.BV/TV [%]

3266.22 22.75 0.65%

4973.84 30.68 0.61%

0.52−0.88%

0.48−0.82%

2963.01 20.42 0.77%

4430.16 28.20 0.64%

0.61−1.03%

0.51−0.87%

0.22 0.95%

SMI [1]
3.22

0.67 1.48%

1.87−3.22%

0.72

25.56

Conn.D [mm−3 ]

51.96

2.79 2.36%

0.94−1.62%

BV [mm3 ]

Ct.BV/TV [%]

142.43

0.01 1.19%

1.46−2.51%

1.34−2.31%

Ct.Th [mm]

3228.95 55.11 1.84%

0.58−0.99%

5081.96 77.25 1.70%

1467.15 12.64 0.73%

1707.62 20.08 1.09%

0.86−1.47%

1.49−2.57%

1853.00 30.31 1.89%

J [mm4 ]
Imin [mm4 ]

0.53−0.90%

62.01

0.38 0.66%

0.92−1.56%

48.72

0.57 1.16%

1.58−2.72%

29.66

0.44−0.74%

2007.59 10.62 0.55%

0.92−1.57%

0.38−0.64%

1743.43 18.70 1.16%

2.07−3.57%

0.92−1.57% 48268.02 213.03 0.48%

1505.40 26.06 2.62%

Strength [N]

2.32−3.99% 42281.81 453.69 1.16%

T.Ar [mm2 ]

0.54 2.00%

Imax [mm4 ]

21.19

Ct.BV [mm3 ]

0.37

AVD [%]

Compartment Indices
Full
Trabecular

Cortical

µFE

Stiffness [N/mm] 35612.21 698.13 2.93%
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µFE

Cortical

0.994

SMI [1]

0.997
0.999
0.998

Ct.Th [mm]

J [mm4 ]

Imax [mm4 ]
0.996

2

0.998
0.998

Strength [N]

Stiffness [N/mm]

T.Ar [mm ]

0.998

Imin [mm ]

4

0.998

0.996

Ct.BV [mm ]

3

Ct.BV/TV [%]

0.983

0.995

Tb.Th [mm]
]

0.982

Tb.Sp [mm]

Conn.D [mm

0.987

Tb.N [mm−1 ]

−3

0.999
0.999

Tb.BV [mm ]

0.998

Tb.BS [mm2 ]

3

Tb.BV/TV [%]

0.999

BV [mm3]

Trabecular

0.998

AVD [%]

Full

0.994−0.999

0.995−0.999

0.989−0.999

0.996−0.999

0.995−0.999

0.996−1.000

0.992−0.999

0.994−0.999

0.990−0.999

0.958−0.994

0.985−0.998

0.988−0.998

0.956−0.994

0.968−0.996

0.997−1.000

0.997−1.000

0.995−0.999

0.998−1.000

0.996−0.999

0.999

0.999

0.998

0.999

1.000

1.000

0.998

0.998

0.995

0.992

0.993

0.998

0.992

0.996

0.998

0.999

0.999

1.000

0.998

ICC

ICC

95% CI ICC

Region 2

Region 1

Indices

Compartment

0.998−1.000

0.997−1.000

0.996−0.999

0.998−1.000

0.999−1.000

1.000−1.000

0.995−0.999

0.996−0.999

0.989−0.998

0.980−0.997

0.982−0.997

0.994−0.999

0.982−0.997

0.989−0.998

0.994−0.999

0.997−1.000

0.998−1.000

0.999−1.000

0.996−0.999

95% CI ICC

1.000

1.000

1.000

1.000

1.000

1.000

0.998

1.000

0.995

0.994

0.995

0.994

0.998

0.997

0.997

0.998

0.999

1.000

1.000

ICC

Region 3

Table 3.2: Intraclass correlation coefficients for the three regions of interest

1.000−1.000

0.999−1.000

0.999−1.000

0.999−1.000

1.000−1.000

1.000−1.000

0.996−0.999

0.999−1.000

0.987−0.998

0.986−0.998

0.989−0.998

0.985−0.998

0.995−0.999

0.994−0.999

0.993−0.999

0.995−0.999

0.998−1.000

0.999−1.000

0.999−1.000

95% CI ICC
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Figure 3.3: Average precision errors of morphometric parameters for the full, trabecular and cortical compartment and for the three regions of analysis.
Additionally, the averaged precision errors of the mechanical parameters
are displayed.

µFE analysis
The mechanical indices showed similar reproducibility as the morphometric indices.
PE%CV for bone strength was 2.62%, 1.16% and 0.55% for regions 1, 2 and 3,
respectively; for bone stiffness PE%CV was 2.93%, 1.16% and 0.48% for those regions.
Mean values, PESD , and PE%CV as well as the 95% CIs for PE%CV are given in
Table 3.1 and averaged PE%CV are illustrated in Fig. 3.3. The ICC for bone strength
and bone stiffness ranged at a very high level from 0.998 to 1.000. ICC values and
their corresponding 95% CIs can be found in Table 3.2.
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Figure 3.4: Correlation between AVD (%) and bone strength (N) for the 14 subjects
(three repeated measurements and analysis) at region 2. Circles indicate
the good reproducibility of each subject. Circle diameter corresponds
to an arbitrary absolute value of 2% AVD and 108N bone strength,
respectively.

3.1.4 Discussion
In this study, we evaluated the reproducibility of HR-pQCT measurements in the
human distal radius. We found that in an in vitro environment HR-pQCT derived
morphometric indices have a high precision. We also showed that HR-pQCT-based
µFE estimates of bone strength have a high reproducibility.
PE values differed slightly between the three compartments (full, cortical and
trabecular). Independent of the analyzed region, the averaged full bone indices
always showed lowest PE values, followed by the cortical and the trabecular compartment. Our analyses showed that the definition of the full compartment was
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reproducible. Values of PE%CV in the repeated measurements and analyses were
very low and ranged from 0.48% to 1.14% (BV) for the full compartment. For the
definition of the trabecular compartment an inner contour had to be drawn to separate trabecular from cortical bone; this required more operator interaction than
the drawing of the outer contour. Hence, it is not surprising that the PEs in this
trabecular compartments were higher than in the regions defined by the outer contour. Furthermore, highest PEs were found in the trabecular compartment of region
3 (PE%CV =7.0% for Conn.D), where in severely osteoporotic subjects the trabecular structure is not necessarily present anymore and therefore a reduced precision
can be expected. This statement can be supported by the fact that the examined
subjects were from an elderly population (60 to 100 years) and subjects with bone
disease such as osteopenia and osteoporosis were explicitly kept in the study so
that low bone mass can be expected throughout the study specimens. Values of
PE%CV in the repeated measurements and analyses for trabecular indices ranged
from 0.42% (Tb.Th) to 7.0% (Conn.D). The cortical compartment was defined by
subtracting the inner from the outer contour. As mentioned above it is therefore not
surprising that the average PEs for the cortical compartment are somewhat higher
than for the full compartment, as the inner contour implies some additional errors.
Nevertheless, precision was very high, ranging from 0.52% (Ct.BV/TV) to 2.36%
(Ct.BV). It has to be mentioned that the contouring approach used in this study
does not fully match the manufacturer approach. Especially where the cortex is
thin, the automatic approach does not work properly anymore and reproducibility
errors for cortical indices getworse compared to our approach. This can be corrected
in region 2 when using additional image registration (2D area matching method) as
provided by the manufacturer (Fig. 3.5). Nevertheless, in our study the contouring
procedure had to be different to the manufacturer’s, as in the most distal region
the cortical contour would have disappeared almost fully due to the thin cortical
shell. Improvement for the automatic contouring procedure was presented recently
by Buie et al [49]. (Fig. 3.2) shows the cortical contour based on our approach
(C) for region 2, where the cortical shell is nicely closed. (Fig. 3.2D) presents the
automatic approach as recommended by the manufacturer.
Reproducibility was high for all three regions of analysis. For both full and cortical bone indices the smallest (best) values were found in region 3, whereas the
average PE for the trabecular compartment was smallest in regions 1 and 2. This
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Figure 3.5: Precision errors calculated for some of the indices in region 2 comparing
the different contouring approaches. For the manufacturer’s approach
(*) additional imaging registration (2D area matching method) was used.

can be explained by the fact that the amount of cortical bone increases in proximal
direction whereas the number of trabecular structures decreases. As a result, the
precision of the analyzed cortical and full indices increases due to larger components
resulting in less imaging variation. For the trabecular compartment reproducibility
was found to be at the same level for all three regions except for Conn.D in region
3 (PE%CV of 7%), which is a result of only few and thin structures in this region,
especially in severely osteoporotic subjects. The mechanical indices showed similar
reproducibility as the morphometric indices. PE%CV for bone strength was 2.62%,
1.16% and 0.55% in regions 1, 2 and 3, respectively; for bone stiffness, PE%CV was
2.93%, 1.16% and 0.48% for these regions. The lower reproducibility of mechanical
indices in region 1 can be explained by the fact that in a general sense all compartments show lower reproducibility (in PE%CV ) for the structural indices in this region
compared to the other regions. The only exception is the trabecular inhomogeneity
in region 3 which has no effect on the reproducibility of mechanical indices due to a
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domination of the quite thick and highly reproducible cortical shell compared to the
almost negligible trabecular compartment. Indeed, a preliminary study performed
on these subjects showed that only 12.3%±8.4% of strain energy was absorbed by
the trabecular compartment in region 3. Therefore region 3 predicts mechanical parameters most reproducibly. Improvement of the reproducibility in the trabecular
compartment as well as in the full and cortical compartments could potentially be
achieved using fully automated VOI definition methods, where no user interaction
would be required [50]. Further improvement could be achieved if the reconstruction algorithm would compensate for the angular misalignment of the sample in the
scanner.
ICC ranged from 0.982 to 1.000, indicating a very high reproducibility of subjectspecific measurements, hence, allowing secure identification of individual donors
ranging from healthy to severely osteoporotic subjects (Fig. 3.4). Our investigations
on an elderly population using ICC shows that independent of bone density, bone
mechanical competence can be calculated highly reproducible. The high ICC values
indicate that the measurement variation was considerably lower than the biological
variation. The ICC values were generally lower in the trabecular compartment, than
in the full and cortical compartments, hence, confirming the findings for the PEs.
The reproducibility of in vivo measurements is affected by different sources of
error: variability in the images (inherent system error), movement artifacts, physical positioning, scanning region selection and variability in drawing the contours.
MacNeil and Boyd [28] have evaluated the contribution of movement artifacts and
repositioning error. By eliminating these errors in cadaver measurements, they have
determined the inherent machine reproducibility to be better than 0.3% [28].
Given the nature of our study, we were following an in vitro protocol; hence,
we could not consider movement artifacts in our analyses of reproducibility errors.
Some other remarks on the methodology need to be made. First, we did not use
the automated slice matching as present in the current manufacturer’s software;
instead, we selected the regions by visual inspection. Second, we drew contours
for each measurement, which introduced processing errors. These could potentially
be limited by using image registration software, such that the same contours can
be used for the repeat measurements [28]; however, it would come at the expense
of introducing new errors due to registration. Third, this study was performed on
bones from elderly subjects, which is the targeted examination group. As their
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bone quality is lower than for a younger population, precision errors are likely to be
higher; hence, our reported precision errors will likely provide an upper bound.
A comparison of reproducibility values between systems is difficult because different techniques usually produce different indices. Furthermore, it has to be distinguished between in vivo and in vitro studies, as movement artifacts can have
a large influence on the reproducibility. Only few data are available for some of
the same indices as used in this study. Schmidt et al [51] assessed in vitro and in
vivo reproducibility in mouse femurs based on pQCT measurements. They found
a PE%CV of 2.1% for Ct.Th as measured from pQCT, which is in good accordance
with our data. Kohler et al [46] assessed reproducibility in different compartments
of the mouse femurs based on in vitro µCT measurements. They found PEs between 0.5% (AVD) and 5.24% (Conn.D), which is in the same range as our findings
of 0.52−0.98% (AVD) and 3.43−7.0% (Conn.D). The ICCs found in our study were
even better (0.982−1.000) than the values found by Kohler et al (0.923−0.998).
Müller et al [52] investigated human trabecular structural indices (BV/TV, Tb.N,
Tb.Th, and Tb.Sp) in vivo in the distal end of the radius using pQCT. In their
study, ICC ranged from 0.453 (Tb.Th) to 0.995 (Tb.Sp). Except for Tb.Th, they
also showed a similar reproducibility for pQCT-derived trabecular indices in human
cancellous bone as found in our study. Nevertheless, since only six subjects with
two repetitions were examined, it has to be noted that the CIs were quite large.
Additionally, resolution in that study was only 160 µm. Gomberg et al [53] investigated reproducibility of human trabecular bone structural indices assessed by in vivo
high-resolution MRI (µMRI) and found a PE%CV for BV/TV of 4.6% and an ICC
of 0.97 in the radius and a PE%CV of 6.1% and an ICC of 0.68 in the tibia. Newitt
et al [54] and Laib et al [55] also investigated the in vivo reproducibility of human
trabecular bone structure in the distal radius by means of µMRI. The 2D apparent
trabecular indices described by Newitt et al [54] were slightly less reproducible than
the true 3D indices as assessed by Laib et al [55] but consistent overall with data
shown by Gomberg et al [53]. The trabecular compartment analysis presented here
for in vitro HR-pQCT (PE%CV <2.34% and ICC>0.998 for BV/TV) seems to be
even more reproducible with lower errors and higher ICCs. These data show that
the reproducibility errors appear to be highly driven by the fact whether the measurements were performed in vivo or in vitro. Movement artifacts seem to be the
main source for reproducibility errors as supported by the findings of MacNeil and
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Boyd [28].
Recently, Boutroy et al [27] showed that HR-pQCT appears promising to assess
bone density and microarchitecture at peripheral sites in terms of reproducibility
and ability to detect age- and disease related changes. Precision of HR-pQCT measurements was found to be 0.7−1.5% for total, trabecular, and cortical densities
and 2.5−4.4% for trabecular architecture. Obviously, their findings in reproducibility using in vivo measurements are slightly less accurate than our in vitro results
mostly as a fact of movement artifacts. Nevertheless, their study is in accordance
with our numbers using HR-pQCT.
Finally, MacNeil and Boyd [10] have recently validated an identical HR-pQCT
system as used in this study against gold-standards such as µCT and DXA. Furthermore, they have also evaluated the reproducibility of male and female HR-pQCT
in vivo measurements [28]. They showed similar reproducibility values for their in
vitro measurements as compared to our study confirming our results. As expected,
in vivo reproducibility for morphological (<4.5%) and stiffness (<3.5%) measurements were shown to be consistently poorer than in vitro reproducibility of cadaver
measurements.
Where studies so far concentrated on a single stack representing the classical
analysis region, we focused on the reproducibility of morphometric and mechanical
indices in different regions of interest. Our investigations cover a three times larger
region at the distal forearm with the goal to detect critical parameters and their
location in terms of reproducibility errors. There is evidence that the ultradistal
bone plays an important role in the fracture behavior at the distal radius, hence,
it is of importance to know the reproducibility of morphometric and mechanical
indices more distal and proximal to the standard region. So far, no such data has
been presented for other regions than the one recommended by the manufacturer.
Although MacNeil and Boyd [10, 33] were the first to analyze different regions in
the radius, they did not investigate the reproducibility in regions other than the
recommended one.
The current reproducibility study cannot be directly applied to in vivo monitoring of bone competence in the human radius as no motion artifacts were considered
in the analysis. Nevertheless, in an ideal patient scanning scenario there will be
no movement artifacts, hence the reproducibility would then be equal the reproducibility as seen in an in vitro case. As such, in vitro studies can provide the
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lower bounds for precision errors that could potentially be achieved in vivo. With
the present study we intend to provide reproducibility data of a wide range of bone
indices in the distal radius and believe that its outcomes are highly relevant for
ongoing and planned research projects, where evaluations of different regions will be
considered. Currently, the HR-pQCT system is widely used by research institutions
for in vitro studies of large bones. This tendency will increase in the future, especially in the field of image guided failure assessment (IGFA). So far IGFA was used
in combination with the micro-CT systems, testing small bone samples [56–58]. The
interest of investigating bone and bone-implant models without neglecting the bone
microstructure has made the HR-pQCT a system with high potential [59]. Research
on the failure behavior of implants in bone, especially at the distal radius site, has
gained weight and will be explored more thoroughly. Furthermore, large scale finite
element analysis as based on HR-pQCT images is a prospering field. For all these
reasons in vitro reproducibility of HR-pQCT has to be considered.
In conclusion, the HR-pQCT and µFE technique show high reproducibility and
have high potential to be used as a tool for analyzing bone quality and bone competence of individual subjects, especially in the field of IGFA, large scale µFE analysis
and the exploration of implant failure.
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Abstract:
An accurate prediction of bone strength in the human radius is of major interest
because distal radius fractures are amongst the most common in humans. The
objective of this study was to determine gender and age-related changes in bone
morphometry at the radius and how these relate to bone strength. Specifically,
our aims were to (i) analyze gender differences to get an insight into different
bone quantities and qualities between women and men, (ii) to determine which
microarchitectural bone parameters would best correlate with strength, (iii) to find
the region of interest for the best assessment of bone strength, and (iv) to determine
how loss of bone quality depends on age. Intact right forearms of 164 formalin-fixed
cadavers from a high-risk elderly population were imaged with a new generation
high-resolution pQCT scanner (HR-pQCT). Morphometric indices were derived for
six different regions and were related to failure load as assessed by experimental
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uniaxial compression testing. Significant gender differences in bone quantity and
quality were found that correlated well with measured failure load. The most
relevant region to determine failure load based on morphometric indices assessed in
this study was located just below the proximal end of the subchondral plate; this
region differed from the one measured clinically today. Trends in bone changes with
increasing age were found, even though for all morphometric indices the variation
between subjects was large in comparison to the observed age-related changes.
We conclude that HR-pQCT systems can determine how gender and age-related
changes in morphometric parameters relate to bone strength, and that HR-pQCT
is a promising tool for the assessment of bone quality in patient populations.

