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Sampling tissue volumes using frequency-domain photon migration
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We demonstrate the use of Monte Carlo simulations to generate photon scattering density fUR&ioRS
that represent the tissue volume sampled by steady-state and frequency-domain photon migration. We use these
results to illustrate how scaling laws can be developed to determine the mean sampling depth of the multiply
scattered photons detected by photon migration methods that remain valid outside the bounds of the standard
diffusion approximation, i.e., at small source-detector separations and in media where the optical absorption is
significant relative to scattering. Using both the PSDF computation and the newly formulated scaling laws, we
focus on a comprehensive description of the effects of source modulation frequency, optical absorption, and
source-detector separation on the depth of the sampled tissue volume as well as the sensitivity of frequency-
domain photon migration measurements to the presence of a localized absorption heterogeneity.
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I. BACKGROUND AND MOTIVATION ton migration measurement. These scaling laws provided
functional relationships for how the visitation depth distribu-
In recent years, photon migration methods have bee#ion varies as a function of the tissue absorptjop and
shown to be capable of noninvasively quantifying the physireduced scatteringe, coefficients and the source-detector
ological properties of biological systerfis—3]. These meth- (s-d) separationp. These analytic expressions were con-
ods have been used with much success to study many bi@rmed_ by Monte Carlo S|m_ulat|ons and consistent with later
logical systems including breast and muscle physiology ang@xperimental and theoretical considerations developed by
the functional activity of the braifi4—9]. Photon migration Fatersonetal. [13]. Over the past fifteen years, many
measurements often employ a single source-detector pair °0UPS have expanded and generalized this early work using
determine the optical properties of tissue systems that a nalytic, pomputa‘uonal and/or' experimental apprpaches to
treated as spatially homogeneous. These optical properti& ;reacttifr:'é_erézgl\fehdmgp f?Zane“nncg Log%rgfnwm%%f'%? f;?%?]y
are then used to determine the morphology and biochemic% ! d Y P 9

. . chniqgue§14-29. Moreover, experimental, analytical, and
composition(e.g. [red-Hb}, [HbO,], [H,0]) of the tissue . iational studies have examined the impact of small

under consideratio[iL0,11]. In such cases, the detected pho'localized heterogeneitiekl6,21,23—26 and layered tissue

tons have interacted with the tissue at multiple locations. T%tructures[23,24,22 on the tissue volume sampled by the
optimize the sensitivity of such measurements to a structurgetected photons.
of interest, or to simply define the tissue volume ‘sampled’ These early studies provided several important results.
by a given measurement, it is essential to have the capabilitpattersoret al. demonstrated that different tissue depths can
to not only determine the tissue volume probed by a giverbe probed using time-gating methddss]. Using frequency-
source-detector configuration, modulation frequency, and sefomain methods, Seviakt al. demonstrated that for a given
of tissue optical properties, but also to quantify the effect ofs-d separation an increase in source modulation frequency
a localized absorbing heterogeneity on the measured signgbrovides greater sensitivity to superficial tissue volumes
This is not a new problem. The identification of the vol- [21]. This study also examined the change in the modulation
ume sampled by photon migration methods when probingind phase of the detected photon density wave produced by
highly-scattering homogeneous tissues was first addressed ktye introduction of an absorbing heterogeneity into an other-
the seminal work of Weisst al.[12]. This first investigation ~wise homogeneous medium. In all cases, the investigators
employed a random-walk model for radiative transport tofound the existence of a “blind” location within the volume
establish basic scaling laws governing the distribution ofsampled by the detected photons at which the placement of
depths visited by the photons collected in a steady-state phan optical heterogeneity would result in no change in the
measured signal. Along these same lines, Gragoial.
showed experimentally that the position of this blind location
*Present address: Institute de Recherche et Coordinatiodiffers slightly depending on whether one examines the am-
Acoustique/Musique(IRCAM), 1 place Igor Stravinsky, 75004 plitude or phase of the detected photon density waa.
P?ris, France. Email address: Frederic.Bevilacqua@ircam.fr However, while the main features regarding photon sampling
Address correspondence to Vasan Venugopalan, Departmeniensity are understood, a comprehensive quantitative analy-
of Chemical Engineering and Materials Science, 916 Engineeringis that accommodates a full rangesed separations, optical
Tower, University of California—Irvine, Irvine, CA92697-2575, properties, and source modulation frequencies is still miss-
USA. FAX: (949 824-2541; email address: vvenugop@uci.edu ing. In particular, the distinction between the characteristics
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of the tissue volume sampled using frequency-domain, aaniformly while the longitudinal scattering angle is sampled
opposed to steady-state, photon migration methods and thefitom the Henyey-Greenstein phase function vgjth 0.8. We
relative sensitivities in detecting small optical heterogene<onsider a slab geometry with a thickness of 100 mm. The
ities has not been clearly addressed. boundary condition at the top surface was specified by the
Our interest here is the comprehensive examination of th&resnel relations for unpolarized light. The bottom surface
volume probed within a homogeneous turbid medium usingvas treated as index-matched. The photon weight within the
steady-state and frequency-domain photon migration methmedium is adjusted using continuous absorption weighting
ods. We employ the Monte Carlo method to simulate theand photons are terminated only by their escape from the
radiative transport involved because we do not wish to remedium. For each photon that arrives at the detector, we
strict this investigation to conditions under which the diffu- record and save the locations at which it scattered within the
sion approximation is valid, namely whem.>u, and p ~ medium in a computer file for later analysis.
>|*, wherel* =(u,+ i) 1. Our objectives are twofold. Using the file containing the detected photon trajectories,
First, we intend to characterize the variation in the samplingve define a three-dimensional matrix ;(x,y,z) represent-
volume with absorption and reduced scattering coefficient#1g the volumetric density of scattering events resulting from
ma and pg, source modulation frequencly and source- the migration of theéth detected photon in the medium. Us-
detector separatiop. This is done through the generation of ing this definition, the total number of scattering eveNts
a photon scattering density functig®SDP that utilizes theith detected photon undergoes within the tissue volume is
photon trajectories provided by a Monte Carlo simulation todiven by
define the tissue volume sampled for a given measurement.
Using the PSDF we examine the mean depth sampled by the
detected photons and its variation with the optical properties  Ng;(X,y,2)=
and measurement parameters of interest. These results are k

