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Fluorescence Lifetime Imaging System for In Vivo Studies
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Abstract

In this article, a fluorescence lifetime imaging system for small animals is presented. Data were collected by scanning a region of
interest with a measurement head, a linear fiber array with fixed separations between a single source fiber and several detection
fibers. The goal was to localize tumors and monitor their progression using specific fluorescent markers. We chose a near-infrared
contrast agent, Alexa Fluor 750 (Invitrogen Corp., Carlsbad, CA). Preliminary results show that the fluorescence lifetime for this dye
was sensitive to the immediate environment of the fluorophore (in particular, pH), making it a promising candidate for reporting
physiologic changes around a fluorophore. To quantify the intrinsic lifetime of deeply embedded fluorophores, we performed
phantom experiments to investigate the contribution of photon migration effects on observed lifetime by calculating the
fluorescence intensity decay time. A previously proposed theoretical model of migration, based on random walk theory, is also
substantiated by new experimental data. The developed experimental system has been used for in vivo mouse imaging with Alexa
Fluor 750 contrast agent conjugated to tumor-specific antibodies (trastuzumab [Herceptin]). Three-dimensional mapping of the

fluorescence lifetime indicates lower lifetime values in superficial breast cancer tumors in mice.

IME-RESOLVED  FLUORESCENCE  LIFETIME

IMAGING is a promising modality to assess the
function of major cellular components in health and
disease."” This is based on both the specificity of
fluorescence probes and the sensitivity of their emission
lifetime to the environmental characteristics. Many
fluorophores in the optical spectral range are known to
be sensitive to temperature, pH, oxygen content, nutrient
supply, and the bioenergetic status in the immediate
environment of the probe.> On the other hand, the
fluorescence lifetime is practically independent of the
concentration of the fluorescent agent and intensity of the
excitation light. The lifetime tends to remain constant even
when fivefold fluctuations in intensity occur.’ The
heterogeneity of tumor vasculature can be observed
through changes in pH and temperature.” By selecting
fluorophores with known lifetime dependence on pH and/
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or temperature, this method can be used for functional
diagnosis of malignancies and drug targeting.

Fluorescence lifetime imaging has mostly been limited
to assessing cell functions such as protein-protein inter-
actions® and probing protein or deoxyribonucleic acid
(DNA) structures’ within superficial surface layers. Data
for fluorescence lifetime imaging have been collected in
time and frequency domains.'*"?
techniques provide richer information content, especially
for short photon flight times.

The time-domain

In vivo studies of fluorescence lifetime distributions
provide a promising tool to analyze molecular level
variations in cellular functions, resulting from disease
progression. However, in the case of fluorophores deeply
embedded inside the turbid medium (eg, tissue), photon
migration effects may result in considerable differences
between intrinsic fluorescence lifetimes, directly related to
the fluorophore environment, and observed lifetimes, that
is, exponential intensity decay time. These migration
effects should be taken into account for fluorescent targets
inside turbid media at depths > 1 to 2 mm. Recently,
several research teams analyzed different approaches to
extract lifetime information.'>'* In general, the recon-
struction algorithm to estimate fluorescence lifetime in the
case of deeply embedded targets should be based on
photon migration theoretical models."> This required
accurate source and detector positions and the optical
properties of the medium as input parameters.
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The goal of this study was to develop a time-resolved
small animal molecular imaging system that uses near-
infrared contrast agents to visualize in vivo distributions of
fluorescence lifetime inside a turbid medium. The system
was used to collect data by scanning a measurement head
that consists of a linear fiber array with fixed separations
between a single source fiber and several detection fibers
over a two-dimensional region of interest (ROI). Using
several separations between the source and detectors
allowed us to probe different depths of the medium more
efficiently. We obtained experimental results from tissue-
like phantoms as well as in vivo studies of mice tumors to
validate the system for future applications of minimally
invasive functional imaging. Preliminary results suggest
that the chosen contrast agent provides reasonable
sensitivity of the fluorescence lifetime to some character-
istics of the surrounding medium, in particular, pH,
substantiating its future applications for monitoring of the
tumor physiologic status. One advantage of the developed
system—contrast agent combination was the near-infrared
spectral range of its operation, which was characterized by
lower absorption and scattering in the tissue compared
with that of more widely used visible light. As a result,
fluorophores embedded deeper in the medium become
accessible for quantitative imaging. In combination with
the forward model of photon migration, based on random

walk (RW) theory,'® the developed instrumentation can be
used to localize and reconstruct the lifetimes of deeply
embedded targets in the tissue.

