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ABSTRACT 

Quantum dots (QDs) are widely used in fluorescence tomography due to its unique advantages. Despite the very high 
quantum efficiency of the QDs, low fluorescent signal and autofluorescence are the most fundamental limitations in 
optical data acquisition. These limitations are particularly detrimental to image reconstruction for animal imaging, e.g., 
free-space in vivo fluorescence tomography. In animals studies, fluorescent emission from exogenous fluorescent probes 
(e.g. QDs) cannot be effectively differentiated from endogenous broad-spectral substances (mostly proteins) using 
optical filters. In addition, a barrow-band fluorescent filter blocks the majority of the fluorescent light and thus makes 
signal acquisition very inefficient. We made use of the long fluorescent lifetime of the QDs to reject the optical signal 
due to the excitation light pulse, and therefore eliminated the need for a fluorescent filter during acquisition. Fluorescent 
emission from the QDs was excited with an ultrafast pulsed laser, and was detected using a time-gated image intensifier. 
A tissue-simulating imaging phantom was used to validate the proposed method. Compared to the standard acquisition 
method that uses a narrow-band fluorescent filter, the proposed method is significantly more efficient in data acquisition 
(by a factor of >10 in terms of fluorescent signal intensity) and demonstrated reduction in autofluorescence. No 
additional imaging artifact was observed in the tomographic reconstruction. 
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1. INTRODUCTION 
Fluorescence tomography is a powerful imaging technology for studying biological processes in live organisms by 
means of interrogating intrinsic or extrinsic biomarkers. With the rapid development of new optical molecular probes, 
targeted fluorescence tomography becomes feasible in small animal in vivo imaging [1-3]. Using this imaging 
technology, a particular hypothesis for a given disease model can be noninvasively verified in live animals [4-6]. 

Among the conjugatable fluorescent markers, quantum dots (QDs) are excellent candidates for in vivo fluorescence 
tomography. QDs are semiconductor nano-crystals that have discrete energy transitions due to their three-dimensional 
confinement of electrons and holes. Compared to organic fluorophores, QDs have very unique photo-physical properties, 
such as high quantum efficiency, broad excitation spectrum, high photostability, long fluorescent lifetime, conjugatable 
to a broad variety of molecules, and a narrow emission spectrum tunable by particle size and composition [7, 8]. These 
properties make QDs a favorable choice for biomedical imaging, particularly for in vivo molecular imaging [9-11]. 

Due to the limited number of receptors for highly specific molecular probes, the amount of detectable fluorescent signal 
emitted from deep tissue is typically very low. In addition, although autofluorescence is relatively low in the near 
infrared spectrum compared to visible and ultraviolet, the very broad emission spectra of autofluorescence makes it 
ineffective to separate low fluorescent signals directly using optical filters. Several research groups have reported new 
methods using other contrast mechanisms, such as the spectral and temporal properties of the fluorophores, particularly 
multispectral and time-resolved methods [5, 12, 13]. These methods typically either require scanning the emission 
spectra (multispectral method) or the temporal response (time-resolved method) of the animal in addition to spatial 
scanning. As a result, the required data acquisition time is significantly prolonged due to the additional dimension of 
measurement. In addition, because the signal-to-noise ratios (SNR) of the measurements are reduced as a direct 
consequence of the narrowed acquisition bandwidth (either spectral or temporal), further increment of the acquisition 
time is typically required. 

Fluorescent contrast can also be created based on the differences in the temporal dynamics of the excitation and the 
emission light, using a pulsed light source and time-gated photodetector. The concept of using time-gating to suppress 
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autofluorescence in fluorescence measurements has been previously reported in 2D imaging of QDs in liquid samples, 
cells, or subcutaneous tumors in mice, in which fluorescent filters were still necessary [14-17]. We extended this time-
gated acquisition technique to 3D fluorescence tomography, which exploits not only the temporal characteristics of the 
fluorescent signals, but also that of the excitation light pulse, in order to more efficiently distinguish the fluorophore 
from its background environment. We used tissue-simulating imaging phantoms to demonstrate the proposed method. 
Near infrared light-emitting QDs were used as the fluorophore because of their unique advantages for biomedical 
imaging. Using the proposed acquisition method, the need for a fluorescent filter was eliminated. 

