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The objective ig to perform an experimental and numerical study to analyze short-pulse laser propagation
through tissue phantoms without and with inhomogeneities embedded in them  For a short-pulse laser
the observed optical signal has a distinct temperal shape, and the shape is a function of the medium
properties. The scattered temporal transmitted and reflected optical signals are measured experimen-
taily with a streak camera for tissue phantoms irradiated with 2 short-pulse laser source. A pazametric
study involving different scattering and absorption coefficients of tissue phantoms and inhomogenseities,
as well as the detector positions and orientations, is performed. The temporal and spatial profiles of the
scattered optical signals are compared with the numerical modeling resuits obtained by solving the
transient radiative transport equation by using the discrete ordinates technique  © 2003 Optical Society

of America
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1. Introduction

The study of short-pulse laser radiation transport
through highly scattering media has received in-
creasing attention during the past few years as a
result of its wide applications such as optical imaging
for medical diagnosis,-* surgical and therapeutics,5-8
remote sensing,?10 and material processing. ' The
nascent field of optical tomography for biomedical
imaging that uses short-pulse lasers is made possible
by a speetral window in the infrared wavelength re-
gion in which light absorption is small and scattering
dominates.32%-14  Optical methods are a recent ad-
dition to the arsenal of noninvasive diagnostic tools
available for the detection of disease, such as x-ray
computed tomography, magnetic resonance imaging,
positron  emission tomography, single-photon-
emission computed tomography, ultrasound imaging,
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and electrical impedance tomography .15 The poten-
tial of optical tomography as a new diagnostic tool
has stimulated considerable interest in the past ten
years. Although limited to approximately the first 5
cm of the body, the technique offers several advan-
tages often not available in established imaging mo-
dalities such as ultrasound, xray computed
tomography, and magnetic resonance imaging
These benefits include nonionizing radiation, rela-
tively inexpensive instrumentation, and the potential
for functional (i.e., spectroscopic) imaging of optical
tissue properties. In functional imaging, light at
specific wavelengths can be used to excite specific
biological molecules of interest, such as nicotinamide
adenine dinucleotide (NAD or NADH), tryptophan,
and hemoglobin, to provide real-time, in vivo infor-
mation on the functional status of tissues and organs
(e.g., pH, tissue oxygenation, glucose, dysplasia, tu-
mor) Luminescence techniques based on biolumi-
nescence allow the monitoring of gene expression in
vivo in animals for drug discovery investigations.
Two basic measurement methodologies are used for
optical femography: (1) frequency-domain methods
that employ harmonically modulated photon density
waves and phase-resolved detection, which measures
the phase shift of the photon density waves,6-1? and
(2) time-resolved methods that use pulsed excitation
and gated detection to examine the response of tissue
to a short pulse of incident light. In this paper, the
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use of time-resolved techniques are investigated. In
optical tomography a short-pulse laser is focused on
the region to be probed and the time-dependent scat-
tered reflected and transmitted signals are measured
at different locations by using ultrafast detectors. It
is the intent of the method to reconstruet the image of
the interior and determine optical properties of the
tissue medium from the time-resolved intensity mea-
surements.

Short-pulse laser-probing technigues for diagnos-
tics have distinet advantages over large pulse width
or continuous-wave {cw) lasers primarily because of
the additional information conveyed by the temporal
distribution of the observed signal 2021 The distinct
feature is the multiple-scattering-induced temporal
distributions, which persist for a time period greater
than the duration of the source pulse and are a func-
tion of the source pulse width as well as the optical
properties of the medium. If the detection is carried
out at the same short time scale {comparable with the
order of the pulse width), the signal continues to be
observed even at large times after the pulse has been
off, owing to the time taken for the photons to migrate
to the detector after multiple scattering in the media.
Forward- and backward-radiative transport models
for determination of optical properties of the tissue
interior from transmitted and reflected signal mea-
surements can therefore be based on the full tempo-
ral  signal2?-2¢ On  the other hand, when
conventional cw laser sources are utilized, the infor-
mation available is the magnitude of the net attenu-
ation and the angular distribution of the transmitted
or reflected signal, which do not provide useful infor-
mation about medium properties

Other techniques that are commonly used for hio-
medical imaging focus on the initial transients of the
temporal signal. Time gating,® optical coherence
interferometry techniques,?® and streak camera ap-
plications?™ have been used for evaluating the earli-
est arriving photons. However, these ballistic
components may not be of practical use for tissues
thicker than a few centimeters because they are not
measurable with increasing tissue thickness. The
frequency-domain techniques developed for biomedi-
cal imaging also suffer from low resolution because of
to the nonavailability of a high-frequency source, re-
stricting the temporal resolution to few nanoseconds.

