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Mechanisms of the ultrasonic modulation of fluorescence in turbid media
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To understand the modulation mechanisms of fluorescence emission induced by ultrasonic waves in
turbid media, a mathematical model is proposed and compared with the recent experimental
observations of Kobayashi et al. [Appl. Phys. Lett. 89, 181102 (2006)]. Modulation of fluorophore
concentration is considered as the source of the oscillation of fluorescence signals when fluorophore
concentration is low enough so that quenching effects can be ignored. By solving the rate equation
and photon diffusion equation, quantitative solutions are given to quantify the modulation strength.
Our calculations predict that the modulation depth (the ratio of the modulated signal strength to the
unmodulated signal strength) can reach 10~* when ultrasonic pressure with the order of magnitude
of megapascals is applied in the ultrasound focal zone. Our model explains the relationship between
the modulation strength and the average fluorophore concentration and also predicts a method to
measure or image fluorescence lifetime in the turbid medium. When fluorophore concentration is
high enough so that fluorescence quenching occurs, the fluorescence modulation is attributed to the
modulation of quenching efficiency. Quenching caused by fluorescence resonance energy transfer
can lead to a nonlinear relationship between the modulation fluorescence strength and the applied

ultrasound strength. © 2008 American Institute of Physics. [DOI: 10.1063/1.3021088]

I. INTRODUCTION

Ultrasound-modulated fluorescence tomography
(UMFT) has been proposed and feasibility demonstrations
have been reported recently.l_5 In UMFT, a focused ultra-
sound beam is used to modulate an illuminated fluorescent
turbid medium. In the focal zone of the beam, the fluores-
cence emission intensity is modulated by the radio frequency
(rf) ultrasonic pressure oscillation. By scanning the ultra-
sonic beam and measuring the modulated fluorescence sig-
nal, a map of fluorophore concentration in the turbid medium
can be acquired.l’z"t’5 This technique offers ultrasound reso-
lution even within a highly scattering optically turbid me-
dium and thus is well suited for high-resolution and high-
contrast imaging of biological tissue.”

The underlying fluorescence modulation mechanism,
however, has still not been completely understood. The
modulation of the displacements of scatters and the refrac-
tive index of the medium caused by ultrasonic wave (even-
tually resulting in a change in the phase of the electrical field
of a scattered photon) is usually used to explain the coherent
light modulation.®™3 However, this mechanism cannot ex-
plain fluorescence modulation because fluorescence radiation
in a turbid medium should be considered as incoherent light
(see Sec. I for detailed discussions).>**1%!3 Krishnan et al.’
proposed a model to explain the modulation of fluorescence
based on an acoustic lens assumption. In this model, the
refractive index variation in the turbid medium within the
ultrasound focal zone was assumed to change the propaga-
tion characteristics of the diffuse fluorescence photons. This
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model predicted that the maximum modulation strength of
fluorescence signals occurs when the modulation region (ul-
trasound focal zone) is close to the fluorescent molecules or
to the detector.” However, the experimentally measured re-
sults reported by Kobayashi et al. ' indicated that the modu-
lation fluorescence signals were only dependent on local
fluorophore concentration in the ultrasound focal zone. It
was shown that if there were no fluorescent molecules
around the detector the modulation signal was weak even
when the modulation region was very close to the detector."
To address this conflict and understand the mechanisms of
ultrasonic modulation fluorescence, we propose two mecha-
nisms based on the experimental results of Kobayashi et
al.'? Because the fluorescence modulation strength is found
to be related to local fluorophore concentration, it is reason-
able to assume that the oscillation of ultrasonic pressure can
modulate the density of microsphere and fluorophore con-
centrations in the turbid medium. Based on this assumption,
a rate equation with a two-energy-level model is used to
derive an expression for the modulation of fluorescence sig-
nal in a turbid medium without consideration of quenching
effects. When the concentrations of microspheres and fluo-
rophore are high or quenchers are adopted in a microsphere-
fluorophore system, we propose a second mechanism in
which the quenching efficiency is modulated as a result of
the oscillation of the microsphere volume caused by ultra-
sonic field. Also, a method to image fluorescence lifetime is
proposed.

Il. ANALYSIS OF EXISTING ULTRASOUND-
MODULATION MODELS

Before introducing mechanisms for fluorescence modu-
lation, some discussion about the applicability of well-
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FIG. 1. Schematic of an experimental setup similar to that in the experiment
of Kobayashi et al. (Ref. 1). S and D represent the excitation light source
and the detector. The solid curves indicate the diffused excitation photon
paths and the dotted curves represent the emitted fluorescence photon paths
generated from one excitation speckle. The two dashed curves represent the
focused ultrasound beam

known ultrasound-modulated optical tomography (UMOT,
nonfluorescent case) is necessary. In UMOT, the dominant
mechanisms are believed to be the coherent modulation of
the phases of the electric fields of diffused photons, which
are generated from the modulation of the displacements of
the scatters or the refractive index of the medium caused by
ultrasonic wave.®”"* The interference between the modulated
and unmodulated lights converts the phase modulation to
intensity modulation of the laser speckle. By detecting the
modulated laser speckle, the optical properties of the me-
dium can be extracted.”™*> When considering the ultrasonic
fluorescence modulation, the most intuitive consideration is
that the modulated fluorescence might result from the modu-
lation of the excitation light inside the medium. Currently, all
theories in UMOT assume that interference that contributes
to the final signal comes only outside the sample (at the
detector)."* A lack of knowledge about the interference in-
side the turbid medium makes it difficult to provide a quan-
titative or even a qualitative analysis. However, to enable a
general analysis, here we conceptually assume that modu-
lated speckles of excitation light due to the phase modulation
caused by the ultrasonic wave could also be formed inside
the fluorescent target, and we will demonstrate that the fluo-
rescence modulation cannot be explained by this mechanism.

