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RAMAN SPECTRAL ANALYSIS OF
SUB-SURFACE TISSUES AND FLUIDS

This National Phase application 1s a National Stage Entry
of PCT/GB05/04529 filed on Nov. 25, 2005, and this appli-
cation claims priority under 35 U.S.C. 119(e) to U.S. Provi-
sional Application No. 60/669,880 filed on Apr. 11, 2005 and
under 35 U.S.C. 119(a) to patent application Ser. No.

0426993.2 filed in Great Britain on Dec. 9, 2004. All of these
prior applications are hereby expressly incorporated by ref-
erence 1nto the present application.

FIELD OF THE INVENTION

The present invention relates to methods and apparatus for
determining characteristics of 1n-vivo sub-surface tissues by
detecting Raman features of diffusely scattered light. For

example, the described methods and apparatus are suitable
for detecting Raman spectral features ol in-vivo bone through
skin, nail and other surface tissues, without requiring expo-
sure of the bone tissue by incision or puncture.

DISCUSSION OF THE PRIOR ART

The field of investigative studies of bone and other biologi-
cal and living tissues encompasses a myriad of analytical
techniques. Such techniques have been developed inresponse
to the many situations 1n which 1t has been found to be
important to assess the bone quality or tissue composition of
a particular patient, human or animal. For instance, a person
with osteoporosis has a significantly increased risk of bone
fracture 1n comparison to the normal population. Diagnosis of
degenerative skeletal diseases, for example osteoporosis, 1s
important i allowing a suiferer to adapt their lifestyle or to
seek intervention to mitigate the significant risk of fracture. A
turther example 1s found 1n musculoskeletal tissue research.
An important aspect of this field 1s comparison of tissue
composition and molecular structure with function using
carefully selected populations of normal and, in many cases,
transgenic animals.

To date however there are few non-invasive or minimally-
invasive methods for examining details of bone or composi-
tion of other tissues. In studies of animal models of genetic or
metabolic diseases, the standard procedure 1s to sacrifice ani-
mals and harvest tissue specimens for study. It would clearly
be preferable to study living animals and with methods that
cause minimal discomiort or harm. This need 1s most felt in
studies that follow tissue changes over an extended period.

Sacrificial procedures are clearly not an option 1n examin-
ing human patients. The currently available methods of
assessing bone quality are based primarily on radiography
and, 1n particular, dual energy X-ray absorptiometry
(DEXA). This technique however 1s only able to measure the
inorganic phase of bone (hydroxyapatite) and the organic
phase (primarily collagen I) 1s largely mvisible. It 1s known
that the matenial strength of bone 1s dependent on both the
collagen and hydroxyapatite compositions. A crucial piece of
data needed to assess bone quality 1s therefore neglected by
the DEXA technique. To date, the only known procedures for
obtaining organic (collagen) data involve analysis either of
physically exposed bone or of a sample removed by biopsy.
Both of these can often cause discomiort or pain to the patient.

Infrared and Raman spectroscopies provide a wealth of
information on the physio-chemical state of a wide range of
tissues and fluids (see, for example U.S. Pat. No. 6,681,133 or
WO 01/52739). In bone analysis, for example, these tech-
niques can provide mformation on mineral/matrix ratio, min-
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eral crystallinity, matrix cross-linking and reversible and irre-
versible changes caused by mechanical loading.
Unfortunately analysis by these methods has been limited to
surface studies 1.e. on exposed bone. Infrared radiation does
not generally penetrate more than a few um into tissue before
being completely absorbed by water. The near-infrared range
(700-850 nm) penetrates further, but multiple scattering
causes loss of detailed spatial information. Confocal micros-
copy, a standard technique used to probe sample depths, 1s
precluded on living tissue as a tight focal spot causes local
heating and tissue damage. Moreover this technique 1s sub-
stantially less effective 1n diffusely scattering media, such as
biological tissue, 1n which it 1s only practicable to depths of
around ten times the mean free path of photons in the
medium.

Elastically scattered photons have been used to probe
beneath a scattering surface for compositional information.
For example, B. B. Das, et al. in Rep. Prog. Phys. 60, 227
(1997) describes an approach using temporal gating. This
technique relies on the fact that 1t takes a fimite time for light
to penetrate a diffusely scattering medium. Scattering events
will therefore occur later at lower depths, and so monitoring
a scattered signal over time should, theoretically, provide
information as to the nature of the scattering centres at pro-
gressively greater depths.

The wide application of Raman spectroscopy to the extrac-
tion of information that can be critical to medical diagnosis
has driven the search for a system that 1s capable ol measuring
sub-surface Raman scattering. Such a system should theoreti-
cally be capable of compositional analysis of bone and carti-
lage beneath the skin; of intravertebral disc tissue within a
cartilage sack; of tendon and ligaments with differing mate-
rial and functional properties; ol gut wall or oesophageal
tissue, which again are protected by a membranous coating in
viva. The elastic scattering technique of Das et al. 1s however
not directly extendable to Raman spectroscopy. Inelastic scat-
tering of photons 1s a much weaker process due to far smaller
cross-section for generating Raman light. This results 1n a
much weaker signal. Furthermore the Raman signal 1s far
more susceptible to interference from luminescence or
sample damage.

One approach that has been used to obtain depth informa-
tion from Raman scattering i1s described 1n ““Three dimen-
sional 1maging of objects embedded 1n turbid media with
fluorescence and Raman spectroscopy” by Jun Wu, et al.,
Appl. Optics 34(18), 3425 (1995). This paper describes a
technique that exploits the fast rise-time of fluorescent decay
and Raman scattering to infer depth information from the
time delay between surface 1llumination and earliest detec-
tion of a scattered photon. A single-photon detection system
1s set to momitor back-scattered photons from a sample sur-
face from the time 1t 1s 1lluminated by a 1 MHz pulsed laser
beam. The spread in photon arrival times over a number of
pulsed 1lluminations 1s shown to have an onset time delay that
1s characteristic of the depth of the scattering object.

The benefits that could be derived using non-invasive
Raman probing of bones, where signal quality from bone can
be crucial 1n arriving at an accurate and correct diagnosis as to
whether disease 1s present, are apparent from A. Carden and
M. D. Morris, J. Biomed. Optics 35, 259 (2000). However,
conventional Raman signatures of bone collagen are masked
by undesired Raman signals from overlaying tissue and so
data on chemical composition 1s generally obtained by means
of a biopsy.

There 1s a perceived need for an alternative non-invasive or
minimally-invasive method of performing sub-surface
Raman spectroscopy. Such a method should be capable of
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providing the basis for a more flexible 1n vivo analytical
technique that overcomes the limitations of DEXA. In par-
ticular, DEXA 1s restricted to obtaining partial information
relating to bone composition, whereas the more wide-ranging
applicability of a Raman-based technique 1s desired.

SUMMARY OF THE INVENTION

It 1s an object of this 1nvention, therefore, to provide an
analysis technique based on Raman spectroscopy, that is
capable of extracting sub-surface chemical compositional
information of in-vivo and living tissues such as bone tissue.
It 1s also an object of the mvention to enable such analysis
without requiring any incision, puncture or other surgical
intervention to expose the target sub-surface tissue.

Accordingly, the invention provides a method of carrying
out a sub-cutaneous 1nspection of sub-surface tissue or tluid,
comprising: irradiating a surface tissue with a probe light
beam; collecting light scattered beneath the surface, from one
or more collection regions or locations on the surface, the
collection regions being spaced from the probe beam; and
detecting one or more Raman spectral features from the col-
lected light. Biomedical or chemical characteristics may then
be derived from the Raman spectral features.

More generally, the invention provides a method of deter-
mining one or more characteristics of a sub-surface tissue or
fluid, through a diffusely scattering overlying tissue, compris-
ing: supplying incident light at an entry region on a surface of
the overlying tissue; collecting light scattered within the over-
lying tissue, from a collection region on the surface, the
collection region being spaced from the entry region; and
detecting, 1n the collected light, one or more Raman features,
spectrally related to the incident light, which originate from
the sub-surface tissue or tluid.

