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Overview

Biomedical Applications of Fluorescence Imaging
In Vivo

Moinuddin Hassan, PhD' and Brenda A. Klaunberg, VMD?*'

Optical imaging can advance knowledge of cellular biology and disease at the molecular level in vitro and, more
recently, in vivo. In vivo optical imaging has enabled real-time study to track cell movement, cell growth, and even
some cell functions. Thus, it can be used in intact animals for disease detection, sereening, diagnosis, drug develop-
ment, and treatment evaluation. This review includes a brief introduction to fluorescence imaging, fluorescent probes,
imaging devices, and in vivo applications in animal models. It also describes a quantitative fluorescence detection
method with a reconstruction algorithm for determining the location of fluorophores in tissue and addresses future

applications of in vivo fluorescence imaging.

The recent increase in animal models, driven by genetic engi-
neering, emphasizes the need for better methods to evaluate
these valuable animals. Traditional assessment typically relies
on post-mortem tissue collection and analysis at various time
points. This approach often requires large numbers of animals.
The development of specialized imaging devices such as mag-
netic resonance imaging (MRI) and computerized tomography
(CT) facilitate non-invasive visualization of internal organs,
thereby reducing the number of animals required to achieve re-
search objectives. For example, one can follow the pathophysiology
of disease in an individual animal and observe the relationship of
the lesion to the other organ systems in an intact biological sys-
tem. This attribute can lead to a better understanding of disease
processes, including detection of novel events and relationships.

MRI (68, 73) and CT (41, 64) are excellent tools for three-di-
mensional imaging. Although it is possible to perform some func-
tional analysis, these methods are somewhat limited by the size
of the imaging target in a living animal. Fluorescence reporter
genes and cell markers, in contrast, permit microscopic examina-
tion of specific molecular events such as intracellular activity,
gene expression, and cell movement or growth. Fluorescence was
used historically for in vitro studies such as cell culture assays,
cell imaging, and tissue staining, but recently it has been ex-
tended to in vivo imaging. Its application in living animals is
useful to validate in vitro data and enhance our understanding
of in vivo events. The use of fluorescence for in vivo optical imag-
ing is not only non-invasive, it provides images in “real time,”
and offers rapid data acquisition times (seconds to minutes).
While optical imaging equipment is simple and inexpensive com-
pared to MR, and most optical markers appear to be non-toxie,
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there are also unique challenges and limitations to this tech-
nique, which we will discuss. Nevertheless, in vivo fluorescence
imaging is expected to have a significant impact on animal-
based research. As the specificity of probes increase, quantifica-
tion theories improve, and three-dimensional localization becomes
more robust, the clinical application of in vivo fluorescence imag-
ing may one day enhance surgical biopsy with in vivo optical guid-
ance, thereby decreasing the probability of false-negative results.

Light and Fluorescence

Light is a form of energy in units called “photons” and results
from excitation of electrons. There are different ways to excite
electrons. Examples of light generated by thermal energy in-
clude sunlight, fire, and electric lightbulbs. Chemical reactions
can produce “cold light” such as the light of “glow sticks” and the
bioluminescence produced by fireflies and other organisms.
Light itself can excite electrons, and this is how fluorescence is
generated. The visible spectrum of photon wavelengths ranges
from 400 (violet) to 700 nm (red). Light exists at wavelengths
above (infrared) and below (ultraviolet) the visible spectrum, but
the human eye is unable to see those wavelengths.

When a fluorescence molecule (fluorophore) absorbs a photon,
electrons in its outer shell are excited and lifted from a ground
state to an excited state. Upon return to the ground state they
release energy, which is detected as fluorescence. Fluorescence is
a cyclic process, unless the fluorophore is destroyed irreversibly
in the excited state (photobleaching). The emitted photon has
less energy and consequently a longer wavelength than the ini-
tially absorbed photon, resulting in a color shift. For example,
rhodamine absorbs green light (520 to 565 nm) and emits red
light (625 to 740 nm). The wavelength of the released photon is
determined by Planck’s constant and depends on the energy re-
leased by an electron as it returns to its ground state. The emit-
ted wavelength is longer than the absorbed wavelength if single
photons are absorbed. The difference between the absorbed and
emitted wavelength is called Stokes shift. The energy difference
is absorbed as heat within the atomic lattice of the material. The
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Figure 1. A schematic diagram of a fluorescence imaging set-up.