Keywords:
Human radius; High-resolution pQCT; Bone morphometry; Bone quality; Bone
strength

3.2.1 Introduction
Fractures in the region of the distal radius are amongst the most common occurring
in humans and their incidence is increasing. Additionally, the aging population
means a higher percentage of osteoporotic patients with an increased risk of radius
fractures. Osteoporosis is recognized as one of the major public health problems
facing aging individuals irrespective of gender [1,2]. It is defined as a skeletal disorder
characterized by compromised bone strength. The skeletal disorder is reflected in
age- and disease-related bone loss, characterized by a decrease in bone mineral
density and an alteration of the trabecular bone structure (Fig. 3.6).
The decrease in bone mass and the removal of structural elements have been
shown to result in an increased fracture incidence [3, 4]. Although many older persons may lose bone, as expressed by a decrease in bone density, not all develop
fractures. This is not unexpected, as bone density is not the sole determinant of
bone strength. Neuromuscular function and environmental hazards influencing the
risk of fall, force of impact, and bone architecture are important factors too. Bone
strength is determined by different components such as bone mineral density, geometry of bone, microarchitecture of bone and bone material composition. Recent
data have shown that predicting trabecular bone strength can be improved by in-
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Figure 3.6: HR-pQCT of a healthy and an osteoporotic (distal forearm T-score -3.8)
human radius. (A) 79 year-old men, (B) 79 year-old women.

cluding microarchitectural parameters in the analysis [5–7]. However, the relative
importance of bone density and architecture in the etiology of bone fractures, an
issue referred to as bone quality, is still poorly understood. Moreover at least for
men, it has recently been shown that the prospective association between fracture
history and subsequent hip fracture risk was strongest for Colles’ fractures [8,9]. For
all these reasons, an accurate prediction of bone strength in the human radius is
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of major interest. With the introduction of a new generation of high-resolution 3D
peripheral quantitative computed tomography (HR-pQCT) systems [10, 11], direct
quantification of structural bone parameters has become possible in living patients
with resolutions of below 100 µm [12–15]. Thus, different and much larger regions
of the distal radius can be assessed rather than just one measurement of a small
biopsy [16–19], clearly providing novel aspects in terms of sex comparison, age and
fracture prediction. Due to the fact that fracture incidence in women is higher than
in men we were interested in gender differences in regard to the measured parameters to give an insight into significant different bone quantities and qualities between
women and men. As it is not yet well understood, a second aim was to determine
which microarchitectural bone parameters would best correlate with the strength
of the human radius. Subsequently, the objective was to find the region of interest
to be measured for the best assessment of bone strength. We hypothesized that
the most predictive region for radius fractures is the most distal part of the radius.
Finally, age-related investigations were performed to gain knowledge about bone
quality loss in a high-risk elderly population above 60 years of age.

3.2.2 Materials and Methods
Specimens
The intact right forearms of 164 formalin-fixed cadavers from three consecutive
courses of macroscopic dissection were harvested. In line with German legislative
requirements, the donors had dedicated their body to the Institute of Anatomy
of the Ludwig-Maximilians-University (LMU) Munich prior to death [16–19]. The
forearms were detached at the distal humerus and radiographed in two planes to
exclude specimens with previous fracture and/or presence of osteosynthetic material.
Based on the radiographs, 22 specimens were excluded because there was a suspected
prior fracture at the distal radius, and another 12 specimens were excluded because
the forearms were not suitable for mechanical testing as the hands could not be
brought into sufficient dorsiflexion [18]. The sample thus included 130 specimens,
66 men (age 79.7±9.1 years) and 64 women (age 81.5±8.9 years). After direct
mechanical testing, the forearms were radiographed again, and 21 specimens were
excluded because there was no clear sign of fracture. Finally, for further analyses
of age-related changes between women and men as well as unbiased assessments of
gender differences, two equally-sized groups were selected posthoc to ensure a proper
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Table 3.3: Anthropometric and DXA variables and biomechanically tested failure
load in women and men.
Male

Female

Difference [%]

Morphological parameters
Age [years]

79.93

±

8.76

81.62

±

8.86

2.12

Height [cm]

170.28

±

6.97

158.60

±

6.64

−6.86

Weight [kg]

61.13

±

14.35

53.46

±

12.04

−12.55

241.64

±

12.44

221.54

±

12.58

−8.32

20.95

±

4.22

21.20

±

4.26

1.22

Prox aBMD R+U [g/cm2 ]

0.75

±

0.14

0.54

±

0.12

−27.66

∗∗∗

Prox aBMC R+U [g/cm2 ]

2.20

±

0.39

1.44

±

0.33

−34.46

∗∗∗

Dist aBMD R+U [g/cm2 ]

0.36

±

0.09

0.24

±

0.07

−32.57

∗∗∗

Dist aBMC R+U [g/cm2 ]

1.76

±

0.49

1.06

±

0.36

−39.83

∗∗∗

Dist aBMD R [g/cm2 ]

0.37

±

0.09

0.24

±

0.08

−35.99

∗∗∗

Dist aBMC R [g/cm2 ]

1.16

±

0.30

0.66

±

0.20

−43.34

∗∗∗

±

964.5

1695.6

±

762.8

−38.43

∗∗∗

Forearm length [mm]
BMI [kg/m2 ]

n.s.
∗∗∗
∗∗
∗∗∗

n.s.

DXA measurement

Biomechanical compression test
Failure Load [N]
∗∗ p<0.01, ∗∗∗ p<0.001

2753.8

and n.s. not significant for differences between male and

female by t-test.
R+U: radius and ulna; R: radius only.

age-matching. The age difference was <2 years in 31 paired samples and >2 years
in 19 paired samples with the minimal and maximal paired difference being −2.8
and +4.6 years, respectively. The final sample therefore included 100 specimens, 50
men (age 79.9±8.8 years) and 50 women (age 81.6±8.9 years). The anthropometric
characteristics are displayed in Table 3.3.
Bone densitometry
Areal bone mineral content (aBMC) and areal bone mineral density (aBMD) of the
forearm were assessed using a peripheral dual-energy X-ray absorptiometry (DXA)
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scanner (pDEXA; Norland/Stratec, Pforzheim, Germany) as described previously
[17, 20–22]. Different regions of interest were analyzed. Both aBMC and aBMD
were measured in a distal and a proximal region, including radius and ulna and in a
distal region only including the radius. Reproducibility of these measurements has
been previously reported [22] demonstrating good precision using DXA.
Peripheral quantitative computed tomography (pQCT)
The human cadaveric forearms were imaged with a new generation high-resolution
3D-pQCT scanner (a prototype of the XtremeCT, Scanco Medical, Brüttisellen,
Switzerland) providing an isotropic nominal resolution of 89 µm in plane and 93
µm slice thickness. Recent studies on accuracy and reproducibility have shown
the capabilities of this type of scanner for investigating bone microstructure and
mechanical competence of bone [12, 23–26]. Three-dimensional HR-pQCT images
were reconstructed using a standard convolution-backprojection procedure and image processing was performed as recommended by the manufacturer. Specifically, the
segmentation of the full structure was carried out with a 3D Laplace-Hamming filter
and a fixed global threshold for all samples [27]. The Hamming cut-off frequency was
0.4 of the Nyquist frequency, the weighting factor 0.5 and the threshold 415/1000
of the maximal gray scale value. Measurements were acquired in a region starting
at the distal joint, covering more than 20% of the forearm length (Table 3.3). Five
consecutive regions, each with a width corresponding to 4% of the forearm length,
were then defined, with region 1 starting proximal to the subchondral plate. An
additional region of interest (region 1b) was given based on the recommendations of
the manufacturer for in vivo measurements. Region 1b starts 9.5 mm proximal of
the notch between the articulating surface of the lunate and navicular joint in the
wrist and has a width of 9 mm [25]. Subsequently, direct 3D morphometry was used
to compute morphometric parameters in these six regions of interest (Fig. 3.7).
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Figure 3.7: HR-pQCT of human radius: (A) 78 year-old men, (B) 72 year-old men.
Analysis was performed in five subsequent regions covering 4% of the radius length. A sixth region (1b), which corresponds to the recommended
region to scan, was analyzed as well.

Morphometry
In each region three different compartments were analyzed: the full compartment
including both trabecular and cortical bone, the trabecular compartment containing
trabecular bone only, and the cortical compartment comprising the cortical shell. We
used standard three-dimensional morphometry to compute bone volume (BV), bone
volume density (BV/TV), trabecular bone volume density (Tb.BV/TV), trabecular bone volume (Tb.BV), tissue volume (TV), trabecular tissue volume (Tb.TV)
and cortical bone volume density (Ct.BV/TV) which is equal to one minus cortical porosity (Ct.Po). Additionally, the structural model index (SMI), connectivity
density (Conn.D) as well as the mean trabecular thickness (Tb.Th), the mean tra-
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becular separation (Tb.Sp) and the mean trabecular number (Tb.N) were computed
for the trabecular compartment. Within the cortical compartment we finally computed cortical thickness (Ct.Th), tissue area (T.Ar), polar moment of inertia (J)
and the minimal and maximal moments of inertia (Imin, Imax). All theses indices
were computed directly from the segmented images without any inherent model
assumption [28].
Direct mechanical testing
Mechanical tests were performed to produce radial Colles-type fractures with loco
typico and to measure the ultimate failure load. Therefore, the intact forearms were
subjected to a compression test at a loading rate of 100 mm/min until complete
fracture, using a uniaxial mechanical testing system (Zwick 1445, Ulm, Germany).
The proximal part of each arm was fixed in a hollow tube which was clamped
to the top anvil of the testing machine so that the arms were in a vertical position
with the hand being positioned on a wedge. A detailed description and diagram
illustrating the setup can be found in [18]. Note that the elbow was allowed to
rotate within the loading device during load application. The forces applied to
the hand were similar in magnitude and direction to those that occur during a fall
on the outstretched hand usually leading to a Colles-type fracture of the radius
[17, 18, 22, 29]. From the radiographs taken after testing, fractures were classified
by an experienced musculoskeletal radiologist. From the analyzed 100 specimens,
19 specimens displayed a type VII fracture, 18 a type VIII fracture, 16 a type III
fracture, 16 a type V fracture, 5 a type I fracture, 3 a type VI fracture and 2 a
type IV fracture, according to the Frykman classification [29], whereas the other
specimens displayed forearm fractures at other sites. The bone failure load was
defined as the peak of the forcedisplacement curve, followed by a drop in registered
load to less than 70% of the peak value and was used as a measure of structural
bone strength (Fig. 3.8).
Statistical analysis
Descriptive statistics were computed for all morphometric indices at 6 different regions of interest. Box plots were drawn using the GNU statistical and graphics
package R (Version 2.0.1; http://www.r-project.org) for six representative morphological parameters BV, Tb.BV/TV, Tb.N, Tb.Sp, Tb.Th, and Ct.Th in these six

72

3.2 Bone quality as assessed by HR-pQCT

Figure 3.8: Typical forcedisplacement curve. The bone failure load was defined as
the peak of the recorded forcedisplacement curves, followed by a drop in
registered load to less than 70% of the peak value.

regions. The experimentally measured bone failure strength was linearly related to
the morphological parameters and the coefficients of determination were computed.
For further age-specific statistical analysis, SPSS statistical computation and graphics software (Version 15.0.0) was used. Age-specific investigations were performed
on region 1 only. We conducted an analysis of covariance to determine whether the
morphometric indices demonstrated a linear trend with age.
Furthermore, the analysis was applied to elaborate age-related differences between
women and men which were fitted to linear models. Linear regression was expressed
by arbitrarily setting the value at 60 years to 100%, which allowed us to express the
changes of a certain parameter in percentage per decade, relative to this age and
depending on gender. The data was then visualized by scatter plots and linear fits
were used to highlight trends.
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3.2.3 Results
Table 3.3 describes the sex-specific changes of the anthropometric parameters in 50
women and 50 men. It also provides means and standard deviations (SD) for the
absolute values for DXA measurements of the radius as well as the biomechanically
tested failure load of the human forearm. Age was not significantly different between
men and women (79.9±8.8 years in men and 81.6±8.9 years in women). In the tested
elderly population men were 6.9% taller than women (p<0.001) and 12.6% heavier
in weight (p<0.01), whereas body mass index (BMI) was not significantly different
between women and men. Bone mineral density (aBMD) and bone mineral content
(aBMC), as assessed by DXA measurement, showed highly significant differences
between men and women independent of the measurement location (Table 3.3).
Relative differences between women and men were slightly greater when excluding
the ulna from the DXA measurements. Biomechanical compression tests showed a
38.4% higher failure load in men than in women (p<0.001).
The mean and SD of morphological parameters as assessed by HR-pQCT were
calculated for the six different regions, starting with the most distal region of the radius (region 1) down to the most proximal region (region 5). In addition, the relative
differences between women and men were computed. For this gender specific analysis, mean and SD were plotted without considering the age-specific changes of the
specimens. In general, most of the morphometric parameters differed significantly
in gender and were independent of the analyzed region of interest (Table 3.4).
Bone volume in the full compartment (full bone volume) was significantly different
in all analyzed regions being between 37.8% and 47.8% higher in men than in women
(Fig. 3.9A). Comparing trabecular bone volume density (Tb.BV/TV) in women and
men, relative differences were found between 18% and 35.1%. The most significant
differences were reported in regions 1, 1b, 2 and 3. Further proximal, Tb.BV/TV in
women and men did not differ significantly due to the larger decrease for men than for
women after region 3 (Fig. 3.9B). Tb.N was significantly (p<0.001) higher for men
than for women for all regions (Fig. 3.9C). In line with this finding, opposite results
were found for Tb.Sp. Tb.Sp in women was between 30.9% and 81.6% higher for all
regions (p<0.001). The largest difference (81.6%) was observed in region 3 where the
transition to the diaphysis of the long bone can be expected. Additionally, variances
in women were high in regions 3-5, whereas in men they stayed constantly low over
all regions (Fig. 3.9D). Trabecular thickness was the sole parameter which showed a
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Table 3.4: Mean and standard deviation of morphological parameters as assessed by HR-pQCT in the distal radius of men and
women.
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different behavior for the mean values between women and men (Fig. 3.9E). Women
had considerably thinner trabeculae in regions 1, 1b and 2 (between 4.4% and 6.3%)
whereas significantly thicker trabeculae were found in regions 4 and 5 (between 8.9%
and 9.9%). Cortical thickness was relatively low for both genders at the distal region
(0.41 mm in men, 0.36 mm in women) in comparison to more proximal regions and
only borderline significances were found for the differences between men and women.
In more proximal direction, differences were slightly larger between women and men
(up to 12.9% higher Ct.Th in men in region 5). As the cortical thickness increases
in proximal regions, the variance was also larger (Fig. 3.9F).
No gender specific differences were found for the correlation of bone parameters
with the failure load. Therefore, the samples of women and men were pooled for the
regression analysis with the independent parameter failure load. The best linear correlation of failure load and single microarchitectural bone parameters was obtained
from a model with trabecular bone volume density (Fig. 3.10A) from the most distal region only (R2 =0.74, p<0.001). Other structural parameters also showed good
correlation but with R2 values always being lower than that for Tb.BV/TV. A subdivision of the regions of interest into smaller regions did not improve the correlation
with bone strength (data not shown). Whereas cortical parameters correlate better with failure load in more proximal regions, the full and trabecular parameters
showed the best correlations in the most distal region 1 (Fig. 3.10B). DXA parameters also showed good correlations with failure load with coefficients of determination
between 0.52 and 0.71; the strongest correlation was found for bone mineral content
(aBMC) in the distal region of the radius.
For all morphometric indices, the variation between subjects was large compared
to the observed age-related changes. Nevertheless, the data provided important
indications and trends for bone changes with increasing age. The analysis of covariance was performed for region 1 and revealed that none of the interaction terms was
significantly different between women and men. Hence, the gender specific slopes
showed no significant differences. Nevertheless, for almost all parameters gender
was shown to be a highly significant variable. Only cortical bone volume density
(Ct.BV/TV) showed no significant gender differences. Therefore, data from women
and men could not be pooled for further analysis and were displayed as individual
scatter plots (Table 3.5, Fig. 3.11).
Furthermore the changes per decade in percentage were displayed for women and
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men separately. We found an age-related decrease in full bone volume which showed
a linear relation. The decline was found to be 12.1% per decade in women and 8.5%
per decade in men; however the variation was large at all ages. Age-related gender
differences were also found for trabecular number (Tb.N), which decreased by 6.9%
per decade for women whereas in men the decrease was only 2.7% per decade. A
similar behavior could be found for cortical thickness (Ct.Th) where the decline per
decade was 10.9% for women and only 4.1% for men, respectively. A similar pattern
was found for all full, trabecular and cortical parameters. Only tissue volume (TV)
and cortical maximal moment of inertia (Imax) showed no significant age-related
differences in the analysis of covariance. The decrease or increase was always found
to be higher for women than for men with respect to the absolute bone values at the
age of 60 years, which resulted in a higher rate of bone loss per decade in women
(Table 3.5).
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Table 3.5: p-values of the analysis of covariance and regression model for anthropometric, failure load and HR-pQCT parameters in the distal radius (region
1).
p-value; analysis of covariance

Linear regression model with age
Changea

Age
correlationb

Agec

Gender

Age:genderd

Female

Male

Female

Male

Anthropometric parameters
Height

0.013

<0.001

0.666

−1.4%

−0.9%

0.301

0.201

Weight

0.078

0.007

0.467

-

-

-

-

<0.001

0.989

−12.9%

−9.0%

0.352

0.273

Biomechanical parameter
Failure load

0.002

HR-pQCT parameters: full
BV

<0.001

<0.001

0.705

−12.1%

−8.5%

0.451

0.347

TV

0.316

<0.001

0.339

-

-

-

-

0.002

<0.001

0.361

−11.6%

−5.6%

0.401

0.207

BV/TV

HR-pQCT parameters: trabecular
BV

0.001

<0.001

0.436

−11.2%

−9.1%

0.337

0.336

BV/TV

0.006

<0.001

0.616

−11.4%

−6.2%

0.336

0.214

Tb.Sp

0.040

<0.001

0.448

8.8%

4.6%

0.234

0.179

Tb.N

0.011

<0.001

0.354

−6.9%

−2.7%

0.328

0.174

Tb.Th

0.025

<0.001

0.974

−2.2%

−2.0%

0.255

0.202

SMI

0.017

<0.001

0.781

5.3%

5.1%

0.282

0.202

Conn.D

0.004

<0.001

0.603

−16.0%

−8.0%

0.353

0.230

HR-pQCT parameters: cortical
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BV

0.003

<0.001

0.831

−15.8%

−9.7%

0.405

0.236

BV/TV

0.024

0.084

0.779

−5.6%

−4.2%

0.233

0.221

C.Th

<0.001

0.041

0.245

−10.9%

−4.1%

0.455

0.234

T.Ar

0.006

<0.001

0.990

−9.0%

−6.7%

0.339

0.237

J

0.033

<0.001

0.414

−5.6%

−6.7%

0.213

0.233

Imax

0.056

<0.001

0.535

-

-

-

-

Imin

0.014

<0.001

0.240

−5.4%

−7.8%

0.203

0.288

a

Change per decade in percent.

b

Pearson correlation coefficient.

c

Bold numbers are smaller than 0.05.

