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Imaging of Fluorescence in Highly Scattering Media
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Abstract—Two one-speed radiation transport equations cou- particular, we have recognized the advantages of using agents
pled by a dynamic equation for the distribution of fluorophore  whose environmental sensitivity causaslestive _ativation
electronic states are used to model the migration of excitation of fluorescence raission, and we have adopted the term

photons and emitted fluorescence photons. The conditions for . . . . L
producing appreciable levels of fluorophore in the excited state SAFE imaging” to describe this [2]. The emissivity of a

are studied, with the conclusion that minimal saturation occurs radioisotope is inert to variations in the local chemical and
under the conditions applicable to tissue imaging. This simplifies physical environment. In contrast, judicious choice of at-
the derivation of the frequency response and of the imaging tached functionalities can produce fluorescent molecules that

operator for a time-harmonic excitation source. Several factors . : o . ;
known to influence the fluorescence response—the concentration,have' excellent chemical stability and photostability; desired

mean lifetime and quantum yield of the fluorophore, and the excitation properties in the near infrared region; fluorescent
modulation frequency of the excitatory source—are examined. properties that are strongly influenced by, for example, oxygen
Optimal sensitivity conditions are obtained by analyzing the |evels, metal ion concentrations, pH, or lipid composition [3];

fluorescence source strength as a function of the mean lifetime 5,4 gre conjugatable to larger carrier molecules. This combi-

and modulation frequency. The dependence of demodulation of . . .
the fluorescent signal on the above factors is also examined.nation of attributes produces degrees of freedom not available

In complementary studies, transport-theory-based operators for In radioisotope imaging, in particular significantly greater
imaging fluorophore distributions in a highly scattering medium  ability to influence target-to-background ratios. However, the
are derived. Experimental data were collected by irradiating possibility of employing fluorescent probes as substitutes for

a cylindrical phantom containing one or two fluorophore-filled . yinisatones for thick tissue imaging is complicated by the
balloons with continuous wave laser light. The reconstruction

results show that qualitatively and quantitatively good images intense spgttering of-optical photons. One result of this is that
can be obtained, with embedded objects accurately located and many efficient algorithms developed for X-ray tomography,

the fluorophore concentration correctly determined. e.g., any that are based on the Fourier slice theorem [4], [5],
Index Terms—Image reconstruction, luminescent materials/ areé not applicaple to the optical imagiqg probl'em.
devices, optical imaging, random media, tomography. Two formulations commonly used in studies of photon

migration in highly scattering media are the radiation transport
equation and the diffusion equation. The transport equation [6],
[7]is the more physically accurate of the two; its disadvantages
ADIOLABELED and fluorescent-tagged biomoleculesnclude the difficulty or impossibility of obtaining analytic
have been successfully used in a range of biomedicg|utions for most problems of practical interest, while the
research studies for many years. In practical medical imagingethods available for computing numerical solutions, such as
e.g., nuclear medicine and single photon emission tomograpjynte Carlo simulations and discrete ordinates calculations,
(SPECT) and positron emission tomography (PET) imagically are computation-intensive. The diffusion equation is
ing, however, only radioisotopes are widely used to providg, asymptotic form of the transport equation [6], [8] which
useful anatomical and physiological information, while usgyiows from assumptions that are valid at points far from
of fluorescent probes in clinical studies has been limitegd,y, nhysical discontinuity and where the differential scattering
mostly toin vitro examination of stained tissue slices. Th@,qss section is at most linearly anisotropic. It has been shown
concentration, the mean lifetime, and the quantum yield g{,t there are situations where it can be used to accurately and
many fluorophores are environmentally sensitive [1], and i ;antitatively describe photon migration in highly scattering

