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Abstract. Picosecond time-resolved Raman spectroscopy in equine
cortical bone tissue is demonstrated. Using 400-nm pulsed laser ex-
citation (1 ps at 1 kHz) it is shown that Kerr cell gating with a 4-ps
window provides simultaneously time-resolved rejection of fluores-
cence and time-resolved Raman scatter enabling depth profiling
through tissue. The Raman shifts are the same as those observed by
conventional cw Raman spectroscopy using deep-red or near-infrared
lasers. The time decay of Raman photons is shown to fit an inverse
square root of time function, suggesting propagation by a diffusive
mechanism. Using polystyrene behind a bone specimen, it is shown
that the 400-nm laser light penetrates at least 0.31 mm below the
surface of a fully mineralized bone tissue specimen and generates
observable bone Raman scatter (approximately 415 to 430 nm)
through most of this depth. These novel results demonstrate great
promise for in vivo applications for studying diseased bone tissue, and
ways to optimize the setup are discussed. © 2005 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1827605]

Keywords: Raman spectroscopy; photon migration; bone.

Paper 03116 received Sep. 19, 2003; revised manuscript received Apr. 1, 2004 and
Jun. 10, 2004; accepted for publication Jun. 15, 2004; published online Jan. 31,
2005.
x

-
u

n

e

r

-
r

f
-

r

ral
le

s to
ing
ring
t is

op-
sing
n of
n of
tud-
een
man
od

ater
r-

ton
pec-
only
om-
ene

ton
t
s-
1 Introduction
Most tissue specimens exhibit intense fluorescence when e
cited with visible laser light and scatter light at all wave-
lengths at which Raman spectroscopy with silicon photode
tectors is feasible. For these reasons workers in Raman tiss
spectroscopy have generally employed near-infrared~NIR! la-
sers to obtain spectra from specimens. The most commo
sources have been diode lasers operating at 785 or 830 nm
While this approach is satisfactory in many cases, there ar
also disadvantages to long wavelength excitation.

For example, Raman scattering varies approximately with
the inverse fourth power of exciting laser wavelength, so
spectra are inherently only 1/5th or 1/6th as intense as spect
excited with green lasers, such as Nd:YAG 532 nm. Equally
importantly, the quantum efficiency of silicon detectors falls
off strongly above 900 nm, causing a further 2 to 3 times loss
in signal, compared to green laser excitation. As a conse
quence, investigators resort to the use of high laser powe
long integration times, or both.

In tissue, multiple scattering is a more important source o
attenuation of light in the 400- to 1000-nm range than absorp
tion, except for wavelengths at which hemoglobin, or in trans-
cutaneous measurements hemoglobin and melanin, abso
strongly. Light propagation under these conditions is called
photon migration in the biomedical optics literature and is a
widely studied phenomenon. A recently published handbook1
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provides reviews of both theory and applications from seve
different perspectives. To a good first approximation, multip
scattering can be modeled as a random walk, analogou
diffusion. Photons that are detected after multiple scatter
events are generally called diffusive photons. This scatte
is the dominant phenomenon when using NIR radiation tha
preferred for deep penetration into tissue.

However, while NIR wavelengths are advantageous for
timum penetration depth, to date most tissue studies u
Raman spectroscopy have been performed by interrogatio
only the outermost layers of specimens. Raman detectio
dysplasia in epithelial tissues is perhaps the most widely s
ied example.2–5 In a few cases, subsurface tissue has b
probed. For example, Feld and co-workers have used Ra
spectroscopy for measurement of cholesterol in blo
vessels.6 Puppels and co-workers have demonstrated 50-mm
penetration in depth-resolved Raman measurement of w
content of skin.7 Both groups commented on the light scatte
ing properties of their specimens.

Despite the extensive literature of time-resolved pho
migration measurements in absorption and fluorescence s
troscopies, Raman photon migration has been studied
infrequently. The earliest studies demonstrated the phen
enon in turbid media such as suspensions of polystyr
spheres8 and milk.9

Everall and co-workers have characterized Raman pho
migration in finely divided powders that scatter ligh
strongly.10 Furthermore, for powdered samples of tran
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Morris et al.
stilbene and poly~aryl-ether-ether-ketone! ~PEEK! it was
shown that Raman signals generated from 400-nm illumina
tion are recovered from depths of several millimeters and tha
the total photon migration distance is at least 3 cm as dete
mined by monitoring the delay between the 1-ps laser excita
tion pulse and temporally discriminating the late-arriving Ra-
man photons.

