Three-dimensional fluorescence lifetime tomography
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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 microscod¥LIM) 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, uging gain-
modulated intensified charge coupled deviC€D) and modulated laser diode imaging systéim,

two fluorescent contrast agents, e.g., Indocyanine green and 3-3'-Diethylthiatricarbocyanine iodide
differing in their fluorescence lifetime by 0.62 ns, afid) 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 ab&tption
100:1) and fluorescence lifetimél:1, 2.1:) 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. @005 American Association of Physicists in Medicine

[DOI: 10.1118/1.1861160

I. INTRODUCTION analysis of the fluorescence measurements may differentiate

diseased tissues from normal tissues. Pioneering work to de-
Optical-based molecular imaging and tomography usingelop “reporting” fluorophore-protein conjugate contrast
near-infraredNIR) fluorescent contrast agents represents amgents that demonstrate changes in fluorescence decay kinet-
emerging technology, which may advance cancer diagnostigs in the presence of specific proteases has been reported by
imaging. In optical imaging, NIR light between 700-900 nm\eissleder and colleagifés**and is the subject of develop-
wavelengths propagates deeply into tissues and can differefment in other laboratories.

tiate diseased from normal tissues based on the differences in Tomographic imaging of fluorescence lifetime in Brys
the endogenous absorption owing to oxy- and deoxyand 33*° has been demonstrated from time-dependent
hemoglobin, as demonstrated from breast imaging stddies. simulated measurements. While 3D tomographic reconstruc-
In order to increase the optical detection of small tissue letion of lifetime-sensitive fluorophore absorption cross sec-
sions not contrasted by neovascularization, molecular targetion has been experimentally reported from time-independent
ing and reporting fluorescent contrast agents have been dgeasurements on small animatsjuorescence lifetime to-
veloped. These agents can potentially improve themography has been limited to 2D experimental studies using
target:backgroundT:B) optical contrast ratio between nor- time-dependent measurement schefieko date, 3D fluo-
mal and diseased tissues with greater specificity and sengiescence lifetime tomography has not been demonstrated us-
tivity over optical imaging performed using endogenous abing experimental measurements, but has been limited to
sorption contrast alon&° simulated studie®*°

In recent years, three-dimension&D) fluorescence- In this contribution, the feasibility of 3D fluorescence life-
enhanced optical tomography has been developed for timeime tomography is demonstrated on clinically relevant tis-
dependent and time-independent measurements of ligltue phantoms using fluorescent contrast agents differing in
propagation forin vivo small animal studié$*? and large their fluorescence optical properties and time-dependent
phantom studie$>™° All developments have been based (frequency-domain fluorescence measurements. Clinical
upon T:B contrast due to fluorophore absorption cross sedranslation of 3D fluorescence lifetime tomography will re-
tion. Yet fluorescence offers the added capability of deterquire both:(i) the development of lifetime sensitive fluores-
mining lifetime or radiative decay kinetics as a method forcent contrast agents, which “report” environmental condi-
assessing the local environmental conditions independent dibns through a change in decay kinetics afid the
fluorophore concentratioi?:** Hence, by employing development and demonstration of a tomography algorithm
lifetime-sensitive fluorescing contrast agents, tomographithat can reconstruct the 3D distribution of spatially-varying
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Fic. 1. Schematic of the gain-modulated intensified CCD imaging system using a breast-shaped tissue phantom. Frequency-domain experiments are per-
formed using 100 MHz modulated light source, launchéa optical fibers. The different components in the schematic incl(aebreast-shaped tissue
phantom;(b) laser diode(source; (c) collecting optical fibers(d) interfacing plates; an¢e) intensified CCD camera lens.

fluorescence lifetime from experimental measureménss  “chest wall” as shown in Fig. )ifilled with 1087 cn? of a
ing clinically relevant volumes While the former is a sub- fatty emulsion solution(1% Liposyn, Abbott Laboratories,
ject of active research in a variety of laboratorié€’ the  North Chicago, I, with optical propertiegexperimentally
focus of the current work is the latter. Herein, we use twoacquire83) similar to those of the normal human breast tis-
dyes whose decay propertiés terms of fluorescence life- sue.

