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Near-infrared fluorescence tomography using molecularly targeted lifetime-sensitive, fluorescent
contrast agents have applications for early-stage cancer diagnostics. Yet, although the measurement
of fluorescent lifetime imaging microscopysFLIM d is extensively used in microscopy and spec-
troscopy applications, demonstration of fluorescence lifetime tomography for medical imaging is
limited to two-dimensional studies. Herein, the feasibility of three-dimensional fluorescence-
lifetime tomography on clinically relevant phantom volumes is established, usingsid a gain-
modulated intensified charge coupled devicesCCDd and modulated laser diode imaging system,sii d
two fluorescent contrast agents, e.g., Indocyanine green and 3-3’-Diethylthiatricarbocyanine iodide
differing in their fluorescence lifetime by 0.62 ns, andsiii d a two stage approximate extended
Kalman filter reconstruction algorithm. Fluorescence measurements of phase and amplitude were
acquired on the phantom surface under different target to background fluorescence absorptions70:1,
100:1d and fluorescence lifetimes1:1, 2.1:1d contrasts at target depths of 1.4–2 cm. The Bayesian
tomography algorithm was employed to obtain three-dimensional images of lifetime and absorption
owing to the fluorophores. ©2005 American Association of Physicists in Medicine.
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I. INTRODUCTION

Optical-based molecular imaging and tomography u
near-infraredsNIRd fluorescent contrast agents represent
emerging technology, which may advance cancer diagn
imaging. In optical imaging, NIR light between 700–900
wavelengths propagates deeply into tissues and can diff
tiate diseased from normal tissues based on the differen
the endogenous absorption owing to oxy- and de
hemoglobin, as demonstrated from breast imaging studi1–7

In order to increase the optical detection of small tissue
sions not contrasted by neovascularization, molecular ta
ing and reporting fluorescent contrast agents have bee
veloped. These agents can potentially improve
target:backgroundsT:Bd optical contrast ratio between no
mal and diseased tissues with greater specificity and s
tivity over optical imaging performed using endogenous
sorption contrast alone.8–10

In recent years, three-dimensionals3Dd fluorescence
enhanced optical tomography has been developed for
dependent and time-independent measurements of
propagation forin vivo small animal studies11,12 and large
phantom studies.13–19 All developments have been bas
upon T:B contrast due to fluorophore absorption cross
tion. Yet fluorescence offers the added capability of de
mining lifetime or radiative decay kinetics as a method
assessing the local environmental conditions independe
fluorophore concentration.20,21 Hence, by employin

lifetime-sensitive fluorescing contrast agents, tomographic
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analysis of the fluorescence measurements may differe
diseased tissues from normal tissues. Pioneering work t
velop “reporting” fluorophore-protein conjugate cont
agents that demonstrate changes in fluorescence decay
ics in the presence of specific proteases has been repor
Weissleder and colleagues22–24and is the subject of develo
ment in other laboratories.25

Tomographic imaging of fluorescence lifetime in 2D26–28

and 3D29,30 has been demonstrated from time-depen
simulated measurements. While 3D tomographic recons
tion of lifetime-sensitive fluorophore absorption cross
tion has been experimentally reported from time-indepen
measurements on small animals,31 fluorescence lifetime to
mography has been limited to 2D experimental studies u
time-dependent measurement schemes.32 To date, 3D fluo
rescence lifetime tomography has not been demonstrate
ing experimental measurements, but has been limite
simulated studies.29,30

In this contribution, the feasibility of 3D fluorescence li
time tomography is demonstrated on clinically relevant
sue phantoms using fluorescent contrast agents differi
their fluorescence optical properties and time-depen
sfrequency-domaind fluorescence measurements. Clin
translation of 3D fluorescence lifetime tomography will
quire both:sid the development of lifetime sensitive fluor
cent contrast agents, which “report” environmental co
tions through a change in decay kinetics andsii d the
development and demonstration of a tomography algor

that can reconstruct the 3D distribution of spatially-varying

992…/992/9/$22.50 © 2005 Am. Assoc. Phys. Med.
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fluorescence lifetime from experimental measurementssus-
ing clinically relevant volumesd. While the former is a sub
ject of active research in a variety of laboratories,22–24 the
focus of the current work is the latter. Herein, we use
dyes whose decay propertiessin terms of fluorescence life
time and quantum efficiencyd are known and constant in o
der to assess the success of the reconstruction algorit
identifying regions of varying fluorescence lifetime.

