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Abstract
Measurement of fluorescence and phosphorescence in vivo is readily used to quantify the
concentration of specific species that are relevant to photodynamic therapy. However, the tools to
make the data quantitatively accurate vary considerably between different applications. Sampling
of the signal can be done with point samples, such as specialized fiber probes or from bulk regions
with either imaging or sampling, and then in broad region image-guided manner. Each of these
methods is described below, the application to imaging photosensitizer uptake is discussed, and
developing methods to image molecular responses to therapy are outlined.
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1. Introduction
Fluorescence measurements from tissue have been a part of research in photodynamic
therapy for several decades, but now with the advent of increased molecular reporters, they
take on some expanded roles. This chapter focuses on the methods for measurement of
fluorescence and the applications of what these measurements can be used for.

The first fluorescence-based measurements of photosensitizer uptake in tissue during
photodynamic therapy with Photofrin occurred more than 30 years ago (1); and at that time
fluorescence measurements of tissue constituents like NADH were being sampled by UV/
blue fluorescence (2). The latter studies were focused on diagnostically assessing tissue
oxygenation and health with this type of sampling, and later examining response to therapy
(3). Since that time, thousands of papers have examined both these areas, and in more recent
times, there are very mature systems being examined for detection of dysplasia (4–6) and
advanced photodynamic therapy dosimetry (7–9). While only a few clinically viable systems
have been generated from all this work, there has been a widespread maturation of the
technology, leading to better designs, such that optical systems can be better tailored to the
constraints of particular niche areas. This maturation is very important, because the wide
array of optical source, delivery systems, and detection methods can lead to considerable
confusion about which optical system is optimal for which application. It is common to see
competing optical technologies for niche applications where there is good commercial
potential.

In the past decade there has been an explosion of work in small animal imaging, focusing on
molecular imaging and reporting of tissue health, response to therapy, or presence of certain
genetic or proteomic expression (10, 11). Since this time, there have been widespread
commercial successes in preclinical systems for imaging, microscopy, and fluorescence
sampling of tissues, allowing large growth in the areas of molecular diagnostics and
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molecular medicine and therapy. In addition, commercial success in clinical applications
such as surgery (12) have led the way for future use of molecular probes in tissue.

While all these developments have led to considerable excitement, it is important to
recognize that the range of technologies available leads to confusion about what the term
“fluorescence measurement” means. In this chapter, we take a top-level overview of what
fluorescence measurement systems are available both in the commercial and in the research
stages, and then examine the range of applications and commercially available probes which
can be used for cancer therapy, with a particular focus on photodynamic therapy response.

2. Materials
The conceptual framework of the tools that can be used is shown in Fig. 15.1. The
workhorse of invasive sampling, shown in Fig. 15.1a, is tissue extraction via biopsy to then
liquefy and sample the fluorescence in dilute solvent. While this process has historically
been the main way to proceed, there are inherent problems with this which make it less
attractive for PS that tend to aggregate or those that have low fluorescent yields. Also, when
the biopsy sampling will affect outcome, this method becomes problematic. The three non-
invasive methods illustrated in Fig. 15.1b–e will be discussed in further detail below, as well
as the strengths and limitations of each being summarized in Table 15.1.

2.1. Small Fiber Probe or Point Measurements
Several systems for fiber-based sampling have been developed over the years, dating back to
nearly the first fluorescence measurements in vivo (Fig. 15.1b). Improvements in diode
lasers, robust detectors for compact spectrometers and avalanche photodiodes, and filter
technology have all contributed to better fluorescence detection at dramatically less expense
than earlier versions. Still most advanced systems do some form of filtering or spectral
fitting to the data and capture as much of the emitted spectrum as possible.

The choice of fiber diameter has a significant effect upon the signal, as previously studied
(13). As the fiber size decreases below the average scattering length in tissue, the detected
signal becomes one which is not significantly scattered when detected. Thus the signal is
more dependent upon the scatter coefficient than anything else, but also linearly related to
the fluororphore concentration. Since typical scatter length distances in tissue are near 100
μm, then fibers larger than a few hundred microns are detecting light that is not just
fluorescent but also has an inherent scatter component within it. This is not a problem, and
indeed leads to higher signals, but must be interpreted carefully, because simple things like
pressure on the tissue can decrease the signal due to inducing higher blood volume around
the fiber tip. Changes in measurement site can also affect the signal because of local changes
in tissue absorption or scattering coefficient.

There have been many interstitial studies, where the fluorescence is captured to sample the
photosensitizer concentration prior to therapy. Prostate studies using this technique have
been ongoing in a few sites (14).