d

Interaction term age:gender (comparison of slopes).
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Figure 3.9: Box plots of six different indices for the six analyzed regions of interest.
(A) bone volume, (B) trabecular bone volume fraction. In (C) to (E)
trabecular number, separation and thickness are shown. (F) shows the
cortical thickness. The boxes represent the first, medium and third quartile (25%), circles (◦ ) reflect outliers and stars (*) show if the parameters
are significantly different between women and men for a specific region.
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Figure 3.10: Best correlation of the measured failure load with a single parameter
was achieved using trabecular bone volume density from the most distal
region 1 (A). Full linear regression analysis is shown in (B). Parameters
used for the regression analysis were: a) trabecular BV/TV, b) full
BV/TV, c) full BV, d) trabecular BV, e) Tb.N, f) Tb.Sp, g) Tb.Th, h)
T.Ar, i) Ct.BV, j) Imin, k) J, l) Imax, and m) Ct.Th.
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Figure 3.11: Scatter plots with linear fits for bone parameters of women and men
for region 1. (A) bone volume, (B) trabecular bone volume density. In
(C) to (E) trabecular number, separation and thickness are shown. (F)
shows the cortical thickness.
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3.2.4 Discussion
We measured and analyzed 100 human forearms using HR-pQCT and subsequent direct 3D morphometry. Investigations covered 20% of the forearm length considering
the full but also the cortical and trabecular compartment separately.
Forearm failure load was measured for all specimens by experimental biomechanical testing. To our knowledge this is the first study on gender differences and
age-related changes in the human forearm, which considers not only a small sub
region of the radius but investigates a large portion of the forearm using HR-pQCT.
Furthermore, the biomechanical testing data on 100 human forearms is unique
also, in allowing the correlation of morphological parameters with actual failure
forces of the distal radius. Finally, age-related changes between 60 and 100 years
were determined for the most distal region 1, as in this region the morphological
parameters showed the best correlation with measured failure load, indicating that
this was the mechanically most relevant region when studying bone strength in our
elderly population.
We found significant gender differences for almost all parameters and regions.
When comparing the different studies performed on human radius it must be considered that our study includes an elderly population above 60 years of age and
might therefore not always be completely comparable. Our analysis revealed that
women had a 35.1% lower Tb.BV/TV and 24% lower Tb.N relative to men. These
relative differences compare quite well to two recent publications that also examined
the effects of sex and age on bone microstructure at the wrist using HR-pQCT in
vivo.
Khosla et al [13] showed that relative to men, women at the age of 90 years had
22.1% lower Tb.BV/TV and 17.3% lower Tb.N. Dalzell et al [30], studying a younger
population of normal adults with a mean age of 50 years, found 20% and 9.5% lower
values for Tb.BV/TV and Tb.N respectively. In terms of absolute numbers for
bone architectural parameters, our values for Tb.BV/TV in region 1b (the standard
analysis region) were in line with previously reported data [13, 30]; small differences
may be explained by the differences in the age groups under investigation. Our data
on Tb.N in region 1b also agreed well with some studies [12, 14, 24], whereas others
found Tb.N nearly twice as high [13, 30]. We can only speculate on the sources
of these differences, which may originate from the use of a prototype HR-pQCT
system, the use of the direct analysis approach [24] or the use of formalin-fixed

82

3.2 Bone quality as assessed by HR-pQCT
cadavers which could imply segmentation errors during image processing. Being a
cadaveric study, our study was not affected by motion artifacts which do affect the
in vivo studies [25]. Our data on Tb.Th was substantially higher than reported
in earlier studies [12–14, 24, 30]; this was expected as we used a direct analysis
approach which gives substantially higher Tb.Th than the indirect approach. This
was recently demonstrated by MacNeil and Boyd [24].
Furthermore, Khosla et al have pointed to the relationship between hormonal and
bone turnover variables and trabecular microstructure at the distal radius. Their
analyses showed that in young men the apparent conversion of thick trabeculae into
more numerous, thinner trabeculae is closely associated with declining IGF-I levels.
By contrast, sex steroids were the major hormonal determinants of trabecular microstructure in elderly men and women. Nevertheless, hormonal determinants alone
could not explain the changes in trabecular microstructure [31]. Finally, Boutroy
et al showed that HR-pQCT appears promising for the assessment of bone density
and microarchitecture at peripheral sites in terms of reproducibility and the ability
to detect age- and disease-related changes [12]. The current in vitro study is important in relating these measured differences in bone microarchitecture to differences
in bone strength, the single most important bone parameter related to fracture.
Furthermore, in order to limit scanning time and therefore movement artifacts, the
results obtained in the above-mentioned in vivo studies were based on a relatively
small region of interest (9 mm field of view in the sagittal plane) as recommended
by the HR-pQCT manufacturer. The advantage of our cadaver study is that we
measured a much larger region of interest, covering 20% of the total forearm length
and could therefore compare different sagittal regions.
A limitation of the study is the fact that we have used a prototype system of
the currently commercially available XtremeCT HR-pQCT scanner from Scanco
Medical AG. The prototype scanner is comparable to the XtremeCT, employing the
same technology, but providing slightly lower resolutions of 89 µm in plane and 93
µm along the axis. However, as our system was not supported by daily phantom
measurements for density calibration, a point which is solved in today’s XtremeCT
systems, we were not able to accurately assess volumetric density measurements.
Another reason was that volumetric BMD measurements were not implemented at
the time as a standard analysis procedure. This is clearly a limitation of our study
in enabling a full comparison to more recent studies.
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Another limitation is that bone strength was defined as the maximum force
achieved in the compression test, followed by a drop in registered load to less than
70% of the peak value. It is disputable whether this is the best criterion, because for
a majority of the forearms, the forcedisplacement curves showed several locations of
stiffness loss before the ultimate force was reached. These might be related to first
fracture initiation in the radius, to fractures of the other bones involved, such as
the olecranon or the scaphoid, as well as a scapholunary dissociation. These smaller
fractures could potentially lead to several peaks in the forcedisplacement curve, before the ultimate force for a complete fracture is achieved. Future investigations
of these curves, in combination with X-ray examination could help to elaborate on
these differences and to better define radial bone strength. Our biomechanical compression tests showed a 38.4% lower failure load in women than in men (p<0.001),
which is in line with a previous study performed on the human radius [20]. It has
to be mentioned that this gender difference is clearly influenced by size differences
of the bones between women and men. Nevertheless, when normalizing the failure
load using cross-sectional area of the radius, the values in women are still 12.4%
lower relative to men. Although it is known that the formalin fixation has very little effect on bone mineral status and mechanical properties [32], biomechanical test
results might not be entirely representative of bone strength in a living individual
with normal muscle function, natural soft tissue properties, and fully functional ligaments and tendons. Nevertheless, Lochmüller et al have discussed this limitation
and come to the conclusion that it is unlikely that the fixation had a major impact
on the correlations investigated in these samples [18].
Melton et al [33] found that cortical bone geometry (Ct.Th), microarchitecture
(Tb.N), and strength do contribute to forearm fractures, as does BMD, and that
these additional determinants of risk promise a greater insight into fracture pathogenesis. In a recent study by Boutroy et al [14] it was shown that bone mechanical
properties assessed by micro finite element analysis (µFE) may provide information about skeletal fragility and fracture risk not assessed by BMD or architecture
measurements alone. Furthermore, MacNeil et al [23] have shown that measurements of the cortical and trabecular bone are required to assess fracture risk and
that bone mechanical competence as assessed by µFE based on HR-pQCT enhances
the prediction of fracture risk and the estimation of bone strength at the distal radius [15]. Using our strength criterion we found that trabecular bone volume density
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(Tb.BV/TV) correlated best with radial bone strength, which is essentially the volumetric density of trabecular bone. Today, volumetric BMD can also be routinely
assessed using standard pQCT and publications have shown the diagnostic utility
of cortical BMC for understanding radial bone strength [22, 34]. In contrast to our
study, Pistoia et al found much lower correlation between morphometric parameters
and the radius failure load [35]. Neither BV/TV alone (R2 =0.44) nor a multiple
linear regression using CT.Th, Tb.N, Tb.Th and BV/TV (R2 =0.57) could closely
match the results of the current study, where correlation between trabecular BV/TV
and failure load in the most distal region resulted in a coefficient of determination
of 0.74. This may have two reasons. Firstly, we showed that the most predictive
region is located just below the proximal end of the subchondral plate, whereas Pistoia analyzed the standard region for patient measurements. Secondly, and probably
even more important, is that we used a measurement system providing a resolution
of 93 µm whereas Pistoia used a system with 165 µm resolution. We found that
correlations of structural parameters with radial bone strength were optimal when
using parameters from the most distal region of the radius. Based on this result we
conclude that the critical structure responsible for distal radius fractures is mostly
located in the region just below the proximal end of the subchondral plate. This is
in disagreement with the current manufacturer’s recommendation for forearm measurements, where it is specified to start the measurement 9.5 mm proximal from
the notch between the articulating surface of the lunate and navicular joint in the
wrist [25]. With this in mind, current recommendations might need to be revised
to include the most distal region in the radius.
The first and most accepted age-related change in trabecular bone structure is
bone loss as exhibited in a decrease of calcified bone tissue. It is generally accepted
that bone loss is an important factor leading to enhanced bone fragility and fracture
risk in the elderly. Such bone loss has been demonstrated in many studies for
different anatomical sites [4, 19, 36–51]. Generally, the results from our study are in
line with these findings and we were able to demonstrate linear relationships with
age in the distal human radius. Nevertheless, it is typical in cross-sectional studies
for subject variation to be too large for statements to be made about individual
time courses.
Another limitation to be addressed when investigating age-related changes is the
fact that this population could be biased by factors such as social background, origin
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of the donators, and lifestyle. Age-related changes in Tb.BV/TV and Tb.N were
substantially higher in our study than in the study by Khosla et al [13]. In our study,
Tb.BV/TV decreased by 11.4% per decade in women and 6.2% in men; for Tb.N
decreases of 6.9% and 2.7% per decade were found for women and men, respectively.
The study by Khosla et al reported that Tb.BV/TV decreased by 3.7% and 2.5%
per decade for women and men, respectively, whereas for Tb.N these values were
2.6% and 2.1%, respectively. One reason for this discrepancy may be that the age
groups were not exactly the same. Furthermore, it has to be noted that individual
variation is quite large, typical in cross-sectional studies, which may affect the trend
lines substantially. It is expected that a much clearer assessment of age-related
changes will come from longitudinal studies.
Trabecular separation, number and thickness have been investigated intensively
with many different approaches. In regard to trabecular separation, there has not
been much controversy and to our knowledge all published results indicate an agerelated increase [3, 4, 46, 51–54], which is in line with our findings (Fig. 3.11D, Table 3.5). In contrast to trabecular separation, the changes in trabecular thickness
are highly controversial and have been thoroughly investigated by means of two- and
three-dimensional methods. In some studies it was found that the mean trabecular
thickness decreased significantly with age [52, 54, 55], whereas in other studies no
significant decrease could be observed [51, 53]. In our study we found a small but
significant age-related decrease in the trabecular thickness (Fig. 3.11E, Table 3.5).
Nevertheless, care has to be taken due to the relatively low resolution (93 µm)
in comparison with the mean trabecular thickness (250 µm). Increased trabecular
separation implies a decrease in trabecular number; this has been found in studies
where a shortening or complete loss of trabeculae was documented [30,55,56]. Since
we were able to demonstrate a loss of trabeculae in our results, they are also in line
with these findings.
In conclusion, our study demonstrated that in vivo HR-pQCT is a tool to assess
bone quality in patient populations. It allows easy access to the bone microarchitecture enabling us to show significant gender differences in bone quantity and
quality and good correlations of bone parameters with measured failure load. Furthermore, we found that the most relevant region to determine failure load based
on morphometric indices is located just below the proximal end of the subchondral
plate. Although investigations were made in a crosssectional study, we could finally
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report on age-related changes of morphometric parameters which have only been
made possible due to the high image resolution of the newly developed HR-pQCT
system.
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Abstract:
High-resolution peripheral quantitative computed tomography (HR-pQCT) is
clinically available today and provides a non-invasive measure of 3D bone geometry
and micro-architecture with unprecedented detail. In combination with microarchitectural finite element (µFE) models it can be used to determine bone strength
using a strain-based failure criterion. Yet, only a relatively small part of the radius
is acquired and it is not known whether the region recommended for clinical measurements does predict forearm fracture load best. Furthermore, it is questionable
whether the currently used failure criterion is optimal because of improvements
in image resolution, differences in the clinically measured region, and because the
failure criterion depends on the amount of bone present. Hence, we hypothesized
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that bone strength would improve by measuring a region closer to the subchondral
plate, and by defining a failure criterion that would be independent of the measured
volume of interest. To answer our hypotheses, twenty percent of the distal forearm
length from 100 cadaveric but intact human forearms was measured using HRpQCT. µFE bone strength was analyzed for different subvolumes, as well as for the
entire 20% of the distal radius length. Specifically, failure criteria were developed
that provided accurate estimates of bone strength as assessed experimentally. It
was shown that distal volumes were better in predicting bone strength than more
proximal ones. Clinically speaking, this would argue to move the region of interest
for the HR-pQCT measurements even more distally than currently recommended
by the manufacturer. Furthermore, new parameter settings using the strain-based
failure criterion are presented providing better accuracy for bone strength estimates.

Keywords:
Human radius; High-resolution pQCT; Finite element analysis; Bone strength; Bone
competence

3.3.1 Introduction
Osteoporosis is recognized as a major public health problem worldwide, leading to
reduced bone strength and an increase in fractures. Fractures in the region of the
distal radius are amongst the most common in humans and their incidence is increasing due to the aging population. Osteoporosis reduces bone strength through a
loss of bone mass and diminished structural integrity. Bone loss can be assessed easily and accurately with dual-energy X-ray absorptiometry (DXA) and was shown to
correlate with mechanical strength and bone fracture risk [1, 2]. For this reason, estimates of bone strength are nowadays typically based on areal bone mineral density
(aBMD) measurements. However, aBMD is not a direct measure of bone strength
and is not sufficient to predict bone strength in individual patients. It has been
shown that predicting trabecular bone strength can be improved by including microarchitectural parameters in the analysis [3, 4]. Indeed, the decrease in bone mass
and the removal of structural elements have been shown to result in an increased
fracture incidence [5, 6]. Furthermore, distal radius volumetric BMD (vBMD) and
microstructural indices better discriminated 35 postmenopausal women with mixed

96

3.3 Bone strength as assessed by µFE analysis
fractures from 78 postmenopausal women without fracture than aBMD of the hip
or spine [7].
With the introduction of a new generation of high-resolution 3D peripheral quantitative computed tomography (HR-pQCT) systems, direct quantification of structural bone parameters has become possible in living patients. In addition, it is now
possible to estimate bone strength directly using micro-finite element (µFE) analysis [8]. It was recently found that estimated load/strength ratios as assessed by µFE
analysis at the ultradistal radius more closely simulated patterns of wrist fractures
occurring in the same population than did measurement of vBMD [9]. Furthermore,
in human cadaveric forearms good agreement was demonstrated between estimated
bone strength as assessed by µFE analyses and those measured using mechanical
testing [10]. The µFE estimated bone strength predicted the measured failure load
significantly better than bone densitometry [11]. The good predictive capability of
µFE estimated bone quality and measured bone strength and stiffness, respectively,
was confirmed for more recent HR-pQCT systems that provide an improved nominal resolution of 82 µm. MacNeil and Boyd have shown that both the experimentally and computationally determined bone stiffness are excellent predictors of bone
strength [12]. Furthermore, the potential of HR-pQCT based µFE to identify people
at risk of distal radius fracture has been demonstrated using computational strength
prediction [13]. In addition, it has been shown that bone geometry, microstructure
and strength contribute to forearm fractures in postmenopausal women, as does
BMD, and that these additional determinants of risk promise greater insight into
fracture pathogenesis [14]. Consequently, HR-pQCT provides a non-invasive and
clinically useful measure of 3D micro-architecture at the distal radius, and these
data are adequate to estimate bone strength using patient-specific finite element
models.
Yet, only a relatively small part of the radius is acquired (9.02 mm field of view
in axial direction) as recommended by the manufacturer for clinical measurements
of the forearm. So far, no studies are available assessing bone strength in different
measurement regions in a larger patient population. We hypothesized that regions
with thinner cortices, hence, regions closer to the subchondral plate, would improve
the failure strength prediction at the distal radius compared to the recommended
measurement region.
Furthermore, µFE bone strength estimates of former clinical studies were assessed
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using a failure criterion developed by Pistoia et al [10]. Specifically, this criterion
defines bone strength as the force at which 2% of the bone volume is strained above
0.7% effective strain. Due to improvements in image resolution and differences in
the clinically measured volume of interest it is questionable if this criterion is still
valid. Even more so, the dependency of the criterion on the measured bone volume
is debatable. Therefore we hypothesized that the estimated bone strength would
be improved when the criterion would be independent of the measured volume of
interest.
Acceptance of these hypothesizes might influence future clinical studies by which
human radius bone strength estimations will be performed, a focus which has been
developing quickly over the last years.

3.3.2 Materials and Methods
Specimens
A sample group of 163 embalmed human cadavers was investigated, from which
results have been presented in different studies up to this date [2, 15–18]. In line
with German legislative requirements, the donors had dedicated their body to the
Institute of Anatomy of the Ludwig-Maximilians-University (LMU) Munich prior to
death. The intact forearms were detached at the distal humerus. Based on different
exclusion criteria, as previously reported [15], the final sample included 50 males
(age 79.9±8.76 years) and 50 age-matched females (age 81.6±8.86 years), hence,
100 specimens in total.
Imaging
The forearms were imaged using an HR-pQCT scanner (a prototype of the
XtremeCT, Scanco Medical AG, Brüttisellen, Switzerland) providing a nominal resolution of 89 µm in plane and 93 µm slice thickness. Image processing was performed
according to the manufacturer’s recommendations. Segmentation of the structure
was carried out with a 3D Laplace-Hamming filter and a fixed global threshold for
all samples [19]. Since the cadaver arms were scanned with intact soft tissues, the
images are representative for in vivo situations in living subjects, only lacking potential motion artifacts. Measurements were acquired in a volume of interest (VOI)
starting at the distal joint, and covered more than 20% of the forearm length. Five
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consecutive VOIs, each with a width corresponding to 4% of the forearm length
were defined, with VOI 1 starting proximal to the subchondral plate (Fig. 3.12). An
additional VOI 1B was defined according to the manufacturer’s recommendations
for in vivo measurements. Finally, the five consecutive VOIs were also analyzed as
one full bone region (VOI FB).

Figure 3.12: 3D image as assessed by high-resolution peripheral quantitative computed tomography (HR-pQCT) of a 92 year old female human radius.
Analyses were performed in five subsequent VOIs each covering 4% of
the radius length. A sixth VOI (1B), which corresponds to the recommended scan VOI, was analyzed. VOI FB consists of the five subsequent
single VOIs.