This group presented the first detailed studies of the time
evolution of Raman scatter generated by diffusive photons
They found the time decay of the Raman scattering intensit
observed at a single point outside the powder to follow at21/2

dependence and elastically scattered light followed at23/2 de-
cay wheret is the time following the 1-ps excitation pulse.
The time dependences of both Raman and Rayleigh scatt
were explained by simple diffusion models and developed
without reference to the biomedical photon migration litera-
ture. Thus, in more recent work the same group has presente
Monte Carlo simulations of the decay of Raman and scatte
under realistic boundary conditions for a laboratory optical
system11 and recognized the association of their work with
photon migration studies.

It has been known for many years that fluorescence can b
separated from Raman scatter by time-gating the signals.12

Ideally, in optically transparent media, Eq.~1! applies:

f R/B5
1

@12e2tg /t f#
. ~1!

In Eq. ~1!, f R/B is the improvement of the ratio of Raman
scatter to background compared to dc measurement of th
total signal, whiletg andt f are the gate time and fluorescence
lifetime respectively. Many important fluorophores have fluo-
rescence lifetimes in the 1- to 5-ns range and therefore a ga
width in the low picosecond range is needed for effective
fluorescence suppression. For example, the fluorescence lif
time for tryptophan is about 3.1 ns.13 Common gating tech-
niques, such as those based on electrical switching, do n
provide the necessary picosecond response time. For examp
the fastest gated image intensifiers presently available provid
50-ps opening times and the most commonly available inten
sifiers operate with gate widths of a few nanoseconds.

It is only recently that the technology to exploit time-gated
fluorescence rejection has been possible. Using a 1-kHz rep
etition rate laser system giving 1-ps pulse widths, Matousek
and co-workers have demonstrated that a Kerr cell place
before the Raman spectrograph entrance slit functions as a
ultrafast optical shutter with an;4-ps opening time and pro-
vides a ratio of105 between the open and closed state.14 With
a 1-ps laser generating the Raman spectrum they have o
tained fluorescence rejection of up to 1000 times. The Ker
cell gate opening time relative to the Raman excitation pulse
can be adjusted over a wide range using a variable distanc
optical delay line.11 Further increases in rejection are available
by such strategies as combination of time gating and shifte
excitation difference measurements.15 There has also been one
early report of the use of a streak camera for time-resolve
Raman spectroscopy.16 A time-resolution of approximately 10
ps was achieved, but noise in the intensifier limited the quality
014014Journal of Biomedical Optics
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of the spectrum. The streak camera does provide data fro
range of time delays simultaneously, and this property co
prove useful in depth resolution.

In this work we report further exploitation of the Kerr ce
gating technology for time-gated and time-delayed Ram
spectroscopy.

Bone tissue is a composite material containing a carb
ated apatite mineral phase and an organic matrix phase th
about 90% type I collagen. The basic vibrational~Raman and
infrared! spectroscopy of bone tissue has been reviewe17

Both methods of obtaining vibrational spectra provide simi
information on the composition and local structure of both t
mineral and matrix components. In general, Raman spect
copy provides somewhat narrower bands, better spatial r
lution, and the ability to probe both thin and thick specime
while infrared spectroscopy provides generally higher sign
noise ratio but only for specimens a few micrometers thi
Infrared spectroscopy has the additional advantage of a lo
history of empirical and theoretical band assignments for
bands of proteins.

In both Raman and infrared spectra of bone tissue
amide I~C5O stretch! and amide III~C-N stretch, C-H bend!
bands contain a wealth of information. Both bands are en
lopes that are resolvable into three or more components.
relative intensities of the bands in the amide I envelope v
with the number and type of interfibril cross-links and in no
mal mature tissue the most intense component is at 1
cm21. In immature tissue18 or in tissue in which the cross
links have been severed mechanically19 or partially disrupted
chemically, a band at 1685 to 1690 cm21 is prominent.

