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Frequency-domain theory of laser infrared photothermal radiometric detection of thermal waves
generated by diffuse-photon-density wave fields in turbid media
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A three-dimensional theory of the frequency-domain thermal-wave field generated inside a turbid medium
with optical and thermal properties of human tissue is presented. The optical source is treated as a three-
dimensional harmonically modulated diffuse-photon-density w@RDW) field in the diffusion approxima-
tion of the radiative transfer theory. Unlike earlier Green-function-based theoretical models, exact boundary
conditions are used based on the requirement that there should be no diffuse photon intensity entering the
turbid medium from the outside. Explicit analytical expressions for the DPDW field and for the dependent
thermal-wave field are obtained in the spatial Hankel-transform domain. The formalism is further extended to
the calculation of the infrared photothermal radiometric signal arising from the nonradiatively generated
thermal-wave distribution in turbid media with instantaneous nonradiative deexcitation as well as in media
with nonzero fluorescence relaxation lifetimes. Numerical inversions have been performed and presented as
examples of selected special cases of the theory. It is found that the present theory with exact DPDW-field
boundary conditions is valid throughout the entire domain of the turbid medium, with the exception of the very
near-surface ballistic photon “skin layef7—-50um). Photothermal radiometric signals were found to be more
reliably predicted than DPDW signals within this layer, due to the depth-integration nature of this detection
methodology.
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[. INTRODUCTION In order to interpret experimental data, several theoretical
approaches have been taken. The most fundamental approach
In recent years several noninvasive laser-based diagnostitarts with Maxwell's equations, takes into account the sta-
techniques for tissues have been developed aimed at pdistical character of turbid media and introduces the statisti-
forming reliable measurements of the optical scattering an§al moments of the scattered photon waet,15. The
absorption properties of healthy and pathologicahcerous ~ Mathematical complexities of this exact theory, however, se-
tissue, as well as for imaging purposes. Common to all thosB0USly limit its utility in the experimental study of light
techniques is the diffusiofmigration of laser-induced pho- Propagation in turbid media. An alternative approach for
tons in turbid medig1-5]. In particular, pulsed photother- multiple-scattering events is that of the radiative transfer

mal radiometry(PPTR is rapidly developing into a very theory[14]. Of special appeal is the diffusion approximation

promising tissue diagnostic technique for near-surface appli_t_o this theory, because of its inherent mathematical tractabil-

cations[6—9] based on the assessment of Iaser—pulse—induce'&" This approximation to electromagnetic wave transport in

temperature profiles, with the concomitant extraction of ab—turbid media is valid in the regime of multiple scattering,
P P ! uch that\ <l <L, where\ is the wavelength of lightl is

sorption and scattering coeff_icie_n_ts. It has bee_n poin_ted O4he mean-free path for photon scattering éani the thick-

by Prahlet al.[7] that the _avallabnlty OT °'?'Y asingle signal poqq of the mediuml6]. In this (macroscopig approxima-
channel, the PPTR transient, makes it difficult to extract réyjon the multiply scattered intensity is described by means of
liable (i.e., uniqug measurements of both absorptign,,  the diffusion equation. Additional constraints apply, how-
and scatteringu, coefficients of turbid media, without an eyer, which have been investigated extensively by Ishimaru
additional independent optical measurement. This shortcomgt a|. [16] Briefly, these authors demonstrated that, for scat-
ing tends to compromise the utility of PPTR in tissue diag-terers that are small compared to the optical wavelength, the
nostics. Therefore, it is desirable to introduce alternativediffusion theory gives good agreement with experimental
measurement schemes that will meet the reliability/data. For scatterers that are large compared to the wave-
uniqueness criterion fop, and us measurements through length, the diffusion theory is applicable only when the op-
the availability of additional signal channels. This can betical absorption depth is large compared to the scattering
achieved by means of frequency-domain photothermal radidistance(=20). Finally, if the scatterer is a strong absorber
ometry(FD-PTR) [10,11], a technique that provides two sig- [u,/(ua+ s)>10"2, or us/ u,<100] the diffusion theory

nal channelgamplitude and phageln FD-PTR a harmoni- may not be valid.

cally modulated laser beam generates diffuse-photon-density Within the framework of the diffusion approximation of
waves in a turbid mediurfil2,13. Following photon migra- the radiative transfer theory, a number of analytical ap-
tion and scattering, the absorbed fraction of the diffusiveproaches have been considered. Boas and Yadh have
light wave creates an oscillatory temperatttermal wavg  developed a diffusion correlation formalism to characterize
field, which is detected radiometrically. dynamical and optical spatial inhomogeneities in turbid me-
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dia. Farrell, Patterson, and Wils¢@8] have considered the Il. DIFFUSE-PHOTON-DENSITY-WAVE
steady-state diffuse-photon-density field in a semi-infinite BOUNDARY VALUE PROBLEM

turbid medium under continuou&dc) optical excitation. Laser fluenceor irradiance in a turbid medium can be

They developed a three-dimensional theory of the spatigl, ressed as the superposition of coherent and diffuse com-

profile of diffuse reflectance in the medium, using a Greenysnents. The relative intensities depend on how scattering

function approgch. The exact boundary co.ndition.in this CaSehe medium is. For highly scattering media the diffuse com-
is that, at the interface between the turbid medium and itHonent is almost isotropic, which allows the photon-density
(nondiffuse surroundings, there should be no diffuse inten-fig|d to be expressed in a series of Legendre functjaeg

sity entering the medium from outsi@Bef.[14], Chap. 9.2 |eading to spherical harmonid®3]. The time-dependent
Furthermore, the diffuse source is extended, distributed iphoton density can be derived from the radiative transfer
space inside the turbid medium. In order to be able to use thequation upon substitution of the fifgsotropig term in the
Green-function formalism, Farrell, Patterson, and Wilsonforegoing series expansion,

[18] replaced the extended source with a single isotropic

point source located at a depth equal to the scattering mean- ) 19

free path. They also forced the photon fluence rate to zero at PV Pa(l )=~ = pa(r, 1) = apa(r,) ==S(r,t), (1)

a position outside the actual interfa¢extrapolated bound-

ary”) equal toz,=2AD, whereA is a constant related to the wherewv is the speed of light in the turbid medium, is the
internal reflectiosee Sec. II; Eq(11)] andD is the diffu-  optical diffusion coefficient, an&(r,t) is the optical source
sion constant. In this manner the Green function satisfieunction. For a harmonic optical source of cylindrical sym-
homogeneous Dirichlet boundary conditions, but the diffu-metry, such as an amplitude-modulated Gaussian laser beam
sion equation is not accurate outside the physical boundarie¢¥ angular frequency, the temporal Fourier transform of
of the turbid medium[19]. The same approach regarding Ed- (1) yields the DPDW(or diffuse radiant energy fluence
boundary conditions was adopted by Patterf2] in his  rate field [23]), ¢ [Wm™?], equation(24] in cylindrical co-
treatment of the frequency dependence of the harmonic o&rdinatesr=(r,6,2),

cillation of a diffuse-photon-density wau®PDW) in a tur- 5 )

bid medium. Farrell, Patterson, and Wilsd8] further com- V(1 0) — (@) o(r, 0) = = 3us(ui+ gura)

pared their Green-function-based diffuse-radial-reflectance X1(r,w)e 2, )
model to Monte Carlo simulations of the semi-infinite turbid

medium. They found some anomalies in their photon diffu-Here a source strength depth distribution was assumed that
sion model, notably that the diffusion theory breaks downdecreases exponentially into the turbid medi(Bouguet's
when the equivalent point-scatterer source is “too close” tolaw) with total attenuatior{extinction coefficient

the surface of the turbid medium. They also noticed that the

single scatterer source gives better agreement with Monte me=patps [M], (3
Carlo simulation at short distances from the surface than the

physically more realistic extended scattering source, a faot,(w) is the complex diffuse photon-density wave number,
they called “counterintuitive.” The boundary conditions for defined in Eq.(7). I(r,) is the radial fluence distribution
the diffusion approximation are nontrivial, because near thé Wm™2?) of the photon sourceg is the mean cosine of the
boundaries of a turbid medium this approximation breaksscattering functiorp(6) of the photon over all spatial direc-
down as the distance to the boundary becomes on the ordéons described by the solid angl& it can be thought of as
of a photon mean-free path. In this spatial regime diffusivean asymmetry parameter for anisotropic multiple scattering
transport crosses over to free propagatibalistic photons  [25]. It can be defined as

Much theoretical consideration has been given to this so-

called “skin layer”[21,22. It is clear that the nature of the

approximation used to replace the exact photon source and Lﬁp(a)cosa dQ

boundary conditions at the turbid medium-air interface is a g= (4)
major unresolved issue in any analytical model of diffuse p(0)dQ

photon propagation in this system, especially at, or near, the 4o

interface, which is the main probe region of back-scattered-
mode FD-PTR detection. Mean cosine values range over the intervall<g=1.

