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Abstract. Spectral reflectance measurements of biological
tissues have been studied for early diagnoses of several
pathologies such as cancer. These measurements are often
performed with a fiber optic probe in contact with the
tissue surface. We report a study in which reflectance
measurements are obtained in vivo from mouse thigh
muscle while varying the contact pressure of the fiber op-
tic probe. It is determined that the probe pressure is a
variable that affects the local optical properties of the tis-
sue. The reflectance spectra are analyzed with an analyti-
cal model that extracts the tissue optical properties and
facilitates the understanding of underlying physiological

changes induced by the probe pressure. © 2008 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2870115]
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Noninvasive optical reflectance measurements have been
used to extract diagnostic information from a variety of tissue
types, in vivo, such as colon,l skin,2 brain,3 cervix,4
esophagus,5 prostate,6 and bronchial mucosa.” The typical ex-
perimental setup of these systems often consists of a fiber
probe with a diameter of a few millimeters or less, with one or
more fibers that transmit light to and from the tissue. An ear-
lier ex vivo study reported that the amount of pressure applied
on a sample of tissue affects its absorption and reduced scat-
tering coefficients.® It has also been reported that probe pres-
sures with forces of less than 1 N do not affect the fluores-
cence intensity or lineshape of measurements obtained in vivo
on cervical tissues.’

This paper reports on a study of the influence of probe
pressure on spectral reflectance measurements of biological
tissue in vivo. We used the thigh muscle of a mouse as a tissue
model because the volume of the tissue is large enough to be
considered semiinfinite for the optical geometry of our probe
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Fig. 1 Schematic diagram of the experimental setup.

(source-detector separation of approximately 250 um), and
because the muscle is relatively homogeneous.

The experimental setup consists of a pulsed xenon arc
lamp (Perkin Elmer, LS1130-3) as a light source; a spectrom-
eter with a linear CCD array detector (Ocean Optics, S2000);
a control computer; and a fiber optic probe, which transmits
light to and from the tissue. The fiber probe contains two
optical fibers with core diameters of 200 um, a numerical
aperture of 0.22, and a center-to-center separation of approxi-
mately 250 um. The optical fibers are encapsulated within a
2.7-mm-diam metal tube. The probe has a handle where dif-
ferent weights can be attached, as shown in Fig. 1. The
weights, added to the weight of the probe itself, resulted in
applied forces of 0.24, 0.53, 0.78, 0.98, and 1.17 N over a
probe area of 5.72 mm?, which correspond to pressures of
0.04, 0.09, 0.13, 0.17, and 0.2 N/mm?.

Ten mice were anesthetized with pentobarbital, and the
skin over both the left and right thigh muscles was removed,
such that the muscles were exposed. The probe was placed
perpendicular to the tissue surface, on the muscle, for the
optical measurements. A measurement consisted of an average
of five spectra, each spanning the wavelength range of 340 to
700 nm. Optical contact between the fiber probe and the tis-
sue was assisted by applying water to the surface of the
muscle.

The experiment was performed on the thigh muscle of
each leg. We were not able to collect data from one muscle;
therefore, experimental data from 19 thigh muscles (9 left and
10 right) are presented. Each experiment was comprised of
five sets, and a set consisted of two measurements. The first
measurement was obtained when the fiber probe was placed
in gentle contact with the surface of the tissue such that there
was no significant pressure applied to the muscle. The probe
was held by a fixture, as presented in Fig. 1. The second
measurement was obtained by attaching one of the weights to
the probe, and loosening the probe fixture, enabling the probe
to slide vertically while maintaining a vertical orientation,
such that the pressure was applied normal to the tissue sur-
face. Each spectrum was acquired within 5 s of the applica-
tion of pressure. Subsequently, the probe was removed from
the muscle, and at least a 30-s time delay was allowed for the
tissue to return to its normal state prior to a subsequent mea-
surement. The set was then repeated at a different location on
the muscle, with a different pressure until all five weights
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were used. The order of the pressure applied was randomized
on each muscle; therefore, it is assumed that the influence of
the previously applied pressure on each measurement is neg-
ligible. In total, there were 19 measurements per specified
pressure, and 95 (19 muscles X 5 sets) measurements with no
pressure applied.

The repeatability of the amount of pressure applied to the
tissue was tested by placing the setup over a scale (in place of
the tissue) and measuring the weight. The pressure applied by
each weight was measured five times, and the variation was
determined to be less than 5%.

Each tissue measurement was analyzed10 by using Eq. (1).
Briefly, the relative reflectance spectrum R}}el()\) is obtained
from the ratio of the tissue spectrum I7(\) over the spectrum
obtained with a spectrally flat diffuse reflector (Labsphere,
Spectralon), denoted as Tz(\). The amplitude of Ix(\) is de-
pendent on the distance between the probe and the diffuse
reflector. This distance is difficult to control with submillime-
ter resolution; therefore, the spectrum is normalized at
610 nm so that its amplitude is independent of the distance
between the probe and the diffuse reflector. Finally, the spec-
trum is referenced by the spectrum obtained from a liquid
calibration phantom with known optical properties [/-(\g)] at
Np=610 nm. The calibration phantom was a suspension of
0.16 g of titanium dioxide powder (J.T. Baker) in 200 mL of
deionized water.

Rel _ M_IR()\O) — 4 _
RT ()\) - [R()\) Ic()\()) - aMS ()\) exp { Ccorr()\)lu“a()\)
b
X[cm(mmm.;(x)]“}‘ =

The absorption and reduced scattering coefficients of the
tissue are denoted by u,(N) and u!(N), respectively, and the
values of a, b, and ¢ were determined to be 0.11, 0.22, and
0.2, respectively, as described in Reif et al.'” Given that the
primary absorbers, oxy- and deoxyhemoglobin, are compart-
mentalized in blood vessels, a correction factor (Ce,,) for the
inhomogeneous distribution of the absorption was applied, as
derived by other groups.7’“’12 The correction factor, given by
Eq. (2), assumes that hemoglobin is concentrated in blood
vessels that are modeled as infinitely long cylinders.