In this communication we describe the first use of picos
ond time-gated Raman spectroscopy on a tissue specim
Blue ~400-nm! excitation and a short gate interval are us
because the laser system is part of a national user facility
is optimized for these conditions to maximize its utility t
many investigators. The goal of this preliminary investigati
is to demonstrate the potential benefits of using Kerr-ga
Raman for analyzing tissue and that depth profiling below
surface is possible. Once this is demonstrated the next
will be to optimize both the excitation wavelength and t
wavelength to drive the Kerr gate. Operation in the Soret b
of heme simultaneously demonstrates fluorescence rejec
the potential for resonance enhancement, and the potentia
depth-resolved Raman photon migration measurements
bone tissue specimens. In addition to its continuing interes
the authors, bone tissue has the advantage for explora
studies in spectroscopic technology that the Raman band
the mineral component are easily distinguished from the
man bands of surrounding soft tissues.

2 Experiment
2.1 Instrumentation
The Kerr-gated picosecond Raman spectroscopy system
been described in detail elsewhere.20 An argon ion laser is
used to pump a femtosecond mode-locked Ti:sapphire la
which is amplified by an Nd:YLF-pumped regenerative a
plifier to generate 1-ps pulses at 800 nm. A beam spli
isolates a 500-mJ pulse from this laser to drive the Kerr ce
while the remainder of the pulse is frequency-doubled. T
400-nm pulse is used to drive an optical parametric amplifi
-2 January/February 2005 d Vol. 10(1)



Kerr-gated time-resolved Raman spectroscopy . . .
Fig. 1 Bone tissue specimen illumination/collection geometry. The
specimen is oriented at 45 deg with respect to the incident laser
beam.
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Ra-
allowing generation of tunable laser light at any desired wave
length in the 470- to 700-nm range, or is directly used in
experiments as a probe. An optical delay line allows sequenc
ing of the pulses with an accuracy of 50 fs across a time rang
of 6 ns. Delays of 0 to 50 ps were used in this work. Experi-
ments were performed at 400 nm using the second harmon
of the fundamental regenerative amplifier output. At this
wavelength the pulse energy at the specimen was 8mJ and the
average power was 8 mW.

The Raman spectrograph and illumination/collection optics
are conventional. The specimen illumination/Raman scatte
collection geometry is shown in Fig. 1. Laser light was fo-
cused onto the specimen at an angle of 45 deg using a 50-c
focal length lens to produce a spot size of 0.2 mm. Scattere
light was collected from the incident face of the sample at 90
deg with respect to the probe pulse direction~at 45 deg re-
spective to the sample plane! using a 25-mm focal length
f/0.85 video lens~Fujinon! and passed through the Kerr gate
optics to a single stage 0.5-m spectrograph~Spex! fitted with
a 1200-grooves/mm grating with an entrance slit width set to
give 15 cm21 resolution. The dispersed light was detected by
a cryogenically-cooled 20003800-pixel back-thinned CCD
~ISA! with a horizontal pixel binning parameter set to 5.
Again, the 400-nm Raman source was used as optimum fo
the collection and detection system. The emphasis of thi
study is to prove the feasibility of applying the Kerr gate to
tissue samples in general. The detector output was stored on
personal computer that also controls all other instrument pa
rameters. The spectrograph wavenumber scale was calibrat
against acetonitrile. The instrument was checked for drift pe
riodically using the Raman spectrum generated from a piec
of Teflon ~polytetrafluoroethylene! or other commercially
available polymers as a secondary standard. All data reductio
was performed in GRAMS/AI~ThermoGalactic!. Background
was removed by subtracting a cubic polynomial obtained by
fitting 8 to 10 points in the spectrum. Peak positions and
intensities were calculated using the built-in GRAMS func-
tions. Except as noted in the text, displayed spectra have bee
background-corrected. No smoothing or low pass filtering ha
been applied to the spectra.