Stokes shift and spectral bandwidth of fluorescence molecules
for in vive fluorescence imaging must be known to meet detec-
tor requirements. Flexibility in experimental design is also
needed to avoid overlapping incident and emission wavebands.
Because there may be overlapping wavelengths of the probe
and other fluorophores, we can specify a narrow emission filter
wavelength to exclude the unwanted signal. Fluorescence has
been used to study molecular interaction in cell biology (75),
physiology (33), cardiology (66), analytical chemistry (50), bio-
chemistry (72), and environmental science (51). During the past
five years, its popularity has increased greatly with the devel-
opment of new fluorescence compounds, software, detection de-
vices, and quantitative methods.

Fluorescence Imaging Technology

Four components are required for an in vivo fluorescence im-
aging system: a) a fluorescent probe, b) an excitation source, ¢) a
filter to isolate emission and excitation light, and d) a detector
that captures emitted light and produces a recordable electrical
signal or photographic image. The detector must be sensitive but
have low noise sensitivity and the ability to detect wavelengths
for a given application. The most widely used detector system is
a charge-coupled device (CCD) camera (5, 39, 40, 63). A low-noise
image is obtained by using long exposures; however, as exposure
length is increased, the effect of thermal noise begins to domi-
nate the signal. Therefore, CCD cameras are usually available
with a thermo-electric cooler. A photomultiplier tube (PMT) also
can be used as a detector (62). A PMT can measure very weak
light because it multiplies the effect of emitted light and con-
verts photons into electrical signals so that the light can be pre-
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cisely measured. A schematic diagram of a fluorescence imaging
setup is shown in Fig. 1.

Selection of an appropriate optical filter is another important
issue for fluorescence intensity detection. A filter is used to
specify the excitation and emission wavelength band. To increase
the sensitivity of a detector system, filter characteristics should
permit transmission of at least 95% of the desired fluorescence
signal. Detection sensitivity is severely affected by background
noise that may originate from unbound or nonspecifically bound
probes (reagent background) or from endogenous sources
(autofluorescence). Selecting an emission filter with a narrow
bandwidth can minimize autofluorescence or reagent back-
ground noise. The filter blocks the wavelengths outside the de-
sired range, and increases the sensitivity for overall fluorescence
intensity detection.

Fluorophores

Superior fluorescent probes are essential for successful fluo-
rescence imaging. A fluorophore is a molecule that is naturally
occurring or specially designed. A fluorophore can be used as a
probe to label cells or tissues. Probes can be designed or selected
to localize to tissues or cells or to respond to a specific stimulus.
Probes can also be used to localize proteins within a cell or to
monitor the production of a gene product (11). Probes can be
bound to an antibody for delivery to specific targets. The most
common naturally occurring fluorophore proteins emit fluores-
cent light in the green or red wavelengths. Examples include
green fluorescence protein (GFP), red fluorescence protein
(RFP), and rhodamine. Fluorophores also have been engineered
to address specific research aims by utilizing different wave-



lengths. For deep-tissue imaging, fluorophores with higher exci-
tation and emission wavelengths, especially those in the near-
infrared (NIR) region (650 to 1000 nm), have significant
advantages because they have lower scattering properties in tis-
sue and lower absorption in blood and water. The choice of
fluorophore is dependent on the application and target. The fac-
tors that influence the choice of fluorophore include availability
and stability of the probe, target tissue depth, and anatomical
location. An example of how a fluorophore can be used to target
a specific cell function is described in Bremer (7). Their model
fluoresces when a chemical bond in the fluorophore is cleaved.
Bremer also demonstrated that fluorescence occurred when the
target fluorophore underwent conformational changes after in-
teraction with a specific enzyme (8).