Figure 1 shows the experimental setup adopted by Koba-
yashi et al."? When the ultrasound is focused outside the
fluorescent target, the modulated “speckles” from the excita-
tion light are indicated by the gray dots inside the fluorescent
target. These speckles should be able to excite the local fluo-
rophore to emit fluorescence at the ultrasonic frequency if
they do exist. However, this was not observed in the experi-
ments of Kobayashi et al.,"* where the modulated fluores-
cence signals were found only when the ultrasonic wave was
focused inside the fluorescent target. The modulated fluores-
cence seems to be directly related to fluorophore in the focal
zone of ultrasonic wave."” Two possible reasons can explain
this conflict: (1) the excitation speckles do not exist; (2) so
many speckles are formed inside the fluorescent target that
the averaging among the uncorrelated speckles results in a
very low averaged modulation depth at the detector.”” Note
that a typical size of a laser speckle outside the medium in a
typical experimental setup is in the order of 1 ,um2.9’16 The
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volume of a three-dimensional speckle, which has been de-
fined in holography, is also in the order of um? although it is
dependent on the laser wavelength and the experimental
setup.17 The volume of the fluorescent target used by Koba-
yashi et al.'* was ~3.5% 10'© um?. If we assume that these
data can be used for conceptually imagining the number of
speckles inside the medium, the averaged modulation depth
at the detector in the experiments of Kobayashi et al.'?
would be almost zero. This is because the modulated signal
at the detector is contributed from all the uncorrelated speck-
les by intensity superposition with random initial modulation
phases. Consequently, whether modulated excitation speck-
les exist within the fluorescent region or not, the modulated
fluorescence signal observed by Kobayashi et al."* should
not be considered from the phase modulation of the excita-
tion light but from an incoherent mechanism.

The experimental results of Kobayashi er al.'? imply
that the observed modulated fluorescence should originate
from the physical interaction between the ultrasonic wave
and the fluorophore in the focal zone. This implication stimu-
lates us to reconsider the ultrasonic modulation of the scat-
tering particles (fluorescent microspheres in the experiment
of Kobayashi et al.l’z). For UMOT, Mahan et al.’ established
a relationship between the modulations of the density and the
scattering coefficient of the medium based on Brillouin scat-
tering and quantum mechanics. Furthermore, authors be-
lieved that the variation in the scattering coefficient causes
modulation of the excitation laser beam in the medium and
gave an expression for the modulation efficiency in terms of
the Boltzmann transport equation. For the fluorescence
modulation, this mechanism will result in the modulation of
the excitation light in the focal zone, which in turn excites
the fluorophore to emit modulated fluorescence signals. Al-
though this mechanism does not require the use of coherent
light,10 the modulation efficiency is much lower compared
with the coherent phase modulation mechanisms in
UMOT.'"'® How much this mechanism contributes to the
modulated fluorescence signals in the experiments of Koba-
yashi et al."? remains unknown. However, we think the con-
tribution from this mechanism may be less than the contri-
bution from the first mechanism that will be proposed in this
study, modulation of fluorophore concentration, although
they essentially have the same modulation principle (density
modulation). This may be because the modulation of fluoro-
phore concentration can be directly converted into fluores-
cence intensity modulation. In contrast, several intermediate
steps may be needed for converting the modulation of the
excitation light to the modulation of the fluorescence
intensity.9 In addition, the differences in phase of the modu-
lation across the ultrasound focal volume may further cause
cancellation of this mechanism.

lll. MODELING
A. Modulation of fluorophore concentration

Figure 2 shows a schematic for a typical experimental
setup using a reflection geometry for a semi-infinite medium.
We discuss our theoretical model based on this configuration.
S and D indicate the source and detector fibers, respectively,
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FIG. 2. A schematic for theoretical analysis. The gray cylinder represents
the focal zone of the ultrasonic beam. The ultrasonic beam is indicated by
two bold dotted lines. The fluorophores in the focal zone interact strongly
with ultrasound wave only within the focal zone. The radius of the focal
zone in x-y plane is indicated as A and the length as B in z direction. 7
represents an arbitrary vector within the focal zone originating from origin
of the coordinate system (the center of the focal zone). The two dash dotted
lines with arrows indicate the positions of the light source and the detector.
The two solid lines with arrows show the excitation light propagating from
the source to the arbitrary position 7 inside the focal zone and the emitted
fluorescence propagating from the position 7 to the detector.

and are placed on the surface of the medium. The gray cyl-
inder represents the focal zone of the ultrasound beam with a
radius of A in the x or y directions and a length B in the z
direction. The origin of the coordinate system is chosen as
the center of the focal zone. We only consider the modulation
of fluorophore molecules in the focal zone because the
acoustic pressure in this volume is much stronger than those
outside the focal zone. Following Kobayashi et al.,'* a con-
tinuous sinusoidal voltage signal of 1 MHz frequency is as-
sumed to drive an ultrasound transducer and generate a pres-
sure wave in the medium. Because fluorescent microspheres
were used in the experiments of Kobayashi et al.,"* we focus
our discussion on the modulation of microsphere concentra-
tion first and then convert the microsphere concentration to
fluorophore concentration using a scaling factor.

The motion of microspheres in an acoustic field has been
intensively investigated and three types of motions have
been propose:d.18_24 The first type of motion is position os-
cillation of the microsphere in response to the ultrasonic
pressure variation with the ultrasonic wave frequency.18 The
second type is the motion that is caused by radiation force,
which has a much lower dynamic response speed relative to
the rf motion and is considered as second order in magnitude
relative to the first type of motion.'? Usually, the motion
caused by the radiation force in a standing acoustic field is
much stronger than in a progressive field."?* This fact ex-
plains the observed spatial pattern of the modulated fluores-
cence signal in the experiments of Kobayashi et al." The
third type of motion, common for a gas-filled microbubble, is
the oscillation of microsphere radius induced by the ultra-
sonic field.”* The frequency of this type of motion is domi-
nated by the ultrasound frequency but, depending on the
strength of ultrasonic pressure, vibration with harmonic and
subharmonic frequencies may occur.*