compared to predictions provided by the standard diffusion

T . Yvherex, Y, and Z represent the maximum spatial dimen-
approximation to the Boltzmann transport equation as wel ions of the computational domain addk Av. andAz are
as to scaling laws that we have developed to predict th P ' BY,

mean photon visitation dept{z) and its variation withs-d © _dlmen_5|ons .Of the_ Fhree-dlmensmnal vo_xels that_ lie
. . 7 within. Using this definition for the volumetric scattering

separatiorp, absorption coefficienf, and source modula- density v, we define the photon sampling density function

tion frequencyf. This is done in a generalized fashion so that « its) correspondin pto all hotopns gdetectegll over the

accurate results can be obtained both inside and outside tlﬁén e,{ﬁt('—:‘rval 0m tF;s 9 P

purview of the standard diffusion approximation. Second, we

demonstrate how the PSDF can be used to determine easily

the sensitivity of frequency-domain photon migration mea- W,

x

Y ya
> D vei (XY .zmAxAyAz, (1)
01=0 m=0

I
surements to the introduction of a small absorbing heteroge- U(X'y'z’t):w W%e t <t Ngi(X,Y,2) vsi(X,Y,2)
neity. This is done to examine the perturbation offered by ' ’
such a heterogeneity as a function of its locatism sepa- _ expl— uaCty) 5
ration, and source modulation frequency. This analysis re- Vi wisre 1<t st,i(X,y,Z), (2

veals that the “blind” locations in which tissue heterogene-

ities can reside but not be detected using frequency domaigheret; is the arrival time of theth photon at the detector.
methods arise through the interference of the source photog(x vy z t) represents a spatial distribution of the number of
density wave with the photon density wave scattered by thgcattering events per unit volume produced by the detected
heterogeneity. photons up to time. W; is the weight of theith detected
photon and is computed using; =exp(—u.Ct); w, being

the absorption coefficient of the medium aot] being the

Il. METHODOLOGY total path length traversed by thth detected photon which
A. Computation of the photon scattering density function travels at speed in the turbid medium and arrives at the
(PSDP detector at time; . The restriction on the sum over indeis
We consider the situation depicted in Figal with a Z;tisretri]r:qfaot exclude those photons that arrive at the detector

source and detector with identical numerical aperiiNg) However, the focus of this study is to examine the PSDF

of 0.37 separated by a distangeln all cases, the sample is in the frequency domain. We thus consider the frequency-

assumed_ to haye refr_actlve |nd%|=1.4 relatlve_ fo the .resolved diffuse reflectanggy(w) measured at the detector:
surroundings with optical absorption and scattering coeffi-

cients u, and ug, and single-scattering asymmetry coeffi-
cientg. A reduced scattering coefficiept, can then be de-

fined as ui=us(1—g). We implement Monte Carlo

simulations wherein each photon is “injected” into the me-
dium with a “weight” of 1. The path length between suc- where p4(t) is the time-resolved diffuse reflectanae,the
cessive scattering events is sampled from the density fun@ngular modulation frequency, ang=\—1. Using the
tion ugexp(—ud). The azimuthal scattering angle is sampledmethod proposed by Testodft al. [28] the PSDF for the

