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Abstract Bone collagen structure in normal and pathological tissues is presented us-

ing techniques of thin section transmission electron microscopy and morphometry. In

pathological tissue, deviations from normal fine structure are reflected in abnormal

arrangements of collagen fibrils and abnormalities in fibril diameter. The relationships

between these bone structural changes and the skeletal calcium/phosphorus ratio are

discussed. Calcium/phosphorus ratio is measured by X-ray absorptiometry and computed

microtomography.
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1 Introduction

Bone is highly hierarchical in structure [1, 2], and therefore, any study of its structure and

properties must investigate the tissue at several levels of organization in order to gain a

complete understanding of the influence of structure and composition on these properties.

The extracellular matrix, and especially connective tissue with its collagen, plays an

important role in the force transmission and bone structure maintenance. The turnover of

the matrix is influenced by physical activity, and both collagen synthesis and degrading

metalloprotease enzymes increase with mechanical loading [3]. In bone, the formation and

mineralization of the extracellular matrix structure is a complex process highly dependent

on intermolecular interactions [4]. The most abundant matrix protein and one of the major

constituents implicated in mineralization is type I collagen [5–7], although there is a

considerable number of minor collagen types present [8].
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Structure and microarchitecture are determinant aspects of bone strength and essential

elements for the assessment of bone mechanical properties. Microarchitecture seems to be

a determinant of bone fragility independent of bone density as well as important in order to

understand the mechanisms of bone fragility [9]. Among other factors, microarchitecture is

affected by loading. Loading also affects bone mass and size, and it is therefore important

for the maintenance of bone strength during normal aging; in combination with exercise, it

plays an important role in the prevention of osteoporotic fractures [10].

Reliable measures of the dynamic and static strength of the skeleton are required for

the understanding and management of clinical osteoporosis. Measurement of bone mineral

content by DEXA or MRI is generally accepted as an appropriate estimate of bone strength.

The major high Z mineral components in bone (ICRU-44, 1989) are Ca and P and may

provide a sensitive measure of bone mineral changes. Monitoring these elements could add

to our understanding of the changes that occur in normal and diseased bone. Since bone

is a biomaterial that is structurally adapted to different functions and loading situations,

the exact composition is expected to depend on sex, age, type, bone site, and disease

[11]. Conventional DEXA is unable to distinguish changes in the amounts of Ca and P

in biological apatite. Furthermore, these changes do not necessarily go hand-in-hand; a

decrease in bone density due to a decrease in either Ca or P or to dissimilar decreases in

both cannot be monitored. Thus, the determination of the Ca/P ratio could lead to a greater

understanding of the role played by these elements.

2 Normal/Abnormal Bone Collagen

Well-understood differences between normal and abnormal bone include lower bone

mineral density and thinner bone struts in the abnormal bone. However, relatively few

studies have analyzed the structure of normal compared with abnormal bone, leaving many

unanswered questions concerning the quality of the bone in the abnormal tissue.

Bone quality depends on a number of parameters. Such parameters include micro-

and macro-architecture, bone remodeling rate, microdamage, apoptosis of bone cellular

populations, and properties of the bone matrix, such as size of crystals, mineralization,

collagen structure, and cross-linking.

In bone, collagen represents more than 90% of the organic matrix. In abnormal bone,

collagen quality is affected [12–14]. There is evidence from the work of Bailey et al. [12]

that significant changes occur in the posttranslational modifications which could seriously

affect the properties of the fibrils; in particular, an overhydroxylation as well as an alteration

and reduction of cross-linking related to the increase in bone fragility were detected. Also,

other workers [15] related the extent of change in hydroxylation to the trabecular volume

and density of bone, although the relationship was unclear.

In contrast, Bank et al. [16] pointed out that the brittleness of bone in patients with

osteogenesis imperfecta is not caused by a disorganized intrafibrillar collagen packing

and/or loss of cross-links. Other evidence [14] suggests that, in several types of osteogenesis

imperfecta, triple helix formation is impaired, the predominant type of bone collagen, type

I, is posttranslationally overmodified, and extracellular secretion is markedly reduced. The

conclusion by Prockop et al. [17] that most variants of osteogenesis imperfecta are caused

by mutations in the structural genes for type I procollagen seems to have broad implications

for other diseases that affect connective tissue, such as osteoarthritis and osteoporosis. In
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normal and osteoporotic human bone, no differences were observed [18] in the length and

thickness of apatite crystals in collagen fibrils at the nanostructural level.

2.1 Fibril Architecture and Diameter

Collagen type I is typical fibrillar collagen that consists largely of rectilinear arrays of

collagen fibrils [19]. In bone, trabecular and cortical, although fibrils maintain their regular

parallel arrangement (Fig. 1a, c), they are not uniformly distributed as in other tissues such

as skin. In addition, in bone, the collagen matrix is very dense. These observations have

been found in various experimental species: rabbits [20], rats [13], and mice [21].

