
SIMULATIONS OF PHOTON MIGRATION AND IMAGE FORMATION

IN HIGHLY SCATTERING MEDIA

John C. Haselgrove,

Dept. Biochemistry, School of Dental Medicine,
University of Pennsylvania,Philadelphia, Pa, 19104

ABSTRACT

A computer model has been used to simulate
transillummation imaging of a sharp edge in the
center of a hi hly scattering object. It is shown that

Rthe width oft e edge-spread-function of an
infinitely absorbin ed e increases with the

$5migration time of e p oton in a non-linear fashion.
Furthermore, the spread - function is offset with
respect to we edge: the offset is linearly related to
the mlgratlop hme. The effect js explained m terms
of the non-hnear nature of the lmagmg process.

INTRODUCTION

It has recently been shown by several
investigators that images of an absorbing, highly
scatterm object can be made using the hotons

E $the object.which ta e least time to migrate throu
Wang et al 1) have demonstrated “ba istic

$imagmg”, w lch makes use of those few photons
which travel d@ctl from source to detector
wl~out scattering. & owever, the intensity of the
balhstlc photon beam is so low that other
investi ators have elected to utilize the intensity of

7the ear iest arriving (forward scattered) photons
(2,3,4). It is assumed that if the migration time of
the photons is short, then the mean path of the
photons lies not too far from the direct source -
detector axis. The earliest arriving photons may
then be used as a measure of the mtenslty of photons
traveling along the ray between the source and
detector.

Two dimensional, transillumination images may
be made by movmg a source and detector together
in a raster across opposite surfaces of a thin object,
and plotting the intensity of the transmitted beam.
Transverse images may be made using filtered back-
pro”ection methods. By suitable choice of source

dan detector posmons, lt is possible to collect a data
set which simulates the projection data collected by a
CT scanner. Thq image of the ori inal object can

Ethen be made using conventional . T a~gon~hms.
For either of these approaches to lmagmg, p is
important to @ow what effe~t scatterm will have

?%
on the resolupon of the fma! lma e. He den and
Kruge~ have investigated this ef ect ex erlmentally
and using Monte Carlo models (2,5). hey fmd as
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expected, that the lateral resolution of the image
decreases as the migration time of the photons
increases. Recently, they investi ated

?experimentally the edge spread unction (ESF) of a
sharp edge imaged b projection through a hl hly
scattering medmm (/’. ~ey confirmed that&e

AESF was broader as t e time of migration increased,
but found that the mid oint 50% transmission of

!L f!the ESF was displaced rom t e true position o the
edge.

We have modelled the migration of light in a
hi hly scattering medium as a diffusion process in

%or er to simulate the effects of imagin a sha
* 8“ w:dgein the center of a hi h~y ,sSatterin me mm.

Fcon~lfm that the ES N displace from the true
posltlon of the edge, and propose an ex lanation for

?the effect. We have inves~igated the re atlonship
between the lateral ml ration of the photons from

ithe imaging axis, and t e shape of the ESF.

METHODS

The calculations were made using an IBM 6000
computer rannin the lan ~age IDL (Research

fSys~ems, Iqc. Co orado). % e represented the
motion of hght m the scattering medium as a
diffusive process (7,8,9). The assure tion of

tdiffusive motion is reasonable if the istances of
migration are much larger than the mean free path
length between scatterers. For tissue the mean
transport free path is approximately 1 mm, and we
are studying the migration over. distances of several
centimeters. The spatial resolution of the matrix
used for the calculations was 0.5 cm.

The migration chamber which was simulated is
shown schematically in Fig 1. It is a slab, 4.5 cm

Jthick 16 cm tall an 32 cm wide; the transport
coefficient was set to be 8 cm-l. It was assumed that
there was no abso tion from the scattering

Tmedium, but a tota Iy absorbing wall covers half the
mid plane. The source and detector were positioned
on opposite sides of the chamber at mid height, and
were placed at different distances (Xc) from the
edge of the wall. The axis between the source and
detector is described here as the lmagmg axis.
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Fig 1. Schematic plan of the migration chamber. A
totally absorbing wall covered one half of the mid plane.
Migration was simulated for source and detector pairs
positioned at the mid-height of the chamber, at
distances, Xe, from the edge of the wall.