Ej(w)=fipd(t)exp(—jwt)dt, ()
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photon enters w = exp (—paL) exp (—jwt)
with weight w =1 k = # of collisions

p=22mm

Depth z [mm]

u, = 0.005 mm™; pi= 0.8 mm™’

FIG. 1. (Color) (a) Schematic of Monte Carlo simulations used to generate the P@PBample of the PSDF given for frequency-
domain photon migration with a source modulation frequeriey400 MHz within a medium possessing,=0.005/mm and g,
=0.8/mm. The source and detector possessed numerical apertidés=dd.37 and were separated py 22 mm.

angular modulation frequencwg, o(X,Y,Z,wg), can be duced by introducing a small absorbing heterogeneity lo-
computed using the expression cated atx’,y’,z') can be determined by excluding the voxel
corresponding to the location of the heterogeneity from the
: volumetric integration shown in Eg5).

exp( — uaCli—jwot;) ¢ @)

Ns,i(X,y,2)

F(x,y,z,wo)zg vsi(X,Y,2).
|
(4) B. Diffusion-based approaches for determining visitation

density functions

For comparison, it is important to bear in mind how visi-

Note that in such a case(X,y,z,wq) is a complex three- ; ) )
dimensional matrix, i.e., a matrix possessing real and imagit&tion density functions for the detected photons can be de-

nary parts. The magnitude aF(x,y,z,w,) scales directly rived within the context of the standard diffusion approxima-

with the probability that the detected photons have scatterefion [13,16,19,21 Following the approach outlined by Feng
et al.[16], the probabilityP(r’) for a photon originating at a

within an infinitesimal volume located atx(y,z). Figure i o ) ,
1(b) provides a sample of the PSDF amplitude within a semi{cation {=ro) to arrive at a detector locatiom{rq) hav-

infinite medium probed by frequency domain photon migra-"9 visite_d an arbitrary infinitesimal volunax dy q;located
tion at f=400 MHz with p=22 mm, u,=0.005/mm, and atr=r' is given by the product of two probabilities:
,u;=.0.8/mm. Thgse values are typical for female breast tis- P(r')=Py(ro,r")Po(r',ry). (6)
sue in the far visible and near infrargsl.
As depicted in Fig. this approach to deriving the .
PSDF paprtitions the %etaszzted werijght of the photongequall n Eq. (6), P, represents the probability that a photon enter-
Ing the medium at location=r will arrive at a infinitesimal

among the locations at which it scatters within the sample. oo, : .
This ensures that photons that contribute most to the meé’—Olume dx dy dzlog:ated atr=r. a_nq P2. is the probability
sured signal also contribute most to the PSDF. Defining th(%hat a photon ,star_tmg from the |nf|n|t_eS|maI volurebe dy dz
PSDF in this way ensures that the sum of the weights of al ocgted atr=r V\."" escape the mgdlum at the detector lo-
the detected photons can be recovered using volumetric irzation r,=rd_. '_31 IS dlrect!y proportional to the fluence rate;
tegration. Thus ¢(r=r") within the medium produced_by a source of unit
strength. On the other hanHj; is proportional to the fluence

Y z rate at the detector locatiot(r=r) if an infinitely small
W=D W=, > D (XY Zm AXAYAZ,. isotropic photon source of unit strength were located at
Vi k=0 1=0 m=0 =r’. Thus the probability under consideration is propor-
(5 tional to the product of the two corresponding Green’s func-
tions:

Note that the removal of a given volume elemértxel)
located at k,y,z) has the same effect on the detected weight . o _ o
as the addition of a small absorbing heterogeneity. This is P(r')«= X K|r°, r']) expl Klrdl r'D
essentially equivalent to a Born approximation where the [ro—r’| [ra—r’|
effect of the absorption heterogeneity perturbs the measured
signal but not the spatial distribution of the radiative trans-where « is the effective attenuation coefficienf3w,(ua
port in the medium. Thus changes in the detected signal pro+ u.)]Y2

N
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For a semi-infinite medium, Ed7) must be modified to expression for the perturbation of the frequency-domain flu-
accommodate the boundary conditions at the surface of thence rate produced by an absorbing heterogeneity reduces to
medium. This is most often accomplished using extrapolatethe form of Eq.(7) which, by contrast, expresses the prob-
boundary conditions and the method of images to solve thability density for photon visitation. This suggests that the
equations involved in the standard diffusion approximationPSDF, in addition to providing the distribution of locations
For a semi-infinite geometry where photons are injected atisited by the detected photons, also contains information
ro=(0,0,0) and detected at=(d,0,0), the photon scatter- relevant to modification in the detected signal produced by
ing density atr’=(x,y,z) within a standard diffusion ap- the introduction of a localized absorbing heterogeneity.