In a number of studies, defective collagen fibril formation and architecture upon

abnormalities were observed. Osteoporosis is characterized by unusual architectural and

compositional features [22]. Results derived from osteoporosis induced either by inflam-

mation (IMO) [20, 23] or by ovariectomy [13] suggest that the overall bone collagen fibril

architecture is dramatically affected; in both bone types (trabecular, cortical), collagen fibril

architecture has a random arrangement (Fig. 1b, d) compared with normal (Fig. 1a, c).

Fig. 1 Electron micrographs of rat collagen: a, b trabecular, c, d cortical bone fibrils, from normal animals

(a, c) and from ovariectomized rats (b, d). The latter fibrils have an irregular arrangement in contrast to

controls. Bar = 0.5 μm
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These morphological observations of the electron-microscopic images of collagen bundles

in control and treated animals were based on a very large number of sections from different

blocks and animals.

The collagen fibril diameter has been regarded as the most important factor related

to biomechanical strength of tissues [24–26]. A number of factors have been implicated

in the regulation of tissue collagen fibril diameter. Among them, the different collagen

types that are included in a variety of tissues are mostly responsible for the variation in

collagen fibril diameter seen in various tissues [19]. In tissues, thin-sectioned fibrils cut

transversely allow their diameters to be measured. In transverse sections (cross-sections)

from healthy material, where fibrils usually appear circular in outline, many tissues show a

good uniformity in fibril diameters. Bone fibrils have a regular outline, and no fibrils with

outline deviating from a circular profile are present. In addition, a uniform fibril diameter

distribution is apparent. The diameter spread is not broad, with diameters ranging from 30

to 80 nm [8].

For bone collagen fibril diameter, among other factors, the kind of species and bone site

may be important. In normal rear cortical tibia from rabbits, mean collagen fibril diameter

differs significantly (p < 0.001) than that deriving from rats or mice [8]. Furthermore, a

significant difference (p < 0.001) in mean fibril diameter from cortical femur or cortical

tibia between rabbits and rats was found [27] demonstrating a dependence upon the kind of

experimental animal. Table 1 compares these mean diameter values. Also, in these subjects,

statistically significant differences (0.001 < p < 0.04) were detected between different

bone sites, e.g., between front and rear tibia, as well as between rear tibia and femur,

demonstrating a dependence upon bone site. It is worth noting that no statistically significant

differences in mean collagen fibril diameter values, for the same bone site, between cortical

and trabecular bones either from rabbits [20] or rats [13] have been detected.

Several studies have correlated an alteration in mean collagen fibril diameter with bone

abnormalities. Morphometric investigations of collagen fibrils of trabecular/cortical bone

samples from rear tibia of rabbits and rats in provoked osteoporosis by inflammation or

ovariectomy, showed clear differences in comparison with the control groups [13, 20].

Irregular cross-sectional profiles were not detected.

Provoked osteoporosis leads to defects in bone collagen fibril formation and stabilization.

Fibril formation is complex and depends on the synthesis of collagenous precursors

that undergo numerous secondary or posttranslational modifications which are affected

upon osteoporosis as already mentioned. The intermolecular cross-links are responsible

for the mechanical strength of collagen, and any reduction will lead to rapid loss of

fibril stabilization and, consequently, to decreased mechanical properties of the bone. The

possibility that cross-linking during assembly could influence fibril diameters should be

Table 1 Mean diameter values

of female rat and rabbit collagen

fibrils from various cortical

bone sites [27]

Animal Bone site Mean diameter values

and SD (nm)

Normal bone

Rat Front tibia 34.5 ± 7.1

Rat Rear tibia 38.1 ± 6.5

Rat Femur 39.5 ± 6.5

Rabbit Front tibia 42.7 ± 9.1

Rabbit Rear tibia 46.3 ± 8.7

Rabbit Femur 43.1 ± 9.9
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considered [28]. Cross-linking formation is an extracellular process, and Robey et al.

[29] indicated that changes in the functional properties of the extracellular matrix may

be involved in osteoporosis. Collagen fibril formation can also be influenced by noncol-

lagenous extracellular matrix components. Many noncollagenous proteins are buried in the

extracellular bone matrix from where they can be released when bone is resorbed. Altered

concentrations of such proteins in bone matrix [30], or changes in the molecular orientation

of these components [31, 32], have been shown to exist in osteoporotic bones.

Trabecular and cortical bone collagen fibril architecture and diameter are affected

upon osteoporosis in the same manner. This is very interesting as it has been shown

[33] that major collagen type of rat cortical and trabecular bone differs in the extent

of posttranslational modifications: the former contains a higher amount of hydroxylysine

residues, whereas in the latter, the degree of hydroxylysine glycosylation is higher, and

pyridinium cross-link concentration is lower. This would result in fibrils with different

mechanical resistance, higher in cortical than in trabecular bone, due to the differing number

of structure-stabilizing cross-links.

