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Abstract

Background Progress in the diagnosis and prediction of

fragility fractures depends on improvements to the under-

stating of the compositional contributors of bone quality to

mechanical competence. Raman spectroscopy has been

used to evaluate alterations to bone composition associated

with aging, disease, or injury.

Questions/purposes In this survey we will (1) review

the use of Raman-based compositional measures of

bone quality, including mineral-to-matrix ratio, carbonate-

to-phosphate ratio, collagen quality, and crystallinity;

(2) review literature correlating Raman spectra with bio-

mechanical and other physiochemical measurements and

with bone health; and (3) discuss prospects for ex vivo and

in vivo human subject measurements.

Methods ISI Web of Science was searched for references to

bone Raman spectroscopy in peer-reviewed journals. Papers

from other topics have been excluded from this review,

including those on pharmaceutical topics, dental tissue,

tissue engineering, stem cells, and implant integration.

Results Raman spectra have been reported for human and

animal bone as a function of age, biomechanical status,

pathology, and other quality parameters. Current literature

supports the use of mineral-to-matrix ratio, carbonate-to-

phosphate ratio, and mineral crystallinity as measures of

bone quality. Discrepancies between reports arise from the

use of band intensity ratios rather than true composition

ratios, primarily as a result of differing collagen band

selections.

Conclusions Raman spectroscopy shows promise for

evaluating the compositional contributors of bone quality

in ex vivo specimens, although further validation is still

needed. Methodology for noninvasive in vivo assessments

is still under development.

Introduction

Raman spectroscopy is a vibrational spectroscopy tech-

nique used to assess scattered light from biologic

molecules and ions. Raman scattering occurs when mole-

cules within a specimen are excited by incident laser light.

Vibrational motions within the molecules lead to a small

fraction of the light (approximately one in 107 photons)

losing energy and being scattered at longer wavelengths

[7]. The wavelength difference between scattered and

incident light corresponds to molecular vibrations and

leads to bands at characteristic frequency shifts in the

Raman spectrum. These shifts are labeled in wavenumber

units corresponding to the vibrational energy (cm�1).

Frequency shifts serve as an important source of contrast in

assessing tissue composition such as carbonate substitu-

tions for phosphate positions in bone. The extracellular

matrix also provides another source of contrast to bone

tissue composition. The extracellular matrix contains many

protein-rich vibrational modes, corresponding predomi-

nantly to collagen features such as amide backbone, protein

secondary structure, and side chain composition.
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Raman and Fourier transform infrared (FTIR) spec-

troscopies provide almost equivalent chemical information

on bone tissue composition, because both methods measure

partially overlapping subsets of the vibrational spectrum

[14, 23]. The main advantages of Raman spectroscopy

include its applicability to fresh tissue [24, 74] and higher

spatial resolution (with sampling volumes of 1 lm3 or less)

[25]. Raman spectroscopy can also be used with fixed and

embedded specimens [32, 80] and also to fluorescently

labeled and stained specimens [21, 52, 75], although heavy

staining may facilitate burning [50]. When combined with

mechanical loading regimes, Raman spectroscopy corre-

lates chemical information with bone failure responses at

the ultrastructural level [15]. Fiberoptic probes that allow

noninvasive in vivo Raman spectroscopy are now under

development [45, 66].

There are, however, several important limitations to

Raman spectroscopy. At this writing, only the major

components of bone have been observed spectroscopically,

namely mineral phosphate, carbonate, and matrix collagen.

Bone lipids and phospholipids have also been observed

[41, 57], although they maybe inaccessible as a result of

removal during specimen preparation.

