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A reconstruction method guided by early-photon fluorescence yield tomography is proposed for time-domain
fluorescence lifetime tomography (FLT) in this study. The method employs the early-arriving photons to
reconstruct a fluorescence yield map, which is utilized as a priori information to reconstruct the FLT via all
the photons along the temporal-point spread functions. Phantom experiments demonstrate that, compared with
the method using all the photons for reconstruction of fluorescence yield and lifetime maps, the proposed method
can achieve higher spatial resolution and reduced crosstalk between different targets without sacrificing the
quantification accuracy of lifetime and contrast between heterogeneous targets.
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The fluorescence imaging technique is widely used in bio-
logical research[1]. As a macroscopically imaging technique,
fluorescence molecular tomography (FMT) has great po-
tential in the early diagnosis of disease, etc[2]. Many meth-
ods have been developed to improve the reconstruction
quality[3] and reduce the computational cost of FMT[4].
The fluorescent targets embedded in biological tissue
can be described by fluorescence yield and fluorescence life-
time. Fluorescence yield can be acquired by continuous-
wave mode FMT, frequency-domain mode FMT, or
time-domain (TD) mode FMT, while fluorescence lifetime
can be obtained by the latter two modes. For specific kinds
of fluorochromes, fluorescence lifetime is environmentally
sensitive. In other words, it is easily influenced by tissue
oxygenation, temperature, and so on[5]. So, fluorescence
lifetime tomography (FLT) can expand and optimize the
application of FMT. For example, FLT can help observe
fluorescence response energy transfer in vivo[6].
As a particular strategy of TD FMT, the time-gate tech-

nique using early-arriving photons which undergo few scat-
tering events has been validated to provide a high spatial
resolution in the reconstruction of fluorescence density[7,8].
In recent years, more and more studies on fluorescence

lifetime imaging have been performed. With fluorescence
lifetime as a known feature of the measured dataset, the
yields of multitudinous lifetime components can be ob-
tained[9], and high special resolution and lifetime contrast
are achieved for closely located targets[10]. For FLT, Lap-
lace transform[11,12] and Fourier transform[13] are utilized to
obtain the lifetime of fluorescent targets deep in a turbid
medium, and the key point is to reduce the complexity
brought by temporal convolution. Recently, our group
proposed a direct reconstruction method for TD FLT
(DFLT for short) via a nonlinear optimized fitting pro-
cedure[14]. In the DFLT method, the fluorescence yield

map, reconstructed by a method similar to that used in
the continuous-wave mode, is employed as a priori infor-
mation, and L1 (L1 norm, which denotes the sum of the
absolute value of each element of a vector) regularization
is employed to obtain the fluorescence lifetime map. The
DFLT method provides high localization accuracy for
fluorescent targets, high quantification accuracy for fluo-
rescence lifetime, and good contrast between targets that
are not very closely located. However, the crosstalk be-
tween targets is non-negligible, and for targets embedded
more closely, the quantification accuracy and contrast are
reduced.

Considering the benefits of the time-gate technique, an
early-photon guided reconstruction method for TD FLT
(EPFLT for short) is proposed in this Letter. This method
employs the reconstruction results of fluorescence yield
from early-arriving photons to achieve a higher spatial res-
olution, and utilizes all the measurement data to fit the
lifetime for the targets on the early-photon yield map.
By using this method, the crosstalk between the different
targets is significantly reduced without sacrificing the high
quantification accuracy and good contrast, even for the
more closely located targets.

The telegraph equation is used to describe photon
propagation for both excitation light and emitted fluores-
cence[15],

DðrÞ
c2

∂Φ2
x;mðr; tÞ
∂t

þ 1
c
ð3DðrÞμa þ 1Þ∂Φx;mðr; tÞ

∂t
þ μaΦx;mðr; tÞ−∇· ½DðrÞ∇Φx;mðr; tÞ� ¼ sx;mðr; tÞ; (1)

where Φx;mðr; tÞ denotes the excitation and emission
photon density at location r and time t, DðrÞ is the
diffusion coefficient defined by DðrÞ ¼ 1∕ð3ðμa þ μ0sÞÞ,
μa is the absorption coefficient, and μ0s is the reduced