In this paper a theoretical formalism of FD-PTR in turbid g=0 indicates balanced forward and backward scattering
media is developed, using exact boundary conditions consige.g., isotropic or Rayleigh scatteringvherep(6) is con-
tent with the diffusion approximation of the radiative transferstant(and equal to the single-scattering albatlg= s/ ;)
theory. The theory develops and uses a three-dimensionf23]. Negative values of are associated with net backward
model of the DPDW field as the modulated thermal-wavescattering, while positive values a@f indicate net forward
source in a turbid medium of finite thickness. Simulations ofscattering.g=1 implies entirely forward scattering, where
the DPDW and the thermal-wave fields generated by the difp(#) is proportional to the Dirac delta function in the for-
fuse optical volume distributions are also given to demon-ward direction,f=0. It should be noted that the albeti,
strate the physical characteristics of the technique. refers to a single photon and is generally different from the
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transport albedoa’ = ul/(ma+ ps) introduced by Eason YT—”
et al.[26] and used in the Green-function formalism by Far- X
rell, Patterson, and Wilsofil8] a’ is a collective photon
property resulting from spatial summation of scattered pho- fi «— —>
tons(e.g., by an integrating sphere in total diffuse reflectance s L .
measurementsAlso —_— .
. _— o ° (-4
Incident ___ z
'=(1— -1 beam —_—

ps=(1-gus (M), ©) 1e.0) = - - -
. . . , —_— o o
is the transportor red.uceai s.ca.tt_erlng coefflment.,uS be—. heed ° o . I
comes equal tag only in the limiting case of fully isotropic
scattering. It must be further noted that there is no contradic- z=0 z=L

tion between the range of validity of the time-dependent pho-
ton diffusion equatioril) and the possibility for nonisotropic
photon distribution in the turbid medium as expressed by th
definition of the mean cosing Eq. (4): The “almost isotro-
pic” assumption underlying Eq(1) and its Fourier trans-
form, Eq.(2), represent an approximation in the limiting case. . . . - .
where multiple scattering is dominant, regardless of its spa'-ng| tT_'S cgndmon It? the qas% ofa tur_bllc:jlag/her gf flnge thick-
tial distribution. For this reason, Ishimaet al. [16] warn gﬁisosns%nn trr:(e)rir:(?troasicerljlggvs?ice?c’j ¥llJenctS| dm?so?(l:]rg)v?nryagon-
that near the surface of a turbid medium the diffusion solu—fluence ratd18)), W P

tion may not be applicable. We will return to this point in the v

development of the FD-PTR theory in turbid media, Sec. V,

on discussing the infrared radiometric probe, the depth aver- d

aging of which tends to reduce the effects of the inability of ‘ﬂd(r,oi“’)_Aﬁ‘/’d(r’z?‘””z:oz —3usgAl(r,w), (9

the diffusion approximation to describe the very near surface

ballistic photon region. In view of the almost entirely for- nd

ward scattering of photons in tissugyalues range between
[27] 0.6 and 0.98. Therefore, the foregoing remarks regard-
ing the consistency of the diffusion formalism are quite rel-

FIG. 1. Cross-sectional geometry of a slab of turbid matter of
éhicknessL, optically excited by a harmonically modulated Gauss-
ian laser beam of spotsi2%, modulation frequency = w/27 and
fluence given by Eq(6).

d
zﬁd(r,L;w)+AEwd(r,z;w)|Z:L=3MSgAI(r,w)e_”“tL.

evant.
Returning to the DPDW equatiof2), the radial distribu- (10)
tion of the Gaussian optical source at the surface of the tur-
bid medium can be described as Here the constam is given as followdg14,18,28
P(l_R) 2702 ;
I(r,w)=———7-e 2"W(1+e“y (W/m), (6 1+r
— 121

whereP is the incident laser poweR is the total outward
interfacial reflectance, which controls the amount of radia- r, is the internal reflectance, defined as the ratio of the
tion that enters the turbid mediunR is distinct from the  upward-to-downward hemispherical diffuse optical fluxes at
diffuse reflectance, which is generated following photon in-the boundary[28]. This definition ofA (in the normalized
teractions with the medium is the laser-beam spotsize. form A— A/2D) has been used by Groenhuis, Ferwerda, and
The complex diffuse-photon wave number is defined2#§  Bosch[29] in the steady-state limit of Eq1): dp4(r,t)/dt
=0; py(r,t)=y(r,)=yq4(r), along with an empirical re-
1-iwT, 1 lationship betweem,; and the relative refractive indax:.
op(w)= m (m=5). ) The boundary condition®), (10), albeit derived from exact
photon conservation considerations across the diffuse/
This definition is convenient, as it introduces the concepts oambient interface with rigorous mathematical manipulations,
a diffuse-photon lifetime,r,=(vu,) !, a function of the are approximate to the extent that the diffusion equat®n
optical absorption properties of the medium; and of the efitself holds only for the region far from the boundary and the
fective photon diffusivity source[16]. Nevertheless, in keeping with the phenomeno-
logical character of the diffusion approximation, these
) boundary conditions are optimal, since they are consistent
3 pat (1—9)msl (m</s). @ with optical energy conservation principles at the turbid me-
dium interfaces, Fig. 1. To compare with the Green-function
The exact boundary condition at each interface is the reapproximation/ 18], the boundary conditio®) in a scatter-
quirement that there should be no diffuse intensity enteringng medium readily reduces to the boundary-mismatched ho-
the turbid medium from outsid@Ref.[14], Sec. 9-2. Apply-  mogeneous conditiof80]

DeffE vD=
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9 with
Y1) = A~ ihe(1) =0, (12

B\, @)=\+o5(w) (M ?), (16b
only if g=0 (purely isotropic scattering Therefore, it can
be concluded that the present approach removes the intednd
nally inconsistent use of the homogeneous boundary condi-
tion (12) with highly forward scattered photons in tissue B(z\,0)=C,(w)e” MWIB-uz(1 yelot) (160
[27], whereg~ 1. That inconsistency, nevertheless, is inter-
nal to the Green-function formalism and only impacts the
calculated values of. through the measured values f,
Eg. (5), becaus@ never appears independently ©f in that
formalism[18].

Co(w)=W?Cy(w). (160

For arbitrary radial source distribution$r,w), the Hankel
transformG may be generalized,

lll. DIFFUSE AND COHERENT PHOTON-DENSITY-WAVE +g
FIELDS B(z\,0)= ('“t__g“a) e A (N 0). 17
First, we turn to the problem of the DPDW field. The o Sfts

DPDW boundary-value problem of Eq&2), (9), and(10)  The boundary condition)—(10) transform to

can be solved analytically in cylindrical coordinates for

Gaussian laser beam excitation of the type of &g, using d._

the Hankel transformation. The cross-sectional geometry of a ¢d(o N, w)— A ¢>d(2 \,) |z=o:—3MsgA~|(?\,w),
slab of turbid matter is shown in Fig. 1. It is convenient to

define the total interaction coefficient (189
= — = — = ! -1 ~ d ~ ~
M= Ops=pat (I=g)us=patpg (M )1(13) d)d(l-;)\'w)+Ad_z¢d(2;)\aw)|z=0:‘?’MsgAe_MtH(7\.(0)-
(18b)

where the total attenuation coefficient is given in Eq.(3).
Equation(2) can be written The solution to the Hankel-transformed boundary-value
problem is tedious but straightforward,