Raman spectra from each bone specimen were collecte
from three different locations separated by several millime-
ters. Two Raman spectra were collected from each of the lo
cations to verify spectra reproducibility.
014014Journal of Biomedical Optics
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Measurement of the depth of penetration through bo
specimens and measurement of photon diffusion proper
were performed on specimens ground to about 0.22 mm
mounted at a 45-deg angle to the incident laser beam as
scribed above to give an effective depth of 0.31 mm. The ti
dependence of the signals was found by delaying the ope
of the Kerr gate from 0 to 30 ps in 4- to 10-ps incremen
relative to the incident 1-ps Raman excitation pulse. A sm
sample of powdered polystyrene placed against the bac
the specimen was used to identify Raman scatter arising f
beyond the depth of the specimen. The time dependenc
the laser light scattering from the sample was used to furt
characterize the depth of penetration.

2.2 Materials
Standard beam samples~10-mm wide, 5-mm deep, and
45-mm long! were cut under constant irrigation from th
proximal, dorsal cortex of the third metacarpal~canon! bone.
These bones were collected from local registered abatt
from skeletally mature horses and frozen within 24 hours
death and thawed immediately before tissue preparation
testing. Each sample was thawed and refrozen three tim
first to cut the bone beams, second for mechanical testing,
finally for spectroscopic analysis. All the bone samples w
double wrapped~the cut was also covered in gauze soaked
0.9% saline! before freezing to prevent dehydration.

3 Results and Discussion
Figure 2 shows the uncorrected spectrum of a bone speci
obtained with the Kerr gate open through the entire data
lection period. There is no time resolution in this experime
Although the laser outputs a train of picosecond pulses, in
ungated mode the instrument is operating as a pseudo-cw

Fig. 2 Ungated spectrum of equine cortical bone tissue obtained us-
ing 400-nm excitation. Laser: 400 nm, 8 mW focused to 200-mm
diameter spot. Total exposure time 320 s. Note: No Raman features
are recoverable from the spectrum (see text).
-3 January/February 2005 d Vol. 10(1)
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Fig. 3 Two replicate (consecutive) measurements of the Kerr-gated Ra-
man spectrum of a specimen of equine cortical bone tissue. The 4-ps
gate is adjusted for maximum signal (zero delay). Exposure condi-
tions: 400 nm, 8 mW focused to 200-mm diameter spot; 400 s total
laser exposure time. For discussion of the bands, see text and Table 1.
A. The Raman spectrum as collected, without background subtrac-
tion. B. The spectrum of trace A after background subtraction. C. An-
other spectrum obtained at the same location on specimen as trace A.
The spectra are offset for clarity.
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man spectrograph. As can be seen, the signal in Fig. 2 i
dominated by fluorescence. We noted that in the first secon
of sample irradiation the background was even higher and thi
is believed to be to an unidentified fluorophore in the bone
that was quickly photobleached. No further photochemical de
cay was observed as evidenced by no changes in Raman s
nals during data acquisition.

We were not able to recover any Raman bands above th
ungated fluorescence background even after extensive da
processing. The only features found on the otherwise smoot
spectrum are attributable to the wavelength dependences
detector quantum efficiency and grating diffraction efficiency.
Numerous chromophores present in bone tissue including co
lagen and hemoglobin fluoresce when excited at 400 nm an
any or all of them could contribute to the emission. As is
generally true for tissue specimens, cw laser excitation at thi
deep blue~400-nm! wavelength is not suitable for bone tissue
Raman spectroscopy.

Figure 3 shows Kerr-gated Raman spectra of a specimen o
horse cortical bone. A 4-ps Kerr gate is used with zero delay
time between gate opening and the excitation pulse. That is
the delay line was positioned to maximize the Raman spec
trum seen at the detector. Trace A shows the spectrum a
recorded. Trace B shows the same spectrum at larger sca
after removal of background. Traces B and C show the spectr
taken sequentially at exactly the same place on the specime
The spectra are offset for clarity.

