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Abstract

Photodynamic therapy (PDT) is a treatment modality that uses a specific photosensitizing agent,
molecular oxygen, and light of a particular wavelength to kill cells targeted by the therapy.
Topically administered aminolevulinic acid (ALA) is widely used to effectively treat cancerous
and precancerous skin lesions, resulting in targeted tissue damage and little to no scarring. The
targeting aspect of the treatment arises from the fact that ALA is preferentially converted into
protoporphyrin IX (PplX) in neoplastic cells. To monitor the amount of PplX in tissues,
techniques have been developed to measure PplX-specific fluorescence, which provides
information useful for monitoring the abundance and location of the photosensitizer before and
during the illumination phase of PDT. This review summarizes the current state of these
fluorescence detection techniques. Non-invasive devices are available for point measurements, or
for wide-field optical imaging, to enable monitoring of PplX in superficial tissues. To gain access
to information at greater tissue depths, multi-modal techniques are being developed which
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combine fluorescent measurements with ultrasound or optical coherence tomography, or with
microscopic techniques such as confocal or multiphoton approaches. The tools available at
present, and newer devices under development, offer the promise of better enabling clinicians to
inform and guide PDT treatment planning, thereby optimizing therapeutic outcomes for patients.
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1 Introduction

Photodynamic Therapy (PDT) is a treatment technique in which cancerous tissues (solid
tumors of the skin or other organs) are treated with a photosensitizing compound
(photosensitizer, PS), followed by exposure to very intense, visible light [1]. The current
availability of intense light sources, including a variety of lasers (LASER = light
amplification by stimulated emission of radiation) [2, 3], generally insures that, for
dermatological lesions, sufficient light intensity can be delivered during therapy. However,
the other determinants for therapeutic success with PDT, namely, an adequate accumulation
of the PS and supply of oxygen to all parts of the tumor, is less predictable and dynamically
changing during treatment. PS accumulation is dependent both upon biochemistry and tumor
biology and involves the uptake, synthesis, and degradation of the PS and/or its precursors.
For understanding patient-specific variability in this latter aspect, a non-invasive way of
monitoring PS accumulation in target tumors would be very desirable to help establish
therapeutic parameters (PS dosing, light intensity and exposure time) associated with
effective PDT therapy, and ideally, to use online information to tailor these parameters for
each individual patient during PDT. This article reviews the prospects for non-invasive
monitoring of PS to potentially serve as a guide to PDT, with a focus upon the use of
aminolevulinic acid (ALA)-based PDT for the treatment of skin cancer. To establish the
context for the article, we will begin with an introduction of principles involved in PDT, i.e.,
synthesis of protoporphyrin 1X (PpIX), measurement of inducible PplX fluorescence in
tissue, and light-activated destruction of PplX, followed by a discussion of past and current
approaches for detecting PplX through non-invasive fluorescence imaging.

1.1 Photodynamic therapy

1.1.1 General mechanisms of photodynamic therapy—The first generally
recognized description of photodynamic killing of living cells using a photosensitizing agent
was an observation by Oscar Raab in 1900 [4] that protozoa died when exposed to acridine
orange and visible light. Subsequent research has shown that the three essential elements
required for an effective phototherapeutic response are: (i) a PS, (ii) light of the correct
wavelength to activate PS, and (iii) oxygen in the tissue [5]. When a PS (or PS precursor) is
administered to patients (either topically or systemically, depending upon the particular
agent), it is taken up by all cells and tissues. Yet PDT provides excellent tumor targeting due
to two factors, namely (i) the selective accumulation (or production) of the PS in tumor cells
as compared to normal tissue, and (ii) targeted illumination of the tumor tissue volume.
When a PS absorbs light, the absorbed photon excites the PS to an energy-rich, excited state
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(PS*), which then decays by a process called internal conversion. For molecules that are not
photosensitizers, the energy of an absorbed photon is quickly converted to heat through
efficient internal conversion, but for PS*, the internal conversion process is delayed by
transition to a long-lived triplet-state. This gives the PS* more time to react with other
molecules in its surroundings (Figure 1). In a Type-I reaction, PS* reacts directly with
biomolecular substrates to produce free-radical ions, which then secondarily react with
oxygen to produce highly reactive oxygenated species (e.g., superoxide radical anion). In a
Type-I11 reaction, the energy in PS* is transferred to oxygen molecules in the local
environment; i.e., molecular oxygen in its triplet ground state (305) is converted to singlet
oxygen (10,), a highly reactive and cytotoxic species [6, 7]. Subcellular damage that occurs
from oxygenated products in the vicinity of the PS, leads to cell death and eventual tumor
destruction [5, 8].

1.1.2 Unique features of photodynamic therapy, versus other cancer therapies
—Traditional modalities for cancer treatment are surgery, ionizing radiation, and
chemotherapy. However, the side effects of those treatments are significant and include the
loss of healthy tissue, generation of additional cancers (radiation-induced mutations), and
development of drug resistance, respectively. By comparison, PDT can be repeated multiple
times, since it has very low carcinogenic potential, causing no damage to DNA [9]. In
addition, skin tumors clear after PDT with little or no scarring [10]. In fact, PpIX-mediated
PDT may actually have anti-scarring properties [11]. This is not true for all tissues, however.
For example, scarring strictures can be a major problem after PDT of the esophagus [12].