V2i(r,Z,0) — opthu(r,z0) = — %G(r,z;w), (149

by(Z\,0)=A P+ Ae - M (19
where o ' 2 D(ui—p%’
G(r,z;w)=Cy(w)e 2 W re, (14b where
' Fa(1+AB)—F1(1-ApB)
D=1/3u, , 14 - .
e (e Y (1+AB)e - (1-AB) e P (203
and
and
(1-R)Pus [ metgu -
()= — | =] (1+€). (140 FL(1+AB)e™ —F,(1-AB)
27W My~ Qs 2= > B0 > — 8L (20b)
(1+ApB)%eP—(1-AB)%e P
By virtue of the circular symmetry of the laser excitation
beam, it is convenient to take the Hankel transform ofwith
wd(rlZ;w)!
11+ wA\ [ utou 29| ~
, - F1=[5 || == a)——, pI(O\0),
¢d(2;>\,w)=f Py(r,Z,0)Jo(Nr)rdr, (15 mi— P 9t t
0 (219
whereJ,(x) is the Bessel function of the first kind of order and
zero. Equation(143 is thus transformed to an ordinary dif-
ferential equation 1 (1—MtA wet gMa) 29 _
Fo=|= — |ue M\, ).
d? 1 ? [D /U“tz_lgz —Ous t Hs ( )
~ o 2% (o iy (21b
G2 Pd(ZN @)= B7¢d(Z N 0) =~ 5 G(Z\ 0),

(169 For the Gaussian laser beam considered in this work,
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P(1-R)

T i - 1 Z,0) = Pell,Z, Ziw). 23
'()"“’):Wemtﬁ) e Mg (N dr (T Z0) = Y1 Zi0) + U1 Zi0) )

Here the oscillatory coherent field source can be easily ob-
_ tained by modification of the dc sour¢&6] as follows:
P(1-R) _ . 2u2e -+
zTe ( )+th. (22) b(1_R
Po(r.z0)= —2( W2) e 2W et (2g)
For simplicity, only the oscillating component of the modu- m
lated incident laser fluence E() is conS|d_e_retd_|n the cal-  gor arbitrary optical-source distributions, the Hankel trans-
culations, and the time-varying exponent&f” is usually  t5rm of e is
omitted. The dc component is of no experimental interest, as ¢
its demodulated contributior(e.g., by a phase-sensitive DN, @) =T(\, w)e Hztiot (25)
lock-in analyzey is zero. em '

To complete the solution, the coherent photon-densityCombining this term with Eq19) and rearranging yields the
wave must be added to the diffuse-photon-density distribuHankel transform of the total photon-density-wave field in

tion: the turbid medium of Fig. 1.

AN, 0)=P(ZN,0) T y(Z\, )
(Fi—yFe P )e Pt (Fy— yFre Phe P72 e i(,uﬁrg,ua)
(1+AB)(1-ye P M= Oks

Ms )
wi—B°

e "I (\,w). (26)

D

In this expression the interfacial diffuse-photon transfer co-4ntersystem crossing or photochemical photon conversion,
efficient y has been defined as P_=P,+ P, (a: absorptions. scattering. Therefore, for the
creation of a thermal-wave sour€¥r,z; w) one writes
_1-Ap )
Y=15AB @) QAr.zw)=e RRr.z0) (Wm™), (@D

In the absence of scattering particles in the medium, we satheree, (=hv) is the energy of théassumed monochro-
us=0. This reduces;=F,=0 in Egs.(21a, 21b and u; matic) photon emitted at frequenay andR’C'R is the fraction
=p, in Eq. (3). The resulting Hankel transform of the of the photon loss-rate undergoing nonradiative transitions
photon-density-wave field, E@26), reduces to and thus being converted into heat. From E&6) and (31)

P(ZN, 0)=T(\,w)e #a, (289 Q(r,z,w)=¢,P"N(r,z;w) =g, pnrieaN(T, Z; @),
32

For a Gaussian source as in E2R), Eq.(28) may be inverse (32
transformed immediately, yielding the expected result where, PMR= .7\ is the probability of arabsorbedpho-
ton being converted into heat, as opposed to being scattered
or consumed to generate luminescence, further excited-state
creation, etc. Herepyg is the nonradiative quantum effi-
ciency. Sinces N(r,z;w) = i4(r,z;w), it follows that

(r,z,w)= %e*ﬂrz/wz)*,uazﬂwt_ (29)

IV. THE THERMAL-WAVE FIELD
Q(r,z;w) = pnriatli(r,Z, 0), (33

The thermal-wave source in the turbid medium is gener-
ated through absorption and optical-to-thermal energy conwhere ¢x(r,z;w) is the optical source functiotenergy flu-
version of the total (diffuse coherent) photon field, which is ence rate[18], in Wm™?). In the case of a homogeneous
present in the medium as a result of laser excitation. Therelonscattering medium with radially uniform excitation
fore, if R_(r,z;w) represents the volume loss rate of photonssource, Eq(33) reduces to
at depthz, then

d
RU(rZw®)=P.N(r,zw) (m3s?l), (30) Qzi0) = Mritatio @)€ = = I r(Z,0),
(34)
where P, is the probability of single-photon loss per unit
depth andN(r,z; ) is the photon fluencéphotons/ms) at  where the Beer-Lambert absorption law was assumed
the coordinate point=(r,z). In a turbid medium with no  ¢,(z,w) = ¢;o(w)e #a*>. For non-Beer-Lambert media, the
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thermal source equatioi33) must be used instead of taking

the normal derivative of the optical source function.

For an arbitrary harmonic optical source, which creates

the total photon-density-wave fielgh(r,z;w), Eq. (23), in
the turbid medium, the thermal-wave field is given[i2¢]

V2T(r,z;0) — 02(0)T(r,z;0) = — gnr(alk) Yi(1, 2, 0),
(35

where

o(w)=+iw/D,; (m™Y,

is the thermal wave numbeD;, is the thermal diffusivity
(m?s™Y) andk, is the thermal conductivityWm ™t K1) of

(36)

the medium. In the geometry of Fig. 1 we assume homoge-

neous boundary conditions of the third kif2#]:

—kA- VT(r,z,0)| ;-0 . =hT(r,Z;0)| -0y - 37

PHYSICAL REVIEW E55 021909

1
h+k.q

ktB_h

1_eiqu [e_(ﬁ+q)L

?(Z;)\,w)=Bl[e_ﬁt+

1
— p—29L7a0z —_a (B+ta)lLya—qz
e le +h—ktq[1 e le )}

1
h+kq

k.8+h

t
+BZ eB _(1_e_2q|_

[e-(a-AL

1
_efqu— eqz+ 1_e7(qfﬁ)L eqz)]
] ]

1
h+k:q

k Mt_h
1—e —2qL

+Bsie Mz [e*(MWQ)L

1
—2qLyaQz —(ut+tq)L1a—qz
—e le +h ktq[l—e t le )]

Here i is the outward unit vector normal to the surface at

z=0, L, andh (Wm 2 K™% is the heat transfer coefficient. In

the coordinate system of Fig. §, V=—4/dz|,—, at z=0

andi-V=4/dz|,—, at z=L. The Hankel transform of the

thermal-wave field
?(z;)\,w)zf T(r,z;w)Jo(Nr)rdr, (38)
0

is the solution to the ordinary boundary-value problem

d2 ~
P“&-(z;)\,co)—(]2?"(2;)\1(1)): — nr(malky) $(ZN, 0),
(39
d
— ki T(ZN @) =0 =IHON, ), (403
d
ki (20, ) - =HHLN, ). (40b)

Here ¢(z;\,w) is given by the Hankel transform of the

total-photon-density field, Eq26), and

a’(\,0)=\>+ 0 (w) (M ?). (400

From the structure of Eq26) and by inspection, the solution

of Eq. (39) can be written in the form

HzZ;N,0)=B,e #*+ B,ef?+ Be “?+ B,e%%+ Bge 9%
(41)

(42)
with the following definitions:
Bi\ )= oz om bih ), (439
B\ )=~ e b e), (43D
and
By(h,w)= — — 2 (hvw), (430
k(ui P

where, for an arbitrary optical-source radial distribution
I(r,w) with Hankel transformi (\, ),

1
bl(?\,w)Em(—Fﬁ yF.e P, (443
1
bz()\,w)E m(Fz—yFle’ﬁL)e’ﬂL, (44b)
S + a\l v
Do) =| 1= G (ﬁi—gis”'(“’)’
(440
and
H(\, w)=(1+AB)(1— y?e 2AL), (440

In the case of a TEM, Gaussian laser bea(\ ,w) is given
by Eq.(22). F; andF, are defined in Eq(21); vy is defined
in Eq. (27). Depending on the value df, the two limiting