The overlying tissue may be skin or nail, and the sub-
surface tissue or tluid may be bone, cartilage, breast tissue or
blood, but there are many other applications, some of which
may require surgical intervention to expose the overlying
layer such as membranes or mucus covering and protecting an
underlying layer, layers or organ to be studied. The tissue to
be studied may be fluid 1n form, such as blood, lymph or fluid
within a joint, an eye or between membranes.

Single entry and collection regions are suificient 1n many
cases to derive useable Raman spectral data. In other cases
one or more entry and one or more collection regions of
various physical spacings may be used, and the spectral data
so obtained combined to yield a more accurate determination
of the requured characteristics of the sub-surface tissue, for
example by using the data from multiple spacings to prefer-
entially select the Raman signal of the sub-surface tissue.

A single or multiple collection regions surrounding or dis-
tributed about a central entry region are advantageous since
this provides an increased collection area over a simple dis-
placed collection region. Alternatively, a single or multiple
entry regions surrounding or distributed about a single col-
lection region may be used. Concentric annular or other
shaped entry and collection regions may not be fully utilised.
For example, a ring of closely packed terminating optical
fibres may fill about 60% of the associated annulus. Prefer-
ably, at least 10% of the collection or entry annulus 1s opti-
cally utilised.

Preferably, associated entry and collection regions do not
overlap.

The mvention also provides associated methods of diagno-
s1s of human or animal medical conditions, by interpretation
of the determined characteristics of sub-surface tissue.
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The invention provides corresponding apparatus for deter-
mining, one or more characteristics of a sub-surface tissue.

The present invention also provides a method of measur-
ing, a sub-surface Raman spectrum of a diffusely-scattering
tissue, the method comprising the steps of:

a) irradiating the tissue with a light probe;

b) collecting light scattered by the tissue; and

) spectrally separating at least a portion of the collected light
to detect one or more Raman spectral features,

wherein light scattered by the sample 1s collected from a
plurality of spatial locations on the surface of the sample,
cach spatial location being at a different distance from the
point of rradiation, at least a portion of the light collected at
cach spatial location being separately spectrally dispersed to
form a plurality of Raman spectra and wherein the method
further includes the step of:

d) analysing the plurality of Raman spectra to extract infor-
mation on the Raman spectrum of a sub-surface region of
the tissue.

Thus, with this method spectroscopic information 1s
obtained non-destructively that can be interpreted to establish
the nature and composition of a diffusely scattering tissue
below a surface layer. The present invention elfectively
implements a form of spatial gating of the Raman signal
obtained from the sample to 1solate the Raman signal from a
sub-surface layer which has a different composition to that of
the surtace layer. This method 1s referred to herein as Spa-
tially Offset Raman Spectroscopy (SORS).

With the present invention for tissues having one or more
different chemical compositions at differing depths within the
sample, the collection of Raman spectra from regions spa-
tially offset, by different amounts, from the point of incidence
of the probe laser beam results 1n a series of spectra (two or
more spectra) each spectra including Raman signals emanat-
ing from different depths within the tissue. The series of
spectra taken contain different relative contributions of the
Raman signals generated from the tissue surface layer and the
tissue sub-surface layers. In collecting the data series, as the
signal collection point 1s moved away from the point of 1nci-
dence of the probe laser beam, the contribution of the surface
layer signal diminishes much faster than for signals generated
by different compositions at deeper layers within the bulk of
the tissue. This enables the contribution of deeper, sub-sur-
face tissues to be extracted either directly or by applying
numerical processing to the collected spectral set for a higher
degree of separation (e.g. multivaniate data analysis or scaled
subtraction of spectra from each other).

In a preferred embodiment two or more Raman spectra are
collected and are analysed using a scaled subtraction, the
Raman spectrum collected from or at a distance closest to the
point of wrradiation being subtracted from the Raman spec-
trum collected further from the point of 1irradiation, whereby
features of the Raman spectrum for a sub-layer of the tissue
are 1dentified.

In a further alternative, where the Raman spectrum for the
chemical composition of the surface of the tissue 1s known,
the collected Raman spectra are analysed by scaled subtrac-
tion of the known Raman spectrum from the Raman spectra of
the collected light.

In an alternative preferred embodiment at least twenty
Raman spectra are collected at different distances from the
point of irradiation and the plurality of Raman spectra are
analysed using multivariate data analysis. Principal compo-
nent analysis may be used as the multivariate data analysis.

A preferred feature of the present invention 1s irradiation of
the tissue at two or more different wavelengths, where the
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collected light 1s a combination of a Raman spectrum and
fluorescence, so that the Raman spectrum can be extracted
from the collected light.

Atleast one of the tissue, the collection optics and the point
of irradiation may be moved relative to the others to enable
the collection of Raman spectra at different distances from the
point of 1rradiation. For example, a movable stage could be
provided on which a subject limb or head 1s mounted and the
probe beam arranged to track the movement of the limb or
head whereby the subject tissue 1s moved relative to fixed
collection optics for the collection of scattered light at differ-
ent distances from the point of wrradiation.

The scattered light may be collected from point regions at
different distances from the point of irradiation or the scat-
tered light may be collected from a plurality of substantially
parallel lines substantially transverse to the distance as mea-
sured from the point of 1irradiation.

Alternatively, the probe beam 1s supplied using optical
fibres and the scattered light may be collected using optical
fibres arranged 1n a plurality of concentric circles around the
probe beam optical fibres whereby the scattered light 1s col-
lected 1n concentric rings at differing radi1 from the point of
irradiation.

Ideally, the light probe 1s at >200 nm and <2000 nm and
may be generated by one or more quasi-monochromatic
lasers or a diode laser which 1s tunable, for example with
respect to temperature. To avoid haemoglobin absorption, the
light probe 1s preferably >600 nm, and to avoid melanin
absorption, a wavelength >800 nm 1s preferred.

In an alternative aspect the present mvention provides
apparatus for selective measurement of Raman spectra gen-
crated at different depths within a diffusely-scattering tissue,
the apparatus comprising: a light source for irradiating a
tissue with a probe beam; collection optics for collecting light
scattered by the tissue and passing 1t to a spectrometer; detec-
tion means for detecting light dispersed by the spectrometer,
wherein the apparatus 1s adapted for scattered light to be
collected at a plurality of spatial locations on the surface of
the tissue, each spatial location being at a different distance
from the point of 1irradiation and at least a portion of the light
collected at each spatial location being separately spectrally
dispersed by the spectrometer to form a plurality of Raman
spectra and wherein the apparatus further includes an analy-
ser for 1dentitying features specific to the Raman spectrum of
a sub-layer of the tissue from the plurality of Raman spectra.

The light source may consist of one or more quasi-mono-
chromatic lasers or a diode laser which are tunable, for
example with respect to temperature.

In a further alternative aspect the present invention pro-
vides a method of diagnosis comprising collecting from a
tissue, consisting of a surface region of an overlying tissue
and a sub-layer region of a deep tissue which 1s different to the
overlying tissue, one or more Raman spectra using the
method as described above.

Preferably one or more features specific to the Raman
spectrum of the sub-layer region of the tissue are 1dentified 1n
the one or more collected Raman spectra and are compared
with those obtained from a healthy control specimen.

The methods and apparatus set out above may particularly
be applied to determining characteristics of 1n-vivo tissues, in
the human or animal body, and to determining biomedical
characteristics of tissues.

