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Abstract. In long bones, the functional adaptation of shape and structure occurs along the whole length of the
organ. This study explores the hypothesis that adaptation of bone composition is also site-specific and that the
mineral-to-collagen ratio of bone (and, thus, its mechanical properties) varies along the organ’s length. Raman
spectroscopy was used to map the chemical composition of long bones along their entire length in fine spatial
resolution (1 mm), and then biochemical analysis was used to measure the mineral, collagen, water, and sulfated
glycosaminoglycan content where site-specific differences were seen. The results show that the mineral-to-col-
lagen ratio of the bone material in human tibiae varies by <5% along the mid-shaft but decreases by >10%
toward the flared extremities of the bone. Comparisons with long bones from other large animals (horses,
sheep, and deer) gave similar results with bone material composition changing across tens of centimeters.
The composition of the bone apatite also varied with the phosphate-to-carbonate ratio decreasing toward
the ends of the tibia. The data highlight the complexity of adaptive changes and raise interesting questions
about the biochemical control mechanisms involved. In addition to their biological interest, the data provide
timely information to researchers developing Raman spectroscopy as a noninvasive tool for measuring
bone composition in vivo (particularly with regard to sampling and measurement protocol). © The Authors.
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1 Introduction
Bone is not a single material but a class of composites with vary-
ing proportions of mineral, organic material, and water, and
consequently, a wide range of mechanical properties.1 The com-
position of the material in a specific bone is determined by the
functional demands placed on it; bone can have up to 90% min-
eral by weight if it is being naturally selected for maximal stiff-
ness or as little as 50% if it is being selected for toughness.1–3

Limb bones, in general, need to be both stiff and tough (fracture
resistant) and, thus, have intermediate composition. Studies
across a large number of species have shown limb bones to com-
prise ∼65% mineral and ∼35% organic material/water and to
have similar material properties. For example, a variety of
human, bovine, leopard, brown bear, roe deer, king penguin,
polar bear, and wallaby limb bones have the Young’s modulus
in the range of 16.7 to 22.9 GPa.1,4–7

Other studies, however, have shown that even within a single
bone, the mechanical properties of the cortical bone material
can have measurable site-specific variations and that these
differences can be dependent upon anatomical position.
Mechanical and ultrasonic studies of elastic moduli and fracture
stresses have been reported for many bone samples, including
human, canine, and bovine femora, equine metacarpal bones,
and bovine tibiae. These studies have shown that some

mechanical properties of cortical bone have local extrema in the
mid-shaft. For example, elastic moduli have a local maximum at
the mid-shaft and decrease in both the proximal and distal direc-
tions along the cephalocaudal axes.8–13 In addition to mechani-
cal testing, some of these studies used Archimedes principle
and/or gravimetric techniques to measure changes in the density,
and/or mineral content, of the bone material at different points
along the length of the bones in question. They found lower den-
sities and lower mineral content toward the ends of the diaphy-
ses (spatial resolution >10 cm).11,12

Some studies have focused solely on density variations at
specific anatomical positions along the bone (four or five posi-
tions per bone); Archimedes principle has been employed to
show that the density of the human femoral cortex varied
from mid-shaft to metaphysis,14 x-ray techniques have been
used to study mineral density distributions along the femoral
diaphysis of various primates,15 and ultrasound measurements
have shown regional stiffness differences along the entire length
of human tibiae.16 Investigators have also used x-ray tomo-
graphic techniques (spatial resolution ∼30 mm) and chemi-
cal/gravimetric analysis to show gradients of decreasing bone
density toward the distal end of rat femoral diaphyses.17,18

However, it is not clear from these studies whether the variations
in density and stiffness are due to architectural/microstructural
differences, due to differing composition of the bone material, or
due to both.

In parallel to measuring the relative ratio of mineral to col-
lagen, Raman spectroscopy provides a means to measure the
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changes in the degree of carbonate-for-phosphate substitution in
the bone-apatite crystals (this is a feature of Raman that sets it
apart from techniques used in the studies discussed above, i.e.,
x-ray, ultrasound, gravimetric, etc.). The phosphate-to-carbon-
ate ratio has been shown to decrease with bone age and mineral
crystallinity.19 It has also been shown to correlate with some
mechanical properties of bone material, e.g., studies of osteopo-
rosis in humans20 and aging in mice21 have shown that both
increased mineral-to-collagen ratio and decreased phosphate-
to-carbonate ratio were significantly correlated with low trauma
fracture (human osteoporosis) and decreased deformation
capacity (aging in mice).