should also be possible to exploit these sensitivities in or edia [9]-[11]. Wuet al. [12] and Pattersomt al. [13] also
to derive useful anatomical and physiological information. Iﬂave successfully applied it to the problem of describing
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high as 90%. Because of these considerations, our group e absorption/scattering measurements. This is because, in
focused primarily on the transport equation [15]-[17], as ithe absence of the fluorophore, which itself is the perturbing
the present study, but has also adopted the diffusion approagent, the reference intensity is zero. Other advantages include
when it is appropriate [18]-[20]. the fact that the physical properties of a fluorophore can
One issue explored in this paper, which is an expanded sensitive to its immediate chemical environment. Thus,
version of two recent conference reports [21], [22], is ta fluorescence tomography method has properties similar to
analytically explore the effects of saturation and demodulationagnetic resonance imaging (MRI) but at a sensitivity level
on a source of fluorescence photons in order to determiokders of magnitude greater. The reason for this is that
conditions for optimal sensitivity to changes in its properll fluorophore molecules can contribute to the measured
ties. Saturation is a consequence of the finite lifetime of fauorescence, while the net MRI signal comes from only the
fluorophore’s excited state [23] and is problematic becausmall excess of atoms that are in the low-energy magnetization
it causes coupling among the modulation frequency and &tate at commonly employed external magnetic field strengths
overtones, thus, affecting interpretation of the detected signd®8]. In addition, by linking the fluorophore to a targeting
The sensitivity, by which we mean the rates of change biomolecule (e.g., a monoclonal antibody) the fluorescence
observable quantities such as the amplitude and phase of thrmography method becomes similar to radioscintigraphic
emitted light with respect to changes in the fluorophoreisiaging methods but without the need for exposure to ionizing
physical properties, directly determines the target detectabiligdiation. Images reconstructed from numerical data have been
and signal quality, and is generally a function of lifetimepublished by O’Learyet al. [29], Paithankaret al. [30], and
modulation frequency, and the properties of the backgroundr group [17]. The new experiments described here were
medium [18], [19]. While some extensive numerical or expeperformed under CW illumination, and reconstructed images
imental studies addressing the issue of sensitivity for specifit the fluorescence concentration are reported in this study.
types of target and background media have been performedVe use two coupled one-speed transport equations in our
[24], [25], we believe that a theoretical analysis of the emigheoretical study of fluorescence. The equation governing the
sion source itself should provide useful information. In botffactional excited state fluorophore concentration was also
studies just cited, for example, two different fluorophorestudied, and upper limits to the excitation intensity for which
with distinct mean lifetimes and fixed quantum yields wergaturation effects may be neglected were determined in order
used, with one located in the target region and the othier simplify the problem. The sensitivity of the fluorescence
in the background. Here, we explore the sensitivity of @mission to changes in the mean lifetime and modulation
truly environment-sensitivluorophore. By this we mean, afrequency, and the effect of the demodulation caused by the
fluorophore whoséntrinsic lifetime is fixed and whose meanfluorophore’s lifetime distribution were studied. Further, we
lifetime and quantum yield may change as a function éferived an imaging operator based on transport theory. The
environmental parameters (e.g., tissue oxygen pressure, pHigl form of this operator is a system of linear equations
We have elected to study the properties of the light emitté¢hich can be easily solved by iterative methods. Monte Carlo
by an environment-sensitive fluorescent compound direcgymulations were performed to calculate this operator for a
illuminated by an excitation source, in the absence of agpecific test medium. Experimental data were collected using
background medium that modifies, through its own absorptienCT-type scanning laser system. Image reconstructions were
and scattering, the excitation light reaching the fluorophore performed using projection onto convex sets (POCS) [31],
the fluorescence that ultimately is seen by a detector. We do fiepjugate gradient descent (CGD) [32], and simultaneous
mean to minimize the importance of the background medium@égebraic reconstruction technique (SART) [4] methods.
effects, but choose to omit it in this study because its properties
typically are unknown and its effects are case-dependent. II. THEORY

Our secondary purpose is to present images reconstructed . _
We present here a theoretical treatment of the excitation

from experimental data obtained from a highly scatterin dqf intensities that d i ider fi
medium containing fluorescent inclusions and illuminated dorescence intensities that does not consider fiuorescence
larization or other anisotropic phenomena. Modulated light

a dc source. Optical imaging of tissues using tomograp ton | terial be d ‘bed by the Fouri
illumination and detection schemes has attracted signific:ﬂ{f’paga lon In a material can be described by t € rouner
nsformed time-dependent radiative transfer equation (RTE)

interest in recent years [26], [27]. In most cases, perturbati

methods are used for analysis of time-resolved, time-harmo ,_[8]’ [33]
or continuous-wave (CW) measurements. This approach angy; . .

lyzes the difference between measurements obtained at the + - V¢ + prd =

boundary of reference and test media and uses this information . o0 .

to reconstruct two-dimensional (2-D) or three-dimensional 5+/ / pis(r, -, E' — E)¢' d¥ dE" (1)
images of the differences between them. The difference sig- 0 Jarw

nal is usually small relative to the two quantities beingvhere ‘~” indicates the Fourier transform (FT), is the
compared, and it is sensitive to noise. Use of fluoresceanbdulation radial frequency [rad §], ¢ is the speed of light
light for optical imaging of tissues, on the other hand, hgsm s7!], E is the photon energy [eVH$Y' is the differential
several important advantages. First, is the fact that fluoreslid angle [sr],¢ = ¢(r, , E, w) is the angular intensity
cence measurements are intrinsically much more sensitiee radiance) [cm? sri], ¢/ = ¢/, ¥, E',w), S =
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S(r, Q, E, w) is the angular source strength [cfsr!], 1.0 ___
ps(r, Q- Q, E' — E) is the macroscopic differential scat- Lifetime [s]
tering cross se_ction [crt srt e\(—l], pr = /y_{«(r, E)is 0.8 10"
the macroscopic total cross section fchh and j = /1. _a 10

We can assume without loss of generality that the excitation
and emitted light are monoenergetic with energigs and g’ 0.
E,, respectively. (For detailed discussion, see [17].) Then (&*
reduces to two coupled equations. For the excitation angular
intensity

—e 10’

.y 0.2
_'w o~ o~
—ch)l +Q-Vor+ (ur1+pr1-2)01 =

LIS U N L B Y B B

: 0.0
5‘1+/ s 1 (Y- Q)L QY (2) 10 107 10" 10 10* 10*" 107 107 10%
4w

2 -
. . . Excitation intensity [photons-cm s

wherepr 1 is the total cross section of the reference medium y[p ]
for Ey and pr, 12 is the change in total cross section afteFig. 1. Fluorophore saturation as a function of excitation intensity for

the fluorophore is added. That i - N , different mean Iifetimgs [s] and assuming a fluorophore molar extinction
P T, 12 99T, 1=2  ciofficient of 3.4% 10° cm~! M~L. Unlesst is very large, there is no

where oz, 1> is the mjcr(?SCOpiC total Cross section [@m appreciable saturation at excitation intensity levels normally used in biological
of the fluorophore andV, is the FT of the time-dependentapplications £ 10°° photons- cm~* s~', assuming a beam of 0.1 cm in

concentration of the fluorophore in the ground state. This, figmeter and at most 0.1 W illumination at Ju@ wavelength).
turn, is governed by

