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Background

1. BACKGROUND

1.1 Epidemiology of Osteoporosis

Osteoporosis has been defined as a systemic skeletal disorder characterized by
low bone mass and microarchitectural deterioration of bone tissue, with a
consequent increase in bone fragility and susceptibility to fracture (1)

The first vestiges of osteoporosis in Europe were reported in a bone of the
Pleistocene (700,000 BC), from the jaw of a Neanderthal man, the Homo
Heidelbergensis (2). In remains from the Bronze Age found in Franzhausen,
Lower Austria, the skeleton of a middle-aged woman had decreased bone mineral
density (BMD) in the hip. In 1680, Criséstomo Martinez Sorli (1638-1694)
authored an anatomical atlas that depicted the deterioration of bone structure with
age. In the 19th century, Sir Astley Paston Cooper described the association
between bone deterioration and hip fracture in 1822; A few years later, in 1829,
the surgeon and pathologist Jean Georges Chrétien Frédéric Martin Lobstein
coined the term osteoporosis.

Since then, there has been an increasing awareness about this impairment of
bone and its worst consequence, fractures. Nowadays, osteoporosis is a major
public health problem through its association with fracture.

Clinically, osteoporosis is recognized by the occurrence of characteristic low
trauma fractures. Therefore, any meaningful definition of osteoporosis must take
into account this risk of fractures after a minor trauma, the so-called fragility
fractures. In fact, fragility fractures at any location (wrist, ribs, vertebrae, and hip)
are a devastating problem, associated with considerable morbidity, a decline in

quality of life, and increased mortality (3). In the United States, approximately 1.5
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million fractures annually are attributable to osteoporosis(4), whereas in the
European Union, in the year 2000 the number of osteoporotic fractures was
estimated at 3.79 million, of which 0.89 million were hip fractures (5).

The female-to-male ratio of hip fractures is approximately 2:1 (6, 7) and the
occurrence increases exponentially with age. However, the incidence of wrist
fracture ranges from 400 to 800 per 100,000 women but remains stable through
the last decades of life(7). Vertebral fractures are much more difficult to estimate
because these are often asymptomatic.

The overall prevalence of osteroporosis is increasing. It is estimated that around
40% of all U.S. white women and 13% of U.S. white men aged 50 years will
experience at least one clinically apparent fragility fracture in their lifetime(8).
These estimates predict that 35% of women will have a vertebral fracture, 18% a
hip fracture, and 17% a Colles fracture. Hip fracture will be recurrent in 14% of
women and 25% will have multiple vertebral fractures (9). The lifetime risk of

fracture in women over 50 may be as high as 70%.

Looking at the Spanish population, Diaz Curiel et al. studied the prevalence of
osteoporosis stratified by age (figure 1). They report increased prevalence of
osteoporosis with age: 11.13% (95% confidence interval (Cl) 9.4-12.8%) at lumbar
spine (LS) and overall prevalence of 4.29% (95% CI 3.2-5.4%) at femoral neck
(FN). They estimate that 12.73% of the Spanish female population had

osteoporosis at LS or FN, which represented 1,974,400 women in 2000 (10).
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Fig 1. Prevalence of osteoporosis stratified by age in the Spanish population.
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1.1.1 Hip Fracture

Hip fracture is the most serious consequence of osteoporosis, and the associated
costs are high. Hip fracture induces more disability than any other type of
osteoporotic fracture, and incidence increases exponentially with age in both
sexes. In women, rates increase from 2/100,000 person-years before 35 years of
age to 3,032/100,000 person-years at 85 years and older; in men the rates are 4
and 1,909/100,000 person-years, respectively (11). Meanwhile, in Spain, the
average incidence of hip fracture in 2004 was 6.94+0.44 hip fractures per 1,000
inhabitants/year (95% CI, 6.07-7.82). Adjusted for sex, the incidence was
4.17+0.26 per 1,000 inhabitant-years in men and 9.13+0.66 per 1,000 inhabitant-

years in women (12).
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1.1.2 Vertebral Fracture

The epidemiology of vertebral fracture is less well characterized than that of hip
fracture, predominantly due to the lack of universally accepted diagnostic criteria.
In addition, substantial proportions of vertebral fractures are asymptomatic and
therefore escape clinical detection.

The incidence of vertebral fracture increases with age in both sexes. Most studies
indicate that the prevalence of vertebral fracture in men is similar to, or even
greater than, that seen in 50- or 60-year-old women (13). The age-adjusted
prevalence of radiological fracture has been estimated at 8t25% in women over
50 years of age, depending on the definition used (13).

In a cross-sectional study in Spain, the estimated prevalence among women was
21.4% (95% CI: 17.7%-25.1%) for all vertebral fractures and 9.7% (95% CI: 6.7%-
12.7%) for moderate-severe fractures. In women over the age of 75, the
respective values were 46.3% (95% CIl: 34.2%-58.3%) and 23.9% (95% CI:
13.6%-34.2%)(14).

1.1.3 Distal Forearm Fracture

Wrist fractures are the most common fractures sustained by postmenopausal
women (15) and the age-adjusted female-to-male ratio is 4:1, with 85% of these
fractures occurring in women (16). Incidence of wrist fractures increases rapidly
after menopause in women, reaches a plateau at around 65 years of age, and
then remains stable for the next decades of aging.

Taking into account all these data, there is an increasing concern about the
economic cost of osteoporotic fragility fractures. These fractures impose a
considerable financial burden on health services due to reduced mobility,

hospitalization and rehabilitation (17). The cost of osteopososis is considered to
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have three components: 1. Direct costs of the surgical treatment plus the initial
rehabilitation due to fracture, called “first-year cost”; 2. Indirect costs of the
fractures, i.e., the cost of fractures sustained before a specific year but still
inducing costs in that year, called “long-term disability cost”; and 3. The cost of
pharmacological fracture prevention including administration and monitoring costs,
the “pharmacological fracture prevention costs”.

Strom et al studied the incidence and costs of osteoporosis across Europe in
2010. In Spain it was estimated that approximately 204,000 new fragility fractures
were sustained, comprising 40,000 hip fractures, 30,000 vertebral fractures,
30,000 forearm fractures, and 104,000 other fractures. The economic burden of
incident and previous fragility fractures was estimated at €2.842 million for the
same year. Incident fractures represented 48% of this cost, long-term fracture
care 37% and pharmacological prevention 15%(18).

Previous and incident fractures also accounted for 70,800 quality-adjusted life
years (QALY's) lost during 2010. Prior fractures accounted for 57% of the total loss
and 60% of the loss occurred in women. The monetary value of a QALY varied
from 1 to 3 times the gross domestic product (GDP) per capita. Assuming a QALY
is valued at 2 times GDP/capita, the total cost of the QALY's lost was estimated at
€ 3.27 bn.

1.2 The Diagnosis of Osteoporosis

With the implementation of BMD measurement by dual energy X-ray
absorptiometry (DEXA) the World Health Organization (WHO) defined
osteoporosis based on BMD levels. Taking as a reference the values of a young
adult population, T-score values were defined, which represents the absolute

standard deviation with respect to the mean BMD of a young adult. Osteoporosis
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is defined as a T-score at or below -2.5 (1,2,3,4). In other words, the threshold
level of BMD for osteoporosis is 2.5 standard deviations below the average BMD
of a young adult. The DEXA measured at the hip or LS is the most common BMD

measurement.(17)

Many epidemiological studies have indicated that fracture risk increases with
decreasing BMD in untreated individuals. In an analysis involving 90,000 person-
years of observation and more than 2,000 fractures, a drop in BMD of 1SD below
the age-adjusted mean predicted a relative risk of 1.5 or more for fracture(19).
Hence, BMD in untreated individuals could be a useful surrogate marker for bone
strength and for prediction of fracture risk (19). However, BMD does not identify
all individuals at risk. For instance, about half of elderly women who present with
nonvertebral fractures would not be classified as 'osteoporotic’ because they have
hip and spine BMD above the —2.5DE T-score threshold, measured by DEXA
(20). On the other side, the proportion of fragility fractures attributable to low BMD
(indicating reduced bone strength) remains modest (from 0% to 44%) (21, 22).
Consequently, this lack of correlation between BMD and fractures opens the
possibility that other factors in addition to density could affect bone propensity to

fracture.

In fact, BMD is only a modest risk factor for fractures. Some authors assert that up
to 85% of fracture risk in general, or to the rise in fracture risk with age, is
unrelated to BMD (21, 23). That is why the concept of bone quality has been
strengthened by the identification of a number of risk factors for fracture that are
independent of BMD. Clinical risk factors that contribute to fracture risk

independently of BMD include, among others, age, previous fragility fracture,
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premature menopause, a family history of hip fracture, and the use of oral

corticosteroids (24).

Besides BMD, other factors contribute to bone strength. In 2001, the National
Institutes of Health (3) Consensus Panel defined osteoporosis as “a skeletal
disorder characterized by compromised bone strength predisposing to an
increased risk of fracture”. Bone strength, in turn, was stated to be influenced by

both BMD and bone quality.

1.3 Bone Quality

Bone quality is not precisely defined. It could be described as a collection of all
the factors that determine the behaviour of skeleton in response to stress and its
propensity to fracture. The concept implies microarchitecture, accumulated
microscopic damage, quality of collagen or size of mineral crystals (fig 2). A
common denominator of most of these elements is the rate of bone turnover.
Alltogether, bone quality encompasses a set of characteristics that influence bone

strength apart from BMD.

There are structural and material properties that determine bone strength (fig 2).
The structural properties that affect bone quality include geometry and size of the
bone, trabecular architecture, cortical thickness and cortical porosity (25). On the
other side, the material properties of bone are the characteristics of the collagen
matrix in which collagen is embedded and also the characteristicis of the mineral
crystal itself. Nevertheless, what has more importance is how these two properties
are combined. Moreover, the appearance of microscopic cracks in the collagen
and mineral strcuture can also affect the biomechanical properties of the bone

tissue. The rate of bone turnover is extremely important in this process. The

23



Background

constant remodeling is responsible for the repair of microcracks and replace old

bone tissue (26), and also influences bone strength.

Fig.2. The influence of structural and material properties in the quality of bone (Adapted from

Felsenberg et al.)
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1.3.1 Structural Properties

1.3.1.1 Geometry

The distribution of bone mass throughout the bone influences bone geometry and
shape. This distribution of mass affects mechanical behaviour, i.e. the greater the
inner cross-sectional diameter of the bone, the more this bone will be able to

resist bending and torsion loads.

One remarkable property of bone is the ability to adapt its geometry to the

direction of the normal physiological forces (Wolf's law).

1.3.1.2 Microarchitecture

Bone is composed of trabecular and cortical bone. Different bones across the
anatomy have different proportions of these two types of bone. Vertebral bodies
contain a high proportion of trabecular bone, which has a 3-D network-like
structure composed of trabeculae organized as rods or plates (26). The aim of this
trabecular bone is to distribute the applied forces. Bone distributes the amount of
material in an anisotropic structure adapted to the direction and amount of force,
optimizing the structure and gaining the optimal strength with a minimum of
material. The trabecular network can develop millions of structures with similar

strength, giving to the whole structure a high resistance.

On the other side, cortical macro and microarchitecture is mainly characterized by
the diameter of the bone, thickness, cross sectional area of the cortex, and the

number and diameter of Haversian canals (27). The cortical porosity, due to a
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high number of large Haversian canals within the cortical bone, makes the

structure less strong and more likely to fracture (28).

1.3.2 Material Properties

Bone tissue is a two-phase porous composite material primarily constituted of
collagen and mineral. The mechanical properties are determined by the amounts,
arrangement, and molecular structure of these primary constituents. The mineral
component confers strength and stiffness to the tissue. The collagen component
is tough and improves bone’s work to failure or toughness. The ratio of mineral to
collagen in bone affects both bone’s strength and brittleness. Excessive mineral
content, or a change in quality of the mineral, increases brittleness and is
detrimental for bone material properties. Collagen has a small influence on the
strength and stiffness of bone, but mostly improves bone’s toughness (29). The
most obvious clinical example of the mechanical effects of a collagen defect is

osteogenesis imperfecta (Ol).

Another constituent of bone strength is a constant induction of microdamage in
the bone material tissue. Normal sub-maximal loading on bone causes
microdamage that appears in the form of microcracks, which are a means of
absorbing energy from the load without causing complete fracture of the bone(30,
31). Microcracks accumulate with age in both trabecular and cortical bone, which
may be related to the increased fracture risk (32) . The presence of microcracks
stimulates targeted remodeling (32) and under normal conditions microcracks are
repaired as fast as they are produced (33). When microcracks form faster than
they are repaired bone mechanical properties may be adversely affected. The rate

at which microcracks are repaired influences bone strength (30).
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1.3.3 Measurement of Material Properties

From a mechanical perspective, fractures represent a structural failure of the
bone, where the forces applied on it exceed its load-bearing capacity. The ability
of a bone to resist fracture depends on the aforementioned determinants of bone
quality, the amount and structural properties, including the spatial distribution, of
bone mass and the intrisic material properties of bone tissue. It must be
considered both: material and structural properties in the the evaluation of the
effect of a disease or a therapy on bone strength. Therefore, assessing the bone
material properties may be critical for understanding mechanisms that underlie

changes in whole-bone properties.

For that purpose, a number of biomechanical parameters are available to
characterize the integrity of bone. The main biomechanical properties describe the
relationship between load applied to a structure and displacement in response to
the load-displacement curve (fig.3). Generally, the load and deformation are
linearly related until the yield region is reached, at which time the slope of the
curve is reduced. Before the yield region, the structure is considered to be in the
elastic region, and if unloaded, would return to its original shape. The slope of the
elastic region of the load-displacement curve represents the extrinsic stiffness or
rigidity of the structure (S), measured as Young’s modulus. The stiffness of the
structure indicates how much force is required to deform the structure by a given
amount and is defined as the slope of the load-deformation curve in the linear
elastic region. However, beyond the yield region, the structure undergoes
permanent deformation and is said to be in the plastic region. If the load continues

to increase, the failure load or force is reached, after which the structure fails.
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Besides stiffness, several other biomechanical properties can be derived,
including the aformentioned ultimate force (Fu), work to failure (area under the
load-displacement curve, U), and ultimate displacement (du). Each of these
measured parameters reflects a different property of the bone: ultimate force
indicates the general integrity of the bone structure; stiffness is closely related to
the mineralization of the bone; work to failure is the amount of energy necessary
to break the bone; and ultimate displacement is inversely related to the brittleness

of the bone.

Fig.3 Load-Displacement curve for bone tissue
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The biomechanical status of bone may be poorly described by just one of these
properties. For instance, a bone from an osteopetrotic patient will tend to be very
stiff but also very brittle, resulting in reduced work to failure and increased risk of

fracture (fig.4) On the other hand, a bone from a young child will tend to be poorly
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mineralized and weak, but very ductile (large ultimate displacement), resulting in

increased work to failure.

Fig.4 Load-displacement curves for different bone conditions
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The material properties of a bone specimen are determined using a similar
method to that previously described for determining the structural properties.
These material properties are derived from a plot of stress versus strain. Stress
can be defined as the resistance that develops in response to the applied forces in
bone, and it represents the local force intensity with dimensions of force per unit
area. The local deformations that result from the applied forces are referred to as
strains, which are defined as relative deformations (often expressed in terms of

percent).
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The relationship between stress and strain in bone follows a curve called the
stress—strain curve (fig 5). The slope of the stress—strain curve within the elastic
region is called the elastic or Young’s modulus (E). The Young's modulus is a
measure of the intrinsic stiffness of the material. As the load is increased, the
specimen begins to undergo permanent deformation and to yield. If the load is
increased further, the specimen will fail. The point of failure is called strength or
ultimate stress. The area under the stress—strain curve is a measure of the
amount of energy needed to cause material failure. This property of a material is
called energy absorption or modulus of toughness or just toughness. The
maximum stress and strain the bone can sustain are called the ultimate strength

and ultimate strain, respectively.