To predict the optical properties of tissues from
time-resolved scattered signal measurements, one
must develop inverse algerithms. But before com-
plex inverse algorithms can be developed, accurate
forward solutions of the transient radiative transport
equation (RTE) necessary to analyze short-pulse la-
ser propagation through tissues are eritical.  In most
previous analyses the transient term of the RTE is
usually neglected. This assumption does not lead to
errors, as the temporal variations of observed signals
are slow compared with the time of flight of a photon.
However, in applications involving short-pulse laser
interactions with tissues, the transient effect must be
congidered in the RTE 13202829

The transient solution of the RTE for one-
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dimensional geometry for the case of short-pulse la-
ser incidence has been developed and reported in the
literature, 1203032 The research has been extended
to two-dimensional geometry by using the simplified
first-order spherical harmonics (P,) approximation
for a rectangular geometry 3% Integral equation for-
mulation techniques for the transient RTE have been
alse developed #+3%  However, the P; model under-
estimates the speed of light propagation,1.2¢ and the
integral formulation is difficult to apply to complex
geometries. The Monte Carlo method has been also
used by many researchers.37 The Monte Carlo
method requires a large number of emitted bundles to
obtain smooth accurate solutions, which is computa-
tionally expensive. The discrete ordinates method
(DOM) has hecome popular for solving the transient
RTE  accurately and  efficiently The one-
dimensional DOM has been used to analyze the tran-
sient radiant transfer in oceanographic lidar® The
DOM, in conjunction with the piecewise parabolic
method scheme vsed previously to obtain numerical
solutions for two-dimensional scattering—absorbing
media, is used in this paper.®8

No previous study has been reported in the litera-
ture that compares the experimentally measured
scattered optical signals from a tissue phantom con-
taining inhomogeneities due to short-pulse laser ir-
radiation with accurate numerical solutions of the
transient RTE. Such studies are critical for predict-
ing the optical properties of tissues from temporal
scattered optical signal measurements. In this pa-
per the temporal optical transmitted and reflected
signals from tissue phantoms without and with inho-
maogeneities embedded in them are measured with a
streak camera. A parametric study involving differ-
ent scattering and absorption coefficients of tissue
phantoms and inhomogeneities, as well as the detec-
tor positions and orientations, is performed. The ex-
perimentally measured temporal scattered optical
signals are compared with numerical modeling re-
sults obtained by solving the transient RTE by using
the DOM.

2. Mathematical Formulation

In this paper the tissue base medium is approximated
by an anisotropically scattering and absorbing rect-
angular enclosure in which an inhomogeneity is em-
bedded (see Fig 1) The transient RTE is given
hy?0.a89

Tal(x, v, 0, 1) al{x, y, &, ) al(x, y, 0, )
- + +
¢ ot dx oy
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where [ is the scattered diffuse intensity (watts per
square meter per steradian), &, and %, are the extinc-
tion coefficient and the scattering coefficient, respec-
tively, @ is the phase function, {) is the solid angle, ¢
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Fig. 1. Schematic of the problem under consideration

is the velocity of light in the medium, x and y are the
spatial coordinates, ¢ is the time, and S is the source
term.

The scattering phase function is represented by the
Henyey—Greenstein function in terms of Legendre
polynomials P, as

N
>.(2n + 1) g"P,lcos(©®)], (2a)

=0

o, Q) =

where g is the agymmetry factor and N is the anisot-
ropy factor. The higher the value of g and N, the
more forward scattered is the phase function of the
medium. Tissues wsually are a highly forward-
scattered medium. Typical values of g vary from
0.75 to 0.9, and N varies from 12 to 20. The scat-
tering angle © is represented by

cos(0) = pp’ +n' + &€, @b)
where @, 7, and £ are the direction cosines of the
Light-propagation direction (3.

