
REVIEW PAPER

Fourier Transform Infrared Spectroscopy of Bone Tissue: Bone Quality
Assessment in Preclinical and Clinical Applications of Osteoporosis
and Fragility Fracture

Nikolaos Kourkoumelis1 & Xianzuo Zhang2
& Zeming Lin3

& Jian Wang3

Published online: 10 January 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
The pathogenesis of bone fragility is of utmost importance especially to modern societies with aging populations. Increased
skeletal fragility due to aging and disease motivates researchers to investigate the contributing biological mechanisms and to find
ways to inhibit them. Bone quality is a set of structural and compositional variables that contribute to bone strength and influence
its ability to resist fracture. They originate frommultiple bone hierarchical levels and include the morphology (mass distribution),
the chemical composition, and the biomechanical properties of bone tissue such as stiffness, fatigue strength, and fracture
toughness. Qualitative and quantitative measurements of bone material properties reflect the underlying health or disease status.
Fourier transform infrared (FTIR) spectroscopy and imaging are able to evaluate spatially inhomogeneous structures like bone in
the form of sections or homogenized powder, providing simultaneous quantitative and qualitative information from both organic
and inorganic tissue components. These techniques give a snapshot of structural and material properties that essentially depend
on bone turnover while they are also sensitive to tissue alterations due to metabolic and nonmetabolic diseases, and external
factors like administration of drugs. In this review, we discuss the application of FTIR spectroscopy and imaging to preclinical
and clinical studies. The interpretation of results emphasizes the potential of infrared spectroscopic techniques to associate bone
heterogeneity with fracture risk, assess the compositional and structural properties of osteoporotic bone, and investigate
bisphosphonates’ antiresorptive action and side effects.
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Tissue diagnostics depends on clinical observations to identify
the underlining conditions or determine their severity. Bone
disorders are typically probed by imaging, serum biomarkers,
and patient risk factors. For example, risk assessment guide-
lines [1] and X-ray radiation are the main clinical tools to

evaluate those considered to be at risk of a first fragility frac-
ture. However, the majority of individuals at high risk of frac-
tures are neither diagnosed or treated for probable osteoporo-
sis; moreover, the sensitivity of bone density imaging tech-
niques cannot entirely identify individuals who will or will not
develop fractures [2], conceivably because bone density most-
ly refers to bone quantity. Other examples of bone disorders,
typically diagnosed with imaging techniques like radiography,
dual-energy X-ray absorptiometry (DEXA), quantitative CT,
and ultrasound, include osteomalacia, rickets, scurvy, renal
osteodystrophy, hyperparathyroidism, Paget’s disease, osteo-
genesis imperfecta, acromegaly, and osteopetrosis [3]. When
common diagnostic procedures do not provide a clear answer
as to what needs to be done to prevent a fracture, bone diag-
nostics turns to the ex vivo analysis of bone biopsies.
Although invasive, this technique can assert the presence of
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malignant cells, the paucity of bone cells, and abnormal min-
eralization through histology and histomorphometry.

Fourier transform infrared (FTIR) spectroscopy is a vibra-
tional spectroscopic technique able to detect the subtle chang-
es attributed to the way that pathological tissues function [4].
It has the potential to aid bone diagnostics, as a method that
assists the histomorphometric analysis or as an automated
process for histopathology classification [5]. In essence, it
relies on the principle that molecular bonds absorb specific
electromagnetic frequencies which are dependent on their
chemical nature. However, contrary to conventional histolog-
ical analysis, FTIR does not require specific staining (label-
free method) and is able to rapidly probe many key
(bio)molecules simultaneously measuring spatial alterations
in bone composition with high chemical specificity.
Furthermore, bone strength and toughness depend on nucle-
ation and progression of cracks and consequently, on micro-
scopic material defects like fiber organization and inorganic/
organic interfaces and properties [6] which can be readily
assessed by FTIR. With this approach, it is possible to intro-
duce new bone biomarkers and investigate biophysical mech-
anisms related to a disease since the method exhibits increased
sensitivity in discriminating normal from diseased tissues or
effective from less effective therapeuticals. These advantages
are attributed to the fact that FTIR spectroscopy can simulta-
neously probe the chemical composition of biological samples
as well as the corresponding biomolecular interactions. As
FTIR shows increased sensitivity to the unique parameters
of each measured sample, the obtained spectra are commonly
described as molecular fingerprints.

Here, we review the application of FTIR spectroscopy to
preclinical and clinical studies, emphasizing its potential to aid
the unbiased clinical decision and enhance our knowledge
regarding normal and diseased bone tissue function and
metabolism.

Bone Molecular Structure

Bone is a heterogeneous, hierarchically structured, composite
material which essentially consists of calcium phosphate crys-
tals periodically deposited on soft organic matter (mainly type I
collagen). These so-called mineralized collagen fibrils are be-
ing formed during the bone biomineralization process [7].
Bone heterogeneity is due to the continuous process of bone
resorption and formation (remodeling) while its hierarchical
structure comprises of several structural levels from macro to
nanometer scale [8]. Both structure and heterogeneity contrib-
ute to the excellent mechanical properties of healthy bone
which can be summarized to high stiffness, strength, toughness,
and lightweight structure [9]. At the molecular level, where
FTIR spectroscopy exerts its analytical power, we can

distinguish the components of inorganic mineral and organic
matrix. The inorganic mineral phase is poorly crystalline, cal-
cium-deficient, carbonated hydroxyapati te (HA),
[Ca10(PO4)6(OH)2], with several impurities such as HPO4

2−,
CO3

2−, Mg2+, Na+, F−, and citrate [10] which are adsorbed onto
the mineral surface and are substituted in the lattice for Ca2+,
PO4

3−, and OH− ions [11]. Bone maturation causes an increase
in mineral crystal size and perfection due to changes in ionic
substitutions and chemical stoichiometry. Absorption and dis-
solution is achieved by controlling the rate of cationic and/or
anionic substitutions [12]. Hence, bone homeostasis and adap-
tation largely depends on increased mineral solubility which is
enhanced by the nonstoichiometric apatite structure which in
turn is imposed by compositional impurities [13] and the small
size of the apatite nanocrystals [14]. With aging, mature apatite
becomes more stoichiometric while the average crystallites size
increases on top of crystallinity. On the other hand, mineral
content and grain size both contribute to bone strength since,
with insufficient mineralization, bones would plastically de-
form under load and there is an apparent relationship between
the size of mineral grains and the elastic modulus of the bone
matrix [15, 16]. Furthermore, studies in animals (tibias of fe-
male BALB mice harvested between 1 and 40 days of age)
with FTIR microspectroscopy correlated with morphometric
(μCT), andmechanical (nanoindentation) analyses showed that
bone stiffness is affected by both mineral content (tissue den-
sity) and tissue composition (measured by FTIR). Specifically,
using a generalized linear model for the FTIR measurements,
the elastic modulus was determined by the level of mineraliza-
tion and collagen cross-linking when all the other chemical
parameters we considered as covariates [17].