After a tedious but straightforward series of manipulationscases of Eq(42) for h=0 (adiabatic boundarigsand h
the Hankel transform of the thermal-wave field can be writ-—co (diathermal or isothermal boundarjeme obtained im-

ten as

mediately.
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V. THE FREQUENCY-DOMAIN PTR SIGNAL

L
T(N, =CJ e MRHYZT(z;\,w)dz
Taking advantage of the cylindrical symmetry of the ex- (T ) 0 (ki A @)

citing Gaussian laser beam, we use the Hankel transforma- .
tion for the therma_ll-wave field, Eq38). The H:_;mkel trans- ZCERJ Hz N, w)e MRz, (48)
form of the PTR signal(r,w) can then be written as

A L
TJ()\,w)=Cf 2W(A)MR(A)dAf FHZN, w)e PrRMZGZ, . ) . o
A 0 Here ur is the effective IR absorption coefficient of the
(45 medium. Note that the spectrally averaging notatier) was
whereA denotes wavelengthk ; and A, are the limits of the dropped from the secon((approxmatlaa version of _Eq.(48) .
and was replaced by an overbar, to indicate spatial averaging

spectral bandwidth of the infrared detectdN(A) is a . : !
wavelength-dependent coefficient involving the Planck disOVer the depth co_ordlnazam agreement w ith a(_:ce_pted prac-
ce in the analysis of photothermal radiometric sigri83].

tribution function and the spectral response of the detecto} i —
[31]. C is a constant involving both instrumental factors Majaron etal. [32] have shown thatw may depend

(e.g., the infrared radiometric system transfer fundtiemd ~ Strondly on probed depte Simulations using a correction
the grouping of physical termsce& T for small thermal- algorithm for pulsed-laser PTR of some biomedical materials
wave amplitudesT ,|<T,. T, is the %mbient temperature, demonstrated thgt errors up to 30% of the signal value may
o is the Stefan-Boltzmann constant o€5.6703 oceur by assuming cpnstam',R. Nevertheless, in FD'.PTR
x 10-8W/m?K% ande is the emissivity of the turbid me- of turbid media, relatively large values @fz are obtained

) - : [11,20,23, indicating IR absorption/emission depths on the
dium. The spectrally averaged Hankel transfdfith , »)) is order of 5—33um. Within this shallow depth range, an es-

given by sentially surface localization of the IR emission contribution
TN, @) is expected, compared with the much longer absorption
U\, 0))= —F—. (46)  length, 1f,, of the laser exciting radiation. Furthermore, it
ZW(A)dA has been showf32] that the spectral variation gfyg(A)
Aq can be much reduced at shallow depths, and thus the error

committed using the approximate E¢48) may be much less
than 30%. This would be the case of scattering media with
MmS 1, , a condition typically valid in turbid tissue environ-
Ay ment[2,23]. Computationally, an effective value @fizr can
W(A) ur(A)e #RAOZGA be extracted over all probed depths from a multiparameter fit
(e HIRZ) = M (47) of the entire frequency-response cuftaeenplitude and phase
Az ' of the turbid medium. Using the approximate version of Eq.
Ll W(A)dA (48) for the Hankel transform{U(\,w)) of the PTR signal,
U(r,w), we obtain the Hankel transform of the back-
we may write scattered PTR signal

Using the “effective IR absorption/emission coefficient”
definition[32]

1— e_(lTIR_Q)L
(h+k@)(uir—Q)

(TU(\,w))=CurXx [e~(Brall_g=2aL]

. 1—e (BrmRlL k,8—h
! B+ mir 1-e 2t

1—e (mrtaL 1—e (WR=AL [ Kk B+h 1—e (mR-AL
+ — [1—e (BTl || 4B —— C _
(h—ka) (uir+a) HR—B 1-e (h+ka)(uir—a)
1—e (mr+al 1—e (mrtrll [ ko —h
X[e (A=Al _g-2aL1 4 _ 1—e (a-BL ]+B i ( vt )
: ! (h_th)(M|R+Q)[ | 3 MIRT 1-e 2

1_e_(;|R_Q)L 1_e_(;|R+Q>L

X _ e (m+al _ g-2qL7 4 _
(h+kaQ) (m—q) | I th ok (et o)

[1_e(ut+q)L]>H_ (49

The foregoing complicated function is the result of a depthfunction (r,z;w), Eq. (35), would tend to diminish the
integration as indicated by Eq48), which utilizes the effects of the nonvalidity of the diffusion solution very near
DPDW field in the diffusion approximation. The contribu- the surfacd16]. The contributions of the surface and very
tions of the subsurface values of this field to the forcingnear surface values @f; in the integral(48) are expected to
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‘ d Na(t)  Ny(t)
—+Es i Nas(t) aNl(t)_ To1 B T10 ’ (SOC)
and
d N, (t
T N hel) SNo(0= W ONO+ (500
Wi(t) nRr MNR w0
Making the reasonable assumptions thgt, o< 7,1, EQs.
-T- E; T1o Ni(t) (50) yield
N3(t)~ 73Wp(t)No(t)~0, (51a
To0 No(t) d Na(t)
’ GeN2(D=We(DNg(t) — ——, (51b)

FIG. 2. Excited-state manifold of a generic four-level turbid 2

fluorophore system. d
&Nl(t)~03N1(t)”(7'10/721)N2(t)”0- (5109
decrease with decreasing,zr, which would result in a

higher-accuracy approximation of the PTR expression, theqherefore, the only comparatively populated levels |@e
inverse Hankel transform of Ed49). Specifically, an im-  and|2). For level|2).

proved degree of validity of the DPDW expressigf(r; »)

as the forcing function of the thermal-wave PTR field is ex- d N,(t)
pected when the scattering mean-free-path in the turbid me- gt N2(O=We(D[Nr—Na(t)] - m_ (523
dium is short compared to &f; . A detailed investigation of
this issue, however, still remains a task for the future. or, in terms of a kinetic equation fdy,(t),
d -1
VI. EXCITED-STATE RELAXATION CONTRIBUTIONS aNz(t)-i‘[Wp(t)-i‘ 71 INo()~Wp(t)Nt,  (52b)

TO THE FD-PTR SIGNAL

Several studies of turbid fluorophores with excited-statevhere,N+ is the total particle density in the fluorophofe
relaxation mechanisms have been reported within the Greeigonstant N+=37_(N;(t). Letting the modulated density of
function formalism of the DPDW field34-36. In those fluorophore in level|2) be described asxlz(t)_zéNzo(l
studies fluorophores were treated as two-level quantum syske'“!), using Eq.(52b), and separating out the“' terms
tems and excited-state optical saturation effects were igirom dc and second-harmonic contributions, consistently
nored. Most importantly, when detection is effected via pho-with synchronous lock-in detection, we obtain
tothermal mechanisms such as PTR, the possibility of
saturation, as well as the nonradiative quantum yigigk, WpoT21Nt

i i i Nl )= ; .
must be taken into account as they both induce optical-to- 1+Wpemptiory
thermal energy conversigi87]. Owing to the frequent oc-
currence of this situation in laser-excited turbid mediaThis expression for the modulated particle density in léXel
[2,14,34-38 a complete thermal-wave theory of nonradia-does include optical saturation effects, which depend on the
tively relaxing diffuse photon-density waves must allow for value of the pumping-rate magnitud#,,, via the depen-
excited-state relaxations of fluorophores. dence of the optical absorption coefficient on this quantity.