Strength, as it is defined by the stress—strain curve, is an intrinsic property of
bone. That is, these strength values are independent of the size and shape of the
bone. In fact, the force required to break the bone is different from the intrinsic
strength, because ultimate load will vary with bone size. Hence, intrinsic strength
and ultimate load can show different trends in drug or genetic studies, especially if
the drug or gene affects the size of the bone. Strength measures that are not
presented in units of stress do not represent the intrinsic strength of the material

but are influenced by extrinsic factors like specimen size and shape.
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Fig.5.Stress-strain curve for bone
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The elastic strain region and the plastic strain region of the stress-strain curve are
separated by the yield point (fig.5). The yield point represents a gradual transition,
above which stresses begin to cause permanent damage to the bone structure.
Post-yield represents permanent deformations of bone structure caused by a slip

at cement lines, trabecular microfracture, crack growth, or combinations of these.

Direct measurements of bone biomechanical properties are measured ex vivo in

the laboratory and can be made on excised bone specimens or whole bones. To
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determine the biomechanical properties of cortical and trabecular bone material,
standardized specimens are cut from the bone and then subjected to
compressive, tensile or shear loads. However in patients, it is not feasible to
remove a piece of bone in order to subject it to a biomechanical test in the
laboratory. The appearance of non-invasive methods to assess bone strength is
essential for a precise study of bone properties and also to correlate these

properties with fracture propensity.
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1.3.4 Microindentation Technique

Correlations between load-bearing capacity in human cadavers and BMD range
from r?=0.4 to 0.6 (34) . There is clinical and laboratory evidence that, in addition
to BMD, the mechanical properties of bone tissue, specifically fracture toughness,
play a crucial role in bone strength (35) and would serve as a useful predictor of
bone fracture risk. However, clinically available methods for direct estimation of
this property require invasive bone sampling (36). Traditionally, measurement of
the fracture toughness of bone using methods such as R-curve, J-integral and
crack tip opening displacement involves large samples of bones, which obviates
their use in clinical practice. In addition, crack growth toughness cannot be

determined in vivo by employing such techniques.

In the past some attempts have been made to investigate fracture toughness of
human bone clinically. Hvid et al developed an “osteopenetrometer” that could be
used in the operating room directly over the bone surface (37). Nevertheless, this
device used a relatively large indenter tip geometry, over 2mm in diameter, and
indented cortical bone by distances in the order of 10mm at force of hundreds of
Newtons (37). This highly invasive method proved to be inappropriate for clinical

assessment.

In recent years, the value of indentation techniques in the investigation of the
mechanical properties of biological materials including bone, dentin and cartilage,
has been realized. Nano-indentation techniques for assessing toughness using
methods such as Vickers indentation fracture (38-40) (41) are attractive due to
their simplicity and their potential to allow for characterization of both local and

bulk properties. Using a Vickers indentation instrument, Imbeni et al(41). were
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able to characterize how cracks propagate and where crack-arrest barriers
appear. Vickers indentation testing would, however, be difficult on a living patient
because of the need to image, at high resolution, the indentations and the cracks
that propagate from the corners of the indentations. Moreover, this imaging can be
performed only on bone specimens previously gridded in a way that requires
invasive sampling, which again makes the technique non feasible for clinical use.
Therefore these techniques are inappropriate for measuring fracture toughness in
vivo. Using the microindentation technique, the introduction of the reference point
indentation (Biodent™ Active Life, inc. Santa Barbara, CA,US) implies a new
paradigm for the diagnosis of bone material properties. It is designed to be used

without exposing the bone surface.
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2. Hypothesis and Objectives

Our hypothesis is that measurement of bone material properties by
microindentation is able to discriminate different degrees of bone mechanical
strength at the tissue level in fragility fracture cases, controls and in specific

conditions of bone strength as clinically observed.
We aimed:

1. to show the feasibility of the technique, and the feasibility of its use in the

clinical practice.

2. to test the capacity of the in vivo microindentation technique to assess bone
material properties in different scenarios: osteoporotic fractures, clinical AFF and

LTB treatment.
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3. Methods

3.1 Study Populations

Patients included women recruited from the Hospital Universitari del Mar in
Barcelona, Spain and, in the study with atypical femoral fractures, patients were

also recruited from Hospital Universitario Reina Sofia, Cérdoba, Spain.

We included patients with osteoporotic hip fractures without previous treatment for
osteoporosis and atypical femoral fractures after long-term bisphosphonates
(LTB) therapy, recruited in the acute-care orthopedics ward during the

hospitalization following the event.

In the first study we included:

- Patients with typical femoral fractures and

- Patients without fractures or prior treatment as controls.

In the study of atypical femoral fractures we included:

-Atypical femoral fractures (AFF), patients who, after long-term bisphophonate
therapy (>5 years), met the ASBMR task force criteria (APENDIX 1). A full clinical
and radiographic assessment with special focus on the history of bisphophonates

(BP) use and other risk factors associated with AFF was obtained.

-Long-term bisphophonates therapy (LTB) patients receiving BP therapy (>5

years) and with no history of prevalent fractures.

-Hip osteoporotic fractures patients with low-trauma hip osteoporotic fractures

without history of prior antiosteoporosis therapy.
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-Controls patients without fractures or prior therapy.

Exclusion criteria for all groups were previous treatment for osteoporosis (except
for AFF and LTB patients) and all-cause secondary osteoporosis (corticosteroids
use, a previous diagnosis of advanced renal or liver disease, neoplasia,
malabsorption, thyroid or parathyroid disorder, immobilization) or inability to

provide consent.

Patients were assessed for bone metabolic disease. Bone mineral density was
assessed by DEXA and subclinical vertebral fractures were evaluated by spine
Xray. If patients fulfilled the inclusion criteria, signed the informed consent and
had no exclusion criteria they were included in the study and a microindentation

with Biodent™ (Active Life, Inc. Santa Barbara, CA, US) was performed.

3.2. Reference Point Indentation Testing

All testing was carried out with the Biodent™ reference point indentation
instrument (Active Life Scientific Inc., Santa Barbara, CA). Biodent™ is an
instrument that uses Reference Point Indentation (RPI) to probe the bone material
properties. The probe assembly is comprised of a reference probe and a test
probe. The reference probe serves as an anchor against the tissue, and the test
probe moves up and down against the sample in a cyclical manner applying an

11N force in order to test bone material properties.
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Image 2 Schematic view of Biodent™
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Image 1. Biodent™ (Active Life, Inc. Santa Barbara, CA, US)

To achieve reproducible mechanical testing conditions, patients were placed in a

hospital bed with the leg in 15° external rotation.

The Biodent® protocol involves 10 steps:

(1) Attach a presterilized, disposable probe assembly to the head unit of the

Biodent™,

(2) Apply clorhexidin and local anesthesia to the testing site (midshaft of
anterior tibia). The anterior midshaft of the tibia was chosen for the

measurements owing to easy accessibility, as well as offering a relatively
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3)

(4)

(5)

(6)

(7)

flat surface where the indentation could be made almost perpendicular to

the surface.

Use the guidance arm with the vertical slider to position the head unit over
the midshaft anterior tibia. The head unit must be perpendicular to the
bone’s surface within about 15 degrees. Since the head unit is held vertical
by the guidance arm with the vertical slider, this is achieved by holding the
patient’s foot and leg such that the midshaft of the anterior tibia is level to

an estimated 15 degrees.

Holding the sterile probe assembly with a sterile glove, lower head unit
vertically along slider to insert the probe assembly through the skin to rest

on the bone surface.

Displace the periosteum from the measurement area by moving the
reference probe by hand laterally along the surface of the bone a distance
of approximately 5mm for a series of five times, and then place it in the
center of this approximately 5-mm region for measurement. (Periosteum is

displaced to avoid interference with the measurements.)

Release the probe assembly so that it rests with the full weight of the head

unit on the bone.

Activate the measurement cycle, which first removes an initial 2.5-N force
on the test probe (used to keep the test probe from sliding back into the
reference probe during insertion) and then begins a series of precycles at

4 Hz that incrementally increase up to a threshold force of the order of 2.5
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N and then runs the 20 indentation cycles at 2 Hz each with a maximum

force of 11 N.

(8) Repeat steps 3 through 7 to obtain measurements at five or more
locations. Each measurement location should be separated by at least

2mm from other measurement locations.

(9) After the final measurement, raise the head unit away from tibia, and

detach and discard the disposable probe assembly.

(10) Wipe the measurement site with alcohol, and apply a bandage. Local
edema or advanced skin disorder and infection in the measurement area
would have precluded use of this technique. Warfarin treatment or severe
coagulation defects have to be considered for careful local hemostasis.
The total cycle time is 500 ms. The purpose of the hold at maximum force
is to monitor creep effects and to minimize the effect of the remaining

creep during the linear decrease.

Total time for the test is 10 minutes. The patient experiences minimal discomfort
(only during the local anesthesia injection), and no complications have been

observed whatsoever.

42



Methods

Fig.6 Indentation procedure for measuring material properties of bone in (A) and SEM imaging of
an indent on a human bone sample (B and C)

|
Displacing
Periosteum

I
bone it indeniation Distance
Indentation Distancea Increasa, 1DI

After the cycles are complete, a computer displays the first and last (twentieth)

force-versus-distance curves (Fig.7). Three indentation parameters are defined:

Identation Distance Increase (IDI): the difference between the first and the last

indentation

Total Indentation Distance (TotallD): the distance after the 20 indentation cycles

Creep Indentation Distance (CreeplD): the distance in a 1ms maximum load in

the first indentation
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Fig.7.Indentation parameters. CORRECT FIGURE: TOTAL INDENTATION DISTANCE
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DXA Measurement of BMD

Within 4 weeks of admission, BMD with dual-energy X-ray absorptiometry (using a
Hologic QDR 4500 SR Bone Densitometer (Hologic, Inc., Waltham, MA, USA)
was measured at the nonfractured hip. In the control or LTB group, DEXA was

obtained during outpatients clinic visits.
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4.Results and Discussion

4.1 First Study

For our first study we designed a case-control study. We selected patients with
typical osteoporotic fractures and patients without fractures. If patients fulfilled

inclusion criteria microidentation was performed.

This study involved 27 women with osteoporotic fractures (25 hip fractures and 2

multiple vertebral fractures and 8 controls of comparable age with no fractures.

4.1.1 Results. Mechanical (Reference point indentation- Biodent™) testing

When mechanical testing was performed using Biodent™, two of the three
parameters obtained, IDI and TotalD, reached statistical difference. Differences
for Creep ID were only marginally significant.

The main clinical data and the microindentation test results are shown in Appendix

2.

In order to accomplish the first objective of this thesis we assessed the
interobserver variability doing paired measurements by two observers in the same
patient for 14 of the study participants. The coefficient of variation ranged from

8.7% (for IDI) to 15.5% (for totallD).

When measuring the main microindentation variables, the greatest difference
between cases and controls was found in the TotallD. Fractured patients had
significantly higher TotallD values than controls; IDI also was significantly higher

in the fracture group (Appendix 2).
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The area under the ROC curve (AUC) value in this study for TotallD was of 0.931
[95% CI 83.1-100], 90.3% for IDI (95% CI 73.2-100), and 73.6% for creep ID

(95% Cl 56.4-90.9). (Appendix 3)

The correlation with BMD was also studied and, as expected, BMD differences
were observed between groups. However, the correlation between total-hip BMD

and IDI (r*=-.127, p=0.211) and total ID (r* =-0.264, p=0.06) was low.

No complications of the technique were detected in any of the 35 study

participants.
4.1.2 Discussion

As previously described, the strength of bones is related to mass and geometry,
but also to the intrinsic properties of the bone tissue itself. We are able to measure
geometry and the mineral content of bone tissue. However, we have not been
able until now to measure, directly and in vivo, and in a way that is viable for use

in clinical practice, the resistance of bone to an impact.

With this first study we showed that in vivo microindentation assessed with the
Biodent™ instrument is a clinically feasible technique. In the validation process we
have developed a suitable measurement protocol and have studied the
technique’s capacity to discriminate between cases with and without fractures.
Interobserver variability also was assessed and resulted in satisfactory values that
make feasible cross-sectional interindividual comparisons as well as longitudinal

within individual assessments.

The ability to discriminate between cases with and without fracture was

demonstrated by finding differences in Total ID and IDI indentation variables
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between cases and controls. These variables are directly related to resistance to
fracture. These results were consistent with previous reports that greater IDI

values were present in brittle bones (Hansma x3 et al and Randall C).

Fracture of bone material can be produced by different techniques. In our case, an
indenter produces the fracture and the goal is to determine the fracture

toughness.

In fact, fracture mechanics characterizes the tendency of materials to fracture
independently of the geometry and even the mineral component. Microindentation
allows fracture to be defined as a pure material property, without the effect of the
other components that ultimately have influence in fracture resistance of bone, but

we were able to measure them directly.

When and how is a fracture produced? The phenomenon of fracture is divided in
two parts: crack formation (initiation) and crack propagation. The rate of crack
propagation differs by the type of material because it is related to the absorbed
energy. If the material is ductile, the crack propagates slowly and the absorption of
energy is significant. On the contrary, if the material is brittle, the crack propagates

fast and the amount of energy absorbed is low.

Paul Hansma et al. (42) studied with electronic microscopy cadaveric bone
samples after microindentation and other samples that were fractured in the
laboratory. Both fractured and microindented samples exhibit crack bridging,

which resists crack extension.

In the microindentation samples, high IDI values and low crack growth toughness

are associated with bones that are prone to fracture (Appendix 4). The BioDent
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opened cracks and these cracks are involved in bone fracture. We entertain the
hypothesis that propensity to fracture is related to the resistance to crack
extension, and thus with the IDIl. Lower IDI implies high resistance to crack

extension and less probability of fracture.

We can find two scales of indentation: microindentation and nanoindentation. In
each case, a load is applied to the indenter that is in contact with the bone and
then the load is removed. For microindentation (load range: N), the measurement
of the deformed area allows the material properties and the elastic-plastic
transition to be determined, which contribute to overall mechanical competence.
Microindentation integrates the overall components of bone tissue, both at nano
and micro level.

On the other side, nanoindentation (load range: mN) has been utilized to
determine the material properties of submicrostructural features of mineralized
tissues such as cortical and trabecular bone. However, nanoindentation is
performed at the bone structural unit (BSU) level and therefore is restricted to an
individual bone package unit with particular conditions of remodeling, age,
collagen maturity, and crystallinity.

Both indentation techniques allow us to determine the hardness of a material,
defined as the resistance to the penetration of a hard indenter. The main goal of
our work was to study bone material properties using microindentation, and test
for differences between the two groups studied. The fracture group showed
microindentation values that reflected lower resistance to penetration of the

indenter and, thus, worse bone material properities.

In line with this result, microindentation appears to measure something different
than what is obtained with densitometry. Microindentation also showed better
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AUC than BMD, suggesting better ability to discriminate between fracture and

control patients.

There was also no significant correlation between BMD and indentation,

emphasizing that different parameters of bone properties were studied.

