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Dimensionless parameters T, R, D, and A represent correction factors that account for transmission of
acoustic wave through interfaces, stress relaxation during laser energy deposition, diffraction, and acoustic
auenuation respectively, and S0 is the sensitivity of acoustic transducer.

If a wide diameter laser beam with a top-hat radial energy distribution is used to induce a planar
acoustic wave in the inadiated medium, only the longitudinal (z-axial) distribution of thermoelastic stress
may be considered. The temporal profile of the acoustic signal corresponds to the initial z-axial
distribution of the absorbed laser energy and can be monitored by an acoustic transducer with sufficient
temporal resolution. The rise-time of both the transducer and the digital oscilloscope must be shorter than
the duration of the stress transients, 1 Iö cs.

The amplitude of the time-resolved acoustic signal is proportional to the medium absorption
coefficient, La. Profile of laser irradiance H(z) can not be exactly described by analytical expression due
to the influence of diffused back scattering on the profile of light distribution in turbid medium. However,

H(z) can be presented as a simple exponent exp (-zJ) at the depth in medium equal to about two mean-
free-paths of light. Detailed treatment of equation (1) is given in [2].

Therefore, both optical properties of turbid medium can be determined from laser-induced stress
profile. The purpose of this paper is twofold: to compare time-resolved profiles of laser-induced stress
with Monte Carlo simulation of light distribution in absorbing turbid medium with known optical
properties, and to employ diffusion theory for determination of medium optical properties.

2. MATERIALS and METHODS

A non-scauering, homogeneously absorbing aqueous solution of potassium chromate (K2CrO4) was
used to as an absorbing liquid. Absorption coefficient of aqueous potassium chromate was measured with
spectrophotometer and verified with time-resolved detection of laser-induced stress. Measurement of
absorption coefficient in colored water is a straight forward procedure which yields very accurate
information in case of planar acoustic wave generation by a wide beam of a short laser pulse. It was not
difficult to make all the correction parameters involved in equation (1) to equal 1 in our reference solution.
However, exponential slope of laser-induced stress profile in this simple case will not be altered even in
case when any or all correction parameters are <1 . Exponential fit of transient stress yields very accurate
number for absorption coefficient. To understand how accurate is this measurement, one can determine
absorption coefficient from large number of spectrophotometer measurements in one and the same solution
with different optical thickness. Set of spectrophotometer data in solutions with various thickness is
similar to the laser-induced stress profile measured with acoustic transducer with sufficient temporal
resolution. Absorption coefficient measined in reference aqueous solution was 5.78 cm1. A 2%
polystyrene sphere solution have a scattering coefficient, ji, of 1218 cm1 and an anisotropy, g, of 0.9 18
at 355 mu, yielding a reduced scattering coefficient, of 1 1 1.8 cnrl at 355 nm. Final experimental
solution with pre-measured optical properties was made by mixing equal volumes of potassium chromate
and polystyrene spheres aqueous solutions. For future references let us call this solution as PCPSA
solution. Optical properties of the fmal PCPSA solution were as follows: .ta 2.89 cm1, j.t' = 55.9
1 Theratio of was chosen in the range typical for biological tissues.

The samples were irradiated by a Nd:YAG laser operated in a Q-switched mode (YG 681,
Continuum, Santa Clara, CA). Experiments were conducted at the wavelength of 355nm to match the
absorption band of potassium chromate. The energy of each laser pulse was measured with a calibrated
joulemeter (ED-200, Gentec, Canada). A 5 mm IRIS aperture was used to select the most homogeneous
part of the laser beam for tissue irradiation and produce top-hat radial energy distribution. The temporal
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pulse-shape was nearly Gaussian with a full width of 1 1.8 ns at lie of its amplitude. A wide-band
acoustic transducer (WAT-13, Science Brothers Inc., Houston, Texas) with nanosecond resolution was
used to measure absolute amplitudes and profiles of transient stress waves in transmission mode [3].

3. EXPERIMENT

Fig. 1 displays laser-induced stress profile in PCPSA solution covered with a quartz slab. Quartz
produced rigid boundary that helped to clearly determine position of solution surface as a minimum in
temporal stress profile. We have set time zero at the moment when stress generated at the surface reached
acoustic transducer located at the bottom of cuvette with PCPSA solution. Therefore, the profile of stress
wave generated within aqueous solution was recorded at moments on the negative time-scale.