Assuming a typical fluorescence lifetime of 2 ns, the ex-
pected fluorescence rejection ratio, in the absence of diffus
scattering, with a 4-ps gate is about 500:1@Eq. ~1!#. This
rejection ratio is adequate for Raman spectroscopy, even un
der the highly unfavorable conditions of 400-nm excitation,
where the remaining fluorescence background is approx
014014Journal of Biomedical Optics
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mately 10 to 12 times greater than the phosphaten1 ~ca. 960
cm21! intensity. Underlying the spectra of Fig. 3 is an unr
jected fluorescence background of approximately 20
counts. For analysis and presentation purposes the b
ground has been removed by subtraction of a baseline ge
ated from a fitting to a third-order polynomial using 8 to 1
points in the spectrum where no Raman bands appear.

The major bands in the Raman spectrum are identified
Fig. 3. All of the bands are attributable to bone mineral
bone matrix.17 The replicate spectra provide an indication
the reproducibility of the measurement technique. In this ca
uncertainty in the most intense bands is 2 cm21 or less, and
increases to 5 to 6 cm21 for weaker bands. The 900-cm21

spectral interval is sampled by 151 CCD pixels, correspo
ing to approximately 6 cm21/pixel. The sampling interval is
adequate for the actual 15-cm21 spectroscopic resolution. Th
peak frequency is reproducible to within 1 pixel, even f
bands of low intensity, and can be estimated to within ab
1/3 pixel for the strongest bands.

Table 1 compares the average band positions to those
tained with deep-red laser excitation and conventional ins
mentation. In this table the wavelengths corresponding to
Raman shifts are also given. It should be noted that min
bands can vary over a 2- to 3-cm21 range, depending on th
exact composition of the mineral. Typically the positions
bone matrix bands are less variable, but matrix~collagen!
band intensities vary with the state of inter- and intra-fib
cross-linking in the specimen.

Bone tissue is only a moderately strong Raman scatt
and the spectra are noisier than those, for example, of tr
stilbene and polymers containing phenyl ring side chains
tained on the same instrument.10 These molecules were th
subject of the first full report of Raman photon migration a
are known to generate intense Raman spectra. Addition
because the 400-nm excitation scattered light passes into
Kerr gate, a Raman band fromCS2 at 795 cm21 is generated
that propagates through the optical train and is detected.
though the grating was positioned so that the detector
lected Raman scatter down to 675 cm21, there are few fea-
tures of interest below 850 cm21 and the most characteristi
bone bands occur in the 900- to 1700-cm21 interval. To aid in
reader assessment of the strengths and weaknesses o
technology and its prospects for further development, we h

Table 1 Raman shift wavelengths and frequencies of bone tissue.

Wavelength (nm) Raman shift (cm−1) Literature value Band assignme

415.9 958 959a phosphate n1

417.9 1070 1070a carbonate n1

421.2 1261 1255a amide III

424.8 1460 1452a CH2 wag

428.1 1643 1640b amide I

428.6 1669 1662a amide I
a Bovine tissue, from Ref. 19.
b Human tissue, from B. R. McCreadie, M. D. Morris, T.-C. Chen, E. Widjaja,

and S. A. Goldstein, unpublished observations.
-4 January/February 2005 d Vol. 10(1)



Kerr-gated time-resolved Raman spectroscopy . . .
Fig. 4 Kerr-gated Raman spectrum of another specimen of equine cor-
tical bone tissue. The measurement conditions are as in Fig. 3.
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chosen to present raw data and not to hide any of these pro
lems by using digital filtering, smoothing, or other methods
for cosmetically improving the appearance of data. The spu
rious CS2 signals can be eliminated by placing a blocking
filter ~e.g., holographic notch filter or an edge filter! in front of
the Kerr gate preventing the 400-nm light from passing into
the cell.