time and quantum efficiengyare known and constant in or- In order to demonstrate the potential benefit of future
der to assess the success of the reconstruction algorithm lifietime-sensitive dyes currently under development, two
identifying regions of varying fluorescence lifetime. well-characterized NIR dyes of known and constant lifetime

Experiments were performed under various conditions ofthat mimic the fluorescence decay kinetic change between a
T:B optical contrast ratios in fluorescence absorptioon-  target and its surroundingeere chosen for our tomographic
centration and lifetime using two contrast ager(teadocya- imaging studies under well-controlled conditions in a clini-
nine Green, ICG, and 3-3' Diethylthiatricarbocyanine lodide,cally relevant breast phantom. The fluorophores used were
DTTCI) similar in their excitation and emission spect/@0 (i) ICG stabilized with sodium polyaspartat&W 3000-
and 830 nm, respectivelybut different in their fluorescence 8000 (Sigma-Aldrich Chemical Co., St. Louis, G and
lifetime. A 3D image reconstruction algorithm was devel- diluted in deionized water and 1% Liposyn solution, ding
oped using a two-stage Bayesian approximate extended KaDTTCI diluted in dimethyl sulfoxide and 1% Liposyn solu-
man filter (AEKF). Reconstruction of both fluorescence life- tion. The dyes were used in appropriately contrasting micro-
time and absorption cross-section contrast was investigatedjolar concentrations in the background of the phantom and
and the results demonstrate the feasibility of 3D fluorescencimside a 1 criclear acrylic target suspended inside the hemi-

lifetime tomography. spherical portion of the phantom. ICG and DTTCI were cho-
sen primarily because their fluorescent decays are well de-
Il. MATERIALS AND METHODS scribed by single-exponential decay functiéhand the two
o contrast agents have a roughly twofold difference in fluores-
A. Breast-mimicking phantoms cence lifetime, 7 (1,c=0.56 NS7orre=1.18 n3.3* Since

Experimenta| studies were carried out using a ho”owlCG and DTTCI eXCite and em|t at Similar WaVeIengthS, but

breast_shaped phanton«(io cm diameter hemispherica| h.aVe different fluorescence |IfetIrT‘(e'), they were US(-Zjd in
phantom “breast” atop a 20 cm cylindrical base phantonflifferent T:B fluorescence absorpti¢#0:1, 100:1 and life-

TaBLE |. Experimental case studies performed using a single 1 cc targetasie Il. Background optical absorptiofu,) and reduced scattering.)
located at various depths, under varying T:B contrasts in fluorescence algoefficients of 1% Liposyn solution in tissue phantoms at excitatsu-

sorption(,uaxﬂm) and lifetime(7). script x) and emission(subscriptm) wavelengths due to fluorophofsub-
script f) and nonfluorescing chromophotsubscripti), for the different
T depth TB T:B experimental cases studied. All the units are inrtm
Case (cm) T:B dye Absorption Lifetime
1 1.4 ICG : ICG 100: 1 1:1 Case  Ha Hami Moo M Ho Hsm
2 2.0 ICG : ICG 100: 1 1:1 1&2 0.025 0.032 0.003 5e-4 10.88 9.82
3 14 DTTCI : ICG 70:1 21:1 3 0.023 0.030 0.003 5e-4 9.99 9.67
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time contrast ratiogl:1, 2.1:1, and target depthd.4-2 cm light and the photocathode of the image intensifier, respec-
in order to perform experimental studies under three differentively. By varying the phase delay between the two oscilla-
cases as shown in Table I. The background optical propertigsrs from 0 to 2r, the steady-state intensities at each pixel of
of the 1% Liposyn solution in the phantom are provided forthe CCD image varied sinusoidally. Upon performing fast
each experimental case in Table Il. ICG and DTTCI alsoFourier transforms to the acquired CCD images, measure-
have differing quantum efficiencyp (¢cc=0.016 dpr7c ments of amplitudel,) and phase shiftd) of the fluores-
=0.034. However, the quantum efficiency of the dye placedcence signal at each collection fiber location were acquired.
in the acrylic target was reduced by 32% due to the transkFive sets of images of the interfacing plates were acquired
mission efficiency of the acrylic container, leading to a smalland averaged in order to assess as well as reduce the mea-
T:B ¢ contrast in the current studi€8.68:1 for Cases 1 and surement error of the imaging system. The fluorescence mea-
2, and 1.44:1 for Case)3Hence, the T:B contrast in quan- surements acquired from each interfacing plae, 64 col-
tum efficiency was neglected in the current studies and igection fiberg and for a given point source illumination, were
further described in Sec. Il C. referenced(by dividing each measurement with respect to