With this first study we established the microindentation technique. A test can be
performed in less than 10 minutes, without pain and without complications. We
also have validated the technique, showing its ability to discriminate between

patients with fracture and controls.

4.2 Second Study

The second study was designed to analyze the bone material properties with
microindentation in patients with atypical femoral fractures (Appendix 1) after LTB
therapy. The study compared bone material properties measured by
microindentation between cases (atypical femoral fractures) and controls (patients

without fractures under LTB therapy and hip fracture patients).

4.2.1 Results

The study included 71 women (6 cases of AFF, 38 with typical osteoporotic hip
fracture [26 pertrochanteric fractures and 12 subcapital fractures], 6 with LTB use

and no incident fracture, and 20 controls).

Baseline characteristiscs and BMD and microidentantion variables of subjects
included in the AFF and in the rest of the groups are shown in Table 2 (Appendix
5). Main microindentation characteristics of patients with AFF are shown in table 3

(Appendix 6)
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Control patients demonstrate the lowest TotallD values and significantly lower
values, indicating better bone material properties than in AFF and typical hip

fractures patients.

Along the same line, LTB patients showed similar values of TotallD than the
control group but significantly lower values than the typical hip fracture group,
indicating better bone material properties than this group. Although no differences
were found in TotallD values, the raw values were at a lower order of magnitude

than in AFF patients.

Finally, AFF and typical hip fractures showed no differences in the TotallD; raw
values had a similar order of magnitude, indicating that these two groups had

similar bone material properties.

4.2.2 Discussion

This second study used in vivo microindentation to assess the material properties
of bone tissue in patients with atypical fractures after LTB treatment. Atypical
femoral fractures have characteristics very distinct from “typical” fragility fractures
(43, 44). These occur in the subtrochanteric femur, an anatomical region
containing the strongest parts of this bone and unlikely to fracture after a low
energy trauma, even in advanced osteoporosis (45). Neither the normal or near-
normal BMD nor the cortical thickness observed in most of these patients justify
these fractures in such an uncommon region(46-48). Despite the relatively high
BMD levels in our AFF cases, bone material properties at the tissue level are
similar to that observed in typical osteoporotic fractures. In contrast, patients on
LTB without AFF had values similar to nonfracture controls, suggesting that the

effect of the drugs on the bone tissue is not negative in the average patient.

50



Results

Although their values were not statistically different from AFF and typical hip

fractures, we believe that this is because of a limited statistical power.

Although the cause of such fractures is unknown(49-52), the fact that BPs
decrease bone resorption and formation (53) and also have a long half-life
in bone has led to the common belief that atypical fractures associated with
their use are due to the marked suppression of bone turnover(54), resulting
in the accumulation of microdamage that can lead to fractures (48, 55).
However, Jamal et al. (56) provided a dynamic assessment of bone
turnover, using tetracycline labeling and performing a biopsy of the femur
just below the site of the subtrochanteric fracture. Contrary to most previous
reports (57), they did not find evidence of decreased bone turnover in the
biopsy specimen. They hypothetize that this may be due to taking the
specimen from an area near the fracture site, which was undergoing
accelerated remodeling and therefore would not be indicative of the overall
rate of bone turnover(58, 59). Moreover, AFF has been observed in
patients not treated at all with BP (60) and in monogenic diseases such as

pycnodysostosis (61) or hypophosphatasia (62).

Nevertheless, even though the underlying mechanism of AFF is not well
understood, the phenotypical characteristics are well established(46).
Published initially by Lenart et al (55), patients with AFF showed a unique
radiographic pattern, defined as a simple transverse or oblique (<30°)
fracture with beaking of the cortex and diffuse cortical thickening of the

proximal femoral shaft. They also have normal or near-normal BMD values. Now
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with microindentation we have reported that they also have worse material
properties than control patients, and similar to typical hip fracture patients despite
being BP therapy. As previously mentioned, the indentation distance is inversely
related to the propensity to growth of the crack. Patients with AFF had impaired
TotallD values, similar to those observed in patients with typical fractures and

significantly different from controls.

Microindentation integrates the overall microstructures of bone. It captures the
levels of bone porosity and heterogeneous osteons, the relationship between
bone tissue components and increased bone stress, and the interfaces between
osteons, microdamage, mineral, collagen, noncollagen proteins, and other
components. One measurement assesses the integrated capability of all these
elements to dissipate energy in response to a mechanical challenge. As
aforementioned, we entertain the hypothesis that microindentation induces the
separation of mineralizad collagen fibrils, the intimate mechanism of initiation and
propagation of cracks evolving into fracture. Dall’Ara et al demonstrated that ex
vivo microindentations were able of discriminating between damaged and intact
bone tissue extracted from vertebral human bodies (63). They proved the
association between microdamage and the reduction of microindentation
hardness and stiffness at the bone structural unit level. The ability of
microindentation to detect the reduced mechanical properties in damaged bone is
probably due to the lower tissue resistance against the local pressure induced.

In this study applying microindentaion we were able to measure bone material
properties at a tissue level. These properties were deteriorated in patients with
AFF, well beyond what BMD indicated. This deterioration is similar to that for

classical fragility fractures of the hip; no significant differences in material
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properties measurements were observed between the patients with typical and
atypical fracture, but both were significantly different from controls without fracture
of the hip, whereas LTB values were generally in between (although not
statistically different). Our results suggest that a general, intrinsic effect of BP
causing this decrease in tissue properties seems unlikely because this decrease
was not observed in patients without AFF after long-term treatment with these
drugs. There were trends but not significant differences between patients on LTB

therapy and the other groups.
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5.Summary

From a mechanical point of view, fractures represent the structural failure of the
bone when the forces that are applied exceed the load-bearing capacity of the
bone. Until now the test available to assess propensity of bone to fracture was a
surogate marker derived from BMD. However, we had no means to assess

directly this propensity.

Our work validates a new technique that is clinically suitable to be done in vivo
and in usual clinical practice that could directly measure bone material properties

and, hence, fracture propensity.

The results of these studies are important not only because they demonstrate an
association between micro-level bone tissue damage measured by
microindentation, but also because this technique has clinical relevance. It is the

first time that an indentation technique has been assessed in vivo(63) .

We have validated the technique and established a clinically suitable protocol.
Microindentation technique discriminated between patients with and without
fractures by the differences between them in microindentation parameters. In
addition, the microindenter identified deteriorated bone material properties in
patients with atypical fractures taking LTB therapies who had near-normal BMD

parameters.

This new tool adds new information in the assessment of bone health. Further
studies are needed to replicate these results and study different populations,
which would allow the technique to be clinically implemented to provide a more

accurate evaluation of fracture risk and of bone quality.
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At the moment, we have established that microindentation with a known force
allows us to directly measure microfracture in the bone surface. We have
demonstrated that patients with osteoporotic fractures are better discriminated
with microindentation than with BMD. Finally, we detected worse material
properties in osteoporotic patients who presented with atypical fractures despite

receiving treatment for osteoporosis.
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5.1 Conclusions

1. Microindentation technique is a suitable method for the in vivo study of

bone in a clinical setting.

2. Microindentation is a convenient, painless, minimally invasive and

reproducible technique that can be repeatedly performed in vivo.

3. Microindentation discriminates between cases of fragility fracture and

controls.

4. Discriminant ability of microindentation is excellent and superior to what is

described for bone densitometry.

5. At a tissue level, microindentation opens microcracks, the initiation and

propagating mechanism of which are the fundamentals of bone fracture.

6. Microindentation is able to detect the profound deterioration of bone

material properties in cases of atypical fracture of the femur.

7. Microindentation detects the bone tissue deterioration in patients with AFF

while bone densitometry does not.

8. Long-term bisphosphonates exposure does not  deteriorate

microindentation values.
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9. Microindentation has potential to be the best surrogate of fracture
propensity because it directly measures the mechanical performance of

bone in response to an external force.
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5.2 Clinical implications. New Lines of research

Our work has opened new lines of research for our group. It will be important to
establish reference values of microindentation measurements in the general
population, in order to assess a patient’s bone health status by comparison with
these values.

To obtain information complementary to BMD , we will also study populations
known to have increased fracture risk. These include patients with HIV, diabetes
mellitus, and end-stage chronic kidney disease. In line with that, we have begun a
new research line in bone disease and HIV infection, where microindentation
could improve diagnosis of bone fragility in these patients.

Finally, this technique has the potential for important additional uses in clinical
practice. These include follow-up to assess bone material properties in response
to osteoporosis treatment or other treatments known to produce bone
deterioration, such as as kidney trasplant, corticosteroids therapy, or other bone-
toxic drugs. Our team is already doing follow-up of bone material properties in
patients starting treatment with corticosteroids, and is working on follow-up of the

other treatments as well.
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APENDIX 1.

Atypical Femoral Fracture: Major and Minor Features (Shane et al.)
Major features

* Located anywhere along the femur from just distal to the lesser trochanter to just proximal to
the supracondylar flare

* Associated with no trauma or minimal trauma, as in a fall from a standing height or less

* Transverse or short oblique configuration

* Noncomminuted

» Complete fractures extend through both cortices and may be associated with a medial spike;
incomplete fractures involve only the lateral cortex.

Minor features

* Localized periosteal reaction of the lateral cortex

* Generalized increase in cortical thickness of the diaphysis

* Prodromal symptoms such as dull or aching pain in the groin or thigh
« Bilateral fractures and symptoms
* Delayed healing

» Comorbid conditions (eg, vitamin D deficiency, RA, hypophosphatasia)
» Use of pharmaceutical agents (eg, BPs, GCs, PPIs)
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APENDIX 2.

Table 1.Main clinical data and microindentation tests results

Controls Cases p
Age 83.2(5.3) 79.1 (7.5) 0.09
IDI (um) 12.3(2.9) 18.1 (5.6) 0.008
TotalID (um) 31.7(3.3) 46 (14) 0.008
CreeplD (um) 3.91(0.6) 5.2 (2) 0.025
FN BMD (g/cm?) 0.604(0.143) 0.5(0.072) 0.091
Spine BMD (g/cm?) 0.785(0.163) 0.610(0.101) 0.027
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APPENDIX 3.
ROC curve with TotallD.

The area under the curve (AUC) is a scalar quantity to gauge the performance of the curve. An
AUC of 100% would represent a perfect model; however, an area going along the line of

discrimination (dashed diagonal) would be a completely random model.
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APPENDIX 4

SEM images of cadaveric bone samples that were fractured, and exhibit crack
bridging, which resists crack extension in a laboratory induced fracture (Cortical and
trabecular bone) and . SEM image after microindentation with BioDent™ RPI (right)
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APPENDIX 5.
Control Long-Term BP Atypical Fractures Typical Fractures
(LTB) (AFF)

n 20 6 6 38

Age
Mean (+SD) 69 (+13) 69 (+7)° 74 (£6)° 82 (+9)°°
Range 48-92 58-72 64-84 94-50
Previous Treatment, years (range) No 5.5 (5-12) 5.4 (5-8) No
BMD Spine g/cm? (+SD) 0.815(+0.11)  0.734 (+0.11) 0.856 (+0.5) N/A

BMD Total Hip g/cm?® (+SD) 0.895 (+0.11)° 0.727 (+0.10) °

Total ID 36 (+6) 38 (+4)°
DI 13 (+2) 16 (+6)
Creep ID 4 (1) 5 (1)
250H Vitamin D ng/ml (+SD) 17 (£9) 36 (+12)¢
Ca2+ mg/dl (+SD) 9.3 (+0.5) 9.5 (+0.3)

0.848 (+0.10) ¢
46 (+4)°
19 (+3)°
5 (+0.5)
38 (7)¢

9.3 (+0.4)

0.616 (+0.10)
47 (+13)°
18 (+5)°
5 (+2)
11.2 (+8)

8.5 (+0.6)

Table 2: Main clinical properties and Bone Mineral Density (BMD) results of the enrolled patients (only significant
differences shown). Total ID (Total Indentation Distance) IDI (Indentation Distance Increase) Long-Term BP (Long-Term

Bisphosphonate treatment). N/A not available

2 P<0.05 vs. controls ® P<0.05 vs. atypical fractures ° P<0.05 vs. typical fractures 4P<0.001 vs. typical fractures ©

P<0.001 vs. controls
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APPENDIX 6

Age BMD Lumb?r SpiNe  T_gcore Lumbar spine BMD t°t§| hip T_score total hip
glcm glcm

Patient 1 77 0.843 -1.9 0.785 -0.50
Patient2 76 0.921 -1.1 0.962 -0.20
Patient3 72 0.775 -2.5 0.773 -1.4
Patient4 64 0.887 -0.30 f f

Patient5 73 0.858 -2.0 0.874 -0.60
Patient6 84 N/A N/A N/A N/A

Table 2: BMD values in patients with AFF (Atypical Femoral Fracture). BMD values in g/cm®

f bilateral hip prosthesis replacement
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APPENDIX 7

Microindentation for In Vivo Measurement of Bone Tissue Mechanical
Properties in Humans

Background

Bone tissue mechanical properties are deemed a key component of bone
strength, but their assessment requires invasive procedures. Here we validate a
new instrument, a reference point indentation (RPI) instrument, for measuring

these tissue properties in vivo.

Patients and Methods

The RPI instrument performs bone microindentation testing (BMT) by inserting a
probe assembly through the skin covering the tibia and, after displacing
periosteum, applying 20 indentation cycles at 2 Hz each with a maximum force of

11 N.

Results

We assessed 27 women with osteoporosis-related fractures and 8 controls of
comparable ages. Measured total indentation distance (46.0+14 versus 31.7+3.3
mm, p=0.008) and indentation distance increase (18.1+5.6 versus 12.3£2.9 mm,
p=0.008) were significantly greater in fracture patients than in controls. Areas

under the receiver operating characteristic (ROC) curve for the two measurements
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were 93.1% (95% confidence intervalo [CI] 83.1-100) and 90.3% (95% CI 73.2—
100), respectively. Interobserver coefficient of variation ranged from 8.7% to
15.5%, and the procedure was well tolerated. In a separate study of cadaveric
human bone samples (n=5), crack growth toughness and indentation distance
increase correlated (r=—0.9036, p=0.018), and scanning electron microscope
images of cracks induced by indentation and by experimental fractures were

similar.