Noncollagenous proteins (NCPs) almost certainly con-

tribute to the bone Raman spectrum [19], but their low

abundance and spectral similarity with collagen [19, 57]

make them difficult to isolate spectroscopically in whole

bone specimens. In contrast, fluorescent blood products in

bone cause intense background features, which can obscure

bone Raman spectra [68]. Tissue fluorescence can be

minimized by using longer wavelength excitation light

(785-nm lasers in near-infrared are commonly used) or

using photobleaching protocols for shorter wavelength

excitation sources (such as 532 nm lasers) [50, 75]. Fresh,

intact, hydrated bone specimens are widely preferred in

Raman spectroscopy. Embedding media such as poly-

methylmethacrylate (PMMA) may increase the variance in

measurements extracted from bone Raman spectra [80].

Minor contributions from embedding media can be

removed by subtracting appropriately scaled reference

spectra (such as pure PMMA) [4]. For extensive spectral

interference, alternative embedding media [80], more

advanced spectral subtraction methods [74], or even greater

numbers of specimens can be sought to detect differences

between different experimental groups. Because of the

small portion of scattered light, Raman acquisition times

can be one to two orders of magnitude higher than those

typically used in infrared spectroscopy [40, 62]. This sig-

nificant limitation in acquiring large Raman images of bone

might be particularly important if heterogeneity of bone

tissue composition is eventually proven to be a major

contributor to fracture resistance (ie, to bone quality). At

present, multiple Raman spectra are collected to construct

histograms required for heterogeneity measurements [82],

whereas pixel histograms have routinely been extracted

from bone FTIR images [29].

The term ‘‘bone quality’’ refers to the ensemble of

composition and architectural properties of bone tissue that

together determine its material properties and its ability to

perform its mechanical functions [34]. Raman spectros-

copy yields at least four important composition measures

that are components of bone quality. These are: mineral-to-

matrix ratio, carbonate-to-phosphate ratio, mineral crys-

tallinity, and the collagen quality parameter. We define and

review each of these components to bone quality in turn

and highlight some of their limitations. We emphasize

papers published within the last decade. We review how

Raman spectroscopy is used to study age-related changes

in bone, osteoporosis, and various genetic disorders. The

effects of orientation, fractures, chemical, and radiologic

insults to bone composition are reviewed. Finally, we

describe the use of noninvasive Raman spectroscopy,

which may allow the clinician to assess bone quality

in vivo.

Materials and Methods

We used the ISI Web of Knowledge database to identify

initially 645 articles containing the terms ‘‘Raman’’ AND

‘‘bone.’’ To narrow the number of articles identified, we

used additional terms: ‘‘age,’’ ‘‘osteoporosis,’’ ‘‘fracture,’’

and ‘‘mineral,’’ which resulted in 52, 39, 60, and 159 hits,

respectively. The searches focused primarily on papers

published in bone-related journals and bone studies pub-

lished in peer-reviewed chemical spectroscopy and

biomedical optics journals. The searches also included

cited crossreferences of the published papers published up

to January 2010 with selected papers published up to

August 2010. Papers related to dental tissue, stem cells,

tissue engineering, and pharmaceutical topics were exclu-

ded. The selected papers were reviewed individually to

yield 56 papers for this review.

Contribution of Collagen and Mineral to Bone Quality

Work in this field owes much to earlier FTIR studies of

bone [12, 49, 54]. Armed with this knowledge, early

workers in bone Raman spectroscopy used or modified

infrared correlations to interpret Raman bone spectra. As

shown (Fig. 1), most of the bands of a bone Raman spec-

trum can be assigned to mineral phosphate, carbonate, or

matrix collagen. However, absolute band intensities are

seldom used in Raman spectroscopy because they are

affected by Raman scattering efficiency and other optical
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effects such as grain size, refractive index, and surface

roughness of the specimen [79]. For these reasons, many

studies report the relative peak intensities or peak areas (ie,

integrated peak intensities) of select pairs of bands from the

Raman spectrum. For instance, dividing the primary

phosphate band (approximately 959 cm�1) by the amide I

band (1616–1720 cm�1) corresponds to the mineral-to-

matrix ratio, which indicates the amount of mineralization

[48]. Raman mineral-to-matrix ratios have not been cali-

brated with measured materials such as the ash weight of

bone. Nevertheless, these ratios can be used to assess

compositional trends in a series of related specimens such

as the increased age-related mineralization trends observed

in mouse calvarial tissues [73] and rat cortical bone [21].