the measurement containing the maximum fluorescéggee

in order to account for the instrument effetts®*#These

referenced fluorescence measurements were thus used in

Time-dependent measurement techniqles, time- or terms of(i) the logarithm of the referenced amplitude, de-
frequency-domainare required for lifetime imaging, since noted by In(ACR) and (ii) the referenced phase shift, de-
the fluorescence lifetime information is preserved as delayedoted by RPS, during image reconstructions. Only measure-
pulse time in the time-domain method, or as phase shift meanents above the noise flodmodulation depth(ac/dg
surements in frequency-domain meth@d employed in our =0.025 were employed during image reconstructions. A
current studies schematic of the instrumentation is shown in Fig. 1. Further
Herein, frequency-domain photon migratiofFDPM) details about the instrument setup and the data acquisition

fluorescence measurements were obtained from the hemprocedures are provided elsewhéte.
spherical surface of the clinically relevant phantom. Initially,
modulated excitation light at 100 MHz was used to sequen, Image reconstruction algorithm
tially illuminate the phantom surfadg@83 nn) via 27 multi- '
mode optical fibery1 mm diameter, model FT-1.0-EMT, FDPM fluorescence measurements were collected in re-
Thorlabs Inc., NjI The modulated excitation light propa- sponse to sequential NIR point source illuminations and in-
gated in the phantom medium and upon encountering theerted to tomographically estimate 3D spatial distributions of
fluorescent molecules, generated modulated fluorescence sifpe fluorescence optical properties using the coupled diffu-
nals (100 MHz, 830 nm, which further propagated in the sion equations > (see Appendix A for detai)sand a com-
phantom medium before they were simultaneously collectegutationally efficient variant of the approximate extended
from various locations on the phantom surface via 128 mulKalman filter (AEKF) algorithm, as described below.
timode optical fibers. The free ends of the optical fibers col- A dynamic recursive estimate of the unknown parameters
lecting the fluorescence light on the phantom surface weré.e., fluorescence optical propertiesd the parameter error
mounted as 2D arrays on two interfacing platé4 collec- variances were evaluated usifig experimental referenced
tion fibers each which were imaged using a gain-modulated measurements regularized by empirically determined mea-
intensified charge coupled devi¢ecCD) camera(i.e., opti-  surement error varianc@.e., variance of the repeated mea-
cally coupled image intensifier and CCD camefen optical ~ surement (ii) a static estimate of model error varianes-
filter assembly containing appropriate filtei@30-nm inter- timated to be 1/4 of the mean of measurement error
ference filter and holographic notch filfewas used to mini- variance, and (iii) a forward simulator that computes pre-
mize the excitation light leakage, rejecting light outside thedicted referenced measurements by employing a diffusion
bandwidth of the emission wavelength; thus allowing pre-approximation of the coupled radiative transport equations
dominantly the fluorescence light to be imaged by the phofor excitation and emission Iigﬁ?.‘37The forward simulator
tocathode of the image intensifier. The photocathode of thésee Appendix A for detai)swas implemented using a fast
image intensifier(FS9910C, ITT Night Vision, VA was vectorized finite element techniqﬁe:ontaining 6956 nodes,
modulated at the same frequend@P0 MH2) as the incident of which only parameters associated with the3857 nodes
NIR excitation light. The acquired modulated fluorescencean the hemispherical portion of the model were allowed to
signal was collected as steady-state intensity signal by theary (i.e., the number of unknowns during reconstruction of
integrating CCD camereCCD-512-EFT Photometric CH12, each optical parameter was 385@iven the estimates of the
Roper Scientific, Trenton, NJvia homodyne mixing tech- measurement error, model error, and initial parameter esti-
nigues and low pass filtering caused by the slow phosphamation errors, the AEKF algorithm minimizes the parameter
output of the image intensifier. The phosphor output waserror variance, as opposed to simply minimizing the param-
sensitive to the phase delay existing between the two phaseter error, thereby regularizing this ill-posed problem in a
locked oscillatorgMarconi Instruments model 2022D, UK; Bayesian manner. Details of the AEKF algorithm used in the
and Programmed Test Sources model 310M201GYX-53¢urrent study are provided as supplemental informatfgm
Littleton, MA) that modulated the incident NIR excitation pendix B and are further elaborated elsewh&&$?®

