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ABSTRACT

Bone has a complex hierarchical structure and its shape, composi-
tion and architecture constantly change, not only during bone mat-
uration processes and aging, but also in response to altered me-
chanical loading. Thus, bone is a dynamic tissue exhibiting contin-
uous changes in its quality.

In this thesis, the normal maturation and age related changes in
molecular composition, collagen architecture and trabecular bone
microarchitecture were evaluated using several quantitative tech-
niques. Fourier transform infrared (FTIR) and Raman microspec-
troscopy techniques as well as biochemical analysis were used to
characterize the composition of cortical rabbit bone from the new-
born stage until skeletal maturity was reached. Polarized light mi-
croscopy (PLM) was used to assess the collagen fiber organization
in the tissue. Additionally, differences between composition and
microarchitecture of trabecular bone in the human femoral neck,
trochanter major and calcaneus were studied. Furthermore, FTIR
and small angle X-ray scattering (SAXS) were used to determine
the composition and mineral structure, i.e. mineral plate thickness,
pre-dominant orientation and degree of orientation, in rat femur
fracture callus with these parameters being compared to the sur-
rounding cortical bone. Finally, parameters from different tech-
niques that reflected the same characteristics, e.g. FTIR vs Raman,
or that provided complementary information, e.g. FTIR and SAXS,
were comprehensively compared.

The spectroscopic techniques could describe the rapid compo-
sitional changes during early maturation of bone, e.g. increase in
collagen content and mineralization. In human samples, bone tis-
sue composition changed with age, however, after skeletal maturity
a slower pace was recorded. The composition and microarchitec-
ture varied between anatomical locations. This could be linked to
differences in the loading environments. During fracture repair,
mineralization, collagen maturity and degree of orientation were
lower and acid phosphate substitution was higher in the callus tis-
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sue compared to the cortical bone, all indicators of an immature
and less organized bone. Thus, FTIR and SAXS were sensitive tech-
niques to assess the composition and mineral structure of newly
formed bone tissue. The present results suggest that caution is re-
quired when similar parameters of bone composition from different
techniques are compared.

In this thesis, specific age-related changes in composition, mi-
croarchitecture and mineral structure could be characterized. The
normal changes related to maturation, aging and bone growth are
important factors of bone quality. It is anticipated that the meth-
ods assessed in this thesis will be used in the future to improve the
assessment of bone quality and to increase the understanding of
characteristics of bone diseases, e.g. osteoporosis.

National Library of Medicine Classification: QT 36, WE 102, WE 200

Medical Subject Headings: Bone and Bones; Bone Development; Frac-
tures, Bone; Bony Callus; Aging; Molecular Structure; Collagen;
Minerals; Spectroscopy, Fourier Transform Infrared; Spectrum Anal-
ysis, Raman

Yleinen suomalainen asiasanasto: : luu; luunmurtumat; kehitys; kyp-
syminen; ikääntyminen; koostumus; rakenne; kollageenit; miner-
aalit; spektroskopia
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ABBREVIATIONS

APS acid phosphate substitution
BA biochemical analysis
BaF2 Barium-Fluoride
BMD bone mineral density
BMP bone morphogenetic protein
BP bisphosphonate
BV/TV bone volume fraction
CCD charge-coupled device
CT X-ray computed tomography
C/M carbonate/matrix ratio
CB/M type-B carbonate/matrix ratio
C/P carbonate/phosphate ratio
CB/P type-B carbonate/phosphate ratio
CV% coefficient of variation
D direct
DA degree of anisotropy
deH-DHLNL dehydro-dihydroxylysinonorleucine
deH-HLNL dehydro-hydroxylysinonorleucine
deH-HHMD dehydro-histidinohydroxymerodesmosine
DoO degree of orientation
dp depolarizer
d-Pyr deoxypyrisinoline
DXA dual energy X-ray absorption
EDTA ethylene diaminotetraacetic acid
FTIR Fourier transform infrared
FWHM full width at half maximum
HA hydroxyapatite
HHL histidinohyrdoxylysinonorleucine
HP hydroxylysyl-pyridinoline
HPLC high-pressure liquid chromatography
IR infrared
mc monochromator
M/M mineral/matrix ratio
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NA numerical aperture
NaCl Sodium chloride
p polarizer
PBS Phosphate buffered saline
PEN pentosidine
PF peak fitting
PI parallelism index
PLM polarized light microscopy
PMMA polymethylmetacrylate
Pyr pyridinoline
RMS root mean square
ROI region of interest
RPA random phase approximation
SAXS small angle X-ray scattering
SD standard deviation
SMI structural model index
T mineral plate thickness
Tb.N trabecular number
Tb.Sp trabecular separation
Tb.Th trabecular thickness
UV ultraviolet
XLR collagen cross-link ratio
XRD X-ray diffraction
ZnSe Zinc-Selenide
ZO Zolendronate
µCT micro-computed tomography
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SYMBOLS AND NOTATIONS

A absorbance or
microscope specific constant

A0 background area
A1 sum area under two Gaussian curves
a & b optical system specific constants
B birefringence
C scale factor
c speed of light or

molecule concentration
D(T, Tav) Schultz-Zimm distribution
E energy of radiation
Ee electronic energy of a molecule
Ev vibrational energy of a molecule
Er rotational energy of a molecule
Et total energy of a molecule
E⃗ electric field
h Planck constant
I transmitted/penetrated/passed intensity
I0 incident intensity
I(q) 1-dimensional scattering pattern
I(q, θ) 2-dimensional scattering pattern
l optical path length or

section thickness
k constant approximately equal to unity
N total number of atoms in a system
n number of samples
P Porod constant
PI parallelism index
P⃗ induced dipole moment
p̄ electric dipole moment
P(q) form factor
Pav(q) average scattering
Pf rac effective structure factor
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Q electric charge or
Porod invariant

q q-range
r̄ distance of the charge from a reference point
S0 Stokes parameter, total intensity of light
S1 Stokes parameter, amount of linear/horizontal polarization
S2 Stokes parameter, amount of +45◦ or −45◦ polarization
S3 Stokes parameter, amount of right or left circular polarization
S
V total interfacial area per unit volume
T transmittance or

mineral plate thickness
t time
x distance travelled in matter
α polarizability of a molecule or

rotation angle or
fractal dimension of fluctuations

λ wavelength
µ linear attenuation coefficient
ν frequency or

adjustable RPA parameter
ν̄ wavenumber
ν̄0 wavenumber of incident radiation
ν̄M wavenumber of scattered radiation
ω phase shift
∆ρ scattering length density difference
σ molecular absorption coefficient
ϕ volume fraction or

angle between polarizing axes
φ degree of orientation
θ diffraction angle
χ scattering angle
Ψ orientation angle of the polarization ellipse or

scattering angle of maximum intensity
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1 Introduction

The shape, architecture and composition of bone tissue are con-
stantly changing during maturation and aging and in response to
altered mechanical loading due to the naturally occurring process
of bone formation, modeling and remodeling [1–7]. The composite
of collagen fibers and minerals together with the geometry confer
on bone its remarkable mechanical properties to withstand high
compressive, tensile and shear stresses [8,9]. The skeleton provides
the body with its integrity, protects the internal organs and main-
tains the mineral ion homeostasis of the body [6, 7]. The shape,
architecture, composition and mechanical properties all contribute
to the bone quality.

Bone tissue is constantly changing during maturation and ag-
ing as the shape, microarchitecture and composition are altered in
response to mechanical stimuli [2, 3]. The modeling and remodel-
ing of bone are driven by bone resorbing cells, i.e. osteoclasts, and
bone forming cells, i.e. osteoblasts [1,2,7]. Together they try to opti-
mize the bone structure and composition to withstand the stresses
experienced by bone during daily actions. Naturally, the mechan-
ical loading of different anatomical locations is different and con-
sequently the microarchitecture and composition is also believed to
vary [10].

Bone fracture healing mechanisms are similar to those encoun-
tered in bone development [11, 12]. Callus formation is a critical
step in fracture healing [12]. Different treatments can be used to to
manipulate the cell functions. Bone morphogenetic proteins (BMPs)
increase callus formation [13–15], whereas bisphosphonates (BPs)
are used to reduce the resorption of bone as these drugs inhibit os-
teoclast activity [13, 16]. However, these manipulations of the mod-
eling and remodeling may alter the quality of the forming bone.

Bone composition has traditionally been studied using biochem-
ical analysis (BA). Lately, alternative methods like Fourier Trans-
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form infared (FTIR) and Raman microspectroscopic techniques have
been increasingly used to assess the composition of bone [17–36].
The major advantage of these microspectroscopic techniques is the
relatively fast simultaneous spatial analysis of the organic and inor-
ganic composition of bone. The parameters calculated from the in-
frared (IR) or Raman spectra provide diverse information e.g. about
mineralization, carbonate substitution, collagen maturity, crystallinity
and acid phosphate substitution (APS). These parameters have been
shown to alter with age [17, 21, 24, 30–39]. In brief, mineralization,
carbonate substitution and collagen maturity increase and APS de-
creases with aging.

The structure and microarchitecture of bone can be evaluated
by a variety of methods. Polarized light microscopy (PLM) can
be used to assess the collagen architecture of biological tissue like
articular cartilage and bone [3, 40–50]. This technique provides
information about the orientation and anisotropy of the collagen
fibers. Micro-computed tomography (µCT) has been used to eval-
uate the microarchitecture of trabecular bone [51–62]. The analysis
of the reconstructed images yields metric indices of the trabecu-
lar structure, e.g. bone volume fraction and thickness of the tra-
beculae [51, 55, 60, 61, 63]. Mineral structure, e.g. size of the min-
eral particles, can be assessed using small angle x-ray scattering
(SAXS) [64–68] and x-ray diffraction (XRD) [69–71] techniques. For
example, the size of the mineral particles increases with age [69,70].

In this thesis, age-related changes in bone composition and col-
lagen structure were characterized using BA, FTIR and Raman mi-
crospectroscopic techniques and PLM. FTIR and Raman microspec-
troscopic techniques provide similar but complementary informa-
tion about the composition of bone. The parameters obtained with
both techniques were compared and the reason for agreement or
discrepancies was discussed extensively. Additionally, µCT and
FTIR microspectroscopy were used to compare the trabecular bone
structure and composition, respectively, in human femoral neck,
greater trochanter and calcaneus. Moreover, the composition and
mineral structure of newly formed callus tissue and intact corti-

2 Dissertations in Forestry and Natural Sciences No 118
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cal bone were characterized and compared. In summary, this the-
sis presents an extensive characterization of bone composition and
structure and their changes during maturation, aging and fracture
healing. These characteristics provide valuable information about
bone quality and its natural changes.

Dissertations in Forestry and Natural Sciences No 118 3
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2 Bone

Bone has a complex hierarchical structure [1,2,6,7]. Its architecture,
shape and composition are constantly changing during the natural
process of bone formation, modeling and remodeling [1–7] where
the latter is present throughout life.

2.1 BONE STRUCTURE

Bones can generally be classified into three groups: short, flat and
long bones [1]. Short bones have relatively thin cortices and have
an uniform size in all directions, e.g. vertebral bodies. In flat bones,
one dimension is much shorter or longer than the other two, e.g.
scapula or lamina of a vertebra. Long bones are mainly found in
the limbs, e.g. femur, tibia and humerus. They have a thick corti-
cal bone wall and the metaphysis and epiphysis are expanded. In
mature bones, the bone tissue and the periosteum support the fatty
or hematopoietic marrow inside the bone [1]. The vascular system
supplies the cells of the marrow, bone tissue and the periosteum
with blood and nutrients. It is so elaborate that no cell in any bone
type lies more than 300 µm from a blood vessel [1, 72, 73].

2.1.1 Bone types

Bone can be divided into two types: cortical and trabecular bone
(Figure 2.1). These can be further divided into woven and lamellar
bone.

Cortical bone

Cortical bone is dense and compact (4-8 % porosity) and surrounds
the bone marrow and the trabecular bone, and it accounts for ap-
proximately 80 wt% of the mature skeleton [1,6]. In long bones, the
cortical bone forms the diaphysis and the thick cortical walls be-

Dissertations in Forestry and Natural Sciences No 118 5
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Figure 2.1: Schematic presentation of bone structure, showing the lamellar cortical and
trabecular bone, Haversian system, periosteum and blood vessels. (Modified from [1].)

come thinner as they form the metaphysis which consists of tightly
packed Haversian systems, i.e. osteons, with a central Haversian
canal (Figure 2.1). Blood vessels, lymphatic vessels and nerves are
formed inside the Haversian systems and supply the cells in corti-
cal bone with nutrients. Bone grows outwards from the osteon like
the annual rings in wood. Haversian systems are found in humans
and many other higher order species, but do not exist in all small
animals, e.g. rats [74].

6 Dissertations in Forestry and Natural Sciences No 118
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Trabecular bone

Trabecular (or cancellous) bone is a sponge-like bone tissue that
has much lower density than cortical bone (50-90 % porosity) (Fig-
ure 2.1) [1, 6]. Trabecular bone is formed from individual trabec-
ulae that can be roughly divided into rod-like and plate-like tra-
beculae (Figure 2.2). Trabecular bone is constantly changing when
the architecture adapts to the loading to which the bone is sub-
jected [1, 6, 7, 75]. Trabecular bone has a higher rate of metabolic
activity than cortical bone due to its larger surface to volume ra-
tio. Thus the response to a mechanical stimulus occurs much more
rapidly than in cortical bone.

Figure 2.2: Reconstructed µCT images of trabecular bone with mainly plate-like (femur
head) A) and rod-like (lumbar spine) trabeculae B). (Adapted from [57], with permission
of John Wiley & Sons.)

Woven and lamellar bone

Woven (primary, immature) and lamellar (secondary, mature) bone
can be found in cortical and trabecular bone [1]. Woven bone has a
high turnover rate and a less organized structure; it has an irregu-
lar pattern of collagen fibrils and its mineralization is more random.
Furthermore, the osteocyte (and water) content is higher in woven
bone than in lamellar bone which promotes rapid bone formation.

Dissertations in Forestry and Natural Sciences No 118 7
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As bone matures, the woven bone becomes replaced by lamellar
bone. Lamellar bone is less active than woven bone. Lamellar bone
has a regular structure of collagen fibers and mineralization is well
organized. This makes the lamellar bone stronger and stiffer than
woven bone. The remodeling from woven to lamellar bone plays
an important role in fracture healing i.e. the initially formed woven
bone in the fracture callus is slowly replaced with lamellar bone.

Periosteum

Periosteum covers the external surfaces of bones (Figure 2.1). It
has an important role in the blood supply of the bone. The outer
layer of the periosteum is dense and fibrous, whereas the inner
layer is more vascular and contains cells that can differentiate into
osteoblasts. In younger bones, the periosteum is thicker but it be-
comes thinner with increasing age and thus the osteogenic capacity
decreases [1].

2.1.2 Bone cells

Bone cells are responsible for bone formation, resorption, repair of
the bone and the control of the mineral homeostasis in the body [1,
7]. These functions are sustained by specialized forms of bone cells
that differ in both their morphology and characteristics. The bone
forming cells differentiate from mesenchymal stem cells, whereas
the bone resorbing cells originate from hematopoetic stem cells
[1, 7]. The complex network of cells covering the bone surfaces is
sensitive to stresses, and mechanical loading stimulates the remod-
eling and formation of bone [1, 7].

Osteoblasts

Osteoblasts are the main bone forming cells [1, 7]. They are lo-
cated on the surface of bone. The main function of osteoblasts is to
synthesize new organic matrix of bone but they may also influence
the mineralization of the bone matrix. Active osteoblasts can have
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three fates 1) remain on the bone surface and become bone lining
cells, 2) surround themselves with bone matrix and become osteo-
cytes, or 3) disappear from the bone formation site. The bone lining
cells are flattened against the bone matrix, whereas osteocytes are
embedded into the organic matrix [1, 7].

Osteocytes

In the mature human skeleton, more than 90 % of bone cells are
osteocytes [1]. They are surrounded with an organic matrix. Os-
teocytes have a single nucleus and long branching cytoplasmic pro-
cesses that make contacts with the cytoplasmic processes from other
cells (Figure 2.1).

Osteoclasts

Osteoclasts are the main bone resorbing cells. They are multinu-
cleated (3-20 nuclei) with large numbers of mitochondria and lyso-
somes [1, 7]. They participate in the remodeling of bone by resorb-
ing bone tissue and are responsible for creating osteonal resorption
cavities (Haversian canals). The high number of mitochondria pro-
vide the cells with the necessary energy they require to resorb bone.
Osteoclasts bind to the surface of bone, creating a sealed space be-
tween the cell and the bone matrix. Then proton-pumps transport
protons into the sealed space decreasing the pH which dissolves
the bone mineral. The remaining organic matrix is then degraded
when the cell secretes acid proteases [1, 7].

2.2 BONE COMPOSITION

Bone matrix consists of organic, primarily collagen, and inorganic,
i.e. hydroxyapatite (HA), components. Over 90 % of the volume
of the bone tissue is made up of this matrix [1, 6, 7, 76] with the
remainder being made up of cells, blood vessels and water [1]. In
brief, the collagen in the organic matrix confers bone with its form,
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whereas the minerals in the inorganic matrix makes the bone stiff.
Together these components determine the biomechanical properties
and functional integrity of the bone.

