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Abstract—Sized-fiber spectroscopy describes a device and
method for measuring absorption and reduced scattering prop-
erties of tissue using optical fibers with different diameters. The
device used in this paper consists of two fibers with diameters of
200 and 600 pm. Each fiber emits and collects its own backscat-
tered light. Backscattered light measurements for solutions with
absorption coefficients of 0.1-2.0 cm~! and reduced scattering
coefficients of 5-50 cm~' demonstrate that the device is most
sensitive for the highest scattering materials. Monte Carlo simu-
lations suggest the device is insensitive to the fiber illumination
characteristics and that the light returning to the fiber is nearly
uniform over all directions. Finally, experiments and Monte Carlo
simulations of the sized-fiber device indicate that 50% of the
signal arises from roughly 1.2 and 1.9 reduced mean-free paths
for the 200- and 600-..m fibers, respectively.

Index Terms—Absorption, penetration depth, reflectance, scat-
tering, tissue.

1. INTRODUCTION

ETERMINING the optical scattering and absorption prop-

erties of tissue for diagnostic and therapeutic applications
is of interest in medicine. For example, the dosimetry of pho-
todynamic therapy is greatly dependent upon the scattering and
absorption properties [1], [2] for both light delivery and mea-
surement of drug concentrations. Optical properties have been
used to estimate exogenous [3], [4] and endogenous [5] chro-
mophore concentrations. Moreover, light scattering and absorp-
tion can provide information about both chromophore content
and structure, which might be used to distinguish normal and
malignant tissues as well as chemical state information [6], [7]
(e.g., oxy- versus deoxy-hemoglobin). In this regard, an optical
biopsy can be performed using optical information of hemo-
globin and water content differences in normal and malignant
tissue [8], [9].

Several techniques and algorithms have been developed to
measure the optical properties. Spatially [10]-[12] and tem-
porally [13]-[15] resolved measurements have been proposed
to extract the optical properties using light distributions based
on diffusion theory [16], [17] and/or Monte Carlo simulations
[18]. A wide variety of algorithms have been explored to
extract optical properties including neural network [19] and
multiple polynomial regression methods [20]. However, most
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reflectance techniques rely on light distribution information
over a large area (> 1 cm?) or have separate illumination and
collection fibers with a separation distance on the order of 1 cm.

Much work has been compiled on devices with separate
source and detector fibers. Two studies show that the mean
photon penetration depth increases as the square root of the
separation between source and detector fibers either spatially
[21] or temporally [22]. Source—detector fiber devices sample
relatively large volumes, because of the separation between the
fibers. Though effort has been made to minimize the sampling
volume using small source—detector separations [23], little
work has been done on photon penetration depths when the
source fiber is also used to collect backscattered photons [24].
Since large sampling volumes are less likely to be homogenous,
we developed a device that acquires information from small
volumes of tissue (< 1 mm3) by using the same fiber for both
source and detector to minimize the sampling volume.

We propose a compact dual-fiber device to make simple and
rapid measurements of the absorption and reduced scattering
properties of tissue. Each fiber illuminates and collects light in-
dependently of the other fiber. The device is based on the fact
that, in general, tissues with different scattering and absorption
properties will scatter different numbers of photons back into a
fiber. If only a single fiber is used, two samples with different op-
tical properties could backscatter the same number of photons.
This paper proposes a device containing a second, different size
fiber to make a second measurement. This second fiber collects
information from a different effective volume of the sample than
the first fiber. :

In this study, we present experiments on an Intralipid tissue
model and Monte Carlo simulations to elucidate the details
of light emission and collection with a single fiber. As a first
step, we conduct single wavelength experiments at 632.8 nm
with a device using 200- and 600-um fibers to assess the

‘feasibility of extracting optical properties for these fiber sizes.