 

2. METHODS 
2.1 Time-gated acquisition 

In time-resolved measurements, the fluorophore is excited by a pulse of light and emits fluorescent light. The temporal 
response of fluorescent emission is dictated by the relaxation rate of the molecules from the excited state to the ground 
state. If the relaxation rate is proportional to the population of excited molecules 

 ( )/dN N dtτ= −   
the temporal response of a fluorophore excited by a short (instantaneous) excitation pulse is a mono-exponential 
function, and takes the form of 

 ( ) ( )0 0exp / exps s t s Rtτ= − = −   
where N is the population of excited molecules, s0 is the initial fluorescent signal intensity, t is the time-delay relative to 
onset of the excitation pulse, τ is the lifetime constant, and R = 1/τ is the relaxation rate of fluorescent emission. In a 
simplified model of a fluorescence measurement, in which the noise due to the photodetector and ambient/stray light are 
neglected, the optical signal acquired by the photodetector (S) is the sum of fluorescence (s1) and autofluorescence (s2) 

 ( ) ( )1 2 10 1 20 2exp expS s s s R t s R t= + = − + −   
If the fluorescent contrast is defined as the fluorescence-to-autofluorescence ratio (FAR), one has 

 ( )101
2 1

2 20

expssFAR t R R
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= = −⎡ ⎤⎣ ⎦   

For a given fluorophore and imaging condition, s10 and s20 are constant because autofluorescence is dictated by the 
excitation wavelength. If the fluorophore (e.g., QDs) has a longer lifetime constant than that of background tissue 
(τ1>τ2), one has R1<R2. As a result, the FAR is exponentially amplified with increasing time-delay. 

The excitation pulse impinges on the interface, undergoes scattering while traveling within the medium, and emerges as 
a broadened version of its original waveform. The characteristic of the broadening is described by the temporal point 
spread function. In the context of small animal imaging, the width of the broadened pulse is significantly shorter than the 
lifetime constants of QDs [18]. Therefore, if the time-delay of the optical acquisition is adjusted long enough, the 
contributions of the excitation light pulse and autofluorescence can be sufficiently suppressed to a point where the 
fluorescent signal can be acquired without a fluorescent filter. Because of the entire emission spectrum contributes to the 
fluorescent signal, the detection efficiency is significantly improved. In addition, due to the increased FAR, the 
fluorescent contrast can also be improved. 

2.2 Experimental setup 

The optical imaging platform consists of an ultrafast pulsed titanium:sapphire (Ti:sapphire) laser, an intensified charge-
coupled devices (ICCD) camera, a galvanometer-based dual-axis optical scanner, and an animal rotation stage. The 
imaging platform was controlled using the LabVIEW (version 8.6, National Instruments, Austin, TX) program 
developed in our lab. A diagram of the imaging platform and its dataflow is shown in Fig. 1. The laser and the ICCD 
camera are positioned for transillumination measurement. The overall configuration is similar to the one described 
previously [19], except the extension of capability from the continuous-wave (CW) to the time-resolved measurements. 
Such extension was achieved by replacement of the CW diode laser with the Ti:sapphire ultrafast pulsed laser and 
addition of the image intensifier in front of the CCD camera.  
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The Ti:sapphire laser (Chameleon Ultra, Coherent, Santa Clara, CA) produces a train of light pulses with a pulse width 
of 140 fs and a repetition rate of 80 MHz, and has a spectral tuning range of 690 to 1040 nm. In this study, we tuned the 
wavelength of the laser to 690 nm. The average power of the laser beam was attenuated to 50 mW before it enters the 
imaging enclosure. 

The control scheme of the imaging platform was also upgraded to accommodate time-resolved acquisition. A photodiode 
in the laser system samples its optical output and generates an electrical synchronization signal. This synchronization 
signal was used as the clock to control the timing between the laser and the ICCD camera. 

Two imaging phantoms were used in this study—a thin rectangular container (100×100×15 mm) and a long cylindrical 
container (22×120 mm), both filled with a liquid mixture of Intralipid (Fresenius Kabi, Bad Homburg, Germany) and 
India ink (off-the-shelf) in water. The optical properties of the liquid phantom at the excitation and the emission 
wavelengths are shown in Table 1. The fluorophore was polymer-coated QDs (Qtracker 800, Invitrogen, Carlsbad, CA) 
that have a fluorescent emission spectrum centered at 785 nm. The concentration of the QDs was 50 nM in de-ionized 
water. A QD inclusion was formed by injecting the QD solution in a small quartz sphere, which has an inner diameter of 
3 mm. This QD inclusion was suspended at the center inside the imaging phantoms using a thin and long acrylic rod. 