Experiments were performed under various condition
T:B optical contrast ratios in fluorescence absorptionscon-
centrationd and lifetime using two contrast agentssIndocya-
nine Green, ICG, and 3-3’ Diethylthiatricarbocyanine Iod
DTTCId similar in their excitation and emission spectras780
and 830 nm, respectivelyd, but different in their fluorescenc
lifetime. A 3D image reconstruction algorithm was dev
oped using a two-stage Bayesian approximate extended
man filtersAEKFd. Reconstruction of both fluorescence li
time and absorption cross-section contrast was investig
and the results demonstrate the feasibility of 3D fluoresc
lifetime tomography.

II. MATERIALS AND METHODS

A. Breast-mimicking phantoms

Experimental studies were carried out using a ho
breast-shaped phantomss10 cm diameter hemispheric
phantom “breast” atop a 20 cm cylindrical base phan

TABLE I. Experimental case studies performed using a single 1 cc
located at various depths, under varying T:B contrasts in fluorescenc
sorptionsmax→m

d and lifetimestd.

Case
T depth

scmd T:B dye
T:B

Absorption
T:B

Lifetime

1 1.4 ICG : ICG 100 : 1 1 : 1
2 2.0 ICG : ICG 100 : 1 1 : 1
3 1.4 DTTCI : ICG 70 : 1 2.1 : 1

FIG. 1. Schematic of the gain-modulated intensified CCD imaging sy
formed using 100 MHz modulated light source, launchedvia optical fibe
phantom;sbd laser diodessourced; scd collecting optical fibers;sdd interfaci
Medical Physics, Vol. 32, No. 4, April 2005
in

l-

d,
e

“chest wall” as shown in Fig. 1d filled with 1087 cm3 of a
fatty emulsion solutions1% Liposyn, Abbott Laboratorie
North Chicago, ILd, with optical propertiessexperimentally
acquired33d similar to those of the normal human breast
sue.

In order to demonstrate the potential benefit of fu
lifetime-sensitive dyes currently under development,
well-characterized NIR dyes of known and constant lifet
sthat mimic the fluorescence decay kinetic change betwe
target and its surroundingsd were chosen for our tomograph
imaging studies under well-controlled conditions in a c
cally relevant breast phantom. The fluorophores used
sid ICG stabilized with sodium polyaspartatesMW 3000-
8000d sSigma-Aldrich Chemical Co., St. Louis, COd34 and
diluted in deionized water and 1% Liposyn solution, andsii d
DTTCI diluted in dimethyl sulfoxide and 1% Liposyn so
tion. The dyes were used in appropriately contrasting m
molar concentrations in the background of the phantom
inside a 1 cm3 clear acrylic target suspended inside the he
spherical portion of the phantom. ICG and DTTCI were c
sen primarily because their fluorescent decays are we
scribed by single-exponential decay functions,20 and the two
contrast agents have a roughly twofold difference in fluo
cence lifetime, t stICG=0.56 ns,tDTTCI=1.18 nsd.34 Since
ICG and DTTCI excite and emit at similar wavelengths,
have different fluorescence lifetimestd, they were used i
different T:B fluorescence absorptions70:1, 100:1d and life-

t
-

TABLE II. Background optical absorptionsmad and reduced scatteringsms8d
coefficients of 1% Liposyn solution in tissue phantoms at excitationssub-
script xd and emissionssubscriptmd wavelengths due to fluorophoressub-
script fd and nonfluorescing chromophoressubscript id, for the differen
experimental cases studied. All the units are in cm−1.