2.2.1 Inorganic matrix

The inorganic matrix of bone serves as an ion reservoir and it oc-
cupies about 43 % of the bone volume. Most of the body’s min-
erals can be found in bone; 99 % of calcium, 85 % of phospho-
rus and 40-60 % of sodium and magnesium [1, 6, 7]. Addition-
ally, significant amounts of impurities like carbonate, phosphate,
potassium, citrate and fluoride are also present [76]. The miner-
als in bone form plate-like or needle-like hydroxyapatite crystals
(Ca10[PO4]6[OH]2) that also contain carbonate ions and hydrogen
phosphate groups [1, 7, 76]. Thus, the biological apatite is calcium
deficient. The composition of these crystals changes, e.g. the con-
centration of carbonate and phosphate increases as a function of the
age of the crystal [1, 17, 30, 31, 38, 39]. This means that the biologi-
cal functions of the crystals are dependent on both the amount of
mineral present and the age of the crystals [1].

2.2.2 Organic matrix

The organic matrix of bone is a dense fibrous structure. It occu-
pies about 32 % of the bone volume and approximately 90 % of
the organic matrix is formed by type I collagen, accompanied by
small amounts of type V and type XII collagens [1, 6, 7, 76, 77].
Non-collagenous glycoproteins and proteoglycans account for the
remaining 10 % of the organic matrix. Type I collagen differs from
the other collagen types, since it has a unique amino-acid content
and relatively thick fibrils. Type II collagen also forms fibers, but
is usually found in other tissues, e.g. articular cartilage. The non-
collagenous proteins may influence the organization of the organic
matrix as well as influencing the mineralization of bone [76] and
the behavior of the bone cells. Additionally, the organic matrix also
contains growth factors that have an important role in controlling
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bone-cell functions [1].

2.2.3 Collagen cross-links

Collagen cross-links form a complex system which are important
for the functional integrity of the tissue [77]. These are formed
between collagen fibers as they link the collagen fibers to each
other [77]. They can be roughly divided into mature and immature,
and enzymatic and non-enzymatic cross-links. Enzymatic cross-
links are formed by catalysis of an enzyme whereas non-enzymatic
cross-links are formed spontaneously. Immature cross-links can be
reduced to mature cross-links either through catalysis of an enzyme
or without enzymatic intervention. The major enzymatic cross-links
found in type I collagen are dehydro-dihydroxylysinonorleucine
(deH-DHLNL), dehydro-hydroxylysinonorleucine (deH-HLNL), de-
hydro-histidinohydroxymerodesmosine (deH-HHMD), pyridinoline
(Pyr), deoxypyridinoline (d-Pyr), histidinohydroxylysinonorleucine
(HHL) and pyrrole [77–80]. The first three of these cross-links are
reducible, immature, whereas the other four are nonreducible and
mature [77, 81, 82]. Additionally, also pentosidine (PEN), the only
characterized non-enzymatic cross-link identified so far [78], can be
found in bone [77].

2.3 MINERALIZATION

Soluble calcium and phosphate in the organic matrix of bone forms
solid calcium phosphate through a phase transformation; a pro-
cess exemplified by the formation of ice from water, i.e. mineral-
ization of bone [1, 83]. Initially, solid calcium phosphate is poorly
crystalline apatite [83]. With time, the crystallinity of the apatite
increases [1], but it never approaches the highly crystalline state
found in naturally occurring geological hydroxyapatite [1, 83]. The
mineral appears between the collagen fibers in specific hole zone
regions. Those are separated by the unmineralized regions of colla-
gen fibrils. Then the mineralization of the matrix continues progres-
sively in the increasing number of hole zone regions. Ultimately,

Dissertations in Forestry and Natural Sciences No 118 11



i
i

i
i

i
i

i
i

Mikael Turunen: Spectroscopic Characterization of Bone Composition

mineral deposits occupy all of the available space within the col-
lagen fibrils [1]. Once the mineralization begins it is a relatively
fast process and most of the final mineral forms within hours [1].
Thereafter, mineral continues to accumulate over a prolonged pe-
riod of time increasing the density of bone. An alternative process
has been postulated i.e. the initial mineral deposited is in amor-
phous form [84, 85].

2.3.1 Crystallinity

Bone mineral is structurally related to the naturally occurring ge-
ologic mineral, hydroxyapatite (Ca10[PO4][OH2]2) that undergoes
changes in its crystal size and perfection, as well as in the amount
of impurities, e.g. carbonate and magnesium [1, 86]. Generally, the
crystal length and perfection increases and crystal thickness de-
creases with age [86, 87]. In human bone, beyond the age of 25
years only minor changes have been found, but after the age of 50
years, the average length decreases slightly [87]. Crystallinity also
increases with tissue age [24,38,39]. Since bone mineral crystals are
found between the collagen fibrils, the fibril structure limits the size
and orientation of the crystals [86]. The mineral accumulation starts
from the nucleation of HA crystals at multiple sites on the collagen
fibrils [1]. Nucleation normally originates in locations matching the
structure of the crystal being formed [1]. In bone, the extracellular
proteins act as nucleators because of their affinity for HA and they
also control the growth of the crystals. The size of the crystals are
further increased by secondary nucleation, where ions are added to
the smallest crystals and each crystal can serve as a branching point
for nucleation of new crystals [86].

2.3.2 Carbonate substitution

Apatite has several crystallographic sites where atomic exchanges
can occur [88]. In a mineral crystal, e.g. hydroxyapatite, the com-
position is not fixed, but the chemical variations that may occur
have to fulfill the overall charge balance and must fit geologically.
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Carbonate (CO2−
3 ) ion fulfills these criteria and can substitute into

the hydroxide (OH−) or phosphate (PO−3
4 ) site of the HA crystal.

These substitutions are called type-A and type- B substitutions, re-
spectively [24, 88, 89]. Neither of these substitutions fulfill the crite-
ria for an overall charge balance on their own. Thus, their presence
explains why biological apatite is calcium deficient. The rates of
these substitutions alter with increasing age and changes in the re-
modeling rate, e.g. the type-B substitution, i.e. carbonate replaces
phosphate, is known to decrease as the crystallinity, i.e. the size of
the HA crystals, increases [24,88,90,91]. Carbonate substitution has
also been shown to decrease with a high remodeling rate [92].

2.4 BONE FUNCTION

The skeleton has many important functions in the body. It protects
the internal organs and maintains the mineral ion homeostasis [6,7].
Bones engage in body movements when muscle contraction moves
them via the forces exerted on tendons and ligaments [6, 7]. The
skeleton also provides the body with its integrity, and is posesses
remarkable mechanical properties.

In general, it is cortical bone that confers the compressive strength
on the bone and it also provides maximum resistance to torsion and
bending in the diaphysis of the long bones [1]. The spongy like tra-
becular bone has approximately a twenty times higher surface area
per volume compared to cortical bone [1]. The trabecular bone will
permit some deformation under mechanical loading.

The organic matrix gives bone its form and its ability to resist
tension whereas the minerals in the inorganic matrix resist com-
pression [1,93]. Together they determine the mechanical properties
of bone and alterations in one component will affect the mechani-
cal properties of bone significantly. Thus, the balance between the
organic and the inorganic matrices is crucial. In simple terms, the
minerals make the bone stiff but brittle and collagen makes the
bone flexible but soft. It has been shown that the integrity of the
collagen network has a direct impact on the toughness and strength
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but not on the stiffness of bone [94]. Presumably, also collagen
cross-links affect the mechanical properties of bone [77, 93]. It has
been proposed that the collagen cross-links have an effect on the
bending strength and bone toughness but the maturity of the cross-
links may not be very important to the mechanical properties of
bone [93]. With age, the mechanical integrity of the collagen net-
work deteriorates [95] whereas minerals continue to accumulate [1].
These changes might increase the fracture risk as the bones become
more brittle.

2.5 BONE FORMATION

Bone formation, also known as ossification or osteogenesis, is driven
by the osteoblast cells that produce bone [2]. Bone formation may
occur within cartilage, i.e. endochondral formation, within the or-
ganic matrix membrane, i.e. intramembranous formation, or by
deposition of new bone on existing bone, i.e. appositional forma-
tion [2]. All three types of bone formation follow the same mecha-
nism and can occur throughout life. First, mesenchymal stem cells
become osteoblasts and begin to secrete extracellular matrix that
starts to mineralize. Osteoblasts surrounded by the mineralized
matrix become osteocytes. Thereafter osteoclasts appear and the
remodeling process begins. The remodeling process converts im-
mature woven bone into mature lamellar bone and furthermore re-
sorbs and replaces mature lamellar bone [2].

The size and form of the bones are mainly determined by the
genome, but also mechanical loading of the bones is known to mod-
ify the growth and adaptation of the bone tissue [2]. A failure to
form bones with appropriate shape and size leads to skeletal de-
formity [2]. In bone formation, first woven bone is formed; it has
a random organization and is less mineralized compared to lamel-
lar bone. Whitin a relatively short time [5], the bone matrix be-
comes more organized and mineralized as woven bone is replaced
by lamellar bone [1].
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2.6 MODELING AND REMODELING

After the embryonic skeleton has been formed, osteoblasts and os-
teoclasts initiate the modeling and remodeling of each bone [2, 7,
12]. In general, during modeling the shape of the bone is altered,
whereas remodeling refers to turnover of bone that does not al-
ter the shape. Often these two processes occur simultaneously and
their distinction may be difficult. During the growth of the skele-
ton, the turnover rate is close to 100 % per year in the first year
of life but later it declines to approximately 10 % per year in late
childhood and usually continues at this rate or lower throughout
life [2, 7].

Modeling occurs usually during growth, when coordinated re-
sorption and formation of bone modify the shape of the bone [2,7].
When bones grow, especially long bones, the growth of the physes
lengthen the bone and the metaphyses must be reshaped to give the
typical structure of a long bone [2]. In adults, the bones are fully
grown, but remodeling of bones continues also after the skeletal
growth has ended. Remodeling can be divided into physiologi-
cal remodeling and age-related remodeling. Physiological remod-
eling, i.e. removal and replacement of bone at roughly the same
location, takes place throughout life without affecting the shape
of the bone [2]. Physiological remodeling occurs on the surface
of the bone as well as within the bone. Age-related remodeling,
or bone loss, is evident mainly in the elderly. With age, the bone
mass declines as trabecular number and cortical bone thickness de-
crease and cortical bone porosity increases [2]. Additionally, adap-
tive modeling and remodeling affect the bone shape, density and
size. Bone tissue is highly adaptive [4] and according to Wolff’s law
the bone adapts to its mechanical loading environment [3]. Thus,
mechanical stimulus of the bones has generally a positive influence
on the structure and mechanical properties of bone [2, 58, 96].

Osteoblasts and osteoclasts work together to reshape the bones
to adapt to the loading environment. Osteoclasts resorb bone and
osteoblasts form new bone at the site of resorption. During bone
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modeling, the actions of the osteoblasts and osteoclasts are not
linked (Figure 2.3A) and thus rapid changes in the amount and
shape of the bones can occur [7]. During bone remodeling, the
osteoblasts work together with osteoclasts (Figure 2.3B) and if the
remodeling is balanced, the net changes in the amount and shape
of bone remain low [7].

Figure 2.3: Schematic presentation of function of osteoblasts and osteoclasts during mod-
eling A) and remodeling B). (Modified from [7].)

2.7 FRACTURE HEALING

Fracture healing mechanisms are similar to the developmental mech-
anism (see section 2.5) [11, 12]. Endochondral, intramembranous
or appositional formation occur to varying degrees under differ-
ent circumstances. Callus formation is a critical step for successful
fracture healing [12]. When a fracture occurs, the local soft tissue
integrity is typically disrupted, normal vascular function is inter-
rupted and marrow architecture is disturbed [12]. This damage ac-
tivates the non-specific wound healing pathways. Bleeding within
the fracture site develops first into a hematoma which further clots
into a fibrinous thrombus. Subsequently, the thrombus is reorga-
nized into granulation tissue. A range of cytokines and growth
factors coordinate the cellular responses and control the migration
of mesenchymal stem cells that will differentiate into various cell
types, depending on the mechanical environment. These can be
fibroblasts, chondrocytes, or bone forming cells.
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The cells form a semi-rigid avascular cartilaginous callus, i.e.
soft callus, which confers mechanical support for the fracture [12].
Subsequently, the cartilaginous callus is replaced with woven bone
as the vascular invasion takes place. The soft callus is somewhat
random in its orientation.

After the soft callus formation, the osteoblast activity and the
formation of mineralized bone matrix increase remarkably [12]. The
soft callus is gradually removed as new mineralized bony callus, i.e.
hard callus, bridges the fracture. Also the hard callus is irregular and
under-remodeled. Hence in the last stage of fracture repair, the wo-
ven bone in the hard callus is remodeled into lamellar bone, which
is finally resorbed to restore the original cortical or trabecular bone
configuration [12]. By this last phase, the mechanical properties
of the bone will approach those that it possessed prior to the frac-
ture [12, 97].

Bone morphogenetic proteins and bisphosphonates

Bone morphogenetic proteins (BMPs) increase the callus size and
the amount of new bone formation by stimulating the formation of
osteoblasts that produce new bone matrix [13, 15]. They also pro-
voke osteoclast formation (by stimulating the production of RANKL
by osteoblasts) and thus increase bone resorption [13–15]. Thus,
BMPs increase the speed of remodeling of the callus and bone tis-
sue. Bisphosphonates (BPs) reduce the resorption of bone and cal-
lus tissue by inhibiting osteoclast activity [16]. BPs bind to bone
mineral and after osteoclasts resorb the bone, they undergo apop-
tosis [13, 16]. Both BMPs and BPs are approved for clinical use and
they have been shown to be valuable in the treatment of fractures
in experimental models [13–15, 98, 99].
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3 Bone diagnostics

Bone has been studied extensively from many different points of
view e.g., the shape, macro- and micro-architecture and structure,
composition and mineral structure and their alterations with matu-
ration and in different diseases. The shape, architecture and struc-
ture of bone can be evaluated by X-ray imaging methods, e.g. X-
ray computed tomography (CT) and micro-computed tomography
(µCT). Bone composition has traditionally been studied via bio-
chemical analysis (BA) methods. However, different spectroscopic
methods, e.g. Fourier transform infrared (FTIR) and Raman mi-
crospectroscopy, have also been increasingly used to study the molec-
ular composition of bone. The mineral structure, i.e. the size and
shape of HA crystals, has been investigated with small angle X-ray
scattering (SAXS) or X-ray diffraction (XRD) techniques. The or-
ganization and orientation of collagen fibers can be studied with
polarized light microscopy (PLM). The characteristics determined
by these methods (Table 3.1) and their joint effect on the mechani-
cal properties of bone, all contribute to bone quality [100–102].

Table 3.1: Bone analysis techniques, what they measure and extrapolated interpretation.

Technique Measure Extrapolation
BA Content -
FTIR Chemistry and content Mineral and collagen

characteristics
Raman Chemistry and content Mineral and collagen

characteristics
PLM Light polarization in a sample Collagen characteristics
µCT Sequential X-ray absorption Indices of 3-dimensional

images microarchitecture
SAXS X-ray scattering pattern Mineral characteristics
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3.1 BONE COMPOSITION

Traditionally, BA has been used to study the organic composition of
bone. High-pressure liquid-chromatography (HPLC) has been used
to evaluate the amount of collagen and different cross-links [77,103,
104]. However, in BA the composition of the inorganic matrix is
not studied. In contrast, FTIR and Raman spectroscopy provide
compositional information of both the organic and the inorganic
matrices of bone simultaneously.

3.1.1 Infrared spectroscopy

Infrared radiation

Infrared spectroscopy is based on absorption of infrared (IR) radia-
tion into the chemical bonds of molecules. The wavelength λ of IR
radiation ranges from 700 nm to 1 mm. In IR spectroscopy, usually
one refers to wavenumber ν̄ [cm−1] instead of wavelength [105, 106].
It is defined as follows:

ν̄ =
1
λ
=

ν

c
, (3.1)

where ν is the frequency of the radiation and c is the speed of light
in a vacuum. The molecular bonds in bone tissue absorb IR radia-
tion in a wavenumber range of 2000 - 800 cm−1 which corresponds
to a wavelength range of 5000 - 12500 nm (Equation 3.1). The en-
ergy of the IR radiation can be calculated as:

E = hν =
hc
λ

= hcν̄ , (3.2)

where h is Planck’s constant [105, 106].

Infrared absorption

Infrared radiation has enough energy to change the vibrational and
rotational levels of a molecule. The total energy Et of the molecule
is

Et = Ee + Ev + Er , (3.3)
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where Ee is the electronic, Ev is the vibrational and Er is the rota-
tional energy of the molecule [105]. The IR spectrum is generally
composed of higher energy vibrational level changes whereas the
rotational levels with smaller energeis are seen in the fine structure
of the spectrum [107].

Molecular vibrations can be divided into stretching and bend-
ing vibrations. Stretching vibrations can be further divided into
symmetric and asymmetric states. In stretching, the length of the
molecular bond changes whereas in bending the angle of the bond
changes (Figure 3.1) [105].

Figure 3.1: Schematic presentation of a stretching heteronuclear diatomic molecule with a
non-zero dipole moment A), stretching homonuclear diatomic molecule with a zero dipole
moment B) and three atomic bending molecule (e.g. H2O) with a non-zero dipole moment
C).

For a molecule to absorb IR radiation, two conditions must be
fulfilled: 1) the energy of an IR radiation quantum has to be equal
to the difference between the excited and the ground state of the
molecule and 2) the electric dipole moment of the molecule has to
change during vibration of the molecule. The molecule is IR-active
when the electric dipole moment of the molecule is non-zero [105].
The electric dipole moment p̄ is defined as:

p̄ =
N

∑
i=1

Qi r̄i , (3.4)

where r̄ is the distance of the electric charge Q of ith atom from
the chosen reference point. N is the total number of atoms in the
system. When both of these conditions are matched, the molecule
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will absorb IR radiation energy. For example, in a heteronuclear
diatomic (N = 2) molecule, the dipole moment changes as the bond
length changes (Figure 3.1A), thus the molecule is IR-active. In
contrast, in a homonuclear diatomic molecule, the dipole moment
remains always zero and is thus IR-inactive (Figure 3.1B) [105].