2.2. Multifiber or Multipoint Model-Based Bulk Sampling
Measurement of fluorescence from larger volumes has been a goal for many researchers for
over a decade (Fig. 15.1c). The most common approach to try and quantify concentrations in
bulk tissue has been to model the light propagation, and use a model-based interpretation of
the fluorescence to quantify the signal intensity. This approach would have the benefits of
sampling the active photosensitizer concentration in vivo and directly sampling a large
fraction of the tumor volume. Modeling is possible with either diffusion theory or Monte
Carlo, where the diffusion approach is viable over larger distances with relative data (15–
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20). The Monte Carlo approach is more accurate but also requires more accurate structure
and optical property information to achieve this increased level of accuracy (21, 22) and
because of large computational time requirements has been used mostly in smaller
geometries. The most common use of this approach now is in the Caliper small animal
tomography system where the IVIS 200 system (discussed in the next section) originally
designed for surface imaging has added in capabilities for transmission fluorescence
tomography. Similarly, the ART Inc system completes a surface scan over the animal with
rasterization, and the source and detector are not collocated, so it effectively deeply samples
the tissue by a millimeter or so.

Outside of small animal imaging, examples of this approach tend to be situation specific,
because a clear knowledge of the tissue surface geometry are important parts of the system
design. The most complete scientific design of such a system was developed for
fluorescence tomography in situ to allow dosimetry of photosensitizer distribution in bulk
tissues (14).

The drawbacks of this approach are obvious in that the ability to quantify heterogeneity and
local changes in variation are not possible. However, the key to success in this approach is
to measure the transmitted excitation signal as well as the remitted fluorescence signal, and
when the normalized value of fluorescence to transmittance is used, this can match most
homogeneous models with reasonable accuracy. Application of analytic or numerical
diffusion theory to bulk tissue signal recovery is feasible, and could be an area of future
development (20).

In vivo fluorescence molecular tomography was developed as an offshoot of these studies,
as pioneered by Ntziachristos et al. (23, 24), and since that time dramatic improvements in
diffuse tomography have been used to make niche systems for small animal tomography.

2.3. Surface Imaging
Imaging and image-guided measurement of luminescence signals are readily achieved,
although mostly with customized instrumentation at this point in time (Fig. 15.1d). There
has been an explosion of preclinical systems here, based upon simple broad-beam light
excitation and filtered, cooled CCD detectors. Imaging systems for fluorescence of surfaces
have of course been studied for many years, and endoscopically coupled systems for
fluorescence bronchoscopy and laryngeal screening of malignancy have been studied
extenstively by Xillix Inc. (6, 25), and competing systems (26). Experimental systems for
colonoscopy (27, 5), esophageal studies (28, 29), and intrasurgical use have all be
developed. The intrasurgical systems have been stimulated by the approval of fluorescence
guided resection techniques for Glioma tumors (12, 30, 31).

2.4. Image-Guided Fluorescence Sampling
It has only been within the last few years that systems have been created to test the concept
of image-guided fluorescence sampling (Fig. 15.1e). This approach uses optical fibers or an
imaging system embedded with or onto a standard imaging system. The goal is to provide
both anatomical and fluorescent molecular information that is localized from deeper within
the tissue. Imaging systems that have been combined with fluorescence are ultrasound,
magnetic resonance, microCT, and optical coherence tomography. At the current time, these
are largely experimental, although human studies are likely not far away. When combined
with ultrasound, the fibers must be beside the transducer array, allowing either simultaneous
or sequential measurement of the same volume. In the MRI, a prototype custom design for a
rodent body coil was produced and tested in a 3T Philips Achieva system (32, 33). In
combination with MicroCT, this has been done in a sequential manner several years ago,
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and a hybrid system was recently produced to allow sequential in vivo scanning where the
animal is not moved off the subject bed, but is translated directly from the MicroCT into the
fluorescence tomography scanner. This process allows overlay and has been used to show
the first deep tissue tomography of glioma tumor in a mouse cranium (34, 35).

3. Methods
3.1. Small Fiber Probe or Point Measurements

Photosensitizer dosimetry is an important part of photodynamic therapy, especially
considering that the interplay between the photosensitizing agent, oxygen and light is highly
variable and not fully understood. Here, point measurements on the surface of a tumor are
used to determine the uptake of photosensitizing drug prior to performing photodynamic
therapy (Figs. 15.2 and 15.3). This is especially important in tumors with a high variability
in vascular distribution, such as pancreatic cancer.