COL 14(7), 071702(2016) CHINESE OPTICS LETTERS July 10, 2016

1671-7694/2016/071702(5) 071702-1 © 2016 Chinese Optics Letters

http://dx.doi.org/10.3788/COL201614.071702
http://dx.doi.org/10.3788/COL201614.071702


scattering coefficient. The source term for excitation is
sxðr; tÞ ¼ δðr − rs; tÞ, while the source term for emission
is smðr; tÞ ¼ Φxðr; tÞ � expð−t∕τðrÞÞηðrÞ∕τðrÞ, where �
stands for the temporal convolution operator.
The fluorescence signal Φm measured at a detect point

rd for an excitation source at point rs, referred to as the
temporal-point spread function (TPSF), can be written as

�
Φmðrd ; rs; tÞ ¼

R
Ω wðr; rd ; rs; tÞ � exp

�
− t

τðrÞ
�

ηðrÞ
τðrÞ d

3r

wðr; rd ; rs; tÞ ¼ Gmðr; rd ; tÞ �Φxðrs; r; tÞ
;

ð2Þ

where wðr; rd ; rs; tÞ is the weight matrix, and Gmðr; rd ; tÞ
is the Green’s function of the emission light.
In order to solve Eq. (1), the Galerkin finite element

method (FEM) is utilized to obtain the temporal recursion
matrix equation, while an implicit finite difference
scheme[16] is adopted to approximate the time derivatives.
Then the imaging domain is discretized into a three-
dimensional (3D) mesh with Nv (Nv ¼ Nx × Ny × Nz ,
where Nx , Ny, and Nz denote the number of elements
along the x axis, y axis, and z axis, respectively) nodes
with a volume of each voxel of the grid ΔV , and the time
sequence is discretized by a time interval Δt.
A fluorescence yield map reconstructed from the early-

arriving photons is needed first. As early-arriving photons
offer poor lifetime sensitivity[11], the lifetime τðrÞ is set to
be a constant τ0 invariant with r to obtain the yield map.
The preset constant τ0 is obtained from the late-arriving
(i.e., declining) part of the measured TPSFs by least-
squares approximation. By employing the Born normali-
zation method[17], the forward problem for the time-gate
technique is written as

(
Φmðrd ; rs; tgateÞ ¼

R
Ω Wnðr; rd ; rs; tgateÞηðrÞd3r

Wnðr; rd ; rs; tgateÞ ¼
½wðr;rd ;rs ;tÞ � expð−t∕τ0Þ�t¼tgate

Φx ðrs ;r;tgateÞ
: ð3Þ

To obtain a reasonable solution, the Tikhonov regulari-
zation is usually adopted to acquire the optimization
function[3]:

Rη ¼ arg min
η≥0

‖WneRη−Φme‖22 þ λ‖Iη‖22; (4)

where RηðrÞ is the early-photon based yield map to be
reconstructed, λ is the regularization parameter, and I
is an identity matrix. The optimization problem is solved
by the projected restarted conjugate gradient normal
residual algorithm[3].
The reconstructed yield map RηðrÞ is then utilized as

a priori information for the reconstruction of FLT. To
reduce the influence of the preset lifetime τ0 and to make
use of the early-photon based yield map, both sides of the
first equation in Eq. (2) are integrated with respect to t,
resulting in the following equation:

Z
t

0
Φmðrd ; rs; tÞdt

¼
Z
Ω
W ðr; rd ; rs; tÞηðrÞd3r

−

Z
Ω
wðr; rd ; rs; tÞ � expð−tΓðrÞÞηðrÞd3r; (5)

where W ðr; rd ; rs; tÞ is the time integration of
wðr; rd ; rs; tÞ, and the lifetime τðrÞ is replaced by the in-
verse lifetime ΓðrÞ (ΓðrÞ ¼ 1∕τðrÞ) to avoid dealing with
the singularity of the zero points in the lifetime image.

