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Abstract: A general linear model for time domain (TD) fluorescence
tomography is presented that allows a lifetime-based arsabf the entire
temporal fluorescence response from a turbid medium. Stiootaare
used to show that TD fluorescence tomography is optimalljopmed
using two complementary approaches: A direct TD analysis f&fw time
points near the peak of the temporal response, which prevideerior
resolution; and an asymptotic multi-exponential analpsised tomography
of the decay portion of the temporal response, which previdecurate
localization of yield distributions for various lifetimemponents present in
the imaging medium. These results indicate the potentidlbfechnology
for biomedical imaging with lifetime sensitive targetepes, and provide
useful guidelines for an optimal approach to fluorescenc®taphy with
TD data.
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1.

Introduction

The development of disease-specific fluorescent markerg@mamic reporters has prompted
concurrent advances in optical tomography technique$i&non-invasive diagnosis of disease
in a living animal or human subject [1, 2]. The most commoriagpptomographic techniques
for fluorescence are based on continuous wave (CW) excitf8icemd frequency modulated
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(FD) excitation [4, 5]. Another measurement mode is in theetdomain (TD) [7-15], where
the excitation is performed using short laser pulses inwutjon with time resolved detec-
tion. Fluorescence lifetime reconstructions with turbiddia have been discussed in previous
works in conjunction with FD [4,5] and TD [6, 11-14] measugts (CW measurements are
incapable of distinguishing fluorescence lifetime fromlgjeA single TD measurement with
a short laser pulse implicitly contains all modulation fneqcies, and hence provides the most
complete optical information. Moreover, the surface degata from TD measurements can
directly reveal the intrinsic fluorophore lifetime, withioihe need for reconstructions [11-13].
This feature could be of tremendous importance given thential development of lifetime
sensitive probes for in-vivo applications and the sengjtiof fluorescence lifetime to factors
affecting local tissue environment such as pH, viscositygen concentration and tissue aut-
ofluorescence, in addition to molecular interactions suchaster resonance energy transfer
(FRET) [17]. Fluorescence lifetime imaging (FLIM) is aldgaa well established microscopy
technique that is used to probe lifetime contrast in thisugssections [18, 19].

Image reconstruction algorithms for TD fluorescence mesmsants have so far been pri-
marily based on derived, or transformed, data types, sudheataplace transform [8, 23],
Mellin transform or moments [15] and the Fourier transfo@W,[28]. One advantage of work-
ing in a transformed space of the TD data lies in the simplicitthe relationship between the
fluorescence lifetime and the measured phase, as compatiee ton-linear dependence on
fluorophore lifetime (through the exponential decay facitothe direct TD case. For instance,
the phase measured in FD experiments is linearly relateuetdifetime distribution [4]. Nev-
ertheless, the lifetime is still in the form of a distributiovhich can only be recovered using
tomographic reconstructions to remove the contributiothtophase from diffusive propaga-
tion. Also, the measured phase at a certain modulation é&mcyu(or imaginary frequency in the
Laplace case) is an admixture of contributions due to allifeémes present in the medium.
On the other hand, Laplace transforms have been applieddctigely reconstruct the early
rise portion of the temporal response curve, since earyiagrphotons undergo minimal scat-
tering, and are largely unaffected by the long lived fluokmehifetimes [8].

We recently demonstrated experimentally [13] that anatyzhe asymptotic decay portion
of the diffuse fluorescence temporal response (DFTR) canskif have distinct advantages:
The yield distribution(s) for multiple lifetime componés)} present within the medium can be
localized separately using the surface decay amplitudieact®d from multi-exponential fits.
In what follows we will simply label this the “asymptotic” gpoach. The asymptotic approach
reduces a cumbersome analysis of a large temporal datathet decay portion of the DFTR
into a multi-exponential curve fitting followed by simple Ck&constructions. This approach
can be viewed as an application of iheerselLaplace transform (which is equivalent to multi-
exponential fitting for a few discrete lifetimes) to recaonst the decay portion of the DFTR.
However, the restriction of this method to the decay porérdudes the information from the
earlier portion of the DFTR, which is characterized by adrettgnal-to-noise (SNR) ratio, and
may also contain useful spatial information. Itis thus imapige to seek an approach that incor-
porates the rising and peak portions of the DFTR data intaniadysis. In this work, we develop
a theoretical formalism that allows a lifetime-based sapan of fluorescence yield distribu-
tions using the entire TD data. In order to evaluate the agt@hoice of temporal measurements
for tomography using the direct TD approach, we use a sing@lae decomposition analy-
sis [29, 30] of the TD weight matrix. To our knowledge, thigiopzation has not been carried
out previously for TD fluorescence measurements, althoyngim@zation of multi-frequency
data in FD has been studied previously [27, 28]. The relatieets of the optimized direct TD
approach and the asymptotic approach are then compareagsiisinlations and the advantages
of TD data over CW, in the presence of lifetime contrast, @mahnstrated.