The second type of motion should not be considered for
rf modulated fluorescence signals because of the low re-
sponse speed. The first and the third types of motion are
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possible contributors to the modulated signals. When micro-
sphere concentration and fluorophore load in each micro-
sphere are low so that self-quenching effects (such as energy
transfer from fluorescent molecules to nonfluorescent
dimers) can be ignored, the rf modulation of fluorescence
signal may be considered resulting from the first type of
motion. As we discuss in a later section, the third type of
motion does not contribute to the oscillation of macroscopic
concentration if the fluorophore concentration in each micro-
sphere is constant. However, modulation due to self-
quenching may occur as the result of increased microsphere
concentration (if fluorophore is labeled on the outer surface
of the sphere) or fluorophore load in each microsphere (see
Sec. V and the corresponding references). Therefore, both
the first (if fluorophore is labeled on the outer surface of the
microsphere) and the third types of motions are potential
sources of the modulated fluorescence signals based on
quenching modulation mechanism. Therefore, in Secs. III
and IV, we discuss the first modulation mechanism in which
the macroscopic concentration is low, quenching effects are
ignored, and the modulation of fluorescence is due to the
modulation of the macroscopic concentration caused by ul-
trasonic pressure vibration. The detailed derivation of con-
centration modulation is provided in the Appendix. In Sec. V,
we discuss the second modulation mechanism in which the
quenching effects are considered as the major contributors.

According to the discussion in the Appendix, the oscil-
lation of microsphere concentration as a result of responding
to the variation in ultrasonic pressure [see Egs. (A8), (A12),
and (A14)] can be expressed as

n(r,t) =ng+n, exp i(kr — o + ¢eop) + C.C., (1)

where n, is the average microsphere concentration in the
medium, 7, is the modulation amplitude of the microsphere
concentration, k and w, are the wave vector and angular fre-
quency of the ultrasound wave, respectively, ¢, is the ini-
tial phase, and c.c. represents the complex conjugate. The
oscillation of microsphere concentration further leads to the
oscillation of fluorescent molecule concentration in the focal
zone of the ultrasound, which can be expressed as

N(r,t) = Ny + N, (r)exp(- iwgt) + Ni(r)exp(iot), ()

where N(r,7) is the fluorophore concentration at the time ¢
and the position r in the focal zone. N, is the average fluo-
rophore concentration in the focal zone, which is time invari-
ant and can be viewed as the direct current (dc) component
of the fluorophore distribution. N,(7) is the complex ampli-
tude [or alternating current (ac) component] of fluorophore
concentration at position r. The modulation amplitude of
fluorophore concentration N,(r) can be expressed as a linear
function of the amplitude of ultrasonic pressure P; [see Egs.
(A14) and (A15) in Appendix],

N,(r) = K'NyP, exp(ikr), (3)

where K’ is the factor in the curled parentheses of Eq. (A14)
and P, is the amplitude of acoustic pressure [see Eq. (A3)].
To convert the microsphere concentration to fluorescent mol-
ecule concentration, a scaling factor M is introduced. M is
defined as the number of fluorescent molecules per micro-
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sphere; therefore N=nM. If M is considered as a constant
(for example, the fluorophore does not leak outside the mi-
crosphere), macroscopic concentration oscillation [N(r,)] is
correlated with the oscillation of the number density of the
microsphere. This result implies that the concentration oscil-
lation is mainly attributed to the first type of motion.

B. Modulation of excitation light

As in frequency-domain diffuse optical tomography,zsf27

we assume that a point excitation light source located at po-
sition r, is modulated as a sinusoidal wave in intensity and
the excitation photon fluence rate can be written as

U(ry,r,1) = US(ryor) + US(ry, P)exp(— iaopt)
+ U (ry, Nexpliog), (4)

where U(r,,r,t) is the excitation photon fluence rate at po-
sition r and time ¢ generated by a point source at position 7,
[photons/(s m?)]. Ug¥(r,,r) is the average fluence rate of the
excitation light at the position r, which is time invariant and
can be viewed as the dc component of the excitation light at
the position r. U{*(r,,r) is the amplitude (or ac component)
of the modulated excitation fluence rate at the position r. It is
independent of time and is a complex value whose complex
conjugate is denoted as UTX*(rX,r). wy is the modulation an-
gular frequency of the excitation light. According to diffu-

sion the:ory,26’27 we have
X Sdc ex
Ug'(rg,r) = D—G0 (re.r), (5)
ex
€X SaC ex
U (rg,r) = ——G(rer), (6)

ex

where Do,=1/(3u, ,) is diffusion coefficient at the excita-
tion wavelength and u! .. is the reduced scattering coeffi-
cient of the medium. Sy and S,. are the dc and ac strengths
(or powers) of the modulated light source (photons/s), re-
spectively. G and G7* are Green’s functions for the dc and
ac components, respectively. Two Green’s functions describe
the photon propagation in the turbid medium and are deter-
mined by the specific boundary conditions.*®*’” For an infi-
nite geometry, Gg'(r,,r)=exp(—kg|r,—r|)/4m|r,—r| and
G (ry, 1, ) =exp(ik|ry—r]) /da|r—r], where kgt
=\3Uy exMy o and ke":\/(—,uaiexﬂw,/ ¢)/ Dy, respectively.
My ex and ¢ are the absorption coefficient at the excitation
wavelength and the light speed in the medium, respectively.

C. Modulation of emission light

When the modulated excitation light reaches the focal
zone where fluorophore concentration is oscillated by the
ultrasound wave, the fluorescence emission source at the po-
sition r in the focal zone can be expressed as?®%®

SU(r,,r,0) = ¢UN,(r,1), (7)

where S"(r,,r,t) is the emission strength by fluorophores at
position r and time ¢ [photons/(s m?)]. ¢ is the quantum
efficiency of the fluorophore. I" is the total decay rate from
excited state to ground state including radiative and nonradi-
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ative decay rates. The lifetime of the fluorophore is defined
as the inverse of I' (7=1/I"). N,(r,7) is the number of the
excited fluorophores at position r and time ¢. For simplicity,
a rate equation with a two-energy-level model is adopted to
solve for Ne(r,t),%’28