B. Instrumentation
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a) Stage 1: Reconstruct /., from amplitude measurements
Step 1. Measure and calculate IN(ACR) o imentat
Step 2. Determine measurement error of In(ACR), experimental
Step 3. Set initial estimates 4, = o.oolcm-',ajw =001
Loop
Step 4. Estimate In(ACR),

imulateq frOM finite element model

Step S. Perform AEKF spatially distributed updates of 4,  and O'i .

Until converged
Step 6. Continue to Stage 2, using final estimate of £,

b) Stage 2: Reconstruct rfrom phase measurements
Step 1. Measure and calculate RPSaw,km“tal

Step 2. Determine measurement error of RPS,, oy,

Step 3. Set initial estimates 7 = 0.56 ns, ¢2=0.2

Loop
Step 4. Estimate RPS;,. ..., from finite element model ¢ and o
Step 5. Perform AEKF spatially distributed updates of
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In stage-1 reconstructioffig. 2a)], amplitude measure-
ments, ITACR) are used to reconstruct the absorption cross
section of the fluorophore bf) first assuming a low initial
estimate inﬂ%m:o.om cm? that was different from the
true experimental backgroungk, =0.003 cm?) and (ii)
assuming a constant fluorescence lifetifme0.56 ng and
constant quantum efficiendyp=0.016, which are equiva-
lent to the fluorescence properties of the background fluoro-
phores. During stage-1 reconstructions, the AEKF algorithm
employed measurements of ACR) in order to estimate the
fluorescence absorption cross—sectm;gﬂm, which was con-
strained by means of pseudo-beta transféfris the range
of 0-0<Maﬁm<0-8 cm! during inversions. The fluores-
cence absorption coefficient at the emission wavelepgth

Until converged

was assumed equal to 0.1692Laxﬂmfor the entire phantom,
based on the ratio of the extinction coefficients of the back-
ground fluorophores§i.e., ICG in all the experimental cages
at excitation (s7g9 =130 000 Mtcm™) and emission

— 1 —1\ 29 .
The source of fluorescence emissions is governed by {hYaVelengtns gzo np=22 000 M cm )™ Reconstructions

spatial distribution of fluorescence absorption cross-sectiol o' carr:;azd ou_t using a uniform initial parameter variance
(#a, ), fluorescence lifetime7), and quantum efficiency estimate( M%Hm—O.OD for the transformedu,, . Stage-1

(¢) (as shown in Eq(A2) of Appendix A). Spatial variance reconstructions were assumed to have converged when there
in bra, (i.e., the amount of absorption and quantum effi-was less than a 1% decrease in the root mean square
ciency of the dygpredominantly influences the fluorescenceln(ACR) error between consecutive iterations. The spatial
amplitude measuremen(i® frequency-domain imaging sys- distribution of the absorption cross section of the fluorophore
tem), since,uz%m and ¢ determine the intensity of the emit- ua determined in stage-1 was then used as an input into
ted fluorescence in the presence of an excitation light sourcetage-2 reconstructions.

