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Abstract

It is desirable to quantify the distribution of the light fluence rate, the optical properties, the drug 

concentration, and the tissue oxygenation for photodynamic therapy (PDT) of prostate cancer. We 

have developed an integrated system to determine these quantities before and after PDT treatment 

using motorized probes. The optical properties (absorption (µa), transport scattering ( ), and 

effective attenuation (µeff) coefficients) of cancerous human prostate were measured in-vivo using 

interstitial isotropic detectors. Measurements were made at 732 nm before and after motexafin 

lutetium (MLu) mediated PDT at different locations along each catheter. The light fluence rate 

distribution was also measured along the catheters during PDT. Diffuse absorption spectroscopy 

measurement using a white light source allows extrapolation of the distribution of oxygen 

saturation (StO2), total blood volume ([Hb]t), and MLu concentration. The distribution of drug 

concentration was also studied using fluorescence from a single optical fiber, and was found to be 

in good agreement with the values determined by absorption spectroscopy. This study shows 

significant inter- and intra-prostatic variations in the tissue optical properties and MLu drug 

distribution, suggesting that a real-time dosimetry measurement and feedback system for 

monitoring these values during treatment should be considered in future PDT studies.
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1. Introduction

Prostate adenocarcinoma is the most common malignancy in men. In 2003, it was estimated 

that 220,900 cases of prostate adenocarcinoma were diagnosed in the United States [1]. 

Although the availability of serum prostate-specific antigen (PSA) measurement as a 

screening tool has resulted in earlier detection of the disease [2], prostate cancer still 

accounted for 28,900 deaths in 2003 [1].
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Photodynamic therapy (PDT) is an emerging treatment modality based on the interaction of 

light, a photosensitizing drug, and oxygen [3]. PDT has been a proposed treatment for a 

variety of malignancies and premalignant conditions. PDT has been approved by the US 

Food and Drug Administration for the treatment of microinvasive lung cancer, obstructing 

lung cancer, and obstructing esophageal cancer. The prostate gland is an organ that appears 

to be a good target for interstitial PDT. Tumors of the prostate are often confined to the 

prostate itself and brachytherapy techniques used for the placement of radioactive seed 

implants can be adapted for the placement of interstitial optical fibers [4]. Several preclinical 

studies have evaluated the feasibility of delivering PDT to the prostate via this interstitial 

approach [5–10]. A trial of interstitial prostate PDT in humans has been reported [11]. 

Nathan et al. treated 14 men with locally recurrent prostate cancer using meso-

tetrahydroxyphenyl chlorin (mTHPC)-mediated interstitial PDT. The light treatment was 

directed against regions from which biopsies showed cancer or which were suspicious on 

imaging studies.

Motexafin lutetium (MLu) is a water-soluble second generation synthetic photoactive drug 

that has a Q-band absorption peak at 732 nm [12,13]. Based on a feasibility and toxicity 

study in a canine prostate model [9], we have started a phase I study of MLu-mediated PDT 

for prostate cancer [14]. In the canine study, comprehensive treatment of the prostate gland 

was achieved with MLu-mediated PDT using an interstitial approach. The development of 

this light delivery technique has necessitated an improved understanding of PDT dosimetry, 

critical for determining the efficacy of the PDT treatment.

Explicit PDT dosimetry includes quantifying the light and tissue optical properties, the drug 

concentration, and the tissue oxygenation. The light fluence (expressed in J/cm2) is a 

measure of light energy imparted to tissue. The total fluence in tissues is a function not only 

of the incident light delivered by the laser but also of scattered light. Often clinical PDT 

treatments are prescribed in terms of the incident light delivered from the laser rather than 

the total fluence of light the tissues receive which is a combination of scattered and incident 

light. Dosimetry systems using isotropic light detectors have been developed to measure 

both incident and scattered light [15,16]. These systems allow us to measure and therefore 

prescribe a consistent total fluence to the tissues.

Several investigators have attempted to characterize the optical properties of prostate tissue 

in animals [17– 19] and in humans [20–22] to more reliably predict the in vivo light 

distribution. Using diffusion theory for a point source, the absorption and transport 

scattering coefficients of a particular tissue can be determined, yielding the effective 

attenuation coefficient, which provides a measure of light penetration in that tissue [18]. 