Mechanical testing
Ultimate failure load was assessed by uniaxial mechanical testing which was performed based on a protocol as previously reported by Lochmüller et al [2]. The intact
forearms were subjected to compression until complete fracture, using a Zwick 1445
(Ulm, Germany) system. The forces applied to the hand were similar in magnitude
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and direction to those that occur during a fall on the outstretched hand usually leading to a Colles-type fracture of the radius [1, 2, 17, 20]. From the radiographs taken
after testing, fractures were classified by an experienced musculoskeletal radiologist.
For the 100 specimens, a detailed description of the distal forearm fracture types
according to the Frykman classification has been presented [15]. Bone strength was
defined as the peak of the force displacement curve, followed by a drop in registered
load to less than 70% of the peak value.
Microstructural finite element analysis
µFE models of the full bone (VOI FB) and of the six single VOIs were created by
a direct conversion of bone voxels to cubic hexahedral elements. A custom-built
in-house mesher was used to generate the FE meshes. Meshing was performed on 8
dual-core 2.6 GHz AMD Opteron processors of a Cray XT3 system at the Swiss National Supercomputing Centre (CSCS, Manno, Switzerland). Linear and isotropic
material behavior was assumed; Young’s modulus (E) and Poisson’s ratio (ν) were
6.829 GPa and 0.3 respectively [12]. The boundary conditions represented the experimental uniaxial compression tests. Nodes at the top surface (distal side) were free
to move in the transversal plane while a prescribed displacement in axial direction
was applied corresponding to 1% apparent strain. All nodes on the bottom platen
surface (proximal side) of the models were fixed in the direction of the displacement
(i.e. uniaxial testing direction), except for two nodes which were restricted in the
transversal plane in order to prevent rigid body rotation and translations. For the
solution of these models with up to 80 million degrees of freedom, a parallel linear finite element package (ParFE) with a algebraic multigrid preconditioner was
used [21]. The models were processed on a Cray XT3 system on 256 dual-core 2.6
AMD Opteron processors. Solving time per single VOI model was between two and
four minutes. The force required to reach 1% apparent strain was calculated as were
the tissue-level stresses and strains. Visualizations were created in parallel using the
open source program ParaView (http://www.paraview.org/) on 4 AMD Opteron
CPU nodes with a total of 32 GB of memory on a HP-XC cluster.
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Figure 3.13: Finite element analyses of five single VOIs as well as VOI FB. Results
show the effective strain (EFF) distribution throughout the structure.
Models consisted of up to 80 million degrees of freedom.
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Failure criterion to estimate µFE bone strength
In the µFE models, failure was expected to occur as soon as the effective strain levels
in a characteristic fraction of the bone volume exceeded a certain critical threshold.
In the original formulation by Pistoia et al [10] the characteristic bone volume fraction (Vcrit ) was set to 2%, the Young’s modulus (E) to 10 GPa, the Poisson’s ratio
(ν) to 0.3 and the effective strain threshold to 0.7%. These values were derived for
a pQCT system providing a resolution of 165 µm. It is not known whether Vcrit
depends on image resolution; hence, a Vcrit of 2% may not provide the best estimate in the present study because we used a more recent, higher resolution scanner
providing an improved level of detail. Furthermore, the optimal Vcrit may depend
on boundary conditions and material properties. For that purpose we ran analyses
to quantify how Vcrit affected bone strength estimates. Specifically, we expressed
the critical volume in relative numbers (Vcrit−% ) similar to the original definition.
Vcrit−% was varied between 0.1% and 1.0% in steps of 0.1%, between 1.0% and
10.0% in steps of 0.5% and between 10.0% and 95.0% in steps of 5.0%, respectively.
Additionally, critical volume was expressed in absolute numbers (Vcrit−mm3 ) as to
gain a criterion which is independent of the measured volume of interest. Vcrit−mm3
was analyzed in steps of 10 mm3 starting with 1 mm3 to 300 mm3 . For each set
of parameters the estimated µFE bone strength of all 100 specimens was correlated
to the measured bone strength as a linear regression analysis. The discrepancy
between µFE estimated bone strength and experimentally measured bone strength
was expressed by the root-mean-square errors (RMSE).
Image guided failure assessment (IGFA)
Using image-guided failure assessment (IGFA) [22–25] the mechanism of failure at
the human distal radius under compressive loading was characterized. Five left fresh
human cadaver radii (53 to 90 years) were investigated (Gross Anatomy Laboratory,
University of Calgary), and the distal 120 mm of the radii were excised for IGFA. A
custom IGFA device was built for the HR-pQCT that can apply axial, torsional or
combined loads [26]. The radii were tested to failure in compression by applying a
maximum of 3% apparent strain in steps of 0.375% of the total length. The proximal
end of the radius was embedded in PMMA, and the distal end of the joint was
pressed into a PMMA mold during compression. For all specimens and loading steps,
3D images of the distal 40 mm were acquired by HR-pQCT (XtremeCT, Scanco
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Medical AG, Brüttisellen, Switzerland; 82 µm isotropic voxel) and the sequential
visualizations of the bone under load were used to generate animated visualizations.
Axial loads and displacements in the IGFA were recorded throughout the loading and
imaging protocol. All procedures were approved by the Office of Medical Bioethics
at the University of Calgary.
Statistics
Descriptive statistics were computed for µFE indices at each of the 7 different VOIs.
The experimentally measured bone strength was linearly related to the µFE analyzed
bone strength and the coefficient of determination (r2 ) based on the Pearson productmoment correlation coefficient was computed. Furthermore, root mean square errors
(RMSE) were analyzed to determine the failure criterion with best accuracy between
estimated and measured bone strength. Statistical analyses were performed with
Excel 2007 (Microsoft, Redmond, USA).

3.3.3 Results
The tissue-level stresses and strains were calculated for all VOIs. Marked differences
in strain distribution were found when going from the most distal VOI to more
proximal ones (Fig. 3.13). The critical bone volume Vcrit had a strong effect on the
estimated bone strength (Fig. 3.14). RMSE values depended strongly on Vcrit . For
all VOIs an optimal Vcrit could be found that minimized RMSE. Smallest RMSE
values were found for VOI FB, and were closely followed by the distal VOIs. The
optimal values, either expressed in absolute or relative terms, differed strongly for
the different VOIs, hence, for different bone microstructures. Table 3.6 lists the
optimal failure criterion parameters for all VOIs that minimized RMSE as well
as the corresponding linear correlation coefficients r2 . Furthermore, RMSE and
correlation coefficients are shown for the standard failure criterion by Pistoia et al.
We found that RMSE as assessed by the original formulation were always higher
(i.e. less accurate) than the one analyzed using our new parameter settings.
The µFE models from all VOIs could predict the average measured bone strength,
as well as the standard deviations in a similar fashion (Fig. 3.15). Nevertheless,
when applying the criterion by Pistoia et al one found an underestimation for VOI
1 and a large overestimation in more proximal VOIs. Accurate linear predictions of
measured bone strength were achieved. The best linear prediction of the failure load
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Optimal critical volume

Table 3.6: RMSE and linear correlation coefficients between estimated and measured bone strength as assessed by the Pistoia
criterion at a critical bone volume of 2%, an effective strain threshold of 0.7% and a Young’s modulus of 10 GPa. The
critical bone volume (Vcrit ) per volume of interest (VOI) that minimized the root-mean-square-error between estimated
and experimentally measured bone strength assuming an effective strain threshold of 0.7% are shown in the second and
third columns; linear correlation coefficients r2 are presented, too.
Criterion by Pistoia et al
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using estimated bone strength was obtained at the most distal VOI (RMSE=511 N,
r2 =0.78; Table 3.6) with predictions decreasing towards more proximal VOIs (VOI
4, RMSE=654 N, r2 =0.60). VOI FB, consisting of five consecutive single VOIs,
predicted measured bone strength with almost the same accuracy as VOI 1 with
a coefficient of determination of r2 =0.76. The estimated bone strength of VOI FB
correlated extremely well (r2 =0.93) with that of VOI 1, indicating that only little
additional information for the analysis of bone strength is located in VOIs other
than VOI 1 (Fig. 3.16).
Finally, image-guided failure assessment of the five specimens showed consistent
failure characterized by the collapse of the ultra-distal radius (VOI 1). The radii
failed under axial compression at a mean load of 1885 N and a mean apparent
strain of 2.1%. A radius under compression steps of 2.25% and 3.00% apparent
strain is shown in Fig. 3.17A. Furthermore, Fig. 3.17B shows one representative
force-displacement curve recorded during IGFA testing.
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Figure 3.14: The root-mean-square-error between estimated bone strength and experimentally measured bone strength as a function of the critical bone
volume either expressed in a relative number (A) or in an absolute
volume (B).
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Figure 3.15: Mean values and standard deviations of the measured bone strength
as well as the µFE estimated bone strengths for the different VOIs,
respectively. For all VOIs, bone strength was estimated at the optimal (minimized RMSE) critical bone volume strained beyond the yield
strain. Additionally, bone strength was estimated for all VOIs using
the criterion by Pistoia et al.