The mvention also provides apparatus as set out above
incorporating an endoscope, to enable subcutaneous and
internal tissues or fluids to be studied using the described
Raman techniques.
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Embodiments of the invention will now be described by
way of example only and with reference to the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates principles of the mnvention, in which
illumination by source 10 leads to Raman scattering 16 at
1n-vivo bone tissue;

FIGS. 2a to 2c¢ illustrate some different tissue configura-
tions with which the invention can be used;

FIGS. 3ato 3cillustrate various entry and collection region
arrangements;

FI1G. 4 1llustrates an arrangement for varying the diameter
of an annular collection region using an optical arrangement
50, 54;

FIG. 5 illustrates the use of mirrors 60 to enhance the
collection of Raman photons;

FIG. 6a shows an optical head for sub-surface mm-vivo
tissue analysis, for coupling to spectral detector 22;

FIG. 65 shows an endoscope incorporating the mnvention;

FIGS. 7a and 7b show plan details of the optical head and
connector of FIG. 6;

FIG. 8 illustrates schematically analysis apparatus in
accordance with the present invention set up to extract Raman
spectra generated beneath a surface layer of a sample repre-
sentative of 1n-vivo tissue;

FIG. 9 illustrates a point collection geometry for collection
of spatially offset Raman spectra in accordance with the
present invention;

FIG. 10 illustrates a concentric circle collection geometry
for collection of spatially offset Raman spectra in accordance
with the present invention;

FIG. 11 shows a series of Raman spectra for a two layer
sample generated at different offsets using the analysis appa-
ratus of the present invention;

FIG. 12 illustrates the dependence on offset distance of the
absolute 1ntensities of the Raman spectra for the sample of
FIG. 11;

FI1G. 13 illustrates the ratio of the Raman spectra of F1G. 12
with respect to offset distance;

FIG. 14 shows a series of Raman spectra for the same two
layer sample scaled to the same height of trans-stilbene

bands;

FIG. 15 illustrates the PMMA contributions within the
individual spectra of FIG. 14;

FIG. 16 shows, for the same sample, the relative ratio of a
trans-stilbene Raman signal in comparison with fluorescence
originating from the PMMA layer as a function of the spatial
collection offset;

FIG. 17 shows the results of a PCA analysis of a series of
Raman spectra for the same sample obtained using the analy-
s1s apparatus 1n accordance with the present invention; and

FIG. 18 shows the results of a simple subtraction process
with respect to the same sample using Raman spectra
obtained by the analysis method in accordance with the
present 1nvention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Referring now to FIG. 1 an embodiment of the invention 1s
shown 1n operation, 1n schematic cross section. A light source
10, incorporating or supplied by laser 9, 1s used to 1rradiate
localised entry region of a surface 12 of mn-vivo tissue 14,
which in the present example 1s made up of a skin layer 15 and
underlying bone tissue 20. The incident radiation from the
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light source 1s scattered diffusely through the sample, espe-
cially the upper skin layer. Some of the radiation may be
absorbed by the tissue, some may give rise to optical emis-
sions for example by fluorescence, and some re-emerges
unchanged through the tissue surface 12.

A small proportion of the photons of the incident radiation
are 1nelastically scattered giving rise to Raman photons, for
example as illustrated by Raman event 16. The Raman pho-
tons 1n turn are diffusively scattered through the tissue. Some
may be absorbed, for example giving rise to fluorescence, but
some emerge unchanged through the surface 12 to be col-
lected at collector 18.

The likelihood of a Raman photon undergoing a second
Raman event 1s very small.

The collected light 1s analysed, for example using filters or
a spectrometer, and a suitable sensor, 1n detector 22, and the
determined Raman spectra or spectral features are used fur-
ther 1n analyser 23. The detector may use a fourier transform
rather than a dispersive spectrometry technique.

Typically, most Raman photons will be generated close to
the light source 10, where the incident radiation 1s most
intense. These Raman photons may best be detected by col-
lecting light at the light source 10, for example by using optics
common with the light source. As distance from the light
source increases, however, the intensity of Raman photons
originating near the light source falls away more quickly than
the intensity of Raman photons originating further away from
the light source, especially from deeper within the tissue.
Preferential sampling of Raman photons from deeper within
the tissue can therefore be achieved by spacing the location at
which light 1n collected from the location at which the tissue
1s 1lluminated.

In FIG. 1 Raman event 16 occurs 1n or at the top of the
sub-surface bone layer 20. The spacing d between the light
source 10 and the collector 18, or equivalently between an
entry region 11 and a collection region 19 can be adjusted to
select for a particular depth. In preferred embodiments, how-
ever, light 1s collected at arange of spacings d, and analyser 23
1s used to infer depth dependent characteristics of the tissue
from the Raman features of the collected light for different
values of d.

The Raman signal for a particular layer can be preferen-
tially selected by numerical processing of the Raman signal at
several spacings. Equally, the Raman signal for one or more
layers can be preferentially rejected by similar numerical
processing. Such numerical processing may be by simple
welghted comparison or subtraction of signals from different
spacings, or a more complex PCA technique could be used.

In FI1G. 1 the in-vivo tissue 14 displays an abrupt boundary
between the surface skin tissue 15 and bone tissue 20. In
FIGS. 2a to 2¢ some other tissue configurations are shown. In
FIG. 2a there 1s a gradual change from surface layer 30 to
deep layer 32, and deep layer 32 may be diffusely scattering,
or partly or completely opaque with Raman photons repre-
sentative of layer 32 being generated in the interface between
the layers. In FIG. 25 the surface layer 30 and the deep layer
32 are separated by a further transparent or semi transparent
layer 34 which may be, for example, a space filled with a body
fluid. In FIG. 2¢ a more complex tissue structure 1s shown, 1n
which graduated or abrupt sublayers 36 and 38 are embedded
beneath or within the surface layer 30.

The Raman techniques and apparatus used herein may be
applied, for example, to non-invasive 1nvestigations for can-
cer tissue, either as a stand-alone technique to locate cancer
alfected tissue or 1n conjunction with existing techniques,
such as mammography in the case of breast cancer. In a
conjunction approach to breast cancer, mammography would
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be used to identily suspect regions within breast, and the
Raman techniques would then be used to probe the suspect
regions and 1dentily their nature. This may alleviate the need
for biopsy and provide immediate results, thus dramatically
reducing patient trauma. The Raman techniques described are
particularly suitable for deep-layer probing of breast, because
breast tissue exhibits long photon scattering path lengths and
low absorption coellicients compared to many other types of
tissue.

Where appropnate, the Raman apparatus may be com-
bined 1nto an endoscope arrangement. In this manner, body
cavities may be probed, or partially invasive techniques used
to probe body areas that should preferably not be disrupted,
but where Raman probing through surrounding tissue or
membrane 1nto the areas 1s desired. Example areas are brain
(for example to 1dentity Alzheimer’s and Hutchinson’s dis-
cases and CID), liver, heart, kidney, prostate gland, veins,
nervous system, spinal cord and kneecap. Other target physi-
ological conditions include probing for the nature of stones 1n
kidney and bladder.

The described Raman methods and apparatus may also be
used for the non-invasive detection of blood characteristics,
especially through skin. In this application, the invention 1s
used to reject the overwhelming Raman and fluorescence
signal originating from the skin to reveal the underlying sig-
nal from blood contained 1n blood vessels. In this way, glu-
cose levels, oxygenation, micro organisms, types and
amounts of cholesterol, and other blood components such as
urea, total protein and albumin may be detected and mea-
sured. Other fluids such as lymph and eye tluids may be
studied.

To 1mprove coupling between the tissue and the light
source and/or collector and index matching fluid may be used.
An index matching tluid, such as glycerol, may also be depos-
ited into tissue to locally and temporarily reduce photon scat-
tering. This increases the workable depth of the described
techniques. The index matching tluid may be referred to as a
“contrasting agent” or “1mage enhancing agent”.

The 1incident 1irradiation and collection of light at a single,
at multiple or at a variable spacing can be achieved using a

variety of geometries. In F1G. 3a there 1s a single 1llumination
or entry region 40 on the sample surface. Spaced from this
illumination region 1s either a single collection point or region
42, or multiple regions as indicated by the broken lines.
Alternatively the single collection region, or equivalently the
1llumination region may be moved to provide a variable spac-
ng.