Conclusions

We conclude that BMT, by inducing microscopic fractures, directly measures bone
mechanical properties at the tissue level. The technique is feasible for use in
clinics with good reproducibility. It discriminates precisely between patients with
and without fragility fracture and may provide clinicians and researchers with a

direct in vivo measurement of bone tissue resistance to fracture.
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ABSTRACT

Bone tissue mechanical propertles are deemed a key component of bone strength, but thelr assessment requires invasive procedures.
Here we validate a new instrument, a reference point indentation (RPI) instrument, for measuring these tssue properties in vivo. The RP|
instrument performs bone micrsindsntation testing (BMT) by inserting a probe assembly through the skin covering the tibia and, after
displacing periosteum, applying 20 indentation cycles at 2 Hz each with a maximum force of 11N, We assessed 27 women with
osteaporosis-related fractures and B controls of comparable ages. Measured total indentation distance (46.0 4 14 versus 31.7 £33 pm,
£ = .008) and indentation distance increase (181 £ 56 versus 123 4 29 um, p - 008) were significantly greater in fracture patizngs than
in controls. Areas under the receiver operating characteristic (ROC) curve for the two measurements were 93,1% (95% confidence interval
[CN 83.1-100) and 90.3% (95% O 732-100), respectively, Interobsenver coefficient of variation ranged from B.7% to 15.5%, and the
procedure was well tolerated. In a separate study of cadaveric human bone samples (n = 5), crack growth toughness and indentation
distance increase correlated |r =-09036, p = 018), and scanning electron microscope images of cracks induced by indentation and by
expeimental fractures were similar. We conclude that BMT, by inducing microscopic fractures, directly measures bone mechanical
properties at the tissue level The echnigue is feasible for use in clinics with good reproducibility. it discriminates precisaly betwesan
patients with and without fragility fracture and may provide cliniclans and researchers with a direct In vive measurement of bone tissue
resistance to fracture, © 2010 American Society for Bone and Mineral Research,
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Introduction

5 people age, thelr bone strength deteriomates, and thelr

bone becomes more susceptible to fracture”’ The clinical
consequence of this, the fracture, contributes to the morbidity
and mortality of osteoporosis. Bone strength has been defined as
the integration of hone mass and bone quallt]r_”' Avallable
technigues for clinical esdmation of bone strength or suscept-
ibility to fracture are based mainly on bone mineral density
(BMD) assessment™' that can be reliably measwred by
densitometry technigques, but its sensitivity and specificity are
madest.”* Furthermore, its ability to predict the response to a

treatment Is lindted, and only a small proportion of fractume risk
reduction is explained by bone density increases™ Advanced
bone imaging and analysis technologles promise better
assessment of bone strength™' but rely on potentally insccurane
assumptions about the tissue-level mechanical propenies. The
addition of other surrogates, such as biochemical markers,
results in very limited improvement on these strength predic-
tions.”

There is clinical and laboratory evidence that in addition to
BMD, the mechanical properties of bone tissue may play a critical
role in bone strength.™ " These mechanical properties would be
expacted to play a significant role in bone fracture sk, even
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though it has mot been clear what mechanical properties are
most important." """ However, currently avallable methods for
direct estimates of these properties require Invasive bone
sampling,'™ making routine use in ciinics unfeasible,

Aszesgment of the intrinsic mechanical properties of bone
tissue, a5 a key component of the widely uwsed concept of bone
quality, is limited, Besides the practical inconvenience of their
routine measurement, the term bane quality is poarly defined
and encompasses a series of geometric, microarchitectural, and
tissue-composition elements."™ As a consequence, the poten-
tially relevant contribution of bone tissue strength to fracture nsk
in clinical pracrice cannor be evaluated, even though it is known
that it deteriorates in osteoporosis and contributes to fracture
propensity"*

Therefore, there is a cntical need to better quantify bone
mechanical properties at the tissue level, In particular, the ability
of bone to resist the growth of cracks that resultin bone fracture.
This quantification is not only desimble for more complete
climical assessment of fracture risk but eventually also for
treatment monitoring, Moreover, this development could hielp o
better assess the effect of drugs on bone strength without the
need for large and expensive prospectve fracture trials,

Here we report the validation results of a novel microindenta-
tion technigue capable of directdy testing the mechanical
endurance of bone tissue and suitable for a repeated
measurement In patients, By measuring Indentation distances,
we assess the abllity of bone to reslst crack generation and
propagation, the anatomic basls of fracture, In a series of women
with osteoporosisrelated fractures and confrols. Moreover, we
have performed exploratory studies on the anatomic substrate of
the technbque.

Materials and Methods

Subjects

This swudy involves 27 women with osteoporotic fractures (25 hip
fractures and 2 multiple vertebral fractures) measured during the
hospitalization following the event in the acuteare orthopedics
ward and 8 contrals of comparable age with no fractures from
the Hospital del Mar, Barcelona, Spain. Fracture patients were
excluded if there was some previous meatment with drugs
for osteoporosis, corticosteroids use, a previous disgnosis of
advanced renal or liver disease, neoplasia, malabsorption,
thyroid or parathyroid disorder, immobilization, or inability to
provide consent. Bxclusion critena for controls were identical, but
in addition, control individuals were required to have no
prevalent fracture, Thoracle and lumbar lateral radiographs
validated the absence of subclinical vertebral fractures.

Bone microindentation testing (BMT)

The reference point indentation (RP1) instrument (which was
called the tisswe diognostic instrument™ ™ and the bone diognostic
instrument'™® ™ n previous publications) can measure bone
mechanical properties, in particular, the reslstance to fracture, at
the tiszue level (Fig. 1AL The complete BMT protocel involves 10
steps: (1) Attach a presterilized, disposable probe assembly to the

head unit of the AP Instrument."™ (2) Apply alcohel and local
amesthesla to the testing site imidshaft of antedor dbla), (3) Use
the guidance arm with the vertical slider to position the head
unit over the midshaft anterior tibia, The head unit must be
perpendicular to bones surface within about 15 degress.
Since the head unit is held vertical by the guidance arm with
the vertical slider, this is achieved by holding the patient's foor
and leg such that the midshaft of the anterior tibia is level to
within an estimated 15 degrees or less. (4) Holding the sterile
probe assembly with a sterile glove, lower head unit vertically
along slider to insert the probe assembly through the skin to rest
on the bone surface. (5) Displace the peripsteum from the
measurement area by moving the reference probe by
hand laterally along the surface of the bone a distance of
approximately 5 mm for a series of five times, and then place itin
the center of this approximately 5-mm reglon for measurement,
(6} Release the probe assembly so that it rests with the full weight
of the head unit on the bone, (7] Actuate the measurement cycle,
which first removes an initial 2.5-N force on the test probe
(used to keep the test probe from sliding back Into the reference
probe during insertion) and then begins a seres of precycles at
4 Hz that incrementally increase up to a threshold fonce of order
2.5 M and then runs the 20 indentation cycles at 2 Hz each with a
maximum force of 11 M. (8) Repeat steps 3 through 7 1o obtain
measurements at five or more |ocations. Each measurement
location should be separated by at least 2mm from other
measurement locations. (%) After the final measurement, ralse
the head unit away from tibla, and detach and discard the
disposable probe assembly. (10) Wipe the measurement site with
alcohol, and apply a bandage. Local edema or advanced skin
disorder and infection in the measurement area would have
praciuded use of this technique. Warfarin reatment or severe
enagulation defects have to be considered for careful local
hemostasis.

The indentations are small, on the order of 375 pm across
{Fig. 18}, so they are not harmful to the patient. They are large
enough, however, that the bane is fractured (Fig. 1C) as the test
probe indents the bone. The more easily the bone is fractured,
the farther the test probe will indent the bone, Thus we quantify
the bone fracture resistance by measuring the indentation
distances achieved in a measurement. The indentation has to be
performed by the test probe perpendicular to the bone surface,
with a tolerance of +£15 degrees to obtain reliable results,

The control system for the meference point indentation
instrument supplies a modified viangular wave to is Intemal
force generator for the 20 indentation cycles used in measure-
menis. The modified triangular waveform consists of cne-third of
a cycle of [inear increase, followed by one-third of a cycle hold at
maximum force (for measuring creep), and then one-third of a
cycle of lnear decrease, The total oycle time is S00ms. The
purpase of the hold at maximum force is to monitor creep effects
and to minimize the effect of the remaining creep during the
linear decrease. After the orcles are complete, a computer displays
the first and last (twentieth) force-versus-distance curves
(Fig. 24). Three Indentation parameters are defined in the figure,

Total time for the test Is 10 minutes. The patient experences
minimal discomfort (enly dunng the lecal anesthesla injection),
and no complications have been observed whatsoever,
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Fig. 1. Indentation procedure for measuring materal properties of bome in vivo and SEM imaging of an Indent on a human bone sample. (4) Bustration of
the methed for obtalning Indentation measurements, incuding insertion of the test probe assembly, displacing the perostoum wikh the reference probe,
first-cyele Indaptation, and Bst-cyde indentation, which datermines the 1D with respect to the firsn opcle. (B SEM image of an indentation (encirdad by
dicvhed line] being compared to a dime (the smallest U, coin), (£ This magnified SEM mage of the indentatbon shows micmocracks created during the

repetitive loading cycles at @ constant force.

DEA measurement of BMD

BMD with dual-energy X-ray absorptiometry (DKA) using a
Hologic QDR 4500 5/ Bone Densitometer (Halogic, Inc. Waltham,
WA, USA] was measured at the nonfractured hip within 4 weeks
of admission In a subset of 14 individuals randomly chosen
{nine fracture cases and five controls) from owr clinical cohart.

Statistical analysis

Normality of continuous variables was assessed by Q-0 plats,
Analysis ol covaniance wat used to obtain and compare age-
adjusted means, Pearson comelation index was computed to
assess the relationship between continuows variables. The ability
af the indentation distance parameters to ditcriminate between
thase wha have a fracture and those who do not was assessed by
calculating the area under the recelver cperating characteristic
{ROC) curve.

Preclinical experiments on cadaveric bone

To connect indentation distance increase (101, as detemined by
the reference point Indentation Instrument, to a conventional

meazure of fracture resistance on machined samples, we
measured both 1D and crack growth toughness on cadaveric
bone samples from a group of five donors (aged 17 to 74 years),
This is a totally different group from the clinical group discussed
earlier, There were gight samples, three for the 73-year-old male,
two for the 23-yvear-old male, and one for each of the other
three subjects that gave crack growth data. In the case of the
miultiple mexurements on one donor, the multiple measune-
ments were averaged together 1o give one data point for the
comelation calculation. For ID1 data, there were 15 samples, 3
for each donor and 10 tests on each sample for & total of
150 measurements. Again, all measurements on ane donor were
avaraged together to give one data point for the comelation
caleulation, We were able to do maore measurements for the IDI
because we could do multiple measurements on each sample,
and no special machining was required. The samples were cut
from the tibia with dimensions of the arder of 2cm in length
and width amd the full thickness of the cortical bone. The bone
samples were stored in a —=80°C freezer. Prior to testing, the
samples were brought to room temperature, gently stripped of
soft tissue, and placed in Hank's balanced saline physiologic
buffer salutian“" ta ensure hydration. The surface of the bone
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Fig. 2. Parametors are calculated from force-versus-distance data obtained by the RP] instrument. The parameters include indentation distance increase
(D11 total indentation distance (tokal 1D, and cree p indentation distance (creep 100 measured in the first cpde. (4) The 1D s defined as the increase in the
indentation distance in the bist cyce relative 1o the indentation distance in the first cycle (see Fig. 1AL The creep 1D s determined by the increase in
distance while the force is held constant at the maximum value for a duration of one-third of the first indenation cycle. The wial ID is defined as the wial
distanc @ the test probe is inseted into the bone ffom touchdown to the end of the terentinth cycle. (B-Df Results from clinical trials of sach paramater with
fracture (n = 271 and control [n = 8] patients, Nate that fracture patients uswslly had bigher indentation distances, The subscript Hon the graphs indicates
that the parameters wore mieatured with the Hocpital del Mar protocol This is important becauie the valees of theie parameters depend on the

measurement profocol

was not polished, Figure 10 shews the microcracks opened by
the indentations. Micrecracks are opened during RF testing
just as cracks are opened on machined samples during R-
curve pesting. Thus it is reasonable to compare the results of
APl testing with the crack growth toughness from B-curve
testing.

Indentation testing was conducted by the RPl instrument.
The bone samples were held in a2 vice submerged in
physiologic buffer and tested under the buffer. The indenta-
tipns were normal to the ouside surface of the cortical shell,
Each sample had a minimum of 10 tests conducted in vanring
locations. Three samples were tested from each donor. Each
individual test was analyzed by software that was written to
compute a variety of mechanical parameters such as Dl The
second method used crack resistance curves (R curves) to
determing the crack growth toughness. Compact tension
samples were sectioned and notched transverse to the bones'
long axis, The notch orentation was such that the nominal
crack growth direction was transverse to the long azis of the
tibia, We used nonlinear elastic fracture mechanics testing of

the bone samples under hydrated conditions in situ in an
envirenmental scanning electron microscope (ESEM) o permit
resistance curve measurements for growdng short cracks in the
transverse orientation less than 1000 pm in size. Additional
details on the testing method and procedure wsed in this
preclinical experiment are discussed by Koester and collea-
gues.* The stress intensity K and crack extension data were
linearly extrapolated to determine the growth toughness
AKfAg (MPa,/mium), which |s obtalned from the slope of
the R curve.”™** Higher growth toughness signifies a bone
that is less prone to continued crack propagation.

Results

BMT clinical experiment

Two of the three measured indentation parameters are
significantly greater for patients with fractures than for contral
patients (Figs. 2 and 3). Note also that there |5 no apparent
correlation between age and indentation values, at least in the
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A Table 1. Indentation Distance Increass and Crack Growth
Varishls Cantrols [Mai| Canes (NadT] pvalus Tﬂug"lneﬁ fﬂ' Eﬂh Dﬂml SWPI'E TE'!-I'Ed f-l:r E:Dﬂl.'.iatlﬂni
1DH (jurm) 123 (2.9 8.1 [5.6) onoa ;
cl'Hﬂ Tw] {m) 1.9 (08} 53 I}Dr GLaTs A-g!."m IDI im “I-m:' tH} -!I-K.'I.l.'iﬂ ‘MF!._. m.l'li.lm] {H}
Tatal i {um) 1.7 035 6.0 (1400 DO0E :
FN BMD iglom’) 0.604 (0.143) 0.500 {0.072) 0.091 T4 i = 653 B BOAS
TH BMD iglem 0L7BS DL183) QA1 00T noa7 23M 1475+ 312 (3) 0.0428 (2
Age [Vears) 812053 81005 o.og 17/F 1387 £2.76 (3) Q0405 (1)
B 44/F 12289.4£ 2.70 {3) 0.0425 (1)
i 24F 1243 £ 240 (3) 00455 (1)
_I: ,J“ Note: The numbser of samples tested from each dondar n for each test K
e, shoowmn next to the test result In parentheses. Mote the inverse relationship
084 F betwean D1 and AK A bocause high 1D and low AK An cormaspond to a
P high fracture rsk
o
£ s #
- -
:
= 04 - o 74-year-old male subject with an IDI of 2049 £ 6 88 pm, whereas
e It ks very low for younger subjects, We measured the IDI of
02 . e . AUC939% cadaveric bone from additional older subjects but were unable
; Al {95% C1:83.1,100) to generate an § curve for each of the subjects because of the
e geometry of the bones and the requirements of our testing
oo~ ¥ method."™ For example, with most of the older individuals wha
o0 03 Ak R o8 0 had osteoporosis, there was very little cortical shell to work with
1-5 ifi an the limited number of samples we had available. Since we had

Fig. 3, Data results including statistics and 2 receiver operating char-
acterstc (ROC) ownve. (A) Age-adjusted siatistical sesuliz for D4 (jpm),
creep 0 {um), total 1D {pm), femaral neck bone mineral densing (FHEMD,
afern®], and total-hip bone minoral density (TH BMD, glom?). (6 The AOC
curve digplays the clinical esults from Hospital Del Mar, Barcelona The
area under the ouree (AL Is a scalar quaniiy to gauge the performance
of the curve, An AUC of 100% would represent a perfect madel; however,
an area going along the ke of discrimination (deshed déa gonal) would be
a completely random model

small population of eldary women investigated in this study
[Fig. 2. The ROC curve shows that the total indentation distance
(total Y is a good discriminator between patients with and
without fractures™ The area under the ROC curve (ALC)
walue™™ in this study for total 1D was of 0931 [35% confidence
Interdal (C1) 83.1-100], 90.3% for 01 {35% C1 73.2-100), and 73.6%
for creep 1D {95% C1 56.4-90.9).