We have adapted the sized-fiber system for use with white light
(500-800 nm) to measure the wavelength dependent absorption
and reduced scattering coefficients (herein referred to as p,
and p. = (1 — g)us, respectively). Experimental results
are presented for an array of Intralipid solutions of known
absorption 0.1-2.0 cm~*, and reduced scattering 5.2-52 cm™1.
Monte Carlo simulations of a 200- and 600-ym fiber device are
presented for comparison. Also presented are experiments and
Monte Carlo simulations of the penetration depth of photons
collected by two fiber sizes, 200 and 600 pm in diameter.
Finally, Monte Carlo simulations are used to determine the
effect numerical aperture of a fiber and the influence of mode
filling of the fiber on reflectance measurements.
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Fig. 1. The sized-fiber device. A pair of bifurcated fibers emit and collect
light simultaneously by chopping at two distinct frequencies exceeding 690 Hz.
The fibers are submerged at least 1 cm into the Intralipid to eliminate boundary
effects.
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X

Fig. 2. The 200- and 600-xm fibers are joined with a medical grade epoxy so
that they may be simultaneously inserted through a needle for measurement of
tissues. The two fibers can easily fit through a 16-gauge needle. When measuring
tissues, water is placed at the tip of the fiber to reduce the index mismatch
between the fiber cores and the tissue.

1I. MATERIALS AND METHODS
A. Sized-Fiber Device

The sized-fiber device (Fig. 1) uses a pair of bifurcated fibers
to separate the illumination light from the backscattered light.
The first of these is made by end-coupling two 300-pm-di-
ameter fibers onto the face of a 600-um-diameter fiber with
SMA connectors. The second bifurcated fiber consists of
two 100-pum-diameter fibers end-coupled to a 200-pum fiber
also using SMA connectors. One of each of the 100- and
300-um fibers have He-Ne laser light (632.8 nm) focused
onto their face. The remaining 100- and 300-um fibers are
coupled to UDT silicon photodiodes. The ends of the 200-
and 600-um fibers are epoxied! together by UV curing and
then polished (Fig. 2). All fibers are fused silica glass/glass?

The manufacturer cites a numerical aperture of 0.22, which
corresponds to a maximum exit angle of 12.7° in air. We
measured 13 £ 1° for both emission and transmission with the
200- and 600-pm fibers for the maximum acceptance angle.
The maximum half-angle for acceptance () depends on the
numerical aperture of the fiber NA = nsin§, where n is the
index of refraction of the surrounding medium. This corre-
sponds to an angle of 9.5° for our fibers in water. The distal
ends of the 200- and 600-pm fibers are sleeved through one
meter of polycarbonate tubing (6.2-mm O.D., 4.7-mm 1LD.) to
inhibit tight bending of the fibers. The 100- and 300-xm fibers
outside the polycarbonate tubing are kept fixed throughout the
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experiments so that losses through the fiber cladding remain
relatively constant from measurement to measurement in those
sections of fiber. Two choppers® operating at 690- and 700-Hz
eliminate cross-talk between fibers. The reflectance signal
from each fiber is detected by a lock-in amplifier.* The fibers
are rinsed in a water bath and then washed with ethyl alcohol
between measurements. Washing the fibers is critical for
reproducibility with the Intralipid tissue model which can leave
an oily residue on the fibér that affects later measurements.

The sized-fiber device also works with white light reflectom-
etry [25]. A tungsten-halogen white lamp3 couples to the source
fibers via the SMA connectors. The collection fibers are cou-
pled into a spectrometer.® The spectrum is processed in near
real-time using LabView.” A baffle must be inserted so that only
one fiber emits and collects at a time, since cross-talk will not
be rejected with this method.

All data points are normalized by using Fresnel reflection
from the fiber face in air and water. The voltage returned from
the photodiode is converted by

I/sa.m e_Vwa er
Reﬂectance:( . B v t) ) *(3.46% — 0.19%) + 0.19%
air — Ywater

where 3.46% is the Fresnel reflectance for the fiber core/air
junction and 0.19% is the Fresnel reflectance for the fiber
core/water junction at normal incidence. Measurements of
the air and water Fresnel reflectance are taken periodically
throughout the experiments to correct for any variations in laser
power.

