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Depth dependence of the analytical expression
for the width of the point spread function (spatial
resolution) in time-resolved transillumination
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Abstract. Simple analytical expressions for the point spread function
(PSF) at different depths can save computation time and improve the
performance of inverse algorithms for optical imaging. In particular,
application of such formulas simplifies quantification of the optical
characteristics of tissue abnormalities inside highly scattering media.
Earlier it was shown within the random walk theory framework that
the PSF for time-resolved transillumination imaging through a highly
scattering slab is well represented by a Gaussian. We have experimen-
tally validated a simple formula of the random walk model for the
effective width of this Gaussian, as a function of time delay, at differ-
ent depths of the target. Presented analysis of published experimental
data, concerning effective width of the PSF, for a slab of considerably
smaller thickness also demonstrates good agreement between the data
and predictions of our model. This PSF width determines spatial reso-
lution of the time-resolved imaging and is widely discussed in the

literature. © 2001 Society of Photo-Optical Instrumentation Engineers.
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windows of time-of-flight data, one can separate scattering
and absorptive perturbations inside a highly scattering
medium®

The most detailed theoretical examination of the spatial
resolution for time-resolved experiments has been imple-
mented using random walk theofRWT) in the papers:?®
This analysis involved calculation of the PSF. It was shown

1 Introduction

Application of nonionizing optical and near-infrared radiation
for medical diagnostics attracts widespread interest. It is due
to its potential to quantify from noninvasivie vivo spectro-
scopic measurements local optical characteristics of tissues,
thus, discriminating different types of tissues to detect and

;ha;actenze tutmors,l.cr]fts, et(:'[se.e th.e r{gwews n lRtef.S' .1fan.d that the transillumination PSF of the photons, crossing a ho-
). However, strong light scattering in tissue results in inferior 0 n60us turbid slab of thicknelssand exiting it with dif-

spatial resolution for optical techniques relative to those using feent ime delayat due to scattering as a function of lateral

x ray while imaging abnormalities deeply hidden in the turbid 45 ginates, is well represented by a Gaussian. Moreover, a
media. Thus, for these techniques, quantification of the size simple analytical relationship between a chosen time delay of
and optical characteristics of the target becomes a critical re- ypotons and the widtkdispersion of this Gaussianr(At,z)
quirement to be clinically successful. Solution of this problem has peen found, whereis the depth of the imaging plane.
requires an adequate forward model that can predict measur-This width corresponds to the transverse spatial resolution of
able parameterée.g., intensity distributionsfor a given dis- the system, as a function of depth.

tribution of tissue optical characteristics. As for any imaging Several sets of experimental data, obtained at University
technique, the point spread functiORSH is the major com- College London, supported the RWT modélowever, up to
ponent of such a model. It does not only determine achievable now two important questions were left concerning experimen-
spatial resolution, but the knowledge of the PSF is a prereg- tal verification of the RWT formulas for PSFs. First of all,
uisite of any reasonable image reconstruction. It is known the theoretical dependence of spatial resolutio®e., the PSF
inverse algorithms applied to optical imaging are ill posed. shap¢ on time delay has been validated experimentally only
Thus, simple analytical expressions for the PSF can save com-for the case of midplane imagin@=L/2), when resolution
putation time and improve the performance of inverse a|go_ is eXpeCted to be the worst. That was jUStified, since at the
rithms, in particular, for time-resolved imaging in which bet- earlier research stages a major interest was in the estimates of
ter spatial resolution using photons with shorter time of the limiting resolution of the time-resolved imaging. How-

flight®~" is available. Moreover, by analyzing different time €Ver, to solve an inverse problem in the opFicaI imaging, reli-
able formulas for PSFs at other depths of imaging should be
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available as well. Second, while simple random walk formu- is a Gaussian integral that is well approximated by an inverse
las pertain to the width of the PSF at the given time delay polynomial (maximum error is within 0.025% In our case
which is practically important for time-resolved imaging, ex- we use a numerical approximation for this Gaussian integral
isting experimental datée.g. Ref. 9 deal with the integrated  (presented in the software package ISML Fortran 90 MP
signalup to t; with each time window weighted by a corre- | jprary-DIGITAL Visual Fortran-Microsoft that was found
sponding intensity. That introduces additional errors in the to work better than an inverse polynomial. As a measure of
comparison of the theory and experiment. We can directly g gpatial resolutiodx, we use here full width at half maxi-
compare results of these two approaches only for the shortesty, , of the LSF, which is equal to 2.85It should be noted
time delays(on the rapidly growing part of the intensity time- that LSF is the spread of a point source due to scattering

of-fl[ght distribution. cherW|se, prgllmlna(y numerical inte- properties of a medium, when viewed in two dimensions. For
gration of the theoretical formulas is required, an isotropic medium the LSF differs from the PSF only by a
In this paper we use new measurements of spatial resolu- P . y by
constant amplitude factdr.