Intercbserver variability was assessed by separated measure-
ments performed by two observers in 14 individuals, The
coefficient of wariation ranged from 8.7% (for IDN) to 15.5%
(for total I,

Differences between cases and controls are shown in Fig. 34
As expected, BMD differences were observed However, the
correlation between total-hip BMD and 101 Irt= 0137 . p= 211)
and total 1D (P = 0264, p= 06} was low, indicating, as might
be expected, that measurements of bone loss (DXA) alone
cannot predict bone tissus mechanical propenies as measured
by the RP instrument, ™

Preclinical experiments on cadaveric bone

The results for the comparison betwaen DI and crack growth
toughnass are shawn in Table 1. The I is much greater for the

only one older subject from whom we got multiple tests, our
results can only be regarded as prelminary. Future testing to
compare |01 and crack growth toughness on a wider range of
individuals would be valuable. This may require novel methods
for determining crack growth toughness.

Figure 44-C shows scanning electron microscope (SEM)
images of human bone samples that were fractured and exhibit
crack bridging, which resists crack extension. The crack growth
toughness of the samples then was compared to the DL In
samples fractured in fluld,*” microcracks were observed by SEM,
and their appearance was similar to microcrmcks created by the
RPl instrument dwing mepetitive indentations. Comparisons
between I and the crack growth wughness™ [sope of the &
curvie] for samples from five donors showed that high 10 and low
crack growth toughness are associated with bones that are
prone te fracture. The graph shows this trend by relating high 101
to low crack growth toughness and vice wersa Pearson's
comelation coefficient between the I and crack growth
toughness is ~0.9036, with p~ 018 (Fig. 40}, The coefficient
is negative owing to the inverse relationship between IDI and
crack growth toughness.

Discussion

Here we describe the validation study of a novel device that
performs bone microindentation testing (BMT) of bone in vive
in a series of patients with and without osteoporotic fractures.
BMT discimimates between cases and controbs and measures
parameters different fram BMD. Preclinical studies in human
cadavers suggest that BMT induces separation of minerakized
collagen fibeils and initiation of cracks, very Fkely the basic
mechanism of fracture, thus directly measuring the machanical
competence of bone tissue to resist fracture,
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Bone'Fractlire
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p=0.018
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Fig. 4. 5EM Images of cadaveric human bone samples that were freciwed and exhibi crack bridging, which reslsts orack extension. The crack growth
toughness of samples was companed with the indentation distance increase 000, (A-C) The samples in panels 4 and € were fractured in fluid,™ and
microoracks wers obsarved, wheneas the amplein panel B displays a microcrack created by the BPI instramant duning repatitive indentations. it resembles
thie microcracks in both A and O (0} Comparkon betansen 101 and crack gr\uw'llt Tﬂ.lghﬂﬂlﬂ:“ [slope of R curve) obtained for samples from five donoms.
High 101 and low crack growth ioughness are associated with bones that ane prone 1o fracure. The graph showes this rend by refating high 101 oo low crack
growih toughness and wice wersa. The linear fithas a Pearson comelation of — 0904, with p = 018 jone-talled) and p = 035 (two-alied). We believe thar the
one-tailed test is justified because we anticipated the direction of the trend: High ID] corresponds 1o low crack growth moughness. Becawse of the limited
number of samples and subjects, this corelation should be regarded as peeliminary until 2 more complete investigation is done,

The validation process has followed the usual sequence of
developing a suitable measurement protocol and validating the
abilicy of the technique to discriminate berween cases with and
without the studied condition. Developing the clinical protocol
herein described coversd the first objective. The antedor
midshaft of the tibia was chosen for the measurements owing
to easy accessibility, ac well ac alo offering a relatively flat
surface where the indentation could be made almost perpendi-
cular tothe surface. Periosteum is displaced to avoid inteference
with the measurements. Interobserver varability alko was
assessed and resulted in acceptable values that make feasible
cross-sectional interindividual as well as longitudingl within-
individisal com parisons.

The ability to discriminate between cases with and withowt
fracture was demonstrated by the finding of differences in

indentation distances between cases and controls, Total 1D and
Il showed significant differences, whereas for creep 1D,
although there was a tend, the difference did not reach
significance, very likely owing to the lesser magnitude of this
msasuremient. To further explore this, althowgh the number of
cases is limited, the areas under the ROC curve were calculated,
yielding excellent values (above 90%) for the two indentation
parameters total 10 and DI

When the BMT walues were compared with densitometry
measurements in a subset of cases, the differences appeared to be
more significant for the former, and the AUC values for BMT also
were well above the best described for densitometry, even in
combined sophisticated assessments. ™ Furthermone, there was
no significant comrelation between the two, further stresing the
fact that different parameters of bone properties were studled,
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Therefore, tissue mechanical properties, in particular, the
resistance to fracture, as quantified by the tatal ID and the 1D,
were significanty different between patients with and without
fractures in the clinical results presented here, These clinical
results are consistent with sik previpus laboratory case-control
studies In which maore easily frachured bone was found 1o have
greater 101 values," " These results can, at least in par, be
understood from comparisons of the local microstructure of the
cracks opened by the RPl Instrument and the cracks involved In
bone fracture (Fig. 4). From this study, it appears that as the
resistance to crack extension decreases and 1D Increases, the
probability of fracture increases.

Many pessible mechanisms exist that can change the tissue
mechanical properties of bone'!'*'**¥ These include micro-
I:mrjlngrm' and microdamage,”"! changes in mineralization,''
changes in mineral crystal size®™ changes in the organic
matriz,"" Including postranslational changes In collagen,”
changes in coflagen fibrl orientation,®* " and changes in
noncollagenous  proteins. " Clinical conditions such as
osteagenesis impefecta further demonstrate the importance
of tissue mechanical properties on bone fracture risk. Untll mow,
howewver, it has been Impractical to measure bone material
properties in lving patients without removing bone samples.

Bone fracture in both trabecular and cortical bone begins with
the separation of mineralized collagen fibrils and the initation
of cracks %% a4 depicted in the SEM images from our
labortory experiments.” % The APl instrument opens cracks
that are very similar to those observed following bone fracture,
The resistance to extension of the cracks can be quantified, on
machined specimens, by resistance-curve (R-curve) analysis of
the slope of a plot of stress intensity versus crack extension as
first shown by Vashishth.®*** The slope of the R curve is called
the grack growth toughness, and the larger the crack growth
toughness, the larger is the resistance to the extension of cracks.
We thirs would expect an inverse relationship with 101, which is
smaller if there is more resistance to the extension of the cracks
under the tip, as seen In our experiments. This ks Indeed the case,
as demonstrated by the significant negative correlation, This
significant carrelation relates DI to crack growth toeghness and
provides a greater understanding of the physical significance of
IDL This shows that repetitive indentation nomal (o the bone, as
used o determine 104, ks very similar to crack growth toughness,
hawever, |DI can be determined in vivo, whereas crack growth
toughness cannot.

There [= a substantial history of atomic force microscopy
and indentation measurements on bone, A recent review'™
discusses 149 papers. Most commonly, elastic modulus and
hardness are measured. Since, however, it Is not clear what
material parameter (or combination of parameters) best
correlates with fracture rsk’""" we measwred a large number
of parameters, Including elastic modulus, hardness. inidal
indentation distance, total indentation distance, indentation
distance increase, creep, energy dissipation, and others."'® From
theye studies, we discovered that slastic modulus and hand ness
did not distinguish the bone of patients with and without
fractures as well as the parameters reported here, which involved
not just one indentation cycle but 20 cycles. It was unchear
imitlally why hardness was a poor indicator of fracture compared

with the first-cycle Indentation distance because for our tip
geometry, a 90-degree cone, hardness is simply the maximum
force divided by 7 times the firstcycle indentation distance
squared. The problem was discovered to result from the
combined effect of outliers with small indentation distances,
They Inflated and dominated averages once the raw data of the
indentation distance were inverted and squared. Elastic modulus
suffered from the same problem, but to a lesser extent, Since
elastic modulus depends on the unloading slope after the
indentation is made, we were measuring the “elastc modulus™
of cracked material, which would not be expected to be
characteristic of the uncracked material

Qur BMT wechnique differs substantially from the previously
described osteopenetrometer in several aspects, The osteope-
netrometer” was developed for intraoperative measurement
of bone strength. It used a much larger indenter. over 2mm in
diameter, that indented trabecular bone by distances on the
order of 10mm at forces of hundreds of newtons. These lage
distances were necessary 1o average over many rabeculae. Thus
the osteopenetrometer is very different from the RPinstrument,
which makes microscopic indentations in cortical bone without
surgically exposing the bone. The key adwance of BMT over
prévious indentation studies is that the RPI instrument allowed
Indentation measurements on the bone of living patients
without sungically expasing the bone ar removing the bone from
the patient.

Our study has some limitatiens. Although we might assume
homogeneous mechanical properties of the bone tissue volume
unit, our measurements are limited to a cortical compartment
and ina given bone, the tibia, Whether this is !uily' representative
of other bones remains speculative at this point, although the
primary résistance to mineralized collagen fibril separation might
be assumed 1o be similar across all different skeletal compart-
ments and regions. The number of cases studied is imited,
although the differences between cases and controls were
strongly significant, which makes a chance finding highly
unlikely. Also, our experience is limited toa single center and to a
precise group of patients, elderly postmenopausal women.
Replication in other groups and populations i warranted.

Im summary, we report a novel technigue sultable for In vivo
measurement of bone tissue strength in a clinical setting. The
technique Is based on creating microfractures and measuring
the overall resistance of bone to the propagation of these
microfractures. This represents a direct assessment of bone
tissue mechanical strength in patients, an important component
of the properties encompassed under the umbrella of "bone
quality.” Although more research will be needed to use ID1 and
other parameters measured by the APl instrument to quantify
the contribution of tissue mechanical properties to bone fractune
risk, It 15 already possible to use these parameters  inform the
development of novel therapies. This research also opens the
passibility of iInvestigations into the differences In the nanoscale
fracture mechanisms berween bones with different values of IDL
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APPENDIX 8

Microindentation for In Vivo Measurement of Bone Tissue Material
Properties in Atypical Femoral Fracture Patients and Controls
Background
Atypical femoral fractures (AFF) associated with long-term bisphosphonates (LTB)
are a growing concern. Their etiology is unknown, but bone material properties

might be deteriorated.

Patients and Methods

In an AFF series, we analyzed the bone material properties by microindentation.
Four groups of patients were included: 6 AFF, 38 typical osteoporotic fractures, 6
LTB, and 20 controls without fracture. Neither typical osteoporotic fractures nor
controls have received any antiosteoporotic medication. A general laboratory
workup, bone densitometry by dual-energy X-ray absorptiometry (DXA), and
microindentation testing at the tibia were done in all patients. Total indentation
distance (Total ID), indentation distance increase (IDI), and creep indentation
distance (Creep ID) were measured (microns). Age-adjusted analysis of
covariance (ANCOVA) was used for comparisons. Controls were significantly

younger than fracture groups.

Results
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Bisphosphonate exposure was on average 5.5 years (range 5 to 12 years) for the
AFF and 5.4 years (range 5 to 8 years) for the LTB groups. Total ID (microns)
showed better material properties (lower Total ID) for controls 36 (x6; mean_SD)
than for AFF 46 (x4) and for typical femoral fractures 47 (+13), respectively.
Patients on LTB showed values between controls and fractures, 38 (+4), although
not significantly different from any of the other three groups. IDI values showed a
similar pattern 13 (x2), 16 (£6), 19 (x3), and 18 (x5). After adjusting by age,
significant differences were seen between controls and typical (p<0.001) and
atypical fractures (p=0.03) for Total ID and for IDI (p<0.001 and p<0.05,

respectively). There were no differences in Creep ID between groups.

Conclusions

Our data suggest that patients with AFF have a deep deterioration in bone
material properties at a tissue level similar to that for the osteoporotic fracture
group. The LTB group shows levels that are in between controls and both type of
fractures, although not statistically different. These results suggest that
bisphosphonate therapy probably does not put the majority of patients at risk for

AFF.
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Microindentation for In Vivo Measurement of Bone
Tissue Material Properties in Atypical Femoral Fracture
Patients and Controls
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‘Department of Physics, University of California at Santa Barbara, Santa Barbara, CA, USA

ABSTRACT

Atypical femaral fractures [AFF) associated with long-term bisphosphonates (LTB) are a growing concern. Their etiology is unknown, but
bone material properties might be deteriorated. In an AFF series, we analyzed the bone material properties by microindentation. Four
groups of patients were included: & AFF, 38 typical osteoporotic fractures, 6 LTB, and 20 comtrols without fracture. Meither typical
osteoporotic fractures ner contnols have received any antiosteoparotic medication. A general laboratory workup, bone densitometry by
dualenergy ¥-ray absarptiometry (DXA), and microindentation testing at the tibla were done in all patients. Total indentation distance
{Total 10, indentation distance increase (IDN), and creep indentation distance (Creep 1) were measured (microns), Age-adjusted
analysis of covariance (ANCOVA) was used for comparisons, Controls were significantly younger than fracture groups. Bisphosphonate
ExpOsUre was on average 5.5 years (range 510 12 vears) for the AFF and 5.4 years (range 5 to B years) for the LTE groups. Total ID {micrans)
showed better matenial properties (lower Total D) for controls 36 (£ 6; mean £ 50) than for AFF 46 (L 4) and for typical femoral
fractures 47 (4 13), respactively. Patients on LTB showed values betwesn controds and fractures, 38 (£ 4), although not significantly
differant fram any of the other thres graups. ID0values showed 2 similar partem 13 (£ 2), 16 (£ 6), 19 (£ 3), and 18 (-£ 5). After ad|usting
by age, significant differences were seen between conbrols and typical {p < 0.007) and atypical fractures (p = 0.03) for Total ID and for
D {p<= 0001 and p< 005 respectively), There were no differences In Creep 1D between groups. Our data suggest that patients
with AFF have a deep deteriomation in bone matendal properties at a tissue level similar to that for the asteoporotic fracture group. The LTB
group shows levels that are in between controls and both type of fractures, although not statistically different, These results suggest
that bisphosphonate therapy probably does not put the majority of patients at risk for AFF. © 2013 American Society for Bone and
Mineral Research,
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Introduction

Bi;phnsphﬂna.tes [BP) have been available for more than
20 years, possess well-demonstrated antifracture efficacy,
and are cumently the frst-choice osteopormosis treatment
However, some adverse effects have been reported over the
past decade, Induding widespread concern about the incidence
of a new fype of fracture with chamcteristic location and
radiclogical appearance in patients on long-termn BF (LTR)
'tthﬂlJ}'.” -141)

These so-called atypical femaral fractures (AFF) have created
the Increasing perception of potential harm to bone tissue when
chronically expaseéd to these drugs. They do nat meet the classic
profile of osteoporotic fragility fractures. have been associated
with excessive sup presiion of bone turnover, and affect <ites that
are not usually affected by ostecporotic fractures, specifically
the subtrochanteric femur'™'*" Moreover, in these patients all
the classical parameters to evaluate the fracture risk seem to be
unreliable, especially bone mineral density (BMD) measure-
ments, Actually, AFF patients usually show BMD values in the
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ostecpenia or even nomal range and therefore could not be
classified as high risk according to densitometric criteria’' '

One possibility, given the normal amount of bone mineral
in these patients, is the presence of a disorder in the intrinsic
material properties of bone tissue. The wsual thickening of
the cortices In these fractures, despite which a fracture
occurs, strongly suggests a deterioration of the material
properties of bone at a tissue level. Two recent publications
show abnormal nancindentation In cases of long-term bispho-
sphonate treatment” ™ and patients with severely suppressed
bone wmnower. "™

Recently Introduced |5 reference polnt indentation, a new
tool that permits direct in vive measurement of the bone
material properties of patients with thesa fractures, integrating
all their components both at nano and micro scale. Moreover, the
technique is suitable for clinical use. We have previously tested
patients with hip fracture and controls withouwt fracture using
in viva microindentation, a technique that dscriminates
berween fracture cases and controls, yielding an area under
the curve (AUC) of 93%,""™ whereas for BMD ranges from 7 2% 1o
B02a! " " Our current aim s to measure the microindentation
values in patients with atypical fractures assoclated with long-
term treatmeent with BP, comparing their results with those of
patients with no fractures, patients on LTE therapy without
incident fractures, and patients with “typical” asteoporotic hip
fractures.