In the following section, we show our experimental
setup, describing the laser source, the design of the
measurement head, scanning, and the registration system.
The first part of the Results section presents experimental
results, obtained for tissue-like phantoms, including the case
of deeply embedded small fluorophores, in which experi-
mental results can be compared with predictions of the RW
forward model of photon migration, published earlier. In
vitro studies of the chosen infrared fluorescent dye in
different environments indicate reasonable sensitivity of its
lifetime to pH, making it a promising tool to probe the
fluorophore environment. This is followed by the results of
our animal studies using a mouse model to follow the
progression of tumors by applying specific fluorescent
contrast agents (based on corresponding antibodies) and
analyzing fluorescence lifetime distributions.

Materials and Methods

A schematic diagram of the mouse imaging system is shown
in Figure 1. The major components are a tunable pulse laser
(Tsunami, Spectra Physics, Mountain View, CA) with a
pulse width of 100 fs and repetition rate of 80 MHz, a time-
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Figure 1. Schematic representation of the measurement system showing the laser source, the light delivery optical fibers, photomultiplier tube
(PMT), time-correlated single-photon counter (TCSPC), and scanning stage.
CCD = charge coupled device; CFD = constant fraction discriminator; ND = neural density.



Fluorescence Lifetime Imaging 231

correlated single-photon counter (TCSPC) (SPC-730,
Becker & Hickl, Berlin, Germany), a photomultiplier tube
(PMT) (R7422, Hamamatsu Corporation, Hamamatsu City,
Japan), a temperature-controlled scanning stage (National
Aperture, Inc., Salem, NH) with electrocardiogram and a
temperature monitoring device for small animals (Indus
Instruments, Houston, TX), and a scanning head with
source and multiple detection fibers.

A special scanning head was designed for the system. It
consisted of multimode optical fibers with diameters of 200
pm and numeric apertures of 0.4 (PCS200, Fibre Optiques
Industries, France), which were used to deliver light from an
excitation source and transmit the emitted fluorescence
signal to the detector. The fibers are arranged as a linear
array with one of the end fibers, coupled to the excitation
laser beam, used as a source fiber, whereas the other four
(detection) fibers were used to collect emitted (fluorescent)
light. The detection fibers were placed at given distances (2,
3, 4, and 5 mm) from the source fiber. From the detection
fibers, emitted light was delivered to the PMT sequentially,
using an optical switch, to measure its time-resolved
intensity. An advanced TCSPC device was used in conjunc-
tion with a high—repetition rate laser to detect individual
photons of periodic light signal. To improve the sensitivity of
the PMT, the device was calibrated by adjusting the zero
cross level and threshold of the device.'”

The imager scanned in a raster pattern over the sample
surface (eg, skin or other tissue) to produce a real-time
two-dimensional image. Samples were scanned in the x-y
directions by a step motor. A cooled charge-coupled device
camera was located on the top of the scanning stage to
guide the probe to the ROI on the surface of the medium.
The light source fiber of the scanning head provided direct
illumination of the ROI, and the fluorescence signal was
detected by the PMT through the sequential coupling of
the detection fibers by the optical switch. A lens and
motorized rotating bandpass filter were placed in front of
the PMT to measure the fluorescence signal. The output of
the PMT was preamplified, and the distribution of the
time of flight of the fluorophore was recorded by the
TCSPC. The raw data were deconvolved using the impulse
response function of the instrument, measured at the
beginning of the experiments. The lifetime of the
fluorophore was calculated from these deconvolved data.
Before the measurements, the fibers were calibrated by
injecting the same amount of light into each fiber and
estimating the transmission coefficient of the individual
detection channels. Although this calibration was not
important for individual lifetime measurements, it was
helpful to obtain intensity maps that were used for

comparison lifetime distributions and localization of the
fluorophore in turbid media. The system was controlled by
Labview software (version 8, National Instruments, Austin,
TX), and data were reconstructed using Matlab
(Mathworks, Inc., Natick, MA).

Results and Discussion

Phantom Experiments

The reproducibility of the experiments was tested by
measuring the lifetime of the fluorophore Alexa Fluor 750
(Invitrogen Corp., Carlsbad, CA), diluted with commonly
used solvents, dimethylsulfoxide (DMSO) and pure water.
In both cases, the excitation wavelength of the fluorophore
was 750 nm, and the emission maximum was at the
wavelength of 790 nm. Measurements were performed by
placing the solutions sequentially on a mirror to exclude
diffuse reflection and photon migration -effects. To
calculate the lifetime, the trailing edges of the curves were
best fitted with a single exponential decay. The lifetime
measurements were repeated five times under the same
conditions at room temperature (22 = 2°C). The lifetime
values of Alexa Fluor 750 strongly depended on the
solvents and were found to be 1.19 * 0.007 ns in DMSO
and 0.61 = 0.006 ns in pure water. The estimate in pure
water was close to the nominal value of 0.7 ns published by
the manufacturer (Invitrogen Corp.).