The computational techniques have been
despribed in detail elsewhere (10). Briefly, we used
an Iterative com uter program to ene~a$ethe

i tphoton number ensity, ns(r,t), escrlbmg the
photon dens~ty at point r, and time t following the
rejection of an impulse-of photons at a source point s
at t~me t=O,. ,~en the prne-resolved signal at any
desmed posmon,. r, 1ssimulated by the values of
n~(r,t) at successive times. We also calculated the
probable paths of the hotons which take time Tm to

Fmigrate between a de med sourqe,. s, and detector, d.
Fe path was described b the. hmmg density

?’”dlstpbutlon, h,d(r,Tm) w lch N the relatwe number
of times that photons pass through the volume
element at r. We calculated this from ns(r,t) and
nd(r,t) as described previously (10).

RESULTS
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Fig 2 Time resolved signals recorded with the imaging
axis different distances from the edge. Dotted curve : Xe
= 8 cm). Solid lines from top to bottom: Xe =
0.75,0.25,-0.25, -0.75 cm.

Fi 2 shows the time course of signals obtained
iwith t e imaging axis different distances from the

edge.. The do~ted curve shows the si nal when the
%imagmg axis N far from the edges, ( e.= 8 cm) and

the sohd lines show the results as the axn crosses the
edge : Xe = 0.75,0.25,-0.25, and -0.75. The signals

all have the usual res onse of a monotonically
?increasing intensity ollowed by a monotomcally

decreasing signal again.

The effect of scattering in the medium is that the
intensity does not change abruptly across the edge.
The change of intenqity as a function of distance for
different times of ml ration Tm are ploped m Fig

f’3. Each curve N sca ed to Its own maximum
mtensit y.
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Fig 3. Edge spread functions for different migration
times Tm. Successively from left to right Tm increases
from 1 to 8 ns in lns steps.

These simulations show clearly that as the
mi ration time Tm increases, the ESF becomes

$wi er. The center osition of this function, defined
as the oint at whit the transmission is 50%, moves

ip~away rom the posltlon of the edge as Tm increases.
The increased width of the ESF is expected as a
consequence of the the lateral migration of the
photons. The offset of the ESF was not an
anticipated result , although it too arises as a direct
result of the scattering of ho tons. It can be

$explained by reference to igs 4 and 5.

ESF
1.2 .’ [ 1 t I

1.0
2>

5
z
– 0.6 -
a
>.-
% 0.4 –
5
ix

0.2 -

0.0
-6 –4 –2 o 2 4 6

Xe cms

Fig 4: Edge spread function. Two positions for the
imaging axis are marked equidistant on either side of the
edge.
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Fig 5 : Schematic diagram showing the three classes
of photons:
i) Those that only cross the center line at x > X
ii) Those that cross the center line at x>X and also x<X
iii) Those that cross the center line at x+.

Consider the light transmitted between :ource
and detector for two positions of th~ lma mg ares,

fequidistant from, but on o poslte sides o the edge.
At osition 1, (Xe =

E
1!-X), t e imaging axis strikes the

wa , yet a fraction pf of the maximum intensity is
still transmitted from source to detector. With the
axis at osition 2 (Xe = +X), the axis does not strike

?the wal , yet a fraction p of the Ii ht is absorbed.
f 1!We consider paths of in widqal p otons !n the

absence of, the wall, and then ldentif y which of @ese
photons wdl or wdl not st$ke ~he wall when l! N
present. Because the medmm IS highly sca~termg
,the photon paths do not regress monotomcally

%from source to detector, ut travel forwards,
backwards and sideways. They will (on average)
cross each plane more than once, We can then
distinguish three classes of photons (represented
schematically in Fig 6) based on where they cross
the center plane relative to a distance X from the SD
axis.

i) a fraction p(x>X) cross only at positions
X>x

ii) a fraction p(x><X) cross at positions on both
sides of X

iii) a fraction p(x<X) cross only at positionsT.
X<A
In an isotropic medium the. probabilities are
independent of whether X hes to the left or the right
of the SD axis.