The aim of this study is to explore the hypothesis that the
regional differences in structural architecture along a long
bone are associated with changes in the chemical composition
of the bone. In order to test the hypothesis, (nondestructive)
Raman spectroscopy was used to map the mineral-to-collagen
and phosphate-to-carbonate ratios of bone along excised
human tibiae (and other bones) with fine spatial resolution
(1 mm intervals). Biochemical analysis (of 250-mg sections)
was then performed to measure the absolute composition of
the bone where the site-specific differences were seen. The
human tibia was the central focus of the study because its struc-
ture and anatomy has been well characterized in the past, and its
anatomical structure has been shown to have regional variation
that is closely adapted to the mechanical requirements (a rela-
tionship that remains regardless of the gender and anthropomet-
ric characteristics of the individual).22 Long bones from
other species (horses, sheep, and deer) were also used to
confirm the general biological principle hypothesized.

2 Materials and Methods

2.1 Bone Samples

Five human tibiae from three individuals (one male and two
females) of ages 58, 72, and 88 were obtained from the
Vesalius Clinical Training Centre at the University of Bristol,
with appropriate ethical approval and material transfer agree-
ments. The tibiae were examined by an orthopedic surgeon
and showed no signs of bone disease (deaths were due to
soft-tissue cancers and stroke).

Additional long bones were collected from other species
(metacarpal bones from Thoroughbred racehorses, the metacar-
pus of a 1-year-old red deer stag, and the femur of a skeletally
mature Welsh Mule domestic sheep) were also studied in order
to strengthen the biological significance of our hypothesis. All
the bones were frozen after being excised and stored in
a freezer (193 K). Soft tissue and periostea were removed with
scalpels before spectroscopic examination.

2.2 Raman Data Collection

The Raman spectrometer used to collect the data was custom
built by Cobalt Light Systems Ltd. (Oxfordshire, United
Kingdom). It utilized an 830-nm near-infrared laser, which
delivered 300 mW to the sample (1 mm spot size). The collec-
tion optics imaged the scattered light into the fiber-optic bundle
and then into a spectrograph with a CCD detector (Andor iDus
420 BR-DD, Belfast, Northern Ireland) at its output. To aid
overall collection efficiency, the low-loss Optran WF fiber
bundle used a round configuration of 33 fibers to collect
the filtered Raman signal; the spectrograph end of the fiber

bundle was configured as a linear array to optimally fill both
the spectrograph input slit and the available vertical extent of
the CCD. The detector had a spectral resolution of ∼8 cm−1,
and its software removed spurious signals that were due to cos-
mic-ray events.

The spectrum-collection process was automated by loading
the bones on a motorized translation stage that was controlled
by the instrument’s software. The software enabled automated
movement of the sample stage and acquisition of Raman spectra.
The flat medial surface of each tibia was then scanned along the
full length of the shaft; a 30-s spectrum (30 × 1 s accumulations)
was taken at each step (every 1 mm). The cranial surfaces of the
horse, sheep, and deer bones were scanned in the same way. The
order of the measurements was randomized to negate the influ-
ence of instrumental and environmental drifts. The optical setup
of the instrument and the scattering/absorption properties of near-
infrared light meant all the Raman signal that was collected origi-
nated from within ∼1 to 2 mm of the scanned surface.

In some of the previous mechanical and ultrasonic studies
discussed above, the variation of elastic moduli and fracture
stresses along the cephalocaudal axis were ascribed to the aniso-
tropic manner in which the osteons are orientated in the bone
material.10,11 Unlike some studies previously reported in the
literature,23,24 the Raman spectrograph in the present study
was largely insensitive to orientation/polarization effects (it
had no polarizer, a large spot size, utilized optical fibers, and
had low numerical aperture25). The instrument’s insensitivity
to polarization was confirmed by probing highly aligned tendon
samples at different orientations and also by comparing different
Raman band ratios from bone samples (i.e., the variation in the
phosphate ν1∕amideI ratio and the variation in phosphate
ν4∕amideIII ratio).23