Collagen type I is the predominant biomolecule (90%) in
the organic matrix and provides the necessary toughness to
bone to resist fracture. It is a fibrous protein with three left-
handed α-like polypeptide chains, and it is synthesized by
osteoblasts to a right-handed triple-helical structure. It consists
of [Gly-X-Y]n sequences where X and Y are proline and hy-
droxyproline [18]. Enzymatic and nonenzymatic cross-linking
provides the fibrillar matrix with tensile strength and visco-
elasticity [19]. The rest of the organic phase in the extracellu-
lar bone are mainly noncollagenous proteins. Almost 75% of
the about 200 noncollagenous proteins are synthesized by
osteoblasts while the rest are deposited in the bone matrix by
serum [20]. Although in low concentration, they are important
for bone remodeling initiating mineralization [21–23].

FTIR spectroscopy is able to explore both inorganic and
organic phase alterations in one go. Typical outcomes which
reflect bone condition are: level of mineralization, mineral
maturity, carbonate accumulation and environment, acid
phosphate content, and collagen cross-linking [24]. The im-
pact of these parameters on bone failure are not necessarily
equally reflected on the mechanical properties of bone tissue.
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Yet, FTIR can suggest predictors of fracture risk which are of
clinical importance and provide diagnostic information on
diseases that disrupt the bone matrix or the mineralization
process.

Bone Quality

There is a wide variety of experimental methods for assessing
bone health status [25]. Their applicability ranges from the
molecular to macro-scale, and their target are the geometric,
compositional, and mechanical bone properties. In a clinical
setting, the main focus is towards evaluating bone mass, i.e.,
the amount of mineralized bone material in a given volume.
The measurement of bone mineral density (BMD) is currently
the most commonly used densitometric technique for quanti-
fying bone fracture risk. Bone mineral content depends on
peak bone density achieved during development and subse-
quent bone loss; hence, low BMD can result from deficient
bone accretion, accelerated bone loss, or both [26]. Areal bone
mineral density (aBMD, i.e., bone mass along the X-ray pro-
jection) is usually assessed by DEXA and it is currently the
gold standard for fracture risk prediction conveyed as T-scores
[27]. Specifically for fragility, defined as fracture susceptibil-
ity, the Rotterdam study [28] suggested that densitometric
measurements alone, i.e., T-score < −2.5, are not sufficient to
predict almost half of nonvertebral fractures in postmenopaus-
al women. As a result, the term of Bbone quality^ emerged to
address diagnostic ambiguities in BMD scores of individuals
who do and do not sustain osteoporotic fractures. Even so, this
description has the disadvantage of being dependent on the
limitations of a clinical technique, and therefore, it is not con-
sidered as self-sufficient [29]. Generally, bone quality ac-
counts for bone structural and compositional variables such
as the spatial distribution of the bone mass and the inherent/
interacting properties of the molecular groups of the bone
tissue [30]. Although the biochemical and biophysical factors
that are collectively known as Bbone quality^ cannot be pre-
cisely defined, they are usually named as Bintrinsic
determinants^ and include collagen-mineral composition, col-
lagen characteristics, ultrastructural morphology, cellular ac-
tivity, microdamage, and fatigue [31, 32].

In the next sections, we will provide a brief theoretical
background for FTIR spectroscopy, the intrinsic determinants
that can be evaluated, and some recent preclinical and clinical
applications that enhance established diagnostic procedures
like BMD and histomorphometry.

Short Introduction to FTIR Spectroscopy

Molecular spectroscopy relies on the quantum physics phe-
nomenon that a photon undergoes absorption, emission, or

scattering by a molecule, when a change in the energy of a
molecule occurs. In particular, infrared spectroscopy probes
vibrations of molecular bonds when infrared radiation passes
through a sample mass [33]. Molecules have discreet energy
levels for electronic transitions, molecular vibrations, and mo-
lecular rotations. When a molecule is irradiated by monochro-
matic light, it absorbs a fraction of the incident radiation at a
specific energy, and undergoes transition from a lower (usual-
ly referred as ground level) to a higher energy state (denoted as
excited level). These levels must be separated by exactly the
same energy difference. Moreover, there are selection rules
imposed by quantum mechanics and group theory which dis-
tinct transitions as allowed and forbidden. For infrared spec-
troscopy the key selection rule is that the electric dipole mo-
ment of the molecule must change during the vibration; con-
sequently, the peak intensity increases with increasing polari-
ty. In summary, the peaks in an FTIR spectrum are due to the
transitions between quantized energy levels of molecular vi-
brations and correspond to the frequency of bond vibration of
a molecule. These vibrations are localized to specific moieties
of a molecule called functional groups. The position of an
infrared absorption band (usually in wavenumber units,
cm−1) is affected by the vibrating masses, the type of molec-
ular bond, the electron withdrawing or donating effects of the
intra- and intermolecular environment, and the coupling with
other vibrations [34] and reveal the vibrational energy levels
of the functional groups present in a molecule. Infrared spectra
peaks are eventually assigned to the specific vibrations of the
corresponding functional groups, and consequently, the de-
rived spectrum is a superposition of all of the constituents of
the measured sample offering a wealth of biodiagnostic infor-
mation. Different functional groups have different peak inten-
sities, peak widths, and typically different positions (i.e.,
quantitatively absorb in different infrared regions), providing
a chemical sensitive profile of the specimen, hence the term
Bmolecular fingerprinting.^ Within small variations, each
peak position denote specific species, the peak height is pro-
portional to the concentration of certain chemical moieties,
and the peak width gives an estimate of intermolecular inter-
actions (i.e., broad peaks correspond to strong interactions).