In FIG. 3b the single 1llumination region 40 1s surrounded
by an annular collection region 44, or by multiple or a variable
radius annular collection region as indicated by the broken
lines. Instead of an annular collection region, a broken annu-
lus or multiple separate regions at similar distances from the
point of 1llumination could be used.

In FIG. 3¢ an annular illumination region 46 and central
collection point 48 are used, thereby reducing the localised
intensity of incident radiation required to generate a given
number of Raman photons. The annulus may be varied in
radius or be provided as multiple annuli having a range of
radii. A broken annulus of multiple separate i1llumination
regions distributed at similar distances from the central point
of collection could also be used.

Generally, 1t 1s beneficial to collect light, or to provide
incident radiation at as large a proportion of an entry or
collection region as possible. However, 1n practical embodi-
ments the coverage may be limited. For example, 1n arranging
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cylindrical optical fibres 1n an annulus a coverage of 10% may
be adequate, but 25% would be preferred and 60% or more
may be possible.

In simplistic embodiments a single entry region may be
provided by a single optical fibre brought close to the sample
surface, and multiple collection regions may be provided by a
linear array of collection fibres. Optical fibres may be simi-
larly used to provide annular and other configurations of
single and multiple fixed spacings and various mechanical
arrangements may be used to provide variable spacings.

To provide a variable radius entry region or collection
region an optical arrangement such as that 1llustrated in FIG.
4 may also be used. Optics 50 located between the tissue and
the collector, and/or sample-to-detector distance, 1s adjust-
able to direct light from different parts of the tissue surface
onto collector 18 which 1s concentric with the light source 10.
A lens arrangement (and/or the illumination source and
Raman collector/detector) which can be translated in an axial
direction 52 by an optics drive 54 directs light from an annular
region of varying radius onto the collector, but other configu-
rations are also envisaged.

A further aspect, which may be used with any of the
arrangements discussed above, 1s 1llustrated in FIG. 5. One or
more mirror elements 60 are presented to the sample surface.
When either incident or Raman radiation emerges from the
tissue away from the collector 18, these mirror elements
redirect the emerging radiation back into the tissue. This
increases the intensity of incident radiation and so the gen-
cration of Raman photons within the tissue, and also increases
the proportion of Raman photons received at the collector 18.
The mirror elements are preferably absent from the surface
adjacent to the light source 10 or entry region, and adjacent to
the collection regions.

In alternative embodiments non-imaging optics, such as
those described in Applied Optics vol 35 p 738, may be used
to achieve higher collection efficiency by use of a mask
placed directly onto the tissue surface, or placed in an 1image
plane 1f other imaging optics are also used. The mask blocks
appropriate areas of the tissue to collect signal from a desired
spatial offset only. The masking is preferably synchronised
with a detector such as a charge coupled device such that
sequential readings from the detector relate to masks provid-
ing light collected from correspondingly sequential spacings
between the 1llumination and collection regions. The masking
could be mechanical and could also be performed between
imaging optics and a non-imaging type detector.

FI1G. 6a 1llustrates a practical embodiment of the invention
comprising an optical head 70 coupled by an optical fibre
bundle 72 to detector 22. The results of the optical detection
are fed to a laptop or other computer 23 which analyses the
Raman features to infer characteristics of the tissue 14. Detail
of the optical head 70 1s shown 1n the plan schematic view of
FIG. 7a (which 1s not to scale). A bundle of light source
optical fibres 74 terminate in the central region of the head.
These light source fibres are embedded 1n a filler 76 such as
epoxy, and surrounded by an annular spacer element 78.
Collection optical fibres 80 terminate in an annular region
surrounding the spacer element, again embedded 1n a filler,
and surrounded by an external casing. This arrangement may
be adapted to included the various mirror and optical arrange-
ments discussed above.

In this particular embodiment each optical fibre has a core
of 200 um diameter and a cladding bringing the fibre thick-
ness to 230 um. The inner bundle consists of seven light
source optical fibres 74, and the outer bundle consists of 26
collection optical fibres 80. The spacer 78 1s s1zed to space the
collection fibres 80 about 3 mm from the centre of the head,
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and the terminations of the collection fibres are distributed
approximately evenly 1n an annulus of constant radius about
this centre. The collection fibres should be suitable for carry-
ing out optical or near infra red Raman work, and may be
made of silica.

The 1llumination and collection optical fibres terminate,
about 100 cm distant from the optical head, in a connector
illustrated schematically in FIG. 75. The connector presents
the si1x 1llumination and twenty si1x collection fibres for cou-
pling into the detector 22 of FIG. 6, which incorporates a light
source 1llumination quasi-monochromatic laser operating at
827 nm and a Kaiser Holospec optical analyser.

In FIG. 65 the invention 1s implemented as an endoscope.
An 1nsertion tube 90 1s used to enter a human or animal
through a natural or surgically formed orifice 92. The 1llumi-
nation and collection fibres terminate 1n a detection head (not
shown) and pass back through the msertion tube to a control
handle 94. Optical detection may be carried out 1n the control
handle or 1n a connected detector unit 22.

A schematic diagram of another spatial gating analysis
apparatus for identifying depth specific Raman spectra from
in-vivo sub-surface tissues 1s shown 1n FI1G. 8. Features and
variations described below may be applied to the more gen-
eral embodiments already discussed, as appropriate. The
apparatus generally comprises a laser 101, Raman detection
apparatus 102, 103 and an analyser 104. The probe beam 105
of the apparatus 1s generated using a quasi-monochromatic
laser such as a diode laser, preferably operating at 827 nm 1n
the case of tissue analysis, with 12 mW power which 1s
directed using conventional optics at a sample. The sample
has a surface layer 106 and a deeper layer 107 of a different
chemical composition to that of the surface layer.

The actual set up 1llustrated in FIG. 8 1s experimental. The
layers of the sample constitute a mock-up of actual m-vivo
tissue, and for convenience are mounted on a stage. However,
it 1s straightiforward to substitute real in-vivo tissue with little
modification. In the present demonstration an argon 10n laser
operating at 514 nm was used.

With this apparatus the laser plasma lines were blocked
using a Pellin-Broca prism (not illustrated). The apparatus
includes a 1 m focal length lens 108 for weakly focusing the
laser beam onto the sample to a spot diameter of 300 um and
at normal 1ncidence. Raman light produced as a result of the
irradiation of the sample 1s collected 1n backscattering geom-
etry using a 2" diameter collection lens 109 with f-number ~1
and 1s 1imaged with the lens 109 onto the slit of a spectrometer
2, which 1s part of the Raman detection apparatus, with a
magnification of 2.5. A conventional 1imaging spectrometer
102 (for example a Spex Triplemate™ with f-number 6.3) 1s
preferably used to disperse the Raman light and 1mage the
Raman light onto a CCD camera 103. The camera 103 1s
preferably a liquid mitrogen cooled back-i1lluminated deep
depletion CCD camera (for example Andor, DU420-BU2
(250 nm) 1024255 active pixels). The CCD quantum eifi-
ciency of such a camera in the region of Raman spectra 1s
around 65% and has a pixel size of 26x26 um. The final stage
slit width of the spectrometer 102 was set to 120 um. The
CCD was binned vertically across 20 pixels to maintain the
spatial selectivity on the collection side.

The sample 106, 107 was mounted on an X-y-z micro-
positioning stage 110 which includes a controlled drive (not
illustrated) which moves the stage (vertically in FIG. 8)
together with the final optics to keep the incidence point of the
laser beam fixed on the sample with respect to the sample. In
this configuration, the Raman detection apparatus 102, 103
always collects back scattered Raman shifted photons from a
fixed imaging zone 1n space and the sample 1s scanned across
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this 1maging zone whilst the pump beam incidence point
remains fixed 1n its position on the surface of the sample. A
filter (not 1llustrated) may also be used to block any residual
clastically scattered probe laser light from reaching the spec-
trometer 102. The SORS apparatus described above may be
deployed using a point collection laterally offset from the
point of probe beam incidence (FI1G. 9). Alternatively, a mov-
able stage or other movement control means may be used for
achieving relative movement between one or more of the
sample, point of irradiation and the Raman detection appara-
tus.