#75807 - $15.00 USD Received 6 October 2006; revised 27 November 2006; accepted 29 November 2006
(C) 2006 OSA 11 December 2006 / Vol. 14, No. 25/ OPTICS EXPRESS 12257



This paper consists of three central parts. In Section 2irktegral expressions are presented
that enable lifetime-specific tomographic reconstrudiofithe entire DFTR, along with a dis-
cussion of the conditions when the results are valid. IniBe@, the optimization of temporal
measurements for fluorescence tomography is addressedioaligeusing a SVD analysis. In
Section 4, the theoretical formalism developed and thdtestithe SVD analysis are applied
to simulated noisy data to more specifically determine theggimg performance of the rise and
decay portions of the DFTR.

2. Theoretical development

In this section, we revisit the basic expressions involved@D fluorescence tomography, and
present a simplified expression under the specific conditidong lifetimes. Consider a turbid
imaging medium embedded with fluorophores, described byl yed lifetime distributions
(at one wavelengthl(r) and 7(r) = 1/I'(r), respectively. For tomography, optical sources
and detectors are arranged on the surface of the imagingumedihe fluorescence intensity
measured at a detector point at timet for an impulsive excitation at source positiopand

t = 0 can be written in the standard way as a double convolutien titme, of the source and
emission Green’s functions (omitting experimental seafactors for simplicity):

Ur(rsra.t) :/QdSrW(rs,rd,r,t)n(r), @

where the weight function, or sensitivity function is givieyn
t tl ! "
W(rs,rg,r,t) :/ dt’/ dt'GM(rg —r,t —t")e TG (r —rg t"), 2
0 0

with G* andG™ denoting the source and emission Green’s functions, whegied on the net
absorption and scattering coefficients (background + fllooee) at the excitation and emission
wavelengths ™ (r) and ™ (r). The above expression assumes a single absorption and
re-emission event due to the fluorophore. But this does reatgnt the inclusion of multiple
absorption of the excitation and emission light by fluorasoin the background medium,
which can be incorporated by obtaining t8&™ as solutions to the diffusion or transport
equations at the excitation and emission wavelengths Withnet absorption including the
fluorophore absorption at these wavelengths.

As it stands, the TD fluorescence weight function in Eq. (2) @¢ouble convolution in time
and is computationally intensive, especially for a tompbia measurement setup with a large
number of sources and detectors. But a closer inspecti@alethat Eq. (2) can be rewritten in
a more manageable form. First, we define a background waightibn as:

t/
WB(rS,rd,r,t’):/ G (re,r,t' —t")GM(r,rg,t"), @3)
0
which depends only on the medium optical properties andoesito the weight function for
an absorption perturbation when the excitation and emiss@velengths coincide. Using the
commutativity of the convolution operation, we can now neteveq. (2) as,
t !
W(rs,rg,r,t) = / dtWB(rs,rg,r,t')e M), @)
0
SinceWE can be pre-calculated with a knowledge of background dpticaperties, the ad-
vantage of Eq. (4) over Eq. (2) is that only a single time iraegs left for the tomographic

recovery of the yield and lifetime distributions [20]. A neouseful form of this expression is
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realized if the fluorophores within the medium are descriganultiple distributionsin(r),
corresponding to discrete lifetime components= 1/T",. We then get, for the weight function
of each lifetime component,

t !
Wh(rs rar,t) = [ dtWe(rsra.r.t)e o), 5)
0
so that the total fluorescence signal is expressed as
U (rsra:t) = ¥ [ dMh(rsrar,0mn(r). ()
n

If it is further assumed that the lifetimes are longer thandbsorption timescale, i.a, >
Ta(= 1/vua(r)), (see Section 2.1) Eq. 5 can be expressed in a more elegantha@glso
reveals the connection with previously developed asynplieétime-based-tomography [13].
To derive this most generally, consider the source-freiatiad transport equation (RTE) for the
Greens function&™*™  which is a rigorous description of light transport in a fdrmedium
[21,22]:

<s. O+ %% + ™ () + uéXv’“)(r)) GeM(r,s 1) )
= &™) /Q 0(s 8)G*™ (1., t)ds,

where®(s,s) is the scattering phase function. The source terms are ddofppm the excita-
tion RTE on the basis that the fluence is calculated away frensdurce location, and similarly
from the emission RTE, given that only a single fluorophoréssion event is considered in
accordance with the Born approximation initially made in Eg(Multiple absorption of the
excitation and emission light by the fluorophore is stillanmorated in the total absorption at
these wavelengths vizuX and uf".) Suppose now that we write (dropping the angular depen-
dence for simplicity):