On the other hand, spatial variance in the fluorescence life- In stage-2 reconstructiori$ig. 2(b)], phase shiffRPS

time predominantly impacts the phase-de{ay of the fluo-  measurements were used to reconstruction the fluorescence
rescent source, i.ef~tan’(w7), in a frequency-domain Jifetime by (i) first assuming an initial guess of the fluores-
system withw frequency?’ Hence fluorescence amplitude cence lifetime(7) equivalent to that of the background fluo-
measurements were used to estimate the spatial distributiqephore(T:o_% n3, (i) considering the spatial distribution

of ua,_, [assuming a homogeneous and constant quantug apsorption cross-sectiop, _determined from stage-1,
efficiency (¢) distribution] and fluorescence phase delay 5nqg (jii) assuming a constant quantum efficiency
measurements were used to estimate the spatial d|str|but|o_no_016 equivalent to the background fluorophore. During

of 7. The quantum efficiency distribution was assumed hO, 00 5 reconstructions, the AEKF algorithm employed mea-
rr;of?eneous and Eonstapt because an ufele) estlmati surements of RPS in order to estimate (i.e., product of

ot fluorescence a sorption cross-se(':tl'on compensatgs O §llorescence lifetime and modulation frequendyw
over{under)j estimate of quantum efficiency in the emission =100 MHZ], which was constrained by means of pseudobeta
source term, as both these parameters impact the same mea- ' o

sured quantity(i.e., fluorescence amplitudeHowever, the tr.ansforms to the'ran'ge of O',%T<1'27 ns during inver-
T:B contrast ing was relatively smal[0.68:1 for Cases 1 sions. The multlpl'lcatlon of V_V'th the constants was used
and 2, and 1.44:1 for Case(8ee Sec. Il A in comparison to to p_revent numerlcal tr_uncatl_op_error. Reconstrugtlons were
the T:B contrast inu, _(100:1 for Cases 1 and 2, and 70:1 carried out using a uniform initial parameter variance esti-

for Case 3, and hence the assumption of a homogeneous anralate(af:O.Z) for the transformed»7. Stage-2 reconstruc-
constante-distribution was considered. tions were assumed to have converged when there was less

Simultaneous reconstruction of b andrwas not than a 0.5% change in the maximum RPS error between

carried out sinceti) a priori knowledge of the fluorescence consecutive iterations. . '
absorption(ﬂaxﬂm) distribution is Signiﬁcant for estimation Three-dlmen5|0nal Image reconstructions were carried out
of the fluorescence lifetime distrbution, especially when thedn @ Dell Workstation PWS65(Xeon(TM) 3.06 GHz, 2.0
fluorescence concentratigar absorptioh contrast increases GB RAM], and required less thal s per iteration per fluo-
and (i) the intense computations prohibited the simultaneousescence measuremefior a single point source illumina-
coestimation of two unknown parameters in large phantoniion), for each stage of the reconstruction. The distribution of
volumes. Thus, a two-stage image reconstruction approadhe remaining optical parameters, such(iasabsorption co-
(see Fig. 2 was developed in order to reconstru@xﬂmin efficient due to nonfluorescing chromophores @ndscatter-
stage-1 and- in stage-2. ing coefficients due to fluorophores and nonfluorescing chro-

Fic. 2. Flowsheet of the two-stage image reconstruction algorithm.
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TasLE lll. Mean and/or variance of model mismatch and measurement ernopijse floor(i.e., ac/dc=0.025. The mean of the model mis-

rors for the three experimental cas@ssing measurements above noise

floor).

Model mismatch error

Measurement error

Number
of meas
above Mean Variance Mean Variance Variance Variance
Case noise In(ACR) In(ACR) RPS RPS In(ACR) 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 0.004

mophoregshown in Eq(A2) of Appendix A], were assumed
homogeneous and knowTable Il) for each experimental
case and for both the reconstruction stages.

D. Model and measurement error calculation

match error thus represeniy model bias andii) any re-
sidual bias in the measurement error obtained after averaging
the measurement repetitions. Measurement error variances
were experimentally estimated as the variance of the mean of
five repeated measurements ofA€CR) and RPS obtained

for each fluorescence measurement, whose measured modu-
lation depth was above the noise floor.