1.1.3 Biochemistry and clinical applicability of PpIX-based PDT—In the early
1970s, the use of hemoglobin derivatives as PS for oncology was pioneered by Kessel,
Dougherty and others, spawning the development of subsequent synthetic PS that are based
generally upon a porphryin-like structure (historically reviewed in [13]). A number of such
PS are currently in clinical use for treatment of cancers of internal organs, which requires
the systemic administration of the PS and delivery of light into body cavities via an optical
fiber. The use of PDT in general oncology is a large topic and outside the scope of this
review; however, Anand et al. [14] gives a concise summary of current PDT regimens and
medical disease indications. The current review will focus upon skin cancer and the most
frequently used PDT techniques for skin cancer treatment. More clinical details about the
status of PDT in dermatology can be found in the comprehensive review by MacCormack
[10].

A desire to avoid systemic phototoxicity, which can sometimes be seen when using systemic
PSs, was a driving force behind the development of alternative agents that can be topically
applied to skin cancers and thereby affect only the area of interest. Toward this end, the
work of Moan, Batlle, Kennedy, and Pottier (reviewed in [13]) established the principle of
priming cells with an exogenous pro-drug (ALA) to induce the synthesis of an endogenous
PS (PplIX). The idea here is that cancer cells can selectively accumulate PS through a
process in which the PS is synthesized preferentially in the cancer cells; an idea that is
central to the success of PplX-mediated PDT. Thus, in the cellular heme biosynthetic
pathway, 6-ALA leads to the formation of PplX in the inter-membranous space of
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mitochondria after a cascade of enzymatic reactions (Figure 2). Under normal physiological
conditions, ferrochelatase catalyzes the insertion of iron into the PplX to form heme, which
regulates the synthesis of ALA via a negative feedback mechanism [15]. However, addition
of exogenous ALA bypasses this feedback control and allows excess synthesis of PpIX
within mitochondria. Production of PplX is typically higher in tumors than in normal tissues
because certain enzymes in the heme pathway are up- or down-regulated in the cancer cell,
allowing PplX to accumulate to significantly higher levels [16].

Modulating this biochemical process using adjuvant agents to elevate PpIX accumulation in
non-responsive tumors is an active area of research. Recent studies in animal models have
demonstrated increased PplX levels resulting from pre-treatment of methotrexate (MTX),
Vitamin D, or 5-Fluorouracil (5-FU) prior to ALA administration [14]. Coupling these
differentiation approaches with real-time monitoring techniques could facilitate truly
personalized PDT with greater efficacy, as discussed in later sections.

1.1.4 Physics of PplIX-fluorescence emission—The fluorescent properties of PplX
are related to its absorption characteristics. Figure 3 shows the PplX absorption spectrum
and emission spectrum, respectively, which together illustrate the Stokes shift (defined as
the difference between the positions of the maximal band of the absorption and emission
spectra, 405 nm and 635 nm, respectively). PplX exhibits maximum light absorption (the
Soret peak) at 405 nm and a much weaker absorption band at 635 nm. The latter can be used
to excite PplX while reducing interference from blood-borne hemoglobin (which has lower
absorption at 635 nm). PplX exhibits characteristic dual emission peaks at 635 nm and 705
nm; both of which can be measured readily in vivo.

The photochemical reactions that occur during PDT generate radical species that are not
only cytotoxic to cellular components, but also react with and destroy the ground state PS.
As a result, the available amount of ground state PS decreases as the reaction proceeds,
resulting in a drop in the fluorescence intensity being measured; this process is termed
photobleaching. Wilson et al. [17] proposed that this easily-observable quantity is an
indirect metric of the therapeutic dose delivered during a PDT treatment.

1.2 Use of photosensitizers for fluorescence imaging

1.2.1 PplX as a theranostic agent—PSs such as PplX, in addition to their therapeutic
potential, can function as fluorescent probes to assist in imaging of tumors. Thus, much
interest has grown up around the use of PpIX (and other pre-formed PS) as “theranostic”
agents, defined as molecular probes that have both therapeutic and diagnostic potential. The
subject of PplX as a photodiagnostic agent to identify and demarcate the margins of tumors
is a very broad subject, and one that is too vast to be covered adequately in this review,
which will instead focus on how the fluorescent properties of PplX can be used to monitor
changes during PDT therapy. The following sections discuss some issues regarding
fluorescence monitoring during PplX-based PDT.

1.2.2 Role of photobleaching versus singlet oxygen measurements in PpIX
treatment monitoring—~Photobleaching, as defined in section 1.1.4, is an indirect (or
implicit) measure of the activation of PplX and generation of oxygen radical species at the
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treatment site. Direct monitoring of the reactive oxygen species generated during PDT is
also possible, via sampling of singlet oxygen luminescence; however, the implementation of
that approach is challenging due to the very low luminescence signals produced by singlet
oxygen. Nonetheless, singlet oxygen during PDT has been measured using a variety of
point-based systems and recently an imaging instrument [18-21]. In a recent example for
interstitial treatments, Gemmell et al. [22] was successful in recording the 10, luminescence
at 1270 nm wavelength using a superconducting nanowire single-photon detector, which has
promise for applicability in vivo. A detailed comparison of both singlet oxygen
luminescence and PS photobleaching was recently reviewed by Wilson and Patterson [23].