Table 1. Optical properties of the phantom. 

λ (nm) μa (mm-1) μ′s (mm-1) g n 
690 0.0079 1.62 0 1.37 
785 0.0104 1.13 0 1.37 

 

The study was divided into two experiments. In the first experiment, the rectangular phantom was used to characterize 
the temporal responses of the ICCD camera to the laser, the phantom, and the fluorescent inclusion. In addition, a 
euthanized nude mouse was used to demonstrate the similarity of the phantom and actual animal tissue. The temporal 
response of the ICCD camera was obtained by varying the time-delay between the optical acquisition and the reference 
synchronization signal. The width of the time-gates was 300 ps with a step size of 100 ps. In these time-resolved 
measurements, the laser firstly illuminated a glass diffuser (Thorlabs, Newton, NJ); secondly the imaging phantom 
without the QD inclusion; and finally the complete phantom. Acquisition of each of the time-series measurements was 
divided into several segments, each with appropriate intensifier gain to accommodate the limited dynamic range of the 
ICCD camera, 4095 due to a 12-bit analog/digital converter. Each segment had overlapping time points with its adjacent 
segments to allow equalization of gain after data acquisition. 

To validate the proposed acquisition method, the impinging location of the laser on the phantom was about 10 mm away 
from the location of the QD inclusion, so that the patterns of excitation and emission would be sufficiently different. The 
same configuration was used for both of the time-gated and the fluorescent filter-based acquisition. In the time-gated 
acquisition, the gate width was 1 ns with a delay of 8 ns. Note that a 750-nm long-pass filter was used to block the 
temporal residual light between laser pulses. In acquisition using a fluorescent filter (785-nm central wavelength with 
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Fig. 1. Diagram of the time-resolved 
fluorescence tomography system. 
The light source (galvo-scanner) and 
the photodetector (ICCD camera) are 
arranged in a transillumination 
configuration with respect to the 
animal, which is vertically suspended 
on the rotation stage. The electrical 
synchronization signal from the 
pulsed laser is fed to the computer, 
where the ICCD controller is 
situated, via the time-delay unit. The 
components within the gray-colored 
area are enclosed by a light-tight 
imaging enclosure. 
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10-nm pass-band), the gate width was 1 ns without delay. Other parameters were identical for both acquisitions. The 
schematic of acquisition timing is illustrated in Fig. 2. 

In the second experiment, the cylindrical phantom was used to 
demonstrate the proposed acquisition method under a relatively 
realistic condition for small animal fluorescence tomography. 
The QD inclusion was positioned at the center of the phantom. 
The phantom was mounted on the rotation stage, which changes 
the acquisition angle to allow full-angle sampling (in 20 angular 
steps). For each acquisition angle, 15 source positions were 
used, which were evenly distributed in a 3×5 grid with step sizes 
of 2.5 mm (horizontally) and 3.5 mm (vertically). The same 
parameters for the time-gate and the intensifier gain used in the 
previous experiment were applied during fluorescence 
measurements. The CCD integration time (100 ms) was the 
same in both the time-gated and the filter-based methods. The 
excitation data was measured without the fluorescent filter and 
using a gate width of 1 ns without delay. 

2.3 Image reconstruction 

The forward problem for image reconstruction was solved using our parallel Monte Carlo software. Because of the 
widely separated excitation and the emission wavelengths (690 and 785 nm, respectively), the differences in optical 
properties for the excitation and the emission light have to be taken into account. The sensitivity matrix was obtained by 
explicitly computing the photon affluence rates for the sources (at the excitation wavelength) and the detectors (at the 
emission wavelength). For each simulation, 10 million simulated photons were used. The regularized inverse problem 
solver was the same as the one previously published, which used a conjugate gradient algorithm to minimize a three-term 
cost function that penalizes data fidelity, data size, and smoothness [20]. The same regularization parameters were used 
for both the time-gating and filter-based datasets. The voxel size was (0.19 mm)3 for the forward problem solver, and 
(0.75 mm)3 for the inverse problem solver. For each acquisition angle and each source position, 20 detector positions 
were used, which were evenly distributed on a 4×5 grid with step sizes of 3 mm horizontally and 4 mm vertically. 