tion at subsequent narrow time windows &tf=50 ps, per- . . -
formed in the University of Naples, to validate random walk V& have investigated two liquid phantoms made of an
agueous solution of Intralipid that is generally used to simu-

formulas for imaging at different deptlig=_L/2, L/4, 3L/4). ! ! _ > ) _
To address the question of possible dependence of time-late the optical properties of biological tissues. The solution
resolved spatial resolution on the slab thickness, recently dis-Was set in an optical glass cuvet@0x143<96.5 mm) that
cussed in the literaturewe also analyzed experimental data Wwas oriented so that the illuminated surfdeae of the two
for a slab that is considerably thinn@r =15 mm) than used  largest sides of the slabvas perpendicular to the beam. The
in previous experiment§L =50 mm). We have shown that first analyzed sample was a 2% solution of Intralipid 10%
our theoretical expression, not involving such dependence, (Pharmaciawith distilled water. The absorption and reduced
works well in this case, too. scattering coefficients obtained for this solution by prelimi-
nary time-resolved transmittance measurements afe
. =0.232+0.01 and u,=0.0097-0.001 mm*. The second
2 Experimental Setup sample had considerably higher volume concentration of In-
The experimental setup used for the measurements was detralipid (4% solution of Intralipid 20% with distilled watgto
scribed in Refs. 10 and 11. An argon las€oherent, Model  gimylate the case of a more turbid medium. Similarly esti-
SABRE 40 pumped a mode-locked Ti:Sa lasezoherent, mated optical coefficients in this case are as follows:
Mode'l' MIRA 900DUAL) with pulse duration of 130 fs, a —0.974+0.01and s, = 0.0025+ 0.0001 mn ™,
repetition rate of 76 MHz, and an average power of 1.5 W at : - . .

The cell dimensions were sufficiently large to avoid appre-

800 nm. A streak cameréHamamatsu Photonics, Model . = .
C5680, S1-IR extended photocathidgorking in a synchro- ciable boundary effects, as has been verified experimentally
! y estimating contribution of photons that reach cuvette side

scan mode, was used as a detector. To obtain the trigger signa'P o )
for the streak camera synchroscan sweep, a small fraction of°oundary. It proved to be negligible for the considered tem-
the laser pulse was sent to a photodi¢demamatsu, Model poral range. Theoretical analysis, based on the results of a
C1808. After this the laser light was coupled to two different ecent papéf confirms this conclusion. In this paper it was
optical fibers, one for the reference beam and the other for theshown that for a “zero boundary” condition, the effect of the
main beam. Neutral density filters were used to reduce the side boundary at the distan&efrom the source-detector axis
pulse energy both for triggering, reference and main beams.increases with an increasing time delay, and is well ap-
Collinear geometry of a source-detector pair was realized by proximated by a correction factdt,=1—exp(— u R%/cAt),
alignment of a source fiber with a collecting fiber bundle. The where ¢ is the speed of light in the medium. For a more
latter had an aperture matching the entrance slit of a streakrealistic “extrapolated boundary” conditiol, the distanceR
camera. The scanning of t_he_ sample was realized by translatin the above expression fdt, should be replaced by an ef-
ing Fhe so_urce-detector. axis in 1 mm steps. Curves representyective valueRys=R+d,, where the shifd,= 1.86/. for a

ing intensityl as a function of time have been obtained from = 4iyen mismatch of the index of refraction. Since even for the
a two-dimensional charge coupled device response. The fu"largest analyzedAt=1800 ps K, is very close to unity

temporal window recorpled by the streak camera was about 3(~0.9& for the source-detector axis passing through the cell
ns. Its temporal resolution depends on the size of an entrance