G (r,) = G (r e O, ®)

it can be verified by substituting the above solution into &.that the functionséx’m) are

dependent only on thgradientof the absorption coeﬁicienﬂu;ﬁxm(r), and independent of
™ (r) itself. Thus,GJ*™ are invariant to constant shifts in the absorption. If wertethe
Green’s function@ﬁx’m) evaluated using a reduced background medium absorpééﬂ'),(r) —
[n/V, which is positive under the long lifetime condition Vig, < vu{*™(r), it is then easily
verified using Eqg. (8) that

GR ™ (1,1) = G (1) -y = G (1 )] ©
Now, writing & nt’ = " n'~t)&"t” e can use Eq. (9) in Eq. (5) to show that:
t
Wh(rs,rg,r,t) = e‘r“t/ dt'WB(rs,rg,r.t'), (10)
0
whereW? is given by Eq. (3) but with the reduced absorption GreermefionsGy" .

The form of the weight function in Eq. (10) allows the fluoresce signal to be expressed as
a multi-exponential sum, analogous to fluorescence lieiimmaging [18] (FLIM):

UF(rS;rd7t> = zAn(rS7rdat)e_rnt7 (11)
n
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Fig. 1. Simulations to elucidate the diffuse and pure fluorescent decagareents in the

diffuse fluorescence temporal response, and to demonstrate tha@cthe time domain

fluorescence model presented in Eq. (11) in the text. The medium watiite slab

of thickness 2cm (left panel) and 10cm (right panel), with optical pritgeuy = " =

10/cm p¥ = pf" = 0.1/cm The fluorescence signal was calculated for a single source

detector pair, with a small fluorescent inclusion at the center. The sigiallated using

the conventional approach in Egs.(1-2), (+ symbol) is compared wathctidculated using

an effective-absorption based model, viz., Egs. (11-12) (solickbiae). The convolved

medium diffusion A(t) (dotted blue line) and asymptotic fluorescence decay (dashed red

line) are also delineated for both cases.

where the decay amplitudég depend on time, in addition to the source and detector loasiti
The amplitudes define a linear inversion problem for thedywiktributions of each lifetime
component:

t
An(rs,rg,t) = /d3r [/o dt'WB(rs,rq,r.t")| nn(r). (12)

For fluorophores with lifetimes comparable to optical diffun time scales in biological media
(= nanoseconds)\(t) has a non-trivial time evolution that is determined by theesand
optical properties of the imaging medium. In Figure 1, thmpgeral evolution ofA(t) is shown
for infinite slabs of thicknesses 2cm and 10cm, with a singie® fluorophore inclusion of 1ns
lifetime embedded at the center of the slab. Furthermoeenét fluorescence signal calculated
using Egs. (3) and (11-12) is compared with the fluoresceigremlscomputed directly using
Egs. (1-2), to confirm the accuracy of the effective absorptnodel in Eq. (10). The above
equations are also applicable to phosphorescence sigoaisdiffuse media [16], where the
lifetimes (=microseconds) are very large compared to the diffusion sicades. In this scenario,
A(t) can be approximated as a step function in time.

Asymptotic limit: From Eq. (10), it is clear that the weight function for eadatime com-
ponent is an average over a timef the background sensitivity function®. Let 1o denote
the timescale for the evolution @2, which will depend on absorption, scattering and medium
boundaries (see section 2.1 below). For 1p, the average ovenS will then become time
independent and reduce to a CW sensitivity function, whiehdenote byW,. We are thus
lead to asymptotic lifetime-based tomography, which wasvdd previously using complex
integration (see Egs. (3) and (4) in Reference 13):

lim Wh(rs,rg,r,t) — e W (rg,rg,r). (13)
t>1p
Therefore, Eqgs. (11-12) along with Eq. (3) constitute a Thegalization of asymptotic
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lifetime-based tomography, that includes the early argyphotons in addition to the asymp-
totic decay portion corresponding to the late arriving fesament photons. Note from Fig. 1 that
the amplitude of the asymptotic fluorescence decay (showastsed red lines) equals the long
time value ofA(t), which is related to the CW sensitivity functio.

The results presented in this section can be summarizedleasgoWith the lifetimes cal-
culated from the asymptotic decay of the TD signal, Eq. (&) be used to reconstruct the
yield distribution for each lifetime using TD data. Since tamplitude for each lifetime is in
general time dependent and cannot be separated, the membiest is performed directly on the
measured data:

Ul | [ - Wt an+.1(tk) Mn(r)

- , 14
UL () CWiten) Wity || mea® 4

where for simplicity of notation we have dropped the sowtetector co-ordinates and have
instead used a single superscripto denote measurement index that labels each source-
detector (S-D) pair. For times longer tha), the decay amplitude becomes time-independent,
so that the amplitude for each lifetime component can bevered asymptotically using multi-
exponential fits. These amplitudes constitute a derived skit (inverse Laplace transform) for
the inversion of the yield distributions:

j Yvi
Anit .0 Wpg o Nn+1(r)