Materials and Methods

Four study groups were defined and recruited between 2008 and
2011 In the Hospital del Mar, Barcelona, and Hospital Reina Sofia,
Cordoba, in Spain. Inclusion criteria for patients in each group are
detailed below, Exclusion criteria for all groups were previous
treatment for osteoporosis (except for AFF and LTE patients)
and all-cause secondary ostecporosis (corticosteroids use, a
previous diagnosis of advanced renal ar liver disease, neoplasia,
malabsorption, thyrobd or parathyrold disorder, immobilization)
orf inability to provide consent.

Atypical femoral fracture

AFF were diagnosed after established clinical criteria: fractures in
the area below the lesser trochanter and above the distal
metaphyseal flare, with a simple transverse or oblique (<30°)
fracture with breaking of the cortex and diffuse cortical
thickening of the proximal femoral shaft without previous
trauma. "> A full dinical and radicgraphic assessment with
special focus on the history of BP use and other risk factors
associated with AFF" was obtained.

Typical hip osteoporotic fracture

Eligible cases were identified from the orthopedic surgery ward
with typical hip osteoporotic fracture, which included pertro-
chantenc fractures and subcapital fractures, These cases had no
history of bisphosphonate or any other antiosteoponosis therapy.

Long-term treatment with bisphosphonates and no
incident fractures

Outpatients with 5 or mare years of treatment with BPs and no
incident fractures were included in this group. Thoracic and
lumbar lateral radiography validated the absence of incident
subclinical vertebral fracture during the treatment period after
the index fracture.

Caontral group of nonfracture Individuals

Postmenopausal women who visited our outpatient clinics or
were admited to the Internal Medicine ward for acute illness
and who had no history of fractures, no previous use of
antiostecporesis drugs, and no other cause of bone disease
constituted the study controls. No previous history of fracture
was required, and a thoracic and lumbar lateral X-ray was
obtained to confirm the absence of subclinical vertebral fracture,

Bone microindentation testing (BMT)

The BMT was performed using BioDent (Activelife Tech, Inc,
Santa Barbara, CA, USA). The complete protocol was previously
described"” In brief, after local anesthesia, the periosteum
is scratched and a probe assembly placed on the antenor
face of the mid-tibda performs measurements. A 20-cycle
indentation at 11N force i performed and the average valpe
of five measurements Is recorded. The indentation distances
are analyzed by a specific software and three parameters are
obtained to use as outcome wvariables: indentation distance
increase (IDN) between the first and last Indentation cycle; total
distance between the bone suface and the last indentation
cycle (Total ID); and cresp indentation distance {Creep D), the
progressive indentation distance during the stable force
phase of the first indentation cycle at the maximum 11N
force"” The microindentation testing was done after as soon as
possible after the fractures. This was a few days for typical
fracture cases. Because of the difficulties in locating and
transpaming the atypical fracture cases, this was typically a
few weeks or months for these cases.

Bone mineral density measurement

Dual-energy X-ray absorptiometry (DXA] with a Hologic QDR
4500 5R Bone Densitometer (Hologic, Inc, Waltham, MA, USA)
was used to measure BMD at the nonfractured hip in all atypical
fracture cases, in 8 contrals, im 9 typical fractures, and |n all LTB
patients.

Ethical aspects

The Committes on Human Subjects Ressarch at the Municipal
Institute of Medical Research (IMIM; Parc de Salut Mar, Barcelona,
Spain) approved the study, and written informed consent was
obtained from each participant after a full explanation of the
purposes and characteristics of the study.

Statistical analysis

Subject characteristics and microindentation variables ane
expressed as mean (50) or percentage. Normality of continuous
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variables was assessed by Q-0 péots. Analysls of covanance was
used to obtain and compare age-adjusted means.

A p value of less than 0.05 was considered to indicate
significance. All reported p values are two-sided. The analysis
was performed using SPSS for Windows, version 15.0, 2006 [SPSS
Inc. Chicago, IL LISAJ

Results

The study inchuded 70 women (6 cases of AFF, 38 with typical
osteoporotic hip fracture [26 pertrochanteric fractures and 12
subcapital fractures], & with LTB use and ne incident fracture, and
20 contrals), Table 1 shows the main clinlcal characteristics and
BMD results of the enmolled patients. The control individuals
without fractures were significantly younger than the women
in the fracture groups. The average BP expasune was 5.5 years
[range 5 to 12 years) fior the AFF group and 5.4 years [range 5te 8
years) for those with LTE use and no fracture. Among the patients
with atypical fracture, all major clinical charactenstics defined by
the ASBMR task force were present.'™ Four of those six cases
also presented minor clinical features (localized perbosteal
reaction and bilateral symptoms). One patient had sustained a
previous contralateral atypical femaoral fracture. Mane of the AFF
cases had a history of exposure to glucocoriicoids. There were
no differences in BMD at the lumbar spine or toral hip between
the LTE group and controls or AFF, whereas AFF showed
significantly higher BMD at the hip than typical osteoporotic
fractures.

After adjusting by age, IDI valuss wers significantly different
between AFF and controbs (1943 versus 1342, p <005,
mean £ 50 and between typical fractures and controls (1845
versus 134 2, p < 005)

Likewise, Total 1D values differed significantly betwean AFF
and controds (464 wersus 3626, p<0001) and between

typical fractures and controls (47 = 12 versus 3636, p< 0,001)
{Fig. 1 and Table 1}.

Among the subgroups of typical esteoporotic fractures, both
pertrochanteric fractures and subcapital hip fractures presented
no differences in Total ID or in IDL

Firnally, there were no significant differences in the Creep D
value between groups.

I the AFF patients, where DXA was measured, BMD values
were in the range of osteopenia at lumbar spine in 5 of the &
patients and only one was within the Bmit walue for osteoporosis
{Table 2). With respect to the four total hip measurements (one
patient had had a bilateral hip replacemant), three were normal
values and one mild ostecpenia.

Discussion

The current study wsed in vivo micreindentation to assess the
material properties of bome tissue in patients with atypical
fractures after long-term weatment with BP. The indentation
distance, an inverse estimate of crack growth toughness, was
comparable with that observed In patients with severe
osteopomsis and typical hip fracture, even though AFF cases
had BMD levels in the ostecpenia range. In patients without AFF
afier LTE exposure, the indentation values were between those
of fracture groups and controls. To the best of our knowledoe,
this iz the firstin vivo study of bone material properties at a tissue
level in these groups of patients.

Atypical femoral fractures have charactaristics very distinct
from “typical” fragility fractures.™ They occur in the sub-
trochanteric femur, an anatomical region that contains the
strongest parts of this bone and is unlikely to fracture after a low-
energy trauma, even in advanced osteoporosis™ Their
association with LTE has raised the concem of a paradoxical
negative effect of these drugs on bane tissue properties ™™

Table 1. Main Clinical Properties and Bone Mineral Density (BMD] Results of the Enrolled Patients (Only Significant Differences Shown)

Control Long-term BP (LTE) Atypical fractures (AFF) Typbcal fractures

n 20 & [ kL
Age (years)

Mean [£50) &3 (£13) 69 (£7) 74 (£6)° £2 (£9p°

Range 48-97 5872 64=54 94=50
Previous treatment, years (range) Mo 55 (5-12) 5.4 (5-8) No
BMD spine, gfcm® (+50) 0£15 {£0.11) 0.734 (£011) 0A56 (0.5 NiA
BMD total hip, giom?® (250) 0895 (0,11 0727 [£0,10f° 0,848 (£0.10/° 0616 (20000
Total ID 36 (6] 16 (=4 a6 (24| 47 (£13°
i)} 13 (23 16 {£8) 18 (£3)° 18 [£5°
Creep 1D 4 (1) § (1) 5 [£0.5) 5 (£2)
250H vitamin D, ng/ml {(£50) 17 (9) 36 (12} 38 (777 112 (£8)
Ca2+, maidL (4500 93 (+0.5) 9.5 (40.3) 03 (404) BS [£0.6)

Total 1D =total indentation distance; ID1 = indentation dsanoe ncrease); long-tovm BP = long-term bisphosphonate treatment NA = not available.

o< (W05 versus atypical fractures.
B« 005 versus controbs.

“p = 005 versus rypical fractunes.
o 0001 verss typical fractines.
“p 2 QU000 webrsus Controds
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Fig. 1. Microindentation vahses for the four groaps of study subjects (4]
Total indentation distance (Total ﬂ]ragq-adjluqd statmtical diffgrences.
(8] Indentation distance increase (100, age-adjusted statotical diffarences.
ANCOVA anabysin. Bons indicate the interquanile range and the mean
Thir bars are the range (lowarst and highest values),

The rationale for this deleterious action i that nelther the normal
or near-normal BMD values nor the thickening of the cortices
reported in most of these cases would justify such a severe
fracture, Moneover, the healing process is much longer and more
problematic than for the typical osteoporatic fracture. Therefore,
a negative effect of bisphosphonates on intrinsic properties of
the bone tissue (a major compaonent of bone quality} has been
strongly suggested.

Thee obwious question i wihy all patiegnts treated with BP do not
present this impairment in bone properties. The number of

Table 2. BMD Values in Patients With Atypical Femoral Fracture

patients treated without apparent complication ks much larger
than the number of obsarved AFF2 10255 nars from a case-
contral study showed a prevalence of atypical femaoral fractures
a5 low as 1.1% of all femoral fractures and, although more
frequent in BP users, they also ocourred In patients never treated
with BP*" Therefore, this problem seems to be restricted 1o a
small mingrity of teated patients by an undetermined
mechanksm, although several hypothetical explanations hawve
been wggesad "

Nonetheless, the main clinical problem is to clarify if this ks a
generalized undesirable effect of these drugs on bone tissue
material properties or a speclal idiosyncratic condition in a
small subset of patients'® Bala and colleagues reported an
increased degree of mineralization associated with lower
crystallinity in trabecular bone in LTB-treated postmencpausal
women. Moreover, microhardness and elastic modulus were
decreased by nanoindentation measurement, They conclude
that BEPs alver the quality of the bone matrlx and compromise
micromechanical praperties. In ancther study using nancinden-
tation, Tihia and colleagues''™ concluded that patients with AFF
ared sevemely suppretsed bone turnowver had greater resistance to
plastic deformation at the cortical level,

Our analysis differs from these two studies in several key
aspects. We measured the material properties in vivo and in a
welght-bearing cortical bone, a more comparable region to
whaere the AFF would occur. More important, micrgindentation
differs from nanoindentation in the measured target. Nanoin-
dentation is performed at the bone structural unit (B5U) kevel and
thenefore s restricted to an individual bone package umit
with particular conditions of remodeling, age, collagen maturity,
and crystallinity. Microindentation integrates the overall com-
ponents of bone tissue, both at the nano and micro level,
which contribute 1o overall mechanical competence. It captures
the levels of bone porosity and heterogensous osteons, the
refationship between bone tissue components and increased
bone stress, and the interfaces between osteons, microdamage,
mineral, collagen, noncollagen prateins, and other components,
Therefore, in a single measurement, micraindentation assesses
the capability of all these elements to dissipate energy in
response o a8 mechanical challenge.

Accordingly, we entertain the hypothesis that microindenta-
tion induces the separation of mineralized collagen fibrils, the
Intimate mechanism of inltlation, and the propagation of cracks
evolving to fracture."™ In fact, when analyzed by electronic
microscopy, our technique opens microcracks that can be
superimposed on those observed in expenmental bone

T-score total hip

Age (years) BMD lumbar spine (gfem?) T-score lumbar spine BMD total hip igfem®)
Patient 1 i) 0843 -18 0.7B5 -0.50
Fatient 2 L] 05217 =1.1 0962 =020
Patient 3 72 0775 —2.3 0.773 -14
Patlent 4 &4 0887 —0.30 i f
Patient 5 73 0858 =20 0874 —0.650

Patient & &4 MIA

R Ia, A

BMD = bone mineral density; £ = bilateral hip prosthess replacement: N/A = nat available,
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fractures;" "' the mare microcracks the indenter opens, the
maore fragile Is the bone and the higher are the Indentation
values, This effect is much closer to the actual conditions of
fracture.

As a result, our data suggest that LTE therapy has a
distinct effect in AFF patients. A potential Interfering effect of
glucecorticoids, usually associated with AFF, plays no role in our
patients because they have not been exposed to these
components. Despite the relatvely high BMD levels In our
AFF cases, bone material properties at the tissue level are similar
to that observed in typical csteoporotic fractures. In contrast,
patients on LTE without AFF are similar to that for nonfracture
controls, suggesting that the effect of the drugs on the bone
tissue Is not negative in the average patient. Although their
values were not statistically different from AFF and typical hip
fractures, we belisye that this is bacause of a limited statistical
pml.rer.

Other considertions besides the epidemiological data
support the hypothesis that the vast majority of the LTE-treated
population is not atingreased risk for AFF even after long periods
of treatment. The cbserved cortical thickening has been
suggested as a compensatony mechanism opposing bone tissue
properties deterioration,”™ " a phenomenan nat typically seen
after leng treatments with alendronate™ Moreaver, AFF has
been observed in patients nat treated at all with B2 and in
monogenic diseases such as pycnodysostosis.™" Furthermore,
there are no differences between typical and AFF in spite of the
fact that AFF cases have BMD values in the range of osteopenia.
Considerng all these findings, which are consistent with our
data, it may be suggested that the group of patients with atypical
fractures has some underlying condition of the bone that impairs
its material properties, its response 10 the drug, or both, it has
been suggested that the atypical fractures are a phenotype
associated with an underlying genetic condition that suffers a
clear alteration in material properties under the effect of BP
treatment, which leads to these fractures, ™

Our results also have a potential future implication for climical
practice because BMD monitoring does not detect patients on
bisphosphonates at risk of AFF. Alerting clinical changes, mainky
local pain and, if explored, radiographic or scintigraphic
alterations, occur when the bone damage in the subtrochanteric
reglon s already esmblished. Therefore, after 3 1o 5 years on
treatment, when the question arises of continuing or <topping
the therapy, no clinical data are really available to inform medical
judgment. If our results are further replicated and prospectively
demonstrated, bone materal properties testing by microinden-
tation might be a method to decide whether the patient is not
showing biomechanical improvernent despite BMD increase or if
tissue properties are progressively improving, which would
reflect a continuous positive effect of the drug that can be further
increased.