—jwN, = —or, 1_>2$1®Ng+1]§7€, (3) convolution of the concentration itself and the excitation
T field intensity. Because of this, a time-harmonic excitation
where ‘®" denotes a convolution in frequency, = No—Ng will produce ananharmonic periodic signal containing the
is the FT of the time-dependent concentration of the excitéandamental frequency and all its overtones; this occurs when
fluorophore Ny is the FT of the total fluorophore concentratiorihe population of the excited state becomes appreciable, i.e.,
(ground and excited electronic statea%% - gl(lﬂ w) = when the .fluorophore is partially saturalted. This situation is
[, ¢1dS2is the FT of the time-dependent intensity (or fluencBroblematic because subsequent analysis to infer properties of
rate) [cnT2] of the excitation light, and- is the mean lifetime an unknown medium would require consideration of all these

of the fluorescent probe’s excited state. The RTE for tfEequencies.

fluorescence angular intensity is ) If the~extent of quorophorelsaturation is negligible, then
. Ny =~ No. For CW excitationg, = 2n¢?6(w), where ¢9
_jtcd</>2 +Q'V(7~)2+NT,2¢~)2 _ is the excitation intensity. In this case, (3) becontes=

_UT,1—>2¢?NQ+(‘ZV~O_NQ)Z7_7 or Ny = No/(1+707,1-297),

§2+/ fs.2(Q - Q)P dQ  (4) which reduces taV, ~ No when Tor,1-2¢7 < 1. Fig. 1
4w shows saturation versus excitation intensity curves for dif-
ferent mean lifetimes. If we choose arbitrarily a level of

where S, = N, /4nT, v = is the quantum efficienc _ e
2 = yNe/dnT, v = 7/70 d 4 1% fluorophore saturation as our negligibility threshold, then

[dimensionless] and is the intrinsic mean lifetime [s] of the ) A
the maximum allowable excitation i) = 1/99707 1.2.

fluorescent probe’s excited state. E 1 q th | e ffici
In an ideal case, where only one fluorophore species jgr & fluorescent dye with a molar extinction coefficient

present in a homogeneous environment, (3) implies that el ~10* Cmg_lM_l [¢ and o7, are relat?d bye =
temporal impulse response df, is a simple exponential Agor, 1—>2/§10 _1111 10), where A_O IS Avog_a7dros number,
decay. However, multiexponential decay can be observed ﬁ)p22>< 1_02 _mol_ ] an_d a_mealn lifetime<10 5 Slfhe a_cce_pt-

a mixture of fluorophores with different mean lifetimes, or fof0l€ €xcitation intensity is-10%! photons-cm® s™*, which is

a single fluorophore species in a heterogeneous environméf! .C,h Iar.ger than th? excnatl(gn Intensity Ie;/el_sl normally used
In this study, we consider the cases of a single quorophdFé iological appl|cat|(_)ns§102 photons-cim= s » assuming

in a heterogeneous environment and of a mixture of two gr2€am of 0.1-cm diameter and at most 0.1 W illumination
more fluorophore species whose emissions can be excited®@fVer at @ wavelength of 1.0m).

detectedseparately

B. Optimal Modulation Frequency and Mean
[ll. SATURATION CONDITION, SENSITIVITY, AND Lifetime for Optimal Sensitivity

DEMODULATION FOR A MODULATED WAVEFORM There are two necessary conditions for successful detection

of mean lifetime perturbations by means of a fluorescence
measurement. The first is that the perturbation must produce

Inspection of (3) shows that in the frequency domain them appreciable change in some property of the emissive
ground state fluorophore concentration is a function of tleurce (e.g., dc intensity, ac amplitude, or ac phase). The

A. Saturation
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second is that this change must have an appreciable impact 0
on one or more detector readings. The emissive source is
a function of the concentration, molar extinction coefficient;3
mean lifetime and quantum vyield of the fluorophore, and 0§ =
the excitation intensity. The background medium is not itsel@*ﬁ
affected by the fluorophore, but behaves like a filter tha_fg_
modifies the excitation and emission fields through scattering
and absorption. The expression we used in the computation &
expected detector response for a time-harmonic source, givg
the physical properties of the background medium, fluorophoré
concentration, and lifetime and quantum yield is given in a
subsequent section. 10°
The source term for fluorescence is 10 10 107 10
Mean Lifetime [s]

@)

107

1mension

[d

1 ol 1 ol 1 [

o nye
Gy = e
2 AT B
_ 7o, 1—2No; 04
(1 + jwr)

_ 70T, 1—2No¢; —j tan™! wr

 damo V1 + w2r?
= AeI%, (5)

degrees]

Let 79 be fixed while 7 varies because of spatial and/or s -60

temporal variations in the nonradiative de-excitation rate of the

excited fluorophore. Fig. 2 shows the dependence ofhthe =75

amplitude, 4, and phasep, of S,. Inspection of Fig. 2 reveals | . L

that the source term for fluorescent emission is more sensitve 2 77— o .
. ) . . 10 10 10 10

to changes im for shorter-lived fluorophores. This observation Mean Lifetime [s]

can be verified by comparing the limiting forms of (5) for

very large or very smallor. That is, whenwr < 1, Sy ~ ()