Solution with polystyrene spheres colored with K2CrO4

40

35

30

Time, jis
FIGURE 1. Typical stress profile measured in a layer of aqueous solution with 2 mm thickness. Quartz
slab with 5 mm thickness was used to produce rigid acoustic boundary.

Fig. 1 shows that the profile of absorbed laser energy in solution with dominant scattering has a
maximum in subsurface layer. This profile can not be described analytically. Complex shape of
subsurface energy distribution presents the major problem for direct measurements of optical properties in
turbid tissues with TRSD method. Absorption coefficient in a turbid medium can be measured from the
acoustic transient profile only if the subsurface irradiance is known. The are two ways to overcome the
problem of uncertainty of subsurface fluence value. One possibility is to employ iterative computer
simulations (based on Monte Carlo) to deduce optical properties directly from measured stress proffle.
The other possibility is to use the total diffuse reflectance measurement to complement the TRSD method
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for the determination of either the subsurface fluence in turbid media or the ratio of absorption and
scattering coefficients [6].

Nevertheless, diffusion theory can describe accurately profile of absorbed energy distribution in
homogeneous turbid medium at the depth starting with one-two transport mean free paths. Therefore, our
approach was to employ diffusion theory to deduce both optical properties of PCPSA solution from time-
resolved profile of laser-induced stress.

Comparison of Laser-induced Stress Profile with Monte Carlo

Depth, jtm
FIGURE 2. Laser-induced stress profile that resemble absorbed laser energy distribution in "reference"
aqueous solution of potassium chromate with polystyrene spheres. Monte Carlo simulation of absorbed
light distribution is also presented based on pre-measured optical properties of "reference" PCPSA
solution.

First of all, we compared the profile of laser-induced stress with Monte Carlo simulation. Axial
Monte Carlo simulation calculates distribution of photons along z-axis of laser beam propagation in
medium yielding numbers in [JIcm]. Absolute measurements of stress yield z-axial profiles in [J/cm].
Therefore, we scaled axial Monte Carlo profile to match amplitude of measured stress in subsurface layer.
Two superimposed profiles are shown in Fig. 2. Results of comparison were impressive yielding
deviations of one profile from the other within 5%margin.

4. MODEL

We have used a diffusion theory model to reconstruct the optical properties from the measured
absorbed energy profile. The geometry of the diffusion theory model for a pencil beam incident on a semi
infmite medium is depicted in Fig. 3. Using the extrapolated boundary condition [4,5], a pencil beam can
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be modeled by a buried point source at a depth = 3D, where D =1/3/(t+j1') is the diffusion
coefficient The source strength of this equivalent point source is the power of the incident beam P0 scaled
by the transport albedo a' = jt'IQi+j.t,'). To satisfy the extrapolated boundary condition a negative image
source is added at Ze 4AD3D.

The fluence H at a point on the z-axis due to a laser beam that enters the tissue at a radial distance p
from the z-axis can be expressed as:

a' (e_n11'( eT2l'
H(z,r)=P0 I

— I; (z�3D) (2)
4pD r1 r2 )

where

Ti = 4(z — 3D)2 +p2 r2 =4(z+ 3D +44J)2 ,2 iJD/p.a.

The constant A = (l+Reff)/(lR) accounts for the effective reflection R due to a mismatch of the
refractive indices of the tissue and the outer medium [4].

extrapolated
boundary

I tissue
I

laser

"F2 - 0
I

__ I

I4AD+3D - z
I 2AD 3D

FIGURE 3. Geometry of the diffusion theory model of for a pencil beam incident on a semi infinite
medium.

To model a broad beam illumination we integrate equation (2) over the beam area. The analysis is
simplified by assuming an infinitely broad beam (which was quite accurate approximation for our
experimental conditions).

H(z) = 2 irfH(z, p)p dp = H0a'2D(e3°"8 e34MS ) e8 (3)

This yields the absorbed energy Q(z) = Ja H(z) as a function of depth

Q(z) = H0 k(D,ö, A) e8 (4)
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with

k(D, A) =1!_ . (e' e3D+48), (5)2) '
where we have expressed j.t 1fld a' in tnns of the diffusion coefficient D and the penetration depth &

To reconstruct the optical properties from the acousto—optical measurement of Q(z) we use the
following approach: A scaled exponential function with offset is fitted to the normalized measurement data.