proximation framework is given by It is important to note thak is a quantity that can be
b - measured directly only in the steady-state case=0).
P(r')« exp(— k{[X*+y?+(z2-29)*1"%) However, in the frequency-dependent casee>(0), € modi-
[X2+y2+(z—29)?]*? fies the frequency-domain fluence rabg that would be de-
5. o 241 tected in the absence of the heterogeneity. Thus the measur-
_ exp— k{[X"+y ™+ (2= 2 2)"] 2})} able quantity in the presence of an absorbing heterogeneity is
[X2+y?+(z— 29— 2¢)*] (®y+ €), and results from the interferengee., the complex

sum of (a) the photon density wave that travels through the
exp(— w{[(x—d)*+y*+2°]'%) homogeneous medium and reaches the detector (Wjtthe
[(x—d)?+y?+2°]12 photon density wave that is scattered by the heterogeneity
2 o 211/ [31]. Because of the equivalence of the perturbation in the
_exp(— i{[(X—d) "y +(z2+2)°] 2})} @ frequency-domain fluence rate with the photon visitation
[(x—d)*+y*+(z+20)°]" ’ probability density shown above, the relative change in the
, _ . L measured signal produced by a small absorption perturbation
wher_ezozll,us andz, is _the e>_<trapo|at|on Ie_zn_gth which is a located atr’=(x,y,z) when probed by a photon density
funct|09lof both the optical diffusion coefficieM=[3(xa  \yaye of modulation frequenays, is easily derived from the
+wr&)]7" and the relative refractive index,,; of the me- PSDF as
dium[29,30. However, because this formulation is based on
the standard diffusion approximation, E¢%) and (8) pro- —
vide accurate predictions only for larged separations and ©0(0,04, wo) + €(x,y,2 o) o (ZviWi)o— a(X,y,2,00)
within media possessing high albedo. P(0,0d, wo) (ZviWi)o

(10
C. Perturbation of the visitation density due to an optical o .
heterogeneity Note that the perturbation |n.the detected S|gnal produced by
] the presence of an absorbing heterogeneity can be deter-
As noted by Fengt al, in the steady-state case, the pho-mined from a single Monte Carlo simulation by simple re-
ton visitation densityP, as derived using the standard diffu- oval of the voxel occupied by the heterogeneity from the
sion approximation, is proportional to the change of the fluolumetric integration of the PSDF as described in the de-
ence rgte produced at the detector by a inf_initely Smau/elopment of Eq.(5). Thus theentire spatial map of the
absorption element located &t=(x,y,2) [16]. This can be  perturbation sensitivity can be derived fromsiagle Monte
seen by considering the work of Boesal, who derived an  carlo simulation as opposed to performing separate simula-
expression for the diffusive wave scattered by an absorbingons for each heterogeneity location of interest. Moreover,
heterogeneity when probed using frequency-domain photothe Monte Carlo approach provides accurate results for cases
migration. This expression is derived by writing the scattereqynere standard diffusion approximation based expressions
wave in terms of a series of multipole moments for which theshown in Secs. 11 B and 11 C will not be accurate; specifically

amplitude of each partial wave is given by a scattering amfo; media of low to moderate albedo as well as snsatl
plitude. If we consider only the monopole term in the expan-separations.

sion, the following expression provides, to first order, the
perturbatione in the detected fluence rate produced by the

presence of a spherical heterogeneity of radiymssessing IIl. RESULTS AND DISCUSSION
an absorption that is different than the background medium 14 provide our results in a fashion that can be easily gen-
by Apq [31]: eralized, we employ dimensionless measures of the tissue
4723\ [ — Ap,| exp(—jkro) exp—jkrg) absorptiona=(,4ﬁilﬂg), s-d separatiorp= u.p, and modu-
=3 3 D 47cDry 4t 9 lation frequencyf = (f/cu.) wheref is the linear modulation

frequency ancc is the speed of light in the medium. The
where S is the strength of the photon source aket{[u, dimensionless source modulation frequency represents the
—(jw/c)]/D}2 s the wave vector of the diffusive photon Source modulation frequency normalized to the frequency of
density wave in the background mediung.andr, are the  iSOtropic scattering occurring within the medium. Note that
distances from the heterogeneity to the photon source arf@' @ tissue withug=1/mm, the range of modulation fre-
detector, respectively. Careful comparison reveals that in theuencies between 200 MHz and 2 GHz corresponds roughly
limit as the angular source modulation frequengy-0, the  to a range inf between 0.001 and 0.01.
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A. Photon scattering density functions in homogeneous media N _ =

p=20 f

In Figs. 2 and 3 we consider the midplane between source  10” =N (et 1) =0:01 50
and detector and display normalized versions of the PSDF s¢

that they possess the properties of a probability density func-g

+ 0.002
| a _ a i\\ x 0.005
tion. The symbols represent the probability density of thed 1¢2