The key difference between Egs. (14) and (15) is that the pstio weight function in Eq. (15)
is block diagonal, whereas the TD weight function in Eq. (kd}¥ off-diagonal terms. Thus,
the direct TD reconstruction will be characterized by digantly more cross-talk between the
lifetime distributions than the asymptotic reconstruatiét least two questions immediately
arise, related to the practical application of the abovaltesFirstly, what is the optimal choice
of time points for the TD reconstruction using Eq. (14)? Selty what are the relative merits

of the direct TD and asymptotic approaches? We will addiesset questions in Sections 3 and
4,

2.1. Conditions for asymptotic recovery of intrinsic fluphore lifetimes

A basis for the theoretical work presented in this paper ésdinect estimation of the intrin-
sic fluorophore lifetimes from the decay of TD fluorescengmais. There are two different
time scales involved in determining whether fluorophoretiihes are revealed in the meas-
ured decay on the surface of the turbid medium. First is th@nsic absorption time scale
Ta = (Vila) "1, Which is the asymptotic decay time of the diffuse tempoeaponse (DTR) at
the excitation wavelength, in the limit of homogenous serfirite media [24]. Second is the
asymptotic decay timep, of the DTR from a finite sized imaging medium, which incluties
effect of boundaries. It is known that the presence of boriegaeduces the decay time [24,25],
so thatrp < 14. Since the DFTR is a convolution of the fluorescence decdy i DTR, two
scenarios emerge for a lifetime based analysis of TD fluereszdata from diffuse media:

e Strong condition: 1, > T4. Sincety > Tp, this guarantees that lifetimes can be measured
asymptotically, irrespective of tissue optical proper@ed medium boundaries. Further-
more, the multi-exponential model presented in Egs. (1)lislalid.

#75807 - $15.00 USD Received 6 October 2006; revised 27 November 2006; accepted 29 November 2006
(C) 2006 OSA 11 December 2006 / Vol. 14, No. 25/ OPTICS EXPRESS 12261



* Weak condition: 74 > 1, > Tp. Lifetimes can still be measured asymptotically, but the
reduced absorption model in Eq. (10) is no longer valid. Tlrargeneral expression
for the weight function, viz., Eq. (5), should instead bedut® both the direct TD and
asymptotic reconstructions.

The strong condition is easily satisfied for nanosecontirife fluorophores in biomedical ap-
plications 1, > 0.1cm ! corresponds ta@, < 0.5n9). In applications with small volumes as in
small animal imaging [12], with thicknesses of a few cm, theal condition is almost always
satisfied. [A numerical evaluation @f for a range of tissue optical properties can be found in
Reference 13.] Note that for heterogenous media, it is knthahthe decay time is relatively
constant on the measurement surface [25], so that we cahaisgdrage, or bulk absorption in
the medium to defing,, in evaluating the above conditions. The above two simgksrdictate
the condition for measuring intrinsic lifetimes from swdafluorescence decays for arbitrary
diffuse imaging media. Note that tleeragedecay time on the surface might itself change due
to factors that affect the amplitude of individual lifetimemponents (e.g., thickness of autoflu-
orescence layers [31]), but the point is that individuadtlihes can still be recovered through
multi-exponential fits, under the above conditions.

3. Singular value analysis of the time domain weight functia

In this section, we will present an optimization study of thenber and location of time points
for a direct TD reconstruction. The general optimizationsotirce-detector (S-D) pairs and
time points is a complex multi-dimensional problem sincehe&-D pair could ideally be as-
sociated with a different time gate. It is, however, reastm#o view the temporal points and
S-D arrangements as independent dimensions in the optiarizaince for biomedical imaging
applications, the length scales involved are not too largkthe correspondingly small varia-
tions in the temporal response along the measurement swéecbe assumed not to affect the
results in a significant way. Therefore, in this paper, wesater a fixed S-D geometry and
focus on optimizing the temporal measurements for fluor@gcenography. The optimization
of S-D configuration has been discussed in previous work€¥urfluorescence [29] and non-
fluorescent [30] tomography, using a singular value decaitipa (SVD) analysis. Here, we
will apply SVD to the TD weight matrix\, defined in Eq. (10) for optimization of the time
points within the DFTR. SVD of a matriW, yields the three orthogonal matricés,SandV,
defined as W, = USV'. The columns ofJ andV represent the measurement space and im-
age space modes, and the diagonal m&ix singular values determines the extent to which
these modes are coupled [29, 30]. The number of singulaesalbove a pre-determined noise
threshold is directly related to image resolution [30].