Figure 2 shows a generic four-level turbid fluorophore The thermal-wave source at the fundamental frequency
system, in which levelR) relaxes both radiativelgproducing  f=w/27 is given by the total heat production rate, as a sum
fluorescenceand nonradiativelyproducing heat Assuming  over all nonradiative decay pathways from all levels,
an optical pumping rat@/,(t) =3 W,,(1+€'“") to the upper

(53

state|3), from the ground stat&), the following rate equa- . 1

tions|hold: 0 q(t)~W,(t)EgNr+ 7__21(77NRE21+ E10
d N(t) —W,(t)Eg|Na(t)  (Wm™3). (54
== Na(t) =W, (1) No(t) — : (509
dt P T3

Here the nonradiative quantum efficiencies of ley8jsand

|4) were assumed to be equal to ofe., there is only one
iNz(t)= N3(t)_ NZ(t), (50b) fluoresent level Writing q(t)zQ(w)(lfe‘“") and _retain-
dt T32 T21 ing only terms modulated by the factef“!, we obtain
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. l 1 ENR
Qw)= EWpOE?,Z[NT_ Noo(w) ]+ E(T_zl) Noo(w),
(59

where

enr= 7NRE21T B0, (56)

is the total excited-state energy from levé®s and |1) re-
leased nonradiatively with delay timsy,. The fraction of

PHYSICAL REVIEW B5 021909

(20 _

20 20
Mg )Io%WpoEZONT:Ma i

Ma max-

(62)
Therefore, multiplication of Eq(61) with x{*® and use of
Eq. (62) yields the result

X (spatial beam distribution
(63

This limit is independent of the optical absorption coeffi-

ENR
Mf‘”l(r,w)eNT(—
T21

the total input energy to the turbid medium that is releasedcient, as expected from optically saturated transitions. In
nonradiatively and thus creates a thermal-wave source in thgonclusion, the modified(r,w) as indicated in Eq(61)

medium is determined from
(57

where, | (t)=31,(1+¢€'“") is the incident laser fluencg.3”
is the absorption coefficient between levéds and |3). It
follows that the optical pumping rate is

Wi(H)EsoNy=&1(1),

30
,u,g )Io

o™ R

[s], (58)

If, for simplicity, a three-level system is assumed, wik,

=0 in Fig. 2, thenEz,=E,y, and Eqgs(53) and (55) yield
the medium heating rate in terms of the amplitig,,

Q(w)= E WpoenrRNT

2 Wp07'21+ 1+i WToq '

(59

Now, under intense pumping conditiom§l>wgol, Eq. (59

must be inserted in the calculation of the thermal-wave
source terms and their Hankel transforms in E4®)—(44),
when three-level, relaxing fluorescent DPDW fields in turbid
media are involved. The extension to more levels and
excited-state manifolds is straightforward.

VII. COMPUTER SIMULATIONS

The following simulations of the theory are meant to rep-
resent the diffusion-photon wave and the associated thermal-
wave behavior of soft tissue and light scattering emulsions,
such as intralipid, with parametef38—40Q: w in the range
<10°mm%, u, in the range< 0.01-10 mm?, and A
=2.75-3.50. For these types of turbid media the diffusion
approximation, Eq(2) is valid for modulation frequencies
f<50 GHz. While the photon field is probably not diffuse
everywhere in such low-to-intermediate albedo tissues, the
inclusion of the collimated(coherent photon density,
V¥.(r,z;w), with its coefficients properly matched to the dif-

reduces td(w)~(enr/ ) N7. This result indicates that fuse solution, provides a reasonable accuracy improvement

2

N,o~N7, as expected from the intense ground-to-excited-for this troublesome intermediate albedo regime. This, in

state transition rate and the long lifetime of leyl.
Finally, Equations(58) and (59) are used to modify the

turn, improves the computational accuracy greatly. Several
simulations of the theory were performed, first in terms of

thermal-wave source in EG35) so as to take into account the total diffuse-photon field as represented by the numerical

the nonzero excited-state relaxation rate, as follows:

INRMa(T,Z;0) = p O YF (1,7, 0), (60)

inverse Hankel transform of E¢R6). Then the spatially dis-
tributed photon field was used as the source to the thermal-
wave problem, and the temperature oscillation, i.e., the Han-
kel transform of Eqg.(42) was calculated numerically. In

where, 1?9 denotes the optical absorption coefficient induc-some cases the actual infrared radiometric signal was gener-

a
ing the optical transition from levé0) to |2) in the simplified

three-level fluorophorey (r;w) is identical in form to
i (r; ), with Hankel transform given by Ed26), but for
the modified source distribution

SNR/Ezo
Wp07'21+ 1+i wToq

[(r,w)— I(r,w), (61)

where, for a Gaussian laser bed(mn,w) is given as indi-
cated in EQ.(22). If E;q=0 and 7,;=0, then the term in

ated as the numerical inverse transform of E40). The
Hankel integral is an improper integral, i.e., its upper limit is
infinite. It was verified that, based on the physical quantity
represented by the complex integrand, the integral exists and
approaches a finite value as the upper limit of integration
approaches infinity. The integration was calculated using the
improper integral routinegromo[41,42 with midpnttaken
from Ref.[41]. Due to the large number of parameters in-
volved in the foregoing equations, a considerable number of
simulations were performed. In what follows, the behavior of

parentheses is equal tays Of the single excited state, and the various fields as a function of a given parameter will be
the thermal source for zero fluorescence lifetime on the rightdescribed in some selected cases of experimental importance.

hand side(rhs) of Eq. (35 is obtained. If the raten,,

<7-2’11 (weak optical pumping then the usual phase laf)

= —tan Y(wm,;) due to unsaturated excited-state relaxation is
observed 34-36. On the other hand, intense optical pump-

ing such thatW,,7:>1 and W,,> o must be taken into
account in Eqs(60) and(61) by recognizing, from Eqg58)
and (59), that in a three-level fluorophore,

All simulations assume TEJj Gaussian laser beam profiles.

A. Dependence on modulation frequency
and turbid-medium thickness

Simulations were performed versus optical intensity
modulation frequency in the range 10 Hz—100 kHz, which is
perti-
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nent to frequency-domain PTR measurements. For theength equals the thickness of the slab. Phase lags exhibit
DPDW field, the value of the mean cosine was assumed to b&imilar maxima at locations where the DPDW centroid shift
g=0.965, i.e., that of scattering tissue phantdmg], and  deeper into the medium with increasing thickness is counter-
was calculated independently using Mie the¢gag]. The balanced by the diminishing contributions of back-scattered
value range ofé=(1+r,))/(1—r,) in Eq. (11) for turbid photons(both coherent and diffugefrom the rear surface.
media is 5.0-9.528]. In this work the valug=3.517 was Larger phase lags are associated with longer optical absorp-
used, corresponding t,,=0.557, which was independently tion depths,.*, because photons can travel a longer dis-
measured for tissue phantof2]. In one set of simulations tance before becoming absorbed. Figuge) 4hows that the
with turbid slabs of various thicknessés,and infinite lateral ~ associated thermal-wave field depends on thickness in a
dimensions angk,=0.1 andus=31.8mm %, Fig. 3a), the manner similar to the distributed diffusive optical source.
(r,z)=(0,0) coordinate DPDW phase lag increases with in-Here the order of the curves is, however, reversed from that
creasing frequencyalthough the absolute phase shift is on Of the DPDW field, since higher absorption means enhanced
the order of 30—48 10 ® degrees and the amplitude re- nonradiative decay and a correspondingly stronger thermal-
mains flat up to 100 kHz. This behavior is consistent withwave TW field amplitude. The phase-lag order is also re-
experimental results obtained by Lacowitz and Berfdff ~ Vversed, since larges, results in enhanced thermal genera-
in arm and finger tissue and by Pattersdral. for a scatter- tion near the surface due to direct absorption events, rather
ing emu|si0n[45]_ The phase |ag increases with increasingthan due to back-scattered phOtOﬂ absorption. This results in
slab thickness (1@m=<L<1 mm) whereas the amplitude domination of the TW field by heat conduction processes to
first increases and then decreases. This behavior is the restfie bulk, thus shifting the thermal-wave centroid deeper into
of superposition and interference of scattered photons frorfhe body of the medium than near-surface localized back-
the bulk of the slab and from the back interface in formingscattered nonradiative photon-decay events. At the same
the DPDW field at the front surface: As the thickness of thetime, saturation into the semi-infinite configuration for both
slab increases within the range of the scattering length, th@mplitude and phase in Fig( is achieved at shorter thick-
number of back-scattered photons that contribute to th&esses with increasing, , as the extent of the optical source
DPDW field at the front surface also increases because tH@ the bulk of the medium that contributes to the TW field
total number of photons remaining in the slab and not escapglecreases, and the TW distribution begins to dominate the
ing through transmission increases. The phase exhibits dfermal depth profile. Figure 5 shows the thickness depen-
increased lag because the center-of-mass of the deptdence of the fields with the scattering coefficignt as a
decaying diffuse-photon-field distributiofdefined as the parameter. Photon interference phenomena, similar to those
“ optical centroid ) shifts further into the body of the thicker in Fig. 4@) are evident for all values ofes>0, including
turbid slab. With increasing thickness, however, the substarronzero phase lags. It is interesting to note that scattering
tial contribution of the backscatterédoherent and diffuge  Strongly enhances the DPDW field at all slab thicknesses,
photons from the rear surface to the coordinate p@ir@) to ~ with field amplitude atr=(0,0) monotonically increasing
the front-surface field decreases as the slab assumes the apith increasingu. The position of the maxima in both am-
tically semi-infinite configuration. Therefore, the amplitude plitude and phase is determined by the conditien'~L;