Case maxi mami max→m
mami msx8 msm8

1&2 0.025 0.032 0.003 5e-4 10.88 9.82
3 0.023 0.030 0.003 5e-4 9.99 9.67

using a breast-shaped tissue phantom. Frequency-domain experim
he different components in the schematic include:sad breast-shaped tiss
ates; andsed intensified CCD camera lens.
stem
rs. T
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time contrast ratioss1:1, 2.1:1d, and target depthss1.4–2 cmd
in order to perform experimental studies under three diffe
cases as shown in Table I. The background optical prop
of the 1% Liposyn solution in the phantom are provided
each experimental case in Table II. ICG and DTTCI a
have differing quantum efficiency,f sfICG=0.016,fDTTCI

=0.034d. However, the quantum efficiency of the dye pla
in the acrylic target was reduced by 32% due to the tr
mission efficiency of the acrylic container, leading to a sm
T:B f contrast in the current studiess0.68:1 for Cases 1 an
2, and 1.44:1 for Case 3d. Hence, the T:B contrast in qua
tum efficiency was neglected in the current studies an
further described in Sec. II C.

B. Instrumentation

Time-dependent measurement techniquessi.e., time- or
frequency-domaind are required for lifetime imaging, sin
the fluorescence lifetime information is preserved as del
pulse time in the time-domain method, or as phase shift
surements in frequency-domain methodsas employed in ou
current studiesd.

Herein, frequency-domain photon migrationsFDPMd
fluorescence measurements were obtained from the
spherical surface of the clinically relevant phantom. Initia
modulated excitation light at 100 MHz was used to seq
tially illuminate the phantom surfaces783 nmd via 27 multi-
mode optical fiberss1 mm diameter, model FT-1.0-EM
Thorlabs Inc., NJd. The modulated excitation light prop
gated in the phantom medium and upon encountering
fluorescent molecules, generated modulated fluorescenc
nals s100 MHz, 830 nmd, which further propagated in th
phantom medium before they were simultaneously colle
from various locations on the phantom surface via 128
timode optical fibers. The free ends of the optical fibers
lecting the fluorescence light on the phantom surface
mounted as 2D arrays on two interfacing platess64 collec-
tion fibers eachd, which were imaged using a gain-modula
intensified charge coupled devicesICCDd camerasi.e., opti-
cally coupled image intensifier and CCD camerad. An optical
filter assembly containing appropriate filterss830-nm inter
ference filter and holographic notch filterd was used to min
mize the excitation light leakage, rejecting light outside
bandwidth of the emission wavelength; thus allowing
dominantly the fluorescence light to be imaged by the
tocathode of the image intensifier. The photocathode o
image intensifiersFS9910C, ITT Night Vision, VAd was
modulated at the same frequencys100 MHzd as the inciden
NIR excitation light. The acquired modulated fluoresce
signal was collected as steady-state intensity signal b
integrating CCD camerasCCD-512-EFT Photometric CH1
Roper Scientific, Trenton, NJd via homodyne mixing tech
niques and low pass filtering caused by the slow phos
output of the image intensifier. The phosphor output
sensitive to the phase delay existing between the two p
locked oscillatorssMarconi Instruments model 2022D, U
and Programmed Test Sources model 310M201GYX

Littleton, MAd that modulated the incident NIR excitation

Medical Physics, Vol. 32, No. 4, April 2005
t
s

-

d
-

i-

-

e
g-

e

r

-

,

light and the photocathode of the image intensifier, res
tively. By varying the phase delay between the two osc
tors from 0 to 2p, the steady-state intensities at each pixe
the CCD image varied sinusoidally. Upon performing
Fourier transforms to the acquired CCD images, mea
ments of amplitudesIacd and phase shiftsud of the fluores
cence signal at each collection fiber location were acqu
Five sets of images of the interfacing plates were acq
and averaged in order to assess as well as reduce the
surement error of the imaging system. The fluorescence
surements acquired from each interfacing platesi.e., 64 col-
lection fibersd and for a given point source illumination, we
referencedsby dividing each measurement with respec
the measurement containing the maximum fluorescencIacd
in order to account for the instrument effects.14,16–18These
referenced fluorescence measurements were thus us
terms of sid the logarithm of the referenced amplitude,
noted by lnsACRd and sii d the referenced phase shift, d
noted by RPS, during image reconstructions. Only mea
ments above the noise floorfmodulation depthsac/dcd
ù0.025g were employed during image reconstructions
schematic of the instrumentation is shown in Fig. 1. Fur
details about the instrument setup and the data acqui
procedures are provided elsewhere.16

C. Image reconstruction algorithm

FDPM fluorescence measurements were collected i
sponse to sequential NIR point source illuminations and
verted to tomographically estimate 3D spatial distribution
the fluorescence optical properties using the coupled d
sion equations35–37 ssee Appendix A for detailsd and a com
putationally efficient variant of the approximate exten
Kalman filter sAEKFd algorithm, as described below.