Our work has both strengths and weaknessss. Micmindenta-
tion makes a direct measuement of crack growth toughness at
the tissue level, is feasible in vivo, and appears to be suitable for
climical use. The technique takes no more than 5 minutes and is.
reproducible and completely painless. Given that actual
microscoplc fractures are produced, the technlque is supposed
to directly assess the fracture propensity of bone. There is no

other technigue cumently avallable to directly measure the
intrinsic bone tissue “guality” without Imvasive sampling.
However, some limitations should be acknowledged. First, the
experience with the technique ks still very imited and the results,
therefore, must be considered as preliminary. Further replication
of our results and validation of the value of the technique In
other series of AFF, long-term bisphosphonate exposure as wall
as other clinical situations are needed. Moregwer, the low
Incidence of atypical fractures makes it very difficult to collect a
large number of cases. This fimited sample size gives a low
statistical power and some differences could have been missed,
which again raises the need for wider series and replication,
Furthermaore, we cannot exclude some preesisting idiosyncratic
problem In bone materlal propemies in the AFF cases because
there are no pre-BP basefine measurements in the treated
groups. Similarly, we can only indirectly imply the positive effect
of the treatment In our LTE patients because of the lack of
baseline assessment,

The very recent development of bone material property
testing with microindentation makes some of these limitations
unavoidable. Likewise, the prctice of microindentation is
still limited to a few centers, and wider experience is neaded
to further validate its performance in clinical assessment,
Furthermore, microindentation meassurements are obtained
in cortical bone, a compartment that only recently has been
considered a key factor in fragility fractures:™™ notably, AFF
cases suffer a problem precisely located in cortical femur., If
cortical bone is affected by LTB treatment, it seems plausible that
the tibial measurement would reflect the bone material
properties in the subtrochanteric-diaphysis region where the
fracture ocours.

In summary, bone material properties at a tsue level as
measured by microindentation, s deterlorated In patients
with AFF, wall beyond what BMD indicates. This deterioration
is similar 1o that for classical fragility fractures af the hip
no significant differences in material properties measurements
were seen between the patients with typical and atypical
fracture, but both were significantly different from controls
without fracture of the hip, whereas LTB values were generally
in between (not statistically different though). Our results
suggest that a geneml, intrinsic effect of BP causing this
decrease In tissue properties seems unlikely because this
decrease was not observed in patients withowt AFF after long-
term treatment with these drugs. There were trends but not
significant differences between patients on long-temn bispho-
sphonates and the other groups, Further studies are needed 19
understand the paradoxical effect of increased BMD and
decreased bone material properties at the tssue level in patients
with AFF.

Disclosures

PH is @ member of Active Life Sclentific, which sells the Blodent
product lime of RP| instrumen = for research use only at present. If
the Bodent or future RBP instruments from Active Life Scientific
have a future clinical application, this auther could benefit
financially.

B 1556 GUERRI-FERMANDET ET AL

Joarmal of Bone amed Mineral Beseardh



Guerri-Fernandez et al.

Acknowledgments

¥We thank the Fondo de Investigaciones Sanitarias (PI07/90912)
ard the RETICEF (RDOG/D013/100%) of the Instituto Cados NI
{fondos FEDER]. Carlos 1l Health Institute, Science and Innovation
Ministry and NIH grant RO1 GMO0G65354 are also acknowledged.
The authors thank Elaine M Lilly, PhD, for helpful advice and
critical reading of the manuscript.

Authors' roles: Study design: ADP and RGF. Study conduct:
RGF, ADP, and XN, Patient data collection: LM, ET, MO, LP, and
RGF. Diata analysis: XN, GY, and RG. RGF and ADP performed the
technique, and RGF, ADP, XN, NGG, GY, and PKH interpreted the
data and discussed the results. Statistical analyses: ADP and RGF.
Writing and drafting manuscript ADP and RGF. Revising the
mianuscript critically for important intellectual content: XN, LM,
ET, LF, and PKH. All authors approved the final version of the
manuscript. RGF and ADP take responsibility for the integrity of
the data analysls.

References

1. Sellmeyer DE. Atypical fractures as 8 potential complication of long-
term bisphosphonate therapy, JAMA, 2010 Oct & 304(131:1480-4,

2. Schilcher ), Michaslszon K, Aspenberg P, Bisphosphonate use and
atypical fractires of the femoral shaft. M Engl J Med. 20011 May 5;
64181 728-37.

3. ParkWylio LY, Mamdani MM, Juurfink DN, Hawker GA, Gunraj N,
Austin PC, Whelan DE, Wailer P, Lauparis A Bisphasphonate use and
the sk of subtrochanteric or femoral shalt fractures in older women.
JAMA, 2011 Feb 23; 305(B):783-5.

4. Yi-Epmy TT, Tamminen |, Koger H Atraumatic bilateral Temor
fracture in long-term bisphesphanate use, Ovthopedics. 2010 Dec;
33 2LB6T.

5. Baver DC Biphoiphonate wse and atypical femoral fractunes:
getting down to beass tacks, J Clin Endocrinel Metab. 2010 Dec
9501 255207 -529,

6. Black DM, Kelly MP, Genant HE, Palerm L, Eastell B, Bucci-Rochbweg
L Cauley ), Leung PC, Boonen 5, Santora A do Papp A, Bauer DC
Fracture Intervention Trial Steering Committes, HORZON Photal
Fracture Trial Steenng Commattes, Bsphoiphonstes and fractures
of the subtrochanteric or diaghys=al lemur. N Engl J Med,
20710 May 13: 362191 Fa1-71.

7. Girgls CM, Sher D, Seibel MU, Atypical femaral fractures and bispho-
sphonate e N Engl ) Med, 2000 May 13; 36219518455,

8. Ghisti A, Hamdy MA, Papapoubas SE, Atypical fractures of the feniur
and bisphosphonate therapy: @ systernatic review of caselcase series
studlies, Bone, 2010 Aug; 471 25:169-80,

9. Abrahamsen B, Eiken P, Eagtell B Subtrochantenic and diaphyseal
famur fractunes in patients treated with alendronatica reglster-based
national cohort study, ) Bore Miner Res. 2009 Jun; 204651095102,

10 AT, Ly RH Spontaneous femoral shaft frctune after long-temm
alendranate. Age Ageing. 7009 Sep; JB51EI5-6.

11. Rizzoll R, Akesson K, Bouxsein M, Kanis JA, Napoli N, Papapoulos 5,
Reginster J¥, Coopor C Sulbtrochanteric Tractures alter long-tenm
traatrrant with bisphos phonate a Euopean Society on Clinical and
Economic Aspects of Diteoporatis and Osteaarthritis, and Intema.
tiomal Osteoporess Foundation working group report. Osteoponos
int 2001 Fely 22(25373-90,

12 Shang E Burr D, Ebeling PR, Abrahamsen B, Adler A, Brown TD,
Cheung AM, Cosman F, Curtis JR, Dell B, Demipster D, Einhorn TA,
Genant HE, Geusens P, Klausholer K, Koval K, Lane i, McKiernan F,
MicKinney B, Mg A, Nieves I, O'Keefe R, Papapaulos 5 Sen HT, van der

Maulen MC, Weinatein F5, Whyte M American Society for Bone
and Mineral Restarch, Atypecal subtrochantesic and diaphysesl
femoral fracturei report of a txck force of the American Socioty
for Bone and Mineral Ressarch. | Bone Miner Hes, 2000 Now
25{11):2267-94.

13, Ahlman KA, Risiing M5, Gordon L Case riviévws evalution of bispho-
sphonate-related atypical fracturs reres pectely obsered with DA
scanning. J Bone Miner Fes, 2012 Febe 2721496-8

14, McKbernan FE, Atypical fermoral disphyseal fraciures documentied by
serial XA J Clin Dems@om. 2010 Jan-Mar; 13(10102-3,

15, Bala ¥, Farlay D, Chapurdat RD, Bohdn G, Modifications of bome
mabeial propertied in poamenopaussl oitsoporatic women long-
term troatod with alendronate, Eur J Endocrinol 3001 Ocr 1654k
B47-55.

16 Tjhia K, Qdvina CV, Fao D5, Stover SM, Wang X, Fyhrie DP. Mechan-
ical progerty and tivsue mingral density diferences among severely
supprossed bon tunaver (SSET) patients, attéaponitic patients, and
narrnal subdects. Bame. 2011 Dee; 49061 270-89.

17, Diez-Perez A, Guerri R, Noguies X, Caceres E, Pena MJ, Melibowsky L
Randall C. Bridges D, Weaver JC Proctor A, Brimer D, Koester KL
Ritchie RO, Hansma P Micraindentation far in vive measurament of
bane tezus mechanical propemizs in humans. ) Bone Miner Hes, 2010
Aug; 2HE8TT-E5,

18 Schott AN, WeillEngaeor 5, Hand D, Dubomd F, Debmas PD, Meunior
P Ulerasaund discriminates patients with hip fraowre aqually well as
dual-enengy X-ray sbsorptiometry and independently of bone min-
eral density. ) Bone Miner Res, 1995 Feb; 10{2k243-9,

19. Pulkkinen P, Parranen I, lalavaara P, Jamsa T. Combination of bane
mineral density and upper femur geometry improwes the prediction
of hip Fracture, Dsteoporcs Int, 2004; Apr; 15(4:274-80,

0. Boehm HF, Vagel T, Pameleon A, Burklein D, Bitterling H, Reisor M,
Differantiation betwean post-menapausal wormen with and withaut
hip fractures: enhanced evalugtion of clinical DXA by topalogical
analysts of the mineral distribution in the scan mages, Meoporos Int.
2007 Jun; 18GETF9-87.

21 Lenart BA, Lovich DG Lane IM. Atypical fractures of the femoral
diaphysis in podtmencpawsl women taking slendronate. N Engl J
Meod. 2008 Mar 20; 358(1210 304-6.

22 Schilcher I, Aspenberg P Incldence of stress fractures of the femoral
shaft in women treated with bephosphonste, Acta Orthop, 2009
Aug; BO{4A13-5,

23, Gibson MV, Evaluation and meatment of bone disease after fragiicy
fracture. Geriatrics. 2008 Jul 53(7):21-30.

24. Goddard MS, Reid KR, Johmiton JC, Khanuja HS. Atraumatic bilateral
femur fracture in long-term bephosphonate wa, Oithopedics. 3006
Aug: 3NEL

25, Gunawardena |, Baxtor M, Rasekh ¥, Bephosphonate-related sub-
trachanteric fernoral fractures. Am J Gedatr Pharmacother, 2011 Jung
(I 948,

26 Choung RE, Leung KK, Lee KC, Chow TC, Sequontial non-traumatic
fomoral shaft fractures in a patient on lang-tirm alendronate, Hong
Kong Med 1. 2007 Dec 13E:485-9.

23, Salminen 5, Piblajamaki B Avikainen W, Kyro A, Bowman 0. Specific
featunes atcodated vwith kimonal shalt fraciures caused by bone
energy Wawma, J Trauma, 1997 Jul; 43(1k117-22

28 Kwek EE, Goh 5K, Koh J5, Prg MA, Howe TS, An emenging patterm
of sbftrochantenc stress fractures: a long-term complication of
alendronats Hbgr:pyi". hJur:,l, 2008; Fab; 39222431,

25, Kim 5Y, Schneewais 5 Katz W Levin R, Soloman DH. Crral bispho-
sphonates and risk of subtrochanteric or diaphyseal femur fractures
in a population-based cohort. ) Borne Maner Res. 2001 May; 26{51:593-
100,

30, Giusti A, Harmdy NA, Dekkers OM, Ramautar 58, Dijkstra 5, Papapoulos
SE. Arypical fractures and bisphosphonate therapy: a cahort study of

Juawrmal of Binose anil Mineral Hesearch

BONE MATERIAL PROPERTES N aFF 167 I



Guerri-Fernandez et al.

patients wath femoral fractume with radiographic adjpedication of
fraciure site and features. Bone, 2011 May 1; $8{51565-71.

31, Faminer GE, Hassenkam T, Kindt IH, Weaver IC, Birkedal H, Pechenik L,
Cutronl 1A, Cidade GA, Stucky GO, Marse DE, Hansrma P Sacrificial
bonds and hidden length dissipate energy a3 mineralized fibrils
stparate during bone fractune, Nat Mater, 2005 Aug; #8H612-6

32, Fantner GE, Oroudjev E, Schitter G, Golde LS, Thurmar P, Finch M,
Tumer P, Gutsmann T, Morse DE, Hansma H, Hansma PR Sacrificial
bands and hidden length: unraveling malecular messstructures in
tough materlaks. Blophys 1. 2006 Feb 15 90/4i411-a.

33, Ocivina CV, Zerwekh JE, Rao D6, Maslow N, Gottschalk FA, Pak CY.
Severely suppressed bone turnover 8 potential complication of
alencirgnate therapy. 1 Clin Endocringd Metab. 2005 Mar 2003E
12543010,

34, armamento-Yillareal R, Napoll N, Diemer K, Watkins M, Civirelil R
Teitelbaum 5, Movack . Bone turnover in bone biopsies of patients

willh lowi-energy cartical fractures meceiving bisphos phorates: a case
series. Calelf Tesue Int. 2009 Jul; 85(1)37-44,

35 Unnanuntana A, Ashiag K Ton OV, Kleameyer JP, Lane IM. The effect
of long-term alendronate reatment on comtical thicknass of the
prosimal femur, Clin Onthop Relat Res, 2012 Jan; 470(1):291-8,

36 Tan 5C Koh 5B, Goh 5K, Howe TS5, Arypdcal femoral swess fraciunes
in bisphosphonate-free patients. Osteoporos Int. 2071 Jl; 237k
2211-1

A7 Yares Cl, Bartlert MU, Ebeling PR, An atypical subtrochanteric femaoral
Tractune from pyonodhysostosis a besson from nature. J Bone Minar
Res, 20171 Jung 26(611377-5,

3B Whyte MP. Atypical femomal fraciures, bisphosphonates, and aduk
hypophosphatasia. | Bone Miner Res. 2009 Jun 24(60:1132-4,

30, Visekruna M, Wilson D, Mcllorman FE. Saverely suppressed bone
tumover and atypical skeletal fragifity, J Cin Endocrinol Metab, 2008
A FHELIM8-52

B 168 GUERRLFERNANDEZ FT AL,

Jemrnal of Bome and Mineral Research



Glerri-Fernandez et al.

94



Guerri-Fernandez et al.