of the DPDW field at the front surface decreases and satuherefore, a shift of the maximum to shorter thicknesses with
rates, while the phase lag continues to increase and, eventimcreasingu is observed in both amplitude and phase. The
ally, saturates at very high frequencies100 MHz. The effects of the DPDW distributions on the TW field distribu-
thermal-wave field at the surface of the slab corresponding tton are shown in Fig. ®). Scattered photons clearly repre-
this DPDW distribution is shown in Fig.(B). It is seen that sent an additional thermal-wave source at the front surface as
the order of amplitudes reflects the strength of the opticathe TW amplitude rises significantly with increasipng. The

field in each case, Fig.(8 with the additional feature of the nonscattering sample exhibits by far the lowest amplitude, as
familiar [46] monotonic amplitude decrease with increasingthe forward propagating photons of the transparent medium
frequency due to the decreasing thermal energy content peontribute little to the surface thermal-wave field. The
modulation period. The effect of the finite thickness of themaxima of the amplitude are determined by the scattered
medium on the thermal-wave phase is apparent in Rig, 3 photon interference pattern and appear at the same thick-
where the optical centroid generally determines the relativéesses as those of Figiah The TW phase fous=0 does
thermal-wave phase lag, Fig(é3. However, the thermal- exhibit a small interference maximum due to the fact that
wave phase assumes the semi-infinite medium behavior atfinite interreflections of the coherent optical beam localize
much lower frequenciesf&1 kHz). Interference patterns the thermal-wave centroid at a depth [37]. As ug in-
resulting from the spatial confinement of thermal waves increases from zero, the interplay between the thermal-wave
thin layers[47] are apparent in the phase frequency responsgenerated by the forward coherent beam and the back-
and tend to scramble the order of the DPDW phases. Figurscattered photon field creates the oscillatory feature in the
4 shows the interference of these DPDW and thermal-wavehase of Fig. B) and the overall phase lag semi-infinite
fields as a function of slab thickness for several values ofaturation value becomes dominated by the scattered field
M, . The amplitudes decrease with increasing optical absorpzentroid which lies closer to the front surface: therefore,
tion coefficient, as expected intuitively from enhanced nonphase saturation at a smaller lag value than the coherent-only
radiative decay, Eq(33). An optical interference maximum phase appears, consistently with Fi¢o)4When scattering is
appears at slab thicknesses where the optical scatterirfgrther increased, however, substantial scattered photon den-
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sities and the concomitafionradiative heat generation oc-
curs at deeper locations in the body of the turbid medium.
Consequently, the saturation TW phase lag increases with
us. When the thickness of the turbid medium is fixed, an
increasedu, leads to decreasing DPDW amplitude as a re-
sult of enhanced optical-to-thermal energy conversion. It also
leads to a decreased phase lag due to the steeper decay of the
optical field closer to the front surface, Figiah The asso-
ciated TW field at the surface coordingf®0) and the PTR
signalU(r,w) the inverse Hankel transform of E@9), both
exhibit similar behavior dominated by trends in Figa) as
shown in Fig. §b). The (TW and PTR amplitude increases
monotonically with increasing.,, and it decreases with in-
creasing modulation frequency as the thermal-wave energy
imparted to the slab over one period decreases. Furthermore,
the phase lag increases with increasingfor the same rea-
sons as in Fig. @). All PTR phases saturate to the same
value at high frequencie&hermally thick limit [48]), be-
cause in that limit it is the thermal diffusion lengthy(w)
=|o| ! that determines the extent of the TW centroid in the
bulk of the turbid medium and not the optical absorption or
scattering lengths. Since,, Eq. (36) depends on thécom-
mon) thermal diffusivity, all phase curves in Fig(l§ satu-
rate at the same value above ca. 1 kHz.

Finally, the effects of the heat transfer coefficiénon
the TW and PTR fields generated by the DPDW field in a
turbid medium can be substantial. Figure 7 shows a simu-
lated case of a 9-mm-thick turbid slab, in whiclaries over
several orders of magnitude. The TW amplitudé®0) de-
creases with increasinlg, as more thermal energy escapes
into the ambient through interfacial transport at both front
and back surfaces. As frequency increases, the back surface
heat losses become less significant in determining the TW
amplitude of the front-surface and all curves converge to-
gether. Similar trends are observed in the phasesh As
creases, the TW centroid shifts closer to the front surface due
to heat losses there, thus decreasing the overall phase lag.
However, at high frequencies, thieommon thermal diffu-
sion length is shorter than the thermal energy depletion depth
(k;/h) and dominates the phase lag; therefore, all phases tend
to saturate at the same value. The behavior of the PTR signal
is significantly different from that of the),(0,0;0) as the
computation of the former involves a depth integral over the
thickness of the turbid medium. As a result, the PTR ampli-
tudes, Fig. ), are more sensitive to thermal-wave interfer-
ence phenomenpgd7] within the body of the finitely-thick
slab at low frequenciegthermally thin limif. At high fre-
guencies, the PTR amplitudes are controlled by (tmm-
mon) thermal diffusion length, and all curves converge to a
single value. The PTR phases exhihitlependent minima,
which shift to higher frequencies with increasing valuehof
The occurrence of these extrema is due to the fact that the
PTR phase is determined by two counteracting mechanisms:
the thermal losses at the front surface, which tend to localize
the TW field closer to that surface, and the position of the
TW centroid due to heat diffusion to the bulk, which tends to
shift the phase away from the surface. Asncreases, the
former mechanism becomes more important and the compos-
ite TW centroid, essentially given by . (w)=1[0(w)
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FIG. 6. Amplitude and phase thickness dependenceaf DPDW field, 4:(0,0;w) and(b) the associated PTR fieltl (0,0),
DPDW field, .(0,0;w) and(b) the associated PTR fieltl} (0,w), in a slab of a turbid medium as a function of modulation frequency,
in a slab of variableu, of a turbid medium. Laser spotsia®/ with h as a parameter. Laser spotsié=0.48 mm,g=0.965, ¢
=0.48mm, g=0.965, £=3.517, andL=0.9cm. Thermophysical =3.517,u,=11.8mm !, u,=31.8mn !, andL=0.9 cm. Ther-
parameters:a=0.9x 10" m%/s, k,=0.446 W/mK, h=0 (ther-  mophysical parametersa=0.9x10""m?s, k=0.446 W/mK,
mally insulating surfacesju;r=60 mm 1, mr=60mm %,
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+(h/k;)], shifts closer to the front surface, thus shifting the excitation rate that diminishes the number density of avail-

phase extremum to higher frequencies. able photons. Furthermore, the rate of amplitude decrease
with depth increases with increasing value @f, as intu-
B. Dependence on depth coordinate in a turbid medium itively expected. The DPDW phase lags are larger for

In view of the fact that the diffusion approximation of the Smaller u, values as the optical field extends farther away
photon density-wave field may not be strictly applicable atfrom the location of its incidence on the turbid medi{isee
the surface of a scattering mediJrh8] within the ballistic ~ also the phases in Fig(&]. The associated TW amplitude,
photon regime, some simulations were performed as a fund-ig. 9(b), exhibits cross overs at certain characteristic depths,
tion of depth in a slab of a turbid medium to study the be—zﬂ_ Forz<z,, higher values of, create stronger thermal-
havior of this approximation within shallow depths commen-wave fields; however, less optical power is transmitted
surate with the optical scattering length, *. Figure 8)  deeper into the medium, with the result that the TW field
shows several DPDW depth profiles with, as a variable  drops off more sharply as a function of increasingCon-
parameter. The photon-density profilerat(0,0) increases yersely, more transparent media can sustain stronger optical

with increasing scattering coefficient value, as the result ofje|gs than more opaque media at greater depths. The result is
contributions from scattered photons to the axial DPDWine opserved cross-over behavior. The peaks of the TW
field. This result is consistent with the earlier calculationz“phases in Fig. @) are fixed by the(common value of
shown in Fig. 5. The amplitude curves decrease into the me- —1_ ' ;
dium for large values of.s as smaller photon densities can Ks =0.01mm, yvhereas the phase cross overs are consistent
Jarge values ons P : ith the foregoing amplitude crossover mechanism: for
be sustained inside intensely scattering media. The DPD VMenthsz<z . th dia with | tical ab " ) f
phase lag increases with increasipg, because photons 9€PSZz=z, the media with farger optical absorption coel-

scattered farther away from the front surface are likely tofiCIENts, exhibit greater phase lags as heat conduction into
contribute to the axial value of the field thus shifting the d€€per regions dominates the thermal-wave centroid; for

optical centroid farther away from the laser incidence coordepthsz>z,, however, the optical absorption depiia, !
dinate. The phase lag increases with increagivglue are ~dominates the phase lag, which becomes larger for more
due to the localization of the photon-density centroid neafransparent media.