2.3 Raman Data Processing

The variable sensitivity of the Cobalt instrument (i.e., of the fil-
ters and detector) across the spectral range was corrected using
an HgAr calibration lamp. The broad fluorescence backgrounds
of the bone spectra were removed using a polynomial fitting
routine (script written in-house on MATLAB®, The Mathworks
Inc., version 2007b).26

The mineral-to-collagen ratios were determined by compar-
ing band heights [phosphate ν1 band (∼960 cm−1) for mineral
and proline/hydroxyproline bands (average height across the
band envelope ∼830 to 900 cm−1) for collagen] and were nor-
malized to 100% (divided by the mean) for the compositional
trend plots. The phosphate-to-carbonate ratio was calculated by
dividing the phosphate ν1 band intensity by the carbonate band
(∼1070 cm−1) intensity (illustrated in Fig. 2 of Ref. 21).

The trend plots (Figs. 3, 4, and 6) were smoothed with the
use of rolling averages (each data point is the average of a spec-
trum and two neighbors on either side) and averaged using
an interpolation function (OriginLab, OriginPro 8.5).

2.4 Analysis of Bulk Composition

The data in Fig. 2(b) was collected with a Renishaw inVia
Raman microscope (×5 Leica objective) with an 830-nm
laser that produced 100 mW at sample (Renishaw,
Gloucestershire, United Kingdom). One of the human tibiae
(from a 58-year-old male) was sectioned after the other data
had been collected, and it was divided in half along the coronal
plane so as to expose the full thickness of the cortex for further
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spectroscopic examination. Ten spectra were collected from the
cortex at four anatomical positions (distal end, proximal end,
and two near the mid-shaft); the spectra were collected in a
line across the full cortex (from the periosteal surface to the
endosteal surface). The data were processed in the same way
as above.

2.5 Biochemical Analysis

2.5.1 Water content

Following the collection of Raman spectra, sections of cortical
bone (0.15 cm3, ∼250 mg) were cut from four equally spaced
points along the anterio-medial aspect of the human tibia, i.e.,
the two ends of the diaphysis and two points in the middle,
dividing the diaphysis into thirds. The medullary surface of

the bone samples was scraped clean of any cancellous bone
and weighed accurately on a digital balance, frozen at −80°C,
and dried to a constant weight under vacuum in a freeze dryer
(Edwards, Crawley, England). The samples were reweighed
accurately on a digital balance and the water content calculated
as percentage of the wet weight.

2.5.2 Mineral content

Following lyophilization, the samples were defatted by sus-
pending in 5 ml acetone at room temperature with shaking
for 1 h. The defatting step was repeated three times. Samples
were then washed twice with 5 ml of deionized (DI) water
for 30 min at room temperature, frozen at −80°C, and redried
in the freeze drier. The defatted, lyophilized samples were
ground to a powder in a mikro-dismembrator (Sartorius,
Germany) set at 3000 rpm for 1 min prior to demineralization.
Samples were weighed accurately and 10% ethylenediamine
tetra-acetic acid (EDTA), pH 7.5 added (4 mg bone∕ml).
Demineralization was carried out for 6 days at 4°C with agita-
tion. After this time, the samples were centrifuged at 4600g and
the supernatant removed. Samples were washed with 5 ml of
DI water, centrifuged, and the supernatant removed prior to
lyophilization in the freeze drier. The dry weight was then accu-
rately recorded and an approximate mineral content calculated.
Mineral content is expressed as percentage of the wet weight of
bone.

2.5.3 Collagen and sulfated glycosaminoglycan content

Demineralized bone sample was solubilized by papain digestion
as described previously.27 To determine collagen content, a 100-
μl aliquot of the papain digest was hydrolyzed in 6 M HCL
at 110°C for 24 h. The hydrolysate was evaporated to dryness
in a SpeedVac Concentrator (SPD131DDA, Thermo Fisher
Scientific, Loughborough, England) and redissolved in DI
water. Collagen content was determined by measuring the
amino acid hydroxyproline as described previously.27

Hydroxyproline concentrations were calculated by comparison

Fig. 1 Raman spectra of human tibial bone. The bone halfway along
the tibia (red dotted spectrum) has a greater mineral-to-collagen ratio
than that from amore proximal part of the cortex [the black spectrum is
taken 80% along the length of the bone (from distal end)].