In the traditional transmission mode, IR radiation with a wide
wavelength range passes into the sample and the energy loss at
different wavelengths is recorded. The IR radiation intensity that
passes through the sample can be described by transmittance T(ν̄).
Transmittance is the ratio of the transmitted intensity of the radia-
tion I(ν̄) to the incident intensity I0(ν̄):

T(ν̄) =
I(ν̄)
I0(ν̄)

= e−σ(ν̄)cl , (3.5)

where σ is the molecular absorption coefficient which describes the
absorption properties of the molecule, c is the concentration of the
absorbing molecule and l is the optical path length (the thickness
of the material). In IR spectroscopy, absorbance is generally used
instead of transmittance. The absorbance A(ν̄) is related to trans-
mittance by the logarithmic operation:

A(ν̄) = −ln(
I(ν̄)
I0(ν̄)

) = ln(
1

T(ν̄)
) = ln(eσ(ν̄)cl) . (3.6)

This results in the formula known as Beer-Lambert’s law:

A(ν̄) = σ(ν̄)cl . (3.7)

According to Beer-Lambert’s law, the relation between the absorbance
and the concentration of the absorbing material is linear, but this
is valid only under ideal conditions [105]. In most situations, the
tissues are heterogeneous and Beer-Lambert law is not directly ap-
plicable.

Quantum physics states that ideally the absorption peaks in a
spectrum would be infinitely narrow. However, in reality, the peaks
are spread because of collisions between molecules and the finite
lifetime of the excited state of the molecule, for example. Heisenberg
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uncertainty principle states that the shorter the lifetime of the state,
the less well defined will be the energy:

∆E∆t =
h̄
2

, (3.8)

where ∆E is the uncertainty of the energy, ∆t the uncertainty of
time and h̄ = h

2π [105, 107].

Instrumentation

The main components of a modern FTIR spectrometer are the ra-
diation source, the beamsplitter, static and moving mirrors and the
detector (Figure 3.2). IR radiation is generated when the radiation
source is heated. The beamsplitter, a semi-reflecting film, at a 45◦

angle will reflect 50 % of the radiation into a static mirror with the
other 50 % being passed to a moving mirror. The reflected radiation
from both mirrors experiences interference back at the beamsplitter.
The united beam is passed through the sample and the signal col-
lected by the detector is called an interferogram (Figure 3.3A). When
the Fourier transform of this interferogram is calculated, an IR ab-
sorption spectrum is obtained (Figure 3.3B).

FTIR microspectroscopy is currently the preferred method for
IR spectroscopy since it combines the IR spectrometer with a micro-
scope,and this makes it possible to map the sample with a spatial
resolution of a few micrometers. When visible light is used with
the IR microscope, the spatial measurement areas of the samples
can be pre-defined visually.

FTIR microspectroscopy on bone

FTIR spectroscopy is a well-accepted and widely used method cho-
sen by many investigators for characterizing the molecular com-
position of biological tissues [108]. This is true also for bone. FTIR
spectroscopy makes it possible to evaluate changes in the molecular
composition of bone in relation to animal age [20, 21, 39, 109–111],
tissue age [24, 37–39], at the site of micro-cracks [112] and dur-
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Figure 3.2: Schematic presentation of a FTIR spectrometer. IR radiation is generated in
the source and then passed to the beamsplitter. 50 % of the radiation is reflected from the
static mirror and 50 % from the moving mirror and combined again at the beamsplitter.
After the interference the united radiation is passed through the sample to the detector.

ing fracture healing [113, 114]. In addition, the effect of differ-
ent diseases [23, 81, 90, 92, 115–119] and treatments [28, 120–122] on
the composition of bone have been investigated. Compositional
effects on the bone mechanical properties have also been exam-
ined [22, 31, 123, 124]. It is clear that the molecular composition
of bone is affected by many factors and some of those changes can
be detected using FTIR microspectroscopy.

The most important FTIR parameters describing the composi-
tion of bone are presented in Table 3.2. Usually the composition
is evaluated from the areas of the peaks in the spectra. The amide
I peak area represents the collagen content, the phosphate peak
area refers to the phosphate content and the carbonate peak area to
the carbonate content (Figure 5.2). Peak-fitting techniques are also
widely used and the areas of the sub-peaks are then calculated to
describe the content, e.g. type-A carbonate and type-B carbonate or
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Figure 3.3: An interferogram A) and the corresponding IR spectrum of human trabecular
bone B).

cross-link contents. However, since thin sections (1-5 µm) are used
in transmission FTIR microspectroscopy and the absorption is di-
rectly proportional to the thickness of the sample, usually ratios of
the peak areas or intensities are reported (Table 3.2).

The mineral/matrix ratio represents the degree of mineraliza-
tion of the bone [17]. The carbonate/matrix ratio reveals informa-
tion about the carbonate content in bone [18, 19]. Since carbon-
ate content can change either as a function of mineral content or
mineral maturity (crystallinity), the carbonate/matrix ratio should
always be considered together with the carbonate/phosphate ra-
tio if one wishes to gain a meaningful perspective. The carbon-
ate/phosphate ratio describes the carbonate substitution into the
HA [17], and similarly the type-A and type-B carbonate/phosphate
ratios describe the type-A and type-B carbonate substitution into
the HA. The type-B carbonate/phosphate ratio as calculated from
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Table 3.2: Most important FTIR parameters of bone composition, the determination method
(D "direct" and PF "peak fitting") and the wavenumbers. Given wavenumber range
describes the area of the peak that was used to calculate the parameter. Wavenumber with
a symbol (∼) means that the area of the fitted sub-peak at that wavenumber was used to
calculate the parameter. Exact wavenumber means that the intensity of the spectrum at
that wavenumber was used. The Roman numerals indicate the parameters used for the
first time in the publications in this Thesis.

Parameter Method Wavenumbers [cm−1]
Amide I D [17] 1720-1585
Phosphate D [17] 1200-900
Total carbonate D [17] 890-850
Type-A carbonate PF [24] ∼878
Type-B carbonate PF [24] ∼871
Labile carbonate PF [24] ∼866
Mineral/matrix D [17] (1200-900):(1720-1585)
Carbonate/matrix D [18, 19] (890-850):(1720-1585)
Carbonate/phosphate D [17] (890-850):(1200-900)
Type-B carbonate/matrix PF I (∼871):(1720-1585)
Type-B carbonate/phosphate PF I (∼871):(1200-900)
Type-B carbonate/phosphate PF I (∼1044):(1200-900)
Type-A carbonate fraction PF [24] (∼878):(890-850)
Type-B carbonate fraction PF [24] (∼871):(890-850)
Labile carbonate fraction PF [24] (∼866):(890-850)
Collagen cross-linking ratio D [22] 1660:1690

PF [17, 21] (∼1660):(∼1690)
Crystallinity D [27, 28] 1030:1020

PF [17, 23] (∼1030):(∼1020)
Acid phosphate substitution D [26] 1127:1096

PF [17] (∼1106):(∼1030)
PF [17] (∼1106):(∼960)

the sub-peak at ∼1044 cm−1 to the phosphate peak area is believed
to reflect the type-B carbonate fraction in the HA crystals [20, 24].
Collagen cross-linking ratio, or collagen maturity, refers to the ratio
of mature/immature cross-links in bone [17, 21, 22]. Crystallinity is
related to the size and perfection of the HA crystals [17,23] and has
been shown to correlate with HA crystal c-axis length determined
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with XRD [23–25]. The acid phosphate substitution ratio describes
the acid phosphate (HPO4) substitution into HA in mineralized tis-
sues [17, 26]. Collagen maturity, crystallinity and acid phosphate
substitution can be evaluated through peak-fitting [17, 21, 23], i.e.
the ratio between the areas or intensities of the sub-peaks, or di-
rectly as the ratio of the intensities of the wavenumbers in the spec-
trum [22, 26–28]. Both methods yield similar results.

The mineral/matrix ratio, carbonate/matrix ratio, carbonate-
/phosphate ratio, crystallinity and collagen maturity increase with
tissue age [17, 21, 24, 37, 38]. Acid phosphate substitution decreases
with tissue age [17], since higher acid phosphate substitution in-
dicates new bone formation [110, 125, 126]. The same behavior in
these parameters can be seen with animal age, but no clear changes
in crystallinity have been shown [39].

In addition, FTIR has been used to investigate the variation in
composition between different anatomical locations, however, the
number of studies is rather limited. Donnelly et al. studied the
composition of subtrochanteric femur, the iliac crest and greater
trochanter [10]. They reported a greater mineral/matrix ratio in
cortical bone in the subtrochanteric femur than in other locations.
However, no other differences were observed in the cortical and
trabecular bone between those locations.

The molecular composition of the fracture callus during frac-
ture healing has also received very little attention. Yang et al. used
FTIR to study the composition of the fracture callus and bone cor-
tex during fracture healing in wild type and interleukin-6 knock-
out mice [114]. The cortex had a higher mineral/matrix ratio com-
pared to callus, whereas they detected no differences in crystallinity
between callus and cortex. Other FTIR compositional parameters
were not reported in that study. Ouyang et al. evaluated the ef-
fects of estrogen and estrogen deficiency in fracture callus in rat
femurs [113]. They found a lower mineral/matrix ratio, higher car-
bonate/phosphate ratio, lower collagen maturity and slightly re-
duced crystallinity in the fracture callus when this was compared
to the fracture cortex.
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3.1.2 Raman spectroscopy

Raman scattering

Raman spectroscopy is based on light scattering from the molecules
in the sample. A monochromatic light (laser), usually IR or ultra-
violet (UV), is focused onto the sample and the Raman scattered
photons are collected. The laser interacts with the molecules and
most of the scattered photons undergo elastic Rayleigh scattering,
where the scattered photons have the same wavelength as the inci-
dent photons (Figure 3.4). However, some of the photons interact
with the molecules in such a way that the energy of the scattered
photons becomes either shifted up, i.e. Anti-Stokes Raman scatter-
ing, or down, i.e. Stokes Raman scattering (Figure 3.4). The intensity
of Rayleigh scattering is generally 10−3 of the intensity of the inci-
dent radiation, whereas only one in ten million photons is Raman
scattered [106]. Based on equation (3.2), the energy in Anti-Stokes
Raman scattering and Stokes Raman scattering can be expressed as

E = hcν̄ = hc(ν̄0 ± ν̄M) , (3.9)

where ν̄0 is the wavenumber of the incident photon and ν̄M the
wavenumber of the scattered photon. For Anti-Stokes Raman scat-
tering, the change in the wavenumber is positive ν̄0 + ν̄M, and for
Stokes Raman scattering the change in the wavenumber is negative
ν̄0 − ν̄M. When a molecule system interacts with radiation, it can
make an upward transition from a lower energy level E1 to a higher
E2 (Figure 3.4). The incident radiation must have the necessary en-
ergy

∆E = E2 − E1 = hcν̄M (3.10)

to evoke this transition [106]. Thus, the wavenumber of the scat-
tered photon is directly proportional to the difference in the ener-
gies between the two states. This shift in the energy, i.e. Raman shift,
provides information about the vibrational and rotational modes
in the molecular system. In Raman microspectroscopy, usually the
Rayleigh scattered photons are filtered from the signal and only the
(Stokes) Raman shifted radiation is analyzed.
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Figure 3.4: A schematic presentation of energy level transitions in IR absorption, Rayleigh
and Raman scattering.

Raman-activity does not depend on the electric dipole moment in
the same way as the IR-activity. The polarizability of a Raman-active
molecule has to be non-zero. The polarizability is defined as

P⃗ = αE⃗ , (3.11)

where P⃗ is the induced dipole moment by the electric field E⃗ =

E0cos(2πν̄0t) when α is the electronic polarizability of the molecule.
When ν̄M = 0, the polarizability α = 1 and no Raman scattering
occurs, and the total induced dipole moment depends only on the
electric field E⃗ leading to Rayleigh scattering. Thus, when ν̄M ̸= 0,
the dipoles in the molecule oscillate which results in Anti-Stokes or
Stokes Raman scattering [106].

The electric dipole moment of a homonuclear diatomic molecule
is zero, i.e. the molecule is IR-inactive, but it has a non-zero polar-
izability, i.e. the molecule is Raman-active. A heteronuclear di-
atomic molecule has a non-zero electric dipole moment and is thus
IR-active. It also has a non-zero polarizability and is also Raman-
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active [106]. As mentioned earlier, a molecule with a zero electric
dipole moment is also non-polar. Since electric dipole moment does
not affect Raman-activity, Raman spectroscopy detects both polar
and non-polar molecular bonds. Generally, biochemical molecules
have a relatively low symmetry. In these molecules, nearly all of
the vibrations are both IR- and Raman-active. Only some molecules
with very high symmetry contain vibrations that are both IR- and
Raman-inactive [106].

Instrumentation

In a dispersive Raman microscope, the laser is first excited from
a laser source. In some instruments, the wavelength and power
of the laser can be chosen by the operator to obtain the best laser
excitation. Usually the Raman microscope is coupled with a mo-
torized stage to allow microscope guided movement of the sample.
The laser beam is focused onto the sample through a microscope.
The same microscope objective is used for the incident light as well
as to collect the scattered photons. Usually a notch-filter is used
to filter the Rayleigh scattered photons and the acquired data con-
sists of only the Raman scattered photons. The Raman scattered
photons are usually collected with a multichannel two-dimensional
charge-coupled device (CCD), which provides high quantum ef-
ficiency, a low level of thermal noise and a high spectral range.
Usually the CCD chip is cooled, e.g. with a Peltier thermoelec-
trical air cooled device, to under -50 ◦C. From the CCD matrix,
the data is processed electronically as the Raman scattered photons
where different wavelengths are counted and a Raman-spectrum is
formed [127, 128].

Raman microspectroscopy on bone

Raman microspectroscopy has been used to study the composi-
tional changes in bone, e.g. during aging [29–36] and in different
diseases [91, 129, 130]. It has also been used to study the bone com-

30 Dissertations in Forestry and Natural Sciences No 118



i
i

i
i

i
i

i
i

Bone diagnostics

position through rat skin using time-resolved transcutaneous Ra-
man spectroscopy [131] and to investigate the relationship between
composition and mechanical properties of bone [31, 132, 133].

Similar compositional information of bone is obtained with Ra-
man and FTIR microspectroscopy. Most of the parameters are the
same and provide similar information, but the information of the
two techniques are complementary. Since FTIR and Raman spec-
troscopy are based on different physical phenomena, the spectra are
different and thus also the analyses differ. For example, the peak lo-
cations and some parameter definitions may vary. Additionally, the
used peaks in the compositional analysis vary more than in FTIR
spectroscopic analysis of bone. For example, as collagen content
is usually determined from amide I peak area in FTIR analysis, in
Raman analysis amide I, amide III or CH2 wag peaks are typically
used [134]. These and several other Raman peaks arise from the or-
ganic matrix [135,136]. In Raman spectroscopy, the peak intensities
or the areas of the peaks are used to assess the molecular com-
position. Section thickness is not an issue in Raman spectroscopy,
since the Raman scattering is usually recorded from the surface of
the sample. The intensities of the peaks depend mainly on defined
laser intensity and exposure time. Nonetheless, usually ratios of
peak intensities or areas are used. Thus, bone compositional pa-
rameters derived from FTIR and Raman spectra are mostly com-
parable. The most important Raman parameters of composition of
bone are presented in Table 3.3.

Similar changes in bone composition with age have been found
with FTIR and Raman microspectroscopy, e.g. an increase in min-
eralization and type-B carbonate substitution and content [30–36].
Crystallinity has been found to remain relatively constant with an-
imal age [30, 35, 36].

When a Raman spectroscope is coupled with a polarizer, it can
be used to also determine the orientation of the mineral crystals and
collagen fibers [33, 140]. With a polarized Raman spectroscope, the
orientation can be determined by changing the polarization direc-
tion. The polarization is greatly dependent on the numerical aper-
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Table 3.3: Most important Raman parameters of bone composition, the determination
method (D "direct" and PF "peak fitting") and the wavenumbers. Given wavenumber
indicates the approximate location of the peak. Wavenumber with a symbol (∼) means
that area of the fitted sub-peak at that wavenumber was used to calculate the parameter.
Exact wavenumber means that the intensity of the spectrum at that wavenumber was
used. The Roman numerals indicate the parameters used first time in the publications in
this Thesis. Crystallinity is calculated as the inverse of the full width of half maximum
(FWHM) of the phosphate peak.

Parameter Method Wavenumbers [cm−1]
Amide I D [135] 1720-1585
Amide III D [137] 1345-1180
CH2 D [35] 1490-1400
Phosphate D [138] 990-903
Type-B carbonate D [138] 1110-1046

PF [139] ∼1070
Mineral/matrix D [30] (990-903):(1720-1585)

D [137] (1345-1180):(1720-1585)
D [35] (1490-1400):(1720-1585)

Type-B carbonate/matrix D [30] (1110-1046):(1720-1585)
Type-B carbonate/matrix PF I (∼1070):(1720-1585)
Type-B carbonate/phosphate D [30] (1110-104):(990-903)
Type-B carbonate/phosphate PF [139] (∼1070):(990-903)
Collagen cross-linking ratio D [129] 1660:1690

PF [137] (∼1660):(∼1690)
Crystallinity D [32] 1/(990-903 FWHM)

ture (NA) in use, yielding a higher polarization effect with high-NA
objectives [140]. The parallel evolution of the tissue orientation and
composition as a function of animal age, as well as tissue age has
been observed [33].
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3.2 BONE STRUCTURE

3.2.1 Polarized light microscopy

Polarized light microscopy (PLM) can be used to study the organi-
zation of collagen fibers in biological tissues, e.g. to determine the
collagen network birefringence, i.e. a property of a material that
causes the phase-shift of light [107], collagen fiber parallelism and
orientation [43].