the surface and within ca. one scattering length: it is Finally, in view of the criticism of the validity of the
easy to see in Fig.(8) that the flat range of the phase curves present p_hoton-dlffusu_)n-wave thgoretlcal formalism within
starting at the surface decreases with increagigg Ishi-  the ballistic photon region, the “skin layer{21,22 the fore-

maru et al. [16] have reported similar trends in measure-90ing simulations of the depth dependence of the DPDW
ments of transmitted optical power through randomly distrib-field profiles demonstrate only mild depth dependences
uted particleglatex scatterejsof sizes 0.109 and 2.0@2m. W'th'ﬂ the typical photon scattering lengths 0.0067 mm
The TW field amplitude depth profile, Fig.t8, is deter- <#s <0.05mm. Therefore, it can be deduced that the
mined by the associated DPDW depth profile, Figa)g Present theoretical formalism can yield accurate descriptions
which acts as the oscillating temperature source. The TV@f physical processes up to subsurface regions within 7-50
phase exhibits very shallow near-surface maxima, which bexm from the illuminated surface. Within the balliStiC-phOton
come sharper and shift to shallowelocations with increas- boundary layer the physical necessity for diffuse power con-
ing us. No discernible maximum is observed fqu,  Servation at the interface embodied in the boundary condi-
<30mm L. These phase-lag maxima appear as a result dfons Egs.(8) and (9), as well as the relatively flat near-
the trade off between enhanced near-surface optical souréélrface behavior of Figs. 8 and 9, render the predictions of
contributions(within a depthu ) with increasing scattering these plots plausible approximations of the actual photon-
coefficient, and the much deeper thermal-wave centroid dufiéld behavior in that layer. The PTR signals are expected to
to the optical absorption depth;®. Given that in turbid be even more reliably predictable by curves such as those in
2L

tissueus> 5, past the subsurface location of the scatteringFigS' gb) and db), since the. very thin boundary skin Iayer
centroid, the phase lag is determined pgl_ All phases represents only a small fraction of the depth-integrated signal

eventually coincide as the depth equal;xglzloo mm is according to Eq(48).
approached; those from media with larger scattering coeffi-
cients saturate more readily to tg-dominated value with
increasing deptlii.e., with relatively steeper rates of phase  The simulations shown in Figs. 4, 6, and 9 have indicated
changed ¢/dz), due to the shorter scattering length about thethat the DPDW field amplitude decreases with increasing
scattering centroid. Furthermore, fewer photons survive scatralue of u, and the phase lag also decreases. This is the
tering to contribute to the coherent transmitted axial beamtesult of the higher spatial confinement of the photon field
and the TW amplitude decreases more steeply as a functiamear the laser source with increased optical absorption coef-
of depth in this case. To complete the physical picture, dicients. At the same time the TW field amplitude increases
depth-profilometric simulation with the optical absorption due to the enhanced conversion rate of photons into heat.
coefficient as a parameter and,=100mm ! was also The phase lag increases as the increased strength of the TW
worked out. The DPDW field behavior is shown in Figa®  source penetrates deeper layers in the body of the medium
In agreement with trends in Fig(a) the amplitude decreases through conduction heat transfer from the near-surface re-
with increasingu, for fixed depth coordinate due to the en- gion. Figure 10 shows another aspect of this behavior as a
hanced nonradiative de- function of u, for a highly scattering tissue-type medium. It

C. Dependence onl, and pg of a turbid medium
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is seen that modulation frequency up to 100 kHz has no
effect on the DPDW amplitude, which is entirely dominated
by us and essentially independent pf, for values of this
parameter up to 0.01 mm. The DPDW phase, however,
increases dramatically with frequency, as the faciay, of

the complex wave number, E¢7), changes rapidly, giving
rise to larger contributions to the imaginary part of the field.
Therefore, the turbid medium may be said to transition from
the photon-wave thin to the photon-wave thick regime above
source modulation frequencies greater thgt 1/277,. Of
course, the overall DPDW phase remains extremely small
(experimentally until the modulation frequendy is at-
tained. For diffuse-photon migration this frequency is in the
>100 MHz rangd 44,45. Figure 1@b) is the associated TW
response: The amplitude decreases monotonically with in-
creasing frequency, as expected from the decreased thermal
energy content in each period. It also increases with increas-
ing w, consistently with the complementary nature of the
DPDW and TW field intensities, a result of the enhanced
photon-to-heat conversion rate. The phase lag decreases with
increasing frequency due to increased localization of the TW
field near the source coordinate; it also increases with in-
creasingu,, for the same reasons as the TW phase at shal-
low depths in Fig. &). Figure 11 shows simulations of the
ma dependence of the front-surface DPDW and TW fields
with the coefficieniugs as a parameter. As in the case of Figs.
5 and 8, increasingts enhances the photon-density ampli-
tude as statistically more photons from all directions get scat-
tered back into the observation coordinateSimilarly, the
phase lag increases with increasjag, as the enhanced scat-
tering process moves the optical centroid away from the
source coordinate. The amplitude of the TW response in Fig.
11(b) exhibits the expected correlation with the DPDW am-
plitude, as enhanced scattering amounts to a more intense
local optical field and thus increased nonradiative conversion
rate. The monotonic increase of the TW amplitude withis
consistent with that in Fig. 1B). The TW phase lag of Fig.
11(b) increases with increasing, as expected from the
behavior of the associated DPDW phase of Figal,Isince
scattering(and not absorptiondominates the source of the
TW field. The phase dependence g is quite small, but
physically insightfull: For relatively small values qfg the
spatial confinement of the local thermal-wave field due to the
increasedu, dominates the thermal behavior; as a result the
phase lag decreases for high,. For values of ug
>30mm !, the photon-scattering-dominated optical cen-
troid dominates the TW source and moves away from the
source coordinate, thus increasing the TW phase lag. Figure
12 clearly shows the trade off between increases of the
DPDW field amplitude and phase lag with increasjag,

and decreases in the respective quantitigthout change in
curve shapeswith increasingu,. It is noted that the steep
increase at lowu is followed by near-saturation conditions
for us=400mm*! (diffuse-photon saturation as the en-
hanced scattering “shields” the observatisource coordi-
nater =(0,0) from further contributions from remotely scat-
tered photons, thus limiting any further shift of the optical
centroid away from it. The much greater impact of changing
M4 ON the associated PTR amplitude is seen in Figby2
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where the depth integration of the TW field preserves andation frequency, sample thickness, and optical or photother-
accelerates the gradual diffuse-photon saturation with inmal depth profile. The derived theory can be used toward
creasingus. Yasa, Jackson, and Amgt6] and Helander and computational multiparameter fits of experimental data using
Lundstrom[49] have reported experimental verifications of frequency-domain photothermal radiometry or other photo-
this effect using photothermal methods. The PTR phase satthermal techniques probing turbid media. Preliminary appli-
rates more slowly because, as a result of depth integration, @ations of the present theory to soft tissue phantptasand

is sensitive to the composite thermal centroid determined bygental enamdl50] (the latter used as an example of nonzero
all three values ofu; ', 1, ', andus'. Therefore, the scat- lifetime-limited fluorescent turbid optical medigrhave al-

tering component has only partial influence on the behavioready shown very good promise with regard to the ability of

of the phase withu,. the theory to measure the reduced optical scattering and ab-
sorption coefficients of these media uniquely and within 20%
VIIl. CONCLUSIONS and 10%, respectively, of the values independently derived

_ _ by using Mie theory and spectrophotometric measurements.
A three-dimensional theory of the frequency-domain

thermal-wave field generated inside a turbid medium with

optical and thermal properties of human tissue has been pre- ACKNOWLEDGMENTS

sented. The optical source was treated as a Gaussian-laser-

beam-excited three-dimensional harmonically modulated dif- The authors wish to acknowledge useful discussions with,
fuse photon-density-wavéDPDW) field in the diffusion  and valuable comments by, Dr. Alex Vitkin, Princess Marga-
approximation of the radiative transfer theory. Numerical in-ret Hospital, Toronto, on some aspects of the theoretical for-
versions of the derived spatial Hankel transforms were permalism. The contribution of Lena Nicolaides with an early
formed to study the dependence of the DPDW field and ofrersion[42] of the improper integral routingromo[41] is

the associated thermal-wave field or photothermal radiomefalso acknowledged. The support of the Natural Sciences and
ric signal on the key parameters of turbid media, such as thEngineering Research Council of Candi&ERQ to one of
optical absorption and optical scattering coefficients, moduus (C.F) is gratefully acknowledged.