A laparotomy is performed, exposing the pancreas tumor (Panc-1 in this case) and the liver
(Fig. 15.3a). The Aurora Dosimeter (Fig. 15.3b) was used to take alternating point
measurements between the pancreas and liver. Pre-injection measurements, illustrated as
negative time (Fig. 15.3c), are taken prior to photosensitizer injection. Verteporfin for
injection (1 mg/kg) was administered via the tail vein after which measurements were
immediately started and were continued for 30 min. The tumor had an immediate increase in
fluorescence and then decayed slightly followed by a plateau for the duration of the 30 min.
On the other hand, the liver had a more prominent increase in fluorescence but also
plateaued within 5 min. A much higher signal in the liver was expected because it is part of
the metabolic degradation pathway of verteporfin.

Using point measurements is a quick method of determining photosensitizer concentration
within a tumor prior to PDT and allows alteration in the PDT protocol (i.e., light dose) to
accommodate differences between patients for individualized therapy. The draw back to this
type of measurement is that the photosensitizer concentration is highly heterogeneous within
the tumor, especially in the central region that is typically necrotic. Taking surface point
measurements only samples a few microns into the tissue, thus assuming that photosensitizer
concentration is homogeneous throughout the entire sample.

3.2. Bulk Sampling
Measuring fluorescence in vivo in a large sample of tissue can provide important
information regarding the presence, general location, and changes in status of a tumor. The
example presented here detects the presence of a brain tumor in a mouse using diffuse
fluorescence tomography. Bulk sampling can be used as a method of non-invasive imaging
to determine the presence of a tumor or stratify animals into treatment groups.

A mouse implanted with an orthotopic brain tumor (U251) was injected with LI-COR
IRDye 800 CW EGF optical probe 48 h prior to imaging of the head (i.e., bulk tissue). The
mouse was anesthetized and placed into a mouse holder, specifically made to image the
brain, which accepts optical fibers used for tomography (Fig. 15.4a). The fibers were placed
directly on the skin of the mouse in the plane of the tumor. Successive fluorescence and
transmission measurements were made from the eight fibers surrounding the mouse head. A
fluorescence map of the mouse head was then created using the NIRFAST reconstruction
protocols (Fig. 15.4b).

In bulk measurements such as these, the presence and location of the tumor (high
fluorescence to the left of the head) can be identified; however, specific information such as
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delineation of the tumor border or distribution of the molecular marker within the tumor is
limited due to the diffuse nature of bulk imaging.

3.3. Surface Imaging
Surface imaging can be used with a general photosensitizing agent, such as the
aminolevulinic acid–protoporphyrin IX system in surgical brain resections, or a specific
molecular probe, such as epidermal growth factor (EGF). Surface imaging can give you
information regarding where a tumor is, its metabolic function, and even the success of
treatment (i.e., PDT).

In this case, ex vivo tissue samples of a mouse brain are imaged to determine the location
and growth factor status. Rat brain tumors transfected with green fluorescent protein (9L-
GFP) were implanted into nude mice and allowed to develop for approximately 3 weeks.
The mice were injected with EGF fluorescently labeled with the LI-COR IRDye 800CW via
the tail vein 48 h prior to the experimental endpoint. The brains were removed, sliced, and
imaged on the LI-COR Odyssey ® Near-Infrared Imaging System (Fig. 15.5a). The brain
slice was then imaged for the GFP fluorescence using the GE Healthcare Typhoon scanner
(Fig. 15.5b). Both of these fluorescent images can be compared to the H&E histology
section (Fig. 15.5c) taken from the surface of the brain slice. The GFP fluorescence arising
directly from the tumor corresponds very closely with the H&E section; however, the EGF-
IRDye is not evenly distributed across the entirety of the tumor. Instead, it appears that only
the most actively growing regions on the edge of the tumor display increased epidermal
growth factor levels.

One can imagine using surface measurements such as these to determine success of PDT,
cancer, antibody, or combination therapies. The drawback of surface imaging is that the
fluorescence profile of a tumor changes three dimensionally making multiple measurements
or predictive assumptions necessary. Additionally, surface imaging is used best as an ex
vivo technique or as an invasive surgical technique, limiting its use in fluorescence
monitoring.

3.4. Image - Guided Fluorescence Sampling
Image-guided fluorescence sampling can provide very detailed in vivo information
regarding tissue structure, metabolic activity, or tumor status for diagnosis or therapeutic
monitoring. In this example magnetic resonance (MR)-guided near-infrared diffuse
fluorescence tomography is used to assess the local distribution of growth factors within a
brain tumor, thus providing more detailed information than the bulk sampling technique
explored in Section 3.2 and allowing for in vivo visualization complimentary to the ex vivo
imaging described in Section 3.3.