Fig. 2 (a) The histogram shows the average of the five tibiae. The ratio of mineral to collagen is smaller
near the end of the tibia (15% from distal end) than at mid-shaft (50% from distal end). (b) The bulk bone
composition across the full thickness of the tibial cortex. Ten spectra were collected from the cortex at
four anatomical positions (distal end, proximal end, and two near the mid-shaft); the spectra were
collected in a line from the periosteal surface to the endosteal surface of a sectioned human tibia.

Journal of Biomedical Optics 111602-3 November 2014 • Vol. 19(11)

Buckley et al.: Functional adaptation of long bone extremities involves the localized “tuning”. . .



with a standard curve prepared with standards (0 to 10 μg
hydroxyproline/ml) and collagen content calculated assuming
hydroxyproline to be present at 14%. Collagen content is
expressed as a percentage of the wet weight of bone tissue.

Total sulfated glycosaminoglycan (GAG) content was quan-
tified in aliquots of the papain digest by the method of Farndale
et al. using dimethylmethylene blue dye.28 Concentrations were
calculated by comparison with a standard curve prepared with
purified bovine trachea chondroitin sulfate (0 to 100 μg∕ml).
Results are expressed as μg chondroitin sulfate equivalent
sulfated GAG∕mg dry demineralized bone tissue.

3 Results

3.1 Raman Spectroscopy

Typical Raman spectra of human tibial bone are shown in Fig. 1;
the spectra are very similar, but inspection of the mineral bands
(phosphate and carbonate bands) shows that the bone from the

mid-shaft (halfway along the bone) has a higher ratio of mineral-
to-collagen than bone from a more proximal region (spectrum
was taken from point 80% along the total length of the tibia,
measured from distal end). Figure 2(a) shows that a similar dif-
ference can be seen at the distal end of the tibia; this time the
values are shown for five human tibiae. The average mineral-to-
collagen ratio for the mid-shaft tibial bone is ∼20% higher
(p < 0.005) than that found ∼7 cm from the knee (15% of
the total length from the distal end). Figure 2(b) shows that
this difference is not a surface effect and that the ∼20% differ-
ence in mineral-to-collagen ratio holds across the thickness of
the cortex (p < 0.005).

When the mineral-to-collagen ratio is measured at hundreds
of points along the cephalocaudal axis, a macroscopic-scale
structure is revealed; the mineral-to-collagen ratio along the
mid-section of the diaphysis is relatively stable (from ∼25
to ∼75% of the total tibia length the ratio varies by ∼5%),29

but in the extremities, the mineral-to-collagen ratios decrease
by 10% and keep decreasing (Fig. 3). Figure 4 shows similar
macroscopic scale mineralization patterns in the distal cortices
of equine metacarpal bones, the distal cortex of an ovine femur,
and along the whole length of a cervine metacarpal bone.

The mineral-to-collagen ratio of the tibia (measured with
Raman spectroscopy) was compared with structural and archi-
tectural properties previously published by Capozza et al.22 The
Capozza data were normalized to 100 (%) and plotted against
similarly treated Raman data (Fig. 5). The comparison revealed
a simple relationship between the mineral-to-collagen ratio and
the thickness of the cortex, with the thinner areas being the ones
with lowest ratio of mineral-to-collagen [Fig. 5(a)]. The analysis
also showed more complicated relationships [Fig. 5(b)] between
the mineral-to-collagen ratio and the bone mineral content, the
circularity of the bone, and the cross-sectional moment of iner-
tia. Below mineral-to-collagen ratio of 100 (i.e., below average),
the structural properties adopt either one of two distinct values;
these data points all come from the ends of the bones. Above
mineral-to-collagen ratio of 100 (i.e., above average), the struc-
tural properties adopt wider range of values (these data points
come from the mid-shaft).

The variation in the phosphate-to-carbonate ratio along the
length of the tibia is shown in Fig. 6. The pattern has similarities
with the mineral-to-collagen ratio profile in Fig. 3 in that it is
reasonably uniform along the mid-shaft (<3%) but decreases
(by 6%) toward the ends of the bone. There are, however,
differences between the phosphate-to-carbonate pattern and

Fig. 3 Mineral-to-collagen ratio along the length of the human tibia;
the bone near the mid-shaft has a larger mineral-to-collagen ratio than
bone nearer the metaphysis (mean of five tibiae).