By replacing the fluorescence yield ηðrÞ with the
yield map RηðrÞ which has been reconstructed from
the early-arriving photons, replacing the expressionR
t
0 Φmðrd ; rs; tÞdt with the symbol Ym, and replacing
the expression

R
Ω W ðr; rd ; rs; tÞηðrÞd3r with the symbol

Rϕm, Eq. (5) can be modified to

Rϕmðrd ; rs; tÞ− Ymðrd ; rs; tÞ

¼
Z
Ω
wðr; rd ; rs; tÞ � expð−tΓðrÞÞRηðrÞd3r; (6)

where Rϕm can be calculated directly, and Ym is the mea-
surement data. To ensure that the left side of Eq. (6) is
non-negative (Rϕmðrd ; rs; tÞ ≥ Ymðrd ; rs; tÞ), the cumula-
tive TPSF YmðtÞ for each source-detector pair is
normalized by the maximum value of RϕmðtÞ, i.e.,
RϕmðtÞjt ¼ tend, and the normalization is carried out
according to the following equation:

Ymðrd ; rs; tÞ ¼ Ymðrd ; rs; tÞ∕Ymðrd ; rs; tendÞ
× Rϕmðrd ; rs; tendÞ: (7)

After that, the relationship between the rearranged
measurement sequence and the inverse lifetime can be
simplified as the following nonlinear matrix equation:

RΦ ¼ f ðΓÞ: (8)

Because the source number is S , the detector number
isD, and the length of the time sequence discretized by the
time interval Δt is T , the rearranged measurement vectors
RΦ has S × D × T elements, the discretized weight
matrix W has S ×D × T rows and Nv columns, and the
length of the yield map Rη reconstructed from the early-
photons is RΦ. The ith (1 ≤ i ≤ S ×D × T) element of
RΦ is given by

RΦi ¼ f ðΓÞi

¼
XNv

n¼1

ΔVRηðnÞ½wðn; di ; si ; tÞ � expð−t · ΓðnÞÞ�t¼ti :

(9)

As∇RΦ is the gradient matrix ofRΦ, the ith element of
∇RΦ is shown as,
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∇RΦi ¼
XNv

n¼1

ΔVRηðnÞ

× ΓðnÞ½wðn; di ; si ; tÞ � expð−t · ΓðnÞÞ�t¼ti : (10)

The optimization function is generated to obtain the
stable solution:

Γ ¼ arg min
Γ>0

�
‖f ðΓÞ− RΦ‖22 þ α

�������������������
‖Γ‖22 þ β

q �
; (11)

where α is the regularization parameter, and β is the
positive smooth parameter.
Similar to the DFLT method, the optimization function

is solved by a back-tacking linear search based nonlinear
conjugate gradient method[18].
In summary, the proposed EPFLT method can be

implemented by four steps. First, a preset of the lifetime
τ0 is obtained with a least-squares approximation from the
late-arriving photons. Second, assuming that the lifetime
has the same value τðrÞ ¼ τ0 for all locations r in the
imaging domain, the yield map RηðrÞ is reconstructed
from the early-arriving photons. Third, the modified
measured sequenceRϕm is calculated and normalized with
the yield map RηðrÞ and the integrated weight matrix
W ðr; rd ; rs; tÞ to obtain the rearranged forward problem
for lifetime reconstruction. Finally, a nonlinear optimiza-
tion function of the inverse problem is obtained to recon-
struct the inverse lifetime map ΓðrÞ, from which the
lifetime τðrÞ is calculated.
Themeasurements are acquired on a fiber-coupled, time-

correlated single-photon-counting (TCSPC)basedTDsys-
tem, schematically depicted inFig. 1. The excitation source
is an ultrafast laser generated by a femtosecond laser
generator (Spectra-Physics, Newport Corporation, Irvine,
CA, USA) working at the wavelength of 775 nm. A cylin-
drical phantom with an inner diameter of 28 mm is filled
with a 1% intralipid solution and is fixed on a rotation
stage. The transmitted light, referred to as the TPSF,
passes through a fluoresence filter (840� 6 nm bandpass,
ff01-840/12-25, Semrock, USA) and is detected by amulti–
anode photomultiplier (PMT) (PML-16-C, Becker &Hickl
GmbH,Germany) via fibers coupled to a hollow cylindrical

fiber coupler and a 16 × 1 switch. When the stage rotates,
the phantom moves together while the fiber coupler and
fibers keep still. Then the detected TPSF is processed by
the TCSPC module (SPC-150, Becker & Hickl GmbH,
Germany). For each source-detector pair, the acquisition
time is 10 s and about 1 × 106 photons are collected.