Matrix bands based on methylene side chains (CH2 at

1450 cm�1) [69, 80, 82], amide III (1243–1320 cm�1)

[37], phenylalanine (approximately 1002 cm�1) [30, 67, 79],

CH stretch (approximately 2940 cm�1) [69, 70, 79], or the

combined proline (921 and 855 cm�1) and hydroxyproline

(876 cm�1) have also been used [39]. The choice of matrix

band is dependent on the embedding conditions, instru-

mentation, and its orientational sensitivity (or lack of)

toward mineralized collagen fibrils. For brevity, only the

latter is discussed in this review.

The presence of a prominent carbonate band around

1070 cm�1 in the Raman spectrum (Fig. 1) is significant

because it shows phosphate positions in the apatitic lattice

are susceptible to ionic substitution. Raman measures of

carbonate-to-phosphate (at 959 cm�1) ratios can provide

valuable insights into the chemical composition of murine

or human bones because it varies with bone architecture,

age, and mineral crystallinity [3, 43, 82]. However, the

carbonate band is partially overlapped by another phos-

phate band around 1076 cm�1 [5], which can reduce

measurement precision, especially for apatites with mini-

mal carbonate content. Nevertheless, the measurement has

been calibrated against carbonated apatitic standards

(carbonate-to-phosphate area ratios versus percent car-

bonate weight) and used to determine the carbonate content

of ground bovine bone (approximately 7.7% ± 0.4%).

Another carbonate-related parameter includes carbonate-

to-amide I (at 1665 cm�1) ratios, which may indicate bone

remodeling [48].

The strength of bone is not only dependent on the

amount of mineralization, but also on the degree of mineral

crystallinity and the optimal distribution of different crystal

sizes [11, 53]. The most experimentally accessible Raman

measure of mineral crystallinity is the width of the primary

phosphate band near 959 cm�1 [3, 5, 18, 24, 28, 58]. A

single Gaussian curve is usually used to fit the phosphate

band to obtain the full-width half-maximal (FWHM). The

fitted band FWHM value is reported as wavenumbers (in

cm�1) or as inverse FWHM (units not typically reported).

In synthetic carbonated apatites, increased mineral crys-

tallinity yields narrower phosphate bandwidths, which is

mirrored by reduced carbonate substitution (ie, reduced

carbonate-to-phosphate ratios). For example, hydroxyapa-

tite standards with negligible wt% carbonate yield

bandwidths of approximately 6.7 cm�1 compared with

9.6 to 13.6 cm�1 for apatites with 3.5 wt% carbonate (as

determined by coulometric and FTIR analyses) [5]. How-

ever, this trend is not always observed in bone specimens

[82], because mineral crystallinity can remain unchanged

despite the observed increase in carbonate-to-phosphate

ratios. Although the c-axis length of a subset of apatitic

samples (eg, human bone, boar task, buffalo enamel, and

hydroxyapatite) has been positively correlated with crys-

tallinity (R = 99.2%, p \ 0.01), the precision of mineral

crystallinity measurements is poor because the range of

bandwidths possible for a given tissue type is small

(approximately 1–3 cm�1) [24, 56].

The collagen quality parameter used in Raman spec-

troscopy is derived from a subset of partially resolved

amide I bands, whose relative intensities depend on its

secondary structure. Although theory supports the use of

similar bands originally developed by bone infrared spec-

troscopists to assess nonreducible to reducible collagen

crosslink ratios (approximately 1660/1690 cm�1 ratios)