[1] Photon Migration in Tissugsedited by B. ChancéPlenum, [15] J. A. Kang,Electromagnetic Wave TheotWiley, New York,

New York, 1989. 1986.

[2] Optical-Thermal Response of Laser-Irradiated Tissedited  [16] E. Amic, J. M. Luck, and Th. M. Nieuwenhuizen, J. Phyg, |
by A. J. Welch and M. J. C. van GemédRlenum, New York, 445 (1997); A. Ishimaru, Y. Kuga, R. L.-T. Cheung, and K.
1995. Shimizu, J. Opt. Soc. An73, 131(1983.

[3] W. F. Cheong, S. A. Prahl, and A. J. Welch, IEEE J. Quantum[17] D. A. Boas and A. G. Yodh, J. Opt. Soc. Am.J4, 192(1997.
Electron.26, 2166(1990. [18] T. J. Farrell, M. S. Patterson, and B. Wilson, Med. PHg;.

[4] S. R. Arridge, P. van der Zee, M. Cope, and D. T. Delpy, Proc. 879(1992.

SPIE 1431, 204 (199)). [19] J. J. Doderstadt and L. J. HamiltdNuclear Reactor Analysis

[5] B. C. Wilson, E. M. Sevick, M. S. Patterson, and B. Chance, (Wiley, New York, 1976; R. C. Haskell, L. O. Svaasand, T.-T.
Proc. IEEE80, 918(1992. Tsay, T. C. Feng, M. S. McAdams, and B. J. Tromberg, J. Opt.

[6] S. L. Jacques, J. S. Nelson, W. H. Wright, and T. E. Milner, Soc. Am. All, 2727(1994.

Appl. Opt. 32, 2439(1993. [20] M. S. Patterson, inOptical-Thermal Response of Laser-

[7] S. A. Prahl, I. A. Vitkin, U. Bruggemann, B. C. Wilson, and R. Irradiated Tissue edited by A. J. Welch and M. J. C. van
R. Anderson, Phys. Med. BioB7, 1203(1992. Gemert(Plenum, New York, 1995

[8] S. A. Prahl, inProgress in Photothermal and Photoacoustic [21] Th. M. Nieuwenhuizen and J. M. Luck, Phys. Rev4& 569
Science and Technologgdited by A. Mandelis and P. Hess (1993.

(SPIE, Bellingham, WA, 1997 Vol. ll, Chap. 11. [22] M. C. W. van Rossum and Th. M. Nieuwenhuizen, Rev. Mod.
[9] T. E. Milner, D. M. Goodman, B. S. Tanenbaum, and J. S. Phys.71, 313(1999.

Nelson, J. Opt. Soc. Am. A2, 1479(1995. [23] A. Ishimaru, Appl. Opt28, 2210(1989.
[10] L. Nicolaides, A. Mandelis, and S. Abrams, J. Biomed. Gpt.  [54] A, Mandelis, Diffusion Wave Fields: Mathematical Methods

31 (2000. and Green FunctiongSpringer, New York, 2001 Chap. 10,
[11] L. Nicolaides, Y. Chen, A. Mandelis, and I. A. Vitkin, in Pro- pp. 662—672.

ceedings of the International Conference on Photoacoustigzs) M. Q. Brewster, Thermal Radiative Transfer and Properties
Photothermal Phenomena, Kyoto, 2000, edited by T. Sawada  (wjley, New York, 1992, p. 407.

and M. TerazimgAnal. Sci.17, s326(2000)]. [26] G. Eason, R. Veich, R. Nisbet, and F. Turnbull, J. Phy<.1D
[12] A. Yodh and B. Chance, Phys. Toddg (3), 34 (1995. 1463(1978.
[13] A. Mandelis, Phys. Toda$3 (8-1), 29 (2000. [27] W. M. Star and J. P. A. Marijnissen, J. Photochem. Photobiol.,
[14] A. Ishimaru,Wave Propagation and Scattering in Random Me- B 1, 149(1987.

dia (Academic, New York, 1978 [28] R. R. Anderson, H. Beck, U. Bruggemann, W. Farinelli, S. L.

021909-18



FREQUENCY-DOMAIN THEORY OF LASER INFRARED . .. PHYSICAL REVIEW B5 021909

Jacques, and J. Parrish, Appl. Op8, 2256(1989, Eq. (8). Opt. Soc. Am. A7, 2141(1990.

[29] R. A. J. Groenhuis, H. A. Ferwerda, and J. J. T. Bosch, Appl.[39] B. J. Tromberg, L. O. Svaasand, T.-T. Tsay, and R. C. Haskell,
Opt. 22, 2456(1983. Appl. Opt. 32, 607 (1993.

[30] M. Keijzer, W. M. Star, and P. R. Storchi, Appl. Of&7, 1820  [40] M. S. Patterson, B. Chance, and B. C. Wilson, Appl. Q8.
(1988. 2331(1989.

[31] J. Vanniasinkam, A. Mandelis, M. Munidasa, and M. Kokta, J.[41] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flan-
Opt. Soc. Am. B15, 1647(1998. nery, Numerical Recipes in @2nd ed.(Cambridge University

[32] B. Majaron, W. Verkruysse, B. S. Tanenbaum, T. E. Milner, Press, New York, 1992
and J. S. Nelson, ifProceedings of the SPIE Biomedical Op- [42] L. Nicolaides, Y. Chen, A. Mandelis, and I. A. Vitkin, J. Opt.

tics Society Conference, San Jose, CA, 2(08BIE, Belling- Soc. Am. A18, 2548(2001).
ham, WA), Vol. 3907, p. 114. [43] C. F. Bohren and D. R. Huffmai\bsorption and Scattering of
[33] W. P. Leung and A. C. Tam, J. Appl. Phy&6, 153 (1984. Light by Small ParticlegWiley, New York, 1983.
[34] B. J. Tromberg, S. Masden, C. Chapman, L. O. Svaasand, and4] J. R. Lakowicz and K. Berndt, Chem. Phys. Lel66, 246
R. C. Haskell,Advances in Optical Imaging and Photon Mi- (1990.
gration (Optical Society of America Press, Washington D.C., [45] M. S. Patterson, J. D. Moulton, B. C. Wilson, K. W. Berndt,
19949, Vol. 21, p. 93. and J. R. Lakowicz, Appl. OpB80, 4474(1991).
[35] M. A. O'Leary, D. A. Boas, X. D. Li, B. Chance, and A. G. [46] Z. A. Yasa, W. B. Jackson, and N. M. Amer, Appl. Opt, 21
Yodh, Opt. Lett.21, 158(1996. (1982.
[36] X. D. Li, M. A. O'Leary, D. A. Boas, B. Chance, and A. G. [47] C. A. Bennett and R. P. Patty, Appl. Oft1, 49 (1982.
Yodh, Appl. Opt.35, 3746(1996. [48] A. Rosencwaig and A. Gersho, J. Appl. Ph¥g, 64 (1976.
[37] A. Mandelis and J. Vanniasinkam, J. Appl. Phy8, 6107  [49] P. Helander and I. Lundstrom, J. Appl. Ph$4, 3841(1980.
(1996. [50] L. Nicolaides, C. Feng, and A. Mandelis, Appl. Oto be

[38] J. M. Schmidt, G. X. Zhou, E. C. Walker, and R. T. Wall, J. published.

021909-19