This measurement is a critical factor in planning interstitial light source placement. To 

include the drug concentration in the evaluation of PDT efficacy, in situ measurements of 

photosensitizer fluorescence emission are made in the prostate using a single optical fiber, 

originally developed for surface application by Diamond et al. [23]. We have modified their 

technique by replacing the flat cut fiber with a side fire fiber to introduce light interstitially 

to the target tissue more efficiently. It has also been shown that one can determine MLu 

concentration using diffuse absorption spectra [24]. The MLu concentration in prostate 

tissue can be determined using a slightly modified technique via an interstitial approach 
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[25]. The MLu tissue concentrations determined from absorption spectra can be compared to 

those obtained using fluorescence spectra. Using the same diffuse absorption spectra, it is 

also possible to determine the concentrations of deoxyhemoglobin ([Hb]) and 

oxyhemoglobin ([HbO2]) [24–27]. To determine the tissue oxygenation, the oxygen 

saturation ratio StO2 = [HbO2]/([Hb] + [HbO2]) and total hemoglobin concentration [Hb]t = 

[Hb] + [HbO2] can be calculated.

In this study, we review our preliminary observations measuring the interstitial distribution 

of light fluence rate, optical properties, tissue MLu concentration, and tissue oxygenation in 

two patients with prostate cancer. Measurements were made before and after PDT treatment 

in which the entire prostate was treated. Intraprostatic as well as interprostatic differences 

were evaluated.

2. Materials and methods

2.1. Patient selection, surgical and PDT procedure

A Phase I clinical trial of PDT with MLu in patients with locally recurrent prostate 

carcinoma was initiated at the University of Pennsylvania in 1999. The protocol was 

approved by the Institutional Review board of the University of Pennsylvania, the Clinical 

Trials and Scientific Monitoring Committee (CTSRMC) of the University of Pennsylvania 

Cancer Center, and the Cancer Therapy Evaluation Program (CTEP) of the National Cancer 

Institute. Each patient who signed the informed consent document underwent an evaluation, 

which included an MRI of the prostate, bone scan, laboratory studies including PSA, and a 

urological evaluation. Approximately two weeks prior to the scheduled treatment a 

transrectal ultrasound (TRUS) was performed for treatment planning. A urologist drew the 

target volume (the prostate) on each slice of the ultrasound images. These images were 

spaced 0.5 cm apart and were scanned with the same ultrasound unit used for treatment. A 

built-in template with a 0.5-cm grid projected the locations of possible light sources relative 

to the prostate. A treatment plan was then prepared to determine the location and length of 

light sources. Cylindrical diffusing fibers (CDF’s) with active lengths 1, 2, 3, 4, and 5 cm 

were used. The sources were spaced one centimeter apart and the light power per unit length 

was the same for all CDF’s. The length of a light source at a particular position was selected 

to cover the full length of the prostate. In the final plan, the prostate was divided into four 

quadrants. Four isotropic detectors were used, each placed in the center of one quadrant. A 

fifth isotropic detector was placed in a urethral catheter to monitor the light fluence in the 

urethra.

The patients were anesthetized in the operating room with general anesthesia to minimize 

patient movement during the procedure. Transrectal ultrasound-guided biopsies for MLu 

measurements were obtained prior to light delivery. The same ultrasound unit used to 

perform the pretreatment TRUS was used to guide needle placement in the operating room. 

A template was attached to the ultrasound unit and was matched to the 0.5-cm grid used for 

treatment planning. Four detector catheters (one for each quadrant) were inserted into the 

prostate. These detectors were kept in place during the entire light delivery period. The pre-

planned treatment catheters for light sources were then inserted 0.5 or 0.7 cm away from the 

detector catheters. These source catheters were used for light delivery as well as optical 
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properties and absorption spectra measurements. The optical properties and absorption 

spectra of the prostate in each quadrant were then measured before light delivery using these 

existing detectors. A point light source was inserted into one source catheter. Fluorescence 

measurements were made through the detector catheter in each quadrant using a single 

optical fiber acting as both a light source and a detector. The fiber introduced 460 nm light 

and collected fluorescence light above 700 nm at right angles from the optical axis of the 

beveled fiber tip. The distribution measurements of optical properties, absorption spectra 

and fluorescence were completed in approximately 10 min. Light delivery was then 

performed one quadrant at a time by inserting the CDFs into the source catheters. The 

treatment time for each quadrant was dependent on the detector reading in that quadrant. 

The light fluence rate distributions were measured during PDT along the catheters. 

Cumulative fluences of 50 and 100 J/cm2 were delivered to patients 12 and 13, respectively. 

After light delivery, the optical properties and absorption and fluorescence of the prostate in 

all four quadrants were measured again. The light sources and detectors were then removed 

and post-treatment biopsies were performed.

2.2. Computer controlled step motors

Two step motors were used to control the movement of the light source and the isotropic 

detector during optical property measurements (see Fig. 1(a)). Each step motor and 

translational stage had a maximum range of 20 cm and a maximum speed of 12.5 mm/s. The 

step motor produced 400 pulses per rotation, which translated to a resolution of 0.0025 mm. 