- w P : : Fig. 2. Amplitude (normalized, logarithmic scale) and phage,of the
jwT
[ror,1-2Nop /(4mmo0)]e » which IS a function ofr, while effective emission source}, as a function of mean lifetime [s] (logarithmic

when wr > 1,8 =~ [vyor 1_,2N0$1/(47rw’r)]e—j77/2 = scale) at modulation frequengy= 200 MHz. Assumes that, = 5 x 10~°

N ) PR s, ¢ =10"% ecm™2, ¢ = 2 x 10° cm™!M~!, and Ny = 6 x 10!® cm™3.
—Jor, 1_>2N9<?)1_/(47rw'ro), WhI_Ch_IS independent of. . Therefore, the quantum yield falls in direct proportion to the mean lifetime.
The sensitivity of the emissive source to the mean liferhe shaded regions, in which> 7o, are physically inaccessible.
time can be defined in terms of the derivatives of the flu-

orescence source’s amplitude and phase with respeet to

that is, asB(dA/dr) = 1/(1 + w?r?)%?2, where B = itn increasingf for all three mean lifetimes. The optimal
dn7o/(07,1-2N0¢, ), and =8¢ /87 = w/(1 + w?7?). These sensitivity, when defined as thés at whichB(8A4/d7) and
are our preferred definitions of sensitivity when we wish te-9¢ /97 are maximal, occurs at dc for the amplitude, and is
determine the absolute change 7incaused by a change ina function ofr for the phase, as shown in Fig. 3(c) and (d).
the environment, regardless of the reference mean lifetim@hen selecting the to work with in practice, it is necessary
On the other hand, when changesrirroughly proportional to choose a compromise value between dc and the optimal
to the reference mean lifetime are expecteB{9A/37) and £ for the phase. The latter we define as the positive, finite
—7(d¢/dT) may be better indicators of sensitivity. To explorenodulation frequency for whictd?¢/dwdr = 0. This is
the optimal combinations of modulation frequency and mean= 1/, or f ~ 0.159/7; the corresponding maximum value
lifetime under each definition, both sets of sensitivity measure —3y /97 is 1/(27). The complementary question is what
were derived and are plotted against modulation frequenegiue of r gives the greatest sensitivity at a fixegd It is
f [s7!], where f = w/2x, in Fig. 3. The curves shown in apparent in Fig. 3(c) and (d) (and can be shown analytically)
Fig. 3(a) and (b) ared (normalized by setting the greatesthat for anyf, amplitude and phase sensitivity both decrease
value equal to 1.0) versySand¢ versusf for three different monotonically with increasing-.
mean lifetimes, assuming & of 10~% s. Fig. 3(c) and (d)  The choice of optimal mean lifetime and modulation fre-
shows the corresponding curves B8(3A/97) and—d¢ /37, quency is more complicated under the definition of sensitivity
while Fig. 3(e) and (f) showsB(0A/d7) and—7(d¢/0T). astB(3A/d7T)and—7(d¢/07), as inspection of Fig. 3(e) and
Inspection of Fig. 3(a) and (b) indicates that the maximuif) reveals. It is straightforward to show that at a fixedhe
amplitude and minimum phase lag occur at dc (ifes 0), optimal fs are the same under these definitions of sensitivity as
and the amplitude decreases while the phase lag increaseder the previous oneg:= 0 for amplitude andf = 0.159/7

A
w
LNNLN L I I B B
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Fig. 3. (a) Amplitude (normalized) and (b) phase, of the emission source intensity as a function of mean lifetime [s] and modulation frequency
[Hz]. Assumes thaty = 5 x 107 s, = 10'® cm™2, ¢ = 2 x 10° cm™'M~', and Ny = 6 x 10" cm~3, (c) B(8A/dT) versus f, where

B =4r1o/ (o, lgzNogil); (d) —0¢ /07 versusf; (e) TB(8A/d1) versusf; (f) —T(d¢/81) versusf, all curves have the same absolute maximum value.

for phase. Under these sensitivity definitions, however, all fliytically that for a fixedf the amplitude sensitivity is greatest
orophores have the same maximum phase sensititad~  for a fluorophore withr = 1/(v2w) =~ 0.113/f, and the
28.65°. We also see that long-lived fluorophores have greatefase sensitivity is greatest for one with=1/w ~ 0.159/ f.
amplitude and phase sensitivities than do short-lived ones at

low modulation frequencies, but that this trend reverseg asC. Demodulation and Detectability

increases. It is optimal to pair long(short)-lived fluorophores The factorv/1 + w272 which appears in the denominator
with low(high) modulation frequencies; it can be shown anaf the expression for the emissive source amplitude (5)
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gives the mathematical form of the demodulation effect that
is seen as the modulation frequency increases. In additi

to the role it plays in determining the sensitivity of the &
emissive source amplitude to changesrintreated above,
demodulation also places an practical upper limit on the usable
modulation frequency. This is because in practice the detectg¢d
signal consists of a sum of ac and dc components; it is the
strength of the dc signal which determines the sensitivit