Photobleaching has been investigated in many studies as a means to monitoring the progress
of PplX treatments in skin. A compact fluorescence spectrometer was developed by Nadeau
et al. [24] in 2004 to monitor the photobleaching of ALA-induced PplX in the skin of
healthy volunteers. This spectrometer incorporated 405 nm and 633 nm excitation sources
into a fiber optic sampling system, which provided an estimate of background
(autofluorescence), PplX, and other photoproducts. The instrument allowed quantification of
various photoproducts and showed that blue light causes more rapid photobleaching than red
light. Moan et al. [25] also studied the effects of light exposure on PplX degradation and
PplIX reappearance at 420 nm and 632 nm in mice. They found that the PpIX reappearance
rate is faster if the skin is exposed to 420 nm light after 0.5 h of methyl-ALA (MAL)
application. In another study using fluorescence spectroscopy measurements of PplX, it was
suggested that photosensitivity can be significantly reduced with the cream formulation
containing PplX precursors with ferrous or cobalt ions [26].

1.2.3 Factors complicating fluorescence detection of PpIX in tissue—The
influence of tissue optics on fluorescence measurements were comprehensively reviewed by
Wagniéres et al. [27]. Thus, important properties that influence fluorescence measurements
in tissues are: (i) attenuation of light in the tissue; (ii) presence of endogenous fluorophores
which cause autofluorescence; (iii) absorption; (iv) scattering; and (v) reflection of light.
Many traditional (pre-formed) PSs have short excitation wavelengths, usually in the range of
ultraviolet (UV)-blue, and at these wavelengths most of the light is attenuated in the
superficial layers, making fluorescence diagnosis with short-wavelength excitation
impossible for deeply seated tumors. This can potentially be circumvented using longer
excitation wavelengths that penetrate more deeply into tissue. For example, 635 nm red laser
light can excite PplX at greater depths than is possible with 400 nm light, and the use of
even longer, near-infrared (NIR) wavelengths (using two-photon excitation) may allow
detection of deeper-seated tumors [28, 29] (see also section 3.3).

An understanding of the physics of light-tissue interaction requires sophisticated
experimental and computer modeling. As excitation light and the emitted light pass through
the tissue, the scattering and absorption properties at excitation and emission wavelengths
can strongly influence the fluorescence emission intensity within the tissue, resulting in wide
variations in spectral shape of the light that emerges [30-32]. There are a plethora of
approaches to correct for the distortive influences of optical properties on fluorescence
measurements (reviewed by Bradley and Thorniley [33]). To control and understand these
phenomena, tissue phantoms (such as translucent gels which simulate the optical properties
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of tissues) can be used to model light-tissue interactions [34]. More complex tissue models,
such as tumors implanted in mice or rats, can also be used to study the fluorescence
diagnostic potential and PDT therapeutic efficacy of PplX, and to develop approaches to
correct for the distortive effects, either through empirical or model-based correction
algorithms. An example of a quantitative approach to PpIX measurement is given by Brian
Wilson’s group [35], which presented a method for tissue fluorescence quantification in situ
using a handheld fiber optic probe that measures both the fluorescence and diffuse
reflectance spectra to decouple the fluorescence spectrum from distorting effects of tissue
optical absorption and scattering. More generally, the correction approaches are device- and
probe specific, as will become clear in the subsequent sections.

2 Detection of PpIX in the skin using surface measurements

On the basis of the kinds of optical instrumentation used for illumination and detection,
studies on the photodetection of PpIX in the skin can be broadly classified into two
categories, namely (1) fiber optic probe/ point spectrofluorometry, and (2) wide-field
camera-based imaging. Each of these approaches has its own pros and cons. In point
spectrofluorometry, the excitation light probe is placed in direct contact with the tissue and
the emitted signal is measured within a restricted area, typically 50-1000 pm in diameter
[36]. This sampling approach has several advantages, namely: (i) probe geometry
measurements are generally more sensitive than wide-field techniques; (ii) facilitate easy
implementation of spectral or time-domain detection; and (iii) the localized signal is not
‘washed out” amongst the noise of heterogeneities throughout the tissue. However the signal
is only representative of a small sampled volume, and cannot characterize spatial variations
in PS fluorescence either within a large lesion, or between multiple lesions. For the latter
purpose, a wide-field imaging approach is advantageous. However, standard wide-field
imaging techniques sample a diffuse signal, with each pixel in the image collecting light that
has travelled a range of paths and traversed a range of volumes within the tissue, yielding a
volume-averaged signal. Moreover, the likelihood of collecting photons from non-targeted
structures within the tissues is higher in the wide-field imaging approach, possibly leading to
inaccurate results. Therefore, special care must be taken to obtain accurate spatial maps of
the fluorophore from wide-field imaging-based devices.

Regarding drawbacks, one potential problem with point measurements is that the probe can
exert pressure-related effects, introducing variation into the fluorescence measurements.
This was nicely shown in a study by Lim et al. [37], in which significant changes in
measured fluorescence were recorded as the pressure of the probe tip against the skin was
increased; these deviations correlated strongly with compression of blood flow, and less
strongly with changes of autofluorescence emanating from collagen. With wide-field camera
approaches, the relatively low collection efficiency of the detector (as compared to point
probes) may restrict image quality [38].