[55], there are differences in the spectra and instrumenta-

tion that needs to be taken into consideration. First, FTIR

microspectrometers yield spectra with superior signal-to-

noise (S/N) ratios of approximately 1000:1 compared with

approximately 30–80:1 obtained by Raman spectrometers

[40, 63]. The low Raman S/N ratio is attributed to the weak

scattering that occurs at 785 nm, less than one-fifth of the

intensity at 532 nm [27]. Second, the quantum efficiency of

the best available CCD detector in the 800 to 900-nm range

Fig. 1 Raman spectrum taken from the tibia of 6-week-old mouse

bone showing the assignments for bone mineral and matrix-specific

Raman bands. The spectrum was acquired using 785 nm excitation,

baseline-corrected, and then normalized to the intensity of the

symmetric phosphate band near 959 cm�1.
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(required for 785-nm laser excitation) is approximately

30% to 40% [20, 27]. As a consequence, individual Raman

measurements can be made of bone matrix collagen bands

in the amide I region (approximately 1620–1710 cm�1)

have lower S/N ratios and are less precise than single

infrared measurements [30, 55]. Raman measurements can

be made very precise by averaging multiple Raman spectra

from a single Raman image, resulting in S/N ratios of up to

850:1 [40]. Third, bone matrix amide I spectra is sensitive

to the excitation wavelength used. For instance, human

cortical bone excited at 244 nm (deep ultraviolet) yields a

prominent amide I band at approximately 1655 cm�1, but

the underlying 1690 cm�1 peak, which is used as a mea-

sure of reducible crosslinks in FTIR, is not detected [55].

Finally, both descriptive and ratiometric terms have been

used to assess the collagen quality parameter. In bone

deformation studies, a shift in the bone matrix amide I band

position from 1665 cm�1 to 1678 cm�1 is indicative of

ruptured collagen crosslinks [15], whereas area ratios

between 1690 cm�1 and 1660 cm�1 bands are measures of

collagen quality of wild-type and biglycan-deficient mice

[77, 78]. In a series of deep ultraviolet bone Raman studies,

an increase (relative to the CH2 band at 1240 cm�1) of the

amide I band at 1655 cm�1 indicates altered collagen

quality induced by aging [2], hydration/dehydration [1], or

radiologic damage [6].

Raman compositional measures are correlated with

cortical bone stiffness, bending modulus, yield displace-

ment, yield stress, and yield strain [3]. Mineral-to-matrix

ratio and carbonate-to-matrix ratios are the strongest pre-

dictors of mechanical properties. Less systematic work has

been performed on human tissue, but crystallinity, which is

also correlated with both mineral-to-matrix ratio and

carbonate-to-phosphate, has been related to modulus, yield

stress, and fracture stress [81]. As expected, cortical bone

mechanical properties vary with anatomic site along a long

bone, and crystallinity and other parameters do as well,

although the same Raman/material property relation seems

to hold at any site.

Age-related Changes in Bone

Bone Raman spectra change systematically with tissue age

in cortical bone from the femurs of female rats ranging in

age from 3 to 24 months old [3]. The mineral phosphate

band at 960 cm�1 (relative to matrix collagen) and car-

bonate band at 1070 cm�1 (relative to mineral phosphate)

increase with tissue age. Raman spectra of young and aged

rat bone (Fig. 2) show this carbonate content variation.

Mineral crystallinity is also found to increase with tissue

age. These increases accompany the deterioration of the

structural and tissue-level mechanical properties of aging

cortical bone. Similar age-related trends of increased

mineral-to-matrix and carbonate-to-phosphate ratios have

been reported for human cortical bone [82], although

mineral crystallinity remained unchanged. These published

results are for males aged 52 to 85 years. Combined with

coefficient of variation measurements, variations about the

means of the mineral-to-matrix ratio, carbonate-to-

phosphate ratio, and mineral crystallinity became tighter

with age. Moreover, histograms of bone mineral properties

are non-Gaussian. For example, the mineral distribution for

older bone is skewed to the high side of the mean miner-

alization value. These changes are attributed to decreased

heterogeneity of bone mineral properties with age.

Osteoporosis

Dual-energy X-ray absorptiometry (DXA) T-score is the

gold standard for diagnosis of osteopenia and osteoporosis;

however, DXA is only a moderate predictor of fracture risk

[10, 16, 47, 72]. However, bone Raman spectra contains

molecular composition information related to fracture risk.