I1l. RESULTS AND DISCUSSION
A. Model and measurement errors

Lumped statistics for both model mismatch and measure-
ment errors are given in Table Ill. By definition, measure-
ment errors were zero mean, with all bias combined into the
mean of the model mismatch error. Model and measurement
error variances for IlACR) are the same order of magnitude
for all three cases. However, when a lifetime contrast was

In any inversion technique, the estimation of the modelintroduced in the tissue phantot@ase 3 of Table)]| the
mismatch errorsdifference between experimental and simu-increase in fluorescence lifetime in the target region resulted
lated measurementss important in validating the light
propagation model used in the forward simulator of the reing a stronger perturbation in the acquired phase shift signal.
construction algorithm. Herein, model mismatch errors inConsequently, with lifetime contragCase 3, the RPS vari-
In(ACR) and RPS were computed for each fluorescence mea@nces of both model and measurement errors were reduced
surement whose measured modulation depth was above tiy an order of magnitude, relative to the no-lifetime contrast

&

1070

in an increase in phase shift at the phantom surface, produc-

experimental casg€ases 1 and 2 of Tablg. ln experimen-

tal cases 1 and 2, all the collection fibers in the region of the
target were attached to one interfacing plate, so measure-
ments were made at 64 collection fibers for each source il-
lumination. In Case 3 collection fibers from both the inter-
facing plates were close to the target, so measurements were
made at 128 collection fibers for each source illumination.
Thus, the larger number of measurements and the stronger
fluorescence signal strength in Case 3 resulted in a larger
usable data set than in Cases 1 and 2, as shown in Table III.

B. Three-dimensional fluorescence absorption
tomography

In all the three experimental cases, the 3D reconstructed
fluorescence absorptiqmaxﬁmdistributions identified the tar-
gets close to their true location in the experiments as shown
in Fig. 3 as 3D iso-surface plots of th@xﬁmdistribution. All
these stage-1 reconstructions converged in 12-13 iterations,
and the sum of squared(lCR) prediction errors dropped
between 86% and 92% in each cdsee Fig. 4a)]. None-
theless, the reconstructmx_‘mT:B ratios were not quantita-
tively accuratgTable 1V), reflecting the relative insensitivity
of this convergence metric to absolytg _values. These

results are consistent with our earlier studife ‘193howing
that locations of contrasting fluorescence absorption can be
reconstructed with greater accuracy than the absolute values

Fic. 3. Three-dimensional iso-surface plots of fluorescence absorptiof fluorescence abSOfptidWaxﬂm)- In addition, the assump-

(mayp) distributions for(a) Case 1,b) Case 2, andc) Case 3. The recon-
structed targetsolid region inside breast phantprvas differentiated from

background phantom at iso-surface cutoff values of 30% of the maximu
reconstructeg,,; in each case. The true 1 cc volume target is shown by a

black wire frame.

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

tion of a homogeneous and constant=0.016 could pos-
sibly account for the overestimation ¢f,  values in the

TCase 3, and the underestimation,u;;a[Hm values in Cases 1

and 2.
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Fic. 5. Four views of the 3D fluorescence lifetime reconstructions for Case
3. () 3D iso-surface plot of the lifetime distributiofiso-surface cutoff at
30% of the maximum lifetime value with respect to background lifejjme
(b)—(d) orthogonal contour slices through the true centroid locatsrown

by white crosshains

iterations iterations

Fic. 4. Normalized convergence plots f@ Stage-1 andb) Stage-2 recon-
structions, and for all three experimental cases.