As a final comment, a more accurate approach is to use spectrally-resolved fluorescence
collection at multiple wavelengths, which allows for decoupling of multiple sources of
fluorescence within the tissue (including PS, photoproducts of the PS generated during
treatment, and tissue autofluorescence), and this is most often done using point probe
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measurements. In the following sections, specific examples in which fluorescence was
measured either using a point probe, or a wide-field camera technique, are described to
illustrate the types of information that can be obtained to help inform PDT treatment of skin
cancer.

2.1 Fiber optic probe/ point measurements of PpIX

A point monitoring system was used by Wang et al. [39] to investigate the pharmacokinetics
of PpIX accumulation in skin tumors (basal cell carcinomas, BCC; and T-cell lymphomas)
and normal skin, at 4-6 h after applying non-fluorescent 20% ALA topically. Laser-induced
excitation (405 nm) was used, and the emitted fluorescence was collected through the same
quartz fiber and sent to a linear array detector to monitor both PplX specific fluorescence
(635 nm and 705 nm) and tissue autofluorescence (at 490 nm). At 4 and 6 h, tumors showed
a marked increase in the fluorescence intensity at 635 nm and 705 nm relative to the pre-
ALA baseline, and after correcting for autofluorescent background, the fluorescence
intensity at 635 nm showed a high tumor-to-normal skin ratio, ranging from 9:1 to 15:1. A
similar kind of study was done by Johansson et al. [40] to investigate the kinetics and dose-
dependence of ALA-induced PplX accumulation in different organs and tissue types in rats
after intravenous administration of ALA. Fluorescence spectra from tumors and normal
surrounding tissue were obtained using an optical fiber-based fluorosensor at 405 nm
excitation wavelength. Using the recorded fluorescence spectra and correcting for
autofluorescence, they observed that a maximum PplX build-up in tumors was achieved
within 1 h after ALA administration, as compared to the surrounding muscle, which is in
harmony with other reports on intravenously (i.v.) injected ALA [41]. However, the
distribution pattern for i.v. ALA in this study indicates a high PplX level in the
gastrointestinal organs, up to 10 times more than in tumors, which indirectly suggests that 1
h may not be the optimal time for observing high selectivity of PpIX in tumor. In another
study, Rhodes et al. [42] used iontophoresis (application of electrical charge) to drive ALA
into the skin over a time interval of seconds to minutes and measured the PpIX fluorescence
using a fiber optic point source. Excitation light from a xenon arc lamp was focused through
a monochromator and a bifurcated fiber optic cable to deliver 410 nm light to the skin; the
fluorescence emission was then passed through another monochromator to detect the
characteristic emission peaks at 635 and 704 nm.

Other studies to guide the development of PDT are those designed to determine the optimal
formulation of ALA or ALA esters to use for photosensitization; many of these studies have
used point probe measurements. The potential clinical advantage of using ALA esters was
determined by observing the PplX fluorescence non-invasively using point spectroscopy
systems in both normal skin [43] and skin carcinomas [44, 45]. To seek improved topical
drug delivery of ALA and its esters, Bender et al. [46] measured PplX skin fluorescence
after topical administration of MAL in lipid cubic phases (highly ordered self-assembly
systems on a nanometer level) and found that some of the cubic phases imparted faster
PpIX-forming ability than standard ointment formulation. Donnelly et al. [47] used point
fluorescence measurements to compare the PplX-forming ability of MAL contained in
pressure sensitive adhesives with that of standard cream formulations, and showed higher
production of PplX with the patches.
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Relatively few studies have examined the kinetics of PpIX synthesis in human skin. Using in
vivo surface-detection fluorescence spectroscopy, Golub et al. [48] studied the accumulation
and clearance of ALA-induced PplX in patients with actinic keratoses (AK) and BCC, and
showed that thick lesions have longer PplIX retention times than do thinner ones. A more
difficult question is whether the amount of PplX production in neoplastic lesions can predict
successful clinical outcome. In a clinical study using a fluorescence point dosimeter, Warren
et al. [49] asked whether PpIX-mediated fluorescence measurements are predictive of
biological responses to ALA-PDT in squamous precancers (AK) in 20 patients. Excitation
laser light of 405 nm wavelength was launched down a single 100-um-diameter quartz
optical fiber to the skin (Figure 4A), and the fluorescent light induced was collected by
seven optical fibers surrounding the excitation fiber (Figure 4B), for measurement by a
photodetector. Serial measurements taken every 30 min after ALA application revealed a
linear rate of accumulation in all patients, with statistically significant PpIX levels reached
in nearly 100% of patients by 2 h and thereby justifying the use of short-contact PDT in the
clinic [49]. Moreover, the PplX fluorescence amplitude was correlated with biological
response, as measured by erythema within lesions (Figure 4C, D).

2.2 Wide-field camera-based imaging of PpIX

The fluorescence properties of PpIX can also be used to visualize the entire area of skin
under investigation, which can be an advantage in some clinical studies. Fluorescence
emitted by PplX can aid in preclinical studies that follow the accumulation and dissipation
of PS non-invasively [50-52]. Early imaging devices, such as the image-intensified camera
introduced in 1979 by Profio et al. [53], did not have the capacity to image white light and
fluorescence simultaneously, a drawback because the white light image is helpful for
facilitating anatomic localization of the tumor. Later optical imaging systems, using liquid
nitrogen cooled charge-coupled device (CCD) cameras, managed to circumvent this problem
[54]. Recently, Tyrrell et al. [55] studied the accumulation and dissipation of PpIX in BCC
during MAL-PDT using a commercially available, non-invasive fluorescence imaging
system from Dyaderm, Biocam®. Using this system, they were able to quantify the level of
MAL-induced PplX in BCC tumors at different time points of interest, and concluded that
lesions undergoing a second PDT treatment accumulate and dissipate less PplX than during
their first treatment. A blinded study on 30 skin cancer patients by van der Beek et al. [56]
showed that PplX photodiagnosis (with implications for detecting changes in PplX in target
lesions) is more efficient if PplX fluorescence is combined with an analysis of
autofluorescence, than if PplX fluorescence is evaluated alone.