Light polarization

Light from ordinary light sources is unpolarized. Unpolarized light
is a mixture of linearly polarized waves in all possible transverse di-
rections. If one starts with unpolarized light, then polarized light
can be created by using a filter, i.e. polarizer, that passes through
only one transverse wave of the light [107]. An ideal polarizing
filter would pass 100 % of the incident light in the polarization di-
rection, i.e. polarizing axis, and 0 % perpendicular to it. However,
that kind of device cannot be built. A Polaroid filter, for example,
transmits 80 % of the light in the polarizing axis but only 1 % or less
of the waves polarized perpendicular to it. The intensity of polar-
ized light after an ideal polarizer is exactly half of the unpolarized
light [107].

If a second polarizer, or analyzer, is added after the first polar-
izer, then the linearly polarized light experiences another polariza-
tion. If ϕ is the angle between the polarizing axes of the polarizer
and analyzer, then according to Malus’s law

I = I0cos2ϕ , (3.12)

where I is the intensity of the passed light and I0 the incident lin-
early polarized light, with ϕ = 0◦ : I = I0 and with ϕ = 90◦ :
I = 0 [107].

Light can also have a circular polarization. It is a superposition
of two linearly polarized waves with a quarter-cycle phase differ-
ence. When illustrated, this circular polarization light would ap-
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pear as a rotating helix. A crystal called quarter-wave plate, or λ/4-
phase shift plate, is just thick enough to introduce a quarter-cycle
phase difference. This kind of crystal converts the linearly polar-
ized light into circularly polarized light and vice versa [107].

Instrumentation

A typical PLM instrumentation is shown in Figure 3.5. In PLM, the
light is generated by a light source, e.g. halogen lamp, which has
a temperature that is regulated to keep it constant [43]. Monochro-
mators (Figure 3.5B, mc) adjust the wavelength of the light so that
it is in a narrow range. A depolarizer (Figure 3.5B, dp) ensures
the unpolarized state of the entering light. The polarizers (Figure
3.5B, p) and λ/4-phase shift plates (Figure 3.5B, λ/4) are then used
to allow the polarization at a certain wavelength. The images are
captured with a camera attached to the microscope [43].

The data is collected by stepwise rotations of the polarizer pair.
The images are taken with and without the sample in order to
record the background images which are needed to undertake the
background correction. In addition, images with the same polar-
izer pair orientations with λ/4-phase shift plate on the path are
taken. These images are used to calculate the Stokes parameters from
which one can calculate the orientation of e.g. collagen fibers. From
the images, also birefringence and parallelism index can be calcu-
lated [43].

The Stokes parameters are calculated from the grayscale data at
each pixel as follows [141]:

S0 = I(0◦) + I(90◦) ,

S1 = I(0◦) − I(90◦) ,

S2 = 2 · I(45◦) − S0 ,

S3 = S0 − I(90◦+λ/4) ,

(3.13)

where I is the light intensity, S0 is the total intensity of light, S1

is the amount of linear/horizontal polarization, S2 is the amount
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Figure 3.5: Leitz Ortholux BK II POL microscope A) in University of Eastern Finland,
Department of Biomedicine, Kuopio, equipped with computer-controlled rotatable optical
components and layout of the optical components B). Layout shows three monochromators
(mc), a depolarizer (dp), two polarizers (p), two λ/4-phase shift plates and the location of
the sample and the CCD-camera. (Modified from [43].)

of +45◦ or -45◦ polarization and S3 is the amount of right or left
circular polarization. The intensity subscripts indicate the back-
ground corrected 0◦, 45◦, 90◦ and the 90◦ images taken with the
λ/4-phase shift plate. From the Stokes parameters (Equation 3.13),
the orientation angle Ψ of the polarization ellipse can be calculated
as follows [141]:

Ψ =
arctan( S2

S1
)

2
, 0◦ ≤ Ψ ≤ 90◦ . (3.14)

The orientation angle of the polarization ellipse is directly related
to collagen fiber orientation which is calculated in each pixel [43].
The pixel area is large when compared to the collagen fiber dimen-
sion. Therefore, each pixel is an average of the pixel area times the
thickness of the sample and the orientation in each pixel represents
the average orientation in that pixel area.

As the polarizer pair rotates, the observed signal intensity fol-
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lows a sinusoidal function [43]

I = A + sin2(2α + ω) , (3.15)

where I is the signal intensity, A a specific constant for the micro-
scope, α the rotation angle and ω the phase shift. This equation
can be used to find the actual and theoretical signal minimum and
maximum. The maximum signal (grayscale) intensity is then trans-
formed to optical retardation by Fresnel equation as follows [43]

I = a + b · I0sin2α, 0 ≤ α ≤ π

2
, (3.16)

where I0 is the intensity of light illuminating the sample, I is the
intensity of the passed light and a and b are constants which are
specific for the optical system. The orientation-independent bire-
fringence B can be calculated as follows [43]

B =
α · λ

π · l
, (3.17)

where λ is the wavelength of the monochromatic light and l is the
thickness of the microscopic section. The birefringence signal de-
pends on the degree of collagen fibril organization [44].

Parallelism index (PI) represents the parallelism of the colla-
gen fiber network in each pixel, i.e. anisotropy of the collagen ma-
trix [43]. It is calculated using the minimum and maximum signal
intensities (Equation 3.15). PI can be determined as Michelson’s
contrast parameter

PI =
Imax − Imin

Imax + Imin
. (3.18)

In brief, PI is high when the fibers are parallel to each other and
low when they are randomly oriented.

PLM on bone

PLM has been used to study the organization of collagen fibers in
biological tissues. In particular, articular cartilage has been investi-
gated extensively [40–45, 142], but also the organization of collagen
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matrix of bone has been examined [46–50]. In one study, PLM was
used to investigate the collagen matrix organization in anterior and
posterior quadrants in the mouse femur [46]. A greater fraction of
collagen fibers was found to orientate along the longitudinal axis
of the femur in the anterior quadrant than in the posterior quad-
rant. Another study used PLM to investigate the effects of growth
and maturation on the collagen matrix organization of subchondral
bone in horse metacarpophalangeal joint [47]. The basic orienta-
tion pattern of the collagen network was found to be established
already at the age of 5 months and following loading of the joint
subsequently modified the collagen orientation angle at least until
the age of 11 months. PI decreased significantly between the ages
of 11 months and 18 months. In another study, birefringence of the
superior and interior femoral neck cortices of chimpanzee and hu-
man were determined using PLM [50]. They evaluated the loading
patterns suggested by the anatomical structures of the femur necks.
The birefringence of the cortices were found to be consistent with
these loading patterns.

3.2.2 Micro-computed tomography

µCT has been used widely to study the microarchitecture of trabec-
ular [51–62] and cortical bone [53, 62, 143, 144]. From the sequential
2-dimensional images, obtained with a µCT system, quantitative in-
dices describing the microarchitecture of bone in 3 dimensions can
be calculated.

X-ray computed tomography

X-rays, like IR and visible light, are electromagnetic radiation that
is generated in an X-ray tube as a result of Bremsstrahlung. X-ray
tubes produce also monochromatic characteristic X-rays, which are
used in various applications, e.g. in XRD. X-rays attenuate expo-
nentially when they interact with matter. The attenuation, caused
by photoelectric effect, Compton scattering and elastic scattering,
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follows the equation
I = I0e−µx , (3.19)

where I is the intensity of the attenuated radiation, I0 is the in-
tensity of the incident radiation, x is the distance travelled in the
matter and µ is the linear attenuation coefficient [145].

In computed tomography, 3-dimensional images are generated
by reconstructing the projection images of the sample imaged from
multiple directions. The projection images are taken at least 180◦

around the object. A 3-dimensional reconstruction of these 2-di-
mensional images is then obtained by using algorithms, such as
filtered back projection or iterative reconstruction. In µCT, the sam-
ple is rotated between a stationary X-ray source and a detector, or
the detector is rotated around the sample (in vivo µCT). The X-ray
beam is magnified before it reaches the detector in order to create a
magnified image of the object. This technique provides a voxel size
(3-dimensional pixel) down to below one micrometer.

Micro-computed tomography on trabecular bone

Quantitative parameters of the microarchitecture of trabecular bone
can be obtained from the reconstructed µCT images (Table 3.4).

Table 3.4: Most common quantitative parameters of trabecular bone microarchitecture.

Parameter Abbreviation Unit
Bone volume fraction BV/TV %
Trabecular thickness Tb.Th µm
Trabecular separation Tb.Sp µm
Trabecular number Tb.N µm−1

Structural model index SMI -
Degree of anisotropy DA -

BV/TV is calculated as the ratio between the bone volume and total
volume in the region of interest (ROI). Tb.Th and Tb.Sp are the av-
erage thickness and separation of the trabeculae, respectively. Tb.N
indicates the number of trabeculae encountered per µm. The struc-
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tural model index (SMI) indicates the plate-rod-like structure of the
trabeculae and ranges between values 0 and 3, which correspond to
ideal plate- and rod-like structures, respectively [55, 63]. In Figure
2.2A the SMI is close to 0 and in Figure 2.2B the SMI is close to 3.
The degree of anisotropy (DA) is defined as one minus the ratio be-
tween the minimal and maximal ratios of the mean intercept length
of an ellipsoid fitted into the "empty space" between the trabecu-
lae [55]. A value of 0 represents an ideal isotropic structure and a
value of 1 a fully anisotropic structure.

µCT has been used to study e.g. the changes in trabecular bone
microarchitecture during aging [51, 60, 61] and the anatomical loca-
tion specific trabecular bone microarchitecture [51,56,60,61]. In one
study, the microarchitecture of trabecular bone in the distal radius,
T10 and L2 vertebrae, iliac crest, femoral neck, greater trochanter
and calcaneus of men and women aged 52-99 years were com-
pared [60]. Additionally, the effect of aging on the microstructure
of trabecular bone was evaluated. They found that in women the
BV/TV decreased at most sites during aging. This change was as-
sociated with an increase in SMI and Tb.Sp and with a decrease in
Tb.N. In men, the BV/TV of trabecular bone in greater trochanter
was found to increase with age, but no other age related changes
in trabecular bone microarchitecture were found. In another simi-
lar study, the microarchitecture of trabecular bone differed between
men and women at some, but not all, sites [51]. The radius and
femoral neck of men showed a more plate-like structure, higher
Tb.Th, Tb.N and DA and a lower Tb.Sp compared to women. Both
of the studies cited above, suggest that the trabecular bone microar-
chitecture is very heterogeneous throughout the skeleton.

3.2.3 Small angle X-ray scattering

X-ray scattering

When X-rays interact with an object, they may scatter from the elec-
trons. X-ray radiation energy is much higher than the binding en-
ergy of an atom, thus the electrons behave as if they were free. The
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scattered waves are coherent. Incoherent Compton-scattering also
occurs, but the scattering angle is greater and does not interfere
with the X-rays scattered in small angles [146].

SAXS on bone

In SAXS, usually X-rays with a wavelength of ∼1 Å are used [146].
The sample is irradiated by a narrow collimated X-ray beam. The
sample scatters the X-rays and those scattered in small angles are
recorded. In bone, the scattering pattern is related to bone mineral
structure, i.e. the spatial arrangement of mineral crystals. The 2-
dimensional pattern is recorded with a detector behind the sample.
Coupling SAXS with an automated scanning stage allows recording
of spatial maps of the sample where each pixel contains a scatter-
ing pattern [68]. Parameters related to the bone mineral structure
can be determined from the scattering pattern (Table 3.5). Mineral
plate thickness should not be confounded with crystal size (length)
determined with X-ray diffraction or crystallinity determined from
IR or Raman spectra.

Table 3.5: Most common quantitative SAXS parameters of bone mineral structure.

Parameter Explanation
Mineral plate thickness The thickness of the mineral plates,

i.e. size of the crystals.
Pre-dominant orientation The orientation of the mineral plates

(and collagen fibers).
Degree of orientation The anisotropy of the orientation of the

mineral plates (0 = no pre-dominant
orientation, 1 = perfect alignment of
the plates in pre-dominant orientation)

Mineral plate thickness, orientation and degree of orientation can
be determined from the anisotropic 2-dimensional scattering pat-
tern I(q, θ) (Figure 3.6A). First, the scattering pattern is averaged
over 360◦ azimuthal range [64,65,67]. This results in a one-dimens-
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ional scattering pattern I(q) where q is the q-range, usually around
0-0.5 Å−1 (Figure 3.6B) . From the one-dimensional scattering pat-
tern, the mineral plate thickness, predominant orientation and de-
gree of orientation can be evaluated by an approach suggested by
Fratzl et al. [64–67]. In that approach, the bone is assumed to be a
two component composite (mineral crystals in a collagen matrix).
For large q-values, the scattered intensity I(q) is expected to decay
as Pq−4 according to Porod’s law [146]. Porod constant P is given
by

P = 2π∆ρ
S
V

, (3.20)

where ∆ρ is the scattering length density difference between the
mineral and collagen, and S

V is the total interfacial area per unit
volume of the mineral crystals. For a binary mixture, the Porod
invariant Q becomes

Q =
∫

q2 I(q)dq = 2π2∆ρ2ϕ(1 − ϕ) , (3.21)

where ϕ is the volume fraction of e.g. mineral particles in the spec-
imen [146]. The factor (1 − ϕ) is the volume fraction of organic
material in the specimen [65]. The thickness T of the thin plate like
mineral particles is

T =
2ϕ

S/V
. (3.22)

It can be estimated from the ratio between the Porod invariant and
the Porod constant

T =
2

π(1 − ϕ)

Q
P

. (3.23)

If ϕ = 0.5 is assumed, then according to equation 3.22 T = 4
S/V

which represents the average thickness of needle-shaped crystals
[66]. With this assumption, from equations 3.23 and 3.21 the fol-
lowing equation can be formulated as

T =
4

πP

∫
q2 I(q)dq , (3.24)

where the Porod constant is defined from the high q-values.
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Figure 3.6: Typical SAXS 2D scattering pattern of bone A). The detector edges and the
beamstop are masked away. Typical azimuthally integrated 1D scattering pattern of bone
B). Q-averaged scattering intensity as a function of the scattering angle χ C).

Another approach to determine the mineral plate thickness was
proposed by Bünger et al. [68]. It is based on a curve-fitting method
where the mineral crystals are assumed to be plates with a finite
thickness, T, in one dimension and infinite size in the other two
dimensions. The scattering from one such plate is

P(q) =
1
q2

∣∣∣∣sin(qT/2)
qT/2

∣∣∣∣2 , (3.25)

where q is the q-range. Equation 3.25 is the form factor for a mineral
crystal. The variation of the thickness of the mineral plates is taken
into account by assuming the variation to follow a Schultz-Zimm
distribution D(T, Tav). The average scattering then reads

Pav(q) =

∫ ∞
0 T2P(q)D(T, Tav)dT∫ ∞

0 D(T, Tav)dT
. (3.26)

The equations 3.25 and 3.26 are valid for isolated particles. In bone,
two crystals cannot occupy the same volume or location, which
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can be taken into account by using a random phase approximation
(RPA)

Pe f f (q) =
Pav(q)

1 + νPav(q)
, (3.27)

where ν is an adjustable parameter which increases with elevating
concentrations. Furthermore, large crystals are located close to each
other and may even fuse. Thus, an effective structure factor S f rac(q)
is needed to describe the fractral fluctuations at low q values

S f rac(q) = 1 + Aq−α , (3.28)

where α is the fractral dimension of the fluctuations. The total in-
tensity I(q) of the model curve is then given by

I(q) = Pe f f (q)S f rac(q)C , (3.29)

where C is the scale factor. The model curve in equation 3.29 is then
fitted to the measured I(q) data by an iterative weighted nonlinear
least squares method by adjusting the mineral plate thickness T, the
width of the Schultz-Zimm distribution, the RPA ν value, the scale
factor C, and α and A.

The parameters related to orientation can be determined by cal-
culating the q-averaged scattering intensity as a function of the scat-
tering angle χ (Figure 3.6A) . The pre-dominant orientation can be
calculated as Ψ + 90◦, where Ψ is the scattering angle χ where the
intensity reaches its maximum [67, 147]. Degree of orientation φ

can be determined by fitting Gaussian curves to both peaks (Figure
3.6C) and using the formula

φ =
A1

A0 + A1
. (3.30)

Here A1 is the sum area under the two Gaussian curves and A0 the
background area [67].