B. Tissue Model

For tissue phantoms with known absorption and reduced scat-
tering properties, an array of Intralipid® and India ink mixtures
with optical properties in the range of tissues were constructed.
Five dilutions of the Intralipid are made from a single bottle
of Intralipid making concentrations of 1%, 2%, 4%, 9%, and
10% (10% lipid indicates 10 g of lipid per 100 ml of suspen-
sion) to be used as stock solutions. Also, five stock solutions
of India ink® and deionized/distilled water are made with ab-
sorption of 0.2, 0.4, 1.0, 2.0, and 4.0 cm™! at 632 nm as mea-
sured using a spectrophotometer (HP 8452A). The absorption of
light at 632 nm by Intralipid [26] is less than 0.01 cm™! at the
highest concentration, and thus is negligible in comparison to
absorption by the India ink. The phantoms are made by mixing
one part of each Intralipid concentration to one part of each ink
solution for a total of 25 samples. The resultant solutions have
all possible combinations of Intralipid concentrations of 0.5%,
1%, 2%, 4.5%, and 5% corresponding to reduced scattering co-
efficients of 5.2, 10.4, 20.8, 46.8, and 52.0 cm~! and absorp-
tion coefficients of 0.1, 0.2, 0.5, 1.0, and 2.0 cm™! at 632 nm.
The optical properties are determined by R(r) measurements
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[16] and cross-checked using total diffuse reflectance measure-
ments using an integrating sphere [27] in conjunction with in-
verse adding-doubling [28]. We measured a reduced scattering
coefficients of 104 cm~!, which is between those of and Flock
et al. [26] and van Staveren et al. [29] who measured of 65 and
130 cm™!, respectively, for 10% Intralipid.

C. Chicken Breast Experiment

Chicken breast was measured using the sized-fiber device in-
side a 16-gauge needle. The needle was filled with water before
inserting the optical fibers to aid the coupling of light between
the fibers and the tissue. The needle was inserted into the muscle

_along the muscle grain in three locations. The needle was with-
drawn and inserted so that the needle tip was in the same three
locations but oriented perpendicular to the muscle grain for the
second set of measurements. All the measurements were per-
formed within 5 min to minimize changes in the optical proper-
ties due to dehydration of the tissue. Additionally, paper towels
saturated with phosphate-buffered saline covered the chicken
between measurements.

D. Planar Absorber Effect on Signal Experiment

To measure the effect of an absorbing boundary on the signal
detection, the Thorlabs lock-in amplifiers were replaced by
SR830 lock-in amplifiers!® for their phase-adjustment capa-
bility and improved signal-to-noise ratio. Optically thick India
ink mixed in acrylamide was used for an absorbing plane. The
1-cm-thick acrylamide was set in the bottom of a 50-ml beaker.
The Intralipid phantom described above with an absorption
coefficient of 0.5 cm™! and reduced scattering coefficient of
20.8 cm ™! covered the black acrylamide layer. The fibers were
brought into contact with the gelatin before the Intralipid was
added to obtain a zero position. The fibers were backed away
from the surface for a distance of 1 cm. Measurements were
then recorded for the 200- and 600-um fiber simultaneously
in 0.1-mm increments until the fibers were submerged into the
gelatin. At this point, the signal was constant and equal to the
Fresnel reflection of the fiber in water. Measurements of the
reflectance in air and water were also recorded for calibration.

E. Monte Carlo Simulations

A Monte Carlo program was adapted to simulate the light col-
lected by a fiber irradiating an infinite homogeneous scattering
and absorbing medium. The fiber face was the only boundary in-
cluded in the simulations, thus neglecting the sides of the fiber
(e.g., the fiber jacket, etc.). Experimental results confirm the
validity of the computer simulations (Fig. 3). Also, the photon
penetration depth was tracked to give insight as to the volume
being sampled for each size fiber. Additional simulations were
performed to examine the effect of photon launching angle and
the effect of varying the numerical aperture.

The geometry of the Monte Carlo simulation is set up as fol-
lows. Let the z axis be parallel with that of the fiber so that the
face of the fiber is in the z = 0 plane. Photons are launched
with equal probability over the entire face of the fiber. The direc-
tion by which photons are launched is specified by the direction

10Stanford Research Systems, Sunnyvale, CA.
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Fig.3. Optical properties can be determined from a mapping of the reflectance
for each fiber. Open circles: experimental measurements of each sample. Solid
squares: Monte Carlo simulation results. For samples with pu = 52and 10.4
cm~!, Monte Carlo results are only shown for , = 0.1 and 2.0 cm~? for
clarity.

cosines (v, vy, ;). The angle v, = cos ¥, is given a Gaussian
distribution that depends on the acceptance angle of the fiber
while the other direction cosines are uniformly distributed. The
angular distribution chosen approximates the emission from the
fibers, but due to under-filled modes, the experimentally mea-
sured distribution is not a true Gaussian but only deviates by
12%. The distribution of angles that the photon might take is
given by the function

1 62
p(0,)dl, = \/——5_; exp (—@) do,
where 6§, is the acceptance angle for the fiber. Moreover, the
angles were limited such that §, < 6,,.