Although CCD camera systems can facilitate the localization of tumors, restriction to a
single wavelength is a serious limitation that precludes spectrally decoupling different
sources of fluorescence. Various attempts have been made to incorporate fluorescence
measurements at several wavelengths to better compensate for autofluorescence and
background optical properties. Approaches tried include sequential imaging at different
excitation and emission wavelengths [57, 58], and time-gated imaging [59]. Andersson-
Engel et al. [60] designed a multi-color fluorescence imaging system to record four
fluorescent images in different wavelength bands, i.e., 635 nm (PplIX fluorescence), 470 and
600 nm autofluorescence, and 670 nm (photobleached products emission at 670 nm from
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normal and malignant tissues). They used this multi-color imaging system to construct a
false color-coded image to use as a tool for delineation of malignant tumors, and for
monitoring PS levels during PDT. Other groups took similar approaches, constructing false-
color maps from fluorescent images recorded at two or three wavelengths, which could be
used to try to monitor PplX levels during PDT [61, 62].

The above fluorescence imaging techniques return spatial maps of PpIX fluorescence
emission, which may be influenced by either variations in the quantity of PpIX or by
variations in the background tissue optical properties. Approaches that attempt to quantify
PpIX in tissue must properly decouple these effects. Spatial frequency domain imaging
(SFDI) is one such approach, which uses an empirical model to interpret remission in
response to illumination with patterns of selected spatial frequencies, and returns spatial
maps of estimated scattering and absorption properties within the sampled medium [63]. The
distributions of optical properties are used to inform a correction of the sampled raw
fluorescence to estimate a quantitative metric of PpIX concentration in vivo [64]. The SFDI
approach has been used to quantify PpIX in BCC and squamous cell carcinomas (SCCs)
[65], with in vivo estimates highly correlated with ex vivo analysis techniques.

More technologically advanced imaging using hyperspectral approaches have been proposed
to return increased resolution, but which may or may not have direct extensibility to skin-
based PDT. For example, VValdés et al. [66] described a dual-band normalization technique
for in vivo quantification of PplX during brain tumor resection; the PpIX fluorescence signal
is corrected with reflectance data recorded and integrated within only two narrow
wavelength intervals, a very simple method that could be applicable to wide-field
applications in quantitative fluorescence imaging and dosimetry during PDT. Another
device, reported by Lue et al. [67], is a portable, optical fiber probe-based, spectroscopic
tissue scanner designed for intraoperative diagnostic imaging of surgical margins. The
scanner combines both diffuse reflectance spectroscopy and intrinsic fluorescence
spectroscopy, and has hyperspectral imaging capability that allows the device to provide
high spectral resolution (2 nm), and high spatial resolution (0.25 mm) over a wide field of
view (10 cm x 10 cm).

A full consideration of the current state-of-the-art in high resolution molecular imaging
technologies is incomplete without mention of novel microscopy techniques. Structured
illumination microscopy (SIM) is one such tool that has been used to study the
characteristics of fluorescent molecules both ex vivo and in vivo. Rossberger et al. [68]
demonstrated that SIM allows much more differentiated analysis of fluorochromes. They
achieved a two-fold increase in resolution compared with standard wide-field microscopy
and higher resolving power than confocal and multiphoton microscopy. Using
complementary techniques like random intensity illumination and rotating view acquisition
in combination with SIM, better depth information and increased reconstruction quality has
been achieved in human and animal subjects [69, 70].
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3 Approaches for measuring PplX beneath the surface of the skin

A major concern in measuring PplX fluorescence is an inability to quantify PpIX levels in
thick skin carcinomas and deeply-seated tumors. Treatment failures are almost certainly due
to unequal production of PpIX in all regions of target tumors, and several new combination
PDT protocols, including differentiation therapy with MTX or vitamin D, are showing
promise for enhancing the production of PplX in subcutaneous tumors prior to PDT when
examined by biopsy and histology (reviewed in [14]). However, in vivo monitoring of PpIX
during these new combination protocols would be very desirable, and for this better tools are
needed for monitoring at depth. Surface probe-based approaches and camera-based wide-
field imaging, described in the previous sections, are not ideal because they cannot
interrogate fluorescence at different depths within the lesion. A tomographic approach to
collecting fluorescence light would seem a logical way to address this problem, but in fact,
scattering and diffusion of light within tissues represents a major barrier to obtaining high-
resolution two dimensional (2-D) fluorescent images. A potential, practical approach is to
rely on a second technique, such as ultrasound (US) or optical coherent tomography (OCT),
to provide high-resolution spatial information and to co-register this spatial image with the
relatively poorly-defined image obtained using 2-D fluorescence tomography. Some co-
registration approaches, using either US or OCT, are described below.