7

normalized depthsz& niz) of photon scattering as pre- § 3
dicted by Monte Carlo simulations for s-d separationp § r
=20. In Fig. 2 the variation of the PSDF with source modu- 5 , . NS
c
<&

lation frequencyf_ is shown for a fixed absorption ok

o
=0.01. In Fig. 3 the variation of the PSDF withis shown - D
for f=0.002. For comparison, the visitation probability den- o< , , | | L , L
sity predicted by the standard diffusion approximation and 0 10 20 30
provided by Eq.(8) is shown by the curves in each figure. dimensionless depth Z

Acceptable agreement is found between the diffusion ap-

proximation and the Monte Carlo simulations and similar ~ FIG. 2. Probability density function of the depth visited by the
trends in the change of these distributions are seen witgetected photon density wave amplitude at the midplane between
changes in optical absorption and modulation frequencﬁource and detector for normalized source modulation frequencies

This is expected given the large value gfand the small f=0, 0.002, and 0.005. Symbols represent results from Monte
values of bothf anda that we have considered Carlo simulations while the curves represent the photon visitation

However, there are some quantitative differences betweegens'ty given by the standard diffusion approximation, i.e., Eq.
esults are shown for source-detector separatier20 with nor-

thg diffusion. a}pproximation and the Monte Carlo results. In_ - . 4 optical absorptiol=0.01.
this regard, it is important to remember that the Monte Carlo
results are derived from the spatial variation in the number of
scattering events, weighted by absorption and scattering, that
take place within an infinitesimal volume as this volume is For a more detailed examination of the dependence of the
placed at an increasing depth. By contrast, within the contex? SDF with s-d separation, optical absorption, and source
of the standard diffusion approximation, the photon visitationmodulation frequency, we computed the mean normalized
density function is determined by taking the product of thedepth(first moment of the PSDKZ). Figures 4 and 5 show
local photon density within the medium and the probabilitythe dependence of the mean photon sampling dégttor

that a photon “emitted” from the location in question will be Normalizeds-d separation in the range 0.5-40. The sym-
detected. Despite the different methodologies involved in th&0!S represent the results of the Monte Carlo simulations

derivation of these probability density functions, the resultg/hile the curves represent predictions of novel scaling laws

shown in Figs. 2 and 3 demonstrate that these two apt_hat are developed later in this section. Figure 4 provides the
proaches exhibit similar features. This arises because the

photon scattering density is proportional to the local fluence

B. Mean photon visitation depth in homogeneous media

!
rate. However, the Monte Carlo approach has the important 10" ¥ O(MS/MS)
advantage over diffusion approximation-based approaches o o 0.005
not being limited to any particular range of source-detectorw x 0.02
separations or optical properties. ? 102 4 041

w
__ Figures 2 and 3 show that increasing values of either/both%
f and « results in a more rapid decay of the PSDF with N
depth. This behavior is expected because photons that perg s \
etrate deeply into the sample typically possess trajectories2 10
with longer path lengths and are less likely to reach the de-
tector as the optical absorption is increased. Moreover, high

Pad

LLLELRLLLL
x o/
/ o/ o
.
.
/

modulation frequencies result in an increased contribution of 10 e Lad . *
shorter path length photons to the overall signal. The range 0 10 20 30
of modulation frequencies shown in Fig. 2, corresponds to a dimensionless depth z

variation between dc |rrf':1d|at|on' ar)d_a sou[cle modulat|.0n fre- FIG. 3. Probability density function of the depth visited by the
quency of 1 GHz for a tissue with;=1 mm™*. Comparing  getected photon density wave amplitude at the midplane between
these results with those of Fig. 3, it becomes clear that fogource and detector for normalized optical absorption aof
biomedical applications, where the modulation frequencies-o, 0.005, 0.02, and 0.1. Results are shown for a fixed source-
employed are typically less than 600 MH£=0.0028 for  detector separatiop=20 and normalized source modulation fre-
we=1mm ') variations in optical absorption play a much quency f=0.001. Symbols represent results from Monte Carlo
more important role in altering photon visitation depths thansimulations while the curves represent the photon visitation density
will variations in the source modulation frequency. given by the standard diffusion approximatig®q. (8)].
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variation of the mean photon visitation deg) with nor- w12
malized modulation frequencl for @=0.005 while Fig. 5 g (ka/ 1) = 0.005 l
provides the variation witfar for f=0.001. 210
As expected(z) increases witfp. For low «, (z) varies 5 -
almost linearly withp and is in apparent contradiction with & 8
the following result that Weisst al. derived from random .2 : _
walk theory[12]: c 6 : f
@O | 29
@D =AY, 1 £, 0
_ g 4 .