 

3. RESULTS AND DISCUSSION 
The temporal responses of the ICCD camera to the ultrafast pulsed laser (glass diffuser), the nude mouse cadaver, the 
rectangular imaging phantom (without QD), and the QD inclusion (immersed in the phantom) were measured using a 
series of time-delays ranging from 0 to 12.5 ns (inverse of the laser repetition rate), Fig. 3. Note that these temporal 
responses were in fact spatial-temporal convolutions of the temporal response of the ICCD camera and the measured 
physical phenomena, as well as the spatial-temporal point spread function of the light waves within the medium. Because 
the goal was to qualitatively analyze these physical phenomena, and also because the gate-width was relatively narrow 
(300 ps) compared to the temporal scale that are interesting to this study (on the order of nanoseconds), the overall trends 
of the curves are treated the same as the actual temporal response in our analysis throughout this article unless otherwise 
specified.  

Comparing the temporal responses of the QDs and the imaging phantom in Fig. 3, it is evident that the relative signal 
intensity of the QDs to that of the background (imaging phantom) increases as the time-delay increases. Note that the 
inter-pulse interval is 12.5 ns for the Ti:sapphire laser. It can be inferred from the curve of the phantom that the laser 
pulse arrives the photodetector at approximately 3000 ps, where the curve has an abrupt upward turn, which is consistent 
with the peak position of the laser (glass diffuser) response. The delay of approximately 1 ns between the laser and the 
phantom responses was due to the strong scattering within the phantom. In fact, it is well known that the amount of time-
delay of a transmitted pulse is a good measure of average scattering of a bulk medium. 

Fig. 2. Illustration of temporal responses of signals due 
to fluorescent and autofluorescent emissions in time-

Time 
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By examining the temporal 
responses of the QDs and the 
imaging phantom, we chose a 
time-delay of 8 ns (from the 
arrival of the laser pulse) for the 
2D time-gated acquisition. Fig. 4 
is the comparison of 2D 
fluorescent measurements of the 
imaging phantom with QD 
inclusion using the time-gated 
and the filter-based acquisition 
methods. The bright-field image 
in Fig. 4(a) was obtained without 
filling the container with liquid 
phantom, which showed the 
exact position of the QD 
inclusions, as well as the 
impinging and exiting positions of the laser on the walls of the container. The image shown in Fig. 4(b) is the excitation 
light pattern, which was acquired without time-delay (but with a 750-nm long-pass filter in place to block residual light 
between laser pulses), which co-localized well with the impinging position of the laser. The fluorescent emission light 
patterns were acquired using the time-gated and filter-based methods with otherwise identical acquisition parameters, 
Figs. 4(c) and (d), respectively, which co-localizes with the position of the QD inclusion, i.e., the glass sphere in Fig. 
4(a). The identical structure and position of the fluorescent patterns shown in Figs. 4(c) and (d) validated the 
effectiveness of the proposed acquisition method. Note that in the two fluorescent measurements, other acquisition 
parameters were identical: gate width of 1 ns, CCD integration time of 100 ms, and the intensifier voltage of 800 v. The 
signal intensity shown in the figures were in arbitrary unit. 

In Fig. 4(e), line profiles of fluorescent images were plotted along a horizontal line passing the projection center of the 
QD inclusion, shown as white dashed broken lines in Figs. 4(c) and (d). Note that the fluorescent image acquired using 
the time-gated method produced significantly higher signal intensity (relative intensity of the two profiles measured 11.5 
at the peaks). Because the signal intensity is linearly related to integration time of the ICCD camera, this increase in 
fluorescent signal intensity can be translated to a reduction of integration time by the same factor. It is well known that 
fluorescence tomography is limited by the amount of detectable fluorescent light. An increase of detection efficiency by 
a factor of >10 will dramatically improve image quality and enable more preclinical imaging applications. 

Note that in a true continuous wave (CW) measurement, the photodetector (such as a CCD camera) is on continuously, 
and acquires more photons than a time-gated detector. Therefore, the true performance of a filter-based method, which 
more likely uses CW measurement, is better than the one demonstrated in Fig. 4(d). In this study, the majority of the 
photons, calculated 56% according to the QD curve in Fig. 3, are detected because the acquisition window was set at the 
peak of the fluorescent emission. 