A mouse implanted with an orthotopic U251 brain tumor was intravenously injected with
EGF-IRDye 48 h prior to imaging. The mouse was anesthetized and placed into a small
animal RF coil that accommodates optical fibers (Fig. 15.6a). MR images were collected on
a 3.0T Achieva MR machine (Philips) while fluorescence and transmission data were
collected simultaneous with a multi-spectral tomography system (Fig. 15.6b) [Davis, 2008
#4865]. The MR images of the mouse were subsequently segmented for the entire head,
brain, gadolinium highlighting and non-highlighting regions. The fluorescence tomography
images in Fig. 15.6c, d were created by using the segmented regions as spatial hard priors
and spatial soft priors, respectively. These images illustrate that the distribution of
fluorescently labeled growth factor is not homogeneous throughout the tumor and that the
contrast enhanced regions of the MR image correlates with the actively growing region of
the tumor.
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The tomography image in Fig. 15.4b represents the same mouse without any spatial priors
from the MR images (i.e., bulk sampling); thus, adding image guidance to the tomographic
process allows information regarding the tumor to be elucidated in addition to the spatial
parameters.

4. Notes
The focus of this chapter has been on identifying the methods available to the researcher or
clinician who has an interest in PDT. The tools are present and readily available for creation
in any lab or for purchase from a number of technology vendors.

The primary application in PDT has been to quantify the PS concentration or activity in situ
immediately prior to therapy. The drugs available for clinical use are several, and are
summarized in Tables 15.2 and 15.3, with a focus on whether the fluorescence signal would
have value in measurement or dosimetry in PDT. Some photosenstizers that have been in
use for many years, such as Photofrin, are routinely assayed ex vivo through tissue biopsy
sampling. In vivo measurement of fluorescence is complicated in this compound by having a
multicomponent mixture of hematoporphyrins which have different photosensitivies,
localization, and fluorescence levels (36). In addition, photobleaching of Photofrin has been
shown to be complex due to the bleaching rate having more than one component, which was
attributed to oxygen and non-oxygen mechanisms (37), making fluorescence signal complex
to interpret for therapy efficacy quantification. Photosensitizing compounds that are more
dominated by a single component, such as benzoporphyrin derivative, are easier to quantify
and track with fluorescence because the signal seems to be linear with active photosensitizer
and predictive of dose deposition (38). The endogenously generated drug protoporphyrin IX
is known to photobleach rapidly and so sampling its fluorescence is thought to be quite
important for tracking the response to therapy, and for interpreting dose rate effects, which
can confound the therapy (39–43).
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Fig. 15.1.
Illustration of the four methods of sampling fluorescence discussed here, including (a) the
routine biopsy/tissue extraction approach; (b) the use of a single fiber probe; (c) the use of
multiple fibers to sample bulk tissue; (d) surface imaging using a broad beam source and
sensitive CCD imager; and (e) the concept of image-guided fluorescence quantification as
applied to surface or sub-surface imaging.
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Fig. 15.2.
The regimes in which fluorescence signals might need to be measured can be thought of as
pre-PDT where neoadjuvant therapy may be beneficial based upon a measurement of the
tumor molecular signals. Then during PDT, there is a clear need for PS dosimetry and
possibly photobleaching dosimetry if significant. Then after PDT, adjuvant therapies are
typically required, and again may be chosen based upon molecular expression, which could
be measured via fluorescent probes.
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Fig. 15.3.
Surface point measurements are used for the determination of photosensitizer concentration
within a tumor allowing for individualized PDT protocol development. (a) An example of a
laparotomy performed to expose the Panc-1 orthotopic pancreas tumor and liver, the two
organs measured in this example. (b) The Aurora dosimeter uses blue light (405 nm) for
excitation and contains a 600 nm long pass filter for fluorescence detection. The probe is
made from fiber bundle containing a single illuminating fiber, surrounded by six collection
fibers. The probe is directly placed against the organ of interest with moderate pressure. (c)
The fluorescence of the tumor and liver are measured after injection of verteporfin (1 mg/
kg). This graph is an average of four mice.
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Fig. 15.4.
Bulk fluorescence measurements to determine the presence and location of a tumor can be
performed with diffuse fluorescence tomography. In this photograph at left, the fibers are
inserted into a mouse holding apparatus, and fluorescence transmission data is accumulated
between fibers, allowing estimation with diffusion theory of the fluorescence signal origin,
as shown in the diffuse tomography reconstruction at right. This is the fluorescence from a
tracer agent localized within the glioma tumor of a mouse model (shown further in Fig.
15.6).
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Fig. 15.5.
Tumor status can be determined using surface imaging of a fluorescence molecular marker.
In this case, growth factor levels within an orthotopic brain tumor in a mouse can be
determined ex vivo by scanning for EGF-IRDye (a) that was injected 48 h prior to killing.
The tissue sample can then be scanned for GFP fluorescence to identify the entire tumor (b).
The location of the tumor is confirmed with H&E staining of a fixed tissue slice taken
directly from the surface of the slice imaged. The GFP and H&E images correlate very well,
while the EGF molecular marker indicates areas of growth.
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Fig. 15.6.
Magnetic resonance (MR)-guided near-infrared diffuse optical tomography is used to
illustrate how functional information can be obtained in vivo. A specially designed small
animal RF coil accommodates optical fibers (a) so that fluorescence tomography can be
performed simultaneously with MR imaging (b) (33). A T1-weighted gadolinium enhanced
MR image (c) of a mouse with a U251 brain tumor is depicted. The corresponding
fluorescence tomography images are illustrated in d and e using the image segmentation as
spatial hard and soft priors, respectively.
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Table 15.1