Green Fluorescent Protein

GFP is a naturally fluorescing protein found in a jellyfish
(Aequorea victoria) (61). Sunlight does not travel far in seawater,
so the jellyfish also contains a bioluminescence protein, called
acquorin, which produces blue light. The fluorescence protein
GF'P absorbs the blue light produced by the bioluminescence at a
wavelength of 470 nm and emits green light at a wavelength of
about 510 nm. GFP has been used to measure human tumor de-
velopment and metastasis in small-animal cancer models in-
cluding ovarian (12, 76), lung (15, 59, 77), prostate (54),
melanoma (57), pancreatic (5, 6), brain (78), and breast (52, 65)
cancer. It is also possible to use GFP in any application where
fluorescent cell labeling is desired; examples include gene ex-
pression (70), viral infection (1, 34), and embryonic development
(53). A sample image of GFP in vivo can be seen in Fig. 2. GFP
does not require a substrate to fluoresce and does not appear to
interfere with cell growth or function.

RFP from Discosoma coral has different properties than GFP
(32, 55). RFP is excited at 558 nm and has peak emission at 583
nm. RFP may become a useful tool for in vivo imaging because of
its lower scattering and absorption in the tissue at these wave-
lengths. The signal of RFP is distinct from that of GFP and is,
therefore, ideal for co-labeling of tissue.

Near-Infrared Fluorophores

NIR fluorophores can be naturally occurring (such as RFP),
but most are chemically engineered to fluoresce in the near-in-
frared ranges. The higher emission wavelengths of NIR make
them ideal for deep-tissue imaging with low tissue absorption.
NIR fluorophores have been used to track labeled cells in vivo in
cancer research. Cells can be labeled with fluorescent antibodies,
or other techniques, depending on the application (3). Applica-
tions include cancer typing, response to treatment, tracking drug
metabolism, and localizing tumors and measuring their size and
growth rate or metastasis. Cypate-mono-2-deoxy-glucose is a
NIR fluorescence contrast agent and has been used to label gly-
colysis for the localization of mouse tumors (13). Tumors gener-
ally have an increased basal metabolic rate, and glycolysis is
higher in the tumor than surrounding tissue. A dye-peptide con-
jugate, such as cyanine-peptide, is another type of NIR fluores-
cent dye chemically bound to a target molecule and has the
potential to target specific tumors, assess drug delivery, and
monitor treatment in animal models (3, 10, 69). Another kind of
fluorescence dye, indocyanine dye (Cy5.5), is widely used for fluo-
rescence imaging. Cy5.5-antibody conjugates have been used effec-

Biomedical applications of fluorescence imaging in vivo

Figure 2. GFP-expressing urogenital tumor injected subcutaneously
(arrow) in a mouse, Note the autofluorescence on the haired areas, the
hair around the tumor site was clipped. Image acquired with the IVIS
Imaging System (Xenogen Corp., Alameda, Calif.). Courtesy of Dr. James
Vasselli and Dr. W, Marston Linehan, National Cancer Institute.

tively to visualize tumors. A Cy5.5-conjugated biocompatible pro-
tected graft copolymer (PGC) has been used to investigate thera-
peutic drug development within tumor microvasculature (4).
Citrin and colleagues (16, 17) also developed a mouse model to de-
tect tumor vasculature. They labeled endostatin, a potent inhibitor
of angiogenesis, with Cy5.5 and determined that it can selectively
localize to a tumor. The data showed that endostatin—Cy5.5 local-
ized to the tumor in a dose-dependent manner, as shown in Fig. 3.

NIR fluorophores have also been used to monitor biological
processes such as thrombin activity. For example, Cy5.5 conju-
gated to a thrombin-specific oligopeptide substrate has been
used to image thrombin activity in a mouse model of experimen-
tal thrombosis (42). In a similar context, a factor XIlla-sensitive
NIR fluorescence probe has been used to image factor XIlla ac-
tivity during experimentally induced thrombosis (43). Finally,
Hansch and colleagues reported recently that antigen-induced
rheumatoid arthritis in mice can be visualized by anti-F4/80
monoclonal antibodies labeled with Cy5.5 (36).

Quantum Dots
Semiconductor quantum dots (QDs) are nanometer (1 to 10
nm)-sized crystals that have been covalently linked to
biorecognition molecules such as peptides, antibodies, nucleic
acids, or small molecules for application as fluorescence probes
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Figure 3. Imaging results from four C57BL/6 mice (16). (A) Images of a mouse implanted with Lewis lung carcinoma in a previously shorn area that
received no injection, unlabeled endostatin, or Cy5.5 alone. (B) Quantification of the average relative intensity of the endostatin-Cy5.5 signal at 18 h
(n=6),42h (n=4), and 66 h (n = 3). (C) Near-infrared images of mice that received endostatin-Cy5.5, no injection, endostatin alone, or Cy5.5 dye alone
at 18 h. (D) Near-infrared signal generated from a mouse that was injected with endostatin—-Cy5.5 at 42, 66, and 114 h. The signal peaks at 42 h but

is present at 114 h. A relative intensity profile is shown at the right.