- - - o center, influence of the cell side boundaries can be neglected

slit and can reach up to a few picoseconds, if the slit is opened . .
. . . for our experimental conditions.
at around 20—5@:m. However, to increase a signal/noise ra- The ERF ¢ ; d by i ina th
tio for the presented resolution measurements the slit was d ef blmelz(asurelr(ne? s v(;/ere g'?rr ormed yhlm_ag!gg he
opened at-400 um providing an overall temporal resolution ©49€ of a black mask placed at difterent depths inside the
of the experimental system 6£30 ps. cuvette. _ _
To estimate the spatial resolution, we employed a conven- It should be noted that these experiments were not in-

tional technique based on measurements of the edge-responsended to simulate a real situation of diffuse medical imaging.
function (ERP), obtained from a sharp edge of an opaque Instead, their aim was to estimate influence of the highly scat-
mask embedded in a scattering slake, e.g., Ref. 12The tering medium on the imaging properties of the time-resolved
ERF for a linear system is equal to the integral of the line experimental system. Our findings can be incorporated into
spread functio(LSP). If the LSF of an imaging system can the forward model for image reconstruction. Similar approach
be represented by a Gaussian distributias is expected for  is common with application of the PSFs for other imaging
transillumination through the turbid medi§mthen the ERF modalities.
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Fig. 1 (a)-(d) The spatial resolution as a function of time delay for different depths of imaging (slab thickness L=50 mm, scattering coefficient
ui~0.23 mm™1).

3 Model Validation the model and experimental data is even better Adr
The random walk modgRWM) provides a simple analytical <1000 ps[Figure Xd)], where accuracy of measurements is
formula for expected spatial resolution of the optical time- the best. It should be noted that the maximum of the photon
resolved imaging system, as a function of mean time daty  Pathlength distributionAt,,,,~500 ps for this experimental

of photons(assuming a narrow time gate of the deteran'd Setup is close to the middle of this range. ThUS, the tempora|
depthz of the target inside the tissue slab of thicknesgRef. rangeAt>1000ps is not attractive from the practical point of
6) view since it is characterized by both the low intensities of the
detected light and the low resolution.
CAt ver 2\ 112 Due to symmetry our model predicts similar values of spa-
Ax(At,z)=2.35f(At,z)=4.7( ; L( 1- L) tial resolution forz=0.5L + 0.29_.° As can be seen from Fig-
s ure 1, experiment supports this assumption.
D) Comparison between experimental results and predictions
In Figures 1a)—1(c) we present comparison between experi- of the random walk model for the second analyzed sample
mental resolution in the case of the fifstlatively low scat- (with higher scattering coefficien{z=0.5 L) also confirms
tering sample and corresponding theoretical estimates from that Eq.(1) provides an adequate estimate of the spatial reso-
the above expression for three imaging dep#s0.5 L, lution in the whole analyzed range of time deldg80-2130

0.25 L, 0.75 L. In each of these instances average relative ps (see Figure 2 (Note that the maximum of the correspond-
discrepancy proves to be 9%—13% over the whole ana-  ing photon pathlength distributioAt,,,~1800 ps for this
lyzed range of time delays 50—-1800 ps. Agreement betweenexperimental setup is inside this range.
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Fig. 2 The spatial resolution as a function of time delay for midplane o S )
imaging (slab thickness L=50 mm), scattering coefficient w.~0.97 theoretical prediction for this significant parameter known in
mm~). the literature. Previous quite successful tests of the model,

such as Ref. 9, were, however, very limited in scope. They
were realized only for one type of solid phantoms and tested
An interesting consequence of the random walk model for just the behavior of the midplane resolution, integrated over

time-resolved spatial resolution is that its value for a given relatively broad time windows. This time integration is ex-
time delay and relative deptl/L) of the target is independent  pected to introduce an additional dependence of resolution on
of medium thicknesd.. This question was discussed in the the sample thickness due to significant changes in photon
recent papef.Authors, analyzing their experimental data on pathlength distributions with variation df. It proved to be
ERF (i.e., integrated signalp to limit time delayt;), came to  that all data used before for theory validation were obtained
the qualitative conclusion that there is some dependence offor the same value of. =50 mm. To test the relationship
resolution on the slab thickness. However, in such a setup tobetween the time-resolved spatial resolution and the slab
make quantitative comparison of the discussed formula andthickness discussed in Ref. 7, we compared their integration
experimental data is not that straightforward. In fact, at first, time data for the slab of much smaller thicknéss= 15 mm)
the mean time delay of the photons in the broad time window with predictions of RWM and found a very good agreement.
is to be calculated, using corresponding pathlength distribu-  |n the present paper, for the first time we directly verified
tion p(At,L), and then it should be substituted instead\of ~ Eq. (1) by measurements at subsequent narrow time windows.
into expression(1).® Since p(At,L) strongly depends oh, We also probed the dependence of the resolution on the depth
the mean time delay and measured effective spatial resolutionof the imaging plane and found the simple RWM description
also depend on thickness. All previous quantitative validations of this dependence to be quite adequate.
of expression(l) were realized with slabs of “standard” To sum up, we analyzed two independent sets of experi-
thicknessL =50 mm. To substantiate our approach for thin mental data for two different phantomsne of these sets was
slabs, we analyze existing data from Ref. 7, obtained for the obtained by the authors and the other was taken from the
thinnest available slati. =15 mm, u.~0.75 mm * and u, literature. The results substantiate use of the formilaas a
~0.006 mml). After simple numerical integration, de- simple tool to estimate the expected resolution at different
scribed in Ref. JEqg. (16)], we found mean time delays for  depths and time delays with reasonable accuracy. In combina-
consecutive time windows and corresponding effective spatial tion with the earlier finding of the RWM that the PSF for the
resolution(determined in Ref. 7 as corresponding to 10% re- time-resolved imaging through a turbid slab is close to a
sponse on the modulation transfer funclidix=2.93s. In Gaussian, it provides a good starting point for development of
Figure 3 our estimates far,=0.7 mn ! are presented along  the image reconstruction procedures.
with experimental data. Just as in the caseLef50 mm,
analyzed before for the same type of solid phantSragree-
ment proves to be very good over the whole range of time
delays(error <15%).