N
N
©

setting of the detecting instrument (e.g., the V/Div setting o Q
an oscilloscope), and thereby the minimum detectahbldf
we assume that the excitation field modulation is 100%, then
the emissive source modulation is
M= ‘ Sa(w)
5:0) O @
1
N = 6 \_/
Wiy ©
Thus, to achieve a high modulation, both the mean lifetime @ (b)

and the modulation frequency should be as low as possibf@. 4. (a) Tissue phantom for the first experiment, where two balloons were

A rule of thumb can be derived for a given dynamic range éfjspended in the cylinder and (b) phantom for the second experiment, where
only one balloon was used.

mean lifetimes. If we choose 10% as an acceptable threshol

for modulation, therl/y/1 4+ (27 f7)2 > 0.1, which leads to

F £vV99/2n7) ~ 1.584/7.
IV. THE INVERSE PROBLEM SOURCE AXIS

A. Inversion Formula for DC Source

The goal of the inverse problem is to solve (5) for
pr, 12, v, and7 under different source and detection condi-
tions. In this section an inversion formula for reconstruction 270 o ) 90
of the quantity vur 1o from CW fluorescence data is
introduced, and reconstructions based on experimental data ¢
are presented. The detailed derivation of inversion formulas
for the negligible-saturation case [17] is summarized in the
following. Let R be the reading of a given detector for the 180 DETECTO‘\
light emitted by the fluorescent souro@s(r, Q; ', '; w) AXIS
the frequency-domain Green's function for the quoresceng% 5. Source and detector configurations.
detected at in direction2 when the source is located tin

direction€?’, andr, = 7»(r, 2, E, w) the detector sensitivity computed by solving a linear system obtained by discretizing
function at the wavelength of the emitted ||9ht Applying §7). Here, only the product of quantum efficiency and

well- knowr) reciprocity theorem [34)7»(r, ©; r/, s w) = fluorophore concentration is found, and they can not
Gao(r', -Us r r, —{; w), and lettingw = 0, we obtain the be directly separated. More complete derivations of the
detector readings for a CW source as inverse formulas for reconstruction of the mean lifetime
~ =+ L tan=" wt are available in [17] for both the negligible-saturation and
o ¢1¢2 yor,1—2NoC 3,. appreciable-saturation cases.
R d°r
v 4 V14 w2r?
= =t ;
B. Experimental
=0 ¢1¢2 (1Noo )d?’r pe e- tal SetuP o
. 4 ; e experimental tissue phantoms are sketched in Fig. 4,
. V-V00T, 12 The exp tal t phant ketched in Fig. 4
5 and the source and detector configurations in Fig. 5. In these
= A w(yNoog,1-2) d°r () initial studies we have sought to evaluate the imaging scheme
using a time-independent source. Two experiments were per-
wheregi Jow Jor [ #Go(r, =05 1/, =5 0 )dﬂ’ d3+' do formed, one with two balloons containing a fluorescent dye

and no dye in the background, the other with a single dye-
is the adjoint intensity andv = wq. = </>1</>2 [4m 'S the filed balloon and the same dye at a lower concentration
weight function. If o 1o is known andd)1 and ¢2 can added to the background. In the first experiment, balloons
be precalculated under the assumption that fluoropharentaining different volumes (0.8 and 1.2 mL) of Rhodamine
is not present, then the unknown quantityVy can be 6G dye (peak emission at590 nm) at a concentration of
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Fig. 6. Three reconstruction types: (a) Type-1 reconstruction, where it is assumed that fluorophore is present only ia [ay@y) Type-2 reconstruction,
where it is assumed that fluorophore is present only in layets—1, 0, and 1, and (c) Type-3 reconstruction, where a uniform distribution of fluorophore
along thez-axis is assumed. The cylindrical coordinate system used to digitize the phantom is shown in (d).

~50 M were embedded in a 8 cm (inside diameter) bwas 90; the phantom was rotated through°36lockwise,
50 cm (height) cylindrical vessel filled with 0.2% Intralifid as viewed from above, after each measurement, until a set
(% lipid per unit volume). The same cylindrical vessel wasf twelve independent detector readings was obtained and
used in the second experiment, this time filled with a 0.33%e phantom returned to its original orientation; the detector
Intralipid suspension. The background medium also containeds then revolved FOcounterclockwise about the phantom,
Rhodamine 6G at a concentration of QuM. The volume increasing the angle between the detector axis and source beam
of the balloon was 0.5 mL, and it was filled with dye at @ 100°, and a second set of twelve detector readings was ob-
concentration of 1Q:M. In both experiments, a Coheréht tained; the detector-revolution/phantom-rotation process was
Innové& 200-10 argon ion laser source operating in multilineepeated an additional four times, until the angle between
mode (average wavelengttb00 nm) at a power level of 0.75the source beam and detector axis was°14Md a total of
W was used to irradiate the phantom. This excitation level w2 detector readings was taken. In the second experiment,
used only for purposes of stability, not due to lack of signalhe measurement scheme used was similar, except the angle
in fact, for some measurements it was necessary to attenuateveen the detector and source was incremented By 30
the measured fluorescence to avoid saturation of the detectbrough a total span of 180for each new set of measurements
A Newport FS-1 RG.610 filter blocked excitation light fromuntil a total of eighty four detector readings was taken.
entering the detector. The detector was a Hamamatsu C3140@ark current was measured after each camera movement.
charge-coupled device (CCD) camera directed normal to tiiee source intensity was recorded for each measurement using
surface of the phantom to collect the emission light. a Coherent Labmaster-E laser measurement system with a
In the first experiment, the detector was initially locatechodel LM-3 detector head. At least two measurements were
so that the angle between the detector axis and source baaken and averaged to obtain the detector readings for each
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Fig. 7. (a) Type-1, (b) Type-2, and (c) Type-3 images+pf; ;.o reconstructed from data from the first experiment, using CGD algorithm, after 10,
100, 1000, and 10000 iterations. Absolute values of the reconstructed quantity, in units of ,name given on the gray scale accompanying each
image. The targeted reconstruction value is 0.04 Thm