Figure 3.16: VOI FB did correlate highly with VOI 1 and did not improve the failure
load prediction (r2 =0.93).
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Figure 3.17: (A) Two steps (of a total of 9) of a deformed radius under axial compression during image-guided failure analysis (IGFA); strain values were
2.25% and 3.00%. Bone failure occurred in the ultra-distal region. The
left side represents the entire bone volume scanned during IGFA, and
the right side corresponds to the same load steps and represents a cutaway of the ultradistal region during failure. (B) The load-displacement
curve was measured during the IGFA experiment.
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3.3.4 Discussion
The first hypothesis that regions closer to the subchondral plate would improve
the bone strength prediction at the distal radius compared to the recommended
measurement region was accepted. When investigating the predictive power of the
estimated bone strength, VOI 1 best predicted measured failure load (RMSE=511 N)
with RMSE increasing and correlation coefficients decreasing towards more proximal
VOIs (Table 3.6). The recommended VOI 1B resulted in a slightly increased RMSE
(3.1% higher) and lower correlation coefficient (r2 =0.73, while r2 =0.78 for VOI 1).
This is not unexpected as the bone structure in VOI 1 seems to be weaker and less
resistant to failure than in any other VOI. This finding was corroborated by our
IGFA analyses, visually demonstrating that failure under compressive loading of
the radius occurs in the most distal VOI. Moreover, Mueller et al [15] have recently
shown that structural bone indices best predict failure also for the most distal VOI
1, confirming the present findings. Interestingly, the large VOI FB did not improve
the prediction of the measured failure load when compared to the most distal VOI 1.
One explanation for this was found by the fact that results from VOI FB correlated
extremely well with those from VOI 1, indicating that only relatively little additional
information for the analysis of bone strength might be located in VOIs other than
VOI 1.
The second hypothesis that the analysis of estimated bone strength will be improved by using an absolute criterion which is independent of the measured volume
of interest was rejected. Nevertheless, we showed that depending on the VOI different parameters have to be applied to achieve most accurate results (Table 3.6). Due
to lower RMSE and higher correlations coefficients, especially at the more distal
VOIs (Fig. 3.14, Table 3.6), we recommended to express critical bone volume as a
percentage and not as an absolute value; specifically, we recommend a critical bone
volume of 7.5% in combination with a strain threshold of 0.7% and a bone tissue
modulus of 6.829 GPa for the today clinically measured region corresponding to
VOI 1B. If one would apply the failure criterion by Pistoia et al the RMSE would
be substantially increased by 32% even though the correlation coefficient would be
identical. These results (Table 3.6) show clearly that depending on the measured
VOI different parameter settings have to be chosen when using the failure criterion
for bone strength analysis. Nevertheless, care should be taken to only apply these
new values on HR-pQCT measurements with similar settings as it can be expected
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that the optimal parameters for this criterion will depend on image quality, image
resolution, applied boundary conditions and material properties. Concerning former
studies which used the failure criterion by Pistoia et al. at higher image resolution
one can conclude that they provide good strength correlations even though the accuracy of estimated bone strength could have been improved by applying different
parameter settings as presented here. Recently, Boutroy et al [13] have adapted the
parameter settings due to differences of the elastic properties they have used in their
study, which were twice as high as those used by Pistoia et al [10]. Nevertheless,
these parameter adaptations were missing a thorough investigation and were solely
applied to gain comparable failure loads. In summary, it is not needed that existing
studies using the HR-pQCT derived µFE approach will have to be reanalyzed as
the strength estimates are mainly affected in an absolute sense and correlations will
be less affected. Nevertheless, in future studies we recommend to adapt to the here
presented parameter settings for better accuracy.
A strength of our cadaver study was that we could measure a much larger part
of the radius than measured in clinical studies. We covered 20% of the total forearm length and could therefore compare different axial VOIs. Furthermore, the
biomechanical testing data on 100 human forearms is also unique and allowed the
correlation of estimated failure loads with actual failure forces of the intact distal
radius. It was shown that distal VOIs of the radius were more accurate in predicting
bone failure load than more proximal ones. Furthermore it was shown that, compared to DXA or structural parameters alone [15], µFE estimated bone strength is
not only a directly comparable measure but can also lead to an improved estimation
of bone fracture load (r2F E =0.78, r2architecture =0.74, r2DXA =0.52-0.71, respectively).
Clinically speaking, this would argue to move the region of interest for the HRpQCT measurements even more distally than currently recommended by the manufacturer. Nevertheless, more studies are needed confirming our results before such
a recommendation could be implemented as this would have wide reaching consequences for currently ongoing clinical studies.
A limitation of our study is that we used linear µFE analyses to model bone failure
which is a time-dependent, nonlinear event including high local deformations and
ultimate fractures. Although some work on bone failure characteristics has been
done, at present, no standardized algorithms exist for assessing fracture from FE
analyses; the precise failure mechanisms and associated material properties are still
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not well understood [8]. Nevertheless, this pragmatic approach to estimate strength
from a single linear analysis has been successful [10]. Here we followed a similar
approach, but in view of the different image resolution as well as due to differences in bone microstructure across the VOI under investigation, we ran analyses to
quantify how Vcrit affected bone strength estimates. Recently, MacNeil and Boyd
have found excellent correlations between experimental bone strength and computationally determined stiffness [12]. Similar to our study, they have estimated bone
strength in different VOIs. Different to our study was their mechanical test setup,
with single VOIs being separately tested and therefore boundary conditions being
similar to the ones applied in the µFE analysis. Moreover, Varga et al have recently
presented numerical results as assessed by a HR-pQCT-based anatomy specific FE
technique showing good prediction for experimental stiffness and even better for
strength [27]. They used excised cadaver radii rather than the intact forearm tests
performed in this study. Therefore, it is not surprising that the predictive abilities
in these two publications were higher than in our present study, where bone strength
was determined from mechanical testing of intact forearms.
In summary, we found that the most relevant VOI to determine failure load is
located just below the subchondral plate. These findings were visually supported by
IGFA testing. Good correlations and low RMSE between µFE derived bone strength
and measured bone strength were demonstrated, especially in the most distal VOI.
We determined the optimal parameters with which bone strength at the distal radius
can be predicted from linear-elastic image-based models; these parameters depend on
the specific volume of interest under investigation. For future studies we recommend
using the optimal parameter setting as determined in this study for better accuracy
in bone strength estimates. We could not show that a VOI independent failure
criterion would improve failure load predictions. Our findings indicate that in vivo
HR-pQCT derived µFE analysis is a promising way to assess bone strength in the
human radius in patient populations. The presented results will improve clinical
studies in which human radius bone strength estimations are performed, a focus
which has been developing quickly over the last years.
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Abstract:
The precise failure mechanisms of bone implants are still incompletely understood.
Micro-computed tomography in combination with finite element analysis appears
to be a potent methodology to determine the mechanical stability of bone-implant
constructs. To assess this microstructural finite element (µFE) analysis approach,
pull-out tests were designed and conducted on ten sheep vertebral bodies into
which orthopedic screws were inserted. µFE models of the same bone-implant
constructs were then built and solved, using a large-scale linear FE-solver. µFE
calculated pull-out strength correlated highly with the experimentally measured
pull-out strength (r2 =0.87) thereby statistically supporting the µFE approach.
These results suggest that bone-implant constructs can be analyzed using µFE in a
detailed and unprecedented way. This could potentially facilitate the development
of future implant designs leading to novel and improved fracture fixation methods.
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4.1.1 Introduction
Osteoporosis is a bone disease characterized by a reduction in bone mineral density
(BMD) and structural deterioration of bone tissue, leading to an increased risk of
fracture. According to the National Osteoporosis Foundation in the United States,
10 million U.S. citizens (of which 8 million are women) already have the disease
and almost 34 million more are estimated to be at risk for osteoporosis [1]. The
estimation is that half of the women and a quarter of men aged 50 years or older
will suffer an osteoporosis related fracture within their lifetime [2]. Due to the
rapidly ageing American population, the annual direct costs of osteoporosis in the
US are projected to reach $25.3 billion by 2025 and even $50 billion by 2040. This
phenomenon can be directly transferred to most developed countries [3, 4]. About 2
million osteoporosis-related fractures occur every year in the US in men and women
aged 50 or older of which just fewer than 300,000 are hip fractures and almost
550,000 are vertebral fractures [2].
The fact, that osteoporosis leads to fractures, is known. In contrast, the assumption that osteoporosis complicates the treatment of these fractures is rather not [5],
and it has not been in the focus of treatment planning up to now. For a long time
orthopedic implants were developed for patients with a good bone stock. The fundamental that bone mechanical properties depend on density and structure was not
really considered. Therefore, it is not surprising that implants developed for good
bone quality fail in osteoporotic bone [6, 7]. Furthermore, recent studies are becoming available that show a correlation between the rate of implant failure and local
bone quality [8–11]. From engineering principles it can be expected that implant
stability depends on implant fixation, on the amount and quality of peri-implant
bone and on how that bone deforms and eventually fails during implant loading. It
would equally depend on the size, location, and quality of the local bone-implant
contact areas. Indeed, experiments have shown that prototypes specifically designed
for severely osteoporotic bone survive significantly longer during cyclic testing than
comparable conventional implants [12]. However, a detailed understanding of the
mechanisms underlying implant anchorage and stability is lacking and it is not clear
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to what extent size, location, and quality of the local bone-implant contact areas
play a role in the processes of local damage and final implant failure. In order to
develop better implants, a thorough understanding of factors leading to failure as
well as the knowledge how to influence them is needed.
Not all these failure mechanisms can be investigated by experimental measurements, e.g. no methods exist to measure the forces acting on a screw in vivo, nor
do sophisticated osteoporotic animal models exist that could allow testing orthopedic screws in low-quality bone. Furthermore, access to osteoporotic human bone is
generally very limited, which limits the use of standardized tests and hinders doing proper statistics. Therefore computer simulations, finite element (FE) models
in particular, have great potential to establish as an alternative for experimental
biomechanical tests on bone-screw structures. FE analyses of bone-implant constructs have addressed phenomena at the apparent level, such as overall structural
competence [13,14], as to get a better understanding of load distributions when using
different kinds of implant configurations. Other FE models addressed the effects of
screw design, and analyzed overall geometries, thread profiles and surfaces [15, 16].
Whereas in all these models bones macroarchitecture could be handled relatively easily, its material properties, which are tightly linked to bones microarchitecture [17],
are more difficult to model. Hence, nearly all studies have simplified cortical and
trabecular bone to homogeneous and isotropic linear elastic materials. Although
such simplifications may be justified for the determination of non-local phenomena [14], the application of averaged bone properties for local analysis in highly
heterogeneous and anisotropic cancellous bone may not be reasonable; instead, it
seems appropriate that for cases like this the discrete nature of trabecular bone has
to be taken into account. At present, only very few publications exist that do not
model trabecular bone as a continuum in the bone-implant constructs [18].
Finite element analyses based on micro-computed tomography (µCT) images of
bone-implant constructs appear to be promising to further enhance our knowledge of
the local stresses, strains, and deformation behavior of the bone in the vicinity of the
implant. µCT has become the method of choice in quantifying 3D bone microstructure. Microarchitectural bone imaging is a nondestructive, noninvasive, and precise
procedure with which both the apparent density and the trabecular microstructure of
intact bones and bone samples can be assessed in a single measurement. It provides
the necessary detail to accurately represent the complex microstructure of trabecular
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bone. Desktop µCT is a precise and validated technique [19–21], and has been used
extensively to study bone microarchitecture [21–24], demonstrating that trabecular
bone can have very distinct microarchitectures that are remarkably heterogeneous
throughout the skeleton [25–27]. Direct voxel-to-element conversion is an easy and
straight-forward approach to generate micro-structural finite element (µFE) models.
Furthermore, this method is fast and can be completely automated. It can provide
insight into the load transfer through the bone architecture and help to understand
how differences in bone microarchitecture influence bone strength. These models
are necessarily large to capture the microstructural details of the bone, and require
special solution schemes. Within the last few years µFE analysis has become a wellestablished technique for analyzing the mechanical quality of bone samples [28]. For
linear deformation conditions, comparison between biomechanical compression tests
on excised trabecular bone samples and µFE show very good agreement (r2 =0.92)
when a homogeneous, isotropic tissue modulus is applied [29,30]; this seems to hold
true for normal as well as osteoporotic bone [31]. As well, it has been shown that at
the apparent level, these µFE models can accurately predict trabecular bone failure
for bovine [32] as well as for human trabecular bone [33]; the µFE-predicted apparent stresses and strains at failure were equal to experimentally measured values
for the same bone specimens. Nevertheless the material properties for bone at the
tissue level as determined by µFE differ in some cases from those determined by
other experimental techniques; systemic experimental differences such as the scale
of the tests and specimen preparation can explain these differences [34].The steady
increase in computational power over the last years, using parallel processors in supercomputers, has made it possible to analyze intact human bones, or large portions
thereof [35–37]. A recent implementation even allowed to solve a model with nearly
1.5 billion degrees of freedom within 30 minutes, to simultaneously increase the level
of detail and the size of the analyzed bone volume (BV) [38, 39]. With that, µFE
analyses have reached a level where relatively large objects can be analyzed in great
detail, opening up for the first time a detailed analysis of implant behavior in trabecular bone. However, whether these µFE models would provide accurate results
for bone-implant constructs is not known, because first, bone and implant form two
different entities, and second, they have largely differing material properties. Therefore, the aim of this study was to assess such models by relating computational
findings to experimental biomechanical data on bone-implant constructs.
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Figure 4.1: (A) µCT grayscale image showing the thin trabecular bone structures,
the drill canal, the implant as well as the implant bone interaction.
The outer thread diameter of the implant is 3.3 mm. (B) Segmented
3D representation of the inserted screw into the sheep vertebra. Bone
microstructure is still nicely visible, even though resolution of the image
was lowered by a factor of three in each direction. One VOI with an
outer radius of 3 mm is indicated.
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4.1.2 Materials and Methods
Four sheep spines, from a study unrelated to the present one, were provided by the
slaughterhouse of the Vetsuisse Faculty at the University of Zurich and had been
stored in a freezer at a temperature of −21C. All five sheep were female between 1
and 2 years old. Prior to dissection of individual vertebrae, the spines were thawed,
and refrozen immediately after. In total, twelve vertebrae from the thoracic region (T1-T3) were harvested. Two of them were used in a pilot study, leaving ten
specimens for this study.
Commonly used dental screws were implanted. The screws had an outer thread
diameter of 3.3 mm and a thread height of 10 mm (Fig. 4.1). The screws were
inserted in the upper surface of the vertebral body which was fixed in a clamp.
Screw insertion was performed according to the manufacturerfs instructions. First,
a receiving channel of 2.2 mm was drilled at 800 rpm to a depth of 18 mm after
which a drill of 2.8 mm at 500 rpm enlarged this channel. After the creation of
this pilot hole the screws were placed in the specimen using a torque-controlled
screwdriver, according to the ASTM standard F 543. Insertion depth was 10 mm,
corresponding to the thread height. To minimize inter-specimen variability, the time
between thawing the samples and the insertion of the screws was standardized to 5
h. After screw insertion, all samples were frozen again at a temperature of −21C
and stored for further processing.
Experimental testing
To prevent shear stresses and bending effects during screw extraction, care was
taken to align the specimens properly in the mechanical testing device. For that
purpose, a polymer part was placed on top of the screws grip fixture such that the
screws were aligned vertically. With the polymer part still in place, each vertebra
was put at the bottom of a special-purpose aluminum part (Fig. 4.2). To fixate
the sample, a mixture of methylmethacrylate powder (MMA) and a liquid catalyst
was used (Technovit 3040, Heraeus Kulzer GmbH), a polymer resin generally used
for indirect surface testing. By mixing these two substances in a ratio of two to
one, fluid PMMA was created which hardened after 15 min. This fluid was poured
in the aluminum part in which the vertebra was resting. The part in which the
embedding took place was subsequently connected by threaded holes to a custommade aluminum adapter, fitting around the bottom platen of a universal mechanical
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testing machine (5 kN Allround-Line, Zwick GmbH, Ulm, Germany). To correct
minor deflections in axial alignment, a double ball joint was used, connecting to the
upper platen of the testing bench where the load cell was located.
At the start of the pull-out test the crosshead of the testing bench moved at
a rate of 2.5 mm/min until a preload of 10 N was reached, defined as the starting point of the test. Subsequently, the crossheads displacement rate was set to 5
mm/min, according to the ASTM standard F 543. The test ended when the measured force had dropped to 80% of the maximally measured force. The displacement
of the crosshead, as well as the force acting on the load cell, was recorded. Pull-out
strength was defined as the maximum force measured in the experiment. Ultimate
displacement was defined as the displacement reached at maximum force. In accordance with the current methodology to quantify the stiffness of a bone sample,
the stiffness of the bone-implant construct was defined as the slope of the forcedisplacement curve between 30 and 70% of pull-out strength.
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Figure 4.2: Setup of the mechanical testing apparatus. The load cell is the connection to the upper part, the bottom adapter the connection to the lower
part of the commercially available ZWICK testing device.
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µCT scanning and analysis
Before embedding in the aluminum holders, each sample was imaged with a microcomputed tomography system µCT80 (Scanco Medical, Brüttisellen, Switzerland)
using a 25 µm nominal resolution to assess the trabecular bone architecture and
screw geometry (Fig. 4.1A). The samples had been taken out of the freezer and stored
in a fridge at 4C for 22 h in a saline soaked towel. The bone-implant constructs were
placed in a grip fixture, which itself fitted into a custom-made polymer part, used to
align the screw exactly in the center of the µCT sample holders. Proper alignment
was crucial to reduce imaging artifacts which would have hampered further image
processing and analyses. While being submersed in saline, the entire vertebrae
with implanted screws were scanned with the screw axis coinciding with the sample
rotation axis.
The reconstructed images were filtered using a constrained three-dimensional
Gaussian filter to partially suppress noise in the volumes (σ=1.2 and support=1),
and segmented using global thresholds to obtain representations of bone, implant
and PMMA (Fig. 4.1B). During segmentation, several image corrections were applied to reduce imaging artifacts [40].
Analyses for bone volume fraction (BV/TV) were performed in cylindrically
shaped volumes of interest (VOI) around the screws. The long axes of the VOIs
were aligned with the center line of the screws. In order to reduce the influences of
µCT measurement artifacts, the volume between the screw threads was neglected.
The height of the VOIs was taken constant at 13 mm, hence, 3 mm higher than the
screws length (Fig. 4.1B). This was motivated by the stress and strain distributions
seen in microstructural FE analysis of two pilot tests. The radius of the cylindrical
regions was varied between the radius of the outer thread (1.65 mm) and 6.0 mm.
Microstructural FE analysis
The µFE meshes consisted of cubic hexagonal elements. A custom in-house mesher
was used to generate the FE mesh of each sample directly from the µCT data,
employing a direct voxel-to-element approach. Meshing was performed on 8 dualcore 2.6 GHz AMD Opteron processors of a Cray XT3 system of the Swiss National
Supercomputing Centre (CSCS, Manno, Switzerland). To reduce computational
costs, the µCT data was downscaled by a factor of three in all directions prior to
meshing.
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A common approach for µFE analyses is to consider bone to be homogeneous at
the tissue level; thus, the same isotropic Youngs modulus is given to every element.
In comparison studies it could be shown that there is a high degree of agreement
between µFE analyses and experimental test [30, 41], even though diverse values
for Youngs modulus have been found. This could be explained by differences in
experimental setup, as well as the finesse of the mesh. Furthermore, the influence
of material anisotropy at the bone tissue level seems to be negligible as such good
agreement was found not only in the main material direction, but also in perpendicular directions, which indicates that the anisotropic behavior of trabecular bone is
mainly governed by the orientation of the trabeculae. Therefore, linear and isotropic
material behavior was assumed for all materials used in the present study. Youngs
moduli were defined at 5, 114 and 2 GPa for bone, implant and PMMA, respectively; the Poisson ratios were set to 0.30, 0.34 and 0.36, respectively. Material
properties of the titanium implant and the PMMA were defined based on the information from the manufacturers, whereas bone mechanical properties were based
on reported values [30, 41]. Boundary conditions that represented the biomechanical tests were defined. Hence, a displacement of 1% of the overall height of the
models was applied to the outer end of the screw, while all nodes on the bottom
of the models were restrained in direction of the loading only, except for two other
nodes which were restricted in additional directions in order to prevent rotation
and translations. The rest of the boundary is free. The interface between implant,
bone and embedding material were modeled as full contacts, resulting in a model
consisting of only one body with different material properties that represented the
different components. For the solution of these models a fully parallel materially
and geometrically linear custom finite element package ParFE, which works with a
multilevel preconditioner, was used [38, 42]. The models were processed on a Cray
XT3 system on 720 dual-core 2.6 AMD Opteron processors with 1.4 TB of main
memory. Post-processing was done using in-house code. Visualizations were created
in parallel using open source program ParaView (http://www.paraview.org/) on 4
AMD Opteron CPU nodes with a total of 32 GB of memory on an HP-XC cluster.
Stiffness was determined by dividing the calculated reaction force by the prescribed displacement. Strength was estimated based on a structural hypothesis as
developed for µFE models of human distal forearms [43]. According to this concept,
failure is expected to occur as soon as the effective strain levels in a characteristic
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fraction of the BV exceed a certain critical threshold. In the original formulation
the characteristic BV fraction was set to 2% and the effective strain threshold was
set to 0.7% (Fig. 4.3). Because it is questionable whether the exact same characteristic values are also applicable to bone-implant constructs and because of improved
image resolution we set up an automated procedure to cover all combinations of the
size of the VOI and the critical BV fraction. Specifically, the effective strain was
calculated for all bone elements in the VOI that were defined for the µCT analyses. The calculated external forces on the µFE models were then scaled such that
a specific element fraction exceeded a general effective strain threshold. This was
done for all possible element fractions. Such scaling was possible because the µFEA
were fully linear. To determine optimal VOI and critical BV, linear correlations
were performed between FE-calculated pullout strength and mechanically measured
pullout strength.

Figure 4.3: Biomechanical measurements suggested that failure seems to occur as
soon as the effective strain levels in a characteristic fraction of the bone
volume exceed a critical threshold of 0.7%. The force, resulting from the
applied 1% displacement is scaled, such that a certain volume (highly
stressed volume) of all elements in distal radius have effective strain
values above 0.7% strain (after Pistoia et al [43]).
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Statistical analysis
It was our aim to determine how well stiffness and strength of bone-implant constructs can be determined from µFE models. To quantify that, the coefficient of
determination (r2 ) based on the Pearson product-moment correlation coefficient was
used. All statistical analyses were performed with Excel 2003 (Microsoft, Redmond,
USA).

4.1.3 Results
Experimental testing
All experimental tests were performed successfully, and resulted in similar forcedisplacement curves (Fig. 4.4). Pull-out stiffness was determined from the linear portion of the forcedisplacement curves in order to omit inelastic effects related to alignment of the experimental setup at the beginning of the experiment as well as plastic
deformation prior to failure. Pull-out forces ranged from 495 up to 842 N, ultimate
displacements from 0.66 to 1.46 mm and stiffness from 637 to 1’212 N/mm, respectively (Table 4.1). The average pull-out force for all ten specimens was 643±118
N. All samples were treated as independent, because statistical analyses showed no
relationships between vertebrae from the same sheep, nor between vertebrae at the
same level from different sheep. A relatively good correlation between the pull-out
force and the ultimate displacement (r2 =0.58) was found. Stiffness did not correlate
to pull-out strength (r2 =0.0001).
Microstructural FE analysis
All ten µFEmodels were successfully created and analyzed. The meshing procedure
took 536 s for all models together. The number of elements in the models ranged
from 12.1 to 17.9 million; the degrees of freedom from 50.7 to 87.2 million. The time
needed to solve the models ranged from 115 to 200 s; overall processing wall clock
times were in between 134 and 270 s.
A visual representation of the effective strain distribution of one representative
specimen is given in Fig. 4.5A. The strain distribution is relatively homogenous as
no clear differences in opposite bone regions around the implant can be seen.
Computationally analyzed stiffness ranged from 3’138 to 11’043 N/mm, with an
average stiffness and standard deviation of all ten specimens of 7’419±2’420 N/mm.
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Figure 4.4: Forcedisplacement curves for all ten mechanical pull-out tests. Data
recording started always at an initial pre-load of 10 N. Pull-out strength
was taken as the peak after which the measured force dropped by at
least 20%. In order to determine stiffness, only the linear part of the
curves were evaluated.

Thus, the computational results are close to a factor of 9 times higher than the measured stiffness. Furthermore, measured and µFE-derived stiffness did not correlate
(r2 =0.002).
On the other hand, the pull-out forces showed high correlations.

The FE-

calculated pull-out strength depended on the size of the VOI (radius of VOI) and on
the amount of highly stressed volume. To determine optimal parameters, linear cor-
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Table 4.1: Experimental results from the ten specimens tested.
Specimen Pull-out strength

Ultimate displacement Stiffness

[N]

[mm]

[N/mm]