(9, 18, 19, 45, 49, 74). Limitations of organic fluorophores in-
clude broad spectral overlap, photobleaching, and poor water
solubility. Compared with organic fluorophores, QDs have
unique optical and electronic properties, including tunable fluo-
rescence emission from the visible to infrared wavelength and
large absorption coefficients across a wide spectral range. QDs
are available in single or multicolored forms. Multicolored QDs
can have the same excitation wavelength but will fluoresce at
differént emission wavelengths. Multicolored QDs can be used
for detection of multiple molecular targets by excitation with a
single light source and detection of no or minimal spectral over-
lap. Therefore, different populations of cells are able to be im-
aged concurrently while bearing different colors (27). In
addition, QDs have sustainable brightness and photostability,
whereas organic dyes are photobleached quickly. Thus, QDs
have significant advantages for continuous, extended, real-time
imaging. QDs have hydrophilic properties, so they are soluble
in aqueous buffers and sensitive to pH changes. This makes
them useful for biological labeling of biofluids and metabolic
processes in vive (19, 35).
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Toxicity is a current disadvantage of using QDs in vivo. There
are indications that this drawback can be overcome and that
biocompatible and nontoxic-coated nanocrystals can be used sue-
cessfully for in vivo animal studies. Dubertret and colleagues
(19) used encapsulated individual nanocrystals in phospholipid
block-copolymer micelles to study the embryonic development of
Xenopus, whereas QDs with polydentate phosphine coatings
have been used effectively to localize lymph nodes in mice (47).
Recently, polyethylene glycol (PEG)-coated QDs conjugated to an
antibody against the prostrate-specific membrane antigen have
been used successfully to target image human prostate cancer in
a mouse model (28).

Limitations of Fh%?_rescence Imaging In
1vVo
The signals used for optical imaging are subject to physical
limitations inherent to light. Signals are emitted in all direc-
tions; some photons are scattered, while others are absorbed, but
only those reaching the detector are recorded. Hair can impede
this path, but clipping and depilatories may help. Pigmented



skin also may impede the signal path to the detector, s0o many
investigators use non-pigmented, hairless mice for these rea-
sons. Detection of light from deep tissues can be aided by reposi-
tioning the animal so that the site of interest is closer to the
detector. If the signal is still deep or too weak, it may be neces-
sary to employ different imaging techniques.

The signals generated during in vivo fluorescence imaging are
low compared to more common light sources such as fireflies or
flashlights. The detectors are sensitive to low-light emissions,
but it is imperative that the animal does not move during imag-
ing. Immobility can be accomplished through general anesthesia.
Fluorescence imaging is a painless procedure, but general anes-
thesia offers the best method of preventing the animal from ex-
periencing stress due to restraint. In addition, the muscle tone of
an anesthetized animal is relaxed, thus permitting optimal posi-
tioning for imaging.

Many tissues autofluoresce and may interfere with signal de-
tection, especially of a weak signal. Collagens, for example, fluo-
resce in the lower visible wavelengths. Some of the more
commonly used markers such as GFP also fluoresce within this
range (490 to 515 nm). There is no easy way to avoid
autofluorescence when imaging in vive. Some intestinal
autofluorescence may be due to dietary chlorophyll. Rodent di-
ets low in alfalfa have been shown to decrease autofluorescence.
As mentioned earlier, elipping hair may help to decrease sur-
face autofluorescence. Probes that have higher excitation and
emission wavelengths are advantageous because there is less
autofluorescence interference in the infrared ranges. Also,
there is deeper tissue penetration with wavelengths > 600
nm. New methods to overcome deep signal detection and
autofluorescence interference are being developed (28, 58).
Therefore, a tunable wavelength filter and “unmixing” of the
signal spectrum help to minimize the autofluorescence and im-
prove visualization.