source-detector pair. The CCD camera’s detector readirfgsmer in parallel rows, its open area ratio is 25%. The area
were converted to an estimate of the number of photons exitiog the cylinder's surface seen by the camera, as determined
the cylinder by multiplying them by the product of the CCD’dy photographing printed grid patterns taped to the cylinder,
high gain conversion factor, quantum efficiency, and open ansa38.10x 31.75 mm. As there are 520492 pixels on a
ratio. Two gain settings are available to the camera, with eaCitD chip [36], the corresponding area on the cylinder seen
detector reading unit corresponding to 25 photoelectronsat a single pixel can be estimated a$ x 1072 mm?. The

low gain and to five photoelectrons at high gain; the lattesolid angle subtended at the camera aperture by a point on
setting was used for all measurements in both experimerttge cylinder's surface is the ratio of the aperture area to the
The gquantum efficiency for 590-nm wavelength light is usesfjuare of the distance between the cylinder and aperture, and
as the average quantum efficiency for the detected infransd~4 x 10~° sr. The measured angular intensity is thus the
light. The maximum quantum efficiency of the CCDN25%, number of detected photons divided by the area of a single
and is about 75% of maximum at 590 nm [35]. Because of tipixel and the solid angle. This intensity is further normalized
interline transfer design of the CCD chip, with paired imagintp the incident photon rate, which is the incident power divided
and readout registers where the latter are located betweenhifighe product of the average frequency of an incident photon
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0.14 - Fig. 4(d) illustrates the cylindrical coordinate system, with
the p- and ¢- coordinates are shown in the figure and the

012 | [ . Target coordinate normal to the plane of the figure, and the pattern
o —Type-l of voxels used in the image reconstructions. There are 400

| —a Type-2| B .
‘—xr— Type-3| voxels in each layer, each with a total volume ofrl@&m?;

0.1 +
the thickness of each layer in thedirection is 4 mm.

The quantitative value for the reconstructed property,
~vNpo1—.9, €an be estimated if the quantum yiejdand molar
extinction coefficiente are known. Thes for Rhodamine
6G is about 3.% 10* cm~'M~! at 500 nm, and its quantum
efficiency under CW At laser illumination is about 25% [38].
Thus, the target cross sections of the reconstructed results are
’YN001_>2 = 0.04 mm~! and ’YN001_>2 = 0.008 mm~1! for
the first and second experiment, respectively.

0.08 L

0.06 L

Cross Section [mrr-1]

0.04 L

0.02

D. Results

Fig. 7 shows the images reconstructed from data from the
first experiment, using the CGD algorithm, for the three
Fig. 8. Plot of reconstructed cross section versus pixel number for thgeconstruction types after 10, 100, 1000, and 10 000 iterations.
10 000-iteration images shown in Fig. 8, along the direction bisecting t e absolute quantitative acé:urac, of tHe image reconstructed
target's locations. The Type-2 reconstruction gives the best quantitativ q ’ y _g :
accuracy, as expected based on the closer agreement between the phyBi¢aeach of the three algorithms is shown in Fig. 8, where
structure of the phantom and the assumption underlying this type than thgga p|0t one-dimensional (l-D) sections a|ong the diameter
of the other two types. that bisects the 10 000-iteration images of the two balloons. In

" : Fig. 9 we compare Type-3 reconstruction results of all three
and Planck’s constant. Under these conditions, the intensi . P yp . . .
- . . . . —afgorithms after 100 and 10 000 iterations. Fig. 10 shows the
and adjoint used for computation of weight functions are jus :
images reconstructed from data from the second experiment,

the Greensfunctlo.ns for a source located at the incident be%rglmg the CGD algorithm, for the three reconstruction types
and detector locations.

: ) . . aiarer 10, 100, 1000, and 10000 iterations. One-dimensional
The optical thickness of the phantom medium was estimated _ . : . i .
. ections along the diameter that bisects the 10 000-iteration
as being~24 and~40 transport mean free pathlengths (tmfpﬁn :
. . ) e ages of the balloon, for each of the reconstruction types,
for the experiments involving 0.2 and 0.33% Intralipid, respe((,:i-re lotted in Fig. 11
tively [37]. Weight functions for the corresponding reference P 9- 14
media were calculated from intensities computed by Monte V. DISCUSSION AND CONCLUSIONS
Carlo simulations of isotropically scattering cylindrical media
with optical thicknesses of 24 and 40 mean free pathlengtAs Saturation, Sensitivity, and Demodulation

1 35 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39

Pixel Number

(mfp). In general, the measurability of a modulated fluorescence
signal propagating in a turbid medium is a function of the
. physical properties of the background scattering medium, the