A T2

709.0

1.15

833.7

A T3

744.4

1.46

636.9

B T2

604.2

0.66

1212.5

B T3

495.3

0.79

826.1

C T1

740.1

1.04

1025.8

C T2

842.5

1.20

845.2

C T3

677.9

1.11

763.3

D T1

518.6

0.84

846.3

D T2

509.7

0.86

686.1

D T3

588.2

0.87

926.7

relations were performed between FE-calculated pull-out strength and mechanically
measured pull-out strength (Fig. 4.5B). Best correlation (r2 =0.87) was found when
taking a VOI with a radius of 4.7 mm in combination with a highly stressed BV
fraction of 84%. It should be noted that the obtained correlations were relatively
insensitive to the specific parameter values (Fig. 4.5B).
Bone volume was a good predictor of measured pull-out strength as well. Best
linear correlation between measured pull-out strength and BV was achieved when
taking a VOI with a radius of 1.94 mm (r2 =0.86). Correlation coefficients for two
indices, BV and FE-derived pull-out strength, are depicted in Fig. 4.6A where they
were determined as a function of the size of the VOI. Finally, Fig. 4.6B shows the
single specimens correlation between the estimated and the measured pull-out force,
demonstrating a very strong agreement between the two.
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Figure 4.5: (A) Strain distribution (effective strain) of one typical specimen. Highest
strains can be found at the bone microarchitecture close to the implant.
(B) Parameter study investigating the correlation between measured and
estimated pull-out strength. Critical bone volume fraction and the radius
of the VOI were varied.
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Figure 4.6: (A) Pull-out strength prediction based on FEA and BV depends on the
volume of interest, represented here by the radius of the VOI. (B) Best
prediction of measured pull-out strength was achieved for the pull-out
strength as estimated by the FEA resulting in an r2 of 0.87. Critical
volume fraction was taken at 80%. The tissue effective strain threshold
was set to 0.25%.
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4.1.4 Discussion
In this study we assessed µFE analysis as a technique to determine the pull-out
strength of bone screws. High correlations were found between pull-out strength
as estimated from µFE and the experimentally measured pull-out strength. This
indicates that µFE analyses can be used as a tool for the assessment of stability and
strength of bone-implant constructs. Such a system could be used for the evaluation
of newly developed implant designs prior to animal testing, hence, could save costs
and time. The development of new implant designs could potentially be accelerated
and improved. It could prove especially beneficial in the design process of implants
for low quality osteoporotic bone, because that type of bone deviates most from the
currently assumed homogeneous bone properties.
Good correlations were found between the BV surrounding the implant and the
measured pull-out strength. BV predicted strength best when the VOI was small
(Fig. 4.6A). The relatively high correlation of BV and measured failure load in a
small VOI close to the implant seems to indicate that the bone in close contact
with the screw is important in providing good anchoring of the screw. However, it
has to be realized that correlations were highest for small VOI. The outer radius of
the smallest VOI was 1.94 mm such that the wall thickness of the hollow cylinder
is only 0.29 mm. Potentially, this could lead to imprecise and deviating results in
subsequent studies as the analyzed region is only of the thickness of one trabecula.
Even higher correlations (r2 =0.87) were obtained when µFE analyses were used to
estimate pull-out strength. These results support the assumption that the estimated
failure forces as well as the analyzed surrounding BVs are both good parameters to
predict the measured failure force of a bone-implant construct.
A limitation of the study is that artifacts in the acquired µCT images could
influence the µFE results. In order to study this artifact related behavior, the
solution would be to scan samples without an inserted screw. Afterwards the screw
would have to be digitally added to the FE-model in order to compare these results
with the conventional method. Especially in the case of self-tapping screws this
could be very interesting, since the bone debris, taken along with the screw on its
way down, could be excluded possibly yielding better results.
Since we used a strictly linear solver, friction forces cannot be modeled and taken
into account in the µFE. This holds for the interface between PMMA and bone
as well as for the one between bone and implant. We obtained a good predictive
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value for µFE-based strength which seems to suggest that the frictional forces are
relatively small, and that load transfer between bone and implant is mainly through
interconnections of bone trabeculae and the screw thread. A study using screws
with larger threads and diameters could provide more in-depth information into the
extent of these frictional forces.
Where µFE-predicted pull-out strength correlated well to experimentally measured strength, µFE-predicted stiffness did not show the same high correlation to
experimentally measured stiffness. Several potential sources for this behavior were
identified. First, the embedding of the vertebrae turned out to be insufficient. Although we took great care to embed them properly, and to have an accurate screw
alignment, the PMMA slipped slightly within the aluminum holders, thereby decreasing the measured stiffness. Such slipping most probably has not affected all
samples to the same extent. Second, it is unknown whether there has been some slipping between the screw and the surrounding bone before failure, which would have
increased the compliance. Third, potential lack in the experimental system, such
as in the double ball joint, would have reduced measured stiffness further. These
effects could not be simulated in the µFE analyses. Fourth, we assumed identical
bone tissue level properties for all vertebrae, whereas the actual material properties
may have varied from vertebra to vertebra. And fifth, we used 5 GPa for bone
tissue based on studies where bone tissue modulus was back-calculated from µFE
and experimental testing [30, 41], but higher tissue moduli have been reported in
the literature, especially when using measurements techniques that identified tissue
properties on a smaller length scale. The inclusion of a deloading step during the
experimental tests would potentially have allowed a more accurate determination of
the elastic behavior of the surrounding bone [44]. It has to be noted though, that
the test protocol as defined by ASTM 543 did not include deloading of the screw
during the biomechanical measurement. Future studies using deloading may help to
quantify the inelastic mechanisms involved in implant failure. And although the use
of different tissue moduli would have changed the absolute values for bone-implant
stiffness, we do not expect that the it would have had a significant influence on
the correlation between experimentally determined stiffness and stiffness as derived
from µFEA.
In implant fixation a distinction can be made in the stability directly after implantation (primary implant stability) and the situation after several months when
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bone could potentially have grown onto the screw and establish a firm connection
between implant and screw (secondary implant stability). Our experimental set-up
clearly considers primary stability whereas our computational model could reflect
the secondary stability because micromotion was not included in the µFE analyses.
Nevertheless, even when assuming fully bonded contact areas between implant and
bone we achieved a strong correlation. This likely indicates that frictional forces
only play a minor role in primary implant stability, and that stability is achieved
through form-locking of the threads into the bone.
Sheep vertebrae have been widely used as a model for human vertebrae for in
vivo [45] as well as for in vitro [46] experiments. A morphological study showed
that similarities between sheep and human vertebrae are strongest in the thoracic
and lumbar regions and suggests sheep spines as a good model for the investigation
of spinal implants [47].
Specimens tested in this study displayed a high BV density, not comparable to
low density osteoporotic bone. For these specimens the calculated stresses close
to the implant were relatively homogenously distributed along the structure. It is
expected that larger differences in stress distribution will occur when testing low
density osteoporotic bones. Furthermore, we hypothesize that in these cases BV
alone would no longer predict implant failure sufficiently well whereas µFE could
still do as this analysis incorporates not only density but also structural information.
These aspects need further experimental validation.
We inserted the screws in the proximal surface of the sheep vertebrae. This is
not a physiological location; typically in spinal surgery, screws are implanted in the
pedicles or the lateral mass. For this project, however, simulating a realistic clinical
condition was not the main purpose. Instead we aimed for a set-up that would
be reproducible. We selected the proximal surface because this allowed us to use
the distal surface support during embedding of the vertebrae, which eased a proper
alignment of the screws. Furthermore, the rather oriented trabecular structure as
seen in humans is less pronounced in sheep which was visible on µCT images obtained
in the preliminary study; hence, we expect that in sheep implant stability will be
similar for axially and laterally placed screws.
There is no established computational technique to determine the pull-out
strength for screws in trabecular bone. Furthermore, currently no µFE solver is available that includes conventional fracture mechanics. For that purpose, we adapted
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a method originally described by Pistoia et al [43] to estimate strength from a
linear-elastic analysis. Specifically, we varied two parameters to determine which
combination would provide best estimates of pull-out strength. Best correlation
was found when taking a VOI with a radius of 4.7 mm in combination with a highly
stressed BV fraction of 84%. The critical volume of 84% is much higher than the 2%
as in the original formulation. That, however, is to be expected, since we determined
this percentage in a relatively small VOI just around the screw, hence, in a volume
that is highly stressed and where failure initiation will occur; in contrast the 2%
came from analyses where all bone was included. It is noteworthy that a relatively
large range in parameters provided good strength estimates (Fig. 4.5B). Based on
our analyses we would recommend using a VOI with a wall thickness of about 24
mm, resulting in outer radii between 3.65 and 5.65 mm when considering the outer
implant thread radius of 1.65 mm. In this volume around the implant stresses and
strains are considerably higher than further away from the screw. Interestingly, µFE
analyses predict measured pull-out strength better than BV alone for these representatively large VOIs, indicating that µFE analyses also include relevant aspects
of bone architecture.
In summary, we successfully used µFE analysis as a computational technique
to determine the pull-out strength of bone screws. By using µFE analysis it has
become feasible to analyze the effect of individual trabeculae and its contribution
to implant stability and pull-out strength. Hence, µFE analyses may lead to a
mechanistic understanding of why low density bone offers less potential for screw
fixation than normal bone, and may aid to systematically develop more appropriate
screws to treat osteoporotic fractures. We expect this to speed up the implant design
process, because in the initial phases the amount of complicated and time consuming
mechanical testing may be reduced through use of µFE studies.
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Abstract:
The failure mechanisms of implants in bone are still incompletely understood.
Bone volume, bone quality and bone-implant interface are likely to play a role,
but their precise relationships between implant stability and failure are unclear.
We hypothesized that implant failure is preceded by substantial peri-implant
bone failure. In order to visualize and quantify bone-implant failure mechanisms,
we developed a device that combines mechanical testing of large bone-implant
constructs with high-resolution peripheral quantitative computed tomography,
following the principles of image-guided failure assessment. In this study, proof of
principle was provided for this technique in the assessment of the failure behavior
under compressive load of dynamic hip screws (DHS) implanted in human cadaveric
femoral heads.

For the first time experimental human bone-implant failure at

the microstructural level in a clinically relevant scenario could be visualized. We
demonstrated that primary failure of DHS screws was accompanied by trabecular
bone failure in the immediate peri-implant bone region only. Such experimental
data are crucial to enhance the understanding on the quality of the bone-implant
interface and of the trabecular bone in the process of implant failure. We hypothesize that this newly developed device will be beneficial for the development of new
implant designs, especially for use in osteoporotic bone.
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4.2.1 Introduction
Osteoporosis is defined as a skeletal disorder characterized by compromised bone
strength predisposing to an increased risk of fracture [1, 2]. Following a fracture,
implants are often used to stabilize the fracture and to facilitate bone healing. Osteoporosis not only leads to fractures, it also complicates fracture treatment because
conventional orthopedic implants do not perform as good in osteoporotic bone [3,4].
It seems obvious that having decreased bone volume due to osteoporosis will lead to
decreased implant support. Nevertheless, the exact mechanisms behind decreased
implant performance are still incompletely understood.
According to engineering principles, implant stability must depend on the quality
of the peri-implant bone, on how that bone deforms and eventually fails during
implant loading and on the size, location, and quality of the local bone-implant
contact areas. However, it is not clear to what extent these factors play a role in
the processes of local damage and final implant failure. In order to develop better
implants, a thorough understanding of factors leading to failure is needed.
Bone-implant failure mechanisms have been visualized and quantified following
the principles of image-guided failure assessment (IGFA) [5, 6] for small animal
bones [7]. In that specific study, the IGFA technique combined mechanical testing
of small titanium implants in rat tibia with micro-computed tomography. Furthermore, visualization and quantification of failure mechanisms in intact bones [8, 9]
has been demonstrated by using high-resolution peripheral quantitative computed
tomography (HR-pQCT).
For the purpose of the study, we hypothesized that implant failure is preceded by
substantial peri-implant bone failure. Thus, the aim was to develop an IGFA device
for the failure assessment of large bone-implant constructs. Specifically, we sought
to provide proof of principle for a three-dimensional, visual assessment of the failure
behavior under compressive load of dynamic hip screws (DHS) implanted in human
cadaveric femoral heads, and to determine the potential effect of bone density and
microstructure on implant failure behavior.
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4.2.2 Materials and Methods
IGFA device
Step-wise micro-compression in combination with time-lapsed micro-computed tomographic imaging allows direct three-dimensional visualization and quantification
of fracture initiation and progression on the microscopic level, a technique also
referred to as image-guided failure assessment. A custom-made automated mechanical loading device (Fig. 4.7), compatible with an HR-pQCT system (XtremeCT,
Scanco Medical AG, Brüttisellen, Switzerland), was designed and built. This multifunctional testing platform is equipped with a number of actuators and sensors. It
features two axes for translational and torsional motion, which can be employed in
a number of different loading configurations such as compression, tension, torsion,
screw-out and screw-in. In axial direction, loads of up to 10’000 N can be applied,
while 22 Nm of torque are feasible in rotation mode. In order to calibrate the system for the compression testing standardized springs were used as test samples. The
springs were subjected to setpoint displacements of 100 µm and 1000 µm, respectively, starting at different magnitudes of preload force (100 N, 1000 N, 3000 N and
6000 N). A real-time compensation algorithm with force feedback was used to correct the applied displacement for deformations of the loading frame. The effective
displacements were externally measured.

Specimen
Five fresh frozen cadaveric human femoral heads (FH) were obtained from the University of Zurich, Balgrist, Switzerland. The specimens varied in age and sex (Table 4.2). All tests were performed in accordance with pertinent laws regarding the
use of human test subjects. DHS screws were implanted in the femoral heads according to the surgical technique recommended by the manufacturer. In order to
avoid metal artifacts during CT imaging, the DHS screws were custom-made and
manufactured out of Torlon, which is a high-performance polymer [5, 6]. One specimen (FH-3) had to be excluded from the study because sufficient insertion depth
could not be reached.
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Figure 4.7: Drawing of the mechanical loading device compatible with XtremeCT
system for image-guided failure assessment. Inset shows the femoral
head fixated in the custom jig.

Experiments
Compression experiments were carried out on the four specimens. Simulating a stepwise push-through test until failure, the bone-implant constructs were subjected to
compression steps of 250 µm displacement each (steps 1 to 6). As of step 7, the
displacement was doubled to 500 µm. The screws were fully fixed at the bottom
part of the system, whereas at the upper part the femoral heads made contact with
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Table 4.2: Specimens specifications.
Specimen Sex

Age

FH-1

Female

52

FH-2

Female

76

FH-3

Male

32

FH-4

Male

78

FH-5

Male

76

a concave polymethylmethacrylate (PMMA) bed to mimic the distributed load as
present in the human hip joint. Care was taken that the femoral head did not
contact the screw clamping device. Each compression step was followed by an HRpQCT measurement with a scanning time of about 20 minutes. In order to avoid
relaxation-induced motion artifacts the scanning was preceded by a waiting period
of 10 minutes. Force-displacement data were logged during the entire IGFA experiment.
Imaging
HR-pQCT scanning was performed after each relaxation period at an isotropic nominal resolution of 82 µm (Fig. 4.8). Measurements were acquired as recommended for
in vivo patient measurements. Specifically, the measurement settings were defined
at an energy of 60 kVp, an intensity of 900 µA and an integration time of 100 ms.
Seven subsequent stacks of 110 slices each were measured leading to a field of view
of 63 mm in length allowing for the image acquisition of the entire femoral head.
Subsequently, image processing was performed. In a first step, a registration
algorithm [10] was applied to each measurement in order to register the femoral head
onto the position prior to loading. This allowed better visualization and tracking
of the displacement of the implant relative to the bone as well as trabecular bone
deformation. Mineralized bone was then separated from soft tissue using a 3D
Laplace-Hamming filter and a fixed global threshold. This allowed to create threedimensional images (Fig. 4.8) which were then used to visualize bone deformation
and failure of the bone-implant interface.
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Figure 4.8: Grayscale 2D HR-pQCT image (top) and segmented 3D image (bottom)
of specimen FH-5 at the initial loading step.
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Bone morphometry
For bone microstructure analyses, morphometrical indices were calculated in a hollow cylindrical volume of 22 mm length, and outer diameter of 20 mm aligned
coaxially with the screw (Fig. 4.9). We used standard three-dimensional morphometry [11] to compute bone volume (BV), bone volume density (BV/TV) as well as
mean trabecular thickness (Tb.Th), mean trabecular separation (Tb.Sp) and mean
trabecular number (Tb.N).

Figure 4.9: The analyzed volume of interest for the assessment of morphological
indices.

Interface analysis
An image processing routing was used to analyze the portion of the implant thread
surface covered with trabecular bone [7, 12]. The screw surface was obtained in a
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region of interest according to Figure 4.9 by increasing the screw volume by one voxel
and subsequent subtraction of the original volume. The bone-implant contact area
was then normalized by the screw surface and expressed as percent bone interface
(%BI).
Another image processing routine separated the loaded thread surface of the boneimplant interface (positive z-direction) from the unloaded thread surface (negative
z-direction). These procedures were carried out for the different loading steps until
the failure load was reached. Therewith, it was possible to quantify and monitor the
bone-implant interface over the entire duration of the experiment. One specimen
(FH-4) had to be excluded from the interface analysis due to limitations of the image
processing operations. Specifically, the image registration procedure on the implant
sub-image did not successfully converge.

4.2.3 Results
An automated and accurate image-guided failure assessment device for testing of
large bone-implant constructs was successfully developed and built, being compatible to the commercially available HR-pQCT system XtremeCT (Fig. 4.7). The
calibration procedure demonstrated that by using a cubic correction procedure, the
measured displacements deviated maximally 25 µm from the desired and given displacement (Fig. 4.10). All displacement deviations were clearly below the resolution
of the XtremeCT (82 µm), which served as a benchmark for this validation procedure. In this study, the system facilitated for the first time visualizations of the
bone-implant interface during failure in human bone. Visualization of trabecular deformations could be tracked. Large deformations and failure were observed in a small
volume surrounding the implant, in particular close to the thread tips (Fig. 4.11).
Failure occurred at different locations along the screw and could be visualized in 2D
grayscale and 3D segmented step-wise visualizations (supplementary material).
Bone volume density varied between 21.7% and 29.8% for the four specimens,
which is in line with a previous study [13]. Trabecular separation, thickness or
number varied by maximum 28% between the specimens (Table 4.3). Maximal
force varied widely from 2489 N to 4347 N. A strong correlation of R2 =0.85 was
found between the maximal force and bone volume density (Fig. 4.12).
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Table 4.3: Morphometric indices as assessed in the peri-implant volume of interest
and measured failure strength for the four tested specimens.
FH-1

FH-2

FH-4

FH-5

1002.6 1140.5

923.5

834.0

BV

[mm3]

BV/TV

[%]

26.2

29.8

24.1

21.7

Tb.Sp

[mm]

0.57

0.68

0.66

0.73

Tb.N

[1/mm]

1.66

1.41

1.49

1.34

Tb.Th

[mm]

0.23

0.28

0.24

0.24

Failure Strength

[N]

4211

4347

3359

2489

Table 4.4: Percent bone interface (%BI). The values at the start (initial) and at the
end of the experiment are given. Furthermore, a distinction was made
between the loaded and the unloaded thread surface of the implants.
Percent bone interface (%BI)

Total

FH-1

FH-2

FH-5

initial

70

81

56

end

54

65

46

-22.8

-19.8

-17.9

initial

41

51

43

end

31

42

37

-24.4

-17.6

-14.0

initial

29

30

13

end

23

23

9

-20.7

-23.3

-30.8

difference [%]

Load-bearing

difference [%]

Non load-bearing

difference [%]
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Figure 4.10: The measured displacements closely matched the given displacements
for steps of 100 µm (top) and 1000 µm (bottom) and for different
preloads of 100 N, 1000 N, 3000 N and 6000 N, respectively. Horizontal lines indicate half the nominal image resolution of the HR-pQCT
device.
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Figure 4.11: Segmented 3D images of specimen FH-5 at step 0 (left) and step 7
(right); regions of major trabecular deformations at the bone-implant
interface are highlighted by arrows.

Figure 4.12: Maximal force correlated strongly with peri-implant bone volume fraction (BV/TV).
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Qualitatively, the decrease in percent bone interface during the image-guided failure assessment experiment could be visualized (Fig. 4.13). For all three samples
subjected to the interface analysis, an overall decrease in %BI ranging between 18%
and 23% was observed (Fig. 4.14). After an initial decrease of the %BI during the
first two loading steps, a slight increase was generally present at the third loading
step. Subsequently, the %BI dropped further. This decrease in %BI occurred both
on the loaded side of the thread and on the unloaded side (Table 4.4).