Meanwhile, it was known that if the amplitude of the
fluorescent signal was within a factor of 5 of the
then the measured fluorescence lifetime
distributions are practically insensitive to variations in
the fluorophore concentration. This made lifetime a well-
suited parameter to report both the presence of the

maximum,

fluorescent agent in the medium and possible variations in
environmental factors. Images presented in Figure 2A
illustrate the weak sensitivity of lifetime to fluorescence
concentration. The images were obtained for two fluor-
escent targets on the delrin surface, differing only in the
concentration of Alexa Fluor 750 in DMSO (fourfold
difference). For comparison, Figure 2B demonstrated a
strong (close to linear) dependence of fluorescence
intensity on the probe concentration, as expected.

Our experiments showed that the effect of photon
migration on the observed lifetime is noticeable even if the
fluorescent target had been simply placed on the surface of
the tissue-like turbid medium, such as delrin. In this case,
the observed fluorescence lifetime (intensity decay time)
increased to 1.4 ns (20% increase) and 0.68 ns (10%

increase) in DMSO and water solution, respectively.
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Figure 2. Images at the delrin surface of (A) lifetime distribution and (B) intensity of different concentrations of Alexa Fluor 750 in
dimethylsulfoxide. The concentration of the fluorophore on the left side was one-quarter of the concentration on the right side. The intensity
distribution depends on the concentration of the fluorophore, but lifetime images show the presence of the fluorophore. The size of the image was

18 X 10 mm.

To assess the influence of photon migration on visible
fluorescence lifetime of deeply embedded fluorophores,
highly scattering tissue-like phantoms were created and
fluorescent targets were placed at different depths inside the
medium. The phantoms were prepared from an agarose-
based gel containing a small target (1.5 mm) of Alexa Fluor
750 in water solution. The excitation source fiber was
positioned directly above the fluorophore. Dependence of
visible fluorescence lifetime, that is, exponential decay time,
as a function of fluorophore depth is presented in Figure 3A
for two source-detector separations (2 and 5 mm).
Corresponding plots, illustrating the dependence of
observed lifetimes on the source-detector separation for
relatively deep targets, are presented in Figure 3B. As
expected, the deeper the fluorophore, the smaller the effect of
the source-detector separation. Figure 3B demonstrates this
relationship for a variety of depths. Experimental results
indicated that extraction of intrinsic lifetime values for
fluorophores deeply embedded inside the turbid medium
required an analytic model of photon migration such as the
RW model presented previously. Here we do not present
applications of this model. We limit ourselves to just one
example: comparisons of experimental data for a relatively
large fluorophore depth of 12.3 mm, where the model is
expected to be most accurate. As shown in Figure 4, this
solution agrees well with the experimental phantom data.
More detailed comparisons of the theoretical model and
experimental data, including results for shallow depths, are
presented elsewhere.

The general idea of fluorescence lifetime applications in
biomedical optics is to get information about fluorophore
surroundings (eg, pH) from variations in the observed
lifetimes. For this reason, a prospective fluorescent agent
should provide lifetime sensitivity to a corresponding

environmental factor. Our in vitro study showed that
Alexa Fluor 750, conjugated with trastuzumab (Herceptin)
(Genentech Inc., San Francisco, CA) antibody developed
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Figure 3. A, The lifetime of the fluorophore at different depths
obtained using two detection fibers with source-detector separations of
2 and 5 mm. B, The lifetime of the fluorophore with different
detection fibers at different depths is presented. Less difference
between the lifetimes is observed as the fluorophore goes deeper.
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Figure 4. The distribution of fluorophore time of flight at 12.3 mm depth.

graph showing how well the forward model fit the experimental data.

specifically to target breast cancer cells (see below), meets
this requirement. The conjugated fluorophore was placed
in different pH solutions, and measurements were
performed by placing the solutions sequentially on a
mirror to exclude diffuse reflection and photon migration
effects. To calculate lifetime, the trailing edges of the
curves were best fitted with a single exponential decay. A
preliminary in vitro study showed that the conjugated
fluorophore lifetime is likely to be sensitive to pH, as
shown in Figure 5.

Animal Studies

We started studies using mouse animal models with
superficial tumors. This study, approved by the Animal
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Figure 5. Relationship between pH and lifetime of Herceptin
conjugated with Alexa Fluor 750. In vitro studies showed that the
lifetime is likely to be sensitive to pH (# = .98).
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A, Graph comparing raw experimental data and deconvolved data; B,

Safety and Use Committee of the National Institutes of
Health (Animal Study Proposal ROB#117), was performed
with four female athymic nude mice approximately 6 to
8 weeks old. Breast cancer cells (SK-BR-3) were implanted
in the flank area of the mice. These cells express high
levels of HER2 (HER2/neu, c-ErbB2) protein, a 185 kDa
transmembrane receptor with tyrosine kinase activity
stimulating cell signaling pathways to increase cell pro-
liferation, mobility, and survival.’® Tt is known to be
overexpressed in a variety of epithelial tumors, and its
expression is associated with poor prognosis.'”* In this
study, Alexa Fluor 750 (Invitrogen Corp.) was conjugated
with Herceptin (Genentech Inc.), a HER2-specific mono-
clonal antibody presently used in clinics for targeted
therapy of HER2-overexpressing tumors.”’ The conjugate
was injected through the tail vein of mice with 6 mm
(diameter) tumors. Prior to imaging, an area of 13 X 12 mm
covering the tumor and the surrounding area including
outside the tissue was defined as the ROL
experiments were repeated on other mice.