191V;—(tr,t) ==IN,(r,t) + eUX(rg,r,0)[N(r,t) = N(1,1)],

(8)

where € is absorption cross section of the dye at the excita-
tion wavelength. Generally, the number of the excited fluo-
rescent molecules is much lower than the number of fluores-
cent molecules in the ground state, which indicates that we
can neglect the second term, N,(r,?), in the square bracket.”
It is clear that Eq. (8) is a nonlinear equation because both
U(r,,r,t) and N(r,1) are time variant. Therefore, we expect
additional components with frequencies different from both
the modulation frequencies of light (w;) and ultrasound (w,)
occur. Inserting Egs. (2) and (4) into Eq. (8) and equating the
coefficients of zero-order, first-order, and second-order terms
at the two sides of the equation, we obtain the solution of
N,(r,t). Substituting the solution of N,(r,7) into Eq. (7), we
obtain

Sd)U?X(rS’ r)NO
1 —iowT
epUy (ry,1)N, ()

4+ eX

l -iw,T
epUT (ry )N, (1)

L2 Ve T

I —i(w+w)T
g U (ry, )N, (r)
+——————e¢

1—i(w;— w)T

Sﬂ(rs’r7 t) = 8¢U8X(rsar)N0 + eXp(— iwlt)

+c.c p(—iwg) +c.c.

exp[— i(w; + w)t] +c.c.

xp[—i(w;— wy)t] +c.c.

&)

Considering the propagation of the emitted light from the
position r to the detector position D in Fig. 2, we obtain

S, r, w;,1)

G(r,ry, w;)dr, (10)
Q Dy

Uﬂ(rs’ Tas wi’t) =

where Ul(r,r,, w;,t) is the fluorescence fluence rate at the
detector position r, and time ¢ [photons/(s m?)] with the
modulation frequency w;. The modulation frequency w; rep-
resents any frequency component in Eq. (9). Dg=1/(3u, ;)
is the diffusion coefficient at the emission wavelength and
K. g is the reduced scattering coefficient of the medium at
the emission wavelength. G is the Green’s function describ-
ing the propagation of the emission light in the turbid me-
dium and it depends on the boundary condition.”**” For an
infinite geometry, G™(r,r,, w;)=exp(ikg|r,~r|)/47|r,~7],
where k= \/ (=g q+iw;/€)/ Dy, w, g is the absorption coef-
ficient of the medium at the emission wavelength. () is the
integral volume, which is identical to the volume of the focal
zone for the third, fourth, and fifth terms and to the volume
of the fluorescent target for the first and second terms that are
not modulated by the ultrasound signal. Because Eq. (10) is
a linear equation with respect to time, one can separately
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insert each term in Eq. (9) into Eq. (10) and calculate the
corresponding components of the fluorescent fluence rates.

IV. ANALYSIS AND DISCUSSION

The first term on the right-hand side of Eq. (9) represents
the dc fluorescence signal and the second term describes the
fluorescence signal oscillating with the modulation fre-
quency of the light (w;). These two signals do not relate to
the ultrasonic modulation, so they cannot be differentiated
from the signals with the same frequency but generated from
the volume outside the focal zone. Therefore, these two com-
ponents should be filtered out experimentally. The remaining
three components include the ultrasound information, which
means they can be generated only from the focal zone and
each of them can be used to extract the information about the
fluorescent molecules in the focal zone.

Extracting fluorophore concentration and lifetime distri-
butions is particularly interesting because they are usually
related to some physiological states and biological environ-
ments of tissue.”® The third term in Eq. (9) represents the
modulated fluorescence signal with ultrasound frequency w;,
and the fourth and the fifth terms describe the modulated
signals with the sum frequency (w;+w,) and the difference
frequency (w;—w,) between the light modulation frequency
w; and the ultrasound frequency w,. Inserting the third, the
fourth, and the fifth terms of Egs. (3) and (9) into Eq. (10),
we obtain

€ ¢S dc

UNr,r,w,)= ——————
et = b Dol — o,

(K'PNy)

><|:f ng(rs,r)exp(iksr)Gﬂ(r,rd,wx)dr:|
Q
Xexp(-iwgt), (11)

UNr,,ry w0+ w,,1)

_ 8¢SHC
- DexDﬂ[l - i(wl + ws)T]

(K" P1No)

X {J GSX(ry,r, w))exp(ikyr) G 1y 0, + ws)dr}
Q
Xexp[— i(w; + wy)1], (12)

Uﬂ(rs’rcb w;— ws’t)

_ edSac
DeXDﬂ[l - i(wl - wx)T]

(K'P\No)

le G (ry 1, wp)exp(— ik, )G (r 1y, @) — a)s)drj|
Q

Xexp[— (iw;— wy)t]. (13)

As pointed out by Haskell ef al.,”’ the measured signal by an
optical fiber placed at the surface of the semi-infinite me-
dium can be expressed as
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signal(r,,r, »)

1
cof [ [ it
Afiber Ofiber 4T

aUﬂ(rsard’ (1))
J

X ( U(ry,rgw) + 3Dy cos 0) cos 6,

(14)

where O is the gain of the optical filter that is used to collect
the fluorescent emission (reject excitation light) and is di-
mensionless, Afiber represents the effective detecting area of
the fiber, and Qfiber is the collection solid angle of the fiber
depending on the numerical aperture of the fiber. The unit of
the measured fluorescence signal is photons/s. As an ex-
ample, if a detector with 180° acceptance angle and an ef-
fective collection area of « is used and the air/tissue refrac-
tive index mismatch is 1/1.4, Eq. (14) becomes>!

signal(r, 7, w) = 0.1650 alU(r, 14 ). (15)

In the derivation of Eq. (15), an extrapolated boundary con-
dition is adopted,zgf31 and the U(r,,r,) is assumed to uni-
formly distributed over the effective collection area « if « is
small. From Egs. (11)—(15), three dimensionless quantities
can be defined as follows to describe the relative modulation
strengths of fluorescence signals:

signalﬂ(rs,rd,ws)_ 0.1650ac ¢
Sdc - DexDﬂ[l - iwsT]

(K" P1No)

le ng(rs,r)exp(iksr)Gﬂ(r,rd,ws)dr
Q
Xexp(—iwgt), (16)

signal(r, 7, w; + o,,1)
Sac
0.1650 ac ¢
- Do Dy 1 —i(w; + w,) 7]