Quantitative Fluorescence Imaging

Quantification of signal is useful for localizing a tumor in
three dimensions; this helps to determine the size, volume, and
depth of the lesion. The most common fluorescence imaging de-
vices record the spatial intensity distribution of fluorescence
emission qualitatively. A typical two-dimensional (2-D) image is
shown in Fig. 4. The fluorescence intensity distribution, as an
image observed at the tissue surface, is dependent on the con-
centration of the fluorophores at the site, the optical properties
of the tissue, and the location of the fluorophores. To quantify the
embedded fluorophore detected at the tissue surface, knowledge
of photon paths from within the tissue is required.

Because of the nature of optical imaging, signal quantifica-
tion and three-dimensional (3-D) image reconstruction is a
challenging task. One method that is being investigated for
quantification of optical data is tomography. With tomography,
multiple emission sources and detectors surround the region of
interest in order to collect data from multiple points. Tomo-
graphic methods have shown some promise; however, a theo-
retical approach using typical 2-D image data is an alternative,
and various theories to quantify signal have been developed
(13, 30). A robust quantitative theory of diffuse fluorescence
imaging is discussed in the following section. In addition, an
animal model to investigate the immune response to tumor, us-
ing the theory, is also presented.

Biomedical applications of fluorescence imaging in vivo
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Figure 4. A two-dimensional intensity distribution of a fluorescence
image obtained from a mouse tumor by using a SAMI system (Advance
Research Technologies, Ine., Saint-Laurent, Quebec, Canada).

Theory and 3-D Reconstruction
Algorithm

The theory of quantitative diffuse fluorescence photon migra-
tion is based on the Random Walk Theory (RWT) (2). In the RWT
model, the description of a photon path may be divided into three
parts, and each part can be desecribed by a probability. The first
part is the path from the photon source to a target, and the prob-
ability is that an incident photon will arrive at the fluorophore
site. The second part is the interaction of the photon with the
fluorophore, the probability of which depends on at least two fac-
tors. The first factor is the probability that the photon will have
a reactive encounter with the fluorophore. This probability incor-
porates the corresponding photon transit delay, which is depen-
dent on the lifetime of the fluorophore. The second factor is the
probability that the fluorophore will emit a photon. The third
part of photon path deseription is the probability that the photon
will travel from the reaction site to the detector. Each of these
parts is governed by a stochastic process.

An analytical expression was derived for continuous wave
(CW) imaging in the reflectance mode (21, 22). The probability
of detecting an emitted photon [I” (r, s)] originating at the
deeply embedded fluorophore is given by a random walk for-
mula (14, 22):
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Here, the origin of the coordinate system (0,0,0) is placed at
the entry point of the incident photon, and the coordinates of the
fluorescent site and the detector are (X, 7, 2) and (%, ¥, Z), respec-
tively. The optical parameters in this equation, i and p , are the
background’s transport-corrected scattering and absorption coeffi-
cients, respectively. The subseripts i and e stand for incident and
emitted light, respectively. Symbols ,u_w,.’ and 1, represent the opti-
cal characteristics (the transport-corrected scattering and absorp-
tion coefficients, respectively) of the fluorescent site. The quantum
efficiency, @, is the probability that an excited fluorophore will, in
fact, emit a fluorescent photon. It should be noted that for several
fluorescent sites, the detected signal can be considered as the sum
of the signals arising from individual fluorophores.

The next step in the development of the 3-D reconstruction algo-
rithm is to devise an inverse algorithm that enables one to locate
the fluorescent mass in vivo and determine its concentration. The
observed 2-D intensity distributions of the emitted light were nor-
malized to the maximum intensity measured in the mouse tumor
and used as input data for 3-D localization of the target (26).

The analysis was based on a comparison of measured {luores-
cent intensity distributions with the theoretical expression for the
probability I” (r, 8) (Eq. 1) that corresponds to the intensity distri-
bution of the light muiLLcd by a fluorophore embedded at a given
depth. Parameters, " and p_ P and the whole denominator of the
right-hand side of l"q 1 are n:}l required for the reconstruction be-
cause they determine only the scaling of the intensities.