C. Three-dimensional fluorescence lifetime

tomography experimental measurements of RPS were carried out using

three levels of assumed T; _,contrasts ofi) 0.03:0.003,

In experimental cases 1 and 2, where there was no T:Bjj) 0.3:0.003, andjii) 0.7:0.003(all in cm™?), for all three
fluorescence lifetime contrast, stage-2 reconstructions corexperimental cases. Except for the assumed B _con-
verged after one iteration, with less than 0.07% change ifrast levels in each experimental case, the remaining param-
maximum RPS errofsee Fig. 4b)] and correctly estimated eter settings were the same as those described in Sec. |1 C for
essentially no lifetime contragTable IV), demonstrating the  stage-2 reconstructions.
specificity of lifetime-based tomography. In Case 3, where The maximum reconstructed T:B fluorescence lifetime
there was a 2.1:1 fluorescence lifetime Contrast, Stage-2 r%ontrasts obtained using the assur(muﬂ de”berate|y incor-
constructions ConVerged in four iterations with a 16.5% de'rect) TB Max contrast values at various levels are pre_
crease in maximum RPS errgsee Fig. 40)] and recon-  sented as a bar plot in Fig. 6. It can be seen from the bar plot
structed a 2.2:1 T:B lifetime contrast ratieee Fig. 5 and  that the stage-2 lifetime reconstructions detected no lifetime
Table IV). Three-dimensional fluorescence lifetime distribu- contrast in the target for Cases 1 ands2iggesting high
tions for Case 3 are shown as a 3D iso-surface plot in Figspecificityy but detected an elevation in lifetiméas ex-

5(a) and as orthogonal contour slices through the true cenpected in the target for Case 3, regardless of the absolute
troid of the target in Figs. 8)-5(d). A few heterogeneities yajue of T:B u,  contrast levels assumed. These results
were observed in the phantom backgrousée Fig. &)],  fyrther validate that 3D lifetime tomography can detect small
whose maximum reconstructedvalues were less than 25% (3 1.1 jifetime contrasts, and is relatively insensitive to the
of the maximum reconstructedvalue in the target location. o antitative errors in the reconstructed fluorescence absorp-
Hence, these heterogeneities were not classified as artifagig, ()

[Fig. 5(@)] in the current studies. Pxom
In order to test the sensitivity of our stage-2 lifetime re-
constructions to the quantitative errors in the stage-1 fluores-
cence absorption reconstructions, a separate study was car- 2
ried out. Stage-2 (lifetime) reconstructions from

[ Hoy TB=10:1 True contrast (2.1:1
Haoy TB = 1001
B 2, TB=2331

-_
L]
I

True contrast (1:1)

TasLE IV. Reconstructed T:B contrast values of fluorescence absorption
(/Laxﬁm) and lifetime () for all experimental cases. MéK):B corresponds

to maximum reconstructed value of the optical parameter in the target rela-
tive to the background.

Lifetime contrast

Ha, ., (cm™) maxT):B 7(ns) maxT):B

Case Estimated Actual Estimated Actual 1 2 3
Case #

1 0.09:0.001 0.30:0.003 0.564:0.560 0.560 : 0.560

2 0.38:0.001 0.30:0.008 0.567:0.560 0.560:0.560 Fic. 6. Bar plot of the Stage 2 reconstruct@daximum value of T:B life-

3 0.78 : 0.001 0.21: 0.003 1.25 : 0.560 1.18 : 0.560 time contrast for Cases 1, 2, and 3, imposing three different levels of res-
caled contrast in the true fluorescence absorption structure.

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



998 Godavarty et al.: Three-dimensional fluorescence lifetime tomography 998

It is worth noting that additional experiments were per-represents the light propagation at excitation and emission
formed (not otherwise reported herewhere reconstruction wavelengths, respectively. At a given modulation frequency
of Ma_ Was performed in stage 1 using both fluorescencef light, f(w=2#f radiang, the coupled diffusion equation is
amplltude and phase delay measurements. Since the resultigiyen by>=>’

Ma estimates were very similar to those using amplitude ]
alone, and the subsequent estimates a@fre insensitive to — V[D,() V ®(F, )] +[ ,U.ax|+/.LaXHm)(F) + — | D,(F,w)
quantitative errors im,  , a more computationally efficient Cx
version of stage-1 reconstruction that used only fluorescence =S§(r-ry), (A1)
amplitude, but not phase delay measurements was employed
for the current studies.

-V [Dm(F) \Y (I)m(Fl w)]+ |:(Mami + quamf)(f) + L_w (Dm(Fl w)

m

IV. SUMMARY AND CONCLUSIONS

1 .