A comparison of specimens from low trauma fracture

victims and control subjects matched for age and bone

volume fraction [48] showed fractured specimens had a

Fig. 2 Typical spectral profiles taken from young and aged rats.

Intensity of each spectrum was normalized by its peak intensity value

at the phosphate symmetric stretch band; thus, the normalized

intensity at a given band represents the amount of the corresponding

species per amount of mineral. The raw spectrum was shifted and

normalized to fit within the scales of the baseline-corrected spectra.

Collagen-related bands (arrowheads) of young rats had greater

intensities than those of old rats, indicating a lower level of

mineralization. On the other hand, the intensity of symmetric

carbonate stretch band (arrow) was greater for the older rats,

indicating a greater level of carbonate substitution in phosphate

positions (Adapted from Akkus O, Adar F, Schaffler MB. Age-related

changes in physicochemical properties of mineral crystals are related

to impaired mechanical function of cortical bone. Bone. 2004;34:

443–453 with permission of Elsevier Inc).
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higher carbonate-to-phosphate ratio than control subjects in

the cortical bone but not in cancellous bone. That no dif-

ferences were found in cancellous bone was attributed to

high levels of remodeling and high variability in chemical

composition characteristic of this bone. Fracture cases

tended to have higher mineral-to-matrix ratios (p = 0.11)

and higher carbonate-to-amide I ratios (p = 0.04). The

explanation given was that fractured bone tissue underwent

greater remodeling and was undermineralized as a result.

This study indicated Raman spectra contain composi-

tional information predictive of fracture risk. An ongoing

5-year prospective study (R. R. Recker, Creighton

University, PI) on 120 postmenopausal women is testing

the fracture risk prediction ability of several physico-

chemical techniques. The Morris laboratory is the Raman

spectroscopy test site. Confirmation of the preliminary

findings and application of more sophisticated data reduc-

tion methods, along with the development of noninvasive

Raman spectroscopy, could lead to new Raman-based

methods for assessing fracture risk and monitoring thera-

peutic intervention.

The composition of trabecular bone in rat models of

osteoporosis induced by spinal cord injury (SCI) has been

studied by Raman spectroscopy [69]. Measurements were

made at the distal femur and humerus at 1, 2, 3, and

5 weeks postsurgery. In comparison to age-matched con-

trols, a decrease in mineral (relative to the CH2 band at

1450 cm�1) by greater than 20% in the femur and

approximately 12% in the humerus was found in the SCI

group. The decrease in mineral-to-matrix ratios after SCI

could be attributed to changes in hormone levels, which

have been known to regulate bone remodeling [33].

However, correlative data on hormone levels are lacking

and the hormone responsible for the decrease in mineral-to-

matrix ratios has yet to be determined.

Anabolic agents such as PTH 1-34 (teriparatide) in

osteoporosis therapies are increasing. Raman spectroscopy

can be used to monitor effects on bone mineral and matrix

quality. Even before the development of noninvasive

techniques, Raman spectroscopy was used to follow tem-

poral-dependent effects of PHT on mineralization [59].

Only mineral-to-matrix ratio was reported, and other

measures of bone quality such as crystallinity and car-

bonate-to-phosphate ratio and collagen quality data have

not been reported. This work suggests that in vivo (and

potentially noninvasive) Raman spectroscopy may be

useful in animal and possibly in human subjects studies of

anabolic agents now under development. In another study,

Raman spectroscopy was used to investigate the effects of

a combined vitamin K and risedronate therapy in ovariec-

tomized (OVX) mouse models of osteoporosis [46]. Prior

treatment of OVX mice with vitamin K2 substantially

improved the efficiency of risedronate, which in turn

increased femur bone strength compared with OVX con-

trols. Although mineral crystallinity remained unchanged

in all the groups, the cortical mineral-to-matrix ratio was

lower in OVX mice treated with vitamin K2 at 8 weeks.