Similar

The target molecules were excited with light at a
wavelength of 750 nm, delivered by the source fiber. The
fluorescence signals were collected sequentially by two
fibers, separated from the excitation fiber by 2 and 4 mm.
The effective probing depths of these fibers were 1 and
2 mm, respectively. The scanning head moved in a raster
pattern over the ROIL To follow the pharmacokinetics of
the contrast agent, a series of images were obtained at
different times after the injection. An example of the two-
dimensional intensity distribution of the emitted light at
20 hours after the injection is presented in Figure 6. The
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Figure 6. A, The green box shows the region of interest of 12 X 13 mm and B shows intensity distribution in the tumor area 20 hours after the
intravenous injection of Alexa Fluor 750 conjugated with Herceptin. The intensity image shows that the maximum intensity is observed in the

tumor region compared with the visual image.
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Figure 7. Distributions of (A) intensity and (B and C) three-dimensional lifetime values are observed in the tumor and adjacent areas. B
corresponds to the visualization of lifetime distributions deeper within the tissue, and C corresponds to the same distributions closer to the surface.

Higher intensities are observed in the area corresponding to the visible tumor. The lifetime values in the tumor area are lower than those in the
adjacent area.
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maximum intensity was observed in the tumor region
owing to higher concentration of specific contrast agent, as
expected. The lifetime of the conjugated fluorophore was
calculated throughout the tumor region and adjacent
tissue of the tumor by fitting the exponential decay time
from the trailing edge of time-resolved intensity distribu-
tions for each voxel and detection fiber. The intensity and
corresponding three-dimensional lifetime distribution
inside the tumor and its vicinity are shown in Figure 7.
The depth dependence of lifetime was obtained using the
above-mentioned simplifying assumption of the effective
depth of photon penetration depth for emitted photons,
reaching individual detection fibers. In the tumor area
(higher-intensity region in Figure 7A), measured lifetime
values prove to be lower than in the adjacent medium, as
expected, if the pH inside the tumor is lower than that
outside it. It is worth noting that many solid tumors
exhibit lower pH values, even as low as 5.6.> For
comparison, the pH value in normal tissue ranges from
7.2 to 7.6. Similar results were observed in other mice. The
conjugated fluorophore lifetime was found to be practi-
cally insensitive to body temperature.

Comparing the measured lifetimes with the pH curve
(see Figure 5) suggests a pH that is abnormally alkaline for
tissue samples. This can be explained by observing that the
lifetime measure was taken directly from the measured
TPSF. However, further analysis was necessary, namely, a
complete deconvolution of the instrument response as well
as a path-length adjustment. At this time, we have tissue-
like phantoms, but these are (1) homogeneous and (2) not
of the correct tissue values. If we deconvolve and modify
for path length based on the tissue-like phantoms, we
recover pHs in the tissue/tumor range. At this time, we
have not validated these measures with another technique
and would not claim that the algorithm is fully rigorous as
it implies an approximation and simplification of tissue
properties. To remain clear that these are preliminary
qualitative results, we have used raw lifetime figures to stay
outside the realistic tissue range.

Conclusions

We have designed and validated a fluorescence lifetime
imaging system and its potential applications for in vivo
studies. In combination with an adequate reconstruction
algorithm, for example, based on RW analytic formulas, '
one can obtain three-dimensional images of the fluor-
ophore concentration/lifetime distributions. Fluorescence
lifetime imaging may be applied to noninvasive animal
studies of crucial metabolic-dependent conditions, such as

pH and temperature. Combining our lifetime imaging
system with known analytic solutions for lifetime intensity
distributions can make it possible to perform time-
resolved lifetime imaging in vivo for deeply embedded
targets in highly scattering media.

We plan to improve the system by decreasing acquisition
time and increasing both temporal and spatial resolution. In
the near future, this technique will be applied to image
lifetime distributions and used to locate fluorophores not
only in superficial tumors but also those invading deeply
located tissues (eg, liver or lung). This preliminary study
showed that this system may be helpful in investigating local
environmental changes caused by malignancy inside the
body. These changes can potentially be used to detect tumors
at an early stage and to monitor/guide therapeutic
approaches based on the tumor environment.
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