A dynamic recursive estimate of the unknown parame
si.e., fluorescence optical propertiesd and the parameter err
variances were evaluated usingsid experimental reference
measurements regularized by empirically determined
surement error variancesi.e., variance of the repeated m
surementsd, sii d a static estimate of model error varianceses-
timated to be 1/4 of the mean of measurement e
varianced, and siii d a forward simulator that computes p
dicted referenced measurements by employing a diffu
approximation of the coupled radiative transport equa
for excitation and emission light.35–37The forward simulato
ssee Appendix A for detailsd was implemented using a fa
vectorized finite element technique38 containing 6956 node
of which only parameters associated with then=3857 node
in the hemispherical portion of the model were allowed
vary si.e., the number of unknowns during reconstructio
each optical parameter was 3857d. Given the estimates of th
measurement error, model error, and initial parameter
mation errors, the AEKF algorithm minimizes the param
error variance, as opposed to simply minimizing the pa
eter error, thereby regularizing this ill-posed problem
Bayesian manner. Details of the AEKF algorithm used in
current study are provided as supplemental informationsAp-

14,16,28
pendix Bd and are further elaborated elsewhere.
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The source of fluorescence emissions is governed b
spatial distribution of fluorescence absorption cross-se
smax→m

d, fluorescence lifetimestd, and quantum efficienc
sfd sas shown in Eq.sA2d of Appendix Ad. Spatial varianc
in fmax→m

si.e., the amount of absorption and quantum e
ciency of the dyed predominantly influences the fluoresce
amplitude measurementssin frequency-domain imaging sy
temd, sincemax→m

andf determine the intensity of the em
ted fluorescence in the presence of an excitation light so
On the other hand, spatial variance in the fluorescence
time predominantly impacts the phase-delaysud of the fluo-
rescent source, i.e.,u, tan−1svtd, in a frequency-domai
system withv frequency.39 Hence fluorescence amplitu
measurements were used to estimate the spatial distrib
of max→m

fassuming a homogeneous and constant qua
efficiency sfd distributiong and fluorescence phase de
measurements were used to estimate the spatial distrib
of t. The quantum efficiency distribution was assumed
mogeneous and constant because an under-sover-d estimate
of fluorescence absorption cross-section compensates
over-sunder-d estimate of quantum efficiency in the emiss
source term, as both these parameters impact the same
sured quantitysi.e., fluorescence amplituded. However, the
T:B contrast inf was relatively smallf0.68:1 for Cases
and 2, and 1.44:1 for Case 3ssee Sec. II Adg in comparison to
the T:B contrast inmax→m

s100:1 for Cases 1 and 2, and 7
for Case 3d, and hence the assumption of a homogeneou
constantf-distribution was considered.

Simultaneous reconstruction of bothmax→m
andt was no

carried out since:sid a priori knowledge of the fluorescen
absorptionsmax→m

d distribution is significant for estimatio
of the fluorescence lifetime distrbution, especially when
fluorescence concentrationsor absorptiond contrast increase
andsii d the intense computations prohibited the simultane
coestimation of two unknown parameters in large phan
volumes. Thus, a two-stage image reconstruction appr
ssee Fig. 2d was developed in order to reconstructmax→m

in

FIG. 2. Flowsheet of the two-stage image reconstruction algorithm
stage-1 andt in stage-2.

Medical Physics, Vol. 32, No. 4, April 2005
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In stage-1 reconstructionsfFig. 2sadg, amplitude measur
ments, lnsACRd are used to reconstruct the absorption c
section of the fluorophore bysid first assuming a low initia
estimate inmax→m

=0.001 cm−1 that was different from th
true experimental backgroundsmax→m

=0.003 cm−1d and sii d
assuming a constant fluorescence lifetimest=0.56 nsd and
constant quantum efficiencysf=0.016d, which are equiva
lent to the fluorescence properties of the background flu
phores. During stage-1 reconstructions, the AEKF algor
employed measurements of lnsACRd in order to estimate th
fluorescence absorption cross-sectionmax→m