ANNEX

Short Report

“HIV Infection is strongly associated with hip fracture risk, independently of

age, gender and co-morbidities: a population-based cohort study™ '

Robert Gilierri-Fernandez, Peter Vestergaard, Cristina Carbonell, Hernando Knobel, Francesc
Fina Avilés, Alberto Soria Castro, Xavier Nogués, Danicl Pricto-Alhambra®, and Adolfo Dicz-

Perez

— CORRESPONDENCE TO:

Daniel Prieto-Alhambra, MD PhD

SIDIAP Database - IDIAP Jordi Gol Pnimary Care Research Institute
Unnversitat Autdnoma de Barcelona

Av. Gran Via de les Corts Catalanes, 587 Atic

08007 Barcelona (Spain)

Keywords: Population Studies < EPIDEMIOLOGY, EPIDEMIOLOGY, OSTECQPOROSIS

"This article has been accepled for publication and undergone full peer review but has not been
through the copyediting, typeseiting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
[10.1002/fbmr. 1874]

[mitial Date Subatied 5-:1)uq|b-r-.r 21, 201 2, Date Revision Sobmitted December 19, 2012, Daste Final Dispocition Set December 27, 2012

Journal of Bone and Mineral Research
® 2013 American Soclety for Bone and Mineral Research
Dol 10.1002/jbmr. 1874



Future Research

ABSTRACT

HIV infection and anti-retroviral therapies have detrumental effects on bone metabolism, but data on
their mmpact on fracture nisk are controversial. We conducted a population-based cohort smdy 1o
explore the association between clinical diagnosis of HIV mnfection and hip and major osteoporotic
fracture risk.
Data was obtained from the SIDIAP? Database, which contains clinical information for =2 million
patients i Cataloma, Spain (30% of the population). We screened the database to identify
participants with a clinical diagnosis of HIV mfection, and ascertained ncident lip and osteoporotic
major fractures m the population aged 40 years or older m 2007-2009. In addihion, data on meident
fractures mvolving hospital admission were obrained from the Hospiral Admmssions database. Cox
regression models were used to estunate Hazard Ratios (HRs) for the HIV-mfected VS umnfected
participants. Models were adjusted for age. gender. body mass index. smoking status. alcohol
drinking. oral glucocorticoid use. and co-morbid conditions (Charlson Index).
Among 1,118,156 eligible participants, we identified 2,489 (0.22%) subjects with a diagnosis of
HIV/AIDS. Age and gender-adjusted HR for HIV/AIDS were 6.2 [95%CT 3.5-10.9; p<0.001] and
2.7 [2.01-3.5; p<0.001] for hip and major fractures respectively; this remained sigmficant after
adjustment for all mentioned potennal confounders: HR 4.7 [2.4-9.5; p<0.001] and 1.8 [1.2-2.5:
=0.002]. After stratifving by age. the association between HIV infection and major fractures was
attenuated for those aged <39 vears (adjusted HE. 1.35 [0.88-2.07], p=0.17), but appeared sironger in
older patients (adjusted HR 2.11 [1.05-4.22]. p=0.035).
We report a strong association between HIV infection and hip fracture mcidence, with an almost 5-
fold increased nsk in the HIV mfected. ndependent of gender. age. smoking. alcohol drnking and
co-morbidities, Similarly, we demonstrate a 75% higher nisk of all clinical fractures and a 60%

wcrease i nsk of non-hap chnical fractures among patients with a diagnosis of HIV mfection.
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INTRODUCTION

As lugh activity antiretroviral therapy (HAART) for HIV mfection allows panents to hive longer,
many are bemg confronted with additional health challenges related to agemng. Morbidities that were
not classically considered to be HIV-related are now seen associated with ongomng HIV replication,
chronic immune activation, and also with long-term HAART(1. 2). Although potentially severe,
osteoporosis and fractures lustonically have been neglected. Despite the previously estabhshed
effects of HIV on bone metabohsm, the unpact of HIV-related bone disease on fracture risk remams
unecertain. Numerous studies have found that HIV infected patients have lower bone mineral density
(BMD) and higher bone loss rates compared with the general population (3, 4) but studies analyzing
whether low bone density actually leads to greater wcidence of fractures m HIV wfected panents
hiave been meonclusive (4-6). In addition, Collin &t al found that the meidence rate of first fractures
in HIV-infected patients was in the same range as that reported in the general European population
for the same age group(5) We used a large population-based primary care database to explore the

association between HIV infection and the nsk of hip, non-hip and all clinical fractures.

METHODS

Study Desion: population-based retrospective cohort study.

Participants:

The Spanish public health-care system covers the practical totality of the population. General
practitioners (GPs) play an essenhal role, bemg responsible for primary health-care. long-tenm
prescriptions and specialist and hospital referrals. The data m this study were obtamned from the
SIDIAP? (Sistema d ‘Informacié per al Desenvolupament de |'Investizacié en Atencio Priméaria-Q)
Database. SIDIAP compnses of electromic medical records of a sample of patients attendimg GPs
Cataloma (North-East Spain). covenng a population of about 5 nullion patients (80% of the total
population) with a total of 3,414 participating GPs. Only data registered by those GPs with the
highest scores in coding quality within SIDIAP are included in SIDIAP?. a higher quality version of
the SIDIAP Database, mncluding mformation on a representative sample of 1.9 mullion participants
(30% of the population of Catalonia)(7). SIDIAP? comprises the clinical and referral events
registered by primary care health professionals i electromic medical records. comprehensive
demographic mformation, prescription and corresponding pharmacy mvowcmg data, specialist

referrals, prunary care laboratory test results, hospital admissions, and thewr major outcomes. Health
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professionals gather this mformation using ICD-10 ¢odes, and structured spreadsheets designed for
the collection of vanables such as body mass index, smoking and alcohol dninking, blood pressure.
Encoding personal identifiers ensures the confidentiality of the information in SIDIAP?,

All patients aged =40 vears old i the database i the peniod 2007-2009 were eligible for thus study
(N= 1,118.587). Participants with a climcal diagnosis of HIV mfechion were identified amongst these
using ICD-10 codes (B20, B22 and B24).

Ascertainment of fractures

Clinical fractures registered in the study period (1/1/2007 to 31/12/2009) in SIDIAP? were identified
using medical codes for a list of sites of fracture. which are based on the ICD-10 classificanon (see
list of codes used at Appendix 1). Fracture sites considered for these analyses were those defined by
Center and Eisman (8) as major fractures (lup, clinical spie, pelvis, tibia, multple nib, and proximal
humerus). and the most prevalent nunor osteoporotic fracture m our data (wnist/foreanm). Fracture
coding has been validated in SIDIAP using both prospeetive cohort and hospital admission data as a
reference: lup, climical spine and wnst/forearm fracture coding have been shown to be lughly
specific (99%, 99% and 958% respectively) m SIDIAPR(9).

Statistical analyses:

Cox proportional hazard regression models were used to estumate multivanable-adjusted Hazard
Ranos (HRs) and 95% Cl for the HIV-fected VS umnfected pamicipants. Smular models were
fitted for any clinical fracture, hip fracture and non-hip fracture. Age and gender-adjusted and
multivariate HRs are reported. The latter were adjusted for the following potential confounders: age,
gender. body mass index (BMI). smoking status. alcohol dnnking, oral glucocornicond use, and co-
morbid conditions, as listed i the Charlson Index (type 2 diabetes mellimus, diabetic complications,
chromic obsiructive pulmonary disease. heart fmlure. myvocardial mfarction, penipheral vascular
disease, cardiovascular disease, chrome renal fanlure, hiver disease, rheumatoid arthntis, paraplega.
gastro/duodenal ulcer, dementia, malignancies and metastatic neoplasm). We then replicated these
analyses to look at the effect of HIV on major fracture risk stratified by median age (59 years).
Missing values for smoking stats and aleohol drinking were accounted for by addition of a missing
category. The validity of the proportional hazards assumption was verified using the Schéenfeld’s

residuals formal test. All model fitting was camied out using Stata for Mac version 12.



Future Research

RESULTS

We dentified 1,115,156 people aged 40 yvears or older m SIDIAPY in 2007-2009. Out of these,
2.489 (0.22%) were either prevalent or incident cases of HIV infection in this same period. HIV
infected and uninfected participants were followed up for a median (inter-quartile range) of 2.997
(0.91) and 2.997 (0.001) vears respectively. During the study period, 41,907 (3.75%) patients died
{178 (7.2%) HIV-infected and 41.729 (3.7%) in the HIV-free population) and 26.126 (2.34%) were
lost o follow-up (92 (3.7%) and 26,034 (2.3%) among HIV and non-HIV subpopulanons
respectively). When compared to the general population in SIDIAP. HIV infected participants were
vounger (mean (standard deviation) 30.0 (7.6) vs 61.3 (14.2); p<0.001), thinner (BMTI 24.5 (4.4) vs
28.4 (4.9), p=0.001), and more hikely to be males (75.3% vs 47.8%; p=0.001), current smokers
(53.3% vs 18.9%: p=0.001). severe alcohol drinkers (2.7% vs 1.8%: p<0.001), and to suffer from
mild (34.3% vs 2.3%: p=0.001} and severe liver disease (0.4% vs 0.1%; p=0.001}, and malignancies
(3.8% vs 2.9%: p=0.001).

During the study penod, 49 and 24,408 chimieal fractures (12 and 7,299 hip fractures) were observed
i the HIV infected and uninfected patients respectively. Corresponding unadjusted fracture
incidence rates were 8.03/1.000 panent-years [95%CI 6.07-10.62] and 7.93/1.000 [7.8§3-8.03]. Age-
specific fracture incidence rates i the HIV infected VS the disease-free parhicipants for all ¢lieal
fractures have been plotted [Figure 1]. Hip fracture incidence rates were 2.03 [1.15-3.57] for the
HIV infected and 2.37 [2.31-2.42] for HIV free participants.

Age and gender-adjusted Hazard Ratio (HR) for all ¢linical. non-hip and hip fractures for the HIV-
infected patients were 2.67 [2.01-3.53; p<0.001], 2.39 [1.76-3.25; p=0.001] and 6.16 [3.49-10.86;
p=0.001] respectively. Fracture risk remaimned inereased for the HIV-infected even after adjustment
for potential confounders including BMI. smoking, alcohol drinking. oral corticosteroid use and
history of co-morbid conditions: HRs were 1.75 [1.24-2.48; p=0.002], 1.63 [1.12-2.37; p=0.010] and
4.72 [2.35-9.47; p=0.001]. [Table 1] After stratifving by age, the association berween HIV infection
and major fractures was no longer significant for those aged <39 vears (adjusted HR 1.35 [0.88-

2.07], p=0.17), but appeared stronger in older patients: adjusted HR 2.11 [1.05-4.22], p=0.035.
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DISCUSSION

Key resulis

We report a very strong association between HIV mfection and hip frachwe occurrence, with an
almost 5-fold mereased nisk m the HIV mfected patients when compared to umnfected participants,
independentely of gender, age, smoking, alcohol drinking and co-morbidities. Similarly, we
demonstrate a 75% higher risk of all elinical fractures and a 60% mcrease n nisk of non-hip clinieal
fractures among patients with a diagnosis of HIV wfection. These effects were also mdependent of
potential confounders. However, stratified analyses showed that the mcrease m nsk of non-lup mayor
fractures was only significant in older patients (aged 39 years or over), among whom HIV infection

appeared related to a more than double nsk of fraciure.

There 15 limuted prior evidence assessmg the relationslup between HIV infection and the nsk of
fragility fractures. Our findings reinforce other studies that have found a positive correlation between
HIV nfection and fractures (10, 11) . Triant et al. support the hypothesis that HIV infection is
associated with an elevated nsk of fracture (12) m all fracture sites. However. they did not find
differences m hip fractures in women. Arnsten et al (4) found that HIV infection 15 independently
associated with reduced BMD i a relatively aged cohort of men, and showed that lower BMD was
associated with mereased fracture nsk. Other population-based cohort studies have been carmed out
to date (10, 11, 13). which also showed an increased fracture risk in HIV-infected patients. However.
some of these studies were methodologically different from ours, like the study by Young et al (13)
which reported age and gender-indirectly standardized fracture rates from the HOPS cohort.
Nevertheless. similarly to our study. there was a higher nsk of incident fractres in HIV mnfected
patients within this cohort, even when adjusting by age, sex, substance abuse, comorbidities (13).
Conversely, other studies have found no association between HIV infection and fractures (5, 14) ,
although reduced sample size, and restrietive inclusion eriteria might limit the validity of these
findings.

Several potential explanations for the association between HIV mfection and fragility fractures have
been proposed. mcluding a lower bone mass m these patients: a systematic review( 15) of twelve
cross-sectional studies m HIV mfected adulis found that the probability of osteopema and
osteoporosis was 6.4 and 3.7 nmes higher in HIV-infected patients respectively. Pro-mflammatory
effects of HIV, including release of eytokines (Interleukins 1.6 and Tumor Necrosis Factor)(16) and
HAART side effects on bone metabolism shown in ¢linieal trials (2, 10, 17-19) have been proposed
as the causal pathway for the reduced bone mass observed m the HIV-infected. A recent smdy has

reported that the cumulative use of HAART treatments appears independently associated with an
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inereased risk of osteaporotic fracture(20). In addition, different life-stvle and hormonal factors that
are prevalent among HIV-infected persons could partly account for the inereased fracture risk n
these patients. Such factors mclude physical mactivaty. decreased mtake of caleum and vitamun D,
cigarette smoking. alcolol use. oprate use. and low testosterone levels, hepatins B or C comfection
(5. 21). According to our data. HIV patients have lugher prevalence of aleohol consumption.

smoking. and viral hepatitis confection than the general population.

The maimn lmutation of our smdy 1s the lack of mdividual validation of each one of the fractures
observed. However, coding of hip fraciwes (and other clinical fractures) have been recently
validated in the SIDIAP database and shown to be highly specific when compared to prospective
colort studies and 1o the official national hospital admission database (9). In contrast, fracture
coding 1o SIDIAP has low sensitivity when compared to conventional cohort studies (between 50%
and 70% depending on fracture site). Nevertheless, SIDIAP data was completed with hospital-based
diagnoses m order to nummuise misclassification i this study, If there was still some degree of
under-register i owr data, this i1s likely to be at random, and would hence only dnve the nisk
estunates towards the unity. Another hmitation of these data 15 the lack of detailed mformation on
HIV mfection (virus load. disease siape. etc) as well as on anti-retroviral therapies used. wlich are
given for free to HIV patienis in hospital settings in Spain, and hence do not appear in phannacy
wvoice databases. Fmally, the low number of HIV mfected patients included among the elderly
suggests that the age-stratified results should be mterpreted with caution, and need replication
extemal cohorts,

Strengths of our study are the Ingh representativensss and generalizability of the data used: SIDLAPY
covers a representative sample of more than 30% of the total population, and these data are gathered
in acmal practice conditions. In addition. loss to follow-up is low (=2.5%) when compared to other

cohort studies, which lumts the possibihity of loss to follow-up bias.

In conclusion. we have shown a strong association between HIV infection and lip fracture risk. with
more than 5-fold higher nisk when compared to the general population. Similarly, HIV-infected
patients are at 73% higher risk of major osteoporotic fractures. This 15 independent of classical
fracture risk factors as well as of co-morbidities. The excess nsk of non-hip major fractures appears

to be hughest in older patients.
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TABLES AND FIGURES

Table 1. Hazard ratio (HR) for hip, non-hip and all clinical fractures for HIV Iinfected

vs uninfected patients.

HIV
Uninfected

HIV
Infected

HIV
Uninfected

HIV
Infected

HIV
Uninfected
HIV
Infected

Mumber of
fractures

7,299

12

17,839

41

24,408

49

Fracture
IR/1,000 py
[95%CI]

2.37 [2.31-2.42]

2.03 [1,15-3.57]

5.78 [0.70-0.87]

6.70 [4.93-9.10]

7.93 [7.83-8.03]

8.03 [6.07-10.62]

IR = Incidence Rate; py = person-years at risk

Age & Sex-
adjusted HR
[95%CI]; p-val

REF

6.16 [3.49-10.88];
p<0,001

REF

2.39 [1.76-2.25];
p=<0.001

REF
2.67 [2.01-3.53];
p<0.001

Multivariate
adjusted HR*
[95%CI]); p-val

REF

4,72 [2.35-9,47];
p=0.001

REF

1.63 [1.12-2.37];
p=0.010

REF
1.75 [1.24-2.48];
p=0.002

* Further adjusted for body mass index, smoking, alcohol use, oral corticosteroids use, and
the following co-morbid conditions (as listed in the Charlson co-morbidity Index): type 2
diabetes, chronic obstructive pulmonary disease [COPD], heart failure, myocardial

infarction, rheumatoid arthritis, cardiovascular disease, peripheral vascular disease, renal

failure, liver disease, malignancy, paraplegia, ulcer, and dementia.

L1k
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Figure 1. Age-specific fracture incidence rates (per 100 person-years) in HIV infected

vs uninfected patients.
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