Fig. 4 Mineral-to-collagen ratio along the length of various long bones. (a) The distal end (65% of the
length, proximal end not shown) of four equine metacarpal-bone cortices (mean). (b) The distal end (75%
of the length, proximal end not shown) of a cervine metacarpal-bone cortex. (c) The whole cortex of an
ovine femur.
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the mineral-to-collagen pattern; by comparing Fig. 6 with Fig. 3,
it can be seen that the carbonate substitution does not vary as
much as the mineralization (note figures are plotted on the same
scale); also the decrease of the phosphate-to-carbonate ratio at
the proximal end of the bone begins nearer the midpoint of the
bone and decreases more slowly.

3.2 Biochemical Analysis

The results of the biochemical analyses are shown in Fig. 7(a).
The mineral content of the bone samples, calculated by the
weight change following extraction with EDTA, was 68.4%�
6.0 (mean� SD) and levels showed regional variation that
agreed with the Raman data. The water content ranged from
2.6 to 18.8% (7.5%� 4.1) and was lower in the mid-diaphysis
than at the diaphysis ends. Collagen content showed a reverse
pattern of that seen in the mineral content along the diaphysis

(17.4%� 3.9). Those regions of bone with the highest mineral
content had the lowest sulfated GAG content in the organic
component.

Figure 7(b) shows a version of the ternary diagrams similar to
those in Refs. 1 and 6; the shaded gray area roughly corresponds
to the area where all the bones found in nature would lie. In this
ternary diagram, the bone is from different regions of the human
tibia rather than functionally adapted bones from different spe-
cies (that are plotted in the Refs. 1 and 6). The tibia samples
spread across the shaded area with the mid-shaft samples clus-
tering toward the highly mineralized corner and the proximal/
distal samples clustering toward the antler end where less min-
eralized bones are found.1,6

4 Discussion
The bonematerial that comprises the cortices of long bones is not
uniform; it has varying ratios of mineral-to-collagen and phos-
phate-to-carbonate (bone apatite composition), which change
as a function of position along the cephalocaudal axis. Both
the mineral-to-collagen ratio and the phosphate-to-carbonate
ratio vary by <5% along the mid-shaft but decrease toward the
flared extremities of the bone. The changing proportions of min-
eral and collagen are consistent with gravimetric, mechanical
property and density variations, which have been measured in
the past,8,10–12,14–18 but the Raman spectroscopy technique has
revealed, for the first time, how complex the adaption is, with
bone composition varying over a distance of millimeters.

4.1 Raman Spectroscopy of Whole Bones

Raman spectroscopic techniques have been used to create spa-
tial maps of chemical changes in bones in a number of different
studies; these include studies of undamaged, strained, and failed
regions of bone, developing murine skulls, and across individual
osteons.30–32 Raman spectroscopy has also been used to inves-
tigate composition variation within the cortices of individual
bones; a study looking at the mechanical property variation
between cranial and caudal quadrants of a murine femur
found that the composition did not differ between the two

Fig. 5 Mineral-to-collagen ratio versus structural/architectural properties22 of the human tibia; (a) as the
cortex of the human tibia increases, the mineral-to-collagen ratio of bone material also increases. (b) The
bone mineral content (BMC), cross-sectional moment of inertia (CSMI), and circularity have similar
(more complicated) relationships with the Raman ratio. They each have two extreme values when
the mineral-to-collagen is less than 100 (corresponding to the two ends of the tibia), and a range of values
when the mineral-to-collagen is greater than 100 (corresponding to mid-shaft). All structural data from
Capozza et al.22

Fig. 6 The composition of the bone apatite is not uniform along the
length of the human tibia (average of five tibiae); the ratio of phos-
phate to carbonate is larger near the mid-shaft than toward the
metaphyses.
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but that the orientation of the collagen fibrils did.33 Other studies
looked at the mechanical property and Raman spectral
differences between newly formed bone near, and older bone
further from, the periosteum34 and at the differences between
cubes of metaphyseal bone and diaphyseal bone.35 Typically,
these experiments mapped much smaller areas and length scales
than those we report here.