111:
= kfie"' +C (6)

The constant c accounts for experimental offset errors and is not used further. To determine the
diffusion coefficient D from the fitted scaling factor k we solve the implicit equation:

O=k(D,fi,A)—kfif (7)

numerically for D. The absorption and reduced scattering coefficients can then be computed from D and

fit Equation (7) has generally two roots, however, the larger value can be discarded, since it does not
fulfill the restriction p<< j.t,' for the validity of the diffusion approximation.

It is important to note that near the surface equation (4) is not applicable because the diffusion
approximation fails near sources. Therefore only data for depths z larger than about two transport mean
free paths (equal to 6D) should be used for the fit. However, the optical properties are not known in
advance. A practical approach is to plot the measurement data in logarithmic scale, and fit the data from a
depth were the curve "looks straight". If the reconstructed optical properties indicate that the z > 6D
condition is violated, the procedure is repeated with a larger z,,, until the condition is met.

5_ RESULTS

A liquid phantom (PCPSA solution) with optical properties j.ç= 2.89 cm' and = 55.96 cnf' was
prepared. Groenhuis' formula [4] was used to compute the boundary factor A = 2.9 from the nfractive
index of water n (355nm) = 1.343.

Experimental data were measured with the acoustic transducer and normalized (see Fig 4). The
iconstruction algorithm detennined the optical properties as p. 2.26 flf and p.c,' = 53.4 crn1. The
relative error compared to the known optical properties is -22% and -4% for absorption and reduced
scattering respectively.

Additionally, a data set was created with a Monte Carlo simulation using the known optical
properties of the phantom. The reconstruction algorithm yielded ILa = 2.894 cm' and j.t'= 54.29. The
relative error compared to the known optical properties is 0.1% and -2.9% for absorption and reduced
scattering respectively.

6. DISCUSSION

The small error in the reconstruction of optical properties from the simulated Monte Carlo data shows that
the method is principally sound. We attribute the relatively large error in the reconstruction from the
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measured data to the absolute calibration error for the acoustic transducer. Also Grilneisen coefficient for
PCPSA solution can differ from that of water. The penetration depth can be determined with high
accuracy from the shape of the measured profile. The diffusion coefficient, D, can be detennined from the
scaling factor of the fitted exponential function. Therefore the calibration accuracy of the acoustic
transducer and accurate detennination of all correction factors for time-resolved measurement of stress
profiles are directly related to the accuracy of the deduced value for D.

. 12 -
a Experiment I

d 0 — Fit to Experiment
0 Monte Carlo

a.—.— Fit to Monte Carloo
C

'I

N

2E'I
0 ' • • . ...

0 0.05 0.1 0.15 0.2 0.25 0.3
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FIGURE 4. Reconstruction of optical properties from measured data and Monte Carlo simulated data for a
phantom with absorption coefficient p= 2.89 cm' and reduced scauenng coefficient jt' = 55.96 cm'.

5. CONCLUSION

An acoustic signal induced by a laser pulse under confmed stress conditions displays z-axial
temperature distributions which may be used for imaging and measurement of tissue optical properties.
The TRSD method requires much shorter data acquisition time and has a much higher dynamicrange as
compared with the photon detection techniques. The main advantage of the time-resolved laser opto-
acoustic technique is the capability to detennine both optical coefficients from one measurement of laser-
induced acoustic signal at one location on the tissue surface in vivo. Unlike other methods that measure
averaged optical properties of biological tissues over the irradiated volume, the time-resolved detection of
laser-induced stress can display the exact z-axial proffle of the absorbed energy distribution in layered
media [7] and media with distributed heterogeneities [8].

On the other hand, deduction of optical properties from TRSD measurements in the ranges of
acoustic frequencies where diffraction and attenuation may not be neglected can be more complicated. The
diffraction of acoustic waves is prominent for low acoustic frequencies (low light absorption coefficients)
and narrow laser beams (beam diameter is less than the light penetmtion depth). For high acoustic
frequencies diffraction is not significant, although attenuation occurs. Most media including biological
tissues have insignificant acoustic attenuation in the low frequency range where diffraction plays a
considerable role. In contrast, attenuation is significant for high acoustic frequencies where diffraction
may be neglected. This allows us to study separately these two effects that alter amplitude and profile of
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the detected acoustic signal. In addition, future work will include measurements of GrUneisen coefficients
that determine fraction of laser energy converted into stress for biological tissues.
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