Raman spectra using apparatus similar to that described
above were collected for a test sample similar in optical
behaviour to a layered diffusive in-vivo tissue, in which the
first layer 106 consisted of a 1 mm optical path cuvetteof 1 cm
width and ~4 cm height, with 300 um custom made fused
silica front and back windows, filled with PMMA (poly(m-
cthyl methacrylate)) spheres of ~20 um diameter. The spheres
were loosely packed in the cell using mechanical tapping on
the cell during filling to eliminate any larger voids. This first
layer was followed by a second layer 107 consisting of
another cell of 2 mm optical path filled with trans-stilbene fine
powder ground using a mortar and pestle. The cuvettes 20
were employed 1n order to provide a simple method of sample
handling and are not an essential feature of the apparatus.

With the probe laser beam incident on the sample posi-
tioned with the first layer 106 uppermost, spatially oifset
Raman spectra using the SORS method described herein
were collected using a basic point collection geometry in
which collection 1s from points laterally displaced from the
probe beam’s incidence point (FIG. 9). The point of collec-
tion geometry as illustrated 1n FIG. 9 represents the simplest
implementation of the method of the present invention. On
the other hand, the concentric circle geometry 1llustrated in
FIG. 10, which does not require the use of an x-y positioning
stage, advantageously yields much higher collection efli-
ciency but mvolves the use of optical fibres to 1image the
individual circles at different heights on the spectrometer slit
enabling their imaging after dispersion on the CCD 103 onto
separate horizontal strips with the vertical position of the
spectra on the CCD corresponding to a given offset collection
distance on the sample surface with respect to the probe
beam’s incidence point. The use of a fiber optic bundle for the
collection of Raman spectra 1s described 1n an article by
Jlaying Ma and Dor Ben-Amotz entitled “Rapid Micro-Ra-
man Imaging using Fiber-Bundle Image Compression”
Applied Spectroscopy Vol. 31, No. 12, 1997 the contents of
which 1s incorporated herein by reference.

It will, of course, be apparent that further alternative col-
lection geometries could be employed whilst still achieving
spatially offset Raman spectra collection in accordance with
the present invention.

Additionally, with no sample illumination, an “above the
sample” Raman spectrum may be collected which represents
background and apparatus noise. This “above the sample”
Raman spectrum can then be subtracted from the set of
Raman spectra to remove noise from the spectra.

When taking Raman spectra using the resonance Raman
technique, whereby the wavelength of the incident probe
beam 1s tuned to match chromophores of the material or
materials being investigated, the Raman signatures may be
swamped by fluorescence (luminescence) generated from
clectronic excitation. For example, fluorescence will be
stimulated 1n room temperature or in-vivo studies of bone, but
phosphorescence 1s more likely 1n colder samples. Similarly,
Raman probing of metallic systems will often stimulate room
temperature phosphorescence.
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In such cases the Raman spectra can be recovered using the
SORS method at two or more laser wavelengths. This relies
upon the fact that the spectral profile of a fluorescent back-
ground 1s not normally dependent on the excitation wave-
length whereas the Raman spectrum 1s dependent on the
excitation wavelength. Hence, spectra collected at the same
spatial distance from the point of illumination at two or more
different wavelengths of irradiation may be subtracted from
cach other to give a derivative type plot of where the Raman
bands are and this can be mathematically processed to give a
truer looking Raman spectrum. This technique for 1dent1fy1ng
Raman bands 1s described 1n an article by S. E. I. Bell, E. S.
O. Bourguignon and A. C. Dennis entitled “Subtracted shitted
Raman spectroscopy (SSRS) method” Analyst, 1998, 123,
1'729-1734. This technique 1s also reterred to as the Shifted
Excitation Raman Difference technique (SERD) as described
in a paper of the same name by P. Matousek, M. Towrie and A.
W. Parker I J. Raman Spec., 33, 128-242 (2002) the contents
of which 1s incorporated herein by reference.

The two or more wavelengths of incident irradiation may
be generated by means of separate lasers or by means of a
single laser, such as a diode laser, the output of which is varied
for example through temperature tuning. The difference 1n
wavelength required 1s generally about half the width of the
Raman bands, typically approximately 5-10 cm ™.

A setof Raman spectra for the test sample described above,
measured with a varying degree of spatial ofiset with respect
to the Raman collection point and the point of laser incidence
on sample surface 1s shown 1n FIG. 11. For comparison, the
Raman spectra of pure layers measured 1n separate measure-
ments are also displayed. The top spectrum 1n FIG. 11 1s that
of pure trans-stilbene and the bottom spectra that of pure
PMMA. The spectrum measured with the zero offset (0 mm)
represents the Raman spectrum one would typically obtain
using a conventional Raman 1nstrument. It 1s evident that 1t
contains an appreciable contribution from both the top and
bottom layers of the sample and that the contribution of the
top layer gradually decreases with offset distance in the spa-
tially offset spectra. For real applications, where a pure spec-
trum of the bottom layer needs to be recovered, the top layer
signal might represent an unacceptable distortion to the
Raman signal of a lower layer. The gradual separation
between the two signals 1s clearly accomplished using the
SORS approach as the lateral ofiset between the Raman col-
lection point and the point of probe beam incidence 1is
increased and 1s clearly observable from the illustrated data
set. At a distance of >2 mm (third spectra down in FIG. 11) an
order ol magnitude improvement 1n the ratio of the lower over
the top layers Raman signals 1s achieved.

FIG. 12 shows the dependence of the absolute Raman
intensities of the individual spectra on the spatial offset. The
data was obtained by numerical fitting of two intense trans-
stilbene bands at 1575, 1595, 1632 and 1641 cm™" and bands
at around 809, 1455, and 1728 cm™' for PMMA. The plot
clearly demonstrate that as the Raman collection point is
moved sideways from the probe i1llumination zone, 1.e. the
lateral offset 1s increased, the Raman signal from the bottom
layer diminishes much more slowly than that from the top
layer. This results 1n the overall relative Raman intensity ratio
of the bottom over the top layer improving with increasing
spatial offset as shown 1n FIG. 13.

To quantily the contrast improvement achieved using the
method and apparatus of the present invention with respect to
the test sample described above, a Raman spectrum with a
longer acquisition time (1000 s) at an offset of 3.5 mm was
acquired. FIG. 14 shows this spectrum along with a Raman
spectrum acquired with zero offset scaled to the same height
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ol trans-stilbene bands. By subtracting the pure trans-stilbene
spectrum from these spectra we obtained the PMMA contri-
butions within the individual spectra (see FIG. 15). By fitting
these we established that the contrast of the lower layer had
been improved by a factor of 15 by rejecting the top layer
spectral component. Another striking observation 1s that the
signal-to-noise obtained using this spatial gating approach 1s
good 1n comparison to alternative approaches.

The total attenuation of the Raman trans-stilbene signal by
the 1 mm PMMA layer was measured with the zero offset to
be around 80. This loss of signal through the diffusion pro-
cess, mevitably present also 1n conventional Raman spectros-
copy, can be, however, ellectively ofiset through further
refinements 1n the collection efficiency: for example by
adopting the circular collection geometry shown in FIG. 10 or
by using a lower f-number and a higher throughput spec-
trograph.

FIG. 16 demonstrates another useful feature of the spatial
gating analysis apparatus and method of the present mnven-
tion. The analysis apparatus 1s capable of suppressing fluo-
rescence 1n the lower layer Raman spectrum 1f it originates
from the top layer. The plot shown i1n FIG. 16 gives the
relative ratio of the trans-stilbene Raman signal 1n compari-
son with the fluorescence originating from the PMMA layer
as well as the fluorescence absolute intensity as a function of
the spatial collection offset. The trans-stilbene Raman inten-
sity relative to fluorescence intensity 1s improved by a factor
of approx. 2 with the introduction of a 2.5 mm displacement.