, which was con
strained by means of pseudo-beta transforms28 to the rang
of 0.0,max→m

,0.8 cm−1 during inversions. The fluore
cence absorption coefficient at the emission wavelengthmamf

was assumed equal to 0.16923max→m
for the entire phantom

based on the ratio of the extinction coefficients of the b
ground fluorophoressi.e., ICG in all the experimental cased
at excitation s«780 nm=130 000 M−1 cm−1d and emissio
wavelengths «830 nm=22 000 M−1 cm−1d.29 Reconstruction
were carried out using a uniform initial parameter varia
estimatessmax→m

2 =0.01d for the transformedmax→m
. Stage-1

reconstructions were assumed to have converged when
was less than a 1% decrease in the root mean s
lnsACRd error between consecutive iterations. The sp
distribution of the absorption cross section of the fluorop
max→m

determined in stage-1 was then used as an inpu
stage-2 reconstructions.

In stage-2 reconstructionsfFig. 2sbdg, phase shiftsRPSd
measurements were used to reconstruction the fluores
lifetime by sid first assuming an initial guess of the fluor
cence lifetimestd equivalent to that of the background flu
rophorest=0.56 nsd, sii d considering the spatial distributi
of absorption cross-sectionmax→m

determined from stage-
and siii d assuming a constant quantum efficiencysf
=0.016d equivalent to the background fluorophore. Dur
stage-2 reconstructions, the AEKF algorithm employed m
surements of RPS in order to estimatevt si.e., product o
fluorescence lifetime and modulation frequencyfv
=100 MHzg, which was constrained by means of pseudo
transforms to the range of 0.48,t,1.27 ns during inver
sions. The multiplication oft with the constantv was used
to prevent numerical truncation error. Reconstructions
carried out using a uniform initial parameter variance
mate sst

2=0.2d for the transformedvt. Stage-2 reconstru
tions were assumed to have converged when there wa
than a 0.5% change in the maximum RPS error betw
consecutive iterations.

Three-dimensional image reconstructions were carrie
on a Dell Workstation PWS650fXeonsTMd 3.06 GHz, 2.0
GB RAMg, and required less than 1 s per iteration per fluo
rescence measurementsfor a single point source illumin
tiond, for each stage of the reconstruction. The distributio
the remaining optical parameters, such assid absorption co
efficient due to nonfluorescing chromophores andsii d scatter

ing coefficients due to fluorophores and nonfluorescing chro-
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mophoresfshown in Eq.sA2d of Appendix Ag, were assume
homogeneous and knownsTable IId for each experiment
case and for both the reconstruction stages.

D. Model and measurement error calculation

In any inversion technique, the estimation of the mo
mismatch errorssdifference between experimental and sim
lated measurementsd is important in validating the ligh
propagation model used in the forward simulator of the
construction algorithm. Herein, model mismatch error
lnsACRd and RPS were computed for each fluorescence
surement whose measured modulation depth was abov

TABLE III. Mean and/or variance of model mismatch and measureme
rors for the three experimental casessusing measurements above no
floord.

Case

Number
of meas
above
noise

Model mismatch error Measurement er

Mean
lnsACRd

Variance
lnsACRd

Mean
RPS

Variance
RPS

Variance
lnsACRd

Variance
RPS

1 401 0.14 0.36 0.18 0.73 0.0008 0.11
2 480 0.16 0.81 0.23 0.81 0.0006 0.11
3 1068 0.24 0.73 0.06 0.03 0.0005 0.00

FIG. 3. Three-dimensional iso-surface plots of fluorescence abso
smaxfd distributions forsad Case 1,sbd Case 2, andscd Case 3. The recon
structed targetssolid region inside breast phantomd was differentiated from
background phantom at iso-surface cutoff values of 30% of the max
reconstructedmaxf in each case. The true 1 cc volume target is shown

black wire frame.

Medical Physics, Vol. 32, No. 4, April 2005
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e

noise floorsi.e., ac/dcù0.025d. The mean of the model mi
match error thus representssid model bias andsii d any re-
sidual bias in the measurement error obtained after aver
the measurement repetitions. Measurement error vari
were experimentally estimated as the variance of the me
five repeated measurements of lnsACRd and RPS obtaine
for each fluorescence measurement, whose measured
lation depth was above the noise floor.