Apart from the conventional FTIR spectroscopy, FTIR
imaging provides spatially resolved information based on
multiple IR spectra in an array format. In an FTIR image,
every pixel comprises an entire spectrum that provides a
biochemical fingerprint of the measured sample which can
be then analyzed for disease status or type classification.
FTIR spectroscopic imaging has the advantage of being a
fast and label-free imaging technology (fixation can be
also used), has high chemical specificity, and provides
spatial information of the chemical components of a spec-
imen, and the representative IR images are generated in a
single measurement of the sampling area. FTIR spectros-
copy and imaging applied to biological systems are
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typically performed in three configurations: reflection,
transmission, and attenuated total reflectance (or
Breflection,^ ATR) [35, 36], although FTIR spectra can
be also acquired with other modalities like polarized
FTIR imaging and photoacoustic infrared spectroscopy
[37]. A drawback in using FTIR spectroscopy for the as-
sessment of tissue quality is the intense absorbance of
water in the infrared. Therefore, dehydration is normally
a prerequisite. Moreover, when FTIR is used in transmis-
sion mode, samples must be homogenized with KBr and
pressed into thin pellets. Finally, tissue fixation and
microtoming of thin sections are typically required for
imaging [25]. ATR-FTIR spectroscopy requires minimal
sample preparation (along with other advantages like in
situ measurements, minimal water interference, and in-
creased spatial resolution for imaging [38]) and has been
recently employed for the quantification of bone mineral
crystallinity [39]. Likewise, ATR-FTIR has been used in
forensics to investigate how different exposure times are
able to predict burning temperatures of bone. Using mul-
tivariate linear regression analysis, the splitting of the v4
PO4 domain was used to determine the crystallinity index
of burnt bone [40]. Nevertheless, ATR-FTIR has not been
extensively used in the bone field possibly due to the
small light penetration depth which makes the technique
ideal for highly absorbing samples and thin surfaces.
Conversely, thick samples can cause saturation effects;
furthermore, some contact pressure is necessary on sam-
ples to the ATR crystal [38]. Photoacoustic infrared spec-
troscopy was used to study undisturbed human cortical
bone [41]. It was found that the photoacoustic mode is
more sensitive to specific amide and carbonate bands than
transmission mode. Furthermore, it provides depth profil-
ing analysis and requires little to no sample preparation.

As the principle behind image acquisition is still the inter-
action of infrared light with the vibrational modes of the in-
frared (IR) active molecules, the instrumentation details of the
various FTIR (micro) spectroscopy and imaging techniques
will not be discussed here. A recent review on articular carti-
lage and osteoarthritis studies by FTIR imaging gives an in-
depth explanation of the different FITR imaging modalities
[42]. In the subsequent sections, we will use the term spec-
troscopy and imaging where appropriate and the results can be
directly compared because they refer to the same parameters
of bone physiology.

Bone FTIR Band Assignment

The building blocks of bone matrix are the inorganic compo-
nent of hydroxyapatite crystals and the organic component,
osteoid. Both have specific chemical signatures and, conse-
quently, distinctive infrared spectra with structure-sensitive

features (Fig. 1). The major FTIR bands for bone tissue and
their assignments are summarized in Table 1.

Figure 1 shows that FTIR bone spectra can be roughly
separated into two regions where the organic and inorganic
components have distinct peaks. The intense band at
1654 cm−1 is attributed to amide I (peptide C=O stretching
vibration of the collagen) while near 1550 cm−1 a combi-
nation of the C–N stretch and N–H in-plane bending modes
are assigned to amide II functional group. The strong ab-
sorption contour at 900–1200 cm−1 is attributed to the v1
and v3 normal modes of the apatitic phosphate ion of hy-
droxyapatite. The free phosphate ion can have four modes
of vibrations: v1 (A1) (symmetric stretching), v2 (E) (sym-
metric bending), v3 (T2) (antisymmetric stretching), and v4
(T2) (antisymmetric bending) [44]. Due tetrahedral symme-
try (Td), only the v3, v4 vibration modes are FTIR active;
however, the additional v1, v2 modes can be observed when
the molecule organizes itself to lower symmetry. In bone
FTIR spectra, these interactions result in the weak bands at
957 cm−1 and 473 cm−1. The v4 bending mode is triply
degenerate but due to local anisotropic crystal field effects,
it appears as a well-defined doublet at 563 and 604 cm−1.
The band at 1163 cm−1 is attributed to the HPO4

2− which is
related to nonstoichiometric hydroxyapatite and to the con-
tent of organic matter [45]. It is expected to decrease with
age because as the concentration of carbonate ions in-
creases during apatite maturation, the amount of labile
HPO4

2− decreases, keeping the Ca/(C+P) atomic ratio al-
most constant [46, 47]. The carbonate concentration is also
age dependent. The free ion adopts D3h molecular symme-
try (planar–trigonal geometry with one atom at the center
and three atoms at the corners of an equilateral triangle)
with four vibration modes v1 (A1’) (symmetric stretching),
v2 (A2^) (out of plane bending), and two doubly degenerate
v3, v4 (E’) of which only the last three are infrared active.
However, the v1 band is allowed when the structure shifts to
lower symmetry. The ion occupies three different sites in
biological hydroxyapatite: in monovalent anionic sites
substituting for the hydroxyl group (A-type), in trivalent
anionic sites substituting for the phosphate group (B-type),
and on the surface of bone apatite at random locations (la-
bile). The exact occupancy and location of the carbonate
ions in the lattice are evasive due to the nanodimensions of
the apatite crystallites. Studies with neutron and X-ray
powder diffraction have showed that CO3

2− ions replace
PO4

3− ions in the lattice by either occupying the mirror
symmetry-related faces of the vacated PO4 site or the adja-
cent faces of a PO4 tetrahedron parallel to the c crystallo-
graphic axis [48, 49]. The CO3

2− v3 (1456 cm−1) band
overlaps with the intense absorption bands of organic ma-
terial while the v4 is a very weak band at 669 cm−1. Thus,
the v2 mode is preferable for quantitative calculations of
carbonates in bone mineral.

Clinic Rev Bone Miner Metab (2019) 17:24–39 27



Bone FTIR Structural and Compositional
Information

Qualitative and quantitative information from the complex
bone organization can be extracted by FTIR spectra analysis
through a series of mathematical procedures, categorized as
pre- and postprocessing [50, 51]. Preprocessing is a set of
resolution enhancement tasks to better resolve the absorption
bands and minimize noise. This challenging process improves
the robustness of any subsequent quantitative or classification
study [52]. Postprocessing involves the application of multi-
variate analysis for dimensionality reduction, data classifica-
tion, detection of trends, and removal of outliers [53, 54]. Still,

no universal procedures and algorithmic tools exist for the
processing and interpretation of IR spectra and images.