The pulsed radiation incident on the tissue me-
divum at face 1 (see Fig. 1) is a Gaussian-shaped pulse
having a temporal duration (pulse width) ¢, at full
width halfmaximum (FWHM) The mtens1ty can
be separated into a collimated component, corre-
sponding to the incident source, and a scattered in-
tensity. IfI, is the collimated intensity, then [ is the
remaining intensity described by Eq. (1). The colli-
mated component of the intensity for the square
pulse is represented by

I{x,y, O, t) =Ty exp( — k,x) [H(t — x/c)

=~ H(t —t,—x/c}]a(Q — Qq), (3)

where I is the intensity leaving the wall toward the
medium, H(#) is the Heaviside step function, and a(2)
is the Dirac delta function. The Gaussian pulse is
approximated as a square pulse for ease of numerical
implementation.

The source function S formed from the collimated
irradiation is then given by

k,
S(x,y, 0,8 = f“f OO (%, y, O, HHAO'
v
dr

(4}

The boundary conditions are such that intensity
leaving the boundary surface is composed of the con-
tribution of the outgoing emitted intensity and the
reflection of incoming radiation in direction {). The
refractive indexes of the base tissue phantom and
inhomogeneities are chosen to be same; then the laser
beam does not change direction after entering the
inhomogeneity.

In the DOM, the RTE and the associated boundary
condition are replaced by a set of equations for a finite
nurnber of M directions that cover 4n-sr solid angles.
The integral terms of Egs. (1) and (4) are reformu-
lated with the aid of an angular quadrature of order
M.

The discrete form of the time-dependent RTE in the
direction (1, is then represented as

1 ady(x, ¥, t} (%, y, t) ol p{x, y, )

- + oy + M

c ot dx ay
k M

= _keIm(xs J’, t) -+ ....,iz wm'(pm‘m-[m’(x; ¥, t)
417m'm1
+ Splx, y, 1), G)
where m = —M, . -1, 1. ... , M and {Q,,

w,,} defines a quadrature of M discrete directions O
with which the weights w,, are associated.

In this study the piecewise parabolie advection
scheme already developed by the authors to solve the
two-dimensional geometry is used in Eq. (5) 30.38.40.41
The lefi-hand side of Eq. (5) is treated by the upwind
monotonic interpolation methods. The piecewise
parabolic advection scheme is efficient and produces
a small amount of diffusion.

3. Tissue Phantoms

The tissue phantoms used in this study are made of
Araldite 502 embedding medium. Araldite 502
resin is polymerized with dodecenyl succinic anhy-
dride and catalyzed with 2, 4, 6-triphenol (DMP-30)
in the volumetric ratio of 1:0.85:0.04. The samples
are cured overnight at 35 ° C, the next day at 45 °C,
and then again overnight at 60 °C. The refractive
index of the resin is 154 Titanium dioxide (mean
diameter = 0.3 um) is added as scatterers to the resin
base. Red-colored dye is used as an absorber as its
absorbance is highest at 514-nm wavelength. The
scattering and absorption coefficients are varied by
varying the coneentration of titanium dioxide and dye
in resin matrix*? Typical tissue phantom dimen-
sions as shown in Fig. 1 are 25 mm [width (W)] X 100
mm [height (H)] X 8 mm [thickness (L)]. Inhomo-
geneities typically of 4-mm diameter are drilled in the
center of the samples and filled with different scat-
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tering coefficients other than the base resin matrix.
This can be done either by recasting the tissue phan-
tom filled with inhomogeneities or by casting the
parts separately by using an index-matching liquid.
Typical values for scattering and absorption coeffi-
cients used for tissue phantoms are 10 and 0.005
mm™!, respectively. These values are consistent
with tissue optical properties available in the litera-
ture.l* The iissue phantoms are cast in aluminum
molds. The tissue phantom has a strong adhesion
property te aluminum as well as other metals.
Silicon-based mold-release agents with ecrytox are
sprayed on the molds before the phantom is cast,
which facilitates easy removal of samples after they
are cast.