Control software was developed to integrate the movement of the step motor with data 

acquisition of isotropic detectors as well as the spectrometer for fluorescence and absorption 

spectra measurements. For the integrated system, the positioning accuracy was 0.1 mm. The 

data acquisition system was programmed to acquire data every 0.05 mm of detector 

movement.

To determine the relative position between the light source and the isotropic detector for 

optical properties or absorption spectra measurements, software was developed to 

automatically reset the position of the peak fluence rate as the zero position. This point 

corresponded to the point with the shortest distance between the line defined by the detector 

catheter and the point source. A similar scan was used for a white light source to determine 

the relative distances between the light source and the locations where the diffuse absorption 

spectra were taken, typically at x = −0.4, −0.2, 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 cm. 

The position of the light source was defined as the distance of the source from the tip of 

catheter, intended to be placed at the apex of the prostate under ultrasound guidance.

2.3. Measurement of optical properties at the treatment wavelength

The transport scattering ( ) and absorption (µa) coefficients characterize the scattering and 

absorption properties of tissue. Within the diffusion approximation, the light fluence rate ϕ 

at a distance r from a point source of source strength, S, can be expressed as [28]

(1)
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where S is the strength of the point source; ϕ(r) is the fluence rate at position r; 

 is the effective attenuation coefficient in tissues and is applicable for a 

wider range of µa and  combinations than the traditional definition of 

 [29]. , where x and h are the parallel and perpendicular 

distance from the center of the point source (see Fig. 1(b)). The two free parameters (µa and 

) are inherently separable in that for a point source with a given source strength, the 

magnitude of the fluence rate near the light source (x = 0) is determined by  only and the 

slope of the spatial decay of the light fluence rate is determined by µeff only.

In theory, measurements of ϕ at two different distances r from the point source with source 

strength S are sufficient to determine both µa and . Measurements at multiple sites allow 

evaluating the variation of these optical characteristics within the prostate volume. Since Eq. 

(1) is a non-linear equation of two free parameters µa and , we used the differential 

evolution algorithm developed by Storn et al. [30]. This algorithm is simple, and converges 

faster and is more robust than adaptive simulated annealing or the annealed Nelder and 

Mead approach [30]. We modified the algorithm to require that all free parameters (µa and 

 in this case) are positive [31]. The deviations between measurement and fit are 

represented by standard deviation, , where n is the number 

of data points involved in the fit.

2.4. Calibration of the isotropic detector

Isotropic detectors described by Marijnissen and Star [32] were used as detectors in this 

study. Each isotropic detector was made of an optical fiber with a spherical tip made of TiO2 

(a scattering material). The isotropic detectors were made by Rare Earth Medical (now 

CardioFocus, Norton, MA) and had an isotropy of better than ±30% from any direction 

except for angles within 30° of the optical fiber attachment point. Each detector fiber was 

connected to a photodiode via a SMA connector. The measured photovoltage (V) from the 

isotropic detector was converted to light fluence rate using:

(2)

where a is the conversion factor and b characterizes the leakage of the photodiode. This 

calibration was performed under collimated 732-nm laser light in air. When the isotropic 

detector was used to measure fluence rate in tissue (or in a liquid optical phantom), a tissue 

(or water) correction factor of 2.0 was used [32]. In our case, the 1 mm inner diameter 

catheter is filled with air, but the detector tissue correction factor is still 2.0 as if the air is 

replaced by the outer most medium (tissue). The calibration of the isotropic detectors was 

checked to be accurate to within 5% using an integrating sphere before each individual 

measurement.

A 12-channel light dosimetry system developed in the Department of Radiation Oncology at 

the University of Pennsylvania was used for all in situ dosimetry measurements. Five 
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different isotropic detectors were used and the conversion factors were a = 129–161 and a = 

63–72 mW/cm2/V for the four isotropic detectors with 0.5 mm scattering tips and the 

isotropic detector with 1 mm scattering tip used in the urethra, respectively. For all isotropic 

detectors, b was found to be 0.020 V. The response was found to be linear over the light 

fluence rate range (0–1200 mW/cm2) to within 5%.