3.1 Ultrasound imaging combined with fluorescence imaging

Zhu et al. [71] in 2001 successfully coupled US and NIR imaging to overcome the
deficiencies inherent in each of these imaging techniques. US has good image resolution
capacity, but is not accurate in detecting cancer due to the overlapping characteristics of
benign and malignant lesions. In contrast, NIR imaging of fluorescence can provide high
specificity in detecting cancers (due to the tumor-selective nature of PplX production within
tumors), but suffers from poor resolution due to the diffusion of NIR light. With a hybrid
imaging system, target depth information was more accurate and reconstruction speed was
much faster [71]. High frequency ultrasound (HFUS) can also be used in dermatology as a
non-invasive tool for monitoring the therapeutic efficacy of different drugs, and also to
assess skin diseases [72]. To study dynamic changes in concentration of PplX and its
distribution in tissues, Gruber et al. [34] developed a hybrid fluorescence tomography
system. This device (see Figure 5) combined a HFUS system with a multi-channel
spectrometer-based fluorescence tomography system. In this hybrid arrangement,
anatomical information from the US system is combined with the optical data to quantify
PplIX activity in sub-surface lesions. Source and detector fibers were arranged in a linear,
alternating fashion, immediately adjacent to the US probe. Using this system, co-registration
of fluorescence signals and the HFUS image was validated in gel phantom studies. Studies
in vivo demonstrated multimodal recovery of PplX in subcutaneous A431 tumors.
Interestingly, skin overlying the tumors showed more fluorescence than the tumors
themselves, a finding validated using ex-vivo fluorescence scanning of these tissues. While
still in development, this system represents a promising attempt to analyze variably-sized
tumors which are present at different depths, and to evaluate the PpIX concentrations within
them. The Dartmouth group recently released a paper describing updates to this system,
which includes spectroscopic decoupling of fluorescence signals (autofluorescence, PplX,
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photoproducts), and the use of bulk optical properties determined from white light
spectroscopy [73].

The success of HFUS when combined with 2-D fluorescence will ultimately depend on the
usefulness of HFUS itself for delineating skin cancers. Desai et al. [74] and Crisan et al. [75]
evaluated HFUS to adequately demarcate BCC tumors and tumoral thickness respectively.
Of the 50 BCCs scanned by Desai et al. [74] using HFUS, 45 showed similar clinical
confidence in margin assessment suggesting that ultrasonography may be a sensitive
screening test if clinical or histologic diagnosis is uncertain. In their study involving BCC,
superficial spreading melanoma and nodular melanoma subjects, Crisan et al. [75] identified
a strong correlation between the ultrasonographic and the histological index values. In
addition, they were successful in elaborating the reliability of HFUS as a tool for the non-
invasive assessment of tumor thickness.

3.2 Optical coherence tomography combined with 2-D fluorescence tomography

OCT is the second technique discussed in this section, which has the potential to provide
spatial co-registration with the relatively poorly-defined images of 2-D fluorescence
tomography. First demonstrated in 1991, OCT has been recognized as a promising tool for
diagnosing different pathological conditions like BCC, AK and SCC [76]. It offers high
resolution cross-sectional tomographic images of the skin by measuring back-scattered and
reflected light [77]. OCT is more accurate and less biased than HFUS in measuring the
tumor thickness of AK and BCC which are <2mm deep [78]. However, relatively slow
imaging speeds and a limited penetration depth have restricted the use of OCT for imaging
large tissue volumes. Yun et al. [79] demonstrated that spectral-domain OCT (SD-OCT) can
be used to achieve a higher image acquisition rate (38 fps), imaging depth (2 mm), and
signal-to-noise ratio than is possible with time-domain OCT. Such frequency-domain OCT
systems can be integrated with fluorescence subsurface tomography to locate fluorescent
regions and to allow quantification of fluorescence with high speed and sensitivity over a
depth range of 2 mm [80-82].

Boone at al. [83] recently introduced high-definition OCT (HD-OCT) based upon a
modification of conventional OCT. This imaging tool has enabled them to visualize
individual cells up to a depth of 570 um with micrometer resolution in both horizontal (en-
face) and vertical (slice) directions. Instead of a single pin diode, HD-OCT utilizes a 2-D
infrared imaging array which allows the focal plane to be moved continuously through the
sample, providing a high lateral and axial resolution at all depths, a resolution that allowed
Boone et al. [83] to diagnose BCC and its subtypes non-invasively. Maier et al. [84] also
used HD-OCT to investigate 22 BCC tumors and found that some of the features, such nests
of basaloid tumor cells and cellular structures with lobules and buds, can be clearly
visualized in the en-face imaging mode of HD-OCT.

Fluorescence confocal laser scanning microscopy (CLSM) is another novel technique that
allows one to potentially diagnose nonmelanoma skin cancers by detecting fluorophores at
different cell layers [85, 86]. The basic principle of confocal microscopy is to obtain images
of higher optical resolution than that of conventional wide field microscopes by using point
illumination and a pin hole. In confocal laser-scanning microscopy, a coherent laser light
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source is used to excite the fluorophore molecules within a particular focal volume of the
tissue. The fluorescence emitted from out-of-focus regions is blocked by the small pinhole
in the detection aperture, thus resulting in sharp, high-resolution images at a particular
depth. This focal plane can be shifted to deeper layers of tissue, enabling one to visualize
fluorophores at various depths within the sample [87]. Fluorescent dyes can be used to
detect the morphological characteristics of diseased skin (BCC, AKs) and can also be
applied for the non-invasive monitoring of the lesional skin’s response to therapy [88]. De
Rosa et al. [89] used CLSM to determine the ability of dimethylsulphoxide and
ethylenediamine-tetraacetic acid disodium salt to enhance the accumulation of ALA-induced
PpIX in hairless mouse skin. The intensity of red fluorescence in the confocal microscopic
images appeared to correlate with the results of independent PplX quantification
experiments.