The primary statistic collected by the Monte Carlo program
was the fraction of light backscattered into the fiber. Photons
which were collected must pass back through the fiber face.
Only photons that had an angle less than or equal to the max-
imum acceptance angle for the fiber were counted into the dif-
fuse reflectance. The maximum acceptance angle for the fiber
was input into the program for the fiber in air, then converted
using Snell’s law for the index of refraction for the incident
medium. Photons incident on the fiber face but outside the cone
of acceptance were attributed to light lost through the cladding.
The acceptance angle was corrected for the index of refraction
change of the medium. The index of refraction for the core of the
fiber was assumed to be 1.457 as given by the manufacturer’s
specifications; 1.333 was used for the index of the medium. A
returning photon’s weight was attenuated due to an index mis-
match for both launching and collection using the Fresnel re-
flection for normal incidence introducing an error ~0.02%. The
anisotropy was chosen to be 0.83 in accordance to Flock et al.
[26]. In a single simulation, a minimum of 20 000 photons were
launched ten times for each simulation to accumulate statistical
error of the mean. Specular reflectance due to the index mis-
match at the fiber face while launching was added to the diffuse
reflectance to get the total reflectance.
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Fig.4. Measurements of the 20 Intralipid mixtures and repeated measurements
of chicken muscle with two distinct fiber orientations relative to the muscle
grain. Each cluster is a constant Intralipid concentration with five different
absorption coefficients which decrease from left to right.

In the depth-profiling absorbing plane simulations, 400 000
photons were launched. A perfect absorbing planar boundary
was added parallel to the z—y plane. The collected diffuse re-
flectance was related to the fiber—plane separation distance, sim-
ulating the experiment in Section II-D. Additional simulations
were performed with the absorption held fixed at 0.5 cm™!
while the scattering was varied (1, = 8.5-34 cm') and the re-
duced scattering fixed at 21 cm ™!, while absorption was varied
(Ba = 0.05-2.0 cml). In the Monte Carlo code, the photon
weight became zero when it crossed into the absorbing plane.
The location of the boundary, determined by a z position was
varied for each set of optical properties.

Finally, the maximum angles for launching and collection
were varied independently. The maximum angle (measured
from the normal of the fiber face) for the launching photons
was varied independent of the collection angle, to simulate
under-filling of fiber modes. The maximum launch angle was
stepped in 2° increments while the collection angle was held
fixed at 12° for the fiber in air. Next, the maximum launch
angle was held fixed while the maximum acceptance angle
of the fiber was varied to evaluate the sensitivity with respect
to numerical aperture. The acceptance angles chosen were
concentrated around 13° for the fiber in air (for a NA ~ 0.2)
and then extended to include very small and large NA fibers
(0.02-0.65). For all simulations the optical properties were held
constant with ps = 61.18 cm®, 1 = 0.5 cm®, and g = 0.83.

III. RESULTS
A. Tissue Model

Fig. 3 shows measurements of the Intralipid array, as well as
the results of the Monte Carlo simulations. The experimental
variation in measurement was smaller than that returned by the
simulations. Typical experimental variation are shown in Fig. 5.

Fig. 4 also shows 20 measurements of the samples (the 4.5%
Intralipid are omitted for clarity) along with in vitro chicken
breast. All concentrations of ink are shown at each Intralipid
concentration. Each cluster represents solutions with the same
scattering coefficient. Within each cluster, the higher absorbing
solution has a lower reflection with respect to the 600-xm fiber
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Fig. 5. Independence of sized-fiber measurements for two scattering

samples with three different absorption coefficients. Filled circles: p!, = 47.
Unfilled circles: 52 cm~!. Each joined cluster of three points represents three
measurements on a single sample.
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Fig. 6. Signal attenuation for 200- and 600-pm fibers is shown as the fibers
approach an absorbing plane of India ink in acrylamide gelatin. The signal is
normalized to the diffuse reflectance measured in the intralipid solution far
from boundaries (¢, = 104cm™!, g, = 0.5 cm~!, g = 0.83). The curves
represent Monte Carlo simulations of the experiment with standard errors of the
mean and the points are the experimental data.

reflectance. Marijnissen et al. [30] reported a scattering coeffi-
cient for chicken muscle (1), = 3.3 cm! and e = 0.17 cml),
which agrees with the data presented here, but the absorption co-
efficient of chicken is unresolvable with the sized-fiber device
for such a low scattering coefficient. Fig. 5 shows a compar-
ison of the 5% Intralipid samples with absorption coefficients
of 0.1, 0.5, and 2.0 cm™! with 4.5% Intralipid solutions with
the same absorption coefficients. A slight decrease of scattering
(Apl, = 5.2cm®) in one sample relative to another is distin-
guishable by a drop in the 200 pm fiber reflectance. A drop in
the reflectance also occurs as the absorption increases but the ef-
fect is more pronounced with the 600-p:m fiber reflectance mea-
surement.