whereA is a constant an&=[3a(a+1)]"?is the dimen- T [ / 0.001
sionless effective attenuation coefficient. Closer examination'a 2 /,, » 0002
of Eq. (1) reveals tha(z)—> asa—0. Thus itis unlikely 2 K '
that Eq.(11) is valid for smalle. In this regard, it is instruc- S Sy S

o

tive to examine the results of Ferg al, who derived the _10 i 20 _30_ 40
following relationships for the depth at which the PSDF dimensionless s-d separation

reaches its maximum valug,a, [16]: FIG. 4. Dimensionless mean visitation depth of the detected

> — 12 — hotons(z) at the median plane between source and detector as a
Zmas= (P12K) for ap>1, (12) ?unctiongz source-detectof separatipn Results are shown for a
fixed normalized optical absorptiom=0.005 with normalized
_ v2_ _ source modulation frequencie‘_yo, 0.001, and 0.002. Symbols
ZmaX:Zp for ap<1. (13 represent results from Monte Carlo simulations while the curves
represent predictions given by the newly formulated scaling laws
[Egs.(15)-(17)].
In the case of high absorption and/or largtel separations,
Eq. (12) provides the same scaling law as Efyl), namely, G(p)~1+0.4%, (16)
that(z)<pY2. However, Eq(13) predicts that in the case of
low absorption and/or smadl-d separations(zyep. This is
precisely the behavior seen in Fig. 5. An expression that
displays the proper limiting behavior for low and high ab-
sorption can be obtained through modification of Edq.) as
follows:

H(p)~2.86p. (17

The curves shown in Figs. 4 and 5 represent the predic-
tions of Eq.(15) with expressions fo5(p) andH(p) given
above. Equatior{15) provides excellent predictions fdz)
that typically deviate from the Monte Carlo results by less

@ G(p) r’z (14) than 10% and are accurate even at snsatl separations.
k+H(p) o 12
g (w/w) f=0.001 T/
whereG(p) =G, + G,p andH(p)=H; /p with G, G,, and § 10+——0
H, being constants. 5 -+ 0.005
Wh_lle theE)rm of Eq(14) can accommodate variations in g 81—= 0010
both p and « it does not accommodate the variation in @ : ' /’
modulation frequency. As noted previously, increases in ei—% 6 v 0.02 —
thera orf_produce a decrease {@). The similar effects of g | * 0.1 /%j/ /
a andf on (z) can be understood from the perspective that § 4 v
for small values of f/(u,c)] the amplitude in the frequency &
domain can be approximated from the steady-state result byg 2
substituting replacinge with its frequency-domain analda é
[16]. Thus in the frequency domain case, Efi4) can be 5 0 S —

o

10 20 30 40
dimensionless s-d separation o

rewritten as

G(p) 12 FIG. 5. Dimensionless mean visitation depth of the detected
Sl=— > (15 photons(z) at the median plane between source and detector as a
k+H(p) function of source-detector separatipn Results are shown for a

fixed normalized source modulation frequencyfis 0.001 with
_ - . _ normalized optical absorptiow=0, 0.005, 0.01, 0.02, and 0.1.
wherek®=3(a+1) (a—2wfj). Performing a least squares Symbols represent results from Monte Carlo simulations while the
fit of Eq. (15) to the results of the Monte Carlo simulations, curves represent predictions given by the newly formulated scaling
we find the specific forms d&(p) andH(p) to be laws [Egs. (15)—(17)].
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From this analysis it is clear that increases in absorpdion
and modulation frequencl have similar effects ofz). For
cases in which¢<2=f), (Z) is more sensitive to changes

in f while for the opposite case in which ¢Z<a), (z) is
more sensitive to changes in

Equation(15) also predicts that the degree of variation in
(z) produced by changdsand« is affected significantly by
the s-d separatiorp. This is illustrated in Figs. & and Gb)
where the variation ofz) with f is shown for media of

oo
|

dimensionless mean visitation depth (z)

2 ]
different @ for s-d separations op=20 and 1, respectively. 5= 20 o/ 112) 2 8002 ; 8-8; * 01
At small p, changes irf anda have only a minimal effect . = Halbls) 2 0005 ® 005