Bone FTIR spectra feature wide composite bands which
enclose multiple underlying peaks attributed to bonds vibra-
tional modes and neighboring atom interactions. To decipher
compositional features hidden by stronger signals, second-
derivative spectroscopy is often applied for accessing the ex-
act position of the underlying peaks (i.e., reducing the overlap
between IR bands by decreasing their width-to-intensity ratio)
[55] and Fourier self-deconvolution for evaluating the relative
contribution of the vibrating functional groups [56].
Deconvolution of the v4 normal mode of phosphate ions gen-
erates five sub-bands which give an estimate of the nonapatitic

Table 1 Tentative assignment of
the most prominent bone FTIR
bands [24, 43]

Assignment IR frequency (cm−1)

PO4
3− v2 473 w

PO4
3− v4 563 s, 604 sa, (575 sh)b

CO3
2− v4 669 w

CO3
2− v2 871 sa

PO4
3− v1 957 sh

PO4
3− v3 1028 s, 1101, (1065)b

HPO4
2− v3 1163 w

Amide III 1242 s

CH2 wagging 1340 s

vCOO− 1398 s

δasCH3, CO3
2− v3 1456 sb

vasCOO
− 1510b

Amide II δ(N–H) ν(C–N) (C–N stretching and N–H in-plane bending) 1542 s–1562 s

Amide I (peptide carbonyl group (–C=O) stretch) 1654 s

s strong intensity, w weak intensity, sh shoulder
a IR envelope
b Poorly resolved peaks

Fig. 1 Typical FTIR spectra of rabbit femur (cortical section). The normal modes of the phosphate (Td symmetry) and carbonate (D3h symmetry) ions are
shown along with the amide bands
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and acid phosphate content. Specifically, there are two bands
near 621 cm−1 and 532 cm−1 which are attributed to
nonapatitic and acid phosphate content, respectively. The fun-
damental PO4

3− v4 mode appears near at 561, 580, and
604 cm−1 and resembles the crystalline apatite content
(Fig. 2). Carbonate content is defined by deconvolution of
the CO3

2− v2 contour using three sub-bands located near
879, 871, and 866 cm−1. The first two bands point to the
apatitic locations of the carbonate ion in the two anionic sites
of the structure, normally occupied by phosphate and hydrox-
yl ions, respectively. In this way, A-type vs. B-type apatite can
be discriminated (Fig. 2). The significantly increased intensity
of the B-type sub-band implies that biological apatites are
mainly B-type carbonate apatites with small fractions of A-
type impurities at a relatively constant ratio (approximately
15%) [57]. The third band is assigned to labile (i.e.,
nonapatitic) carbonate which decreases with age although
the overall carbonate content increases. Table 2 summarizes
the bone properties that can be assessed by FTIR spectroscopy
and which can be summarized to mineral to matrix ratio, min-
eral maturity/crystallinity, carbonate to mineral ratio, carbon-
ate accumulation, acid phosphate substitution, and type I col-
lagen cross-link ratio. The overall analysis is based on the
principle that in FTIR, peak ratios are proportional to the rel-
ative content of the corresponding species.

As it is evident from Table 2, there are two parameters
(mineral maturity and collagen cross-links) that need further
discussion. Mineral maturity is often used interchangeably
with Bcrystallinity.^ The latter term is defined as the crystallite
size/strain and perfection of bone crystallites, and it is typically
assessed by X-ray diffraction line broadening analysis. It was
suggested [68] that these features must be disengaged as two
distinct properties of bone tissue, mostly because they are
poorly correlated in studies with human bone specimens.
However, through FTIR crystallinity can be assessed by full
width at half maximum (FWHM)−1 of the 604 cm−1 peak.
Narrow peaks imply high crystallinity index. Both size and

perfection of apatite crystals contribute to bone strength. Bala
et al. [69] suggested that long-term (6–10 years) alendronate
treatment of postmenopausal osteoporosis compromised the
micromechanical properties (tissue-level modulus and
hardness) of ex vivo cortical bone samples mainly due to a
decrease in mineral crystallinity. The decrease in crystallinity
under treatment was mainly attributed to a deficiency in the
crystal perfection rather than in the size of crystals, caused by
alendronate independently of its antiresorptive action.

Collagen cross-linking strongly affects the biological and
biomechanical features of bone. Its toughness is largely depen-
dent on the organic matrix when enzymatic cross-links stabilize
the initial steps in collagen fibril formation and mineralization
and supply the matrix with tensile strength and viscoelasticity
[70, 71]. Intrinsic toughening (i.e., plasticity) stems from the
sliding mechanism along the mineralized collagen fibrils [72].
Reducible enzymatic cross-links form a template for minerali-
zation by stabilizing the early unmineralized fibril. With aging,
irradiation, and certain diseases, these labile cross-links turn
into a limited number of irreducible (or nonreducible) cross-
links between fibrils at specific points of collagenmolecule and
impede the intrinsic toughening mechanism which is then ac-
commodated by inelasticity due to microcracks [72]. Mature
pyridinium collagen cross-links, pyridinoline and
deoxypyridinoline, were used as markers of bone resorption
and were validated by NMR spectroscopy and mass spectrom-
etry [73]. Currently, there is no consensus if the 1660 and
1690 cm−1 ratio corresponds to collagen maturity or reflects
the modification of the enzymatic cross-links (Table 2). The
nonnegligible interference of the noncollagenous molecules,
the different extinction coefficients of water and collagen, and
the complex process of collagen maturation by enzymatic and
nonenzymatic mechanisms impose uncertainty on the ratio
measured. The spatial variation of collagen maturity in terms
of the ratio of mature, nonreducible, pyridinoline (PYD) (or
deoxypyridinoline, d-Pyr) to immature dehydro-
dihydroxylysinonorleucine (deH-DHLNL) using FTIR

Fig. 2 Typical example of band deconvolution of the PO4
3− v4 and CO3

2− v2 FTIR peaks to the respective moiety sub-bands
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(micro) spectroscopy was analyzed by comparing samples
from bovine predentin and dentin, skin collagen, and human
healthy femoral biopsy specimens [74]. On the other hand,
Farlay et al. used lathyritic rats to demonstrate that the
1660/1690 cm−1 area ratio is specifically correlated to alter-
ations in secondary structure of collagen related to the miner-
alization process instead of variations in the enzymatic cross-
links [75]. Those results were confirmed by multivariate anal-
ysis of multispectral infrared images. Positive correlations were
observed between both collagen maturity and mineral maturity
(1660/1690 cm−1 and 1030/1110 cm−1 area ratio, respectively)
although in that case, spectral sub-band decomposition was
performed on fixed peak frequencies, instead of the usual
second-derivative method, possibly introducing bias.
Although collagen cross-link ratio is one major determinant
of bone strength, the content and structure are also crucial for
mechanical properties. Since the amide I band is a composite of
molecular FTIR active groups (collagen, water molecules, and
noncollagenous proteins), additional studies are carried out to
confirm collagen state and integrity.