III. RESULTS AND DISCUSSION

A. Model and measurement errors

Lumped statistics for both model mismatch and meas
ment errors are given in Table III. By definition, measu
ment errors were zero mean, with all bias combined into
mean of the model mismatch error. Model and measure
error variances for lnsACRd are the same order of magnitu
for all three cases. However, when a lifetime contrast
introduced in the tissue phantomsCase 3 of Table Id, the
increase in fluorescence lifetime in the target region res
in an increase in phase shift at the phantom surface, pr
ing a stronger perturbation in the acquired phase shift si
Consequently, with lifetime contrastsCase 3d, the RPS vari
ances of both model and measurement errors were re
by an order of magnitude, relative to the no-lifetime cont
experimental casessCases 1 and 2 of Table Id. In experimen
tal cases 1 and 2, all the collection fibers in the region o
target were attached to one interfacing plate, so mea
ments were made at 64 collection fibers for each sourc
lumination. In Case 3 collection fibers from both the in
facing plates were close to the target, so measurements
made at 128 collection fibers for each source illumina
Thus, the larger number of measurements and the str
fluorescence signal strength in Case 3 resulted in a l
usable data set than in Cases 1 and 2, as shown in Tab

B. Three-dimensional fluorescence absorption
tomography

In all the three experimental cases, the 3D reconstru
fluorescence absorptionmax→m

distributions identified the ta
gets close to their true location in the experiments as sh
in Fig. 3 as 3D iso-surface plots of themax→m

distribution. All
these stage-1 reconstructions converged in 12–13 itera
and the sum of squared lnsACRd prediction errors droppe
between 86% and 92% in each casefsee Fig. 4sadg. None-
theless, the reconstructedmax→m

T:B ratios were not quantit
tively accuratesTable IVd, reflecting the relative insensitivi
of this convergence metric to absolutemax→m

values. Thes

results are consistent with our earlier studies14,16–19showing
that locations of contrasting fluorescence absorption ca
reconstructed with greater accuracy than the absolute v
of fluorescence absorptionsmax→m

d. In addition, the assum
tion of a homogeneous and constantf s=0.016d could pos
sibly account for the overestimation ofmax→m

values in the
Case 3, and the underestimation ofmax→m

values in Cases

and 2.
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C. Three-dimensional fluorescence lifetime
tomography

In experimental cases 1 and 2, where there was no
fluorescence lifetime contrast, stage-2 reconstructions
verged after one iteration, with less than 0.07% chang
maximum RPS errorfsee Fig. 4sbdg and correctly estimate
essentially no lifetime contrastsTable IVd, demonstrating th
specificity of lifetime-based tomography. In Case 3, wh
there was a 2.1:1 fluorescence lifetime contrast, stage-
constructions converged in four iterations with a 16.5%
crease in maximum RPS errorfsee Fig. 4sbdg and recon
structed a 2.2:1 T:B lifetime contrast ratiossee Fig. 5 an
Table IVd. Three-dimensional fluorescence lifetime distri
tions for Case 3 are shown as a 3D iso-surface plot in
5sad and as orthogonal contour slices through the true
troid of the target in Figs. 5sbd–5sdd. A few heterogeneitie
were observed in the phantom backgroundfsee Fig. 5scdg,
whose maximum reconstructedt values were less than 25
of the maximum reconstructedt value in the target locatio
Hence, these heterogeneities were not classified as ar
fFig. 5sadg in the current studies.

In order to test the sensitivity of our stage-2 lifetime
constructions to the quantitative errors in the stage-1 flu
cence absorption reconstructions, a separate study wa
ried out. Stage-2 slifetimed reconstructions from

FIG. 4. Normalized convergence plots forsad Stage-1 andsbd Stage-2 recon
structions, and for all three experimental cases.

TABLE IV. Reconstructed T:B contrast values of fluorescence absor
smax→m

d and lifetimestd for all experimental cases. MaxsTd:B correspond
to maximum reconstructed value of the optical parameter in the targe
tive to the background.