SAXS has been used to study the mineral structure of trabec-
ular [67, 148, 149] and cortical bone [68, 148]. Callus tissue has re-
ceived minor attention [150,151]. Here, a brief summary of selected
publications is presented. In one study, FTIR and SAXS were used
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to study the composition and mineral structure of cortical and tra-
becular bone of on L-4 vertebra of a 14-month old girl [148]. The
trabeculae were mapped and the results were compared to those
of cortical bone. Mineral plate thickness and degree of orientation
were lower in cortical bone than in trabecular bone. In another
study, the effect of sodium fluoride and Alendronate (bisphospho-
nate) on the mineral structure of minipig vertebrae trabecular bone
were studied [149]. In sodium fluoride treated animals, the min-
eral plate thickness was slightly increased, whereas no differences
were found between alendronate treated animals and controls. Liu
et al. studied the 3-dimensional orientation of the mineral crystals
in callus tissue [150]. They analyzed five point regions of interest
of callus tissue but did not report mineral plate thickness or degree
of orientation analyses. They revealed that mineral particles are
aligned in stacks and their predominant orientation lie in a single
plane perpendicular to the fiber direction. In another study from
the same group, the mineral plate thicknesses in fracture callus and
fracture cortex were evaluated in sheep undergoing fracture heal-
ing [151]. They used the method proposed by Fratzl et al. and found
a lower mineral plate thickness in fracture callus than in fracture
cortex during fracture healing until 6 weeks. At 9 weeks after the
fracture, the mineral plate thicknesses of the callus and the cortex
were equal.
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4 Aims of the present study

Bone tissue is constantly changing in response to maturation, ag-
ing and mechanical loading. New bone formation, such as that
occurring in response to trauma and the subsequent fracture heal-
ing, can be regulated by different treatments. In this thesis, various
methods were used to study the molecular composition, microar-
chitecture and mineral structure of bone and their contribution to
bone quality during these events.

The specific aims of this thesis were:

• To study the normal changes in molecular composition and
collagen architecture of rabbit cortical bone and microarchi-
tecture of human trabecular bone during aging and matura-
tion.

• To investigate the differences in molecular composition and
microarchitecture of human trabecular bone at different anatom-
ical locations with varying loading environments.

• To evaluate the molecular composition and mineral structure
of newly formed callus tissue and previous existing cortical
bone during long bone healing in rat femura.
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5 Materials and methods

This thesis consists of four independent studies (I-IV). A summary
of the materials and methods is presented in Table 5.1.

Table 5.1: Materials and methods used in the studies I-IV. n = animals/cadavers.

Study Samples n Methods Parameters
I Rabbit humerus 28 FTIR M/M, CB/M, CB/P,

cortical bone, XLR, Crystallinity
various ages 28 Raman M/M, CB/M, CB/P,

Crystallinity
28 µCT BMD
4 XRD Crystal size

II Rabbit femur 50 FTIR Amide I, XLR,
cortical bone, 1660 cm−1, 1690 cm−1

various ages 50 PLM Retardation, orientation,
parallelism index

50 BA Collagen content, HP
III Male human 20 FTIR M/M, C/M, C/P, XLR,

trabecular bone, Crystallinity
3 anatomical sites 20 µCT BV/TV, Tb.Th, Tb.Sp,

Tb.N, SMI, DA
20 DXA BMD

IV Rat femur 12 FTIR M/M, C/P, XLR,
fractured and Crystallinity, APS
control cortex 12 SAXS T, orientation, DoO

12 µCT Qualitative
M/M = Mineral/matrix ratio C/M = Carbonate/matrix ratio

CB/M = Type-B carbonate/matrix ratio C/P = Carbonate/phosphate ratio

CB/P = Type-B carbonate/phosphate ratio XLR = Collagen cross-link ratio

APS = Acid phosphate substitution BMD = Bone mineral density

BV/TV = Bone volume fraction Tb.Th = Trabecular thickness

Tb.Sp = Trabecular separation Tb.N = Trabecular number

SMI = Structural model index DA = Degree of anisotropy

T = Mineral plate thickness DoO = Degree of orientation
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5.1 MATERIALS

5.1.1 Rabbit cortical bone

In studies I and II, the composition of cortical bone of female New
Zealand White rabbits with varying ages was investigated [152].
The rabbits were euthanized as newborn, at the age of 11 days or
1, 3, 6 or 18 months. In study I, humeri from 11 days and 1-, 3-
and 6-months old rabbits were used (n = 7 per group). In study II,
femora from newborn, 1-, 3-, 6- and 18- months old rabbits were
investigated (n = 10 per group).

In study I, the left and right humeri from each animal were
harvested. The composition of the left humeri was assessed us-
ing FTIR and Raman microspectroscopy and the right humeri were
subjected to µCT imaging and X-ray diffraction (XRD). The mid-
diaphysis of the left humeri were dehydrated with ascending series
of ethanolic solutions and subsequently embedded in polymethyl-
metacrylate (PMMA), i.e. bone cement. The embedded samples
were cut in half. The first half was polished (Exact 400 CS, EXAKT
Technologies Inc., Oklahoma City, OK) using silicon carbide paper
with decreasing grit size. These samples were measured with Ra-
man microspectroscopy (Figure 5.1 I). From the second half, 3 µm
thick sections were cut with a microtome (Polycut S, Reichert-Jung,
Germany). For FTIR microspectroscopic analyses (Figure 5.1 I), the
sections were placed on Barium-Fluoride (BaF2) windows. After
the µCT imaging of the right humeri, the mid-diaphysis were de-
hydrated, defatted and ground to powder, using a ball mill and a
mortar. The bone-powder was used in powder-XRD measurements
to determine the HA crystal size.

In study II, the mid-diaphysis of the left femora had been sub-
jected to 3-point-bending tests and subsequently decalcified using
ethylene diaminotetraacetic acid (EDTA) [152]. The fractured site of
the femora were cut and prepared for biochemical analysis (Figure
5.1 II). The adjacent 5 mm long fragments of cortical bone were em-
bedded in paraffin and measured with FTIR and PLM (Figure 5.1
II). Five-µm-thick longitudinal sections were cut (LKB 2218 Histor-
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ange microtome, Bromma, Sweden) and the paraffin was dissolved.
The sections were placed on BaF2 windows for FTIR measurements
and on objective glasses for PLM. The PLM sections were covered
with D.P.X (Difco, East Molesey, UK) and cover slips [43].

5.1.2 Human trabecular bone

In study III, trabecular bone samples from male human cadavers
were harvested from the femoral neck, greater trochanter and calca-
neus (Figure 5.1 III). The age range of the cadavers was 17-82 years
of age (n = 20). Based on patient records, none of the cadavers had
any known metabolic bone diseases. Dual energy X-ray absorption
(DXA) measurements were conducted on the intact proximal femur
and calcaneus. Thereafter, two trabecular bone samples (diameter
10 mm, length 10-15 mm) were taken from femoral neck, greater
trochanter and calcaneus using a coring tool. The first samples
were dehydrated and embedded in Technovit (EXAKT Technovit
7200 VLC, Heraeus Kulzer GmbH, Germany) and cut into 3 µm
sections. The sections were placed on Zinc-Selenide (ZnSe) win-
dows for FTIR measurements. The second samples were stored
frozen in phosphate buffered saline (PBS) until imaging with µCT.

5.1.3 Rat cortical bone undergoing fracture healing

In study IV, 12 male Sprague-Dawley rats were anaesthetized with
ketamine HCl (75 mg/mL, Parnell Laboratories, Roseberry Aus-
tralia) and xylazine (10 mg/mL, Ilium, Smithfield, Australia) at 9
weeks of age [153, 154]. The right femurs were osteomized and the
periosteum and muscle were stripped off. Thereafter the femurs
were fixed with intramedullary 1.1 mm Kirschner wire. After the
operation, BMP-7 was placed locally around the fracture and af-
ter 2 weeks zolendronate (ZO, bisphosphonate) or saline (sodium-
chloride (NaCl)) was injected. Thus, the rats were divided into 4
groups with different treatments: A) NaCl, B) BMP-7 + NaCl, C)
BMP-7 + ZO and D) ZO. After the operation, the rats received sub-
cutaneous physiologic saline and buprenorphine (Temgesic, Reckitt
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and Colemann, Hull, UK) at 0.05 mg/kg twice a day. After 6 weeks
the rats were sacrificed and both femora, fractured (right) and con-
trol (left), were harvested. The femora were stripped of the soft
tissue, defatted, dehydrated and embedded in PMMA. From the
PMMA embedded plugs, 3 µm thick longitudinal sections were cut
and placed on SnZe windows for FTIR analyses and 300 µm sec-
tions were sawed (EXAKT 400 CS, Cutting grinding system, Ham-
burg, Germany) for SAXS analyses (Figure 5.1IV).

Figure 5.1: Schematic presentation of the samples and measurement areas used in studies
I-IV. In study I, the FTIR and Raman measurements were conducted in the center of
cross-sectionally cut cortical bone I). In study II, the BA analyses were done on the site of
the fracture (from 3-point bending test) and FTIR and PLM analyses adjacent to that II).
In study III, trabecular bone plugs from femoral neck, greater trochanter and calcaneus
were cored III). The FTIR measurements were done on sections cut from the plugs. In
study IV, FTIR and SAXS spatial measurements were done on rat fracture callus and
cortex and control cortex IV)
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5.2 METHODS

5.2.1 Analyses of bone composition

In studies I-IV, the composition of bone was evaluated using FTIR
microspectroscopy (Perkin Elmer Spotlight 300, Waltham, MA), with
a spatial resolution of 6.25 µm or 25 µm, spectral resolution of
4 cm−1 and 8 repeated scans in transmission mode. The back-
ground scan was performed for a clean IR window (BaF2 or ZnSe)
using the same measurement parameters, but with an average of
75 scans. Bone composition was analyzed using a wavenumber
range of 2000-800 cm−1. All FTIR and Raman compositional analy-
ses were done using MatLab (The Mathworks, Inc., Natick, MA)

FTIR on mineralized bone

In study I, spatial resolution of 6.25 µm was used for 5 areal mea-
surements of cortical bone of each sample (Figure 5.1I). In addi-
tion, in study III spatial resolution of 6.25 µm was used for areal
measurements on 3 trabeculae (Figure 5.1III). In study IV, spatial
resolution of 25 µm was used for areal measurements consisting of
the fracture callus and cortex or the control cortex (Figure 5.1IV).
The background subtraction from the FTIR spectra is crucial, since
the background interferes with the data. In studies I, III and IV,
the effect of the embedding medium (PMMA in studies I and IV,
and Technovit in study III) was minimized by normalizing the bone
spectra using the spectrum of only the embedding medium [155].
Subsequently, the spectrum of the embedding medium was math-
ematically subtracted from the bone spectra [81, 121]. Thus, the re-
sulting spectra contained in principal only the data from the bone.
Subsequently, pixels containing only embedding medium, i.e. pix-
els that had a spectrum close to zero after the subtraction, were
masked from the maps. Mineral/matrix (M/M), carbonate/matrix
(C/M) and carbonate/phosphate (C/P) ratios (using either total
carbonate or type-B carbonate estimated through peak fitting) were
determined from the respective peak areas in the bone spectra. Be-
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fore the analyses, all peaks of interest were linearly baseline cor-
rected (Figure 5.2). Collagen maturity, i.e. collagen cross-link ratio
(XLR), and crystallinity were determined through peak fitting from
the ratio of the underlying peaks at 1660 cm−1 and 1690 cm−1 [21],
and 1030 cm−1 and 1020 cm−1 [23, 24], respectively. Alternatively,
in study I, the XLR was obtained directly from the spectrum as ra-
tio of the intensities at 1660 cm−1 and 1690 cm−1 and compared
to XLR determined through peak fitting. Additionally, in study IV
the acid phosphate substitution (APS) was assessed as the ratio of
the intensities at 1127 cm−1 and 1096 cm−1. Furthermore, APS was
determined also from the data in studies I and III (unpublished).
The specific peak locations are presented in Table 3.2. In study III,
three profiles per imaged trabecula were analyzed to evaluate the
variation of the composition through the trabecular width. Subse-
quently, the individual profiles were averaged to obtain one profile
per parameter per sample.

Figure 5.2: A typical IR spectrum of cortical bone in rabbit humerus. Linear baseline
corrections and shaded peak areas indicate amide I, phosphate and carbonate peaks.

FTIR on demineralized rabbit bone

In study II, spatial resolution of 25 µm was used to image the cortex
of each sample (Figure 5.1 II). The embedding medium (paraffin)
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was removed chemically before FTIR analyses, thus, in contrast to
the analyses of mineralized bone, the spectrum of the embedding
medium was not subtracted from the bone spectra, but the empty
background, i.e. pixels with about zero spectra, was masked before
the analyses. The organic matrix was analyzed from the amide I
(1720-1585 cm−1) and amide II (1585-1480 cm−1) peak areas. The
amide I peak area was used to evaluate the collagen content in
bone [109]. XLR was determined through peak fitting as described
earlier. Additionally, the peak areas of the underlying peaks at
1660 cm−1 (mature cross-links) and 1690 cm−1 (immature cross-
links) [21] were studied. Furthermore, the spatial heterogeneity of
the amide I and amide II maps were investigated by calculating
a histogram of the map values and by fitting a Gaussian curve to
the histogram (Figure 5.3A) [120]. The full width at half maximum
(FWHM) of the fitted Gaussian curve was used as a parameter de-
scribing the spatial heterogeneity of the parameters, e.g. amide I
map (Figure 5.3B). In brief, the FWHM is low when the spatial dis-
tribution is homogeneous and high when the spatial distribution is
heterogeneous.

Figure 5.3: A histogram A) of the spatial distribution of a representative FTIR amide I
map B) and a histrogram C) of the spatial distribution of a representative PLM optical
retardation map D) of a 6 months old rabbit femur cortex. The FWHM is the indicator of
spatial heterogeneity.
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Other methods

Raman

In study I, the composition of bone was also evaluated with Ra-
man microspectroscopy. The compositional parameters determined
from the Raman bone spectra (Table 3.3, Figure 5.4) were compared
with those of the FTIR bone spectra (Figure 5.2). The parameters
were determined using the Raman peak intensities.

The measurements were conducted with a dispersive Raman
microscope (Senterra 200LX, Bruker Optics GmbH, Ettlingen, Ger-
many). The wavelength of the laser was 785 nm with a power of
100 mW. 20 × magnification and a numerical aperture (NA) of 0.5
were chosen. With the used magnification and NA, the polariza-
tion effect is relatively small [140]. Five point measurements per
sample were performed and each determination was repeated five
times with 60 s exposure time (Figure 5.1 I). The wavenumber range
of the collected Raman scattered photons was 4000-127 cm−1. The
laser beam was focused 10 µm below the bone surface to ensure that
the measured Raman scattered photons originated from the bone
tissue. PMMA spectrum was also recorded using identical settings.
Before the compositional analyses, the PMMA spectrum was sub-
tracted from the bone spectra and the wavenumber band was lim-
ited to 2000-800 cm−1 and from this band, the cosmic spikes were
removed. The fluorescence effect was subtracted by baseline correc-
tion according to an earlier study by iteratively fitting a fifth-degree
polynomial baseline curve which was subsequently subtracted from
the bone spectra [156].

Biochemical analysis

In study II, high-pressure liquid chromatography (HPLC) was used
to analyze the collagen content and the collagen cross-linking in
bone (Figure 5.1 II). After demineralization, the excess EDTA was
removed by washing the samples. The samples were weighed,
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Figure 5.4: A typical Raman spectrum of cortical bone in rabbit humerus. Amide I,
phosphate and carbonate peaks are indicated.

freeze-dried and hydrolyzed in 6 M HCl. The amount of colla-
gen was calculated by assuming 300 mol of hydroxyproline per
1 mol of collagen [157]. A mature enzymatic collagen cross-link
hydroxylysyl-pyridinoline (HP) was measured using reversed-phase
HPLC analysis [152]. The collagen content was compared to the
FTIR spectrum amide I peak area, which represents the collagen
content, and HP content was compared with both underlying peaks
at 1660 cm−1 (mature cross-links) and 1690 cm−1 (immature cross-
links).

5.2.2 Analyses of bone structure

PLM on demineralized rabbit bone

In study II, two longitudinally cut sections of rabbit femur corti-
cal bone from each sample were imaged with PLM (Leitz Orholux
II POL, Leitz Wetzlar, Wetzlar, Germany) (Figure 5.1 II). Images
were taken using monochromatic light (594 nm wavelength) that
was guided through the system (Figure 3.5). Polarizers were rotated
with computer-controlled tables and two monochromators (591.4 ±
10 nm, Schott, Germany and 594 ± 3 nm, XLK10, Omega Optical,
Inc., Brattleboro, VT) were used to adjust the final wavelength of
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the light (594 ± 3 nm). Images were taken with a Peltier-cooled
CCD camera (Photometrics SesSys, RoperScientific, Tuscon, AZ).
The system was controlled on a computer using IpLab 3.5.5 soft-
ware (Scanalytics, Inc., Fairfax, VA) [43].

The polarizer pair were rotated stepwise at 0, 15, 30, 45, 60, 75
and 90◦. An additional image was taken at the 90◦ polarizer pair
position after placing the λ/4 phase shift plate into the light path.
The background was corrected for each polarizer pair angle. From
the images, optical retardation (birefringence), orientation and par-
allelism index were calculated in each pixel as introduced in section
3.2.1. Optical retardation has been suggested to reflect the collagen
content and anisotropy [43,44,158]. The orientation angle of the col-
lagen fibers was determined against the normal to the bone surface,
i.e. collagen fibers perpendicular and parallel to the bone surface
had orientation angles of 0◦ and 90◦, respectively. Additionally, the
spatial heterogeneity of the orientation and parallelism index maps
were investigated by obtaining a histogram of the map values and
by fitting a Gaussian curve to the histogram (Figure 5.3C) [120]. The
FWHM of the fitted Gaussian curve was used as a parameter de-
scribing the spatial heterogeneity of the parameters. All PLM maps
were analyzed using MatLab (MatLab 7.6.0, The Mathworks, Inc.,
Natick, MA).