Preclinical and Clinical Applications

FTIR techniques applied on tissues are often characterized as
clinical spectroscopy [76]. As previously discussed, a solid ad-
vantage of infrared spectroscopic methods is that they may re-
veal tissue abnormalities before they can be visually detected.
Ergo, they can have momentous prognostic value by tracing
early biochemical events that precede morphological abnormal-
ities. However, specifically for bone research, the power of FTIR
is anticipated in preclinical, ex vivo, studies because bone is not
an exposed, directly palpable tissue, and therefore, it is not vis-
ible by optical or infrared methods. Therefore, excisional human
bone biopsies are the main proxies for clinical applications es-
pecially when chemical and radiographic data are not diagnostic.

One of the advantages of the preclinical (animal) experi-
ments is the ability to study a relatively standardized group of
animals instead of a diverse group of patients. Furthermore,
preclinical studies can help to investigate the etiology of the
underlying bone pathology, the mechanisms of the associated
disease, and the toxicological effects of proposed

Table 2 Peak ratio parameters used in the FTIR analysis of bone moieties [58–64]

Parameter Methodology and tentative peaks position (small deviations are
normal due to instrumental and specimens variations)

Comments

Mineral to matrix ratio Area of 900–1200 cm−1 phosphate band/area of
amide I band (1600–1720 cm−1) or area
500–650 cm−1 phosphate banda)/area of amide
I band (1600–1720 cm−1)

Measure of mineral per amount of collagen present
Related to ash weight
Reflects hyper- or hypo-mineralization

(i.e., it is regarded as BMD approximation)
Suggested as a surrogate of bending stiffness [65]
Increases with age

Mineral maturity Peak area or intensity ratio of sub-bands at
1030 cm−1 (stoichiometric apatites) and
1020 cm−1 (nonstoichiometric apatites) or
1030/1101 cm−1

or 604/563 cm−1

for crystallinity:
FWHM−1 of the 604 cm−1 peak or sum of peak

intensities at 604 and 563 cm−1 (ν4(PO4)
vibrational mode) divided by the intensity
of the valley between them (infrared splitting
factor, IRSF) [66]

Often interrelated with Bcrystallinity^

Carbonate to mineral ratio Area of 850–890 cm−1 carbonate band to
phosphate bands

Increases with age
Inverse linearly related to elastic modulus

Carbonate accumulation Area of 850–890 cm−1 carbonate band to
amide I band

Correlated to turnover rate, remodeling activity,
and mineral dissolution

Analysis can discriminate between type-A and
type-B hydroxyapatite

Acid phosphate substitution Peak area or intensity ratio of sub-bands at 1163
and 1028 or 957 cm−1 or intensity ratio of
540/563 cm−1

Decreases with age
Inversely related to crystallinity

Collagen cross-links Peak area or intensity ratio of sub-bands at
1660 cm−1 and 1690 cm−1

(or 1680 cm−1 for d-Pyr) of the amide I band

Often refers as Bcollagen maturity^
Linearly correlated to crystallinity
Still under investigation for the correct

biological interpretation although widely used

a Curve fitting analysis of the v4 contour is preferable due to fewer sub-bands, lower absorption coefficient and saturation effects ([47]; [67])
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interventions before clinical studies [77]. For example, BMD
measurements of the lumbar spine following therapy ideally
target the trabecula-rich vertebral body and ignore the contri-
bution of cortical bone which is present but relatively insensi-
tive to bone loss. In such cases, when trabecular cannot be
discriminated from cortical bone, preclinical animal model is
a suitable surrogate for the evaluation of compositional and
mechanical properties possibly altered by a drug.
Nevertheless, new therapies that have been characterized as
successful in animal studies are often less effective in clinical
trials. However, in a systematic review for the comparison of
treatment effects between animal experiments and clinical tri-
als [78], the controversial treatment of osteoporosis with
bisphosphonates was the only analysis, among others irrele-
vant to bone tissue, that agreed between animal and clinical
studies. Nevertheless, it is known that no animal model can
accurately replicate the symptoms of spontaneous osteoporo-
sis since, from mammalian species, only humans experience
fractures during their normal life span. However, it was sug-
gested that human osteoporosis can be reliably evaluated in
carefully defined animal models [79].

Heterogeneity, Fragility, and Fracture Risk

Current clinical practice utilizes dual X-ray absorptiometry
(DEXA) as the gold standard for assessing fracture risk.
However, age was associated with 10-fold increase in fracture
risk while entirely independent of BMD [80]. Loss of hetero-
geneity, as expressed by loss of collagen plasticity and in-
creased osteon density, has been suggested to contribute to the
increased bone microdamage, particularly with age [81].
Microcracks tend to avoid the osteons along the weak,
noncollagenous cement lines at the border of the osteons [82].
The osteon density increases with age activating more cement
lines where fatigue damage can form [83]. The heterogeneity of
bone’s compositional and/or mechanical properties may, or
may not, contribute to fracture risk since a consensus for the
positive (or negative) contribution has not yet emerged [84, 85].
Decreased bone heterogeneity is often negatively correlated to
fracture toughness [86] while finite element analysis studies
suggest that loss of heterogeneity and increased porosity trigger
the age-related loss in bone toughness [87]. Still, size-
dependent heterogeneity is expected to influence strength and
fracture resistance [88]. At the atomic scale, low and nonhomo-
geneous 3D spatial distribution of calcium to phosphorus ratio
(explored by dual-energy analysis (DEA) techniques, not trace-
able by FTIR spectroscopy) in rabbits’ cortical bone samples
with induced secondary osteoporosis was shown to be signifi-
cantly different compared to Ca/P ratio of normal rabbit bone
sections [89–91]. At larger length scales (nanometers), hetero-
geneity reflects organic–mineral interactions and the alterations
in mineralized collagen fibrils and hydroxyapatite particles.

Boskey et al. [92] examined ilial crest biopsies of 60 female
patients with fractures and 60 age- and BMD-matched samples
without fractures (total 120) and assessed using FTIR imaging,
five bone quality variables (mineral to matrix ratio, carbonate to
phosphate ratio, crystallinity, acid phosphate substitution, and
collagen maturity), and their heterogeneity (defined as the
linewidth at half-maximum of the image pixel distributions)
pairing for age and BMD. Multivariate analyses suggested that
decreased carbonate-to-phosphate ratio in both cancellous and
cortical bone and increased collagen maturity heterogeneity for
cancellous bone only were significant explanatory variables of
fracture. In an earlier study performed with FTIR spectroscopic
imaging [93], logistic regression analysis (with fracture as the
dependent variable) was performed to a similar set of iliac crest
biopsies from 54 women (32 with fractures, 22 without) to
assess whether specific differences in spatially resolved bone
composition (mineral content, mineral crystal size and perfec-
tion, and collagen maturity) contribute to fracture risk. The
constructed model positively linked cortical and cancellous col-
lagen maturity, cortical mineral/matrix ratio, and cancellous
crystallinity with increased fracture risk while it showed a neg-
ative correlation between carbonate/mineral ratio and fracture
risk. A follow-up FTIR imaging studywith a subset of the same
samples (21 biopsies positive to fractures and 12 negative) [94]
showed that distributions of mineral and collagen properties
differ between bones with and without fragility fractures inde-
pendently of BMD.Moreover, the authors suggested that mean
as well as low-tail distribution values of mineral to matrix ratio
and collagen maturity were altered in patients with fragility
fractures whereas newly formed tissue with imperfect crystal-
lites and immature collagen cross-linking was an important
characteristic of healthy, fracture-resistant bone. Decreased
levels of heterogeneity were also noted in osteopenic patients
[95]. Specifically, narrow spatial distributions of mineral to ma-
trix ratio and carbonate to phosphate ratio in femoral neck sec-
tions from patients with hip fractures were observed. On the
other hand, the heterogeneity of crystallinity, as measured by
FTIR imaging, was increased in hip fractures compared to that
of fracture-free cadaveric controls.