4, Experimental Procedure

An argon-ion mode-locked laser having a pulse width
(t,) = 200 ps at FWHM operating at a frequency of 76
MHz and having a wavelength of 514 nm is used.
Figure 2(a) shows the schematic of the experimental
setup. The laser beam is split into two parts: one
is used as the time reference, and the other is incident
to the tissue phantom. A translation stage is intro-
duced for an adjustable optical delay in the reference
beam to be used as marker for the determination of
the origin of the {ime scale. Attenuators are used to
control incident power on tissue phantoms. The
phantoms are placed in the translation stage for
scanning in the spatial direction. The beam is inci-
dent on the phantom, and scattered transmitted and
reflected signals are collected by use of a Hamamatsu
streak camera unit. Figure 2(b) shows the different
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detector orientations for measurements. The streak
unit comprises an ultrafast synchroscan unit with
the frequency-tuning unit coupled with 4
Hamamatsu CCD camera. The time resolution of
the streak camera used in this study is 10 ps. The
streak camera’s image-acquisition control is remotely
done by using the mrpTa_32 software, which is also
used for image processing. An image integration
technique is used for collection of data, which helps to
clearly distinguish noise from useful data for low-
intensity transmitted optical signals. The streak
camera is triggered from the mode locker at the rate
of 76 MHz. The power and pulse width of the laser
is monitored throughout the experiment by using a
powermeter and ulirafast photodiode, respectively.

5. Results

Experimental investigations of the nature of interac-
tions of a short-pulsed laser with tissue phantoms
with and without inhomogeneities embedded in them
are conducted. The experimental observations are
validated with numerical modeling results obtained
by solving a two-dimensional transient RTE by using
the DOM. The sample height is large compared
with the beam diameter, and hence a two-
dimensional transient radiative transfer model is ap-
plied. Experiments are conducted on tissue
phantoms to measure transmitted and reflected op-
tical signals along the axis of the laser beam as well
as at different angles. For numerical simulations,
values of g = 0.8 and N = 16 are used. The compu-
tational time is approximately 2000 s on an Alpha
workstation with a 633-MHz, 21164 CPU for 80 dis-
crete ordinate quadratures, a spatial grid size of 0.5
mm, and a temporal grid size of 0.5 ps. The accuracy
of the numerical results is validated by ensuring the
results are independent of the grid sizes.

Figure 3(a) shows the normalized transmitted sig-
nal measurements obtained with a homogenous tis-
sue phantom having a thickness (L) = 8 mm. The
tissue phantom that has a scattering coefficient (k) =
10 mm~" and an absorption coefficient () = 0.005
mm”™* is used. It is also observed that the experi-
mental results agree with the numerical simulation
results. It is also observed that the experimental
results and numerical simulation differ by 5 ps,
which is within the uncertainty of the streak camera.
The repeatability of measured optical signals is
within 1.5% as shown with uncertainty bars in Fig.
3(a). The time for the earliest arriving photon for
the 8-mm phantom of refractive index (n) = 154 is
41.07 ps. The transmission signal values are zero
until the photons traverse the phantom thickness.
These values are consistent with both the numerical
and the experimental measurements as observed in
Fig. 8(a). Many previously used approximate mod-
els fail to capture this effect and provide unrealistic
results for the transmitted signals even hefore light
has traversed through the medium. Figure 3(b)
shows the corresponding normalized scattered opti-
cal signals for an 8-mm-thick sample for different
detector orientations corresponding to Fig. 2(b)
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The photons measured in the forward direction have
higher temporal broadening because of more multiple
scattering.

Experiments are also conducted by varying the
number of scatterers and therefore the scattering co-
efficient for the case of 8-mm-thick homogeneous tis-
sue phantoms The experimentally measured
normalized temporal transmitted signal profiles are
plotted for various scattering coefficients (&, = 5, 10,
15, and 20 mm ™", keeping the absorption coefficient
(k, = 0.005 mm™") fixed. Itis observedin Fig. 4 that
the temporal spread increases with the increase of
concentration of scatterers in the phantoms and
hence the scattering coefficients as the phantoms un-
dergo more multiple scattering. The magnitude of
the signal also increases with the increase of the
scattering coefficients but is masked owing to the
normalization with respect to corresponding peak in-
tensity values. The effect of the variation of the ab-
sorption coefficient (&, = 0.005, 005, and 0.1 mm™")
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of the tissue phantom on the experimentally mea-
sured transmitted optical signal is depicted in Fig. 5.
The higher the absorption, the higher will be the
attenuation of the laser beam and hence the lower the
temporal broadening.