B. Monte Carlo Simulations

The effect of attenuation near an absorbing plane is shown
experimentally in Fig. 6. Monte Carlo simulations are also
shown, which are confirmed by the experimental results. All
reflectances are normalized by dividing the perturbed signal
by the reflectance that would be measured in the same turbid
medium when the fibers are far from any boundaries. Fig. 7
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from a Gaussian distribution does not influence the diffuse reflectance collected.
This suggests that complete mode filling of the fibers is unnecessary to obtain
a consistent result, and by extension, modal variation of the emission does not
have any effect upon the measurement. The optical properties used are p, =
104cm™ !, p, = 0.5cm™*, and g = 0.83.

shows Monte Carlo results of the 200- and 600-pm fibers, indi-
cating the distance at which the diffuse reflection drops in half
due to a perfectly absorbing plane with respect to independent
variation of the absorption and ccattering properties.

Monte Carlo simulations also show that the photon launch
angle has no effect upon the reflectance collected by the fiber
as shown in Fig. 8. Thus, the photon launching distribution is
inconsequential to the amount of backscattered light collected
by the fiber.
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Fig. 9. Fraction of diffuse light collected by each fiber is dependent on the
acceptance angle of the fiber 6 in air, increasing with a 1 — cos 8 dependence,
which follows from a geometrical result if light returns to the fibers uniformly
from all directions. A is a scaling parameter to fit the relation. The photon launch
angle distribution is held constant and only the acceptance angle of the fiber is
varied. The optical properties used are o’ = 10.4cm™*, g, = 0.5cm™", and
g = 0.83. - i

On the other hand, the numerical aperture of the fiber affects
the amount of light collected from the tissue. Fig. 9 shows Monte
Carlo simulations which demonstrate how the collected diffuse
reflectance varies with the maximum acceptance angle dictated
by the fiber numerical aperture. The change in maximum half-
angle of acceptance has a 1 — cos @ relation to the amount of
light collected where 6 is the half-angle of the maximum cone
of light propagated by the fiber.

IV. DISCUSSION

Monte Carlo simulations give information about the photons
backscattered into the illumination fiber; in particular, the frac-
tion of light collected by the fiber increases with the maximum
angle of acceptance for the fiber following 1 — cos . The 1 —
cos 8 dependence is the expected geometric result if the light re-
turning to the fiber is uniform in all directions at the fiber face.
The fraction of light collected for this case is the ratio of the
area of a spherical cap bounded by the numerical aperture cone,
divided by the area of a hemisphere 277%(1 — cos6)/27r? =
(1—cos #). Furthermore, the angular distribution for which pho-
tons are emitted from the fiber is independent of the fraction of
light collected by the fibers as shown in Fig. 8. This is a sig-
nificant detail which indicates that complete mode filling of a
fiber is unnecessary to obtain consistent results, and implies that
modal variation in emission does not have any effect upon the
measurement. Finally, the angular dependence of both the emis-
sion and the collection of photons indicate that light returning
to the fiber is uniformly distributed over all directions.

Smaller fibers collect less light and are less sensitive to op-
tical property changes. The relationship between fiber size and
sensitivity can be explained by crudely approximating the light
returning to the fiber by an isotropic point source, positioned
one reduced mean-free path from the fiber face. If paper =
(1o + 1) Reiber is the radius of the fiber in reduced mean-free
paths, then the half-angle of the cone formed by the point source
and the face of the fiber is . = tan™! pgpe;. The fraction of
light returning to the fiber can be estimated by the solid angle




subtended the face of the fiber relative to the point source di-
vided by 47 steradians (all directions). This fraction reduces to
the form