The weight matrix as defined in Eq. (10) was simulated for fusiife slab medium of thick-
ness 2cm in the transmission geometry, with a S-D arrangeaseshown in Fig. 2, with 21
sources and 29 detectors arranged in a honeycomb pattetdifg 609 S-D measurement
pairs). The medium consisted of 3564 voxels of sizer® (Imm x 1mm x 2mm). The tempo-
ral points were chosen to be 288apart, corresponding to the typical minimum gate width in
time-gated detection techniques [10, 13], and spread siertime range ofiés To begin with,
consider performing tomography using Eq. 14 with all S-Drpand a single time point. What
is the location for this time point for an optimal reconstion? To answer this question, the
singular value spectra fok}, evaluated at various time points were calculated. The fieetsp
with the highest values are plotted in Fig 3(a), and the nurobsingular valuesNg, above
a chosen noise threshold of 19 is plotted in the inset of Fig. 3(b). It is seen that the spec-
trum for the time gate near the peak has the highest numbéngilar values above the noise
threshold. It is noteworthy that the slope of the singuldn@apectrum is lowest for the earliest
time, and increases for later times. This could be attribtibethe narrower spatial sensitivity
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Fig. 2. Measurement geometry and arrangement of sourcesdtjetactors (o) used for the
simulations. The medium was assumed to be a diffusive slab of thicknessT2e targets
used in the tomographic reconstructions are shown as gray shadsd(@jeshows the top-
down view and laterally separated (perpendicular to the source-detedtdrtargets and
(b) shows the side view, and targets located axially, i.e., along the sdateetor axis.

profile sampled by the early arriving photons. However, tighér signal level (and the best
SNR, in the presence of shot noise) near the peak of the DFERomes the faster decay of
the spectrum, resulting in a largdy near the peak. We thus conclude that tomography with a
single time gate is optimally performed with a time point nttee peak of the DFTR. Note the
linearity of Ny in the exponential decay region (red curve in the inset of3fi)). This could

be attributed to the fact that the SVD spectra are also appeigly exponential, as evident
from the log plot in Fig. 3(a), so that the intercept of didgéBfixed noise threshold depends
linearly on time.

Next, SVD was performed on the weight matrix calculated fibipassible pairs of time
points, and the pair of time points with the highest numbesionfular valuesNy, was deter-
mined. It turns out that one of the time points was again neapeak of the DFTR and the
other was located near the rise portion of the DFTR. In theesaay, the location antl, for
multiple combinations of time points were determined. Igufe 3(b),Ny is plotted as a func-
tion of the number of time points used. It seen that the pragual increase ifNg diminishes
rapidly after the first 3 or 4 temporal measurements. Alsovshia the inset in Fig 3(b) are the
first five optimal time points on a representative DFTR on tlndage, which are located near
the initial portion of the DFTR before the beginning of theoflescence decay. It was deter-
mined that additional time points were located near the ypoation of the DFTR and added
little to Ng.

While the exact location of the optimal time points might valightly depending on the spe-
cific medium geometry, S-D arrangement and the location®htterogeneity, it is generally
clear from the results in Fig. 3 that the most useful time {®of the DFTR for a direct TD
reconstruction are located near the rise and peak porfldns result is consistent with Eq. 13,
which shows that the weight function is asymptotically éaized into a spatial and temporal
component so that multiple time points in the decay regienradundant for tomography. In
other words, a brute force direct TD approachmdg ideal for tomography with the long time
decay data. (When the lifetimes are widely separated, theeshiived components may be
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Fig. 3. (a) Singular value spectra of the TD weight mathix [Eq. (10)] evaluated for a
single temporal measurement. The time point for which the individuatspare plotted
are indicated as vertical lines in the inset, along with a representative D) Rlum-

ber of useful singular value$|s, as a function of the number of time points used in the
weight matrixW,. The weight matrix was optimized separately for each combination of
time points. The noise threshold for evaluatiNg was 10 1* (horizontal dotted line in
panel (a)). The inset shows the optimal location of the five most signtficae points on

the DFTR (filled circles) along witN for a single-time weight matrix as a function of the
chosen time point along the DFTR (dashed line, right Y-axis).

suppressed by reconstructing later delays [16].) Instéedasymptotic approach based on a
derived data type, viz., the inverse laplace transform, (ineilti-exponential fit) is more appro-
priate. In the next section, we will perform tomographicamstructions with simulated data
using realistic noise levels to more quantitatively stugy imaging performance of the direct
TD and asymptotic approaches.

