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Introduction

The major clinical demand for bone quality assessment arises
from the devastating disease, osteoporosis, which leads to
1.5 million fractures per annum in the USA". With forecasts of
a more aged population we can expect this to get worse:
fragility fractures of the hip, for instance, are expected to rise
worldwide from 1.3 million in 1990 to 2.3 million in 2020?.
Preventative strategies, as well as treatment of fractures once
they have occurred”, will be needed to meet this escalating
problem.

Dual-Energy X-ray Absorptiometry (DXA), although the
current gold standard screening modality, is able only to
account for 60 to 70% of the variation in bone strength®. It is
clear that BMD is not the sole predictor of fracture risk*®
important factors are being missed. Both infrared and Raman
spectroscopies have been explored as a means of assessing bone
tissue to provide this information; they have been used to
measure mineral/matrix ratio (related to bone material density),
mineral crystallinity (related to mineral quality) and
crosslinking within the organic phase (related to collagen
quality)®®. To date these techniques have been applied directly
to specific excised tissue samples. Until this present study, it
had not been possible to perform vibrational spectroscopy of
healthy bone at useful depths through overlying tissue. We
overcame these shortcomings by using a picosecond pulsed
laser at a wavelength with good tissue penetration (800 nm)
with an ultrafast, picosecond shutter (Kerr-gate”'?).

The aim of this study, therefore, was to test the hypothesis that
spectral features of both the mineral and organic phases of bone
specimens with known differences in material properties can be
measured objectively through the unbroken skin using time-
resolved Raman spectroscopy.
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Figure 1. Cartoon of experimental set up.
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Materials and Methods

Laser setup

The description of the system we used for Kerr-gated
picosecond Raman spectroscopy has been described
previously”. In brief, a femtosecond mode-locked Ti:sapphire
laser was used to produce a 1 kHz pulse train, which was then
amplified by a Nd:YLF-pumped regenerative amplifier to
produce 1 ps, 800 nm pulses at 2 mJ at 1 kHz. A 500 pJ pulse
was isolated from this by a beam splitter to drive a 4 ps Kerr
shutter; the remainder of the pulse was frequency-doubled and
used to drive an optical parametric amplifier. The time interval
between the two pulses was controlled with an optical delay line
to an accuracy of 50 fs with a delay up to 4 ns; our experiments
used delays between 0 to 20 picoseconds. The pulse energy at
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Figure 2. Raman spectra of bone measured from two
genotypes; wildtype mice and oim/oim mice. A wildtype
mice B oim/oim mice C difference Raman spectra.
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the specimen at this wavelength was 8 pJ and the average power
was 8 mW focussed to a spot size of 1 mm. We employed a
conventional Raman spectrograph (Spex, Horiba Jobin Yvon
Inc.) and back-illuminated deep depletion CCD (Andor
Technology, DU420BR-DD) with the probe laser at an angle of
180° to the «collection path (backscattering geometry).
The overview of this setup and the principle by which it is
possible to measure Raman spectra through overlying structures
is summarised in the cartoon in Figure 1.

Mouse samples

Two genotypes, BO6C3Fe Colla2oim/Colla2oim mice,
commonly known as oim/oim and their wildtype controls were
utilized. The oim mutation produces an alteration in type I
collagen that affects not only the collagen but also the level of
mineralisation and results in a weaker bone'". We used
forelimbs from three skeletally mature mice from each
genotype. The mice were matched for age, sex and weight.
Each limb was shaved and mounted in a purpose-built jig with
cranial surface facing the probe laser. Heating of the specimens
by the laser was prevented by slow water irrigation. The site
probed by the laser probe site we chose was 2 mm above the
carpus. As a control, following transcutaneous measurements,
the overlying soft tissues were carefully excised down to bare
bone, the exposed bone then re-measured using the same
irrigation both at the same site and at a point at the midpoint of
the humerus.

Results

Typical Raman spectra from bone are well established”, with
different specific regions being associated with the mineral and
the organic phases. We have studied two features: i) the
phosphate v1 band of the apatite of the mineral phase and ii) the
band associated with the CH, wag of the collagen of the organic
phase, Figure 2.

It can be seen from the spectra recorded from the exposed bone
that there are considerable differences between the two
genotypes, Figures 2A and 2B. The difference spectra in Figure
2C clearly indicate what is altered between the genotypes. Not
only is it obvious that the heights of some of the spectral bands
have changed but also, interestingly, the wavenumber of the
band of the CH, wag has shifted.

By examination of the ratios of the band areas associated with
phosphate vl and the CH, wag between the two genotypes, we
can see a significant difference of the mean ratio between the
genotypes both measured through the skin (p=0.007) and
directly from the bone (p=0.005), Figure 3. Furthermore, there
is no significant difference in mean area ratio for the same
genotype whether measured through skin or from bare bone
(p>0.05).
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Figure 3. Ratio band areas phosphate vl band and CH,
wag of organic phase for each genotype (mean and
coefficient of variation).
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Discussion

Our study clearly shows that major components of the Raman
spectrum of bone can be detected without excision of bone or
even cutting the skin. Major bands associated both with the
mineral and with the organic phases® are clearly visible in the
spectra measured through skin in Figure 2. Interestingly, our
technique through the skin was sufficiently sensitive to record a
slight variation of the wavenumber of the peak associated with
collagen (the CH, wag at ~1451cm’™) between the genotypes,
Figure 2C.

We conclude, therefore, that the time-gated Raman
spectroscopic technique has allowed for the first time
vibrational spectral measurements of both the mineral and
organic phases of bone tissue through the unbroken skin. We
are embarked on the optimisation of the instrumentation to
detect more subtle differences and be more specific as to the
spectral features of importance. If we are successful, we
anticipate that this technology will help improve fracture risk
assessments probably in conjunction with other measurements
such as DXA.
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