It follows that when the axis is at position 1 (Xe
= -X) the photons which reach the detecto~ are those
which never cross the center plane at posltlons
closer than X. Therefore

p~ = p(x>x) (Eq.1 )

In contrast, when the ima in axis is at osition 2
%% i(Xe = +X), the photons w ic are absor ed are all

hotons which ever cross the center plane beyond
%. Therefore

Thus
E

> pt for all values of X b an amount
c?$x>< ~,.with the result that the e ~ spread

unction 1snot symmetric. The dif erence is due to
the fact that the photons of class (ii) are absorbed in
both situations.

The hitting density function hsd(r,t) was used to
measure the transverse migration of photons salon

1!the central axis (in the plane of the wall) dprln t e
Bmovement from source to detector. The dwtrt ution

is shown in Fig.6. The solid line represents the
hitting density m the absence of an absorbing object
near to the imaging axis. The stars show the density
when the imagmg axis strikes the edge. The photon
density is decreased even on the side clear of the
wall ,because some hotons which hit the volumes to

1’the t-l ht of the wal also hit on the left too - class

V$
ii 1?otons of Fig 5. The result is that fewer than
O 0 of the hotons will be transmitted when Xe=O,

@as seen in lg 3.
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Fig 6. Plot of the hitting density distribution h,d(r,Tm)
along a line normal to the imaging axis.
Solid line - imaging axis far from the edge.
Stars - imaging axis strikes the edge.

At present we are investigating this phenomenon
tfurther. We are not yet able to escribe analytically

the relationship between the lateral mi ration of the
photons, the width and offset of the E& and the
migration time. None~eless, we have investigated
the relationships empmcally.

Fig 7 displays the time deyendance of (i) the half

?’
width of the hittin distribution (ii the wid~ of the

5ESF (defined as ha f the 10% -900 transmission
width (iii) the offset of the point of the ESF with
50% transmission. The two width functions have
similar, non - hnear time dependances, whale the
offset appears to be linearly dependant on migration
time Tm.

Pa= P(x>X) + P(X><X) (Eq 2)
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Fig 7. Time dependence of: -
solid line - width of the edge spread function.
dotted line - width of the lateral spread of photons
described by the hitting density.
dashed line - offset of the 50% transmission point from
the edge

DISCUSSION

We have used the diffusion description of the
motion of light in a highl scattering medium to

1’investigate computat!ona} y the effect of scattering
on the transdlummatlon lma mg of an absorbing

fedge. Our results confm-n t e experimental
observations of Hebden (6) that the edge s read

?function de ends on the migration time o the
photons. 1?ebden’s results were made by collectin

1all hotons arriying at the detector before a time t,
iwhl e we have mvestlgated the intensit of photons

7arriving at a particular time. Nonethe ess, this
difference m protocol will make no difference to the
qualitatwe conclusions. The width of the ESF
increases with the migration time Tm. Moreover,
the ES.F is offset. from the true osition of the edge

//b a distance which N linearly ependant on Tm.
‘&is effect is a result of the random nature of the

f
hoton transport. The implications of these results
or imaging are that the time used for the collection

of the ‘near- ballistic’ photons should be kept short
as possible. While it may be possible to correct for
the width of the spread by some form of
deconvolutlon, the posmon of the restujtmg edges
wdl be offset from the true edge osmons.

\Absorbing ob”ects wdl appear to e !arger~han they
really are. w’ e are m the process of mvestlgatmg
how this effect depends on the relative absorption
coefficients of the wall and the medium when the
wall is not a total absorber. We anticipate that an
object with an increased abso tion (relative to the

Tmedium) will appear larger, w ile an object with a
reduced absorption will appear smaller.
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