4. Tomography using direct TD and asymptotic approaches

The results presented so far in the paper suggest that timaiddluorescence tomography
can be comprehensively performed in three simple step©§igin theintrinsic fluorescence
lifetime(s) and the corresponding decay amplitude(s) floenasymptotic tail. (2) Reconstruct
the individual yield distributions for each decay companesing the decay amplitudes for all
S-D pairs. (3) Reconstruct the yield distributions for ebifgltime component using a few time
points near the rise and the peak of the DFTR. These thres stepce the computational
complexity involved in a brute-force reconstruction of ylatemporal data set, while retaining
the most complete information possible from a TD experiment

The question immediately arises as to the relative perfoomaf the direct TD and asymp-
totic approaches. To address this, tomography was pertbonesimulated noisy data. The
simulations employed the same slab geometry used in the $Mysas above, with two flu-
orescent inclusions positioned symmetrically with respedhe medium geometry and S-D
arrangement (Fig. 2) to remove any intrinsic bias due to thiatpspread function. The for-
ward data was simulated with a shot noise model, which isagheristic of photon counting
detection schemes, for three laterally placed inclusibits @(a)) with center-to-center separa-
tions of 7mm, 5mm and 3mm. Also considered was the case wheitadlusions had non-zero
axial separation of 4mm, with zero lateral separation (E{#y)). The inclusions had distinct
lifetimes of 1ns and 1.5ns. The regularization was carrigdising a Moore-Penrose inversion
algorithm, using the pre-calculated SVD matriddsSV of the weight matridA,. Denoting
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Fig. 4. Plot of the contrast-to-noise ratio (CNR) vs full-width-half-maxm@EWHM)

for reconstructions using CW (solid black), optimal direct TD using 4 tnsagnificant
time points near the rise and peak of the DFTR (red), and the asymptoticaapp(blue
circles). The cross talk for the 1ns inclusion, viz., the false yield ampliaaitiee location of
the 1ns lifetime component due the 1.5ns component is also shown fBbt{red dash-dot
line) and asymptotic (blue dashed line) cases. The simulations used tharer@ant setup
shown in Fig 2, with two 2mmfluorescent targets 7mm apart, having distinct lifetimes of
1ns and 1.5ns.

the measurement vector yand the image b¥, the inversion takes the following typical form
for under-determined problenYs= W, X:

X=VgS+arl) Ty (16)

wherea = max{diag/\WW,)} and the regularization parameteris typically between 10°
and 10°3. Three different reconstructions were performed, nan@\y, direct TD, and asymp-
totic. The CW reconstructions were performed using the fimegrated TD data. The direct
TD reconstructions used Eq. (14) with a set of 4 time pointshenrising edge of the DFTR,
following the SVD analysis results of Fig. 3. The asymptdtiz reconstruction was performed
using the amplitudes obtained from a multi-exponentialysigof the decay portion in Eq. 15.
The sensitivity of the reconstructed images to measuremeise was quantified by sim-
ulating 100 data sets with noise for each S-D pair and time.gdtie contrast-to-noise ratio
(CNR), and the full-width-half maximum (FWHM) were then callated as a function of.
The CNR is estimated as the ratio of the peak image intensigyregion of interest surround-
ing the known location of the inclusion, to the mean standbadation of the voxels in that
region. The FWHM was estimated as the cube-root of the totainve of the voxels within
half the peak intensity. In addition, for the lifetime basdd and asymptotic reconstructions,
which provide separate yield reconstructiapsand 2 for the 1ns and 1.5ns lifetimes, the
cross-talk X was estimated to quantify the separabilityheftivo inclusions based on lifetimes.
If Q; denotes a chosen region-of-interest around the knownidocat the 1ns inclusion, then
XIS = maxin,(Q1)]/maxni(Q1)]. The yield cross talk for the 1.5ns component was similarly
evaluated. The CNR vs FWHM plot is shown in Fig. 4 for the 1natiihe inclusion, for the
case with 7mm lateral separation between the inclusionis clear that the TD reconstruction
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Fig. 5. X-Z slices of the 3-D Reconstructions of two targets with separatibrisim, 5mm
and 3mm, and with lifetimes of 1ns and 1.5ns, located transverse to thex$sPusing
CW (a-c), direct TD (d-f) and asymptotic (g-i) data sets. The measemé geometry used
is shown in Fig. 2. The true location of the inclusions (2fin each case is indicated by
the gray shaded area. The reconstructions were regularized sa¢coghiCNR) is near
unity for all the cases. The images were generated by setting the redesamdapmponents
of the RGB colormap to be the scaled yield reconstructions for the 1ns.&nd lifetime
components, respectively. This way, the cross-talk between the twpaents is easily
visualized as mixture of the two colors (thus, yellow indicates 100% cro$s@ilantita-
tive plots of the yield along the X axis, at the fixed depth of the inclusionslarers for
separations of 7mm (j), 5mm (k) and 3mm (l) (CW - black line; direct TDs,ddashed-dot
red and 1.5ns, dashed-dot green; asymptotic - 1ns, solid red &mg] $olid green.)
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Fig. 6. Reconstructions for targets located axially, i.e., along the S-Dasshown in Fig.
2(b). The X-Z slice of the 3-D reconstructions are shown for (a) C)\Mifetime-based
direct TD and (c) lifetime-based asymptotic reconstructions. The calpisoheme used is
the same as in Fig. 5. (d) shows quantitative plots of the yield along the defioh the
fixed X location of the inclusions. (CW - black line; direct TD - 1ns, dastetred and
1.5ns, dashed-dot green; asymptotic - 1ns, solid red and 1.3iasgszen.)