References
1. J. C. Hebden, S. R. Arridge, and D. T. Delpy, “Optical imaging in
medicine. |. Experimental technique®hys. Med. Biol42, 825—-840
(1997.
2. S. R. Arridge and J. C. Hebden, “Optical imaging in medicine. II.
4 Slljmmary S ) ) Modelling and reconstruction,”Phys. Med. Biol.42, 841-853
Experimental validation of the discussed analytical formula (1997. _ S
for the time-resolved spatial resolution, as a function of time 3. A. H. Gandjbakhche, R. Nossal, and R. F. Bonner, “Resolution limits

delay and target depth, is important to estimate the spatial fzolr ‘13520_611'9‘1?{133""““35 deeply embedded in tissuadgd. Phys.
resolution achievable for time-resolved optical imaging. It 4. 3 C. Hebden. D. J. Hall, and D. T. Delpy, “The spatial resolution

should be noted that this RWM relation is the only simple performance of a time-resolved optical imaging system using tempo-

444 Journal of Biomedical Optics * October 2001 * Vol. 6 No. 4



ral extrapolation,"Med. Phys22, 201-208(1995.

. A. J. Joblin, “Method of calculating the image resolution of a near-

infrared time-of-flight tissue-imaging system&ppl. Opt.35, 752—

757 (1996.

. V. Chernomordik, A. H. Gandjbakhche, and R. Nossal, “Point spread

functions of photons in time-resolved transillumination experiments

using simple scaling argumentdyled. Phys23, 1857-18611996.

. D. J. Hall, J. C. Hebden, and D. T. Delpy, “Evaluation of spatial
resolution as a function of thickness for time-resolved optical imag-

ing of highly scattering media,Med. Phys24, 361-368(1997).

. A. H. Gandjbakhche, V. Chernomordik, J. C. Hebden, and R. Nossal,

“Time-dependent contrast functions for quantitative imaging in time-

resolved transillumination experimentsippl. Opt.37, 1973-1981

(1998.

. J. C. Hebden and A. H. Gandjbakhche, “Experimental validation of

an elementary formula for estimating spatial resolution for optical

transillumination imaging,Med. Phys22, 1271-12721995.

10.

11.

12.

13.

14.

Depth Dependence of the Analytical Expression . . .

|. Delfino, M. Lepore, and P. L. Indovina, “Experimental tests of
different solutions to the diffusion equation for optical characteriza-
tion of scattering media by time-resolved transmittandgypl. Opt.

38, 4228-42361999.

M. Lepore, A. Ramaglia, G. Urso, and F. Vigilante, “Image quality in
time-resolved transillumination,Proc. SPIE3194 360-371(1998.

J. C. Hebden, “Evaluating the spatial resolution performance of a
time-resolved optical imaging systemied. Phys.19, 1081-1088
(1992.

V. Chernomordik, A. H. Gandjbakhche, J. C. Hebden, and G. Zac-
canti, “Effect of lateral boundaries on contrast functions in time-
resolved transillumination measurementdfed. Phys.26, 1822—
1831(1999.

R. C. Haskell, L. O. Svaasand, T. T. Tsay, T. C. Feng, M. S. McAd-
ams, and B. Tromberg, “Boundary conditions for the diffusion equa-
tion in radiative transfer,J. Opt. Soc. Am. Al, 2727-27411994).

Journal of Biomedical Optics * October 2001 * Vol. 6 No. 4 445