An animal model study with atomic force microscopy
(AFM) and FTIR was recently conducted to investigate can-
cellous bone tissue (vertebral biopsies from ovariectomized
sheep) composition at 50–100-nm resolution [96]. In that
s tudy, the co l l ec ted spec t ra were desc r ibed as
Bnanomechanical^ because the absorption was proportional
to the AFM cantilever oscillation, and novel compositional
and structural changes in cancellous bone were found and
compared to the standard FTIR imaging. Using IR spectros-
copy and AFM (in separate experiments conducted with
Wistar rats), it has been proposed that in early stages of oste-
oporosis, the hydration of hydroxyapatite crystals stimulates
the swelling of collagen fibrils promoting the subsequent de-
pression in the spatial arrangement of hydroxyapatite
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nucleation sites [97] contrary to normal bone which typically
has relatively regularly arranged grain spheres. The heteroge-
neity of the acid phosphate parameter was found to be signif-
icantly less in osteoporotic samples from an ovariectomized
rat model of postmenopausal osteoporosis using FTIR [98].
Although changes in acid phosphate heterogeneity have not
yet been observed in human osteoporotic bones, it is probably
indicative of reduced new bone deposition in osteoporosis.

Osteoporosis

Mineral Composition

Osteoporosis is a systemic skeletal disorder characterized by
deteriorating bone mass and microarchitecture leading to in-
creased fracture risk and decreased quality of life [99, 100].
In osteoporosis, the resorptive activity of osteoclasts surpasses
the formative activity of osteoblasts. Multiple combined factors
increase the fracture risk of bone which can be divided into
three general categories: mechanical loading, bone structure,
and tissue material properties [101]. The latter can be exten-
sively assessed by FTIR spectroscopy and imaging in order to
investigate tissue alterations ex vivo. Osteoporotic tissues in
humans [102] as well as animal models of osteoporosis [103]
are characterized by decreased mineral to matrix ratio and thus
by reduced mineral content. Moreover, both human and animal
studies demonstrated that this decrease in osteoporotic bone is
accompanied by an increase in crystallinity [104], and cortical
bone from human osteoporotic iliac crest biopsies was found to
be more crystalline than normal bone [102].

FTIR was able to detect spatial and temporal variation in
bone properties at the surface of trabecular bone in high- and
low-turnover osteoporosis human samples [105]. High-
turnover samples (six biopsies) were characterized by in-
creased resorptive surface, higher than normal numbers of
osteoclasts, and increased or normal osteoblastic activity. On
the other hand, low turnover (six biopsies) had lower than
normal resorptive surface, decreased osteoclast number and
osteoblastic activity. Low-turnover samples showed a slight
increase in mineral to matrix ratio, carbonate accumulation,
crystallinity, and acid phosphate content indicative of retard-
ed, but existent, resorption and formation. Higher carbonate to
phosphate ratio in iliac crest biopsies (statistically significant
only for cortical bone) was reported from women who had
sustained a fracture [106]. A tendency for a decreasing ratio
at 2 mm away or further from the point of fracture was also
observed. Thus, it remains unclear whether those carbonate
ratio alterations are spatially limited to the fracture site.
Further studies are needed to validate if the fractures, normally
localized at the weakest location of the bone, are affected by
spatially restricted changes in the carbonate sites of the bone

apatite. This result was confirmed by FTIR spectroscopic
studies where an increase of 11% in human cancellous bone
fractures was observed in femoral neck [107]. Nevertheless,
no significant increase for carbonate parameters was observed
in iliac crest biopsies from high- and low-turnover osteoporo-
sis [105]. Distribution of acid phosphate content along with
carbonate parameters can be useful as biomarkers for charac-
terizing (i) areas of reduced strength and (ii) the efficiency of
pharmaceuticals for therapies of metabolic bone diseases, like
osteoporosis, targeting mineral composition. Moreover, the
variance of the mineral ions may also hint the importance of
the collagenous matrix structure for bone fragility, suggesting
that aging is crucial but not the only worth studying parameter
in osteoporosis. When CO3

2− and/or HPO4
2− contents are

high, A-type substitution is reduced. Acid phosphate content
is indicative of apatite crystal size and perfection, and there-
fore denotes areas of new bone formation. Altered acid phos-
phate content has been related to alterations in bone strength
[108]. For crystallinity, when iliac crest biopsies from patients
with idiopathic juvenile osteoporosis were studied using FTIR
imaging, crystallinity was not significantly different from ju-
venile controls; yet, acid phosphate substitution was increased
in cancellous bones whereas carbonate to phosphate ratio was
decreased [109]. That contradictory finding was explained by
a net zero change in the overall crystallinity parameter by a
simultaneous inversely related variation in acid phosphate
substitution and carbonate to phosphate ratio.