T T 1 T 1 LI | T

on(z), while at largerp, their effect or(z) is more substan-

0.005

tial. Specifically, for a medium with absorptiaa=0.01, an 0.0001 0.001 _
. . . . L = (a) dimensionless modulation frequency f
increase in modulation frequency from dc illuminationfto
=0.005 results in a decrease(ir) of 16% for p=20 while w
for p=1 the same increase in modulation frequency results =
in a decrease i6z) of only ~1%. Similarly for a modulation ‘g i
frequencyf=0.002, an increase in absorption fram=0 to h 0.8 M —— >
0.05 results in a 64% decrease(i) for p=20 but only a % - — — — — -
10% decrease i{z) for p=1. Again, we see that the scaling 0.6 —_— S
law for the mean visitation depth as expressed by (&§) z i o0 o o oo o o o
predicts the Monte Carlo results with an accuracy of approxi- &
o - - g 0.44
mately 10% over this very broad range of modulation fre-
guency,s-d separation, and optical absorption. 8 i
c
g 029 L 00 X005 vO05
5 [7=! (/) 4 001 a02 o4
C. Effects of an optical heterogeneity on the PSDF E 0 L 44 aay L 4 s ,
T | |
Thus far we have only presented results pertaining to ho-  0.0001 0.001 0.01 0.03
mogeneous media. As discussed in Sec. || C, the PSDF ncp) dimensionless modulation frequency f

only enables the prediction of the variation of the photon g 6. Expected value of the depth visited by the detected
scattering depth witts-d separation, optical absorption and photons(zy at the median plane between source and detector as a
modulation frequency, but can also be used to determine thg, ion of normalized source modulation frequericyResults are
effect of an absorbing heterogeneity on a measured signalhown for various values of optical absorption in media probed at a
This latter issue is pertinent to a broad class of problems iRgyrce-detector separation @ p=20 and(b) p=1, respectively.
biomedical diagnostics where detection of the presence of 8ymbols represent results from Monte Carlo simulations while the

localized change in absorption or scattering is desired. Rekurves represent predictions given by the newly formulated scaling
evant physiological examples include the detection of trantaws[Egs.(15)—(17)].

sient localized changes in optical absorption due to blood
flow and oxygenation dynamics connected with neural acti- A comparison of Figs. (@ and 7b) reveals that measure-
vation in response to an external stimulds6]. ments of frequency-domain amplitude and phase are sensi-
While the PSDF is formulated as a scattering density untive to slightly different spatial regions within a turbid me-
der steady-state conditions, as discussed in Secs. |1B antlum; a fact reported in experimental studies from the groups
IIC, itis equivalent to the perturbation produced by a smallof Sevick as well as Gratto[iL8,21]. Interestingly, the per-
localized heterogeneity on the measured signal. Thus the petiarbation in phase produced by an optical heterogeneity lo-
turbation provided by a localized heterogeneity can becated close to the tissue surface results in an increase in the
quickly and easily formed by subtracting the contribution ofdetected phase while its placement at deeper regions pro-
the corresponding “voxel” element from the overall PSDF. duces a phase reduction. This occurs because the presence of
This relative change in the detected signal due to the presan optical heterogeneity close to the surface reduces the
ence of a optical heterogeneity in any given voxel is thusprevalence of detected photons that possess short trajectories.
determined by computing Eq10). The results of such a Thus the detected photons possess, on average, longer trajec-
computation is depicted in Fig. 7, where the relative changeories and thus a larger phase accumulation. By contrast, an
in the PSDF corresponding to the detected frequency-domainptical heterogeneity present at larger depths reduces the
(@ amplitude and(b) phase is shown for the same set of number of detected photons with very long trajectories and
conditions as those used in Fig. 1; namely, for a sourcgesults in a reduction in the phase of the detected photon
modulation frequency of =400 MHz detected at s-dsepa-  density wave.
ration of p=22mm with optical properties u, Figures &) and 8b) show the effect of source modula-
=0.005 mm* and u.,=0.8 mm %, tion frequency on the variation of the detected amplitude and
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Amplitude Perturbation Phase Perturbation

0 p=22mm 29 0 p =22 mm 29

1.010 1.0010

11.005 1.0005

1.000

Depth z [mm]
Depth z [mm]