C. Image Reconstruction excitation conditions, and the properties of the fluorophore

Image reconstructions were performed using three iteratiikgelf. The first of these basically acts as a filter, the effect
algorithms—POCS [31], CGD [32], and SART [2]. Threeof which can not easily be predicted for an arbitrary medium
types of 2-D reconstructions were performed, as shown &md more typically must be explicitly evaluated on a case-
Fig. 6. In the Type-1 reconstruction shown in Fig. 6(a), iy-case basis. Here, we have evaluated the latter two factors,
was assumed that only voxels bisected by the- 0 plane with the aim of identifying conditions for optimal detectability.
contain fluorescent dye, and only voxels in this layer werEhis is straightforward, because analytic solutions to (3) exist
considered in the reconstruction. For the Type-2 reconstructiohen saturation can be ignored. Results from the sensitivity
shown in Fig. 6(b), it was assumed that only voxels bisectstudy (Fig. 3) show that for a fixed intrinsic lifetime), the
by the planes: = —1, 0, or 1 contain fluorescent dye andluorescence source strength is sensitive to the product of the
that its concentration along theaxis is constant within these modulation radial frequency and the mean lifetime when
three layers. In this case, the weights for voxels with ther < 1 and is insensitive to it whe@ar > 1. In thewr <« 1
samez-coordinate were summed in these three layers to yielegime, the optimal modulation frequengyand mean lifetime
an integrated value. For the Type-3 reconstruction shown depends on the definition of sensitivity. Wh&{dA/d7) and
Fig. 6(c), it was assumed that the phantom is invariant alorgdy /07 are the sensitivities to be maximized, a fluorophore
the z-axis, and the weights of all voxels with the same with as small a as possible should be chosen, irrespective of
coordinate were summed to obtain an integrated value. OnflyOn the other hand, whenB(0A/8r) and —7(9¢/d7) are
the central plane» = 0) of the reconstruction results isthe criteria, the optimat is inversely proportional tg. When
displayed. All three types of reconstruction were carried oytis chosen according to the above criteria, demodulation is
on the data from both experiments. not a concern because the recommended modulation frequency
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Fig. 9. Type-2 images reconstructed from data from the first experiment, using (a) POCS, (b) CGD, and (c) SART algorithms, after 100 and 10 GQO iteration
(d) is the target, where the targeted reconstruction valuguis > = 0.04 mm1.

is much smaller than the acceptable upper lirfiit: 1.584/7, throughout the background emits light that competes with the
that demodulation imposes. signal from the target. In this case our rules for the optimal
The “f = 0.159/7 rule” is implicitly supported by the sensitivity are subject to modification due to the fact that
findings of Hutchinsoret al.[24], who describe a procedure inthe total detected signal is a sum of the signals from the
which a reference probe is used to determine the mean lifetif@ckground and the target, and typically these would not be in
of a sample probe. In their study, which employed frequencphase. For any mean lifetime, amplitude sensitivity increases
domain measurements in a highly scattering medium, tAgonotonically with decreasing modulation frequency. When
phase shifts arising from the fluorescent compounds’ meaniS Small, mean lifetime fluctuations in the target produce
lifetimes are measured, and the difference between the ph@8l small changes in the phase of the target signal. Thus, we
shifts produced by the sample and reference moleculesd® not expect _S|gn|f|cant.mod|f|cat|9r.1 .of the result we have
calculated. Since the phase shift difference is a functiglgrived for optimal amplitude sensitivity. The effect of the
of the mean lifetime difference and the mean lifetime dfackground signal on th¢ for optimal phase sensitivity is
the reference molecule is known, the mean lifetime of tife MO'e Complex issue, because the phase change in the total
sample molecule can be solved for. Fig. 6 of [24] is a pl gnal that is produced by a fluctuation in the target signal

o pends on the target signal's amplitude as well as on its
of phase-shift difference versus frequency for three sets : - .

. . I o . ase. To ensure that the target signal has sufficient amplitude
molecules with different mean lifetime combinations. Sinc

e o : . : at it will not be swamped out by the background signal,
the phase—sfmf_t d|ﬁerenqe IS appro?qmately _proport|onal ﬁ? may be necessary to use a modulation frequency less than
phase sensitivity according to our first definitiongy/Gr, V[{ = 0.159/7. The exactly optimal modulation frequency will

the modulation frequency producing ?he maximum phase-s % case-dependent and can not easily be derived analytically.
difference should be close to the optimal frequency we obtain

from the f = 0.159/7 rule. Inspection of the figure reveals
that the optimal modulation frequencies are indeed very cloBe The Inverse Problem

to what the rule would have predicted. Results in Fig. 7 demonstrate that both balloons are cor-

As mentioned, here we have studied the properties ofréctly located and the image quality improves with the number
fluorescent compound in isolation, without considering thef iterations, although artifacts are present, especially at the
properties of the background scattering medium in which fioundary. The image of the larger balloon has both greater
may be embedded. It is expected that the presence of a bagkatial extent and higher image intensity than that of the
ground medium will modify the optimal modulation frequencysmaller one. Ideally, both balloons’ images would have the
One especially important case is when fluorophore distributedme numerical value. This suggests that the inverse prob-
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Fig. 10. (a) Type-14 = 0), (b) Type-2 ¢ = —1-1), and (c) Type-3{ = —10-10). Images reconstructed from data from the second experiment, using the
CGD algorithm and all three reconstruction types, after 10, 100, 1000, and 10 000 iterations. The target's absoluteypalue is = 0.008 mm~1.