When the vitamin K2 treatment was discontinued at

Week 8, mineral-to-matrix ratios increased at Week 16.

Despite beneficial effects of the 8-week vitamin K2 treat-

ment on cortical bone matrix, the increased mineral-to-

matrix ratio was attributed to either collagen degradation or

decreased collagen synthesis.

Mouse Models of Bone Properties

Although bone mineral and collagen compositional con-

tributors to bone quality have been studied in greater detail,

the role of NCPs to bone material properties remains

unclear. Although NCPs in bone are not observed spectro-

scopically by Raman spectroscopy, their effect on bone

composition can be studied by comparing bone tissues from

wild-type and knockout animals. For instance, Raman

studies show that mineral-to-matrix ratios in osteopontin-

deficient (OPN�/�) mice with ages of 12 weeks or less are

lower than in wild type (OPN +/+) mice [35]. Mechanical

studies show young OPN�/�mice have lower hardness and

elastic modulus compared with OPN +/+ mice, confirming

osteopontin’s role in the early stages of mineralization.

Raman measurements on femoral bones from fibrillin 2

(Fbn2�/�) and (OC�/�) knockout mice have also been

conducted and correlated with mechanical measurements

[36]. For example, substantial intrabone variation in

mechanics and crystallinity were been reported, especially

in the midcortical section of OC�/� mice when compared

with OC +/+ controls. The carbonate-to-phosphate ratio

decreased in OC�/� mice, which in turn reduced bone tis-

sue hardness more than elasticity. This result suggests that

OC plays a role in the growth of apatite crystals in bone by

increasing the degree of carbonate substitution.

Raman studies on femora obtained from a murine model

of skeletal fragility (SAMP6) showed evidence of reduced

collagen content (ie, reduced collagen-to-mineral ratios)

and a slight reduction in mineral crystallinity [70]. The

reduced bone bending strength observed in SAMP6 mice

can be attributed in part to reduced collagen content,

whereas light microscopy confirmed the presence of poorly

organized collagen fibers.

Orientation Effects

Polarized white light used in microscopy can be used to

study oriented tissues such as collagen [9]. Likewise,

polarization can be used with Raman spectroscopy to
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provide orientation-related information for the tissue

components. This capability has been elegantly demon-

strated in a study of human osteonal and interstitial tissue

[37, 38]. Because of the circular pattern of mineral depo-

sition around osteons and the regularly progressing

orientation of lamellae, polarized light images show rings

of alternating high and low mineral and collagen intensity

and clearly defined interstitial regions. Combing acoustic

impedance measurements with polarized Raman spectros-

copy [32] can provide site-matched compositional,

structural, and elastic information. These types of studies

are important in understanding whether the alternating

lamellar structures help protect osteons from catastrophic

failure [31]. However, mineral crystallites and collagen

fibrils are not ideally oriented. Polarized Raman spectros-

copy allows study of the imperfections in orientation [61]

to provide insight into tissue failure mechanisms.

Chemical and Radiologic Insults to Bone Tissue

Abnormal bone composition caused by external agents is

easily detected by Raman spectroscopy. One example is

formation of undermineralized osteocyte lacunae accom-

panying glucocorticoid administration to estrogen-deficient

mice [42]. Undermineralization correlates well with

reduced elastic modulus. This result is also further confir-

mation that Raman spectroscopic measurements can be

usefully correlated with modulus measurements.

Composition changes accompanying osteoradionecrosis

of the mandible (induced by radiation therapy for oral

cancer) have been interpreted as the result of destruction of

vascularity and marrow in the jaw, resulting in loss of lip-

ids and collagen and causing changes in the structure of the

bone mineral itself [41]. These composition changes have

been detected by Raman spectroscopy in specimens from

people who had bone tissue removed as a result of cancer

in soft tissue of the jaw. Raman spectroscopy may enable

monitoring for osteonecrosis of the jaw that can accom-

pany oral surgery on patients taking bisphosphonates,

although further study is needed. The mandible should be

accessible using noninvasive fiberoptic Raman spectros-

copy as described later in this review.