As the fluorescent targets, two cylindrical tubes (4 mm
in diameter and 8 mm in height) filled with the solution of
indocyanine green (ICG) are embedded in the phantom.
During the experiments, the phantom is rotated over
360° in 20° increments, so the measurement data consist
of 18 projections (S ¼ 18). For each projection, there are
11 detection points (D ¼ 11), and the interval of each two
is set to 20°, so that the field of view of detection is 220°.

The time-gate for the early-photon is chosen to be
600 ps to hold the advantage of the early-photon tech-
nique and reduce the influence of noise. The regularization
parameter is chosen to be 1 × 10−2 for early-photon based
reconstruction and 1 × 10−19 for lifetime reconstruction.
Both regularization parameters are chosen experientially
and generally fit to the L-curve[19]. The length of the
time sequence for reconstruction is 100 (T ¼ 100) with
an interval of 50 ps.

Four experiments (Expts. 1–4) are carried out to vali-
date the proposed method. In the first two experiments,
the edge-to-edge distance (EED) between the two homo-
geneous targets (Expt. 1) or heterogeneous targets
(Expt. 2) is 9 mm. In the second two experiments, the
EED between the two homogeneous targets (Expt. 3) or
heterogeneous targets (Expt. 4) is 5 mm. In the homo-
geneous experiments, both cylindrical tubes are filled
with 10 μmol/L of solution of ICG/dimethyl sulphoxide
(ICG/DMSO), which has been measured to be 0.97 ns
in the lifetime[20]. In the heterogeneous experiments, one
tube is filled with 10 μmol/L of solution of ICG/DMSO,
and the other one is filled with 10 μmol/L of solution
of ICG/absolute alcohol (ICG/ALC), which has been
measured to be 0.62 ns in the lifetime[20]. The approximate
lifetimes τ0 for the early-photon yield reconstruction of the
four experiments are 1.74, 2.21, 1.97, and 2.09 ns,
respectively.

Figure 2 shows the inverse lifetimes ΓðrÞ of Expt. 1 and
2 (EED ¼ 9 mm) reconstructed by the EPFLT method
and the DFLT method, respectively. The peak values of
the two fluorescent targets are regarded as the recon-
structed inverse lifetimes (Γ1 and Γ2). The lifetimes of the
two targets τn are calculated as τn ¼ 1∕Γn (n ¼ 1, 2).

The inverse lifetime maps of Expts. 3 and 4 (EED ¼
5 mm) reconstructed by the EPFLT method and the
DFLT method are shown in Fig. 3, respectively.

Figures 2 and 3 demonstrate that the EPFLT method
provides a higher spatial resolution than the DFLT
method.

The profiles along the dashed–dotted lines in Figs. 2
and 3 demonstrate qualitatively the performance of the
EPFLT and DFLT methods in spatial resolution and
localization accuracy, as shown in Fig. 4.Fig. 1. Schematic of the measurement system.
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With τrec denoting the reconstructed lifetime, τreal de-
noting the real lifetime, and τcross denoting the value of
the crosstalk between the two targets, the relative error
(RE, RE ¼ jτrec − τrealj∕τreal × 100%) of the reconstructed
lifetime and the real lifetime, the relative difference (RD,
RD ¼ jτrec1 − τrec2j∕minfτrec1; τrec2g× 100%) of lifetimes
between the two targets, and the relative crosstalk
(RC, RC ¼ Γcross∕minfΓrec1;Γrec2g× 100%) value be-
tween the two targets are used to quantitatively evaluate
the performance of the different methods. The contrast-to-
noise ratio (CNR, CNR ¼ ðΓT − ΓBÞ∕ðwTσ

2
T þ wTσ

2
BÞ1∕2)

is also used to evaluate the quality of the reconstructed
image[21], where ΓT and ΓB denote the mean values in the
regions of the fluorescence targets and the background, wT

and wB are weighting factors determined by the relative
volumes of the corresponding regions, and σ2T and σ2B
are the variances in the regions of the fluorescence targets
and the background, respectively. The evaluation results
are shown in Tables 1 and 2.