In animal models, it was found that apatite crystal perfec-
tion increased collagen cross-linking and decreased mineral
content which are time-dependent bone properties that play
a major role in fragility [110]. Similarly to human biopsies, the
most unstable parameter in osteoporotic animal samples ap-
pears to be the carbonate to mineral ratio (carbonate to phos-
phate ratio) and carbonate content. Although bone contains
significantly less carbonate than phosphate, carbonate specific
parameters are key variables for bone strength since they are
indicative of turnover rate, remodeling activity, and mineral
dissolution. Carbonate accumulation is an unstable parameter
in many FTIR studies, and it either increases [111] or de-
creases [112–114]. Possibly, this discrepancy is due to the fact
that this parameter refers to the total carbonate content
neglecting the contribution of each type [67]. Specifically,
an increase of the nonapatitic (labile) carbonate locations in-
fers increased bone turnover rates even if the B-type/A-type
content remains constant beyond a certain age [115]. In ovari-
ectomized adult monkeys, the acid phosphate content was
found to be elevated in the fracture prone animals [111].
Moreover, synchrotron FTIR studies on microdamaged bone
of beagle dogs revealed increased content of acid phosphate
ions at the sites of the damage [116]. Acid phosphate content
also showed a statistical important increase in rabbit samples
from an inflammation-mediated osteoporosis model [67]. This
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can be explained by the replacement of PO4
3− for HPO4

2− ions
in the osteoporotic bones and the creation of an anionic va-
cancy in the apatite crystal lattice, which is either compensated
for by the removal of a Ca2+ cation or by CO3

2− substitution in
line with the increase of the highly reactive carbonate ions.
Labile HPO4

2− content was found to be inversely correlated
with Ca2+ ions in the hydroxyapatite lattice in osteoporotic
rabbits. After treatment of diseased rabbits with relatively high
dose of calcium supplementation, increased carbonate content
accompanied by decreased labile ion concentrations were
found evincing stable apatitic environments [117].

Collagen Cross-linking

Collagen enzymatic and nonenzymatic cross-link formation
has a strong effect on the mechanical properties of bone by
affecting both mineralization process and microdamage for-
mation. Reduced enzymatic cross-linking and/or increased
nonenzymatic cross-links have been suggested as determi-
nants of impaired bone mechanical properties in aging and
osteoporosis [118]. Specifically, nonenzymatic cross-linking
in mature cortical bone affects the quality of bone in human
and animal models [119, 120]. The role of collagen in bone
health has been studied extensively, and there is evidence that
in postmenopausal osteoporosis, the relative amounts of ma-
ture and immature collagen cross-links contribute significant-
ly to bone fragility due to alteration in bone tissue turnover
rate [121]. Variance in collagen maturity and cross-linking
properties are generally associated with bone mechanical
properties and fracture resistance [122]. Using FTIR imaging,
human fracture biopsies were compared with nonfracture bi-
opsies and statistically significant differences were observed
in cortical and cancellous bone for collagen maturity (higher
mean values of PYD/deH-DHLNL cross-links) [93]. FTIR
imaging of iliac crest biopsies from 14 individuals (10 male,
4 female) was used to assess the nonenzymatic cross-linking
distribution in human osteoporotic trabecular bone before and
after bisphosphonate treatment with third-generation
bisphosphonates administered along with calcium and vitamin
D supplementation [123]. The evaluation of nonenzymatic
cross-link ratio (area ratio of 1678/1692 cm−1) revealed no
significant variation before and after bisphosphonate treat-
ment. Nevertheless, the spatial distribution of the cross-links
indicated that significant changes in collagen quality occur
with tissue age. Similarly, FTIR assessment of iliac crest bi-
opsies from fracture and nonfracture cohorts revealed that
mean collagen maturity, in both cortical and trabecular bone,
is associated with increased fragility and fracture risk. Low-
tail values of collagen maturity distribution (immature colla-
gen) is indicative of increased osteoblast activity (or decreased
resorption) of new bone discriminating patients undergone
fracture [94]. FTIR imaging analysis of the spatial distribution
of the pyridinium/reducible collagen cross-link ratio between

normal and osteoporotic sections from human iliac crest biop-
sies indicated differences at forming trabecular surfaces [124].
In three groups that were examined (female and male patients
with high-turnover osteoporosis and low-turnover osteoporo-
sis, and normal premenopausal women who had sustained
spontaneous low-trauma fractures), a higher ratio of
nonreducible to reducible collagen cross-links was found im-
plying the critical role of abnormal collagen to bone fragility.

An increased collagen cross-link ratio in cortical bone of
femoral midshaft of ovariectomized rabbits was also detected
by Wen el al. [125] using FTIR analysis. The resulted decline
in cortical bone strength was also confirmed by biomechanical
tests. High collagen cross-links ratio was suggested to be the
result of either abnormal collagen matrix or due to the possi-
bility that the diseased bone matrix (e.g., with estrogen with-
drawal or osteoporosis) matures at a faster rate than in normal
bone. Possibly, it undergoes posttranslational modification be-
cause of a delay or alteration in mineralization.

Bisphosphonate Treatment

Spectroscopic techniques have the potential to assess the qual-
ity of healing tissues under medical treatment. An excellent
review on pharmaceuticals that affect bone quality has been
recently published [126]. In this section, we discuss FTIR stud-
ies on the effect of biphoshonates on osteoporotic bone tissue.
Biphoshonates are the most widely prescribed antiresorptive
drugs used for the treatment of osteoporosis and other diseases
that are characterized by increased bone resorption. They play a
key role in the management of postmenopausal osteoporosis
since they increase areal BMD and decrease fracture risk.
However, questions have arisen about the optimum duration
of treatment and treatment holidays because long-term bisphos-
phonate administration has been associated with side effects
mainly manifested as atypical femoral fractures (AFFs) [127].
As a result, bisphosphonates have the capacity to increase bone
quantity, but their effects on bone quality are diverse. Although
the incidence of side effects is relatively low, there is serious
concern that prolonged osteoclast suppression may be deleteri-
ous as shown by the catastrophic nature of the fracture and the
delayed healing. Long-term treatment with biphosphonates has
been linked to molecular changes in mineral composition, col-
lagen cross-linking, and diminished bone heterogeneity [128].
The pharmacological potency of bisphosphonates along with
their speed in fracture reduction, skeletal uptake and distribu-
tion, bone affinity, and duration of action varies significantly.
Moreover, data generated from direct comparisons from clini-
cal trials are scarce [129]. Therefore, the study of specific bis-
phosphonate molecules along with their site-related modes of
action have drawn significant attention by biospectroscopists in
an effort to assess their effect on bone tissue hierarchical levels.
As discussed, bisphosphonates promote osteoclast apoptosis
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reducing osteoclastic activity and directly affect bone mineral
content, crystallinity, and collagen cross-links.