In a situation where a larger separation of the data obtained
from surface and sub-surface layers i1s required than that
achievable directly within the raw spectra, by oflfsetting the
collection and probe launch points a multivaniate data analy-
s1s procedure may be deployed using the analyser 104 of FIG.
8. The data collected by SORS 1s particularly amenable to
multivariate data analysis because for this approach to be
applicable, the set of Raman spectra measured at various
offsets 1s still required. To achieve an eflective numerical
decomposition the number of spectra within the set should
ideally be at least an order of magnitude higher than the
number of layers present in the sample. To demonstrate this a
multivariate analysis of the form of principal component
analysis (PCA) was employed.

Approximately twenty Raman spectra acquired on the
PMMA and trans-stilbene two-layer system represented 1n
FIG. 8 and produced using the SORS method and apparatus
described herein were imported into Matlab™ R11 (The
Mathworks Inc., Natick, Mass.) and processed with both built
in and locally written scripts. The ten largest eigenvectors
generated after performing a singular value decomposition on
the original data set were included 1n the PCA rotation. The
pure spectra of PMMA and trans-stilbene were not included
in this dataset and no baseline correction was performed.

Multivariate data reduction techniques are advantageous
when a complete separation of the spectral features of the
surface and sub-surface layers 1s required. These data reduc-
tion techniques also provide a means of separating spectral
features from layers that may have a moderate to high degree
ol spectral overlap or where contributions of individual com-
ponents to spectral bands envelopes may not be known
because spectra of the pure components may not be obtain-
able or known.

The recovered factors from the multivarniate analysis are
shown 1n FIG. 17. The procedure cleanly decomposed the
Raman spectra collected 1n this way into the pure spectra of
the two idividual layers, 1.e. a PMMA (top layer) and a
trans-stilbene (bottom layer). A factor for pure trans-stilbene
was recovered by targeting the ca. 1595 cm™" band (pixel 730)
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and a factor for pure PMMA was recovered by targeting the
ca. 809 cm™' band (pixel 80). The luminescence background
factor was constructed from one of the original input spectra.
This factor was generated using an iterative polynomaial fit-
ting algorithm (Lieber C A and Mahadevan-Jansen A 2003)
typically used for baseline correction. In this case 100 fitting
cycles using a third order polynomial were used to generate
the baseline. This baseline was used as a factor representing
the luminescence background. These three factors were then
used to reconstruct the dataset with less than 3% error.

Although 1n the above example twenty separate Raman
spectra were collected, where a scaled subtraction of 1ndi-
vidual Raman spectra 1s possible, as few as two or three
spectra are required. Even with multivariate data analysis,
although 1t 1s preferred to perform the analysis on at least a
factor more than the number of components to be 1dentified,
such analysis can often be successiully performed using
smaller data sets of, for example, around ten spectra.

The following 1s the inventors’ current theory for explain-
ing the efficacy of the analysis method and apparatus
described herein. This theory 1s supported by Monte Carlo
scattering modelling studies carried out by the inventors,
which yield results 1n very good agreement with experiment.
The variation 1n the relative content of Raman signals from
different layers as the collection point 1s spatial offset origi-
nates from the random properties of the photon migration
eifect. The migrating photons 1n essence undergo a ‘random
walk’ within the medium and the photon direction 1s ran-
domised every transport length along the propagation dis-
tance. When a Raman signal 1s collected from the surface of
a sample at the point where the probe beam 1s incident, the
spectrum contains a relatively large signal contribution from
the top layer due to the probe photon density being highest at
the point of sample exposure. With increasing sample depth
the probe intensity fast diminishes as the photon intensity 1s
progressively diluted through the photon diffusion process.
Moreover, Raman light generated at deeper layers of the
sample 1s scattered as 1t propagates back to the surface and 1s
subject to the same diffusion. This therefore leads to further
dilution of the intensity of Raman spectra generated at deeper
sample layers. This effect results 1n a substantially larger
proportion of Raman photons generated at the sample surface
being collected than those generated at deeper sample layers
when a signal 1s collected from the surface of a sample at the
point where the probe beam 1s incident, 1n comparison to the
signal that would be collected for an optically transparent
media probed 1n the same geometry.

However, when Raman light 1s collected from a point lat-
crally offset from the point of probe beam incidence, the
probe light intensity within the sample 1s becoming more
equally distributed along its depth. This 1s because the 1nci-
dent light first had to propagate sideways through the sample
from the probe incidence point to the collection area and was
on i1ts way randomised through photon diffusion. Conse-
quently, the scattered Raman signal collected at a position
olfset from the probe incident point contains a higher propor-
tion of the deeper layer signal than that in the spectrum
collected from the probe beam 1ncidence point.

The described spatial gating analysis apparatus and
method thus offers an extremely powertul, yet simple means
for extracting pure Raman signals from individual layers
within diffusely scattering media. The probed sample depths
can be well 1n excess of the transport length, which sets a
depth limit on the conventional confocal Raman microscopy.
In the above example, the transport length of the medium was
estimated to be 200 um. Importantly, the apparatus and
method can be used ‘blind’, 1.e. without any prior knowledge
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of the chemical constituents of individual layers. The tech-
nique has thus ideal prerequisites for sensitive sub-surface,
non-destructive probing of diffusely scattering materials in
both 1industrial and medical applications.

In situations where a sample 1s known to consist of only
two layers of different composition, such as in-vivo skin and
bone layers, (1f this 1s not known then this information can be
obtained directly from pure PCA) the method and apparatus
can be used to extract the pure signals of individual layers
without the mvolvement ol multivariate data analysis tech-
niques. This 1s possible where the two spectra of the two
layers each include an 1dentifiable band or bands that do not
overlap. In this situation a simple scaled subtraction can be
used to separate the spectra of each of the individual layers
from each other. In this process one Raman component 1is
climinated by a scaled subtraction of two spectra measured
with two different spatial offsets cancelling out one or other
spectral component 1n the process. The results of this simple
extraction procedure are shown in FI1G. 18. The spectra used
in the analysis were measured with a zero and a 2 mm offset.
The result 1s clearly satisfactory, although the applicability
requires the above conditions to be satisfied. In contrast, the
PCA analysis described above can be used in circumstances
where there 1s no knowledge of the compositions of the dif-
terent layers of a sample.

Thus, 1t will be apparent that it 1s not 1n all cases essential
for a complete Raman spectrum to be generated with the
present invention. Where there 1s some knowledge of the
maternals mnvolved or the compositions to be detected, detec-
tion of individual Raman spectral features using, for example,
one or more band pass filters 1s also encompassed by the
SORS method and apparatus described herein.

The exact degree of the ‘suppression’ or separation of two
layers in general situations depends on a variety of param-
cters. These parameters include the thickness of the top layer,
that of the underlying matrix, the probe beam diameter, the
exact collection geometry, the wavelength of the probe light
used and the transport length of the medium. For non-invasive
sub-surface probing, as a rule of thumb, 1t 1s believed that the
1ideal offset should be on the scale of the thickness or several
thicknesses of the overlying medium. Also, for the technique
to be effective the beam diameter should be smaller than the
thickness of the top layer. In general terms the thinner the top
layer 1s and the thicker the underlying matrix 1s favours a
better spectral separation of the two components.

For this reason the present invention 1s particularly suited
for use 1n non-invasive medical diagnosis applications. How-
ever, any degree ol absorption of the probe or Raman photons
will result in the overall yield of Raman signals from the
sample surface being dimimished. Therefore, for SORS
analysis to be effective, 1t 1s important that the measurements
be performed at wavelengths substantially free from any
absorption. In the case of living tissue, this condition 1s well
satisfied outside the haemoglobin absorption region (>600
nm) in the NIR (~800 nm). Thus, for living tissues the pre-
terred laser source generates light at wavelengths of at least
600 nm. Laser sources generating light above 800 nm are also
desirable as this reduces absorption of the incident light by
melanin. Moreover, at this wavelength, bone tissue has rela-
tively low fluorescence.