3 Calcium/Phosphorus Ratio Maps of Bone Architecture

Measurements of the Ca/P ratio in different kinds of bones are presented in order to seek

information on whether this ratio changes with bone type, site, and abnormalities. This

is because, as mentioned in Section 1, the determination of the Ca/P ratio may provide a

sensitive measure of bone mineral changes.

It is known that the mechanical strength of bone depends primarily on the condition

of the cortical bone [34, 35]. Mechanical testing of excised femoral necks has shown that

the cortex contributes 40–60% of the overall strength of the femur [36]. In addition, finite

element modeling has suggested that cortical bone in the femoral neck region may support

50% of the stresses associated with normal gait [37]. Hence, in the present review, the

presented work regarding bone calcium/phosphorus ratio maps comes only from cortical

bone.

3.1 X-Ray Absorptiometry

A new clinical method has been put forward for assessing the skeletal Ca/P ratio in vivo,

using photon absorptiometry [23, 38, 39]. The new system uses two photon energies of

39 and 89 KeV obtained by placing cerium and samarium filters in the X-ray beam. It is

optimized for measuring the Ca/P ratio at a fixed site in the distal third of the right radius.

The method assumes that bone is a three-component system: Ca, PO4, and water. This

may be a useful measurement to assess bone disorders and age changes, particularly if it

can be accomplished noninvasively. In order to evaluate the value of the new method as a

diagnostic indicator for bone disorders, the precision and accuracy of the technique must be

sufficient to satisfy the requirement for being able to distinguish differences between study

populations.

Using this instrument, a significant difference in the mean Ca/P ratio between post-

menopausal osteoporotic patients and premenopausal controls has been observed [39]. The

mean radius Ca/P ratio in osteoporotic females was 1.29. This Ca/P ratio mean value was

significantly lower (p < 0.01) than that of 1.71 from normal adult females. From in vitro

studies in rabbits, a significant decrease (p < 0.01) in the rear tibia Ca/P ratio in animals
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with inflammation-mediated osteoporosis (IMO) compared to Ca/P ratio in controls has also

been found [23]. The decrease in the Ca/P ratio is suggestive of a major difference in the

underlying mechanisms involved in these forms of osteoporosis. As in osteporotic rabbits,

severe structural abnormalities in the rabbit tibia collagen have been detected [20], the same

authors suggest that alterations in the Ca/P ratio may be indicative of underlying changes in

the organic matrix of bone, mainly in collagen.

An important aspect is the ability of this modified dual X-ray absorptiometry system

to choose bone sites, for performing measurements that have a minimum of marrow fat.

Marrow fat can be a source of considerable error, as judged by experiments [38] on sheep

rear tibia. The Ca/P ratio, as measured by γ-ray absorptiometry, was 1.44, significantly

higher (p < 0.01) than that obtained after removal of bone marrow, 1.19.

Other workers performing measurements on intact bones by neutron activation analysis

have shown that the Ca/P ratio depends upon the kind of bone studied [40–43]. The different

values obtained in the different intact bone sites are due to the influence of the organic

matrix, i.e., fat, lipids, and marrow (particularly that of red marrow) which depend on bone

type [38, 40, 44]. This indicates the importance of selecting suitable animal models when

applying results to human studies.

3.2 Synchrotron Radiation Microtomography

Synchrotron sources have been shown to provide more accurate assessment of bone mineral

content [45–47] as well as providing high resolution, high signal-to-noise ratio imaging

[48]. Accurately mapping the linear attenuation coefficient through the use of CT procedures

allows different chemical components to be studied throughout the volume of the bone

sample [46, 49–51]. MicroCT has been applied successfully to trabecular and cortical

bones from humans [45, 46, 48, 52–54], rats [35, 55–57], and mice [58]. One of the

major advantages of using a synchrotron source for microCT is the lack of beam hardening

effects thus allowing small changes in the attenuation coefficient to be studied throughout

the sample.

All measurements presented in this review were performed at the ELETTRA Syn-

chrotron Light Laboratory in Trieste, Italy. MicroCT data sets were collected using the CT

set-up on the SYRMEP (synchrotron radiation for medical physics) beamline. This set-up

consists of a high precision rotary table mounted upon high accuracy translators and cradles.

This allows precise alignment of the rotation axis of the sample with the detector pixels. A

full data set consisted of 360 views over 180˚, and for each sample, data were collected at

20 keV. It has been shown [24, 39, 40] that calcium phosphate bone substitutes can be used

to accurately represent bone with different Ca/P ratios. Thus, two calibration phantoms, as

bone substitutes, were also imaged. Multiple 2D slices were reconstructed from the 3D data

sets with a slice thickness of ∼28 μm. A full data set typically contained 140 slices. For the

analysis, all CT values were converted to Ca/P values using the calibration phantom results.