µCT on human trabecular bone

In study III, the structural parameters of trabecular bone were de-
termined using a high resolution µCT system (SkyScan 1172, Aart-
selaar, Belgium) (Figure 5.1 III). The samples were thawed just prior
to imaging. Images were acquired with an isotropic voxel size of 14
µm, using settings of 100 kV, 100 µA, a 0.5 mm aluminum filter and
10 repeated scans. For mineralized bone tissue, a grayscale thresh-
old value range of 65-255 was used. A ROI of 8 mm was selected
and typical structural parameters describing the microarchitecture
of trabecular bone were quantified (Table 3.4). All analyses were
performed in CTAn (v. 1.11.10.0, SkyScan, Aartselaar, Belgium).
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5.2.3 Analyses of bone mineral structure

SAXS on fractured rat femora

In study IV, the mineral structure of fracture callus and cortex of
rat femora where studied using SAXS (Figure 5.1 IV). The measure-
ments were conducted at the I911-SAXS beamline at the 1.5 GeV
ring (MAX II) of the MAX IV Laboratory (Lund University, Lund,
Sweden) (Figure 5.5) [159].

Figure 5.5: Layout of the I911-SAXS beamline experimental hutch in the MAX IV Labo-
ratory.

Monochromatic radiation with a wavelength of 0.91 Å was ob-
tained from a Si(111) crystal. The size of the collimated synchrotron
X-ray beam at the sample was approximately 0.2×0.2 mm2. The de-
tector (MarCCD, Rayonix, L.L.C.) had a 165 mm active area and 79
µm pixel size. The detector was placed 1911 mm behind the sample
and the exposure time was 5 s per measurement point. The detected
q-range was 0.01 - 0.30 Å−1. Bone sections were mounted in a sam-
ple holder that was placed in a motorized x-y scanning stage. The
samples were mapped with a step size of 0.2 mm in both directions.
The measurement areas included the fracture callus and cortex or
the control cortex (Figure 5.1 IV). The mineral plate thickness, pre-
dominant orientation and degree of orientation were determined at
each measurement point (Figure 5.6) as introduced in section 3.2.3.
The mineral plate thickness was measured using the methods pro-
posed by Fratzl et al. [64, 65, 67] and Bünger et al. [68].
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Figure 5.6: Point-by-point measured SAXS maps of fracture callus and cortex. In each
pixel, the color map indicates the mineral plate thickness (T) determined using the method
proposed by Fratzl et al. [64, 65, 67], the line orientation indicates the orientation of the
crystals, and the length of the line indicates the degree of orientation of the crystals. The
line lengths are scaled as a line covering the whole pixel width represents a degree of
orientation of 1.

XRD on rabbit bone

In study I, the size of the HA crystals was determined using powder-
XRD. The powdered bone was spread on a sample holder (Siemens
D5000 diffractometer). Copper Kα radiation at 40 kV and 40 mA
was used. The HA crystal size was evaluated by scanning the c-
axis (002) and cross section (310) at 2θ range of 24.8◦ - 27◦ and 38.4◦

- 41.5◦, respectively [69, 70], with a step size of 0.040◦. Scans were
performed at a speed of 100 s per step, and duplicate measurements
were conducted for the sample in each age group.

The size of the HA crystals is associated with the broadening of
the apatite peaks and thus the HA crystal size was evaluated from
the FWHM of the relative peaks. Instrument broadening can affect
the peak broadening (β1/2, FWHM of the peak). Thus a highly crys-
talline mineral fluoroapatite was used as a standard to correct for
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any peak broadening caused by the instrument itself. The corrected
β1/2 values were used in the Scherrer equation [71]

D =
kλ

β1/2cosθ
, (5.1)

to calculate D values, which relate to the size of the HA crystal ,
i.e. the length of the HA crystal (002), and the cross-section of the
HA crystal (310) [70]. In equation 5.1, k is a constant approximately
equal to unity, λ is the X-ray wavelength and θ is the diffraction
angle.

5.2.4 Analyses of BMD

Bone mineral density can be evaluated using different X-ray based
methods, e.g. CT, µCT and DXA. Generally, with increasing density,
the X-ray absorption increases and the BMD can be determined
from the intensity images after the calibration of the system.

In study I, the BMD was estimated using µCT (Skyscan 1172, v.
1.5, Skyscan, Aarselaar, Belgium). The right humeri of the rabbits
were imaged using an isotropic voxel size of 15 µm. After the recon-
struction of the images, the mid-diaphysis was identified and the
ROI was located at approximately 1 mm proximal and distal to the
mid-diaphysis. The BMD distribution was calculated on each 2D
image between the proximal and distal boundaries. The calibration
of the BMD was done according to the manufacturer’s protocol us-
ing water and two HA phantoms of known density (0.25 and 0.75
g/cm3). A threshold of 0.20 g/cm3 was assigned for mineralized
bone. The average BMD of each sample was calculated using the
voxels that exceeded the threshold.

In study III, the BMD of the human proximal femur and calca-
neus was evaluated with DXA (Lunar Prodigy Advance, GE Health-
care, Madison, WI), using a clinical hip measurement protocol. The
soft tissue was simulated by immersing the bones into 10 liter of
PBS in a plastic container. The samples were positioned according
to the in vivo anatomy and all measurements were done in dupli-
cate. The BMDs of femoral neck, greater trochanter and calcaneus
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were determined from the DXA images.
The BMD evaluated with DXA yields areal BMD values while

µCT provides volumetric BMD values. Thus, these two values are
not directly comparable.

5.2.5 Statistical analyses

The statistical analyses in studies I-IV were conducted using the
SPSS software (SPSS Inc., Chicago, IL) or MatLab (MatLab 7.6.0, The
Mathworks, Inc., Natick, MA). The limit of statistical significance in
all statistical tests was set to p < 0.05.

In study I, the non-parametric Mann-Whitney U-test was used
to compare the parameters between consecutive age groups. The
non-parametric Kruskall-Wallis post-hoc test was used to study the
changes in the parameters over the whole maturation period. Pear-
son’s correlation test was used to evaluate the associations and
matching of similar parameters determined from FTIR and/or Ra-
man spectra and between M/M ratio and BMD.

In study II, the non-parametric Kruskall-Wallis post-hoc test
was used to compare each parameter between the age groups. Pear-
son’s correlation test was used to evaluate the association between
FTIR and BA determined parameters. The root mean square (RMS)
coefficient of variation (CV%) were calculated for all parameters.
The correlation coefficients were compared to each other using the
statistical analysis for dependent correlation elements according to
Steiger [160]. Linear regression analysis was used to determine the
contributors to optical retardation.

In study III, Wilcoxon signed ranks test was used to test the dif-
ferences between the compositional and structural parameters from
the three anatomical locations. Pearson’s correlation test was used
to evaluate the age-dependency of the parameters and the asso-
ciations between the parameters in different anatomical locations.
A linear regression model was used to estimate the explanation
level of composition and microarchitecture to the BMD of trabecu-
lar bone.

In study IV, the average ± standard deviation (SD) values were
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compared between the measurement locations. Wilcoxon signed
ranks test was used to compare each parameter at the locations
when all measurements from each location were pooled and to
compare the mineral plate thicknesses determined with the anal-
ysis methods proposed by Fratzl et al. [64, 65, 67] and Bünger et
al. [68]. Pearson’s correlation test was used to evaluate the linear
correlation between the parameters recorded by SAXS and FTIR.
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6 Results

The main results from studies I-IV are summarized in this chapter.
All the results can be found in the original articles I-IV.

6.1 AGE RELATED CHANGES IN BONE

6.1.1 Composition

Mineralized bone

Generally, the M/M ratio, C/M ratio and C/P ratio are expected
to increase with aging of bone. In study I, these parameters in-
creased in rabbit humerus cortical bone with age when studied
with FTIR and Raman microspectrospy (Figure 6.1AR, BR and CR,
respectively). Moreover, significant correlations were revealed be-
tween the parameters determined from IR and Raman spectra (in-
dicated in Figure 6.1AR, BR and CR). In study III, M/M ratio and
C/M ratio were found to increase with aging (Figure 6.1AH and
BH, respectively) in trabecular bone in human greater trochanter
and calcaneus, whereas C/P ratio showed no significant change
during aging (Figure 6.1CH). Additionally, APS decreased signifi-
cantly during the maturation of rabbit humerus (Figure 6.1DR) and
decreased with age in trabecular bone in human calcaneus but not
in greater trochanter (Figure 6.1DH). Crystallinity showed no sig-
nificant changes with rabbit age (Figure 6.2A) or human age (Fig-
ure 6.2B) although HA crystal size, determined with powder-XRD,
clearly increased from young to mature rabbits (Figure 6.2C).
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Figure 6.1: Changes in composition of rabbit cortical bone with FTIR (dark gray) and
Raman (light gray) and human trabecular bone with FTIR. In rabbit, the effect of mat-
uration on degree of mineralization (M/M ratio) AR), type-B carbonate to matrix ratio
(CB/M) BR), type-B carbonate substitution (CB/P ratio) CR) and acid phosphate substitu-
tion (APS) DR) are shown by comparing consecutive age groups (Mann-Whitney U-test).
In human, the effect of aging to the similar parameters is revealed by correlating (Pear-
son’s correlation) the parameter values with age. Unlike for rabbits, for human data the
total carbonate to matrix ratio (C/M ratio) BH), and total carbonate substitution (C/P ra-
tio) CH) were determined. The significance of the differences between age groups and the
correlations are indicated ** p < 0.01, * p < 0.05, NS = not significant.
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Figure 6.2: Changes in crystallinity in cortical bone in rabbit humerus A) and trabecular
bone in human greater trochanter and calcaneus B). No significant differences were found
in crystallinity during maturation of rabbits and no significant correlations (Pearson’s
correlation) were observed between crystallinity and human age. c-axis length of the HA
crystals, determined with XRD, clearly increased during maturation of rabbit bone C).
Since only two samples per age group were measured, no statistical analyses could be
performed. In Pearson’s correlations NS = not significant.

Demineralized rabbit bone

In study II, collagen content in demineralized cortical bone of rab-
bit femura was determined with BA and using the amide I peak
area in the IR spectra. Based on both methods, collagen content
increased significantly from newborn to skeletally mature rabbits
(Figure 6.3A). Furthermore, optical retardation, a possible indica-
tor of collagen content and anisotropy, increased significantly from
newborn to 1 month old rabbits (Figure 6.3B). From the IR spectra
determined amide I peak area correlated significantly with collagen
content determined with BA (r2 = 0.446, p < 0.01) and with optical
retardation determined from PLM images (r2 = 0.740, p < 0.01).
Correlation between optical retardation and collagen content was
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also significant (r2 = 0.377, p < 0.01). The HP content, determined
with BA, increased with age from newborn until 6 months old rab-
bits (Figure 6.3C) and correlated significantly with 1690 cm−1 (r2 =
0.233, p < 0.01) and 1660 cm−1 (r2 = 0.269, p < 0.01) peak areas de-
termined from IR spectra (Figure 6.3D). XLR was found to increase
significantly until 3 months of age in rabbit femur and humerus
(Figure 6.3E). Furthermore, the spatial heterogeneity of amide I and
amide II maps decreased significantly from newborn until 3 month
old rabbits (Figure 6.4) indicating a more homogeneous spatial dis-
tribution of these components with age.

6.1.2 Collagen fiber organization

In addition, the heterogeneity of orientation and parallelism index
of collagen fibers, determined with PLM, decreased significantly
from newborn until 3 months old rabbits (Figure 6.4). The ac-
tual orientation increased until 3 months of age (data not shown),
whereas no significant changes with age were observed in the ac-
tual parallelism index (data not shown).

6.1.3 Microarchitecture

Some µCT parameters of the microarchitecture of human trabecular
bone changed with age. According ton the linear correlations, it
seemed that the SMI (Figure 6.5A) in greater trochanter increased
whereas DA (Figure 6.5B) decreased significantly with age (r2 =
0.375, p < 0.01 and r2 = 0.256, p < 0.05, respectively). This result
indicates a more isotropic rod-like structure with increasing age.
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Figure 6.3: Changes in collagen content (light gray) and amide I peak area (dark gray)
A), optical retardation B), HP collagen cross-links C) and mature to immature collagen
cross-linking ratio E) during maturation of rabbit. Additionally, a correlation plot be-
tween HP cross-links and from IR spectra determined mature (1660 cm−1) and immature
(1690 cm−1) cross-links is presented D). Changes in collagen cross-linking ratio in undem-
ineralized (dark gray) and demineralized (light gray) rabbit bone. Significant differences
between age groups, based on the Kruskall-Wallis post hoc test, and significant (Pearson’s)
correlations are indicated, ** p < 0.01, * p < 0.05.

6.2 DIFFERENCES BETWEEN ANATOMICAL LOCATIONS

Human femoral neck, greater trochanter and calcaneus are found
in different anatomical locations in human body. They experience
different loading environments and the remodeling rates may vary
[4, 161–165]. Thus, the composition and microarchitecture and sub-
sequently the density of trabecular bone might vary between the
anatomical locations. Indeed, the BMD of femoral neck was signif-
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Figure 6.4: Spatial heterogeneity of amide I and amide II maps, measured with FTIR, and
orientation and parallelism index (PI) from PLM images. The normalized (to maximum)
means ± SD for age group are presented. Significant differences between age groups are
indicated (stars between adjacent groups), (Kruskall-Wallis post-hoc test, ** p < 0.01, * p
< 0.05.)

Figure 6.5: Linear correlation between SMI A) and DA B) in greater trochanter with age.
Pearson’s correlation ** p < 0.01, * p < 0.05.

icantly higher than in greater trochanter and calcaneus (p < 0.01 in
both) and BMD in greater trochanter was higher than in calcaneus
(p < 0.01) (Table 6.1).

6.2.1 Trabecular bone composition

The compositional results of trabecular bone in the femoral neck,
greater trochanter and calcaneus are presented in Table 6.1. The
M/M ratio was higher in greater trochanter than in femoral neck
(non-sig.) and calcaneus (p < 0.05). No significant differences were
found in C/M ratio and C/P ratio between the locations when the
whole measured trabeculea were analyzed. XLR was significantly
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Table 6.1: Mean ± SD values of BMD and compositional and microarchitectural param-
eters of trabecular bone in femoral neck, greater trochanter (Trochanter) and calcanues.
Significant differences between parameters of anatomical locations are based on Wilcoxon
signed ranks test, ** p < 0.01, * p < 0.05. * between femoral neck and greater trochanter,
# between femoral neck and calcaneus and † between greater trochanter and calcaneus.

Method Parameter Femoral neck Trochanter Calcaneus
DXA BMD 0.92±0.18∗∗## 0.87±0.20†† 0.61±0.15
FTIR M/M ratio 4.1±0.2 4.2±0.3† 4.1±0.3

C/M ratio 0.049±0.004 0.051±0.004 0.049±0.005
C/P ratio 0.012±0.001 0.012±0.001 0.012±0.001
XLR 2.4±0.1∗∗ 2.2±0.2† 2.3±0.2
Cryst 0.3±0.1# 0.3±0.1 0.2±0.1
APS 0.51±0.4∗∗# 0.54±0.3 0.55±0.04

µCT BV/TV 18±7∗∗ 12±3†† 17±4
Tb.Th 180±33∗∗# 147±18 157±20
Tb.N 1.0±0.2∗∗## 0.8±0.1†† 1.1±0.2
Tb.Sp 789±106## 771±100†† 637±116
SMI 0.9±0.5∗∗## 1.5±0.3† 1.2±0.2
DA 0.58±0.09∗∗## 0.48±0.10†† 0.64±0.12

lower in greater trochanter than in femoral neck and calcaneus (p
< 0.01 and p < 0.05, respectively). Crystallinity was lowest in calca-
neus and a significant difference was observed between calcaneus
and femoral neck (p < 0.05). APS was significantly lower in femoral
neck than in greater trochanter and calcaneus (p < 0.01 and p <
0.05, respectively). The cross-sectional profiles of the C/P ratio and
the C/M ratio were significantly lower in the center (40-80 % of
the cross-sectional profile) of the trabeculae in the femoral neck in
comparison to the calcaneus (p < 0.05 in both parameters) (Figure
6.6).

6.2.2 Trabecular bone microarchitecture

The microstructural results of trabecular bone in the femoral neck,
greater trochanter and calcaneus are presented in Table 6.1. BV/TV
was lower in greater trochanter than in femoral neck and calcaneus
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Figure 6.6: C/P ratio A) and C/M ratio B) profiles over trabeculae in femoral neck, greater
trochanter and calcaneus. Mean values with SD are presented. Both profiles are signif-
icantly lower in the center of the profile (middle of the trabecula, older bone) in femoral
neck than in calcaneus. Wilcoxon signed ranks test * p < 0.05.

(p < 0.01 in both). Tb.Th was higher in femoral neck than in greater
trochanter (p < 0.01) and calcaneus (p < 0.05). Tb.N was higher
and Tb.Sp was lower in calcaneus compared to femoral neck (Tb.N:
p < 0.05 and Tb.Sp: p < 0.01) and greater trochanter (Tb.N and
Tb.Sp: p < 0.01). A lower Tb.N was also found in greater trochanter
compared to femoral neck (p < 0.01). SMI was lower in femoral
neck than in greater trochanter and calcaneus (p < 0.01 and p < 0.05,
respectively) and lower in calcaneus compared to greater trochanter
(p < 0.05). DA was highest in calcaneus, second highest in femoral
neck and lowest in greater trochanter (p < 0.01 between all pairs).

6.3 BMD, COMPOSITION AND MICROARCHITECTURE

BMD describes the overall mineral density in bone. The density is
affected by the structure of bone but also by the amount of min-
eral in the bone. BMD is insufficient to distinguish the effects of
structural density and mineral amount.