Case

max→m
scm−1d maxsTd:B t snsd maxsTd:B

Estimated Actual Estimated Actual

1 0.09 : 0.001 0.30 : 0.003 0.564 : 0.560 0.560 : 0.5
2 0.38 : 0.001 0.30 : 0.003 0.567 : 0.560 0.560 : 0.5
3 0.78 : 0.001 0.21 : 0.003 1.25 : 0.560 1.18 : 0.56
Medical Physics, Vol. 32, No. 4, April 2005
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experimental measurements of RPS were carried out
three levels of assumed T:Bmax→m

contrasts ofsid 0.03:0.003
sii d 0.3:0.003, andsiii d 0.7:0.003sall in cm−1d, for all three
experimental cases. Except for the assumed T:Bmax→m

con-
trast levels in each experimental case, the remaining pa
eter settings were the same as those described in Sec. I
stage-2 reconstructions.

The maximum reconstructed T:B fluorescence lifet
contrasts obtained using the assumedsand deliberately inco
rectd T:B max→m

contrast values at various levels are p
sented as a bar plot in Fig. 6. It can be seen from the ba
that the stage-2 lifetime reconstructions detected no life
contrast in the target for Cases 1 and 2ssuggesting hig
specificityd but detected an elevation in lifetimesas ex-
pectedd in the target for Case 3, regardless of the abso
value of T:B max→m

contrast levels assumed. These res
further validate that 3D lifetime tomography can detect s
s2.1:1d lifetime contrasts, and is relatively insensitive to
quantitative errors in the reconstructed fluorescence ab
tion smax→m

d.

-

FIG. 5. Four views of the 3D fluorescence lifetime reconstructions for
3. sad 3D iso-surface plot of the lifetime distributionsiso-surface cutoff a
30% of the maximum lifetime value with respect to background lifetimd,
sbd–sdd orthogonal contour slices through the true centroid locationsshown
by white crosshairsd.

FIG. 6. Bar plot of the Stage 2 reconstructedsmaximum value ofd T:B life-
time contrast for Cases 1, 2, and 3, imposing three different levels o

caled contrast in the true fluorescence absorption structure.
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It is worth noting that additional experiments were p
formed snot otherwise reported hered, where reconstructio
of max→m

was performed in stage 1 using both fluoresce
amplitude and phase delay measurements. Since the res
max→m

estimates were very similar to those using amplit
alone, and the subsequent estimates oft are insensitive t
quantitative errors inmax→m

, a more computationally efficie
version of stage-1 reconstruction that used only fluoresc
amplitude, but not phase delay measurements was emp
for the current studies.

IV. SUMMARY AND CONCLUSIONS

The feasibility of 3D fluorescence lifetime tomography
breast phantom volumes was demonstrated using a
modulated ICCD imaging system and a two-stage Baye
reconstruction algorithm. Feasibility studies were carried
both in the presence and absence of fluorescence lif
contrast in breast phantoms. Fluorescing targetss1 cm3d con-
taining ICG and/or DTTCI contrast agents were embed
1.4–2.0 cm below the hemispherical surface of the ti
phantomss1087 cm3 volumed with sid T:B absorption con
trast of 100:1sCases 1 and 2d or 70:1 sCase 3d and sii d T:B
fluorescence lifetime contrast of 1:1sCases 1 and 2d or 2.1:1
sCase 3d. A two-stage reconstruction algorithm was e
ployed to sequentially estimate the spatial distribution
fluorescence absorption followed by fluorescence lifetim
the entire phantom. All the experimental cases reconstru
the targets close to the actual target locations, based on
trast observed in bothmax→m

andt distributions. The insen
sitivity of 3D lifetime tomography to the quantitative erro
in max→m

distributions was also demonstrated.
Herein, we have presented a three-dimensional tom

phic analog to 2Dfluorescence lifetime imagingmicroscopy
that could extend measurement of fluorescence lifetim
NIR fluorophores deep into tissues and other scattering
dia. Fluorescence lifetime tomography makes possible
detection of changes in fluorescence resonance energy
fer between donor-acceptor pairs tethered on prote
specific peptides or receptor ligands as well as the quen
of closely tethered fluorophores that can act as “beac
upon enzyme-specific cleavage of fluorophores.22–24 Future
work involves determining the minimal fluorescence lifet
contrast required for tomographic imaging as well as the
lationship of modulation frequency, depth, and size upon
get detectability. Based on these initial phantom stu
there is demonstrated, potential benefit to develop and t
late lifetime sensitive agents forin vivo diagnostic imaging
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APPENDIX A