Figure 4.13: Bone-implant interface (red) visualized during the IGFA measurement
at steps 1, 8 and 12.
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Figure 4.14: Percent bone interface (top) and measured force (bottom) are plotted
at each IGFA step.
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4.2.4 Discussion
In this study, a novel large-scale bone-implant IGFA device was successfully developed such that we were able to experimentally visualize for the first time boneimplant failure at the microstructural level in an intact human femur. Such experimental data are crucial to enhance the understanding on the quality of the
bone-implant interface and of the trabecular bone in the process of implant failure.
We hypothesize that this knowledge will be beneficial for the development of new
implant designs, especially for use in osteoporotic bone.
Using the IGFA device we could visualize how the implant cuts through the bone
microstructure. Before complete failure happened, one could observe that in bones
with higher density (FH-2) a larger volume of trabecular bone was undergoing substantial deformation, resulting in higher failure loads. The screws in low density bone
(FH-5) were only supported by the trabecular bone close to the implant. Nevertheless, independent of age or peri-implant bone density, the failure always occurred
close to the implant for all four specimens. In contrast to our findings, in an in
vivo rat model assessing secondary implant stability, Gabet et al [7] demonstrated
trabecular failure realitely distant from the implant. This might be explained by
bone-implant osseointegration, whereby the bone-implant contact is strengthening.
We hypothesize that different failure mechanisms prevail in primary versus secondary
implant stability.
In the interface analysis, all three evaluated samples exhibited similar qualitative
behavior. After an initial decrease, the %BI was subjected to a slight increase at
the third loading step. We hypothesize that this effect is caused by a settling of
the implant within the pre-drilled and tapped cavity. Additionally, it is believed
that unconnected bone debris left over from pre-drilling and tapping were pushed
against the implant surface at this stage. At some point, the %BI then experienced
a sudden drop. This may be due to an opening between the implant surface and
the bone on the unloaded side of the thread, as well as trabecular bone failure on
the loaded side (Figs. 4.11 and 4.13, Table 4.4). In this context it is interesting
to note that the maximum axial forces were measured after the %BI had already
been reduced considerably (Fig. 4.14). These results suggest that bone-implant
systems can sustain high loads even at a reduced %BI. Therefore, there must be
other important determinants of implant stability. Such determinants are most
likely the direction of load transfer and the quality of the trabecular network [14].
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In the specimen with the lowest BV/TV (FH-5), the decrease in %BI occurred early
and abruptly (loading step 4 at 1951 N). The other specimens (FH-1, FH-2), on the
other hand, went through a period of gradual loss in %BI prior to the pronounced
decrease (loading step 7 at 3064 N and loading step 6 at 3511 N, respectively). This
may be explained by the difference in initial bone volume density of the specimens.
A point to mention is the high %BI compared to the analyzed BV/TV in all three
specimens. Theoretically, for any arbitrary surface fit into the bone specimen, the
%BI should be similar to the value of the specimen specific BV/TV. However, the
measured %BI is two to three times as high. This can only be explained by bone
debris and bone compaction of the peri-implant bone due to the insertion technique
and compression mode. It is noteworthy that specimen specific BV/TV correlated
very high with initial bone-implant coverage. Even though statistically premature
as only three points could be correlated, an R2 of 0.9997 could be found with the
regression line going through zero. This result can be expected but definitely needs
further investigation, which could be done by drill-in IGFA experiments using our
newly developed device.
Some limitations of this study have to be mentioned. The pure compression scenario does not exactly represent the clinical reality, since in vivo DHS are aligned
at an angle to the main loading direction. This compression scenario was chosen to
avoid excessive bending of the polymer screw during testing. The setup featuring
the isolated femoral head without the trochanter counterpart can be interpreted as
a worst case scenario of a DHS that has lost its sliding capability due to jamming
within the barrel [15, 16]. A second limitation is the use of polymer implants. The
used polymer has a substantially lower Young’s modulus compared to standardized
titanium or stainless steel implants. This is a clear limitation leading to unknown
consequences. Nevertheless, it had the great advantage to fully exclude metal artifacts at the bone-implant interface. The surface properties of the implants are
another major limitation. One can expect that the used polymer implants have
a higher friction coefficient than polished stainless steel DHS, and therefore the
bone-implant interface might behave differently. This limitation could potentially
be solved in the future using a stainless steel or titanium coating from which only a
minor decrease in image quality due to metal artifacts can be expected. A final limitation is the fact that during the insertion procedure the screws were not completely
drilled in until the top end of the pre-drilled hole (Fig. 4.8). This might have had
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the effect that the maximal possible failure strength was not achieved due to missing
support of the trabeculae at the proximal end of the femoral head. Nevertheless, we
believe that this has not affected the local failure behavior at the implant interface.
In summary, we developed an IGFA device that combines mechanical testing of
samples up to 120 mm in diameter and 150 mm in length with high-resolution peripheral quantitative computed tomography. This study demonstrated feasibility of
this device to assess failure behavior of large bone-implant constructs. We could furthermore show that independent of the bone density measured around the screw the
failure always happened at or close to the bone-implant interface and that these primary implant failure mechanisms were different from recently presented secondary
implant failure mechanisms after osseointegration. Furthermore, quantitative morphometry was shown to be a good predictor of failure load (Fig. 4.12). We conclude
that the developed IGFA device in conjunction with the HR-pQCT system will be
beneficial for the understanding of implant failure in osteoporotic bone and has a
high potential to be used as a development tool for new implant designs.
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Abstract:
The clinical gold standard for treating fractures with large bone defect in orthopedics is still the use of autologous, cancellous bone autograft. While this material
provides a strong healing response, the use of autograft is often associated with
additional morbidity. Therefore, there is a demand for off-the-shelf biomaterials
that performs similar to autograft. Biomechanical assessment of such a biomaterial
in vivo has been limited so far.

Recently, the development of high-resolution

peripheral quantitative computed tomography (HR-pQCT) has made it possible
to measure bone structure in humans in great detail.

Finite element analysis

(FEA) has been used to accurately estimate bone mechanical function from
three-dimensional CT images. The aim of this study was therefore to determine the
feasibility of these two methods in combination to quantify bone healing in a clinical

165

Chapter 5 Clinical Application
case with a fracture at the distal radius which was treated with a new bone graft
substitute. Validation was sought through an ex vivo ovine model. The bones were
scanned using HR-pQCT and subsequently biomechanically tested. FEA-derived
stiffness was validated relative to the experimental data. The developed processing
methods were then adapted and applied to in vivo follow-up data of the patient.
Our analyses indicated an 18% increase of bone stiffness within two months. To
our knowledge, this was the first time that microstructural finite element analyses
have been performed on bone-implant constructs in a clinical setting. From this
clinical case study, we conclude that HR-pQCT-based micro-finite element analyses
show high potential to quantify bone healing in patients.

Keywords:
Fracture healing; Bone graft substitute; Biomaterial, Parathyroid hormone; Peripheral quantitative computed tomography; Finite element method

5.1.1 Introduction
Osteoporosis is a bone disease characterized by low bone mass and impaired bone
strength. It is found predominantly in the elderly and it leads to a high incidence of
fractures and reduces the potential of fracture repair [1–6]. One of the most frequent
locations for osteoporotic fractures is the forearm [7]. Presently, the clinical gold
standard for treating fractures with large bone defect is the use of autologous, cancellous bone autograft [8,9]. While this material provides a strong healing response,
the use of autograft is often associated with added morbidity, including blood loss
and donor site pain. Therefore there is a demand for an off-the-shelf biomaterial
that performs similar to autograft.
Parathyroid hormone (PTH) is well known for its primary role in calcium homeostasis [10]. It can bind directly to a cell surface receptor on osteoblasts and represents a strong anabolic agent for precursor osteoblasts as well as an indirect anabolic
factor for osteoclasts, thus regulating the balance of osteoblasts and osteoclasts and
exerting a direct effect on bone turnover. Whereas systemic effects of PTH have
been extensively investigated, particularly in the field of osteoporosis [11], little is
known about its effects after local application. Based on the hypothesis that local
delivery of PTH would enhance new bone formation, the local effects on bone heal-
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ing were first investigated in a ovine tibia defect of an engineered PTH1−34 fusion
peptide using a fibrin-hydroxyapatite/tricalcium (HA/TCP) composite as delivery
matrix [12, 13]. The results indicated that local delivery of PTH1−34 at low concentrations could induce bone healing favoring bone formation over bone resorption [12].
Based on the results, PTH locally delivered at appropriate concentrations in a fibrinHA/TCP composite represented a promising candidate for the development of a new
bone graft substitute for clinical use.
In a recent clinical study, the new bone graft substitute (I-0401, Kuros Biosurgery
AG, Zurich, Switzerland) was implanted in patients with a fracture at the distal
radius. After surgery, in vivo high resolution quantitative computed tomography
(HR-pQCT) was performed to assess information about the bone structure and the
implanted bone substitute. However, although providing detailed information about
bone structure, HR-pQCT does not give information on mechanical stability. Such
information could potentially be derived from finite element analyses which have
successfully been used to determine bone stiffness of bone samples measured with
micro-CT [14–18] and bone stiffness of distal radii measured with HR-pQCT [19–23].
Therefore, the aim of this study was to test the feasibility of HR-pQCT-based microfinite element analyses to assess the mechanical stability during bone healing in a
clinical case study.

5.1.2 Materials and Methods
Clinical study design
For the prospective, open-label, feasibility study 10 patients received the newly
developed bone graft substitute I-0401 in line with legislative requirements
(SPUK/KEK StV 15-2004 / Swissmedic 2004DR1348). Patients presenting with
fractures of the wrist and forearm at committal were, after giving written or witnessed informed consent, screened for the presence of distal radius fractures. Subjects who met all entry criteria were hospitalized to undergo surgery for treatment of
the fracture. Surgery was performed within 1 to 6 days after admission. Patients enrolled into the study were treated with open reduction of their distal radius fracture
and stabilization with two 2.0 mm titanium plates [24–26]. Subsequent to fixation,
I-0401 biomaterial was placed in the defect through in situ polymerization and allowed to set before closing the wound (Fig. 5.1). No cast was used for subsequent
stabilization. Post surgery, patients were hospitalized for up to 14 days, depend-
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ing on their physical and psychological status. On day 9±5 post surgery the first
HR-pQCT assessment was carried out. Patients returned to the clinic 42±4 days
postoperative and at termination 84±4 days postoperative for follow-up and additional assessments. At day 84±4 the follow-up HR-pQCT assessment was carried
out.

Figure 5.1: Open reduction of a distal radius fracture and subsequent stabilization
with two 2.0 mm titanium plates. Biomaterial was placed in the defect
through in situ polymerization and allowed to set before closing the
wound.

Bone graft substitute
A newly developed PTH derivative in a surgical matrix has been used as the bone
replacement biomaterial for the surgery. In particular a series of fusion peptides
that allow for known factors to be linked into a fibrin matrix during the coagulation
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process have been developed [13]. This then allows for a potent bioactive peptide to
be retained at the site of injury, maximizing the healing potential. Based on its potential, the drug that has been chosen is a matrix-bound engineered active fragment
of the human parathyroid hormone (PTH1−34 ). A fibrin-hydroxyapatite/tricalcium
composite was chosen as delivery matrix. Binding and bioactivity of the newly
developed bone graft substitute was previously demonstrated in vitro [27], and subsequently the bone forming capability of the product was measured in vivo in an
animal study [12].

Figure 5.2: Measurement region starting at the distal joint, covering 30 mm of the
forearm including the biomaterials. On the right side reconstructed 2D
slices are shown for the two postoperative HR-pQCT assessments.
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HR-pQCT assessment
The patient forearms were imaged with a new generation high-resolution 3D pQCT
scanner (Radios, Scanco Medical, Bassersdorf, Switzerland) providing a nominal
resolution of 93 µm. Recent HR-pQCT studies have shown good accuracy and
reproducibility when investigating in microstructure and mechanical competence of
bone [22, 28–31]. The reconstructed images were filtered using a constrained 3D
Gaussian filter to partially suppress noise in the volumes (σ=1.2 voxel, support=1
voxel), and binarized using two different global thresholds for bone and implants.
Measurements were acquired in a region starting at the distal joint, covering 30 mm
of the forearm including the biomaterial (Fig. 5.2).
Ex vivo model
A simplified ex vivo model was established that based on ovine radii, post mortem
implanted T-plates (Synthes GmbH, Bettlach, Switzerland), cortical screws and
osteoinductive biomaterial. Four radii were biomechanically tested and measured
in the high-resolution 3D-pQCT device. Each bone was analyzed three times: 1.
Intact; 2. after removing a 1 cm cortical slab, and subsequent placement of a Tplate; 3. similar as in the previous case, but with addition of the new biomaterial
(Fig. 5.3). Using a voxel-based meshing technique, the resulting three-dimensional
models were translated into micro-finite element models in which the highly detailed
trabecular architecture was still resolved. Boundary conditions were applied that
simulated the experimental tests.
Clinical case study
The processing methods as developed for the ex vivo analyses were adapted and
applied to one HR-pQCT-dataset of the clinical study in order to assess fracture
repair. Subsequently, simplified carpal bones and articular cartilage were artificially
added to be able to apply a load case for the FEA (Fig. 5.4). Furthermore, several
artifacts had to be corrected for these in vivo data sets. These artifacts were mainly
caused by a suboptimal fixation of the patients’ forearms in the CT device, which
made it impossible to resolve individual trabeculae. Material properties chosen for
the FEA were isotropic and linear elastic. Young’s moduli (E) were: E=4 GPa
for low mineralized, E=10 GPa for medium mineralized and E=15 GPa for high
mineralized cortical bone. An apparent modulus of 300 MPa was taken for the
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Figure 5.3: Models as derived from high-resolution computed tomography of the
ovine radii. Original bone (left); Bone with induced gap, fixation by
T-plate (middle); Additionally with implanted biomaterial (right).

trabecular structure. Titanium implants had a Young’s modulus of 100 GPa and the
biomaterial E was set to 3 MPa based on biomechanical tests which were performed
preclinical (data not shown). For the load transmitting cartilage and simplified
carpal bones, a Young’s modulus of 300 MPa was chosen. The model was loaded by
a distributed force applied through the simplified carpal bones while the proximal
end was fully constrained. Loading was applied such that 1% deformation in length
was achieved.
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Figure 5.4: Computational model based on in vivo high-resolution pQCT, showing
the distal radius with orthopedic implants, simplified carpal bones and
articular cartilage.
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5.1.3 Results
Due to the resolution of the HR-pQCT measurements and the voxel-to-element
conversion applied it was possible to include the distal radius trabecular structures
in the FEA of the ovine ex vivo models. The models consisted of about 90 million
degrees of freedom and were solved using a new parallel FE solver [32] in about 80
seconds on 512 CPUs (Fig. 5.5). Qualitatively, FEA provided reasonable results in
terms of the stress and strain distributions; quantitatively, a correlation of R2 =0.92
was found between the stiffnesses determined from FEA and biomechanical tests of
the models with implants (Fig. 5.6). For the human in vivo measurements FEA
indicated an increase of the stiffness under compression of about 18% within two
months, indicating improved mechanical stability after fracture healing. This was
supported by a reduction in the strains and stresses in the regions of the original
fracture site (Fig. 5.7).

Figure 5.5: FE model of one of the ovine ex vivo specimens. Displayed are the load
case and the effective strain associated with it. Left: front view, right:
lateral cut-through.
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Figure 5.6: Stiffness as assessed from micro-finite element analyses correlated well
to experimentally measured stiffness. Diamonds: sheep A; squares:
sheep B; filled: bone and titanium implant, blank: bone, titanium and
biomaterial.
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Figure 5.7: Effective Strain displayed in the patient models right after the operation
(top) and at termination visit (bottom).
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5.1.4 Discussion
In this study a newly developed biomaterial was used as a bone graft substitute
for fracture healing in the human radius. We showed that it is possible to quantify
mechanical stability during fracture healing in humans using HR-pQCT and FEA.
This was the first time that microstructural finite element analyses have been performed on bone-implant constructs in a clinical setting. We showed that it is possible
to convert HR-pQCT datasets of bone-implant systems into finite element models
in a semiautomatic way, and that due to the voxel-to-element conversion complex
implant and screw geometries, as well as the individual bone structure could be
included in the FE models.
This clinical case study has several limitations. First of all, measuring a patient
right after an operation is difficult due to the pain they suffer. It complicated
the fixation of the forearm during HR-pQCT assessment and consequently led to
movement artifacts. Therefore, the trabecular structures could not be resolved in
the present clinical case study. Nevertheless, with more appropriate fixation devices
this problem can be solved in the future.
Another potential limitation are image artifacts due to the X-ray absorption of the
metal implants. In this study this was less of a problem as 2.0 mm titanium screws
and plates were used giving only minor metal artifacts. It has to be considered that
when implants of bigger size are implanted, these image artifacts could be much
more pronounced such that our approach cannot be applied.
Finally, different amounts of implants as well as different bone types have been
used for the ex vivo model compared to the in vivo model, which is certainly a
limitation. Thus, the analyzed increase in stiffness includes an unknown error and
might not be accurately estimated. Therefore, further investigations have to be
made to validate the assessment of mechanical stiffness and stability non-invasively
in clinics in such complex bone-implant constructs. Nevertheless, first results on
the performance of the new biomaterial in a clinical case study are encouraging, as
mechanical stiffness increased substantially over the twelve week period.
In summary, we showed that it is feasible to estimate mechanical function of boneimplant constructs in a clinical setting using HR-pQCT-based micro-finite element
analyses. This approach shows high potential to longitudinally quantify bone healing
and monitor implant stability in patients.
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5.2 Improving the clinical assessment of bone
microstructure using an immobilizing device
Patent:
World Intellectual Property Organization
WO 2008/086943 A1, Immobilizing device for a part of a body, 2008

Movement artifacts in clinical imaging
A limitation of the clinical case study in Chapter 5.1 was diminished image quality
due to movement artifacts. In this specific case study, measuring a patient right after
the operation is difficult due to the pain they suffer. It complicated the fixation of the
forearm during HR-pQCT assessment and consequently led to movement artifacts.
Such movement artifacts hamper the evaluation and quantification possibilities of
clinical imaging.
Generally, movement artifacts are present in any imaging modality in clinics.
Specifically, Computed Tomography (CT) and Magnetic Resonance Imaging (MRI)
are two well established and widely used imaging modalities in clinics, allowing
non-invasive visualizations of the human body in three dimensions. It has been
estimated that using CT or MRI systems, a total of 65.4 million datasets have been
acquired worldwide in the year 2005. In addition to that, a 7 to 8% increase in the
performed number of scans is expected until 2010 [1]. With the need for enhanced
diagnosis and monitoring of therapies these numbers will increase further in the
future. Over the last years, image resolution of these methods has been increasing
steadily. Nowadays, there are CT systems available with resolutions in the range
of 100 µm, at least for measurements at peripheral sites [2–12]. At other sites
in the body, image resolution is somewhat lower, but still in the range of a few
hundred micrometers. Image acquisition times vary between seconds for CT and up
to one hour for MRI, depending on the protocol and anatomical site. During the
examination it is essential for the patient to stay motionless; if not, motion will lead
to artifacts and inferior image qualities.
Artifacts caused by patient movement are a problem in the clinical use of CT
[13] as well as MRI [14, 15]. Especially in high-resolution peripheral quantitative
computed tomography (HR-pQCT) image resolution is at a level where relatively
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small motion artifacts during the scan decide if a measurement can be used for bone
structural analysis or if the assessment has to be repeated (Fig. 5.8).

Figure 5.8: Radius measurements with bad (left) and good (right) image quality as
assessed by HR-pQCT. The image on the right-hand side was assessed
by using a newly developed immobilizing device.