The detection of resonance Raman signals using the pico
second time-gating fluorescence rejection strategy represen
a trade-off between spectral resolution and the level of fluo
rescence rejected. Our instrument is normally used for time
resolved resonance Raman spectroscopy, not Raman phot
migration. Therefore it is configured for operation with a 1-ps,
1-kHz laser pulse train, which provides the best compromise
between time and spectral resolutions in those experiment
As a consequence the instrument has a transform-limite
spectral bandwidth of about 15 cm21. The result is that nar-
row Raman bands are broadened and some features of co
plex band envelopes are blurred or lost. For example, th
phosphaten1 band~ca. 960 cm21! of bone tissue typically has
a full width at half height of about 15 to 17 cm21. In these
experiments using the short pulse duration time necessary fo
the gating this band is broadened to about 30 cm21. There are
two consequences of this: first, the broadening of this pea
means its intensity appears to be only slightly greater than th
peak intensity of amide I. In Raman spectra obtained with
instruments of 2- to 4-cm21 resolution, the phosphate peak
intensity is usually 3 to 4 times greater than the peak intensit
of amide I in mature, fully mineralized tissue. Second, the
shoulder normally observed at about 945 cm21 is unresolved,
as in Fig. 3. At best the shoulder is just visible, as in Fig. 4,
which was obtained on another bone specimen. Even in thi
instance the shoulder is less prominent than in spectra ob
tained on an instrument that provides higher spectroscopi
resolution. In Fig. 4 there is also a band at 1384 cm21 that is
014014Journal of Biomedical Optics
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observed because of the minimal specimen pretreatment
ployed in this study.

Similarly, some of the detail normally observed in th
amide I envelope is lost because of the low resolution of
instrument. However, the amide I components are somew
broader than the mineral bands and there may be less lo
information in the protein bands than in the mineral ban
We stress the problem is only one for our current instrum
configuration. Most or all of the lost spectral detail could
recovered by using a pulse width of 3 ps~5 cm21 resolution!
and this would result in negligible deterioration of the Ke
gate 4-ps response time.

Further signs of spatial averaging are shown in Fig.
which shows Raman spectra obtained from the same sp
men but at positions 1 cm apart along the long axis of
specimen. As in Fig. 3, the spectra are similar, suggesting
the average tissue composition is uniform on this spatial sc
However, the literature of both infrared and Raman micr
copy of bone tissue contains many examples of local spa
variation within a 200-mm distance. Composition variatio
information is not available in these measurements beca
the 200-mm focus diameter of the laser beam averages de
that can be seen in maps or images with 1- to 10-mm lateral
resolution, while the limited signal/noise ratio further o
scures small local variations.

We next examined the effect of delaying the opening of
Kerr gate relative to the excitation pulse to monitor the te
poral nature of the Raman signals and determine the dept
light penetration through a specimen of bone tissue. Figur
shows how the spectra varied with time under these con
tions for a 0.22-mm-thick bone specimen placed in the opt
path at 45 deg giving an effective depth ofA230.2250.31
mm. The spectrum of a piece of polystyrene placed behind
bone tissue serves as a marker of the arrival of Raman p
tons generated from depths greater than the tissue thickn

Fig. 5 Kerr-gated Raman spectra of another specimen of equine cor-
tical bone tissue, showing point-point variations. The distances are
along the long axis of the specimen. The measurement conditions are
as in Fig. 3.
-5 January/February 2005 d Vol. 10(1)



Morris et al.
Fig. 6 Time-delayed Raman spectra of a specimen of equine cortical bone tissue. (a) The delay times are listed above each spectrum. The inverse
square root of time decay of the intensity of the bone 960-cm−1 line (not shown) demonstrates that the signal arises primarily from diffusive photons.
The dashed registration lines are centered on the bone 960-cm−1 and 1668-cm−1 bands. The dotted registration lines are centered on polystyrene
1001-cm−1 and 1604-cm−1 bands. (b) Polystyrene reference spectrum obtained with 0-ps gate delay time.
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For comparison, a polystyrene spectrum obtained with zer
gate delay is also shown.

The major bands of the polystyrene spectrum are discern
able at a 15-ps delay. At a 20-ps delay both the bone tissu
and polystyrene spectra were undetectable. Further confirm
tion of Raman photon diffusion is found by fitting the time
dependence of the integrated area under the phosphaten1
band to at21/2 decay.11 Linear regression witht21/2 as the
independent variable yieldsr 250.998.