Figure 6 shows experimentally measured temporal
profiles of a normalized transmitted signal for a tis-
sue phantom containing an inhomogeneity measured
at location A (see Fig. 1). Two cases are considered:
one in which the inhomogeneity has higher scatterers
(k, = 20 mm™") compared with the tissue phantom (&,
= 10 mm™?) and the other case in which the optical
properties of the tissue phantom and the inhomoge-
neity are reversed. There is a reasonable match be-
tween numerical and experimental values with a
little separation in the tail section. Figures 7(a) and
7(b} show corresponding spatial intensity profiles
along the opposite face of incident radiation (face 2)
for different times. The objective of these plots is to
show the time instants at which the demarcation
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measured temporal transmitted signal for 2 homogeneous tissue
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between the tissue phantom and the inhomogeneity
is most prominent. For both cases, detection of the
inhomogeneity is difficult at small and large times.
Within the time instant of 200 to 500 ps, demarcation
between healthy tissue and the inhomogeneity is
most prominent. It is interesting to observe in Figs.
7(a) and 7(b) that the spatial intensity profiles in the
inhomogeneity region are reversed because the scat-
tering coefficients of the tissue phantom and the in-
homogeneity are reversed. On the other hand, it is
not evident from the temporal transmitted signal pre-
sented in Fig. 6. The time instants at which demar-
cation between normal tissue and the inhomogeneity
are most pronounced are also different because the
light pulse travels initially through an optically less
dense medium {lower scattering coefficient of the tis-
sue phantom) in Fig. 7(a}, and conditions are reversed
in Fig. 7(b). It is observed that optical signals mea-
sured near the edpes showed fluctuations due to
boundary effects and hence are not shown in the fig-
ures.

Figure 8 shows the comparison between the nu-
merical model and the experimental measurements
for a particular time instant as presented in Figs. 7(a)
and 7(b). The time instants selected correspond to
the best contrast between the tissue phantom and the
inhomogeneity. There is a reasonable match be-
tween experimental and numerical values. The spa-
tial distribution of intensity along the face opposite to
the incident face (2) is presented in Fig. 9 at a par-
ticular time imstant for different scattering coeffi-
clents of the tissue phantom, keeping the
inhomogeneity’s optical properties constant. The
normalized intensity is plotted in log scale to repre-
sent the high variation in the transmitted optical
signal due to the difference in scattering coefficients
between the tissue phantom and the inhomogeneity.
This can be attributed to the fact that for one case the
difference in scattering coefficients between the tis-
sue phantom snd the inhomogeneity is 4 fimes,
whereas, in the other case, it is approximately 1.3
times. Therefore this results in a difference in mag-
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nitude of approximately 100 times in transmitted op-
tical signals for these two cases.

The effect of the detector position on the transmit-
ted signal obtained numerically is presented in Fig.
10. From Fig. 1 it is evident that the center of the
inhomogeneity is on the same axis as the detector
center. Therefore the detector position at the center
receives more early arriving photons than the detec-
tors farther away from the center. The temporal
profiles for the detection positions at 6 and 9 mm from
the center are appreciably shifted in the time axis
compared with the one at the center. This is pri-
marily because of the longer distance the photons
need to travel in the tissue phantom before being
detected by the streak camera.  The temporal profile
for the homogenous tissue phantom is also shown in
the figure to demonstrate the temporal shift of the
peak optical signal in the fime axis as well as the
earliest arriving time for the photons. These shifts
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Fig 10 Numerical simulation of temporal transmitted signals at
different detector positions for a tissue phantom containing an
inhomogeneity

can definitely be predicted if any inhomogeneity is
embedded inside a tissue phantom.

6. Conclusions

A comprehensive experimental and numerical inves-
tigation is performed to analyze short-pulse laser
propagation through tissue medium that has embed-
ded inhomogeneities. A parametric study, as per-
formed in this paper, is critical to differentiate
between a healthy tissue phantom and that contain-
ing an inhomogeneity. The transient discrete ordi-
nates method, as used in this paper, is an accurate
model to analyze the propagation of a short-pulse
laser through scattering absorbing media such as tis-
sues. Accurate validation of the forward transient
radiative transport equation with the experimentally
measured data is critical before inverse algorithms
can be developed. Short-pulse laser probing for de-
tection of tumors in tissues is a novel and nascent
technology, and this research can be furthered by
experiments on animal models.
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