In study I, the BMD of cortical bone in rabbit humerus was
determined with µCT. The BMD was found to increase significantly
with age and it correlated significantly with M/M ratio, i.e. the
degree of mineralization, determined from IR (r2 = 0.232, p < 0.05)
and Raman bone spectra (r2 = 0.503, p < 0.01).

In study III, the BMD of trabecular bone in human femoral neck,
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greater trochanter and calcaneus were determined using DXA. Lin-
ear regression models explaining the BMD using structural and
compositional parameters revealed that only BV/TV and Tb.N ex-
hibited significant partial correlations in the models (Table 6.2).
When M/M ratio was added to the model, the explanatory power
increased, although partial correlation of the M/M ratio was not
significant by itself. The highest explanatory power of the BMD
was obtained from the combination of BV/TV and M/M ratio, and
Tb.N and M/M ratio. Both models yielded similar results in all
anatomical locations, but the R2 value was greatest in femoral neck.

Table 6.2: Linear regression models for explaining the variation in BMD in the different
anatomical locations. Explanatory power (R2) is shown in bold. Partial correlations of the
model parameters are also presented. ** p < 0.01, * p < 0.05.

Model Femoral neck Trochanter Calcaneus
BV/TV, M/M ratio R2 0.592 0.447 0.401
BV/TV Part. corr. 0.762** 0.667** 0.527*
M/M ratio Part. corr. 0.446 -0.088 0.095
Tb.N, M/M ratio R2 0.654 0.414 0.384
BV/TV Part. corr. 0.802** 0.641** 0.508*
M/M ratio Part. corr. 0.393 -0.085 0.067

6.4 FRACTURE CALLUS AND CORTEX

In study IV, only small amounts of new callus tissue was found in
NaCl group, based on the µCT images. In this animal model, un-
treated fractures result in 50 % non-union [153]. Some mineralized
callus tissue was forming between the fracture ends but the union
was not complete. Based on the µCT images, all fractures in the
BMP-7+NaCl and BMP-7+ZO groups were judged as completely
healed. The callus size in the BMP-7+ZO group was larger than in
the other groups.

The parameters describing the composition and mineral struc-
ture were averaged in the fracture callus, fracture cortex and control
cortex in each treatment group. Additionally, all treatment groups
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were pooled and the parameters were averaged for each location.

6.4.1 Composition

The results of the tissue composition in the control cortex, fracture
cortex and fracture callus are presented in Figure 6.7. When all
samples were pooled, the M/M ratio (Figure 6.7A) and XLR (Fig-
ure 6.7C) were significantly lower in fracture callus than in fracture
cortex (p < 0.01 and p < 0.05, respectively) and control cortex (p
< 0.05 and p < 0.01, respectively). Crystallinity (Figure 6.7D) was
significantly lower in control cortex than in the fracture cortex and
callus (p < 0.01 in both). APS (Figure 6.7E) was significantly higher
in the fracture callus as compared to control and fracture cortices (p
< 0.05 and p < 0.01, respectively).

In all treatment groups, M/M ratio was lower in callus tissue
than in the cortices (data not shown). The M/M ratio was similar
in the fracture and control cortices. The C/P ratio was similar in all
samples regardless of the location. In animals treated with BMP-
7 and/or ZO, the XLR tended to be lower in callus tissue than in
the cortex bone, whereas no differences were observed in the NaCl
group. Crystallinity was higher in the fracture cortex and callus tis-
sue than in the control cortex. This was seen especially in the BMP-7
and/or ZO treated samples. ASP was higher in fracture callus than
in the fracture and control cortices in all treatment groups.

6.4.2 Mineral structure

The results of the mineral plate thickness determined using the dif-
ferent methods are presented in Figure 6.8A. The results were de-
pendent on the method used for analysis. No differences between
the locations were observed when analyzed using the method pro-
posed by Fratzl et al. (Figure 6.8A). The curve fitting technique
resulted in higher (12 %, p < 0.01) values of mineral plate thickness
than the method proposed by Fratzl et al. (Figure 6.8A). The curve
fitting results showed that the fracture cortex had a lower mineral
plate thickness than the control cortex and the fracture callus. The
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Figure 6.7: Results of FTIR compositional analyses of M/M ratio A), C/P ratio B), XLR
C), crystallinity D) and APS E) in control cortex, fracture cortex and fracture callus for
all samples. Non-parametric Wilcoxon signed rank test ** p < 0.01, * p 0.05.

difference between fracture callus and fracture cortex was statisti-
cally significant (p < 0.05) (Figure 6.8A).

Figure 6.8: Results of mineral plate thickness determined using the methods proposed by
Fratzl et al. and Bünger et al. A), pre-dominant orientation B) and degree of orientation
C) in control cortex, fracture cortex and fracture callus for all samples. Non-parametric
Wilcoxon signed rank test ** p < 0.01, * p < 0.05.
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The pre-dominant orientation (Figure 6.8B) was significantly dif-
ferent in the callus tissue compared to the fracture and control cor-
tices (p < 0.05 in both). DoO (Figure 6.8C) was significantly higher
in the control cortex than in the fracture cortex and callus (p < 0.05
in both). The pre-dominant orientation of the mineral crystals was
along the long axis of the bone in the cortices, whereas in the cal-
lus tissue the orientation was more random (Figure 6.8B). DoO was
higher in the control cortices as compared to fracture cortices and
calluses (Figure 6.8C).

Additionally, when the data from all treatment groups and lo-
cations were pooled, the mineral plate thickness determined using
the method proposed by Fratzl et al. [64,65,67] from SAXS data cor-
related significantly with the crystallinity from FTIR (r2 = 0.489, p
< 0.01) (Figure 6.9). However, mineral plate thickness determined
with the curve fitting method proposed by Bünger et al. [68] dis-
played no correlations with any of the compositional parameters
determined from the IR spectra.

Figure 6.9: Linear correlation between the mineral plate thickness determined with the
method proposed by Fratzl et al. from SAXS and crystallinity from FTIR. Pearson’s
correlation ** p < 0.01.
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7.1 BONE CHANGES WITH AGE

Studies I-III examined the compositional and/or structural changes
in rabbit cortical bone (I-II) or human trabecular bone (III).

Composition

When new immature bone is formed, osteoblasts synthesize organic
matrix which is mostly collagen [1, 7]. Thus, the collagen content
increases rapidly during bone formation, especially during early
skeletal growth in animals. This was observed in study II, as the
collagen content was evaluated with BA. The amide I peak in the
bone IR spectrum is attributable mainly to collagen. Although it is
not a direct measure of the collagen content, it has been used to es-
timate collagen content in articular cartilage [43,142,166] and decal-
cified bone [111]. Optical retardation, calculated from PLM images,
is an indicator of collagen content and anisotropy [43, 167]. Since
collagen fibers run almost perfectly along the long axis of the corti-
cal bone shaft, the anisotropy is low and thus the optical retardation
may be an indication of collagen content. In study II, the amide I
peak area (FTIR) and optical retardation (PLM) both yielded similar
results as BA and the correlations between each parameter pair was
significant. Thus, the findings support the concept that collagen
content increases quickly during early maturation (from newborn
until 1 month of aged rabbits) and continues to increase at a slower
pace until skeletal maturity has been achieved, i.e. 6-9 months in
rabbits [93, 152]. As the bone matures, it becomes spatially more
homogenous. This is supported by the finding that the spatial het-
erogeneity of amide I (and amide II) decreased until the age of 3
months.

As the collagen content increases, the amount of collagen cross-
linking also begins to rise. First, immature cross-links connect the
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collagen fibers and then with time, they are reduced to mature
cross-links [77]. In study II, the mature HP cross-link content was
evaluated biochemically. As expected, the HP content increased
with maturation until skeletal maturity was reached. Paschalis et
al. analyzed the IR spectra of peptides linked by Pyr (mature)
and deH-DHLNL (immature) cross-links [21]. They found major
peaks at ∼ 1660 cm−1 for Pyr and at ∼ 1690 cm−1 for deH-DHLNL,
whereas no peak at ∼ 1660 cm−1 was observed for deH-DHLNL.
The ratio of these peaks has been utilized to describe the collagen
maturity [21, 22, 28, 112]. A significant correlation was found be-
tween the mature cross-links determined from IR spectra and by
BA. The results from studies I and II reveal that the collagen ma-
turity in rabbits increased significantly until 3 months of age but
thereafter remain stable until 18 months of age. This is consistent
with the reported changes in bovine bone based on FTIR microspec-
troscopy [21] and BA [168].

When the collagen network is formed, mineralization begins
when the HA crystals start to appear between the collagen fibers [1,
83]. The mineralization can be evaluated using IR or Raman spectra
of bone [22,24,29,30,38,39,91,92,112,115,117,130–132,137,169,170].
The M/M ratio reflects the degree of mineralization and has been
shown to correlate with ash weight in bone [17, 116]. In agreement
with earlier reports [17,21,24,37,38], the results in studies I and III
indicate that the M/M ratio increases during maturation from very
young to skeletally mature rabbits, but that it continues to increase
also throughout the human adult life. The CB/M ratio and the C/M
ratio additionally reveal information about the carbonate content in
bone. These parameters also increased significantly during matura-
tion of rabbit bone and during the human adult life. These changes
are consistent with earlier reports that described higher mineraliza-
tion and carbonate content with increasing age in cortical [39] and
trabecular bone [91]. Mineralization, collagen maturity and crys-
tallinity are all properties that affect the mechanical properties of
bone. As the mineralization increases, the bone becomes stiffer and
thus more brittle, which partly can increase the fracture risk [31]. In
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addition, an increase in collagen maturity and crystallinity has been
postulated to contribute to bone weakening and increased fracture
risk [171].

With time, the HA crystals undergo changes as carbonate sub-
stitutes to the hydroxide (type-A substitution) or phosphate (type-B
substitution) site of the HA crystal. It has been suggested that car-
bonate substitution occurs randomly over time and Raman spec-
troscopy studies have shown that carbonate substitution increases
with increasing age [30,34,35]. In study I, the type-B carbonate sub-
stitution was found to increase in rabbit bone until 3 months of age
but no clear changes where found in the C/P ratio (total carbon-
ate substitution) in human bone during adult life (study III). The
increase of the type-B carbonate substitution with age is consistent
with earlier Raman studies [34, 35]. The C/P ratio has been spec-
ulated to relate to bone remodeling and turnover [92] and also the
size of the mineral crystals, i.e. crystallinity, in bone tissue [90, 91].
In studies I and III, no significant changes were found in crys-
tallinity with age in rabbits or humans. As the composition was
assessed outwards from the osteon center [17, 24, 38], crystallinity
was found to increase with tissue age, but no significant changes
with animal age have been observed [39].

The precise lattice location of the acid phosphate substitution
(APS) into the HA crystals has not been assessed [172] but it is
known to associate with new mineral deposition [20, 22, 24]. Thus,
greater acid phosphate substitution has been detected in newly
formed bone as compared to older bone [110, 125, 126]. Hypothet-
ically, a decrease in APS with maturation should be expected. The
APS calculated from the data in studies I and III were consistent
with this hypothesis. APS decreased in rabbit bone until skeletal
maturity and a decline was also found in human calcaneus during
adult life.
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Collagen structure and trabecular bone microarchitecture

As the collagen matrix is initially formed, it is random in its ori-
entation. When the bone becomes more mature, the collagen fibers
orientate mainly in the main loading direction, e.g. longitudinally
in the cortex of the long bones. In study II, this was observed us-
ing PLM, i.e. the orientation changed significantly (approached the
orientation of the cortex) from newborn until 3 month old rabbits.
With the material in study II, however, it is not possible to distin-
guish whether these changes are due to reorientation of existing
collagen fibers or to the formation of new fibers, i.e. an increase in
the collagen content. The spatial heterogeneity of the collagen fiber
orientation and parallelism index, i.e. the anisotropy of the colla-
gen fiber organization, decreased until 3 months of age. Hence,
the bone collagen network becomes more regularly organized as
maturation proceeds.

The age dependent changes in microarchitecture of trabecular
bone in different anatomical locations have been studied in older
men and women using µCT [51, 60]. The BV/TV in greater trocha-
nter has been found to increase in men with increasing age [60]. In
study III, no significant correlations were detected between BV/TV
and age. Instead, SMI and DA showed significant correlations with
age as they increased and decreased, respectively. Previously, a
higher BMD in the femoral neck compared to greater trochanter has
been reported [60], which is consistent with the findings in study
III. This is consistent also with the higher BV/TV and Tb.Th and
lower SMI values found in study III in the femoral neck compared
to greater trochanter. Recently, it was reported that Tb.Sp was low-
est and Tb.N highest in calcaneus in men and women over 52 years
of age [51]. The data in study III is generally in agreement with the
reported data, except for DA which was found to be highest in the
calcaneus in study III.
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7.2 TRABECULAR BONE DIFFERS BETWEEN ANATOMICAL
SITES

In study III, the microarchitecture and composition of femoral neck,
greater trochanter and calcaneus were investigated.

Microarchitecture

In study III, significant differences in the microarchitecture of tra-
becular bone were demonstrated between the different anatomical
locations. The greater trochanter showed the lowest BV/TV, Tb.Th,
Tb.N and DA and the highest SMI. These are an indication of a
more rod-like rather than plate-like structure. In a rod-like struc-
ture, the BV/TV is lower, the Tb.Th is reduced and the Tb.Sp is
relatively high (more empty space between rods than plates). The
DA is also lower, which is evidence of a more isotropic structure.
The greater trochanter is exposed mainly to tensile stresses and pre-
sumably the structure presented above is better equipped to allow
the tissue to resist these forces.

The femoral neck and calcaneus exhibit denser trabecular struc-
tures than the greater trochanter. In the femoral neck, the Tb.Th and
BV/TV are high. These point to a well organized matrix capable of
withstanding high compressive and shear stresses [161]. In calca-
neus, both high compressive and tensile stresses are present [162].
The trabecular bone in calcaneus is dense (high BV/TV) with a
high number (high Tb.N) of thin trabeculae (low Tb.Th) close to
each other (low Tb.Sp). This could be interpreted to signify that
there is a mixture of structures present in femoral neck and greater
trochanter which is probably optimal for resisting the high impact
compressive and tensile stresses.

Composition

The previous study by Donnelly et al. examined the compositional
variation between subtrochanteric femur, the iliac crest and the
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greater trochanter [10]. The M/M ratio was found to be highest
in cortical bone in subtrochanteric femur. However, no other dif-
ferences were observed in the cortical and trabecular bone between
those locations. When compared to the data in study III, it can be
noted that the values of M/M ratio were similar (∼ 4.2), whereas
the previous study reported a slightly lower C/P ratio compared
to the data in study III. Collagen maturity and crystallinity were
lower in study III than in the work of Donnelly et al. [10]. These
differences most likely originate from the differences in analysis
methods (peak-fitting vs. intensity ratio [10]) for collagen matu-
rity and crystallinity, and different instruments as well as sample
gender [10]. Another recent study investigated the mineral content
(calcium content) with scanning electron microscopy [173]. They
found that the mineral content was higher in greater trochanter
than in trochanter minor.

In study III, the M/M ratio was highest in greater trochanter.
When analyzing the composition across the trabeculae, the C/M
ratio and the C/P ratio were lowest in the middle of the trabeculae,
i.e. the oldest bone in a trabecula, in the femoral neck. The M/M ra-
tio and the C/M ratio reflect the degree of mineralization of bone,
whereas the C/P ratio reflects the carbonate substitution and ac-
cumulation in bone, which is lower in bone with a high turnover
rate [18, 92]. Crystallinity was lower in the calcaneus than in the
femoral neck and greater trochanter. It has been observed that the
crystallinity is lower near the sites of micro-damage [112]. In ad-
dition to the compressive and tensile stresses that the calcaneus
experiences [162], this bone is also prone to impact loads [162], e.g.
during running and jumping, which might evoke micro-damage in
the trabecular bone and might partly explain the low crystallinity
in the calcaneus.
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Inter-relationship between composition and microarchitec-
ture

In study III, significant correlations were found between compo-
sitional and structural parameters in the greater trochanter and cal-
caneus. This highlights the inter-relationship between the compo-
sition and microarchitecture. Both are affected by the loading en-
vironment and both are involved in controllingl the bone quality.
However, a detailed evaluation of the contribution to each other
would require compositional, structural and biomechanical data of
the individual trabeculae, which was not possible in study III.

Linear regression models explaining the BMD in terms of mi-
croarchitecture and composition were studied. It was found that
the BMD is affected more by the microarchitecture than by compo-
sition. BV/TV and Tb.N were the most important determinants of
BMD, whereas no significant partial correlations were found in the
compositional parameters in the models. Since BMD combines the
structural and compositional variation into one single value, this
is not unexpected. When the bone microarchitecture was dense, it
reflected in a higher BMD value in the ROI. Thus, most probably
the BMD is not sensitive enough to detect the more subtle changes
in the mineral content of individual trabeculae.

7.3 FRACTURE CALLUS TISSUE

In study IV, it was demonstrated that FTIR and SAXS combined
can be used to identify the differences in composition and mineral
structure between the newly formed callus tissue and cortical bone
tissue. Due to the low number of samples, the emphasis was on the
comparison between the types of tissues, independent of the treat-
ment. Additionally, the mineral plate thickness results obtained
from the method proposed by Fratzl et al. [64, 65, 67] and Bünger et
al. [68] were compared.