Although there are no published refractive index measure
ments for bone tissue, the high mineral content means that th
value should be similar to that of tooth enamel, i.e., about 1.6
in the visible spectral range. The transit time for a ballistic
photon to reach the polystyrene through a 0.31-mm-thick me
dium of refractive index 1.6 is about 1.55 ps and the return
time for a ballistic Raman photon is also about 1.55 ps. There
fore ballistic Raman scatter from polystyrene is expected a
about 3.1 ps. Some polystyrene signal is seen at a 5-ps ga
delay and this suggests that there is at least some ballist
component to the Raman spectrum. A purely diffusive poly-
styrene Raman component continues to appear in the time
delayed spectra until at least 15 ps.

The 0.31-mm path length used in these experiments ma
be close to the maximum obtainable with a 400-nm excitation
wavelength. We attempted to make similar measurement
with a 0.5-mm-thick specimen, also oriented at 45 deg to the
laser propagation direction. In this case we were unable t
observe any polystyrene signal.

Our experiments do allow us to estimate the amount o
light lost by time-gating. In replicate experiments the zero
delay time integrated intensity for the 960-cm21 band was
43% to 52% of the integrated intensities for this band summe
over the entire time-resolved sequence. Additional signal is
generated between the sampling invervals. Conservativel
therefore, we can assume that time-gating with zero dela
014014Journal of Biomedical Optics
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recovers no more than 40% of the available signal. The K
gate polarizers limit its transmission to 40%. The overall s
nal recovery at zero gate delay is about 40%340%516% of
what would be available in a dc experiment, assuming
fluorescence problems.

4 Conclusions
The present study demonstrates that time-gated de
resolved Raman measurements of tissue specimens are
sible. The measured spectra are similar to those obtained
more conventional spectrographic approaches, altho
broadened by the short pulse widths employed in this wo
As in the more familiar absorbance and fluorescence case
Raman spectroscopy a diffusive process may blur depth in
mation. In principle it should be able to recover subsurfa
Raman spectroscopic detail of highly scattering tissues us
the techniques developed for photon migration in absorba
and fluorescence measurements.

Of particular note is that even with deep-blue laser exc
tion and our unoptimized instrumentation, depth penetrat
through bone tissue of about 0.3 mm is shown to be feasi
There are no instrumentation limitations that require the
of 400-nm excitation. An upgraded version of our instrume
will be configured to use 800-nm Raman excitation. At th
wavelength the depth of penetration would increase to 1
or more. This approach is presently being tested and will
the main focus of future studies. Experiments with this inst
ment will be reported at a later date.

Ultimately, these preliminary results demonstrate that R
man photon migration is feasible in tissue, with a depth
penetration commensurate with other spectroscopies at sim
wavelengths. Photon migration may also provide a simple
effective means to improve discrimination between Ram
scatter from bone matrix and from the spectroscopically si
-6 January/February 2005 d Vol. 10(1)
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Kerr-gated time-resolved Raman spectroscopy . . .
lar collagen of skin tissue. There is every reason to believe
that noninvasive transcutaneous measurements of bone tiss
to depths of at least 1 to 2 mm are possible with the presen
instrumentation used here.

Some consideration needs to be made when using nea
infrared excitation because, in the absence of fluorescenc
longer gating times may be more appropriate. For example
streak camera may be a viable instrument for diffuse Rama
measurements for the collection of deep zone Raman photon
that are delayed over 100 ps or even several hundred picose
onds. A wider gate width of tens or hundreds of picosecond
may also be beneficial. Conventional gated intensified cam
eras or even Pockels cells functioning as gates may also b
adequate. Any of these slower time-resolved systems woul
be less expensive to implement than our current apparatu
optimized for ultrafastTR3 studies. In such situations, how-
ever, fluorescence rejection capability might be compromise
and so further work is necessary to establish the optimum
conditions.

The potential forin vivo monitoring of bone disease using
the molecular specific capabilities of Raman spectroscopy ar
very exciting. While the potential utility for human subjects is
clear, in vivo capability would also be advantageous in small
animal studies. In those applications it could reduce or elimi-
nate the need for sacrificing a large number of animals to
study tissue properties over all or part of the life cycle. It may
also be possible to distinguish between cortical and trabecula
bones in small animals, further increasing the range of nonin
vasivein vivo studies.
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