Listing of photosensitizer quantification methodologies based upon fluorescence

Methods to quantify PS Limitations Strengths

Tissue extraction and assay fluorescence in
solution

• Volumetric errors in handling

• Single time point sampling

• Direct measurement of tissue

• Most established

• Single time point only

• Limited ability for multiple points

Point fluorescence in vivo • Sample individual points only

• Insertion of fibers sometimes
needed

• Multipoint sampling takes time

• In vivo

• Potentially real time, multi-point
sampling possible

• Track photobleaching in situ

Bulk fluorescence assay in vivo • Non-linearity from tissue-fiber
geometry

• Model-based interpretation of
data

• Obtain whole organ data

• Thick tissue sampling

• Direct measure during therapy

• Integrate with online dosimetry

Surface imaging of fluorescence • Non-linearity of signal from
geometry and tissue properties

• Limited penetration of signal

• Surface weighted

• Higher cost

• Several commercial systems

• Ease of use

• Intuitive image display

• Fast

• Multiple point data (surface)

Image-guided fluorescence sampling • Non-linearity from geometry

• Model-based interpretation

• Imaging system required

• Higher cost

• Obtain whole animal/ organ data

• Thick tissue sampling

• Visualize anatomy with signal

• Integration into clinical workflow
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Table 15.2

Photosensitizers used in clinical PDT and their needs in terms of fluorescence dosimetry

Generic name and photosensitizer
name Fluorescence signal Photobleaching important? Excitation/emission

Photofrin, hematoporphyrin derivative • Should be
measured

• Permeability
limited delivery

• Likely important • Soret 350–420 nm

• Q-band 625–640
nm

• Emission 600–700
nm

• Reference (44)

Levualn, aminolevulinic acid, inducing
protoporphyrin IX

• Needs to be
measured

• Variable
production
between tumors.

• Critically important • Soret 400–440 nm

• Q-band 630–640
nm

• Emission 620–720
nm

• Reference (45)

Verteporfin, benzoporphyrin derivative • Needs to be
measured

• Permeability
limited delivery

• Not clear how
important

• Soret 400–440 nm

• Q-band 680–695
nm

• Emission 690–705
nm

• References (46,
47)

Foscan, mTHPC • Complex
fluorescence in
vivo

• Permeability
limited delivery

• Not clear how
important

• Soret 380–440 nm

• Q-band 645–660
nm

• References (48,
49)

WST11 • May not need to
be measured

• Vascular therapy
only

• Not likely important • Q-band 755–770
nm

• References (50,
51)
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Table 15.3

General classes of fluorescent reporters and their uses available

Molecular probes Example names Companies

Blood flow/vascular • Fluorescein

• Indocyanine Green

• Akorn Inc.

• Sigma-Aldrich

Vascular permeability • Methylene blue

• Varying sized dextran bound with fluorophore

• Sigma

• Invitrogen

Receptor/ligand binding • Monocolonal antibodies

• Antibody fragments

• Peptides

• Deoxyglucose

• Invitrogen

• LI-COR

Transfection-based reporters • Bioluminescence reporters

• Fluorescent proteins

• Caliper Biosciences

• Anticancer Inc.

• Promega

Activatable probes • Activated by cathepsin, matrix metalloprotease, • VisEn Inc.
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