Fracture and Other Mechanical Insults to Bone

Raman bands vary in position and intensity with mechan-

ical load on most materials, including bone. Raman

spectroscopic imaging shows regions of alternating high

and low compression in specimens of bovine cortical bone

[60]. Changes in the phosphate 959 cm�1 band position as

a function of mechanical load [13, 17, 51] are easily

studied. Changes in mineral bands result from changes in

ion spacing with load. In contrast, changes in collagen

spectra probably reflect the known distortion of crosslinks.

Spectral properties of collagen and mineral are altered

along the edges of microcracks [75] and within indents

made in bone tissue [15, 48]. Alterations in collagen

spectra occur only near the edges of indents, suggesting

shear forces distort and probably rupture crosslinks.

Crosslink rupture is an accepted failure mechanism for

bone [71]. The loading effect has been further studied [22]

by loading bone to close to the point of failure, leaving it in

a highly stressed state. The stress field observed experi-

mentally by Raman is similar to that predicted by finite

element analysis calculations. At fracture boundaries,

irregular patterns of mineral loss (mineral-to-matrix ratio

decrease) and collagen quality parameter reduction are

observed [48]. In human bone, alterations can be seen 1 to

2 mm away from the fracture boundary [48].

The unique ability of Raman spectroscopy to detect

spatial changes in mineral composition lends itself to

the study of mineral distributions across tendon-to-bone

insertion sites of the rotator cuff [79]. Injuries to the rotator

cuff tendons of the shoulder are particularly problematic,

because they heal poorly even after surgical intervention.

In this preliminary study, the insertion sites of five rats

were monitored using the relative intensity of the phos-

phate band at 960 cm�1 to either the 2490 cm�1 or

1003 cm�1 collagen band [79]. The mineral-to-matrix

ratios across the insertion site increased linearly (R2 = 0.8

for five specimens) over a distance of 120 lm from tendon

to bone rather than abruptly as previously inferred from

histologic observations [8]. Moreover, narrowing of the

960 cm�1 peak bandwidth indicated that the crystalline

ordering within the apatite increases concomitantly with

the degree of mineralization [79]. This finding of mineral

gradation may explain why uninjured tendon-to-bone

connection of the rotator cuff can sustain very high loads.

This is supported by a recent combined biomechanical

modeling and collagen fiber alignment study [26] in which

gradation likely serves to distribute stress more effectively

across the transition from a flexible to a rigid material (ie, a

tendon-to-bone transition).

Raman spectroscopy has been used to assess the com-

positional changes associated with healing stress fractures

in forelimbs of male adult rats [76]. By applying cyclic

compression to the forelimb, stress fractures of increasing

severities (30%, 45%, 65%, and 85%) were created. It was

reported that whole bone strength fully recovered 14 days

after injury together with an apparent 80% increase in bone

mineral density. The increase in woven bone was also seen

as an approximate 30% increase in the mineral-to-matrix

ratio (approximately 960/2940 cm�1 and 960/1003 cm�1)

observed by Raman spectroscopy. Notable differences
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between woven bone and control spectra were observed

such as the greater intersite heterogeneity within the same

bone, increased bandwidths of the mineral bands, and a

downward shift of 3 cm�1 in the position of the 2940 cm�1

collagen matrix band. However, no differences in carbon-

ate substitutions were reported.

Noninvasive Measurements

An emerging strength of Raman spectroscopy is its ability

to measure compositional parameters of bone quality

noninvasively using specially designed fiberoptic probes

placed on the skin of a subject. The technique is called

spatially offset Raman spectroscopy (SORS) [44, 65]. In

SORS, conventional Raman spectroscopic instruments are

used with specially designed optical probes to enhance

subsurface measurements through light-scattering media.