shows a dramatic improvement in the CNR and FWHM over the agytmpeconstruction, and
an improvement over the resolution of the CW case. The CNRadugment is evidently due to
the better SNR of the peak portion of the DFTR compared to sgenptotic tail. The FWHM
improvement of the TD over CW is due to the tomographic sejmaraf the yield distributions
for the lifetime components. Thus, for fixed CNR, the lifetirnased TD reconstruction will
have superior resolution compared to the asymptotic and &wnstructions. However, the
cross-talk, (which is the reconstructed amplitude of tf4.inclusion at the location of the
1ns inclusion) is significantly higher for TD than the asyotjut case, and is attributable to the
non-diagonal nature of the TD portion of the forward problentq. (14). We note that the
crosstalk for the asymptotic approach will depend on theusdplity of the lifetimes from the
multi-exponential fits of raw experimental data, an aspeat Wwill be explored in future work.

The effect of the crosstalk can be more clearly seen in thenstucted tomographic im-
ages shown in Fig. 5, where the X-Z slices of the 3-D reconsbms for all three data sets
and separations are displayed. Also shown are the ploteofigihd at a fixed depth (Z) where
the yield is maximum. It should be noted that the regulaidred was not identical for all the
reconstructions but was rather determined by the conditiatiog;o(CNR) was near 1. This
is necessary to properly account for the difference in theencharacteristics of the different
methods. (For example, CW has the best SNR, and should thitrebeast regularized.) To
visualize crosstalk easily, the yield images for the 1ns hbas components for the TD and
asymptotic approaches were assigned red and green colars RGB colormap of a single
image. The degree of crosstalk is thus revealed as a mixfutese two colors (e.g., yellow
implies 100% crosstalk). Thus, CW reconstructions havefatirhe information so that they
are shaded in yellow. It is clear from Fig. 5 that the TD red¢aurttion has superior resolution
but significantly more cross-talk than the asymptotic retarctions, as can also be seen in
the intensity plots in the bottom panel. For small targetasations, the cross talk of the TD
method proves detrimental to its accuracy, whereas the [@syim case recovers the localiza-
tions accurately even for 3mm separation. Thus it can betBatidhe direct TD approach using
optimal time points provides more precise (better-res)lveconstructions, and is useful when
the targets are well separated, whereas the asymptotinseaotions are more accurate but
less precise (less-resolved). In Figure 6, the reconsngare shown with the targets located
axially, i.e., along the S-D axis. The advantage of theiliietbased asymptotic reconstruction
is even more evident in this case, as the localizations ofwdifetimes are not reproduced
either for the CW or the direct TD reconstructions.
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Fig. 7. lllustration of the enhancement of direct TD reconstructions iptesence of life-
time contrast. The colormap scheme used is direct and reflects the estaaktructed
yield, in contrast to that used in Figs (5) and (6). (a) Yield reconstrustiith two in-
clusions separated by 7mm, with both having the same lifetime of 1ns aodyeld
reconstructions for inclusions with distinct lifetimes of 1ns and 1.5ns1{D)plot of the
reconstructed yield along the X axis at the actual depth of the inclusionapftifetime
contrast (black) and with the inclusions having 1ns (red) and 1.5eefytifetimes. (e)
Dependence of cross talk for the direct TD reconstructions on the tietime. The two
inclusions had a fixed lifetime separation of 0.5ns, while the mean lifetimevesasd
between 0.75ns and 3.25ns.

Although characterized by cross-talk, the presence dirfie contrast enhances the images
reconstructed using direct TD data. To delineate this effiearly, Fig. 7 shows a comparison
of the reconstructions of the two laterally placed targetisigi the direct TD approach, with
and without lifetime contrast between the targets. Thecefié lifetime contrast on the direct
TD reconstruction is clearly seen as a significant redudtiche point-spread-function of the
reconstructed yield distributions for the two lifetimesf €éurse, this effect will depend on
the difference between the fluorophore lifetimes and thiskf propagation timep, which
is near 0.4ns for the present simulation. (correspondingate- 0.1). As the mean lifetime
becomes much larger tham, the cross talk will also increase, diminishing the sepiitab
of the corresponding yield distributions. This is due to thet that the elements of the first
row of the TD weight matrix in Eq. (14) are almost identicat fbe early time points, when
T, >> Tp. To study this quantitatively, the simulations in Fig. 7 énd (c) were repeated for a
range of mean lifetimes, with fixed lifetime separation & and the crosstalk was estimated
for each case. In Fig. 7(e), the cross talk of the direct TDr@ggh is plotted as a function of
the mean lifetime of the inclusions, indicating the largega of lifetimes for which direct TD
reconstructions can benefit from lifetime contrast.