However, the use of light of wavelength 514 nm or >600
nm 1s not critical to this invention. The choice of probe wave-
length 1s essentially a trade off between depth penetration,
which improves with longer wavelength, and detector quan-
tum elificiency, which 1s higher at shorter wavelengths. As
mentioned earlier, the detector 103 used herein 1s a backillu-
minated deep depletion CCD detector based on silicon tech-
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nology. This detector 1s selected as 1t the best sensitivity and
signal-to-noise ratio of those that are currently available, but
alternatives can be used. Longer wavelengths avoid exciting
H20 modes 1n Raman spectra, but the cut-off limit for Si
detection 1s 1.1 um. InGaAs detectors can be used at longer
wavelengths, but these have presently reduced sensitivity.

As an example of the potential medical applications of the
SORS analysis, 1t 1s known that a Raman spectrum measured
from bone tissue 1s indicative of 1ts physio-chemical state.
The peaks in the spectrum are indicative both of mineral
components, such as phosphates, carbonates, hydroxides as
well as interstitial and residual water molecules, and of
organic material, primarily the collagen matrix. Relative
intensities of mineral peaks and of collagen peaks should
therefore be expected to differ from normal if there 1s an
abnormality 1n bone structure.

The technology of generating chemaically specific signa-
tures buried within diffusely scattering matrices 1s applicable
to many medical applications. In fact, 1t 1s envisaged that the
non-destructive extraction of sub-surface information will
have medical applications ranging across detection of embed-
ded lesions and assessment of tumour, skin and blood com-
positions.

With the method and apparatus of the present invention,
substantially pure Raman spectra can be retrieved from
depths well i excess of those accessible with conventional
confocal microscopy. Moreover, the present invention has the
advantage that 1t 1s compatible with the use of cw lasers
beams and 1s suited to remote monitoring 1n both industrial
and medical applications.

The invention claimed 1s:

1. A method of determiming, in vivo, one or more charac-
teristics of a sub-surface tissue or fluid, through a diffusely
scattering overlying tissue, comprising steps of:

(a) supplying incident light as a continuous wave laser
beam at one or more entry regions on a surface of the
overlying tissue;

(b) collecting, from one or more collection regions on the
surface of the overlying tissue, light produced by scat-
tering of said incident light within the overlying tissue,
wherein the one or more collection regions on the sur-
face are located at a plurality of spacings from the one or
more entry regions on the surface;

(¢) detecting using a detector, in the collected light, a plu-
rality of Raman features for said plurality of spacings,
wherein one or more of the Raman features corresponds
to each different spacing, said Raman features being
spectrally related to the incident light and originating,
from the sub-surtace tissue; and

(d) determiming said characteristics of the sub-surface tis-
sue or fluid from said Raman features.

2. The method of claim 1, wherein the sub-surface tissue or
fluud comprises one of bone, cartilage, breast tissue and
blood.

3. The method of claim 1, wherein the overlying tissue
comprises one of skin and nail.

4. The method of claim 1, wherein the step of detecting
comprises spectrally dispersing the collected light to form a
Raman spectrum.

5. The method of claim 1, wherein the step of detecting
comprises filtering the collected light to 1solate one or more of
said Raman spectral features.

6. The method of claim 1, wherein determining said char-
acteristic comprises associating the Raman features from dii-
terent spacings with different depths or distributions of depth
within the overlying tissue and sub-surface tissue or fluid.
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7. The method of claim 1, wherein determining said char-
acteristic comprises combining the Raman features from dii-
ferent spacings to select for a depth or distribution of depth.

8. The method of claim 1 wherein the step of collecting
comprises collecting light from a plurality of collection
regions spaced by diflerent distances from a common entry
region.

9. The method of claim 1 wherein one or more collection
regions surround an entry region.

10. The method of claim 9, wherein each collection region
1s an annulus, and the scattered light 1s collected by a plurality
ol collection optical fibres distributed around one or more
illumination optical fibres used to supply the incident radia-
tion to the entry region.

11. The method of claim 1, wherein one or more entry
regions surround a common collection region.

12. The method of claim 1 further comprising adjusting
collection optics disposed 1n the path of the collected light to
adjust the distance between a collection region and an entry
region.

13. The method of claim 1 further comprising disposing
one or more mirror elements adjacent to the surface of the
overlying tissue, outside the collection region, to retlect light
back into the tissue.

14. A method of determinming whether a patient has a cancer
condition 1n a target tissue, comprising;

carrying out the steps of claim 1 to measure, 1n the target
tissue, one or more Raman spectral features character-
1stic of a cancer condition; and

determining, based on the Raman spectral features,
whether the patient has a cancer condition in the target
tissue.

15. A method of determining whether a patient has a medi-
cal condition related to bone tissues of the patient, compris-
ng:

carrying out the steps of claim 1 to measure one or more
Raman spectral features characteristic of the bone tis-
sue; and

determining, based on the Raman spectral features,
whether the patient has a bone tissue condition.

16. A method of diagnosis comprising collecting from a
sample, consisting of a surface region of an overlying tissue
and a sub-layer region of a deep tissue which 1s different to the
overlying tissue, one or more Raman spectra using the
method of claim 1.

17. A method of diagnosis as claimed in claim 16, further
comprising identifying one or more features specific to the
Raman spectrum of the sub-layer region of the sample 1n the
one or more collected Raman spectra and comparing the one
or more 1dentified features with those obtained from a healthy
control specimen.

18. The method of claim 1, wherein at one of the plurality
of spacings the entry and collection regions are at the same
place or substantially overlapping.

19. The method of claim 1, wherein the plurality of entry
and collection regions are non-overlapping.

20. The method of claim 1, wherein said characteristics are
determined from changes in intensities of the one or more
Raman features between the different spacings.

21. A method of measuring, in-vivo, a sub-surface Raman
spectrum of a diffusely-scattering tissue, comprising:

a) irradiating the tissue with a continuous wave laser beam
light probe of incident radiation at a point of 1rradiation
on the surface of the tissue:

b) collecting light scattered by the tissue; and

c) spectrally separating at least a portion of the collected
light to detect one or more Raman spectral features,
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wherein light produced by scattering of said incident
radiation by the tissue 1s collected from a plurality of
spatial locations on the surface of the tissue, each spatial
location being at a different distance from the point of
irradiation, at least a portion of the light collected at each
spatial location being separately spectrally dispersed to
form a plurality of Raman spectra corresponding to said
plurality of spatial locations such that a separate Raman
spectrum corresponds to each spatial location; and

d) analysing the plurality of Raman spectra to extract infor-

mation on the Raman spectrum of a sub-surface region
of the tissue.

22. A method as claimed 1n claim 21, wherein at least two
Raman spectra are collected and are analysed using a scaled
subtraction, the Raman spectrum collected at a distance clos-
est to the point of irradiation being subtracted from the Raman
spectrum collected further from the point of irradiation,
whereby features of the Raman spectrum for a sub-layer of
the tissue are 1dentified.

23. A method as claimed 1n claim 21, wherein the Raman
spectrum for the chemical composition of the surface of the
tissue 1s known and the Raman spectra are analysed by scaled
subtraction of the known Raman spectrum from the Raman
spectra of the collected light.

24. A method as claimed 1n claim 21, wherein the plurality
of Raman spectra are analysed using multivariate data analy-
S18.

25. A method as claimed 1n claim 24, wherein the plurality
of Raman spectra are analysed using principal component
analysis.

26. A method as claimed 1n claim 24, wherein at least
twenty Raman spectra are collected at different distances
from the point of irradiation.

27. A method as claimed 1n claim 21, wherein the tissue 1s
irradiated at two or more different wavelengths and the col-
lected light 1s a combination of a Raman spectrum and fluo-
rescence and wherein the method comprises the further step
of extracting the Raman spectrum from the collected light.

28. A method as claimed 1n claim 21, wherein at least one
of the tissue, the collection optics and the point or region of
irradiation 1s moved relative to the others to enable the col-
lection of Raman spectra at different distances from the point
of 1rradiation.