In Sec. 3, it was stated that the composition of the bone along
the mid-section of the diaphysis is relatively stable (from ∼25 to
∼75% of the total tibia length the ratio varies by ∼5%); our
group has recently published a paper that quantified this mid-
shaft compositional variation; we showed that across 10 cm
of diaphyseal (mid-shaft) cortical bone, the phosphate-to-
amide I ratio can vary by as much as 8%, and the phosphate-
to-carbonate ratio by as much as 5%.29 Both this study and
the Raman tomographic imaging of large, intact sections of
a canine limb bone, which have been reported by another
group,36 differ from the present study in that they did not
look for variations at the macroscopic scale along (the cephalo-
caudal axis of) the entire bone.

4.2 Regional Variation of Mineralization in
Long Bones

Long bones grow in length from the growth plates (physeal
plates) at each end; bone material that is furthest from a growth
plate has (if we neglect remodeling for the present) taken longer
to mature and should have reached a later stage of mineraliza-
tion. These differences in the age of the bone material have been
used to explain findings from an x-ray tomographic study of
mineralization gradients in the femora of 6- to 9-week-old
rats18 and a Raman study that showed differences between meta-
physeal bone and diaphyseal bone from the femora of 2- to 12-
week-old mice.35 Distance from the growth plate is not as rel-
evant to most of the data presented here as all the bones were
obtained from skeletally mature individuals [the exception being

the red deer stag in Fig. 4(b), which did show the same pattern
but was only 1 year old].

If more remodeling were to occur near the ends of long
bones, the bone material there would, on average, be younger
than the mid-diaphysis bone (and the associated resorption
cavities would also contribute to lowering the density). There
have been studies that show that this is the case in dogs.37–39

In Marotti’s study, skeletons of stray dogs were collected and
various long bones (metacarpal bone, metatarsal bone, femur,
ulna, rib, etc.) were sectioned and examined histologically.
He found that there were more secondary osteons per unit
area near the ends of the bones than nearer the mid-shaft.38

In younger animals, this phenomenon has been ascribed to
the conversion of the endosteal surface of the cortex to trabecu-
lar bone in growing bones.40 The Raman and biochemical data
in the current study were taken across the cortex (rather than
just the endosteal surface), but the site-specific remodeling
described by Marotti may still be relevant.

It has long been proposed that the density patterns along long
bones are a structural feature of developmental origin, with the
density increasing as an adaptation to mechanical loading.14,15

These density patterns could also be due to site-specific remod-
eling or they could be related to the site-specific adaptation of
the mineral content of bone.

4.3 Compositional Variation and Material Properties

Much of the variation in mechanical properties along the length
of bones (particularly the variation in tensile strength) is due to
variation in collagen fibril orientation.10,11,33,41 However, the dif-
ference in the mineral-to-collagen ratio could also have a func-
tional significance, for instance, a decrease in the mineral-to-
collagen ratio of 10% could be expected to lead to a 7.5 to
10% decrease in the Young’s modulus.3 This may be beneficial
to the function of the tibia if in regions where loads were trans-
ferred from one bone to the next, the cartilage was protected
from destructive forces. Cortical bone material and the

Fig. 7 (a) The biochemistry results show the percentage of mineral, water, and collagen for different
samples of bone taken at different points along the length. The fraction of glycosaminoglycan (μg
per mg of dry demineralized bone) is also shown. (b) These results are summarized in this ternary
diagram, which shows the relative proportions, by weight, of the main constituents of human tibia bone;
mid-shaft specimens are represented as circles and specimens from the proximal and distal ends of the
bone are represented as triangles. All the bones in nature would lie near the shaded area.
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cancellous bone material are more pliant (less stiff) and more
able to absorb energy (tough) when they have lower mineral-
to-collagen ratios. Excepting the complications introduced by
microstructure42 and remodeling, this has already been shown
for cancellous bone material (the trabeculae do have a lower
mineral volume fraction,42,43 a smaller mineral-to-collagen
ratio as measured with Raman spectroscopy,44 and the material
is 20 to 30% less stiff than cortical bone43,45).

Les et al.,8 investigating the distribution of material proper-
ties in equine metacarpal bones, suggested that the variations
were adaptive, concluding that they served to enhance and
modulate sagittal bending; however, they were unable to address
whether the cephalocaudal variation was the result of adaptation
to applied loads or was genetically determined, independent of
exercise regimes.8

4.4 Raman Spectroscopy and Biochemical Analysis

It was shown some time ago that the mineral content of bone
(as measured with ashing) is correlated with the phosphate-
to-amide I ratio (as measured with FTIR).46 It has also been
shown that Raman mineral-to-collagen ratios behave as
expected for bones, which are known to have greatly differing
mineral contents.3 The present study, in which the mineral con-
tent was measured by biochemical means, also showed regional
variation in composition which was in agreement with the
Raman data. Figure 7(b) shows that a change in the Raman min-
eral-to-collagen ratio actually represents a change in the relative
proportion, by weight, of mineral, protein, and water.