2rmfp?(1 — cosf.) 1 1 1 __ Pfiber

priber +1 4

4rmfp’ S 2

where mfp’ = (1/p, + p1,) is the reduced mean-free path. For
this crude approximation, when pape, /4 drops below 1/12, our
system cannot resolve absorption changes less than 2 cm™!.
A diffuse point source [16] cannot be used to estimate the
amount of the returning light to the fiber because the diffusion
approximation is invalid at this distance. In general, as the re-
duced mean-free path increases, the signal collected decreases
such that, for reduced mean-free paths greater than 500 pm,
the 200—um fiber can no longer resolve changes in absorption
smaller than a factor of two (e.g., absorption coefficients of 0.5
and 2.0 cm™! are clearly distinct from 1.0 cm~1!). The 600-xm
fiber can resolve changes in absorption by a factor of two for
reduced mean-free paths up to 1900 pm.

We found that the 200- and 600-pm fiber system gives op-
timal resolution when the reduced scattering coefficient is in the
range 20-52 cm ™1, corresponding to a reduced mean-free path
range of 190-500 pm. In this range, absorption coefficients of
0.1, 0.2, 0.5, 1.0, and 2.0 cm~! are distinct and changes of 5
cm~! in the reduced scattering coefficient are resolved by this
system. Tissues within this range at visible wavelengths include
but are not limited to aorta, brain, liver, lung, and skin [31].
Differentiation and characterization of tissue is ideally suited
for UV/visible wavelengths rather than NIR/IR due to shorter
scattering pathlengths in the UV/visible range. When the re-
duced mean-free path for scattering is 500~1900 pm, only ab-
sorption coefficients of 0.1, 0.5, and 2.0 cm™! are distinct. For
reduced-scattering mean-free paths above 1900 zsm, the absorp-
tion coefficient resolution becomes larger than 2 cm™!.

Additionally, we determined that larger fibers collect light
from deeper in tissue than smaller fibers. Fig. 6 shows that more
than half the signal is from photons traveling 1.2 mean-free
paths into the medium for a 200-um fiber and 1.9 mean-free
paths for a 600—um fiber. The depth for which half of returning
photons travel is fairly insensitive to changes in the absorption
and the scattering coefficient as shown in Fig. 7. Pogue and
Burke [32] suggest that light being collected by a 200-um fiber
has an average of 1.2 scattering events, while the 600-ym fiber
has 1.5 scattering events for ys, = 10 em™tand p, = 0.1 em™?,
which agrees well with our results, though our results are for an
absorption coefficient of 0.5 cm™!. Fig. 7 shows that the mean
depth of photon travel does not change significantly for absorp-
tion in the range of 0.05-2.0 cm~!. Also, nearly 90% of all the
collected photons travel less than 800 pm (approximately one
reduced mean-free path) into the medium for both fiber sizes.
Effectively, both fibers are sampling the same depth of tissue;
however, a greater fraction of photons undergo a single scat-
tering event before returning to the 200-pm fiber than for the
600-pm fiber. In other words, larger fiber diameters collect a
greater proportion of multiply scattered photons than smaller
fibers.

This study demonstrates feasibility of a sized-fiber device
using 200- and 600-um fibers. We have shown that measure-
ments taken with this device on a Intralipid tissue model agree
with our Monte Carlo simulations over a range of absorption
0.1-2.0 cm™!, and reduced scattering 5.2-52 cm~!. However,
further studies are needed. An inversion technique relating op-
tical properties to fiber reflectance has yet to be implemented.
An empirical relation between reflectance and optical properties
would be preferable, yet the 200-xm fiber signal is nearly inde-
pendent of the absorption properties in the range of this study
and may be directly related to the reduced scattering coefficient.
The 600-pm signal could then be corrected for scattering to ex-
tract the absorption coefficient. With an inversion technique, an
in vivo study measuring optical properties with the sized-fiber
device can be performed. Furthermore, studies on anisotropy
need to be addressed to determine if the system can resolve tis-
sues with the same reduced scattering coefficient but differ in
anisotropy and scattering coefficients.

Sized-fiber measurements have several advantages. The
device is compact and measurements can be taken through a
needle or endoscope. Real-time monitoring can be performed
with the device using a broad spectral source which is best
suited in the UV/visible. System calibration only requires mea-
surement of the Fresnel reflectance of air and water. Finally,
the device acquires localized information from a volume less
than a cubic millimeter extending no more than a millimeter
from the fiber face when absorption is resolved.
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