0.995

‘ — 0.990 i B
Ha = 0.005 mm™; ug’ = 0.8 mm™” Ha = 0.005 mm™; ug’ = 0.8 mm™”
FIG. 7. (Color Spatial maps of the relative change in the measured photon déasiynplitude andb) phase produced by a small
absorption perturbation locatedrdt= (x,y,z). Results were computed using E#0). This case corresponds to the PSDF shown in Rig. 1
where a medium withu,=0.005/mm andu;=0.8/mm is probed with source modulation frequency of 400 MHz using a source-detector
separatiorp=22 mm with numerical aperturd A=0.37.
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FIG. 8. Relative perturbation in measured photon den@ly FIG. 9. Relative perturbation in measured photon den&ily

amplitude andb) phase produced by a small absorption perturba-amplitude andb) phase produced by a small absorption perturba-
tion placed in the midplane between source and detector at variousn placed in the midplane between source and detector at various
normalized depthg. Symbols represent results from Monte Carlo normalized depthg. Symbols represent results from Monte Carlo
simulations and are connected by line segments for ease of visuadimulations and are connected by line segments for ease of visual-
ization. Results are shown for a source-detector separatio?0 ization. Results are shown for a source-dector separaiie20

with fixed normalized optical absorption=0.01 and normalized with fixed normalized source modulation frequenfcy 0.001 and
source modulation frequenciés-0, 0.002, and 0.005. normalized optical absorption=0, 0.005, 0.02, and 0.1.
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phase perturbation with depth in the midplane between thérming a photon migration measurement at multiple source
source and detector. As observed in the spatial distribution ahodulation frequencies.

the PSDF profiles, the overall sensitivity to depth decreases

with an increase in modulation frequency. This is clearly IV. SUMMARY

seen as the perturbations in both amplitude and phase ap-
proach unity at more superficial depthsfais increased. For We have developed a general Monte-Carlo-based method

very large modulation frequencies the amplitude perturbatiofof @ssessing the tissue volume sampled in a steady-state,
can actually be positive, as shown in Figagat normalized ~time-resolved, or frequency-domain photon migration mea-

depths oz~ 12—16 forf = 0.005. This occurs when the con- surement. Thg use of Monte Carlo simulations allows for
N . . ; accurate predictions regardless of the source-detector separa-
tribution of a given pixel to the detected phase is more thar). . . :
) > . fion and optical properties of the medium. The method we
7 radians which produces an increase, as opposed to a de- . -
. . . i —describe allows for the determination of not only the shape
crease in the detected amplitude. While this may be surpris-

. ' and location of the photon sampling volume in a homoge-
ing at first glance, we must recafBec. Il G that the mea neous medium, but also the perturbations in the detected

sured '|ntenS|ty Is the c_omplex sum of two photon density hoton density amplitude and phase produced by the intro-
waves; one corresponding to the propagation of the photo . . :
uction of a small absorption heterogeneity. Our results sug-

density wave in homogeneous media and the other COM & est that for typical tissue optical properties, the difference in
sponding to the photon density wave scattered by the heter e sUe sam Ii>;1p offered b psteag -sptate a,nd frequency do-
geneity. Thus while the amplitude of the perturbation speci- ping y Y q y

fied by Eq.(9) is negative, at sufficiently high modulation main methods is small for modulation frequencies smaller
o ’ . than 600 MHz. Such a consideration is important because it
frequencies and/or large depths, the perturbation produces id basi id bined q d f
destructive interference which, when combined with theP 0VId€S @ basis to validate combined steady-state and fre-
: : ' .“quency domain measurements that have been proposed re-
negative amplitude of the scattered wave, leads to an in . : ;
- ; . .. cently [33]. We have provided analytical scaling laws that
crease in the measured intensity at the detector. A 5|mlla<{1 curatelv predict the mean depth sampled by the photons
behavior was also measured experimentally by Svaasand’ y P o P P y PN
et al.in their study of the dependence of planar photon den-Co"eCt.ed na ph.oton migration measurement as a f“f?c“o” of
sity waves with source modulation frequency in layered me-b oth tissue opt|cal. properties and source .modl_JIat}on fre-
dia[32] quency. These scaling laws generalize previous findings and

; . . are valid over a broad range &fd separation, optical absorp-
Figure 9 shows the effect of optical absorption on thetion and source modulation frequency. Finally, the proposed
variation of the(a) amplitude and(b) phase perturbations . q Y- Y brop

with depth in the midplane between the source and detectomethodology to determine the impact of localized absorption

As seen in the plots of the PSDF shown in Figs. 2 and 3, arﬁneterogene|t|es on the detgctgd signal clearly matches experi-
; : . . - mental observations that indicate that the phase and ampli-
increase in optical absorption produces an effect similar to al

increase in modulation frequency. This result is in goodE]ude of detected photon density waves exhibit different spa-

agreement with results provided by both Sevatkal. [21] tial b:~:edn:~:itivity characteristics relative to the tissue volume
and Paithankaet al. [25]. The observation of a crossing probed.

from positive to negative perturbations in both the amplitude

and phase, represent “blind” locations in the sampled tissue ACKNOWLEDGMENTS

volume, i.e., locations at which an absorbing heterogeneity
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