As the name implies, motion artifacts are caused by movement of the imaged object during the imaging acquisition. Potential causes for movement during scanning
are that patients may be anxious and nervous, fear the diagnosis, the machine or the
hospital environment. Repeating an assessment has not only the side effect of increasing time consumption and costs but in the case of CT also additional radiation
dose for the patient. This has to be avoided for ethical reasons.
The solutions to minimize motion artifacts in clinical scenarios are to immobilize
the patient or to use software solutions to remove motion artifacts. Today, software
solutions are available [16–18] and implemented by various manufacturers for the
correction of image artifacts. Nevertheless, they are not able to correct all motion
and are mostly implemented as a post-processing method, which might delay the real
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time acquisition of in vivo images. Foremost, the initial problem, the motion itself,
has to be diminished as much as possible to improve image quality. Favorably, this
should be achieved with as much comfort for the patient and with as little additional
work for the technician as possible. Consequently, with advanced image resolution
and increased need of imaging technologies in clinics, there is a demand for more
appropriate and improved fixation methods than available today.
Therefore, the aim was to develop a fixation device for the use in clinical CT or
MRI measurements in order to improve and facilitate today’s clinical image acquisition. Specifically, the goal was to find an optimized fixation technique for HR-pQCT
measurements of the forearm.
A new immobilizing device
Currently used positioning and fixation aids have been searched and evaluated for
the development of a new device. There are multiple different methods used today,
such as cushions, vacuum cushions, soft foams, straps, thermoplastic masks, tapes,
self-made prototypes and sand bags.
Subsequently, a list of requirements was generated using questionnaires sent to
CT and MRI technicians as well as radiologists. Based on this, the following requirements for a future fixation device have been set up: The device has to decrease
patient motion, be fastly applicable, easy in handling, reusable, adaptable to various
sizes, small in volume for storage, non-invasive, easily washable, robust, comfortable
for the patient, light in weight and hygiene.
Based on the list of requirements and a solution finding process a new fixation
method for the use in clinical imaging was designed. Subsequently, this new method
has been further developed and patented [19]. Exemplarily, the functional principle
for the fixation of the forearm and hand is described here (Fig. 5.9).
The forearm is placed in the middle of the granular material which distributes
itself around the body. Hence, a perfect adaptation of the innermost layer to the
shape of the forearm is achieved. Subsequently, the surrounding balloon is inflated
with pressurized air, pressing against the hard and stiff outer shell as well as against
the surface of the volume with granular material. The resulting force compresses
the granular material around the body and a stiff composite of forearm and granular
material is achieved.
In a preliminary, ethical approved, study assessing forearm measurements on 23
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Figure 5.9: Patented fixation device for the immobilization of the forearm.

volunteers using the HR-pQCT system, the new fixation device showed positive
properties in terms of image quality, perfect fit for different forearms, comfort for
patients, reusability, clean and ease of use. None of the measurements showed clear
signs of motion artifacts, thus all measurements could be used for further image analysis. Furthermore, the 23 volunteers gave feedback about their general well-being,
the setup process, the sensation of pressure during the image acquisition and their
feeling of security, always in comparison to an existing fixation device. Statistical
evaluation of the data showed that, the new fixation device was significantly better
than an existing cast-velcro device.
Potential of the immobilizing device
A new device was developed and patented [19] that limits patient movement during
CT and MRI scanning. This immobilization technique shows great potential in
terms of improved image quality, patient comfort and hygiene. Even though an
extensive study is missing so far, the preliminary results indicate a successful new
fixation device. Additionally, the system has recently been used to assess the bone
microstructure in finger joints of rheumatoid arthritis patients by high-resolution
peripheral quantitative computed tomography [20]. The new fixation method was
crucial here for limiting motion and allowed the measurements for the first time.
In the future, the method could be adapted to different parts of the body for improved image acquisition in CT and MRI assessments and specifically better bone
competence assessment in vivo. To further achieve these goals and make the technology clinically and commercially available, the ETH spin-off company Pearltec
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AG (Zurich, Switzerland) has been founded in August 2008. Pearltec AG will lauch
the first two immobilizing products for MRI head and knee measurements at the
European Congress of Radiology in March 2010. Not to infringe on any company
related confidential matters this section is purposely kept short.
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[4] A. Laib, H. J. Häuselmann, and P. Rüegsegger. In vivo high resolution 3D-QCT
of the human forearm. Technol Health Care, 6(5-6):329–337, 1998.
[5] J. A. MacNeil and S. K. Boyd. Accuracy of high-resolution peripheral quantitative computed tomography for measurement of bone quality. Med Eng Phys,
29:1096–1105, 2007.
[6] L. J. Melton 3rd, B. L. Riggs, G. H. van Lenthe, S. J. Achenbach, R. Müller,
M. L. Bouxsein, S. Amin, E. J. Atkinson, and S. Khosla. Contribution of in
vivo structural measurements and load/strength ratios to the determination of
forearm fracture risk in postmenopausal women. J Bone Miner Res, 22(9):1442–
1448, 2007.
[7] T. L. Mueller, M. Stauber, T. Kohler, F. Eckstein, R. Müller, and G. H. van
Lenthe. Non-invasive bone competence analysis by high-resolution pQCT: an
in vitro reproducibility study on structural and mechanical properties at the
human radius. Bone, 44(2):364–371, 2009.

185

Chapter 5 Clinical Application
[8] T. L. Mueller, G. H. van Lenthe, M. Stauber, C. Gratzke, F. Eckstein, and
R. Müller. Regional, age and gender differences in architectural measures of
bone quality and their correlation to bone mechanical competence in the human
radius of an elderly population. Bone, 45(5):882–891, 2009.
[9] W. Pistoia, B. van Rietbergen, E. M. Lochmüller, C. A. Lill, F. Eckstein, and
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Chapter 6
Synthesis
Osteoporosis is defined as a skeletal disorder characterized by compromised bone
strength predisposing to an increased risk of fracture [1, 2]. Women as well as
men are affected by osteoporosis. One out of every two women and one in four
men above the age of 50 years will suffer from an osteoporosis-related fracture in
their lifetime [3]. Osteoporosis is responsible for more than 3.79 million fractures
annually in Europe, including 179’000 hip fractures in men and 711’000 in women [4].
Worldwide, the number of hip fractures occurring each year is expected to increase
from 1.66 million in 1990 to approximately 6.26 million by 2050 [5]. Osteoporotic
bone fractures are responsible for considerable pain, decreased quality of life, lost
workdays, and disability [6]. In Europe, the total direct costs were estimated at

e 31.7 billion, which is expected to increase to e 76.7 billion in 2050, based on the
expected changes in the demography of Europe [4]. It is obvious that with the aging
population, the number of people with osteoporosis-related fractures will increase
further. The pain, suffering, and economic costs will be enormous [7, 8].
To fight this worldwide health problem, the medical community needs to consider
several aspects of and related to the disease, such as risk factors, prevention, diagnosis, treatment, monitoring and finally, if not prevented, fixation of fractures, as
well as monitoring of the healing process.
In this context, this thesis is devoted to three of these aspects: diagnosis of
osteoporosis, fixation of osteoporotic fractures and monitoring of the healing process.
Certainly, it is not possible to cover these aspects in all detail. Therefore, the thesis
was focusing mainly on bone competence and fractures at the wrist, one of the three
most common osteoporotic fracture sites. More specifically, this doctoral thesis
aimed at (i) improving diagnosis by deriving more appropriate estimates of bone
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competence at the distal forearm, (ii) providing better insight into implant failure
to be able to optimize fracture treatment, and (iii) quantifying bone healing and
assessing mechanical stability in patients during the healing process of osteoporotic
wrist fractures.
This work yielded (i) new findings on the assessment of reproducible and accurate
estimates of human distal forearm bone competence, (ii) novel methods for analyzing
bone-implant interactions and visualization of implant failure in bone and (iii) two
clinical applications, being a novel approach to monitor fracture healing in patients
and an innovation allowing improved clinical assessments of bone microstructure.

New findings on the assessment of bone competence
Nowadays, the diagnosis of osteoporosis is based on bone density measurements, and
tools such as FRAXr that can take additional clinical risk factors into account. A
more precise assessment of fracture risk will enhance the diagnosis of osteoporosis;
to do so, additional quantities are needed. One of the most relevant ones is bone
strength. Current measures of bone strength are based on bone mass, although it
is known that bone strength also depends on other factors related to bone quality
such as architecture, turnover, damage accumulation and mineralization [1]. Bone
mass can only be considered a moderate surrogate measure for bone strength. With
a direct determination of bone strength one could overcome this limitation. Recent
developments in imaging modalities that can assess bone microstructure as well
as increased computational power have allowed assessing bone strength directly at
the distal forearm in humans. This has high potential to improve fracture risk
assessments, thereby improving the diagnosis of osteoporosis. For that purpose,
thorough analyses on reproducibility and its ability in quantifying bone strength
were performed in this thesis.
New findings on the assessment of bone structure and strength were presented
in Chapter 3. First, the study on human cadaveric forearms showed good reproducibility of bone microstructural indices as assessed by high-resolution peripheral
quantitative computed tomography (HR-pQCT) and of bone strength as derived
from micro-finite element (µFE) analyses. Thus, these methods can be used to analyze bone structural quality and bone mechanical competence of individual subjects
(Chapter 3.1). Nevertheless, a limitation of this study was the fact that reproducibility was assessed in cadaveric forearms. It has to be realized that in vivo
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measurements will result in lower reproducibility of microstructural indices [9] and
therefore most likely also in bone strength as assessed by µFE.

Subsequently, HR-pQCT was used to assess bone quality in a population of elderly
people at risk of osteoporosis (Chapter 3.2). Significant gender differences as well as
age-related changes in bone quantity and quality were found even though the study
was cross-sectional in nature; the high image resolution of the HR-pQCT system was
crucial in obtaining these results. Good correlations of bone indices with measured
failure load could be presented. The fact that, based on morphometric indices, the
most relevant region to determine failure load was located just below the end of
the distal subchondral plate is of high clinical relevance. If subsequent prospective
in vivo studies can confirm this result, the system manufacturer and the clinicians
might have to reconsider the recommended measurement region.

The same set of 100 forearms was examined using HR-pQCT-based µFE analysis,
as described in Chapter 3.3. Good estimates of bone strength could be obtained from
the µFE analyses, which led to improved bone strength assessment compared to bone
density or structural parameters alone (r2F E =0.78, r2architecture =0.74, r2DXA =0.520.71, respectively). In order to reach this result a new failure criterion was developed
in this study. Furthermore, similar to the results presented in Chapter 3.2, it was
shown that distal volumes of interest were better in predicting bone strength than
more proximal ones. The µFE estimated bone strength analysis also identified the
ultradistal volume of the radius as the one which should be imaged in a clinical
setup to best predict bone strength. Finally, these results were visually confirmed
by image-guided failure assessment which showed failure to occur at the ultradistal
volume as well. The clinical implication of these findings is that it would be beneficial
to move the region of interest for the HR-pQCT measurements even more distally
than currently recommended by the manufacturer. Furthermore, it is recommended
to use the new failure criterion to determine bone strength due to the nowadays
available improved image resolution. Nevertheless, more studies confirming our
results are needed before such a recommendation could be implemented because
this would have wide reaching consequences for currently ongoing clinical studies as
well as for comparative data obtained from previous studies [10–17].
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Novel methods for research on implant failure in bone
Osteoporosis does not only increase fracture risk by reducing bone strength, it also
complicates the treatment of fractures. Although it is logical, that the disease
responsible for the fracture is still present after the fracture, this was not in the
focus of treatment planning up to now. Thus, it is not surprising that implants
developed for good bone quality fail in osteoporotic bone. Consequently, it is of
great importance to get better insight into the bone-implant failure mechanisms as
this might lead to improved designs of implants for the proper fixation of osteoporotic
fractures. Therefore, the gained knowledge (Chapter 3) in bone image processing
and bone strength determination was applied on bone-implant constructs to analyze
implant stability and visualize bone-implant failure behavior.
In Chapter 4.1 a method was presented by which mechanical competence of boneimplant constructs can be computationally analyzed using µFE analysis. This approach was experimentally verified using standardized mechanical tests. The successful use of µFE as a computational technique to determine the pull-out strength
of bone screws was shown. This technique can now be used to analyze the contribution of individual trabeculae to implant stability and pull-out strength. Hence,
µFE analyses may lead to a mechanistic understanding of why low density bone
offers less potential for screw fixation than normal bone, and may aid to develop
new screws that perform better in osteoporotic fractures. We expect such a systemic
approach to speed up the implant design process, because through the use of µFE
the amount of complicated and time consuming mechanical testing may be reduced
in the initial design phases.
In Chapter 4.2 a new testing equipment was developed with the aim of obtaining
insight into implant loosening and subsequent failure. Using this device, large boneimplant constructs can now be visualized under load with high resolution and in 3D,
illustrating failure initiation, propagation and damage accumulation. In a feasibility
study, we hypothesized that implant failure is preceded by substantial peri-implant
bone failure. Proof of principle was provided for this technique in the assessment of
the failure behavior under compressive load of dynamic hip screws implanted in human cadaveric femoral heads. For the first time, experimental bone-implant failure
at the microstructural level in a clinically relevant scenario could be visualized. We
demonstrated that primary failure of DHS screws was accompanied by trabecular
bone failure in the immediate peri-implant bone region only. Such experimental
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data are crucial to enhance the understanding on the quality of the bone-implant
interface and of the peri-implant trabecular bone in the process of implant failure.
Both the computational and experimental approaches presented in Chapter 4 are
likely to lead to new insights into implant failure and provide critical information to
define new solutions for improved implant anchorage and longevity in osteoporotic
bone. We hypothesize that this will be beneficial for the development of new implant
designs, especially for use in osteoporotic bone.

Clinical application
Subsequently, the new findings in the assessment of bone competence (Chapter 3)
and the developed methods to accurately assess bone-implant stability (Chapter 4)
were transferred into a clinical case study. In Chapter 5.1 a clinical study of fracture
repair at the human radius was presented. Specifically, the performance of a new
biomaterial that was used to enhance fracture repair was evaluated. HR-pQCT
in combination with µFE analysis was used to non-invasively assess mechanical
stability during fracture healing in vivo in a single patient. The feasibility of the
techniques to estimate mechanical function of bone-implant constructs was shown
successfully. The combination of these two methods could potentially be used in
the future to monitor fracture healing in patients. Nevertheless, there are some
limitations with this approach. First of all, measuring a patient after an operation is
difficult due to the pain they suffer. It complicated the fixation of the forearm during
HR-pQCT assessment and consequently led to movement artifacts. Therefore, it was
difficult to resolve the trabecular structures. Nevertheless, with more appropriate
fixation devices such as described in Chapter 5.2 this problem can be solved in the
future. Another potential limitation is image artifacts due to the X-ray absorption
of the metal implants. In this study this was less of a problem as 2 mm titanium
screws and plates were used giving only minor metal artifacts. It has to be considered
that when implants of bigger size are implanted, these image artifacts could be much
more pronounced such that this approach cannot be applied. Finally, the determined
increase in stiffness includes an unknown error and might not be estimated in an
accurate and precise fashion. Therefore, further investigations have to be made to
validate the non-invasive assessment of mechanical stiffness and stability for such
complex bone-implant constructs. Nevertheless, first results of the clinical case study
are encouraging, because we demonstrated the feasibility in assessing differences
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of bone mechanical stiffness over a twelve week period. It was the first time HRpQCT in combination with µFE was used to non-invasively monitor fracture healing
and implant stability in humans in vivo. This approach shows high potential for
longitudinal quantification of bone healing and for monitoring implant stability in
patients.
With a more appropriate immobilizing device the afore mentioned image artifacts
(Chapter 5.1) in the clinical case study could have been diminished. Therefore,
the last application was about improving image quality by reducing motion-induced
imaging artifacts (Chapter 5.2). A new and patented fixation method for the use
in clinical imaging was presented. This novel fixation system will help to diminish motion and therefore improve accurate and reproducible assessment of bone
microstructure. Thus, the fixation method is a useful tool to also improve the diagnosis of osteoporosis.
Meanwhile, the patent has been transferred into Pearltec AG, a spin-off company
of ETH Zurich, which recently got financed by external investors. It is the goal of
Pearltec AG to bring this novel technique onto the market and make it available for
clinicians in the field of CT and MRI imaging.

Limitations and future research
The fact that the bone competence assessment studies in Chapter 3 were performed
on cadaveric bone specimens limits the outcomes of these investigations. In vivo
measurements hamper the reproducibility of the HR-pQCT system because of motion artifacts. Nevertheless, the results are useful for future clinical assessments of
bone competence to determine accurate fracture risk in osteoporotic patients as it
combines a unique dataset on bone microstructure of 100 intact forearms with bone
failure load as determined from experimental mechanical testing. It was shown that
the currently recommended region for scanning might have to be changed to a more
distal region because that could lead to improved bone strength prediction and fracture risk assessment, hence, to a more precise diagnosis of osteoporosis. Considering
the implications that such a change will have, care has to be taken before implanting it. First of all, it will need verification in a larger clinical study. Ideally, such
a study should include two groups of patients, one with and one without osteoporotic fractures. Likewise, a prospective study with one patient group could be
performed. HR-pQCT should be assessed at the standard as well as at the newly
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recommended ultradistal region. Subsequently, µFE estimated bone strength will
show to what extend the two measured regions can distinguish the fractured group
from the healthy one. Nevertheless, such a study would require a lot of recourses
and should preferably be combined with a clinical medication study or alike. In a
first simplified step one could also use measurements of existing population studies,
thereby dividing the standard measurement region into half, with the aim to show
that the distal part predicts the risk of facing an osteoporotic fracture better than
the proximal part. Such a study will not prove that the ultradistal regions should
be measured but could show in a clinical environment that more distal regions are
preferable.
A second limitation (Chapter 4.2) is that the newly developed IGFA device was
only tested in a feasibility study so far. There is need of subsequent studies including more samples to be able to make definite conclusions on failure behavior of
implants in osteoporotic bone. Such studies could include dynamic testing of clinically relevant bone-implant constructs under compression, tension, torsion or any
of its combinations. The system was built for all these different loading scenarios.
Additional clinically oriented studies have to be performed before conclusions can be
drawn to change the design of implants to improve implant fixation in osteoporotic
bones. Furthermore, only primary implant stability was assessed so far using the
new IGFA device. As mentioned in Chapter 4.2, secondary implant stability may
be different, something which was recently shown by Gabet et al [18]. Therefore,
one would also have to consider using animal studies to perform secondary implant
failure experiments. Based on these new IGFA tests also the implant-bone competence assessment as described in Chapter 4.1 can be further verified and extended
to different loading scenarios and implant constructs, something which is missing in
this thesis.
A third limitation is related to Chapter 5. Both clinical applications miss detailed
proof by larger patient studies. The monitoring of fracture healing has been applied
in a clinical case study up to now. A validation study using a larger patient group
is needed to confirm the results and provide an accurate method for monitoring of
fracture healing. Two different study types can be proposed. First, fracture healing
as assessed by this new method could be verified in a cross-sectional animal study
at different time points compared to experimental testing or in a longitudinal study
compared to X-ray assessments. Second, a patient study similar to the clinical
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case study could be performed and the monitoring of fracture healing could be
compared to standard X-ray examinations and pain assessments as performed today
in clinics. Nevertheless, the level of detail of these assessments will limit the accuracy
of the comparison. Lastly, the novel fixation method has been tested in a healthy
population of 23 volunteers but no direct image quality comparison with an existing
device has been performed so far. This is a clear limitation and has to be done in
the near future.

Conclusion
In conclusion, this work has led to three main outcomes. First, new findings on the
assessment of reproducible and accurate estimates of human distal forearm bone
structural quality and mechanical competence could be found. Especially the fact
that the most relevant region in determining wrist fracture risk might be distal to
the current recommended region deserves further attention. It could potentially
affect future assessment of fracture risk and have implications on the diagnosis of
osteoporosis. Second, novel computational and experimental methods for analyzing bone-implant interaction and implant strength have been developed. Especially
the newly developed IGFA device has great potential to lead to new directions in
implant designs for osteoporotic fracture treatment because it allows a direct visualization and quantification of implant failure in bone in a time-lapsed and fully
non-destructive fashion. In the future, this method could be used by medical implant manufacturer to target specific patient groups, e.g. patients with osteoporotic
bone. And third, a novel approach to monitor fracture healing in patients as well
as an innovation allowing for improved clinical assessment of bone structural and
mechanical competence was developed. Both these approaches have great potential
to make it into clinics.
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