lem we solved does not have a unique solution and thatconstruction algorithm, reconstruction type, and number of
within certain limits, size and intensity are interchangeabl&erations. The quantitative results, as seen in the gray scales
This phenomenon is usually a consequence of starting wiahFig. 7 and in the 1-D profiles of Fig. 8, show that the Type-
an underdetermined and/or ill-posed imaging operator. TBereconstruction provides the most accurate reconstructed
conditioning of the imaging operator is a function of thealues after 10000 iterations, while Type-1 and Type-3 either
number and location of source-detector pairs, and of the sizeerestimate or underestimate the target value. This is not
and physical properties of the target medium. As a rule, moneexpected, since it is Type-2 whose underlying assumptions
source-detector pairs are needed to make the problem marest closely match the physical structure of the experimental
fully determined; however, improperly located source-detectsetup.
pairs may not lead to any improvement at all. In addition, Results in Fig. 9 show poorly resolved images early in
constraints derived from priori information about the target the reconstruction, but distinguishable inhomogeneities are
media, e.g., the positivity constraint adopted in this studgpservable for the POCS and CGD algorithms. After 1000 it-
should be used to help confine the reconstruction results. erations, all three algorithms are able to resolve two inclusions
If we look at only the qualitative results in Fig. 7, wewith artifacts. The differences in size and intensity among the
see that the Type-1 and Type-2 reconstructions are abtlute algorithms’ results point out different characteristics of
equally good, with the balloons accurately located, while Typeach one, in addition to the nonuniqueness problem described
3 is less accurate in terms of the balloon’s locations and above. In an iterative method, the image is updated after each
more seriously corrupted by artifacts. The absolute value itération by an amount and in a direction (in the solution
~vNgo1—2 in the reconstructed images usually lies within apace) chosen by the algorithm. Because different algorithms
factor of 2-3 of the target value, but significant deviationske very different pathways in updating the reconstruction
from the target value were observed for some combinationsarfd only a finite number of iterations is allowed, different
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0.08 Fig. 11. This may be a consequence of the contribution to the
total detected signal of the fluorophore uniformly distributed
0.07 L throughout the background scattering medium. Although the
| e Target concentration of the background fluorophore is only 1% of that
0.06 | | e Type-l in the balloon, the total amount of background fluorophore
—a— Type-2 is many times greater than that in the balloon. This can be
T 005 x - Type-3 demonstrated by calculating the volume of the 12-mm-high
E disk (i.e., three layers of voxels) of scattering medium in which
£ 004 | the balloon lay, which isr(4 cm)?(1.2 cm) ~ 60 cm?, more
ﬁ than 100 times greater than that of the balloon. With the range
§ 0.03 | constraints used in the reconstructions, many of the voxels
containing background fluorophore end up with their computed
0.02 - value of yNpoi_» set to zero. Thus the contribution of
background fluorescence to the detector readings, which “has
0.01 + to go somewhere” in the reconstructed image, has the effect of
increasing the quantitative value 9fVyo,_.» for the balloon.
0 4 bbb LT - The phenomenon just described could seriously hinder
1357 9111315171921232527293133353739  efforts at quantitative fluorescence imaging, because in a real
Pixel Number biological environment the background fluorophore concentra-

Fig. 11. Plot of reconstructed cross section versus pixel number for tHgn could easily b_e as high as 10% of th_at in the region of

10 000-iteration images shown in Fig. 10, along the diameter bisecting tififerest. One possible way to overcome this may be to set the

target's location. Because of the fluorophore uniformity distributed in theywer limit of the range constraints to a reasonable positive

gggf%rl‘j;‘gg’t;gv;h';Czﬁf:éyt,hanygijslreconsm‘c“o” is expected to have g, crant value, rather than to zero. Another method that may
be effective for medium geometries in which detectors can
be symmetrically disposed about the source was suggested by

reconstruction results and convergence rates, especially wipeary et al. [39]. In this method, pairs of measurements

range constraints are applied, are obtained. Comparing thiéh equal source-detector separations are compared in order

images reconstructed by the three algorithms, we see thattgleliminate the homogeneous background contribution.

three accurately locate the balloons, but the spatial extent oDur inversion formula allows us to reconstruct only the

their images and the quantitative results are quite differeproduct of quantum yield and fluorophore concentration when

The POCS algorithm converges much faster than the othgfly dc measurements are made. These two factors are not

two methods, in terms of limiting the spatial extent of theeparable because the detector response is proportional to their

images of the balloons, and produces the least artifact. Hogroduct and is independent ¢f [see (7)]. The contribution

ever, while it produces good results after 100 iterations, tl¢ mean lifetime to the detector response is, on the other

reconstructed size angVoo1_.» become unreasonable aftehand, a function off. Thus, additional measurements at one

10000 iterations. The SART algorithm, on the other hand, hes preferably several other modulation frequencies are needed

a low initial convergence rate, but ultimately produces quit® reconstructr onceyN, is found from dc measurements.

accurate target location and quantitative results (0.03-fam Then if 7, is known, e.g., if it is the same in tissue iasvitro,

while the target value is 0.04 mm). The CGD algorithm ~ and N, can be readily computed separately omdeas been

produce the best reconstruction results of the three in termssofved for.

location and quantitative value fotVoo;_.» (0.0416 mnT?).
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