(K'P{Ny)

le G (ry.r, w)explik,r) G,y w; + w,)dr
Q
Xexp[—i(w; + wy)t], (17)

signal(ry, 7, 0, — w,,1)
Sac
0.1650ac¢
" DDl - (0, - )71

(K'PNy)

X {f G (ry, 1, w)exp(= ikr) G(r, 1y, 0, — w,)dr
Q

Xexp[— i(w; — w,)1]. (18)

Equations (16)—(18) describe the modulation strengths of
fluorescence signals relative to the power of the original in-
cident light (excitation light) at the three different frequen-
cies and have similar structures. Four factors are present on
the right-hand side expression of each equation. The first
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TABLE 1. Parameters of the microsphere inclusion and the turbid medium. (a) p, and p, are the density of
microspheres and the turbid medium, respectively (Ref. 32). (b) a is the radius of the microsphere (Ref. 32). (c)
N, is the average fluorophore concentration which is equal to the average microsphere concentration multiplied
by the number of fluorophores per microsphere (Ref. 32). (d) € and ¢ are the absorption cross section and
quantum efficiency of fluorescent, respectively (Ref. 33). (e) y and B are the kinematic viscosity and compress-
ibility of the turbid medium, respectively (Refs. 23 and 34). (f) P, and ¢ are the amplitude of pressure and the

speed of the ultrasound wave (Refs. 1 and 35).

a

p=py/py  (um)  (cm%s) (m*N)

(1/m?)

& P
(cm?) ¢ (Pall) (m/s)

1.05/1.0 0.1 0.05 4.5x1071°

3.6 X 10?

3X107° 099 5X10*-5X10° 1550

factor, 0.1650as¢/D.Dg[1-iw,7] [in  Eq. (16)],
0.1650acd/ D Dy[1-i(w+w,)7] [in Eq. (17)], and
0.1650 ae ¢/ D D[ 1 —i(w;— w,) 7] (in Eq. (18)), has units of
m? and depends on the optical properties of the medium, the
fluorescent dye, and the measurement system. The second
factor, (K’ P|N,), is same for all the three equations and rep-
resents the strength of the ultrasonic wave, ultrasonic prop-
erties of the medium, and the fluorophore concentration with
units of m™3. The third factors (the integral terms) describe
excitation and emission photon propagation in the turbid me-
dium, which are determined by the geometry of light source
and detector and the ultrasonic focal zone and possess units
of meter. The last factors are dimensionless complex har-
monic functions that indicate the oscillations of fluorescence
signals relative to time with different frequencies. For a fluo-
rophore with lifetime less than 10 ns, an excitation light
source with 140 MHz modulation frequency and ultrasound
with 1 MHz frequency, the following relationships hold: |1
—iog=1 and 1<[l-i(w+w)7=|1-i(w-0,)7<10.
Therefore, the amplitude of the modulated signal with fre-
quency (w;+w,) has similar magnitude to the signal with
frequency (w;—w,), and both of them are weaker than the
modulated signal with the frequency w, if the S, is close to
the S,.. In the experiments of Kobayashi et al.,'” the excita-
tion light is a continuous light source, which means S,.=0
and w;=0. Consequently, only the signal described by Eq.
(16) exists.

A. Modulation strength

Quantification of the modulation strength is important
for understanding the modulation mechanism. From Eq.
(16), one can see that the modulated fluorescence signal with
the frequency w, is proportional to the local average fluoro-
phore concentration Ny, which is in agreement with the ex-
perimental measurements," and also proportional to the am-
plitude of the ultrasound pressure P;. The model of Krishnan
et al’ predicts the same linear relationship between the
modulation strength and the pressure amplitude Pl.3 How-
ever, the measurements of Kobayashi et al. 12 showed a qua-
dratic relation between the modulation strength and the pres-
sure P;. This discrepancy implies that multiple modulation
mechanisms may exist as will be discussed in Sec. V. While
Ny and P, can be controlled by experiments, K’, another key
quantity to determine the modulated signal strength, is a pa-
rameter that is determined by the medium and the micro-

sphere system [K' is the factor in the curled parentheses of
Eq. (A14)], which can be quantified based on the parameters
listed in both Tables I and II. The integral term in Eq. (16) is
related to specific experimental setup and boundary condi-
tion. In this study a semi-infinite geometry with an extrapo-
lated boundary condition is adopte:d,26’27’29 which is a typical
setup for biomedical imaging applications (see Fig. 2). The
specific parameters for the integral are given in Table II. As
an example, we locate the center of the focal zone midway
between the source and detector and set the depth of the
focal zone as 0.4 cm. According to the parameters given in
Tables I and II, the ratio on the left-hand side of Eq. (16) (the
ratio of modulated fluorescence signal to the amplitude of dc
component of the excitation light Sy.) is on the order of
1075-107% depending on the pressure intensity with assump-
tions of @=0.65 ¢cm? and ®=1. With a 60 mW excitation
light as adopted in the experiments of Kobayashi et al.' a
0.6—60 nW modulated fluorescence signal is predicted based
on our calculations. Optical signal with this intensity range is
readily detectable using highly sensitive photodetectors
(such as photomultiplier tubes) after filtering of the strong
excitation light. The experimental challenge is separation of
the effect of the unmodulated fluorescence signal on the
modulated fluorescence signal because it cannot be filtered
out using an optical filter in front of the photodetector. The
unmodulated fluorescence signal is described by the first
term on the right-hand side of Eq. (9). Inserting it into Eq.
(10) and following the same steps to analyze the intensity of
unmodulated light, we can calculate the ratio of the unmodu-
lated fluorescence intensity to the intensity of the excitation
light (Sy.) and it is on the order of 1072. Therefore, the ratio
of the modulated fluorescence intensity to the unmodulated

TABLE II. Optical parameters of the turbid medium and the ultrasound
beam. The refractive index of the medium is considered as 1.33. The sub-
scripts of “ex” and “fl” represent the values at excitation wavelength and
fluorescence (emission) wavelength, respectively. The ultrasound focal zone
is modeled as a cylinder of radius “A” and of length “B”.