29. A method as claimed in claim 28, wherein a movable
stage 15 provided on which the tissue 1s mounted and the probe
beam 1s arranged to track the movement of the tissue whereby
the tissue 1s moved relative to fixed collection optics for the
collection of scattered light at different distances from the
point of rradiation.

30. A method as claimed 1n claim 29, wherein the scattered
light 1s collected from point regions at different distances
from the point of irradiation.

31. A method as claimed 1n claim 29, wherein the scattered
light 1s collected from a plurality of substantially parallel
lines substantially transverse to the distance as measured
from the point of 1rradiation.

32. A method as claimed 1n claim 18, wherein the light
probe comprises two or more separate wavelengths and 1s
generated by one or more lasers.

33. A method as claimed 1n claim 32, wherein the light
probe 1s generated by a single tunable laser.

34. A method as claimed 1n claim 32, wherein the two or
more separate wavelengths of the light probe are generated by
two or more respective lasers.

35. A method as claimed 1n claim 21, wherein the probe
beam 1s supplied using optical fibres and the scattered light 1s
collected using optical fibres arranged in a plurality of con-
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centric circles around the probe beam optical fibres whereby
the scattered light 1s collected in concentric rings at differing,
radi1 from the point of 1rradiation.

36. A method as claimed 1n claim 21, wherein the collected
light 1s spectrally dispersed using a spectrometer 1n combi-
nation with a CCD camera.

37. The method of claim 21, wherein the incident radiation
has a wavelength greater than 600 nm.

38. The method of claim 21, wherein the incident radiation

has a wavelength greater than 800 nm.

39. A method of carrying out an in-vivo sub-cutaneous
ispection of a sub-surface tissue or flud without surgical
intervention, comprising:

irradiating a surface tissue with a continuous wave laser
beam;

collecting light scattered beneath the surface, from one or
more collection regions on the surface, said one or more
collection regions being located at a plurality of spac-
ings from an mcidence location of the laser beam on the
surface tissue; and

detecting, using a detector, one or more Raman spectral
features from the collected light for each spacing,

wherein the sub-surface tissue or fluid 1s one of bone,
cartilage and blood.

40. The method of claim 39, wherein the collection regions

do not overlap the laser beam.

41. Apparatus for determining, 1n-vivo, one or more char-
acteristics of a sub-surface tissue or tluid, through a ditiu-
stvely scattering overlying tissue, comprising:

a light source arranged to supply incident light as a con-

tinuous wave laser beam at one or more entry regions on
a surface of the overlying tissue;

a collector arranged to collect light scattered within the
overlying tissue, from one or more collection regions on
the surface of the overlying tissue, wherein the one or
more collection regions on the surface are located at a
plurality of spacings from the one or more entry regions
on the surface;

a detector arranged to detect, 1n the collected light, a plu-
rality of Raman features for said plurality of spacings,
wherein at least one Raman feature corresponds to each
spacing, said Raman features being spectrally related to
the incident light, which originate from the sub-surface
tissue or fluid; and

an analyzer adapted to derive, from the Raman features,
one or more characteristics of the sub-surface tissue or
flud.

42.The apparatus of claim 41 , adapted to collect light from
multiple spacings between the entry and collection region,
said analyzer being adapted to combine the Raman features
from said multiple spacings to select for a depth or distribu-
tion of depth.

43. The apparatus of claim 41, wherein the sub-surface
tissue comprises at least one of bone, cartilage, breast tissue
and blood.

44. The apparatus of claim 41, wherein the overlying tissue
comprises at least one of skin and nail.

45. The apparatus of claim 41, wherein the detector com-
prises a spectrometer arranged to spectrally disperse the col-
lected light to separate out said Raman features.

46. The apparatus of claim 41, wherein the detector com-
prises one or more {ilters arranged to select said Raman fea-
tures.

47. The apparatus of claim 41, wherein either the entry
region or the collection region 1s an annular region surround-
ing the other of the two regions.
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48. The apparatus of claim 47 further comprising an optics
arrangement adapted to controllably adjust the diameter of
the annular region.

49. The apparatus of claim 41, further comprising a mask-
ing device arranged to controllably adjust the spacing
between the entry region and the collection region.

50. The apparatus of claim 41 further comprising one or
more mirror elements disposed adjacent to the overlying tis-
sue surface outside the one or more collection and entry
regions, so as to retlect light back into the tissue.

51. The apparatus of claim 41, wherein the incident radia-
tion has a wavelength greater than 600 nm.

52. The apparatus of claim 41, wherein the incident radia-
tion has a wavelength greater than 800 nm.

53. The apparatus of claim 41 implemented as an endo-
scope for mspection within the body by access through a
natural or surgically formed orifice.

54. The apparatus of claim 41, wherein at one of the plu-
rality of spacings the entry and collection regions are at the
same place or substantially overlapping.

55. The apparatus of claim 41, whereimn the plurality of
entry and collection regions are non-overlapping.

56. The apparatus of claim 41, wherein the analyzer 1s
adapted to derive the characteristics from changes 1n intensi-
ties of the one or more Raman features between the different
spacings.

57. Apparatus for in-vivo selective measurement of Raman
spectra generated at different depths within a diffusely-scat-
tering tissue, the apparatus comprising:

a light source for 1rradiating the tissue with a continuous

wave laser probe beam of incident radiation;

collection optics for collecting light scattered by the tissue

and passing 1t to a spectrometer;
detection means for detecting light dispersed by the spec-
{rometer,

wherein the apparatus 1s adapted for scattered light to be
collected at a plurality of spatial locations on the surface
of the tissue, each spatial location being at a different
distance from a point of irradiation on the tissue and at
least a portion of the light collected at each spatial loca-
tion being separately spectrally dispersed by the spec-
trometer to form a plurality of Raman spectra corre-
sponding to said plurality of spatial locations, and
wherein the apparatus further includes an analyser for
identifying features specific to the Raman spectrum of a
sub-layer of the tissue from the plurality of Raman spec-
tra.

58. Apparatus as claimed 1n claim 57, wherein the analyser
1s adapted to perform a scaled subtraction between Raman
spectra.

59. Apparatus as claimed 1n claim 57, wherein the analyser
1s adapted to perform multivariate data analysis on the Raman
spectra.

60. Apparatus as claimed 1n claim 39, wherein the analyser
1s adapted to perform principal component analysis on the
Raman spectra.

61. Apparatus as claimed 1n claim 57, further comprising a
movable stage for relative movement of at least one of the
tissue, the collection optics and the point of 1rradiation to
cnable the collection of Raman spectra at different distances
from the point of irradiation.

62. Apparatus as claimed 1n claim 61, wherein the movable
stage 15 a movable sample stage and wherein means are pro-
vided for tracking the probe beam with respect to movement
of the tissue whereby the sample may be moved relative to the
fixed collection optics to enable scattered light to be collected
at a plurality of distances from the point of 1rradiation.
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63. Apparatus as claimed 1n claim 57, wherein the collec- surface, said one or more collection regions being
tion optics comprises optical fibres arranged 1n a plurality of located at a plurality of spacings from an incidence
concentric circles around the probe beam. location of the laser beam on the surface tissue;

64. Apparatus as claimed 1n claim 57, wherein the detec- a detector arranged to detect one or more Raman spectral
tion means comprises a CCD camera. 5 features from the collected light for each spacing; and

65. Medical sub-cutaneous ispection apparatus for carry- an analyzer arranged to derive one or more characteristics
ing out an 1n-vivo inspection of a sub-surface tissue without of the sub-surface tissue from intensities of the Raman
surgical intervention, comprising: spectral features.

a probe light beam source arranged to wrradiate a surface 66. The apparatus of claim 635, wherein the collection

tissue with a continuous wave laser beam; 10 regions do not overlap with the laser beam.

a collector arranged to collect light scattered beneath the
surface, from one or more collection regions on the %k % k%
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