3.3 Multiphoton tomography and fluorescence lifetime imaging

Multiphoton tomography (MPT) is the most recent imaging technology that facilitates deep
imaging in biological tissues at very high resolution. In conventional confocal microscopy,
fluorophores are excited by a single UV or visible photon, whereas in MPT imaging
technology, fluorophores are excited by absorption of two (or more) photons of much longer
wavelength, usually in the NIR spectrum. An individual NIR photon has insufficient energy
to excite the fluorophore, but simultaneous absorption of two photons (upon addition of their
interaction energies) elevates the fluorphore’s electrons to an excited state (see Figure 6).
The distinct advantage of the long wavelength photons is their ability to penetrate quite far
into tissue, thus facilitating deep imaging [90-93].

Fluorescence lifetime imaging microscopy (FLIM) is an additional non-invasive imaging
technique to study endogenous fluorescent molecules and their environment by using the
decay rate of the fluorescence emission [94, 95]. The FLIM analysis produces pseudo color
images in which the color scale encodes the fluorescence lifetime, and white image
brightness encodes the fluorescence intensity. Thus, FLIM is useful to study the localization
of proteins and other fluorescent molecules in their native environment. A combination of
MPT and FLIM was shown to be useful for the study of fluorescent properties of normal
skin [94] and also to characterize skin layer specificity [96]. Seidenari et al. [97] studied the
specificity and sensitivity of MPT-FLIM for diagnosing BCC and specifying tumor margins;
they identified several morphological and numerical descriptors for differentiating BCC
from other skin lesions, and achieved extremely high specificity.

The possibility that MPT-FLIM might be able to take advantage of the fluorescence from
ALA-induced PplX is an attractive idea, since PpIX is a well-characterized fluorophore for
imaging of human skin lesions. To date, most studies using PplX fluorescence for MPT-
FLIM imaging are limited to cell cultures [98, 99] and solutions [100]. Riemann et al. [101]
used MPT on skin biopsies to study the biosynthesis of PplX and also to evaluate the
therapy. Cicchi et al. [102] demonstrated enhanced tumor contrast and depth of imaging by
using MAL-induced PplX as the contrast agent, and two-photon excitation (TPE) in
combination with FLIM as the imaging technique. A similar study by Kantelhardt et al.
[103] to identify gliomas achieved high contrast images of the glioma architecture that were
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easily discriminated from normal brain tissue, by detecting ALA-induced PplX fluorescence
with multiphoton microscopy. A few other studies report the use of multiphoton excitation
for PplX detection [104], but offer no detailed spectral information.

In all the previous studies using TPE, the desired PplX signal tended to be overshadowed by
autofluorescent background. Kantere et al. [105] demonstrated that this background signal
can be overcome by exciting the PpIX at a wavelength that gives rise to one-photon anti-
Stokes fluorescence. They championed the use of anti-Stokes excitation at 710 nm
wavelength, because the likelihood for one-photon anti-Stokes excitation is increased and
the resulting PpIX emission is significantly higher than the autofluorescence, making the
signal from ALA-induced PplX easy to discern. Their system requires a trade-off between
higher signal strength and lower resolution of the PplX; thus, the resolution of anti-Stokes
excited PplX is not the same as in pure TPE, but the PplX distribution in tissues can be more
easily discerned. Their detailed spectral investigation also confirmed that PplX emission
from intact skin could only be obtained using 710 nm excitation, and cellular morphology
could be visualized if combined with TPE of autofluorescence [105].

4 Planning and monitoring of PDT administration

Having described the various types of optical measurements that are available to measure
fluorescence, the most challenging aspect for ongoing and future research will be to
determine how these techniques might be used to tailor the PDT treatment regimen to obtain
optimal clinical outcomes. One question is how fluorescence measurements can be used to
inform patient-specific dosing (optimal ALA dose and light delivery) in the preplanning
stages, prior to PDT. The need is great, because skin cancer response rates after PDT are
extremely variable and it is currently impossible to predict which patients will respond
favorably. As an example of such variability, large clinical trials show that overall response
rates for SCC precancers (AKSs) are only in the 60-80% range, with wide variability
observed between patients [106, 107]. If rapid and accurate PplX dosimetric measurements
could be routinely obtained just prior to PDT light treatment, then the PpIX results might be
used to tailor future therapy sessions for patients who failed to clinically respond. A
particularly exciting possibility is that the PpIX dosimetric measurments could determine
which patients might benefit from the application of adjuvant compounds, such as MTX and
5-FU, to enhance PplX accumulation prior to PDT [14]. Another question is whether
fluorescence techniques can assess one or more parameters measured at the end of treatment
(e.g. photobleaching) to predict the long-term clinical outcome, the need for additional
treatment(s), and necessary modifications to the regimen to be used in subsequent treatment
sessions. A third question, clearly the most futuristic, is whether fluorescent measurement
techniques can be used to monitor PplX utilization (degradation rates) on an ongoing basis
during the illumination phase, to permit adjustment of the light fluence rates in real time and
thereby achieve an optimized light dose.