4.5 Regional Phosphate-to-Carbonate Variations

Figure 6 shows that there is a subtle difference between the com-
position of the bone apatite at the ends of the tibia and that in the
shaft. As discussed above, there is evidence to suggest that
increased carbonate inclusion in the apatite crystals reduce crys-
tallinity and affect the mechanical properties of the bone.19,47

Studies of aging in mice21 and osteoporosis in humans20 have
shown increased phosphate-to-carbonate ratio to be accompanied
by decreasedmineral-to-collagen ratio and altered bonemechani-
cal properties, specifically increased capacity to deform (mice),
and fewer low-trauma fractures (osteoporosis in humans), i.e.,
tougher/less stiff bone. Whether the mechanical properties of
bonematerial near the ends of long bones is tuned by composition
orwhether the carbonate inclusions aremore likely to occur in the
less mineralized bone cannot be addressed by the present study.
That a broad flat Raman band associated with the organic phase
of bone is known to overlapwith the carbonate band (from∼1000
to ∼1100 cm−1) further complicates the analysis.

4.6 Limitations and Future Directions

As described above, variations along the length of long
bones have been recorded using other analytical techniques
(e.g., x-ray, ultrasound, gravimetric, collagen orientation,
etc.). Comparisons of those techniques with the Raman data pre-
sented here provide scope for interesting future work.

Figures 3 and 4 show that the transition from more highly
mineralized (i.e., stiffer) bone to the less mineralized bone
(i.e., more pliant) is gradual, meaning there are no sharp inter-
faces between materials of very different Young’s modulus and,
thus, no large stress discontinuities. Future investigations will
look at compositional trends in different long bones and look

for differences related to gender or age. It would be interesting
to know if a disruption in the trend (perhaps medically induced)
would affect the bone’s performance and lead to increased or
decreased risk of fractures in the shaft.48 If the variation in com-
position along the cephalocaudal axis was altered by disease and
stiffer mid-shaft bone was formed near the end of the bone, it
could lead to destructive forces being transmitted to the carti-
lage/joint each time the bone was loaded.49,50 One could specu-
late that the loss of bone, or the adaptation to new loading
conditions (e.g., muscle wastage), could alter the mineralization
patterns in long bones. In this event, any regions that developed
more highly mineralized materials would suffer from reduced
toughness and greater susceptibility to microcracks and/or frac-
ture. As spatially offset Raman spectroscopy is developed as
a noninvasive tool for monitoring bone transcutaneously, it
will be possible to explore these hypotheses in vivo.25,36,51

The results of the biochemical analysis in Fig. 7(b) hint that
the compositional adaptation of bone material within a long
bone fits the same paradigm as that of specialized functionally
adapted bones from different creatures (i.e., bulla, antler,
etc.).1,2,7 If the composition of bone is an independent design
parameter of bone matrix, then understanding how regions of
bone (that are only separated by a few millimeters) can have
such large variations in composition will be of interest. The
cues (be they genetic or local) for osteoblast matrix synthesis
may present novel therapeutic targets for controlling bone com-
position and, thus, bone’s material properties.

5 Conclusions
For the first time, Raman spectroscopic mapping of whole bones
has revealed a complexity of adaptation of form to function that
was not fully appreciated previously. Raman mapping along
long bones has shown, in fine spatial resolution, that the min-
eral-to-collagen ratio and the phosphate-to-carbonate ratio of
mid-shaft bone is larger than that of distal/proximal bone.
Biochemical analysis of tibiae has confirmed that the mid-
shaft bone and more distal/proximal bone have different relative
proportions, by weight, of the main constituents.

If the composition is an independent design parameter of
bone matrix, then the controlling factors of osteoblast matrix
synthesis (be they genetic or local cues) would be interesting
to explore. The data in this paper will also be useful in devel-
oping Raman spectroscopy as a noninvasive tool for measuring
bone composition in vivo and also to inform mathematical mod-
eling of the mechanical adaptation seen in whole bones.
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