1 —exp [— 2uq pi(N)r] } 2)

2lu’a,bl()\)r

The mean value of the blood vessel radius is given by r
and the absorption coefficient of whole blood is given”'""'* by
Mu,bl()\)~

The reduced scattering and absorption coefficients were
modeled by

Ccorr()\) = {

w/(\) =d(\7), 3)

#a(N) = filf28mo(N) + (1 = f2)emy (M), (4)

where &p,0 and ey, are the extinction coefficients of oxy- and
deoxyhemoglobin, respectively.

Five coefficients are obtained from the model: blood vol-
ume fraction (f;); hemoglobin oxygen saturation (f5); blood
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Fig. 2 (a) Example of the relative reflectance and the respective fits for
a measurement obtained with a pressure of 0 and 0.2 N/mm? and
mean and standard deviations of (b) blood volume fraction, (c) oxy-
gen saturation, (d) mean blood vessel radius, (e) Mie slope, and (f)
reduced scattering coefficient at 700 nm as a function of the probe
pressure. The solid line is the least-squared fit of Eq. (5) to the mean
values of each parameter.

vessel radius (r); and the reduced scattering coefficient u/,
which is described by the exponent of the power law or Mie-
theory slope (e). Since the value d has no physical meaning,
and its units depend directly on e such that the units of u! are
in inverse length (i.e., inverse centimeters), we describe the
value of w. at 700 nm [u;(700 nm)=d(7007¢)], as defined
by Eq. (3). The Mie slope is a constant, which can be related
to the mean size of the scattering particles, and can have' a
value between 0.37 (particles much larger than the wave-
length of the light) and 4 (particles much smaller than the
wavelength of the light; also known as Rayleigh scattering).
The blood volume fraction is calculated by assuming a blood
hemoglobin concentration of 150 g/L, which is typical for
whole blood.

The model described by Eq. (1) was fit to the relative
reflectance spectrum where d, e, fi, f,, and r are fitting pa-
rameters. A least-squares fit with a Levenberg-Marquardt al-
gorithm was implemented with Matlab, and the parameters
had the following constraints: d,r=0; 0.37=e=4; and
0=f,,f>=1. The starting point for all the parameters was the
lowest value of the constraint. Other starting points were
tested and the values for the parameters obtained converged;
therefore, we can assume that the solution is unique. Figure
2(a) shows an example of the relative reflectance and of the
model fit at two different probe pressures. Note that a degree
of desaturation is exhibited in the trace taken at 0.2 N/mm?,
compared with the trace at zero pressure.
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The mean and standard deviations of the five parameters
extracted from the model are presented in Figs. 2(b) through
2(f). By observation, the trend of the data seems to follow a
linear or exponential relationship with pressure; therefore, the
mean value of each parameter was modeled as a function of
the probe pressure with an exponential expression given

y=ay+a, exp (a,P), (5)

where ay, ay, and a, are fitting coefficients, and P is the probe
pressure. The results from the exponential fits are plotted as
the solid lines in Figs. 2(b) through 2(f).

The blood vessel radius, oxygen saturation, and Mie-
theory slope decrease with pressure, while the reduced scat-
tering coefficient at 700 nm increases as a function of pres-
sure. We hypothesize that the pressure applied by the probe
compresses the blood vessels, consequently reducing the
blood flow. This would explain the decrease in the blood ves-
sel radius and the desaturation of the blood due to the tissue
oxygen consumption and disruption of the flow of oxygenated
blood arriving to the tissue. The probe pressure might also
increase the density of scatterers per unit volume, which
would be consistent with the increase in the reduced scatter-
ing coefficient. The decrease in Mie slope is an indication that
the scattering is mostly due to larger particles, which could be
a consequence of increasing the density of large organelles
per unit volume. The mean blood volume fraction varies less
than 20% for the range of pressures applied and does not
seem to follow a trend; therefore, it can be assumed that the
blood volume fraction is not dependent on the probe pressure.
Note that the dominant contributors to the optical absorption
in muscle come from hemoglobin and myoglobin. The ab-
sorption spectrum of myoglobin is very similar to that of he-
moglobin and its concentration in muscles is typically lower
than that of hemoglobin,'*" therefore its contribution to the
optical absorption was neglected in this paper. Although the
blood volume is reduced when the blood vessels are com-
pressed, the concentration of myoglobin might increase, coun-
teracting the decrease in hemoglobin absorption. If so, the
model would fit the absorption spectra of hemoglobin to myo-
globin, which would explain the lack of change in the blood
volume fraction. We are currently working on understanding
this effect.

In conclusion, the amount of probe pressure applied on the
thigh muscle affects the reflectance spectrum in a predictable
manner. Therefore, we hypothesize that by limiting or control-
ling the probe pressure it would be possible to reduce the
spectral variability in reflectance measurements and increase
the sensitivity and specificity of several studies for early can-
cer diagnosis. An analytical model was fit to the reflectance
spectra to extract five parameters, which provide a basic
physiological description for the change in the relative reflec-
tance spectra. All these parameters, with the exception of the
blood volume fraction, vary as a function of the probe pres-
sure.

We expect to further expand this work to study the changes
in reflectance spectra as a function of pressure in more rel-
evant tissues for optical diagnosis, such as colon polyps, and
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also to study the temporal changes in the reflectance spectra
under constant pressures.
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