The feasibility of 3D fluorescence lifetime tomography in =~ = $#a, .7 —Px(l.). (A2)
breast phantom volumes was demonstrated using a gain-
modulated ICCD imaging system and a two-stage Bayesian In the above equation, and®, are the ac components
reconstruction algorithm. Feasibility studies were carried oupf the excitation and emission fluen¢ghotons/s crf) re-
both in the presence and absence of fluorescence lifetimgpectively;D is the diffusion coefficienfcm™); u,y is the
contrast in breast phantoms. Fluorescing targetsm®) con-  absorption coefficient due to the chromophoftes™) (i.e.,
taining ICG and/or DTTCI contrast agents were embeddedhe endogenous chromophores in tisgugs s the ab-
1.4-2.0 cm below the hemispherical surface of the tissusorption cross section due to the fluorophofes., exog-
phantoms(1087 cni volume with (i) T:B absorption con- enous fluorescing agentsm™)]; w,., represents the absorp-
trast of 100:1(Cases 1 and)2or 70:1(Case 3 and(ii) T:B  tion coefficient of the emission light due to the
fluorescence lifetime contrast of 1(Cases 1 and)r 2.1:1  chromophoregcm™); and ¢ and  denote the quantum effi-
(Case 3. A two-stage reconstruction algorithm was em- ciency and lifetimgns) of the fluorophore, respectively. The
ployed to sequentially estimate the spatial distribution oftermsc, andc,, represent the velocity of light at excitation
fluorescence absorption followed by fluorescence lifetime, irand emission wavelength&m/s; « corresponds to the
the entire phantom. All the experimental cases reconstructegiodulation frequency of propagating light2=f rad); andr
the targets close to the actual target locations, based on coandrg are the positional vectors at a given point and source
trast observed in both and 7 distributions. The insen- illumination point, respectively. The excitation fluends,
sitivity of 3D lifetime tomography to the quantitative errors couples the diffusion Eq$A.1) and(A.2). In the frequency-
in u, distributions was also demonstrated. domain, fluence at excitation and emission wavelengths are

Herein, we have presented a three-dimensional tomogragiven by @ x=lacx @xplith) and ®pn=lacym xpliby), respec-
phic analog to 2Cfluorescence lifetime imagingicroscopy  tively. Herel,. is the amplitude and is the phase shift at
that could extend measurement of fluorescence lifetime ogxcitation (suffix “x”) and emission(suffix “m’) wave-
NIR fluorophores deep into tissues and other scattering meengths, respectively.
dia. Fluorescence lifetime tomography makes possible the The forward model of the light propagation in 3D is
detection of changes in fluorescence resonance energy trargglved using the Galerkin approximation of the finite ele-
fer between donor-acceptor pairs tethered on proteas#aent method and the partial current boundary conditfns.
specific peptides or receptor ligands as well as the quenchingere, all the optical properties of the tissue medium and the
of closely tethered fluorophores that can act as “beacondluorescing agent are assumed to be knawpriori, and the
upon enzyme-specific cleavage of quoroph&rzéé‘.1 Future fluence is calculated in terms of amplitude and phase shift.
work involves determining the minimal fluorescence lifetime Having validated the coupled diffusion equations for the cur-
contrast required for tomographic imaging as well as the rerent experimental datéy comparing the experimental data
lationship of modulation frequency, depth, and size upon tarto the simulated measurement8D image reconstructions
get detectability. Based on these initial phantom studieswere carried out using the AEKF algorithfdescribed in
there is demonstrated, potential benefit to develop and tranéppendix B.
late lifetime sensitive agents fam vivo diagnostic imaging.
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by a generic pseudo-code in Fig. 7. Initially the unknown

parametefhere, transformed fluorescence absorption or life-
APPENDIX A time) updateggiven by Ay) are initialized(line 2). The for-
Light propagation and fluorescence generation in tissueward simulator,f (line 4) computes predictions of (ACR)
can be described using the coupled diffusion equation thaand RPS(given by x) at various locationgl to my) of de-
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999

AEKF pseudocode

1: iterate

2: Ay=0

3: for each excitation source s

4: X « f(y,s)
5

J(—é
oy

T )]

K «(J-P) (R, +Q,+J-P-J)

Ay «— Ay+K-(z,—x)

o

m,

8: IJ,Yi(-—I’,.,.—ZKﬁ-JﬁJ’,.i, Vi=l.n
=1

9: endfor

10: ye«y+Ay

11:until converged
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