Table 2 summarizes the results from the analysis of the bulk Ca/P ratios. Samples

were taken from different experimental animals and different locations [59]. Statistically

significant differences (p < 0.001) were detected in Ca/P ratios in different bone sites from

different experimental animals [59, 60]. For example, in rabbits, the mean Ca/P value for

cortical femur is 1.28 ± 0.21, while for cortical rear tibia, 1.75 ± 0.08. It is worth noting that

while in rats the mean Ca/P value for cortical femur is significantly greater (p < 0.001) than

that of rear tibia, in rabbits, the greatest mean value is that for the rear tibia. In addition, the
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Table 2 Bulk Ca/P ratio values

from cortical bone samples [59]
Group/animal Bone site Bulk Ca/P ratio

Normal bone

Lamb Rear tibia 1.35 ± 0.17

Rabbit Rear tibia 1.75 ± 0.08

Rabbit Femur 1.28 ± 0.21

Rat Femur 2.12 ± 0.08

Rat Front tibia 1.75 ± 0.06

Rat Rear tibia 1.94 ± 0.07

Osteoporotic bone-IMO

Rabbit Rear tibia 1.47 ± 0.07

Ca/P ratio in the same bone site from different species has a significant variation. In lamb,

rabbit, and rat cortical rear tibia, the corresponding mean Ca/P values are: 1.35 ± 0.17,

1.75 ± 0.08, and 1.94 ± 0.07 [Table 2]. Different life activities arising from the evolutionary

adaptation of these species could be considered as a possible explanation for the observed

variation. Lambs have been adapted for walking and rabbits for jumping, while rats have

been adapted for running. These movement activities exert differing pressure conditions on

their front and rear legs, and as a consequence, their bone strength has to be respectively

adapted. The Ca/P ratio could easily be one of these adaptations.

The variations with different animals and bone sites obtained with microCT support the

view of the necessity of careful selection of experimental models when applying results to

humans.

In addition, the findings listed in Table 2 show a significant difference (p < 0.001) in

Ca/P ratios between osteoporotic versus normal bone similar to that obtained by using

X-ray absorptiometry, suggesting that there is a relationship between bone loss and a

lowered Ca/P ratio.

3.3 Collagen Fibril Diameter in Relation to Calcium/Phosphorus Ratio

Measurements of collagen fibril diameter in cortical bone samples from the femoral neck,

rear and front tibia of rabbits and rats showed that, in rats, the greatest mean diameter

value is that for the femur, while for rabbits is that for the rear tibia. Furthermore, in both

experimental animals, the smallest mean value is that for the front tibia [27]. An important

aspect is the agreement between these observations and the mean values for Ca/P ratio,

mentioned above.

It appears that there exists a relationship between collagen fibril diameter and the Ca/P

ratio for the same kind of experimental animal and bone site. Both of these parameters can

be used as indexes of bone quality [23]. As has been reported [40–42], the Ca/P ratio may

provide high reliability for the diagnosis, prevention, and treatment of bone disorders. In

addition, alterations in the skeletal Ca/P ratio with disease may be indicative of underlying

changes in the organic matrix of bone, mainly collagen [23]. Also, lines of evidence suggest

that there is a relationship between osteoporosis and alterations in the bone Ca/P ratio [23,

39, 51] and in bone collagen fibril diameter [13, 20]. As bone Ca/P ratio and collagen

fibril diameter decline in parallel upon osteoporosis, the present observations may have a

significant input in understanding the pathogenesis of some of the most troublesome, painful

bone disorders that afflict mankind.
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4 Conclusions

The skeletal Ca/P ratio has been shown to be a good index of bone quality. In addition,

results presented here also confirm that there is a relationship between bone loss and a

lowered Ca/P ratio. As nowadays we can measure bone Ca/P ratio in vivo for use as a

clinical indicator [38, 39], such measurements could also be useful for the treatment of the

bone diseases in which, along with bone loss, the bone quality is affected. It has previously

been shown [61] that, in ovariectomized rats, the structural alterations in bone collagen

initiated by the loss of ovarian hormones are much less severe upon appropriate treatment.

The overall socioeconomic benefit derived from early diagnosis and prevention of bone

disorders is important because it improves the quality of life of a large number of patients

and minimizes the cost of treating the severe disabilities caused by these diseases. Since a

great number of people are susceptible to bone disorders, effective diagnostic techniques

and prevention is in crucial demand. This review provides evidence that both X-ray

absorptiometry and microtomography can be used to reliably measure the Ca/P of bone

in both humans and experimental animals and, hence, could be valuable techniques to be

used during bone therapeutic and diagnostic trials.
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