Table 1 compares the lifetimes and the Res obtained by
the EPFLT and DFLT methods. τEP denotes the lifetime
reconstructed by the EPFLTmethod, and τD denotes that
by the DFLT method. REEP and RED denote the Res by
the EPFLT and DFLT methods, respectively. All the
Res of lifetime reconstructed by the EPFLT method are
below 15% (REEP). The DFLT method provides high

Fig. 2. Reconstruction results of (a) and (b) Expt. 1 and (c) and
(d) Expt. 2. (a) and (c) denote the inverse lifetime maps obtained
by the EPFLT method, while (b) and (d) denote those obtained
by the DFLTmethod. The red and green circles denote the phan-
tom border and the position of fluorescence targets, respectively.

Fig. 3. Reconstruction results of (a) and (b) Expt. 3 and (c) and
(d) Expt. 4. (a) and (c) denote the inverse lifetime maps obtained
by the EPFLT method, while (b) and (d) denote those obtained
by the DFLTmethod. The red and green circles denote the phan-
tom border and the position of fluorescence targets, respectively.

Fig. 4. Profiles along the dashed-dotted lines in Figs. 2 and 3 for
(a) Expt. 1, (b) Expt. 2, (c) Expt. 3, and (d) Expt. 4. The red
lines denote the real inverse lifetime profiles, while the blue and
green lines denote the inverse lifetime results obtained by the
EPFLT and DFLT methods, respectively.

Table 1. Comparison of Fluorescence Lifetimes and
Relative Errors by the EPFLT and DLFT Methods

Expt. Solvent
τEP
(ns)

τD
(ns)

Real
lifetime
(ns)

REEP
(%)

RED
(%)

1 DMSO 0.874 1.068 0.97 9.9 10.1

DMSO 0.942 1.037 0.97 2.9 6.9

2 DMSO 0.827 0.843 0.97 14.7 13.1

ALC 0.652 0.640 0.62 5.2 3.2

3 DMSO 1.022 1.019 0.97 5.4 5.0

DMSO 0.998 0.993 0.97 2.9 2.4

4 DMSO 0.902 1.067 0.97 7.0 10.0

ALC 0.672 0.853 0.62 8.4 37.5
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quantification accuracy in the fluorescence lifetime for
homogeneous targets (Expts. 1 and 3) and heterogeneous
targets with an EED of 9 mm (Expt. 2), but fails in
obtaining accurate reconstruction for heterogeneous tar-
gets with an EED of 5 mm (Expt. 4).
The quantitative results of CNR, RD, and RC are

shown in Table 2, where Real RD denotes the RD of
the real lifetime. The targets reconstructed by the EPFLT
method can be separated without crosstalks (RC ¼ 0).
However, the crosstalks of the DFLT results are non-
negligible because of the high RC values. According to
the values of RD, the EPFLT and DFLTmethod performs
well in terms of quantification accuracy and contrast of
target with a different fluorescence lifetime for experi-
ments with an EED of 9 mm (Expts. 1 and 2). For hetero-
geneous targets with a smaller EED (Expt. 4), the EPFLT
method can still provide accurate quantification of the
fluorescence lifetime, while the DFLT has larger REs.
Comparing the two methods, the variation of CNR is
consistent with that of the resolution, which demon-
strates that the EPFLT method can provide a higher
reconstruction quality.
In conclusion, an early-photon guided reconstruction

method is proposed for TD FLT in this Letter. The pro-
posed method benefits from the early-photon technique,
which can offer a higher spatial resolution yield map for
FLT and has an advantage in the location accuracy. To
reduce the influence of approximate lifetime, the inverse
problem is transformed by integration and normalization.
Results of the phantom experiments demonstrate that
the proposed method can provide accurate quantification
of lifetime, relatively high localization accuracy, good
contrast in lifetime, and improved spatial resolution com-
pared to the DFLT method. However, although early-
arriving photons can offer higher spatial resolution and
localization accuracy, they are very small in amount

and are easily disturbed by the system noise, especially
when the fluorescent targets are very deeply embedded.
As a result, there is noise along the border in the recon-
structed maps. In the future, a more effective early-gate
technique and a system with low noise will be developed
to improve the results.
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