5. Conclusions

We have presented a theoretical formalism for TD fluorese¢mmography with turbid media
that allows a lifetime-based reconstruction of yield diattions using the entire TD data. Be-
sides providing a comprehensive understanding of TD fleerese signals from diffuse media,
a key advance of this work from the previously presented asgtic lifetime based tomog-
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raphy is an algorithm for lifetime based tomographic sefi@mausing the peak and rise por-
tions of the temporal diffuse fluorescence response. Thedlism is generally valid provided

the intrinsic fluorescence lifetimes are revealed in thg lttme decay, a condition well satis-
fied [11-13] given the typical optical response times ofudi#f tissue and fluorophore lifetimes
used in molecular imaging. This is important since the messaverage lifetime on the sur-
face can by itself provide useful diagnostic informatiofthaut the need for tomography. This
shows the potential for lifetime sensing in diagnostic imggand extends the application of
this work to a wide range of biomedical imaging problems.

The results presented here can be viewed as an inevitaldeqoence of the long lifetime
condition: The longer lived fluorescence decay effectiwapvolves over the intrinsic diffuse
material response, resulting in a decay tail that is sepdiatspace and time. This implies that
for tomography with the long time data, a direct use of midtipme points in the decay portion
is redundant. The optimal approach is to perform tomograjsiryg the amplitudes recovered
from multi-exponential fits. This result was shown to be déstent with a SVD analysis of the
time-dependent Born weight functions, which showed thatdptimal time points to use in a
direct TD reconstruction are located near the peak and ag@ps of the DFTR.

Tomographic reconstructions with simulated noisy data edsealed the relative merits of
optimized direct TD and the asymptotic approaches. It wasddhat the direct TD and asymp-
totic approaches yield complementary information: Thevgsiptic approach provides superior
localization ability due to minimal cross-talk between thmages for multiple lifetimes, while
the optimal direct TD reconstructions yield better resolutiue to superior SNR near the peak
of the DFTR. Thus, when no lifetime contrast is present inntteglium, the direct TD analysis
should be the method of choice. For targets located alon§+beaxis, it was shown that the
asymptotic analysis is superior to both direct TD and CWsrahility to accurately localize the
targets, provided they have different lifetimes. Axialbchted targets could occur for example
in small animal brain imaging, where transillumination nisythe preferred geometry when
depth resolution along the various brain regions is desired

The simulations presented here considered two distiretirtie inclusions placed both lat-
eral and axial to the measurement axis. Although simpliitis example has highlighted key
aspects of TD fluorescence tomography with lifetime contiest can potentially be extended
to more complicated spatial distributions of lifetimesisitvork is also based on the assump-
tion that lifetimes present in the medium are few and disgret at least can be described as
sharp distributions centered around a mean lifetime. Imtbee general case when lifetimes
are broadly distributed, a numerical inverse Laplace foanscan be used to recover ampli-
tude distributions [26]. The simulation analysis preseritere was not meant to optimize for
any particular TD detection technique (e.g., wide-fieldeiigated, time correlated detection
schemes), but was rather an attempt to explore the infoomatntent in a TD signal and to
provide a recipe for an optimal approach for TD fluorescenogography with turbid media.
The purpose of the numerical simulations was also not to maagtement about the abso-
lute resolution achievable by TD methods. This quantity baroptimized using better S-D
arrangement and adjusting actual experimental conditioeed, sub-mm resolution has re-
cently been demonstrated using CW measurements [3]. Suchipgtion will enhance the
resolution of all three approaches viz., CW, direct TD angrgstotic, so that the main results
obtained here will not be affected.

In future work, we will attempt to extend the formalism deygtd here to a hybrid model that
incorporates both the direct TD and the asymptotic appremtiio a single inverse problem in
a self-consistent fashion. This hybrid TD-asymptotic aagh is expected to provide optimal
localization and resolution. It should be reiterated tH#toaigh a diffusive slab model was
assumed for the simulations, the formalism developed hanereadily incorporate Green'’s
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functions calculated as solutions of either the diffusiontransport equations, as appropriate,
for heterogenous media with complex boundaries. We areswtlyrengaged in applying the
formalism developed here to imaging complex shaped mouaetpims and mouse models of
disease.

Optical molecular imaging can immensely benefit from the akéiochemical reporter
probes that are not merely disease specific, but also prepielefic molecular signatures such
as spectral and lifetime shifts that help isolate the diséemm background tissue [2]. The
unique advantages of time domain technology as explorgusmtork strongly motivates the
development of fluorescent contrast agents that exhilgjetapecific lifetime shift upon bind-
ing. We also hope that this work will provide useful guideknfor biological imaging using
time domain fluorescence tomography.
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