The performance of the proposed method in terms of autofluorescence suppression is shown in Fig. 4(f), where the line 
profiles of the excitation, and the two emission patters are plotted along the horizontal line passing the center of the 
excitation pattern, green dotted broken lines in Figs. 4(b-d). The line profiles of the two fluorescent patterns are identical 
on the right side of the curves. On the left side, however, the fluorescent pattern acquired using the filter-based method is 
consistently broader than using the time-gated method. Additional filter-based measurement using a band-pass filter with 
the same central wavelength but a broader pass-band and a significantly better stop-band rejection produced similar 
fluorescent line profiles (data not shown). This indicates that the broadening of the fluorescent line profile was due to 
autofluorescence rather than transmission of the excitation light (due to finite optical density of the fluorescent filter). 

Tomographical reconstructions were performed on the fluorescent data acquired using the two methods. The two datasets 
produced almost identical results, both of which accurately reconstructed the position of the QD inclusion. The axial 
slices taken at the height of the QD inclusion are shown in Fig. 5 (results normalized to unity). The profiles along the 
horizontal line passing the center are also almost identical. The ability of the proposed method to produce the same 
artifact-free result as the standard method further validated the effectiveness of this proposed method. 

Fig. 3. Temporal responses 
of the ICCD camera 
(normalized to unity) to the 
ultrafast pulsed laser, a nude 
mouse, the liquid phantom 
(without the QD inclusion), 
and the QD inclusion 
immerged in the liquid 
phantom. The time-resolved 
acquisitions were performed 
using a gate width of 200 ps 
and a step size of 100 ps. 
Note the dramatic increment 
of relative intensities of the 
QDs vs. that of the liquid 
phantom or the nude mouse 
as the time-delay increases. 
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Admittedly, the absolute signal intensity decrease with increased time-delay, which can be largely compensated by a 
number of acquisition techniques (such as more intense excitation light, longer integration time, and higher gain of the 
image intensifier). Under most circumstances in fluorescence tomography, the benefits of higher contrast outweigh the 
lower signal intensity.  

Fig. 4. Comparisons of 2D fluorescent measurements of QD inclusion in the rectangular phantom using the 
time-gated and ordinary BPF-based acquisition methods. (a) Bright-field image of the empty rectangular 
container shows the location of the QD inclusion and the impinging/exiting positions (bright spots to the 
left of the QD inclusion) of the laser on the rectangular phantom. (b) Excitation light pattern acquired 
without time-delay, which co-localized well with the impinging point of the laser on the phantom. (c) 
Fluorescent emission pattern acquired using the time-gated method with a time-delay of 8 ns, which co-
localized well with the location of the QD inclusion, i.e., the sphere shown in (a). (d) Fluorescent emission 
pattern acquired using a 785/10 nm BPF without time-delay. (e) Comparison of the fluorescent signal 
intensities along the dashed (white) lines in (c) and (d), red and blue, respectively, showed a ratio of 11.5 at 
the maxima of the curves. (f) Comparison of the signal intensities (smoothed and normalized) along the 
dotted (green) lines in (b-d), in which the filter-based signal appears broader than the time-gated on the left 
half of their profiles, indicating that the excitation light contributes less in the time-gated acquisition than 
that using a band-pass filter. 
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Previous 2D imaging studies of QDs in liquid samples, cells, or subcutaneous tumors in animals have consistently shown 
that time-gating can effectively suppress autofluorescence [14-17]. In this study, liquid phantoms were used to 
demonstrate the proposed time-gated acquisition method for tomographic reconstruction. Because of the temporal 
responses of the phantom and nude mouse cadaver have similar characteristics, shown in Fig. 3, the proposed time-gated 
acquisition method has the potential to also produce favorable results in animal experiments in future in vivo studies. 

 

4. CONCLUSIONS 
We proposed a time-gated acquisition method for fluorescence tomography, which exploited the difference of temporal 
characteristics of the fluorophore (QDs in this study) and the background (tissue-simulating imaging phantom). Using 
this time-gated acquisition method, the need for band-pass fluorescent filter is eliminated. An immediate advantage of 
the proposed method was that the entire emission spectrum contributes to the fluorescent signal and thus significantly 
increased the efficiency of detection, a factor of 11.5 compared to using a typical 10-nm pass-band fluorescent filter. In 
addition, this technique enables the use of nonstandard (e.g., lab-developed) or modified QDs that may not have 
matching filters available. Another advantage that makes the proposed technique attractive is its potential to suppress 
autofluorescence in animal experiments, which limits sensitivity in fluorescence tomography. 
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