The algorithm uses a multi-parameter curve-fitting procedure,
based on a standard Levenberg-Marquardt method (38). The 2-

D problem is reduced to 1-D using a single variable w = (x/s)n_, +

/s which characterizes the position of the pixel on the image
plane, where s is the distance between neighboring pixels and is
the number of pixels in each linear scan (e.g., n, = 512 for a

square image field of 512 x 512 pixels). The strong dependence of

the intensity distributions (given by Eq. 1) on the fluorophore
depth contributes to the robustness of the algorithm (14). This
algorithm has been tested in well-defined phantoms (24).

Animal Model of Quantitative
Fluorescence Imaging
To validate the reconstruction algorithm, Gannot and col-
leagues developed a model in tumor-bearing mice that demon-
strated accurate 3-D reconstruction of a fluorescence signal
originating from a depth of 22 mm (26). Mice were first injected
in the tongue with 10° murine squamous cell earcinoma cells. It
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Figure 5. In vivo surface fluorescence image of a murine squamous cell
carcinoma in a mouse tongue labeled with fluoreceinated antibody.

Figure ﬁ. A 2-day-old murine ‘\qil‘lﬂ'l[rllk cell carcinoma in a mouse
tongue. H&E stain, magnification = 2.

was previously shown that this tumor line attracts CD3+and
CD19+ lymphocytes (23), so the fluorophore fluorescein
isothiocyanate (FITC) was conjugated to anti-CD3 and anti-
CD19 antibodies for imaging the tumor locations. At various
times up to 20 days after cell-line injection, a sub-group of mice
was injected into the tongue with either anti-CD3-FITC or anti-
CD19-FITC conjugates.

In order to simulate the location of tumors at various depths
<2 mm, a slab of agarose gel, with optical properties similar to
human tissue, was placed on each tongue for imaging. Excitation
of the fluorophores was produced by an argon laser at 488 nm,
and emission was limited to wavelengths between 520 to 550
nm. A single fluorescent object was detected through the agarose
in the tumor area of the tongue, and the 2-D image is shown in
Fig. 5. Immediately after imaging, tongue biopsies were pre-
pared for histology, and the measured depth was compared to
the calculated depth. Fig. 6 is a hematoxylin- and eosin-stained
tongue section from a diseased mouse 2 days after injection of
the cell line.



1.15
1.0
0.9
0.8+
0.7
0.6+
0.57
0.4+
0.3

Intensity (a.u)

Y

Reconstructed
Measured

Biomedical applications of fluorescence imaging in vivo

8 + } + } } }

7T ®  Measured, depth 1.85 mm T
Linear regression

67T e  Deconvolved s

Experimental fit

Peak intensity (a.u)
w

0.2

05 00 05 1.0

15 20 25 3.0 35

Position (mm)
Figure 7. Comparison of intensity profiles from a mouse tumor, with
profiles reconstructed from the theoretical model (taken at day 2) for z,
=1.18 mm nominal thickness of the turbid layer above the mouse tongue
with fluorophore and antibody. The reconstructed depth is 1.09 mm.

In order to calculate the tumor depth based on the emission
intensity, the theory was applied. Using the integrating spheres
method (24), initial values for the background optical param-
eters (u,", 1 and p ", p  at the excitation and emission wave-
lengths) were chosen from the obtained measurements of total
reflectance and transmittance. A comparison of the detected in-
tensity profiles, with the profiles reconstructed from the theo-
retical model, is shown in Fig. 7. The data showed that the
caleulated tumor depth was close to the actual measured depth,
with error margins between 8.7% and 16.6%. As one would ex-
pect, the deeper tumors were more difficult to calculate accu-
rately because of more photon scattering.

The pharmacokinetics of fluorophore-antibody complexes in the
vicinity of the tumor is also important for imaging. The binding
specificity of tumor antigens with labeled antibodies and those
fluorophores that may diffuse away from the tumor site must be
considered. Gannot and colleagues (25) investigated these factors
and their influence on deep-tissue optical imaging. They used the
same fluorophore-antibody conjugate described in the preceding
paragraphs. A series of fluorescence images was taken, and a
cross-sectional slice through the peak fluorescence intensity
showed the broadening of the fluorescence signal as a function of
time. Reconstructed (deconvolved) peak intensities were estimated
as inversely proportional to the squared width of the correspond-
ing concentration profile. Figure 8 is an example of fluorescence
peak intensity (measure and deconvolved) as a function of time to
show the actual exponential clearance of fluoresceinated antibod-
ies in the vicinity of a mouse tongue tumor.