Overall, it must be emphasized that fluorescence monitoring for PDT of skin cancer is a
field still in its infancy. However, a few studies which offer early indications of the power of
fluorescence dosimetry to rationally tailor PDT regimens will be mentioned. In work by
Tyrrell et al. [108] in the U.K., in which fluorescent measurements of PpIX in human skin
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cancer patients undergoing MAL-based PDT were taken pre- and post-PDT, it was found
that changes in PplIX levels during therapy (photobleaching), was a better predictor of
clinical outcome (tumor clearance) than was the initial level of PpIX. Thus, for purposes of
adjusting the light delivery, the wide lesion-to-lesion variability in PplX levels may make
pre-treatment measurements less valuable as an indicator of the potential for therapeutic
dose, and necessitate instead ongoing measurements of PplX degradation. Another set of
studies, performed by the group of D. Robinson and co investigators in the Netherlands
[109-112], illustrates the potential influence of the illumination scheme upon PplX
treatment efficacy. Through an elegant series of preclinical and clinical studies, this group
showed that fractionating the administration of the therapeutic light dose significantly
improves the clinical response of BCC to ALA-mediated PDT using red light. However, the
mechanism remains obscure. Fluorescence measurements using limited technology
demonstrated a non-homogenous distribution of PpIX in BCC tumors [111], and they also
showed that significant PpIX accumulation occurs not only in tumor cells but in peritumoral
blood vessels, thus implicating a role for vascular endothelial cells in the therapeutic
response [109]. Clearly, a sensitive method to measure PplX in these deep anatomic
locations would be a valuable tool to dissect the mechanisms and optimize the therapeutic
responses of skin tumors to PDT.

5 Conclusion

In this review, we began by establishing the importance of ALA-based PDT as a non-
scarring treatment modality for skin cancer, but also pointed out that the promise of PDT is
still hampered by the large variability in the accumulation levels of target protoporphyrin
(Pp1X) between different lesions and from patient-to-patient. Given this problem, the need
to develop real-time, non-invasive techniques to detect and monitor PplX levels within
target lesions, so as to properly alter the delivered PDT dose and achieve the best therapeutic
outcome, represents a critical goal. Porphyrin-derived fluorescence has great promise for
non-invasively detecting PplX in lesions, and this review discussed various imaging
technologies to measure PplX fluorescence, including probe-based point measurements and
CCD camera-based wide-field imaging. We also described the use of tomographic
fluorescence measurements as a co-modality with US, CLSM, MPT, and other techniques to
provide increased resolution, specificity/accuracy, and sensitivity to the PplX measurements
in malignant skin lesions. Many of these new, research-based techniques have the potential
to become clinically available for non-invasive treatment planning and on-line monitoring of
PplIX levels. However, much work remains to be done to fulfill the goal of developing
clinically viable systems that can facilitate treatment planning and on-line dosimetry in real
time. Meeting this challenge will be difficult, requiring an interdisciplinary approach that
involves physics, biology, chemistry and engineering. However, the result could be a much
better therapeutic outcome for our patients.
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Figure 1.
Schematic diagram of the physical basis of PDT.
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Key to enzyme abbreviations:

ALAS Aminolevulinic acid synthase
ALAD ALA dehydratase

PBGD Porphobilinogen deaminase
UCS Uropophyrinogen Ill cosynthase
UDC  Uroporphyrinogen decarboxylase
CPO Coproporphyrinogen oxidase
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Figure2.
Schematic of porphyrin-synthetic pathway to illustrate potential control points for increased

PpIX accumulation. Enzymes, with names abbreviated and relative locations in the pathway
shown in boxes are numbered beginning with the initial condensation of glycine and
succinyl-CoA. Substrates/products are shown in bold font. The intracellular location of
enzymes, relative to the mitochondria and the cytoplasm, is indicated.
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Figure 3.

Absorption and emission spectra of PpIX. (From [113], used with permission.)
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0 1 2
Clinical Erythema Score

Figure4.
Clinical use of a non-invasive fluorescence dosimeter for point measurements. (A)

Fluorescence probe applied to patient skin during measurement. (B) Close-up of probe tip,
viewed end-on. The central optical fiber carries excitation light (405 nm) to the skin, and the
peripheral optical fibers carry the fluorescent PplX emissions back to the detector. (C)
Clinical appearance of erythema in 3 actinic keratosis (AK) lesions on a patient’s forehead
seen immediately after PDT illumination. Erythema for lesions AK1 and AK2 was graded as
a score of 2, while for lesion AK3 the erythema is graded as zero. (D) Post-illumination
erythema (x-axis) as a function of the PpIX fluorescence (AF) measured prior to treatment
(y-axis). (From [49], used with permission.)
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Schematic representation of the system developed for high frequency ultrasound-guided
fluorescence quantification of skin layers. (From [34], used with permission.)
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Jablonski diagrams illustrating one-photon (A) and two-photon (B) excitation for PpIX.
Excitation occurs between ground state and the first electronic excited state. After either
excitation process, the PpIX molecule relaxes to the lowest excited electronic state level via
vibrational processes. The subsequent fluorescence emission is the same for both modes.
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