In vitro FTIR studies evaluated the molecular interactions
of risedronate with the apatitic surface of nanocrystalline ap-
atites [130]. The latter can be used as bioactive biomaterials
for orthopedic applications, since they contain an unstable
hydrated layer structure acting as an ion reservoir for ion ex-
change or adsorption of organic pharmaceutical molecules
[131]. Spectroscopic experiments revealed a strong interaction
between risedronate and calcium at the surface which is attrib-
uted to the bonding between the pyridine nitrogen of
risedronate and phosphate apatite groups. Transilial bone bi-
opsies from a 3-year double-blind, randomized, placebo-
controlled trial of alendronate in 447 healthy postmenopausal
women were studied with FTIR imaging [132]. Alendronate
treatment (10 mg kg−1) resulted in elevated mineral to matrix
ratio in cortical bone. Carbonate to phosphate ratio was de-
creased, and carbonate accumulation was not altered probably
due to the increased phosphate content. Similarly, crystallinity
and collagen cross-link ratio were not altered when compared
to the control group in both cortical and cancellous bones. The
heterogeneity of the bone tissue as calculated from the FWHM
of pixel histograms was decreased for all the above parame-
ters, perhaps reflecting the increased turnover of trabecular
bone. A subsequent clinical study performed with micro-
FTIR with the same type of biopsies and dose of alendronate
but for longer treatment (6.4 ± 2.0 years) showed a significant
increase in mineral maturity and a decrease in crystallinity
[64]. That counter-intuitive result, i.e., the separation of crys-
tallinity and mineral maturity, was also reported in women
treated with zoledronate for 3 years [133] assessed by vibra-
tional spectroscopy (Raman). The effect was accompanied by
greater carbonate substitution. Longer-term administration of
alendronate (8.0 ± 2.0 years) was assessed by micro-FTIR
spectroscopy in an effort to investigate possible adverse ef-
fects of prolonged therapy on iliac cortical bone mineral and
collagen quality [69]. Prolonged alendronate treatment was
associated with higher collagen maturity and lower mineral
crystallinity independently of the degree of mineralization al-
though higher mean degree of cortical mineralization was ob-
served in treated patients than that observed in untreated oste-
oporotic women. High degree of mineralization has been re-
lated to reduced heterogeneity of mineral content and remod-
eling activity possibly because, under bisphosphonate treat-
ment, there is more time for bone to advance mineralization
before being resorbed in the next remodeling cycle. Bone
forming trabecular surfaces in 100 iliac crest biopsies from
women with postmenopausal osteoporosis treated either with
alendronate or risedronate for equivalent periods of 3–5 years
revealed lower crystallinity and collagen cross-link ratio for
risedronate than alendronate therapy although better suppres-
sion of bone turnover and increased BMD was observed in
alendronate cases [134].

Compositional properties of proximal femoral cortical
bone biopsies from bisphosphonate-treated patients with
AFFs were compared with those from patients with typi-
cal osteoporotic fractures with and without bisphospho-
nate treatment using FTIR imaging [135]. Elevated mean
mineralization was observed for patients with AFFs treat-
ed with bisphosphonates compared to those with typical
fractures indicating greater tissue maturity arising from
reduced remodeling. Moreover, cortical bone sections
from patients with AFFs exhibited increased collagen ma-
turity compared to those from patients without fractures.
Similarly, significant compositional changes and de-
creased Haversian canal density in proximal femoral cor-
tex were found between untreated osteoporotic and
alendronate-treated (6.0 ± 1.6 years) osteoporotic individ-
uals denoting the bisphosphonate influence on cortical
osteoclasts [136]. Significantly higher mineral to matrix
ratio than the osteoporosis and bisphosphonate-treated
groups were found for young cortices. In addition, the
carbonate to phosphate ratio was lower in osteoporosis
and bisphosphonate-treated cases (albeit not significant-
ly). Bisphosphonates, even at the low concentrations
found in cortical bone, have been shown to increase the
activity of osteoblasts and osteocytes despite the lower
surface-to-volume ratio of cortical to trabecular bone
[137]. It is therefore possible that the reduced bone turn-
over under bisphosphonate treatment promotes the reduc-
tion of the Haversian canal size and density while bone
formation continues. Finally, a recent (preliminary) FTIR
imaging study suggested that stopping the administration
of alendronate for 5 years after a 5-year period of treat-
ment would cause no major bone compositional changes
[138]. Thirty-one iliac crest biopsies from two groups of
postmenopausal women were evaluated for bone quality
parameters (mineral to matrix ratio, carbonate to phos-
phate ratio, and collagen maturity), and no significant dif-
ferences were found between continuously treated vs.
group receiving alendronate for 10 years vs. group
consisted of patients who received alendronate treatment
for 5 years and no antiresorptive medication during the
following 5 years. On the contrary, three additional pa-
rameters (cortical crystallinity, cortical acid phosphate
heterogeneity, and trabecular crystallinity heterogeneity)
were altered in a statistically significant manner, but these
changes were characterized as relatively minor compared
to the previous findings.

The effect of alendronate and risedronate was evaluated by
FTIR imaging on an animal model of 30 healthy beagles treat-
ed daily for 1 year with these bisphosphonates [139]. No sig-
nificant differences were detected between equivalent doses
for risedronate and alendronate and for different doses of each
drug. Mineral to matrix ratio was significantly different for
areas in the endocortical third of the cortex while carbonate
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to phosphate ratio and crystallinity did not yield any variation.
Collagen cross-link ratio was significantly higher in
bisphosphonate-treated groups compared to controls.
However, in an older similar study with the same animal mod-
el, Burr et al. concluded that 1-year treatment with high doses
of bisphosphonates bring no effect to the mineral crystals al-
though bone remodeling was suppressed up to 90% [140].
Humeri of the same animals were used in a recent study to
characterize alterations of the collagen and apatite mineral
using synchrotron FTIR (increased brightness and signal to
noise ratio) [141]. FTIR spectra analysis showed an increase
in carbonate to phosphate ratio in the treated bone compared
to control group as expected due to induced decrease in bone
turnover and remodeling activity. No significant changes were
detected in the degree of mineralization, crystallinity, and the
enzymatic collagen cross-link ratio. In an ovine model of os-
teoporosis with dietary-induced metabolic acidosis, treatment
with zoledronate increased mineral to matrix ratio throughout
trabeculae but did not alter the collagen cross-linking network
or the crystallinity [142].

Conclusion

FTIR spectroscopy (and related FTIR modalities) has great
potential as a diagnostic tool for the investigation of diseased
bone biopsies and for the ex vivo monitoring of treated bones
with therapeutic agents. Alterations in the chemical composi-
tion of bone mineral and matrix can be simultaneously probed
by FTIR spectroscopy in both qualitative and quantitative
manner. Bone quality is an umbrella term that describes a set
of intrinsic determinants which define the interactions of bone
constituents at multiple hierarchical levels and thus bone
strength and fracture toughness. Fracture risk is not solely
dependent on BMD while the assessment of the structural
and material properties of bone is central to better address
tissue fragility. Understanding which parameters influence
bone quality and how these are modified by aging, disease,
and pharmaceuticals should lead to improved diagnosis and
treatment of osteoporosis. Besides, assessment of bone quality
parameters by FTIR techniques can provide insight on how
antiresorptive drugs may disturb bone composition through
microstructural deterioration.
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