Lower degree of mineralization, collagen maturity and degree
of orientation of the mineral crystals and higher APS are indica-
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tors of new, immature and less organized bone. As expected, this
was found in study IV when newly formed callus tissue was com-
pared with the cortices. In addition, the larger spread of orientation
angles in the callus tissue reflects the disordered woven nature of
the forming bone. This is as expected, since the orientation of the
collagen fibers and mineral crystals in cortical bone are oriented
primarily in the direction of the long axis of the bone [1, 2], i.e.
the main loading direction. In the NaCl group, the calluses were
smaller e.g. when compared to BMP-treated calluses. This seems to
be reflected in the orientation parameters, where the NaCl treated
samples displayed a more similar orientation to the cortical bone,
compared to the large calluses in BMP-treated bones.

In the NaCl group, no union was achieved despite some sparse
bone formation in the gap area. In contrast, all samples in the BMP-
7 + ZO group were judged to be completely healed. These findings
are consistent with previous studies using the same animal model
with larger number of animals per group [153, 154].

Composition

The compositional (FTIR) results in study IV are mainly consis-
tent with earlier reports where the composition of callus tissue and
cortex has been evaluated [113, 114]. The M/M ratio was higher in
the cortex compared to callus tissue [113,114], the collagen maturity
was also higher in the cortex than in the callus tissue [113]. Crys-
tallinity has been found to be similar [114] or slightly reduced [113]
in fracture callus. In contrast to those findings, the results in study
IV indicated a higher crystallinity in the callus tissue and fracture
cortex compared to control cortex, but no significant differences
were found between the callus tissue and fracture cortex. APS is
associated with new mineral deposition [20, 26, 174] and a high
APS value has been shown to indicate areas of new bone forma-
tion [125,126]. In study IV, a higher APS was observed in the callus
tissue than in the cortices in line with the previous studies.
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Mineral structure

Fracture callus tissue has received only minor attention in the SAXS
literature [150, 151]. In these studies, the mineral plate thickness
has been determined using the method proposed by Fratzl et al.
[64, 65, 67]. In sheep, mineral plate thickness has been found to be
lower in the callus tissue than in the fracture cortex during fracture
healing [151]. The difference diminished 9 weeks after the fracture.
The healing time of 6 weeks in a rat model, used in study IV, is
comparable to a 9 week healing time in the sheep model, and thus
these present results are consistent with the cited study. However,
mineral plate thickness evaluated using the curve fitting method
tended to be higher in control cortex compared to the fracture cor-
tex and callus. Hypothetically, with a higher number of samples,
the curve fitting method would have revealed a significantly higher
mineral plate thickness in control cortex than in fracture cortex and
callus even at this stage of fracture healing, although this was not
observed with the method proposed by Fratzl et al. [64,65,67]. This
would be expected since the turnover is higher at the fracture site
due to remodeling of the woven bone compared to the intact bone.

7.4 VALIDATION

7.4.1 Compositional parameters

IR and Raman microspectroscopic techniques provide powerful tools
with which to investigate the composition of the organic and inor-
ganic phases in bone. Since the peaks in IR and Raman spectra are
not unambiguous and are usually sum peaks of multiple molecular
bond vibrations, the validity of the used peaks is critical. Today
most of the parameters are validated and widely accepted to de-
scribe the composition of bone. In IR and Raman bone spectra,
the analyzed peaks are based on various validations as the bone
spectra have been compared to those of pure or synthetic com-
pounds [20, 21, 23, 89, 110].
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Mineralization

M/M ratio, probably the most important and widely used com-
positional parameter, is an indicator of mineralization of bone. It
has been shown to correlate with ash weight of bone [17, 116]. The
C/M ratio provides similar information as M/M ratio, with the
difference that in M/M ratio the phosphate content is evaluated,
whereas in the C/M ratio it is the carbonate content that is esti-
mated. Both yield information about the mineral content in the
bone and are reliable indicators of the mineralization, especially af-
ter the collagen network has formed, i.e. when the collagen content
remains relatively stable.

Carbonate substitution

C/P ratio is an indicator of carbonate substitution into the HA crys-
tal. The carbonate substitution can occur in the hydroxide (type-A)
or phosphate (type-B) site of the crystal. Usually from IR spectra,
the total C/P ratio (type-A + type-B + labile) is determined be-
cause the carbonate peaks are close to each other, but it is possible
to evaluate also type-A and type-B carbonate substitution through
peak-fitting [24]. From Raman spectra, commonly only the type-B
carbonate substitution is determined, although also type-A carbon-
ate can be measured through curve fitting techniques.

Collagen maturity

XLR, the ratio of mature and immature cross-links, has been in-
creasingly used to describe the collagen maturity of bone in spec-
troscopic studies [21,22,28,39,81,92,109,113,115,119,120,171]. It has
been proposed by Paschalis et al. to describe the ratio of Pyr (ma-
ture) and deH-DHLNL (immature) cross-links [21]. It is calculated
as the ratio of areas (or intensities) of two sub-peaks at ∼ 1660 cm−1

and ∼ 1690 cm−1, if peak-fitting is used, or as the ratio of the in-
tensities at 1660 cm−1 and 1690 cm−1 in the actual bone spectrum.
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Although the sub-peak areas (or spectrum intensities) are not ac-
tual indicators of the deH-DHLNL or Pyr cross-links, the ratio has
been commonly accepted as the indicator of the mature/immature
cross-link ratio or collagen maturity [21, 22, 28, 39, 81, 92, 109, 113,
115, 119, 120, 171]. Generally, it has been found to increase during
maturation and with aging and it appears to be a valid indicator of
the developmental stage of the collagen network. The peak-fitting
method requires extensive calculation and is relatively time con-
suming compared to the time and effort needed to calculate the
ratio directly from the spectrum. In study I, interestingly, the XLR
results obtained with these two methods correlated significantly (r2

= 0.880, p < 0.01).
The collagen maturity parameter determined as discussed above,

has also been subjected to criticism. A recent study indicated that
the ratio of ∼ 1660 cm−1 and ∼ 1690 cm−1 was not related to the
ratio of Pyr and deH-DHLNL cross-links [175]. They stated that
the changes in this parameter might be due to modifications in the
collagen secondary structure which is related to the age-dependent
mineralization process. However, according to their conclusion the
ratio may still be attributable to age-related changes in the collagen
secondary structure. Therefore, the assignation of the term collagen
maturity to the ratio may still be valid.

Crystallinity

Crystallinity has been shown to correlate with the c-axis length
of the HA crystal, as determined with XRD, with increasing tis-
sue age [24, 38, 169]. In study I, a similar trend was seen since the
crystallinity increased with age as determined from Raman spectra.
However, this age dependent increase of crystallinity with animal
age was not observed in studies I or III or in the literature else-
where when FTIR has been utilized [39].
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Acid phosphate substitution

APS has been evaluated using various intensities of the IR spec-
trum of bone [22, 117, 174, 176]. It is known to be higher in newly
formed bone [110,125,126] which makes it a good indicator of bone
formation. The recent study of Spevak et al. further validated the
parameter; these investigators concluded that it was calid to use the
ratio of intensities at 1127 cm−1 and 1096 cm−1 as an indicator of
acid phosphate content or acid phosphate substitution [26].

FTIR vs. Raman

The findings from IR and Raman based studies of bone are often
compared and believed to be interchangeable [91,112,130,131,170].
However, many spectral features of bone, especially differences be-
tween IR and Raman spectra, are still poorly understood. A few
studies have compared the similar IR and Raman compositional pa-
rameters [39,177–180]. However, usually these have been conducted
on selected biochemical molecules rather than on biological tissues
with their more complex molecular structure. Gourion-Arsiquaud
et al. [39] compared the IR and Raman compositional parameters
in baboon bone in terms of tissue aging but they did not compare
the parameters with different ages of animals. In general, they ob-
served significant correlations between IR and Raman spectroscopic
parameters. In study I, where IR and Raman compositional pa-
rameters were compared with animal age, the results were mostly
consistent with the findings by Gourion-Arsiquaud et al. However,
caution is required when performing a comparison between com-
positional parameters determined from IR and Raman spectra, es-
pecially when related to carbonate (total vs. type-B).

Clustering

The differences in bone, or other tissues during aging or diseases
can be evaluated by calculating the compositional parameters de-
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scribed as above. Another approach is clustering; in clustering, the
whole spectrum, or parts of it, is taken into account and the spec-
tral features, like shape, are used to classify the spectra in different
categories. In this way, no compositional parameters are directly
calculated and a larger amount of information is utilized in the clas-
sification. For example, clustering has been used in bone analyses
where newborn, immature and mature bone were successfully clas-
sified into the correct categories [109, 111]. Furthermore, clustering
would be very useful when trying to distinguish cancer tissue and
normal tissue in sections where traditional staining will not work.

7.4.2 Structural parameters

The microstructural parameters of trabecular bone, as calculated
from the µCT reconstructed images, are well validated. The struc-
tural parameters can be determined reliably as long as the resolu-
tion of the µCT is good enough to separate the individual trabecu-
lae. Previous studies have shown that the structural parameters are
greatly dependent on the image resolution [59, 181–183]. The µCT
parameters are average indices describing the structure in the actual
geometry. For example, BV/TV is calculated as the fraction of bone
in the measurement area and Tb.Th [µm] and Tb.N [µm−1] are the
average thickness and number of trabeculae in the measurement
area. SMI has been assigned to indicate the plate-like or rod-like
character of the trabeculae The ideal plate-like structure has a SMI
of 0 and the ideal cylindrical rod-like structure has a SMI of 3 [63].
In trabecular bone, usually both are present and the average SMI
is between 0 and 3. DA can be defined using the mean intercept
length (MIL) method [55,184,185]. The MIL is dependent solely on
the interface between the bone and marrow, which might mean that
clearly anisotropic structures may appear isotropic when examined
with the MIL method [55, 186].
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7.4.3 Mineral structure parameters

In study IV, the mineral plate thickness values were significantly
higher (12 %, p < 0.01) when analyzed with the curve fitting meth-
ods in comparison to the values calculated with the method pro-
posed by Fratzl et al. The assumption of the mineral phase frac-
tion of 50 % in the method proposed by Fratzl et al. might not be
valid when evaluating the mineral plate thickness of newly formed
bone or bone under high turnover. In equation 3.23, it can be seen
that the calculated mineral plate thickness increases with increasing
mineral plate fraction ϕ. Thus, it may underestimate the mineral
plate thickness (if the real ϕ > 0.5) in cortex bone, whereas in newly
formed bone it might provide an overestimation since presumably
ϕ < 0.5 in newly formed bone. In one SAXS study, the mineral frac-
tion was found to vary within dentin [187] and similar variation
could be expected also in bone. Thus, a curve fitting approach in
the evaluation of the mineral plate thickness, especially in newly
formed bone and bone under high turnover, is recommended.

7.5 STRENGTHS AND LIMITATIONS

7.5.1 Compositional analyses of bone

Biochemical analysis has been the golden standard when assess-
ing the organic composition of tissues. However, it is not possible
to investigate the spatial inorganic composition of bone using BA.
In the evaluation of the mineral content in bone, the sample can
be burned and the ash weight can provide an approximation of
the mineral content in the bone. In both methods, the other phase
has eventually been removed and thus both organic and inorganic
composition cannot be studied in the same sample. Additionally,
often in BA (HPCL), small samples are used that may introduce
uncertainty, e.g. due to weighing, and high variability (CV%) in the
results, as seen in study II.

With FTIR and Raman microspectroscopic techniques, both or-
ganic and inorganic composition can be evaluated from the same
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sample without destroying either phase. However, the measured
peaks do not arise directly from the components that they have
been assigned to represent. For example, the collagen content is
evaluated from the peak found at ∼ 1650 cm−1 which mainly arises
from the molecular bonds in the amide I chain. However, other
organic proteins in bone also contain amide I bonds. Furthermore,
since collagen has a lot of amide I, and is the major contributor to
the organic phase in bone, the peak can be used as an indicator
of the amount of collagen. Another problem with the Raman and
FTIR spectra is the overlapping of the small peaks, i.e. basically
all visible peaks in the bone spectrum are sum of peaks with ener-
gies close to each other. Fortunately, peaks close to each other arise
from similar molecules and the analyzed sum peak represents the
composition of the molecules of interest relatively well. If a more
detailed analyses of the fine structure of the spectrum is needed,
peak fitting techniques, for example, can be used to break up the
measured sum spectrum into the different components, i.e. sub
peaks.

In FTIR and Raman microspectroscopy the measurement areas
are relatively small. For example, when studying the composition
of trabecular bone in study III, three representative areas of 0.053 ±
0.013 mm2 of trabeculae from one bone section of each sample were
measured. In study I, five Raman point measurements of cortical
bone were made around the cortex. Thus, since relatively small
measurement areas compared to the size of the bone are used in
FTIR and Raman studies of bone, the results must always be inter-
preted with caution. Indeed, they may not be fully representative.

The sample preparation for FTIR and Raman microspectroscopy
is different. In FTIR, bone sections of 1-5 µm are used. The absorp-
tion of the IR light is directly proportional to the sample thickness.
As the section thickness can vary within and between the sections,
ratios of peaks are usually used to describe the composition. Natu-
rally, the thicker the sample, the smaller the relative variation in the
sample thickness. Thus, in study II where the section thickness was
5 µm, the amide I and amide II peak areas were directly used as an
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indicator of the collagen content. In Raman, the sample prepara-
tion is more straightforward, since the measurements can be done
from the surface of the sample. However, in order to optimize the
signal, the surface is usually polished and care needs to be taken
to carefully clean the polished bone and embedding medium dust
which could potentially interfere the measurements.

7.5.2 Structural analyses of bone

Polarized light microscopy can provide information about the col-
lagen fiber content, orientation and heterogeneity. It is based on
visible light images which makes it an effective tool with which to
evaluate large areas of multiple samples. In bone, relatively large
samples, e.g. in study II half of the length of a fully grown rabbit
femurs, could be easily imaged at once. However, since PLM is
limited by the light wavelength, it is impossible to study individual
collagen fibers. Evaluation of the collagen content, orientation and
heterogeneity is based on collagen bundles. Another limitation is
that in order for light to penetrate the bone samples, they have to
be decalcified. Thus, the bone mineral phase cannot be studied.

µCT has been used widely to evaluate the trabecular and corti-
cal bone microarchitecture. Since the indices are average physical
measures of the bone, they are reliable. However, as the indices are
averaged in the whole ROI, possible variations within the ROI may
not be detected. For example, when approaching the cortex from
the center of the proximal femur, the trabecular structure changes
significantly and care should be taken to exclude areas close to the
cortex from the ROI. Another limitation might be the resolution.
One has to concider carefully what level of resolution is needed to
detect the smallest details in trabecular bone, for example, to obtain
reliable information about the structure [92].

7.5.3 Analyses of bone mineral structure

When combined with a moving x-y stage, SAXS provides a pow-
erful tool to determine the spatial information about mineral plate

90 Dissertations in Forestry and Natural Sciences No 118



i
i

i
i

i
i

i
i

Discussion

thickness and orientation of the crystals in bone without destroying
the sample. Powder XRD provides similar information about the
average size of the mineral crystals, but the orientation information
is lost since the sample is powderized. In XRD, the actual length
and width of the crystal can be determined easily (from the broad-
ening of the peak), whereas in SAXS more complicated approaches
are needed (discussed in section 7.4.3). However, in addition to the
crystal size, the XRD peak widths are also sensitive to disorders
and strains, which possibly impairs the accuracy of the size esti-
mation. In SAXS, the resolution is also important, i.e. the size of
the focus of the beam and the step size of the stage. When study-
ing small objects, smaller focus and step size are needed in order
to obtain spatial information. A larger focus and step size would
presumably provide similar bulk information but miss the detailed
structure. Additionally, the data is also averaged over the sample
thickness. The optimal thickness of SAXS samples ranges from be-
low 100 µm upto 600 µm [65]. In study IV, the sample thickness
was 300 µm. Although being somewhat thicker than the beamsize
used (200 µm), it is still within these limits.
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8 Summary and conclusions

In this thesis, characteristic changes in composition and microar-
chitecture of bone during growth, maturation and aging were eval-
uated using a wide range of techniques and analysis methods. In
addition, the composition and mineral structure of newly formed
bone in fracture callus were studied. All these results contribute to
the conception of bone quality. The validity of the parameters and
the output of each used technique were critically discussed and an
extensive comparison was performed between the similar parame-
ters obtained from different techniques.

The main conclusions from this thesis may be summarized as fol-
lows:

• Spectroscopic techniques were able to describe the rapid com-
positional changes during early maturation of bone.

• Bone composition continues to change with aging, although at
a slower pace, even after skeletal maturity has been reached.

• The composition and microarchitecture of trabecular bone varies
between anatomical locations. This may be linked to differ-
ences in the loading environments.

• The composition and mineral structure of newly formed cal-
lus tissue during long bone healing differs from cortical bone
tissue.

• FTIR and SAXS represent as techniques sensitive enough to
assess the composition and mineral structure of newly formed
callus tissue.

• Caution is required when one attempts to compare similar
parameters of bone composition obtained with different tech-
niques.
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Spectroscopic Characterization of 
Bone Composition
Alterations during Bone Formation, Maturation

and Aging

Bone composition and architecture 

constantly change, especially dur-

ing the process of bone maturation, 

aging and under altered mechanical 

loading. Thus, bone is a dynamic 

tissue with continuous changes 

in its quality. In this thesis, these 

changes were evaluated by using 

several quantitative techniques, e.g. 

Fourier transform infrared and Ra-

man microspectroscopy, polarized 

light microscopy, micro computed 

tomography and small angle x-ray 

scattering. The methods can be used 

to improve the assessment of bone 

quality in the future and increase 

the understanding of characteristics 

of bone diseases, e.g. osteoporosis. 
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