Medium Ultrasound
parameters focus size
(1/cm) (cm) Distance between
source and detector
Mo ex Myex Man My q Radius (A) Length (B) (cm)
004 65 003 7.0 0.15 1.0 1.0




103102-7 Yuan, Gamelin, and Zhu

fluorescence intensity falls in the range of 10™*—~107°. How-
ever, this ratio will be further reduced if the unmodulated
signals contributed from fluorophore outside the focal zone
are considered. To detect the relatively weak modulated fluo-
rescence signal, shot noise (usually with wide bandwidth)
generated by the strong unmodulated fluorescence signal
should be reduced through signal averaging or narrow elec-
tronic filters such as employed in spectrum analyzers.

J. Appl. Phys. 104, 103102 (2008)

B. Fluorescence lifetime

As mentioned above, the fluorophore concentration and
lifetime are the most important parameters in fluorescence
imaging. From Egs. (17) and (18) we realize that the fluoro-
phore lifetime within the focal zone can be extracted by the
ratio of Egs. (17) and (18). The ratio and its first-order de-
rivative with respect to lifetime can be expressed as

f G (ryr, w)exp(ik,r) G (r,ry 0+ wg)dr
[9)

B signal(ry, 7y, 0, + @y, 1) 1+ (- w,)* 7 (19)
| signal"(ry,rp 0 — 0u1) |V 1+ (0,4 0,)*7 . '
Gfl:x(rsa r, wl)exp(_ lkrr)G (ra Vg, W) — ws)dr
Q
dR 1 |1+ (w+ w)*7| 27w, — w)[1 + (0, + 0,)* 7] = 27w, + w)*[1 + (0, — w,)* 7]
— == 3 o I(rg,r,rg 0, 0,). (20)
dr 2 NV 1+(w-w)* 7 [1+ (w0 + w,)*7]

A structural factor, I(ry,r,r,, ;, ), is defined in Eq. (20),
which is the amplitude of the ratio between the two integrals
in Eq. (19). This structural factor is weakly related to the
distance between the light source and the ultrasound focal
zone and the distance from the focal zone to the detector.
Also it is weakly dependent on the modulation frequency of
light and the ultrasound frequency. Figure 3 provides a nu-
merical result for I(ry,r,ry, w;, w,) as a function of the focal
zone depth. Generally, the structural factor is close to 1 and
slightly decreases with the increase in the focal zone depth.
When increasing the light modulation frequency or the ultra-
sound frequency, the structural factor decreases. We also
found that the ratio approaches to 1 either when the ultra-
sound frequency is low or when the light modulation fre-
quency is low (see the following discussion). When

0.98 T T T T T T
0.96 i
0.94 L
092 B
o
®
o 09r B
°
2
5 088 B
E
<
0.86 4
084} w|=200 MHz, cos=30 MHz -
—&- 07200 MHz, 0 =50 MHz
0.82} | =& ©=55 MHz, © =30 MHz B
— 0)|=55 MHz, ms=50 MHz
08 N | " |
0.2 04 0.6 0.8 1 12 14 16

Depth (cm)

FIG. 3. The amplitude of the ratio between the two integrals in Eq. (19) as
a function of the depth of ultrasound focal zone.

I(rg,r,ry, 0, w,) is close to 1, it may be ignored for conve-
nience. Equation (19) implies that R can be used to measure
the lifetime of fluorescent molecules in the ultrasound focal
zone. Therefore, one can expect to map the distribution of
the fluorophore lifetime of a sample by scanning the system
in the area of interest.

In order to investigate the sensitivity of R to lifetime 7,
we swept the ultrasound frequency w, from 0.1 to 50 MHz
and the light modulation frequency w; from 0.1 to 200 MHz
and calculated the first-order derivative of R with respect to
lifetime in terms of Eq. (20) for different lifetimes. Figures
4(a) and 4(b) show the results when ignoring and including
the structural factor in the calculation, respectively. The
depth of the ultrasound focal zone is 1 cm in Fig. 4(b). The
horizontal and vertical axes represent the light modulation
frequency and the ultrasound frequency, respectively. The
color indicates the value of dR/d+ with unit of 1/ns, which
represents how much R changes when the lifetime increases
1 ns. Negative value of dR/d T means the increase in lifetime
causes the decrease in R. Figure 4(a) indicates that the most
sensitive area (the most negative area) is around the line of
w;=w,. However, light with high modulation frequency is
more sensitive to the short lifetime. In practice w; and w,
cannot be chosen to be equal. Otherwise, the difference fre-
quency will be zero so that the signal reduces to dc signal
that cannot be differentiated from the background fluores-
cence signals. In comparison with Fig. 4(a), Fig. 4(b) shows
slightly lower value for dR/d, which is caused by the struc-
tural factor. The distribution of dR/d7 in w-w, plane was
distorted; however, the most sensitive area was similar with
that in Fig. 4(a). In the calculation in Fig. 4(b), low fre-
quency resolutions were adopted for effective computation
and |w-w,| was used in Green’s function, G'(r,r,, w;), to
avoid negative frequency. In practice, w; may be limited
lower than w;.
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FIG. 4. (Color online) The first-order derivative of R with respect to lifetime as a function of ultrasound frequency and light modulation frequency at different
lifetimes: (a) the structural factor was ignored in the calculation and (b) the structural factor was included in the calculation (the depth of ultrasound focal zone
is 1.0 cm). The lifetime value is shown on the upper-right corner of each image. The value of dR/d7 is mapped to the color with unit of 1/ns.