Future Alglplications of In Vivo
uorescence
The lifetime (time for an electron to return from excited state
to initial state) of a fluorophore can vary in response to changes
in the immediate environment such as temperature, pH, tissue
oxygen content, nutrient supply, and bioenergetic status (48).
The heterogeneity in tumor vascularity can be seen as indicated
by changes in pH and temperature (71). These changes can be

2 -+ -
14 x
0 + t + t t ﬁ
0 20 40 60 80 100 120
Time (min)

Figure 8. Clearance time, as seen through an agarose slab and
deconvolved to show actual exponential clearance.

useful for the prognosis of malignancies and to develop tech-
niques for drug targeting.

The pH range in normal tissue is 7.2 to 7.6, but many solid
tumors exhibit a pH value that can be as low as 5.6 (31). The av-
erage decrease in tumor pH is 0.3 to 0.5 pH units, When pH mea-
surements were taken in various studies performed in animal
models of human tumors (20, 46), they revealed a positive corre-
lation between tumor size and the decrease in pH.

Localized temperatures can also vary with neoplastic pro-
cesses. Tumor temperature can be 0.5 to 4.0° C higher than that
of the normal tissue (37.0°C) (29, 37, 60). In addition, the tem-
perature response of neoplastic tissue during hyperthermia dif-
fers from that of normal tissue (44). A positive correlation was
observed between temperature differences and degree of angio-
genesis when the thermal response between malignant tumors
and benign inflammatory lesions was investigated (67).

Fluorophore lifetime imaging is a promising tool for early detec-
tion of tumors. By selecting fluorophores with known lifetime de-
pendence on specific environmental variables, researchers may be
able to localize the metabolic parameters using optical imaging, as
well as identify changes in local molecular concentration in vivo.

Confocal fluorescence microscopy traditionally was used for in
vitro studies; however, new technology is extending its use in
vivo. A confocal microscope is designed to use the focal point of
the lens to help create the best image, while filtering signals out-
side of the focal point. When combined with fiber optics, it en-
hances visualization of biological processes in vivo (fiber optic
fluorescence microendoscopy). Thus, flexible probes can be in-
serted into various cavities or placed at a tissue surface to image
cellular activity. Fiber optic fluorescence microendoscopy re-
cently was used to visualize individual neurons and red blood
cell dynamies in the rat brain (56). This technique also ecan be
used to visualize microvessel diameters, vasoconstriction or dila-
tion, and circulating cells and nerve fiber bundles (Fig. 9).

Summary
Fluorescence imaging in vivo utilizes naturally occurring or
synthesized fluorophores to visualize intracellular activity and
cell movement in living animals. A wide range of optical markers
is available, including GFP, RFP, NIR fluorophores, and QDs. Al-
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Figure 9. Florescence labeling of rat sciatic nerve in vivo. Image was
acquired with the Cell-viZio system (Mauna Kea Technologies, Paris,
France) at 2.5-um resolution after injection of fluorescent membrane
dye. The optic fiber was placed direetly on the sciatic nerve in order to
visualize the sensory and the motor fibers bundles. Courtesy of Galit
Pelled (National Institute of Neurological Disorders and Stroke).

though fluorescence markers generally appear to be safe for in
vivo use and although they usually do not interfere with normal
cell metabolism, the toxicity of QD nanocrystals is not yet com-
pletely understood. Fluorescence imaging has proven especially
useful for characterization of cancer cells and metastatic lesions,
but it also has been applied to the examination of subcellular
functions such as gene expression and enzymatic activity.

Some of the technical obstacles of fluorescence imaging are
beginning to be overcome through new technological advances
that refine the signal-to-noise ratio and improve the quality of
the data produced. These new methods also offer better ways to
quantitate signal intensity and depth, which may lead to the use
of in vivo fluorescence imaging for optical enhancement of surgi-
cal biopsy in clinical practice. In addition, new imaging devices al-
low for the study of fluorescence lifetime in response to metabolic
conditions, which may lead to early tumor detection. The combined
use of confocal microscopy and fiber optics also offers promise for
fluorescence imaging at the cellular level in living tissue. In vivo
optical imaging is an emerging and powerful tool with a multitude
of potential uses for basic research and clinical diagnostics.
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