Light propagation and fluorescence generation in tis

can be described using the coupled diffusion equation tha
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represents the light propagation at excitation and emi
wavelengths, respectively. At a given modulation freque
of light, fsv=2pf radiansd, the coupled diffusion equation
given by35–37

− ¹ fDxsrWd ¹ FxsrW,vdg + Fsmaxi + max→m
dsrWd +

iv

cx
GFxsrW,vd

= SdsrW − rWsd, sA1d

− ¹ fDmsrWd ¹ FmsrW,vdg + Fsmami + mamfdsrWd +
iv

cm
GFmsrW,vd

= fmax→m

1

1 − ivt
FxsrW,vd. sA2d

In the above equations,Fx andFx are the ac componen
of the excitation and emission fluencesphotons/s cm2d re-
spectively;D is the diffusion coefficientscm−1d; maxi is the
absorption coefficient due to the chromophoresscm−1d si.e.,
the endogenous chromophores in tissuesd; max→m

is the ab
sorption cross section due to the fluorophoresfi.e., exog
enous fluorescing agentsscm−1dg; mam represents the abso
tion coefficient of the emission light due to t
chromophoresscm−1d; andf andt denote the quantum ef
ciency and lifetimesnsd of the fluorophore, respectively. T
termscx and cm represent the velocity of light at excitati
and emission wavelengthsscm/sd; v corresponds to th
modulation frequency of propagating lights=2pf radd; andr
and rs are the positional vectors at a given point and so
illumination point, respectively. The excitation fluenceFx

couples the diffusion Eqs.sA.1d andsA.2d. In the frequency
domain, fluence at excitation and emission wavelength
given by Fx= Iac,x expsiuxd and Fm= Iac,m expsiumd, respec
tively. Here Iac is the amplitude andu is the phase shift a
excitation ssuffix “x” d and emissionssuffix “m” d wave-
lengths, respectively.

The forward model of the light propagation in 3D
solved using the Galerkin approximation of the finite
ment method and the partial current boundary conditio38

Here, all the optical properties of the tissue medium and
fluorescing agent are assumed to be knowna priori, and the
fluence is calculated in terms of amplitude and phase
Having validated the coupled diffusion equations for the
rent experimental datasby comparing the experimental d
to the simulated measurementsd, 3D image reconstruction
were carried out using the AEKF algorithmsdescribed in
Appendix Bd.

APPENDIX B

Three-dimensional image reconstructions were carrie
using a computationally efficient variant of the approxim
extended Kalman filtersAEKFd algorithm, which is show
by a generic pseudo-code in Fig. 7. Initially the unkno
parametershere, transformed fluorescence absorption or
timed updatessgiven byDyd are initializedsline 2d. The for-
ward simulator,f sline 4d computes predictions of lnsACRd

tand RPSsgiven by xd at various locationss1 to msd of de-
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tected measurements of lnsACRd and RPSsgiven byzsd, in
response to a given excitation source illuminationssubscrip
sd and using the current estimatessi.e., initial estimates in th
first iterationd of unknown optical parameterssgiven by yd.
Parameter updatesDy were computedsline 7d by weighting
discrepancies between measurementsszsd and prediction
sxd, based on a nearly-optimal gain matrixsK d. The gain
matrix sK d was computedsline 6d from the Jacobian sens
tivity matrix sJd sline 5d using a Bayesian minimum-varian
nonlinear least-squares formulation that was damped b
inverse of a recursively updatedsline 8d parameter error co
variancesPd, and weighted by the inverse of the sum of
experimentally determined measurement error covari
sRsd and an estimate of the model error covariancesQsd.
After all sources have contributed to the parameter up
Dy sloop 3-9d, the parametery is updatedsline 11d. This
implementation of the AEKF is an approximation to the
timal sminimum-varianced estimate in thatsid we ignore spa
tial cross covariancessi.e., P, Q, andR are diagonal matr
ces, hence the update of only the diagonal elements ofP in
line 8d andsii d we have decomposed the data by sourcesloop
3-9d in order to reduce memory requirements. Additional
tails on the forward simulator and adjoint sensitiv
calculations19,38 and AEKF14,16,28are provided elsewhere.
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