On the other hand, we calculated R as a function of
lifetime 7and showed in Fig. 5. Figures 5(a) and 5(b) corre-
spond to w;=55 MHz and w;,=200 MHz, respectively, while
the values for w, are same for both figures. The depth of the

ultrasound focal zone is 1.0 cm. All the solid lines in Figs.
5(a)-5(c) were calculated by ignoring the structural factor
I(ry,r,rg, 0,0, and the dashed lines show the correspond-
ing results without neglecting the structural factor. Figure
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5(b) indicates that the structural factor may not be ignored
when the light modulation frequency is high. In contrast, Fig.
5(c) implies the factor may be ignored for convenience when
the light frequency is low. Figure 5(a) shows that when the
ultrasound frequency is close to the light modulation fre-
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quency, the structural factor needs to be considered. When
w,=50 MHz, Fig. 5(a) provides a linear dynamic range from
~0.6 to 2 ns while Fig. 5(b) shows a linear dynamic range
when 7<<0.8 ns. This result indicates that high modulation
frequency is suitable for detecting short fluorescence life-
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FIG. 5. R as a function of lifetime when the ultrasound beam is focused at a depth of 1.0 cm: (a) @;=55 MHz, (b) @;=200 MHz, and (c) w,=15 MHz. All
the solid lines are calculated by ignoring the structural factor and the dashed lines with the structural factor.

time. Also, both figures show that the sensitivity of R to
lifetime is increasingly improved when w, approaches to w,.
To study the sensitivity and linearity of R to lifetime at low
ultrasonic frequencies, we varied w, from 2 to 14 MHz and
maintained ; as a constant of 15 MHz. The results are
shown in Fig. 5(c). When the lifetime is greater than ~2 ns,
a linear relationship between R and lifetime exists. In com-
parison with Figs. 5(a) and 5(b), Fig. 5(c) shows a lower
sensitivity of R to lifetime.

V. QUENCHING MODULATION MECHANISMS

Quenching can occur when quenchers are adopted3 637 or
when microsphere concentration and/or fluorophore concen-
tration loaded in each microsphere are relatively high.38‘39
Depending on the specific microsphere-fluorophore system,
the quenching can be self-quenching or quenching caused by
the quenchers. Quenching mechanisms may involve dynamic
collisional quenching and/or fluorescence resonance energy
transfer (FRET).2%3¢% Quenching can occur on the outer

36-38 . 39 .
surfaces or the inner”” volume of microspheres depend-

ing on the fluorophore labeling locations. By ultrasonically
modulating quencher concentration or the distance between
the fluorophore and its quencher and hence the quenching
efficiency, the fluorescence intensity can be modulated.

A. Collisional quenching

It has been found that polystyrene microspheres in
tissue-simulating phantoms can collisionally quench fluoro-
phores that are mixed with microspheres and the quenching
efficiency is correlated with the concentration of
microspheres.‘m’41 Based on these results, we infer that the
position vibration of the microsphere induced by the ultra-
sonic field [the first type particle motion (see Sec. III A)] can
lead to the modulation of quenching efficiency via the modu-
lation of macroscopic microsphere concentration if fluoro-
phores are labeled on the outside surface of the
Inicrosphere.38 Consequently, Eq. (7) can be rewritten as
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I'N,(r,t
i) = PNARD. 1)
(1+k,710])

where k, is the bimolecular quenching constant, 7 is the life-
time of the fluorophore in the absence of quencher, and [Q]
is the quencher concentration. Note that ¢, I", and N, should
be considered as the quantities in the absence of quenching.
The modulation of [Q] can be similarly described by Egs. (2)
and (3) as discussed in Sec. IIT A.

B. FRET quenching

It has been reported that self-quenching occurs when
fluorophores are labeled on a resin bead surface and the
quenching efficiency is related to the surface concentration
of ﬂuorophores.38 Also, when fluorophores (such as fluores-
cent) are encapsulated in liposomes, energy transfer to non-
fluorescent dimers occurs and the quenching efficiency is
highly dependent on fluorophore concentration.”® These re-
sults imply that for those microspheres loaded with high con-
centrations of fluorophore and oscillated in radius induced by
ultrasound pressure (the third type of motion) the fluores-
cence modulation may originate from the modulation of
quenching efficiency if quenchers exist or nonfluorescent
dimers can be formed. Considering FRET quenching, Eq.
(21) can be modified as

L ) (22)

S(ro,r,0) = (;SFNe(r,t)(l - —
1+ (r/Ry)®

Note that ¢, I', and N, should be considered as the quantities
in the absence of quenching. r is the distance between the

fluorescent molecule and its quencher. EO is the the Forster
distance corresponding to the distance at which the lifetime
is reduced to 50% relative to the natural lifetime.*” The dis-
tance r between two molecules (or between the fluorophore
and its quencher) is modulated by ultrasonic pressure via the
oscillation of the radius of the microsphere and can be ex-
pressed as

[1+%)
r=CRy| 1+—]. (23)
Ry
R is the equilibrium radius of the microsphere and AR is the
change in radius of microsphere induced by ultrasonic pres-
sure. When there is no ultrasound applied, AR=0 and the
equilibrium distance between two molecules is indicated as
ro=CR,. C is a constant and equals to y477/M when fluoro-
phores and quenchers are labeled on the outer surface and
equals to 2/M'"3 when fluorophores and quenchers are
loaded in the microsphere. M is the total number of fluoro-
phore and quenchers labeled on or loaded in each micro-
sphere. Two assumptions are adopted in the derivation of C:
fluorophore and quenchers are considered as spheres and
they are homogenously and equally distributed on or in the
microsphere.

For a hollow polymeric microsphere insolated with low
power ultrasonic wave, the relationship between the radius
change and the amplitude of ultrasonic pressure P; may be
expressed as™

J. Appl. Phys. 104, 103102 (2008)

AR=C'P,sin(wt+ ¢,), (24)

where C' and ¢, are constants and can be found in Eq. 13 of
Ref. 43. Inserting Egs. (23) and (24) into Eq. (22), the modu-
lation of fluorescence may be expressed as a power function
of ultrasonic pressure amplitude P;,

S(r.,r,t) = GI'N,(r,1)

1
x| 1- )
( 1+{[CRy+ CC'P, sin(w + ¢C)]/1€0}6>
(25)

Numerical simulation indicates that the power depends

strongly on the equilibrium distance r,. When r0=Eo, the
modulated fluorescence strength changes as a function of the

pressure amplitude P; with a power 3. When r0>E0, the

power is less than 3, and when r, <§0, the power is between
3 and 6. Because ry is directly determined by M, the number
of fluorophore and quenchers labeled on or loaded in each
microsphere, the specific relationship between the modulated
fluorescence and applied ultrasound intensity may be highly
dependent on experimental conditions. This result may par-
tially explain the quadratic relationship measured by Koba-
yashi et al."? Further experiments with well-controlled ex-
perimental parameters are needed to validate this
mechanism.