Importantly, the instruments are compact enough to sit on a

table or desk. Low-resolution composition mapping and

tomography are possible. Tissue scatters light in all

directions, making it difficult to efficiently collect Raman

scatter generated more than 2 to 3 cm below the surface of

the skin. Raman spectroscopy of bone at superficial clini-

cally important sites such as the distal radius may prove

more practical than measurement at profound sites such as

the femoral neck. The first in vivo validation studies were

performed on anesthetized mice and show good agreement

between transcutaneous measurements and exposed bone

measurements [65]. Ex vivo Raman tomography of the

middiaphysis of a canine tibia of a width a thickness of

over 30 mm has also been demonstrated [64].

Measurement times for the first-generation prototype

systems range from 2 to 3 minutes for a single-point

spectrum to as much as 1 hour for tomography. Even with

these early implementations, applications to anesthetized

animals are expanding. It is likely that this technology can

be used to reduce the number of laboratory animals that

must be euthanized in longitudinal studies of new devices

or pharmaceuticals. This should be particularly beneficial

in reducing interanimal variation and in reducing study

costs associated with managing large animals such as dogs,

sheep, or monkeys. It is still too early to estimate how

much development will be needed before clinically

important measurements such as prediction of fracture risk

of osteoporotic bone can be made on human subjects in

clinically acceptable timeframes.

Discussion

This review surveys the basic properties of bone Raman

spectra and the relations of observable bands to

composition-related contributors to bone quality. The goal

is to alert the reader to a lively field of physical science

whose methodology can address important issues in

orthopaedics. Applications to a range of problems in

basic bone biology, biomechanics, and bone disorders are

summarized. New experimental methods that allow non-

invasive measurements of bone quality are introduced,

although further development is needed before they are

ready for clinical use.

We show Raman spectroscopy provides essentially the

same composition-related information that is available in

FTIR spectra and emphasize the strengths of Raman

spectroscopy as a bone quality measurement tool, espe-

cially its applicability to fresh tissue, live animals, and

even human subjects and its micron-level spatial resolu-

tion. We point out that Raman spectra are generally noisier

than infrared spectra and acquisition times are usually

longer as a consequence of low efficiency of Raman scat-

tering and the limitations of the existing measurement

technologies. The prospective user should be aware of the

tradeoffs before choosing one spectroscopy or the other.

We have summarized the current status of Raman cor-

relations with bone properties. Proper validation of these

correlations is only now underway, and there is still some

disagreement about how to measure at least one important

metric: mineral-to-matrix ratio. An informal consensus is

forming around use of proline and hydroxyproline bands in

the 830 to 880 cm�1 spectral range as measures of matrix

content, but further validation is needed. At the basic sci-

ence level, full validation of all of the proposed

correlations is the greatest unmet need in bone Raman

spectroscopy.

We have summarized a few practical applications that

have been addressed by Raman spectroscopy. For the cli-

nician, the evidence pointing to the possibility that fracture

risk information may be inherent in bone Raman spectra

and the demonstration that Raman spectroscopy can iden-

tify necrotic bone tissue may be especially interesting.

These findings suggest important diagnostic roles for bone

Raman spectroscopy may emerge.

The recent demonstration of noninvasive bone Raman

spectroscopy and tomography is especially exciting. The

prospect of an information-rich methodology that uses

compact and relatively inexpensive instruments, which

does not use ionizing radiation, bears close watching.

There are still only a few laboratories working in this field

and questions of penetration depth and measurement time

are still unresolved. Already, Raman spectroscopy and

tomography have reached depths 2 to 3 cm below the skin.

At these penetration depths, Raman measurements at

clinically important sites, including the distal radius, are

possible. With further validation and engineering devel-

opment, an important new clinical tool may emerge.
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Finally, what emerges from this review is that bone

Raman spectroscopy has proven its worth in the basic

science laboratories and is only now entering the transla-

tional phase. Basic scientists still need to put more

emphasis on validation studies. Engineers are needed to

design instruments that can be operated by technicians and

that generate outputs in the language of orthopaedics.
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