VI. CONCLUSION

We proposed two mechanisms to explain the ultrasoni-
cally modulated fluorescence signal in turbid media. The
modulation of fluorophore concentration caused by the ultra-
sonic pressure is considered as the source of the modulated
fluorescence signal at low fluorophore concentrations. By
solving the rate equation and the photon diffusion equation, a
quantitative solution to the modulation strength of the fluo-
rescence signal generated from the ultrasound focal zone was
derived. The model indicates that the modulated fluorescence
signal is proportional to the average fluorophore concentra-
tion in the ultrasound focal zone. To quantify the modulated
signal strength, calculations based on the parameters pro-
vided in literature were performed and the results indicate
that the modulation depth (the ratio of the modulated signal
to the unmodulated signal) can reach 10™#-107% when the
ultrasound pressure is in the order of 10°—~10* Pa (based on
the parameters used in this study). Such a signal level is
detectable if appropriate detecting systems are adopted.

When fluorophore concentration is high so that fluores-
cence quenching occurs or when quenchers are adopted, a
fluorescence contribution due to the modulation of quench-
ing efficiency caused by the oscillation of the microsphere
radius can occur. Collisional quenching and FRET quenching
were presented as possible mechanisms responsible for the
fluorescence modulation. A nonlinear relationship between
the modulation strength and the applied ultrasound amplitude
was found when FRET is considered as the major quenching
mechanism.

Recently, microbubbles were proposed to replace the
polystyrene microspheres to increase the compressibility un-
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der ultrasonic field.**’ It has been reported that a mi-
crobubble with a lipid shell has much higher compressibility
than the hollow polymeric microbubble.”*** This result indi-
cates that the fluorescence modulation efficiency may be sig-
nificantly improved when using microbubbles. A detailed
study on this topic will be performed in the future.

ACKNOWLEDGMENTS

We acknowledge the funding support of DOD Breast
Cancer Program (Contract No. W81XWH-04-1-0415) and
National Institute of Health (Contract No. ROIEB002136).

APPENDIX
Based on fundamentals of acoustic wave propagation in
a fluid, the acoustic pressure can be expressed as follows:>
1 #P

VP=—">

= s Al
2 or? (Al

where P is acoustic pressure and c is the speed of pressure
wave. The relationship between fluid velocity and pressure
can be express as

au

—=-VP, A2
Po o (A2)
where p, is the average density of fluid and # s the fluid
velocity. For simplicity, we limit the pressure solution of Eq.

(A1) to a plane wave, which can be written as

P=Py+ P exp i(kr— o) +c.c., (A3)

where c.c. represents complex conjugate, P, and P, are av-
erage pressure and the amplitude of the pressure oscillation,
and k and w, are the wave vector and the angular frequency
of the pressure wave, respectively. Based on the linear rela-
tionship between the pressure and fluid velocity, which is
expressed as

P
uy = _19 (A4)
Poc
the fluid velocity can be written as
u=1ug+u, exp i(kr— wy) +c.c. (A5)

Based on Mei’s theory,8 for the first type of motion, the
velocity of the motion of the microsphere in the fluid caused
by the ultrasonic field exhibits a low pass characteristic,
which can be expressed as

S N
l+e-ile+—-¢
- 3 -
v= u, (A6)

4
1+8- i[§+ §(p+ 1/2)52]

where £€=Vw,a?/27, a is the radius of the microsphere, v is
fluid kinematic viscosity, and p=p,/p, is the ratio between
the density of the microsphere and the average density of the
fluid. The concentration of the microsphere n can be related
to microsphere velocity 0 by the following continuity
equationzoz
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n

V. =0,
ot +V- (no)

(A7)

Following the same linearization rule, the concentration of
the microsphere is written as

n=ng+n; exp ilkr — ot + ¢op) +C.C. (A8)

Inserting Eqs. (A6) and (A8) into Eq. (A7), the amplitude of
the concentration oscillation n; can be expressed as

(A9)

where k is the ultrasound wave vector and v, and v, are the
average velocity of the microsphere and the oscillation am-
plitude of the microsphere velocity, respectively. Based on
Egs. (A6) and (A4), vy and v, can be written as

P
vo=ttg="—", (A10)
Po¢
l+e—-i|le+—¢
3
v = uj. (A11)

4
1+&- i[§+ §(p+ 1/2)52}

Inserting Eq. (A11) into Eq. (A9), the amplitude of the con-
centration oscillation n; can be written as

l+e—-ile+—¢€
3

kno i

n = (A12)

kv — o 4 Poc
1+8-i| &g+ §(p+ 1/2)&*

From this equation, a linear relationship between n; and P,
(the amplitude of pressure oscillation) is established. Further,
if the fluid is compressible, an additional concentration
change caused by the volume change in the fluid can be
included based on the following discussion:

, N)+AN' N, AN'Vy+N,AV
ny=n-—-ny= -_—=
Vo—AV  Vy  (Vo—AV)V,
AN’ AV AN’
= ~— +noBP,

Vo-AV) " "(vy-av) ~ v,

=n, +nyBP, (A13)
where n| is the total oscillation amplitude of the microsphere
concentration caused by both microsphere oscillation and
volume changes in the fluid, N is the average microsphere
number in volume V, AN’ is the change in the number of
microspheres in the volume V,, AV is the volume change
caused by acoustic pressure, and S is the compressibility of
the fluid. Inserting Eq. (A12) into Eq. (A13), the oscillation
amplitude of the microsphere concentration relative to the
average microsphere concentration is written as
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k

pockvg— w,)

!
n1=

4
1+8- i{§+ §(p+ 1/2)§2J

+ B (noP;. (A14)

To convert the microsphere concentration to fluorescent mol-
ecule concentration, a scaling factor M is introduced and
defined as the number of fluorescent molecules in one micro-
sphere. Therefore,

NI(I’)ZMn£=K’N0P1, (AIS)

where N, (r) is the complex amplitude of the modulated fluo-
rophore concentration [see Eq. (1)], K’ is the factor in the
curled parentheses of Eq. (A14), and N, is the average fluo-
rophore concentration and equals nyM.
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