2.5. Absorption and fluorescence spectroscopy measurements

To obtain absorption spectra, a method similar to the optical property measurement 

described above was used. In this case, the laser and photodiode detector were replaced with 

a white light source and a spectrograph, respectively. To calibrate the detector, the detection 

fiber and source fiber were both placed in the integrating sphere, and a reference spectrum 

was obtained by the CCD. The fluence rate measured at each wavelength was related to the 

source power at that wavelength by a constant factor determined by the geometry of the 

integrating sphere. This factor was calculated based on independent measurements at three 

wavelengths using a calibrated detector. With this calibration, the detector measures the 

ratio of fluence rate to source power. The fluence rate spectra between 650 and 800 nm were 

fit using a nonlinear fitting algorithm under the assumption that the reduced scattering 

spectrum had the form , where λ is expressed in nm. The free parameters in the fit 

were A, b, and the absorption coefficients at 8 selected wavelengths. Once A and b were 

determined by this fit, the absorption coefficients at the remaining wavelengths were 

determined by a second fit in which the value of  was fixed at its predetermined value for 

each wavelength [25]. The measurement uncertainty of the absorption spectra has been 

examined in optical phantoms made of intralipid, MLu, and black ink, each with known 

absorption spectra. A comparison between the absorption spectra obtained by our 

measurement and analysis method and the absorption spectrum reconstructed from 

individual spectra of the phantom components shows that our algorithm can reconstruct µa 

with an uncertainty of approximately 5% for the wavelength range where absorption is 

appreciable, in the phantom case between 650–800 nm (data not shown).

Fluorescence spectra were acquired using an optical fiber with a beveled tip, which emits 

and collects light at right angles to its optical axis. Excitation light was provided by a 460-

nm light-emitting diode (LED), and passed through a dichroic beamsplitter, which directed 

the fluorescence collected by the same fiber back into the spectrograph.

Both the absorption and fluorescence spectra were analyzed using the singular value 

decomposition fitting algorithm developed by Finlay et al. [33] to determine the 

contributions to the spectra of known absorbers or fluorophores. In addition to the spectra of 

known components, the basis set included a 61-term, exponentially weighted Fourier series 

designed to account for the presence of unknown absorbers or fluorophores [33]. In the case 

of absorption spectra, the known spectra were those of oxy- and deoxyhemoglobin, MLu 

and water. Because the absorption coefficient at each wavelength is determined absolutely, 

the absolute concentrations of the various absorbers can be determined quantitatively from 

their contributions to the complete absorption spectrum.
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In the fluorescence case the basis spectra were the fluorescence of MLu and the background 

fluorescence originating in the catheter. The fitting algorithm allows the separation of these 

two components, allowing us to determine an MLu contribution free from background 

contamination. The MLu fluorescence was normalized by dividing by the catheter 

background to account for variations in lamp output. A single conversion factor of 12.9 

mg/kg between normalized fluorescence signal at the peak wavelength (unitless) and MLu 

concentration (mg/kg) was established by comparing the signal obtained in one prostate in 

vivo to the MLu concentration at the same position determined by absorption spectroscopy. 

Once this factor was determined, the fluorescence could be analyzed independent of 

absorption measurements in each quadrant.

2.6. Photodynamic therapy and in-vivo light measurements

MLu (Pharmacyclics, Inc., Sunnyvale, CA) was administered at a dose of 2 mg/kg 

intravenously 3 h prior to light administration [12,13]. This drug-light interval was chosen 

because preclinical studies in other model systems demonstrated the greatest antitumor 

efficacy with this timing [12,34]. A 15-W diode laser, model 730 (Diomed, Ltd., 

Cambridge, United Kingdom) was used as the 732 nm light source.

Interstitial CDFs were placed in the gland using a template with evenly spaced holes, which 

was attached to the TRUS unit. For each light source, a 17-gauge plastic catheter (Flexi-

needle from Best Industries, Inc., Springfield, VA) containing a metal trocar was placed 

through the template and into the prostate. The trocar was removed and replaced with the 

light diffuser.

The light energy delivered was prescribed based on in situ measured light fluence. Each 

patient received a light fluence between 50–100 J/cm2. The maximum unit length source 

strength in any one fiber was limited to 150 mW/cm. Measurements were taken at the above 

mentioned distances from the light source before and after light treatment in the four 

quadrants of each prostate. The light sources were moved along the catheter in several 

locations to quantify the variation of optical properties in the prostate gland along the 

catheter.

3. Results

Table 1 summarizes the treatment parameters and the measurements done for the two 

patients. We have made four types of measurements: (1) Distribution of light fluence rate; 

(2) Distribution of optical properties at treatment wavelength; (3) Distribution of absorption 

spectra; (4) Distribution of fluorescence spectra. Tissue oxygenation and MLu concentration 

can be extracted from absorption spectra in vivo. MLu concentration in vivo is also 

extracted from the fluorescence spectra.

3.1. Distribution of fluence rate

Fig. 2 shows the light fluence rate measured in three quadrants during PDT treatment of 

patient 13. Three curves are shown. The first, labeled ‘RUQ’ was taken by a detector in the 

right upper quadrant of the prostate during interstitial illumination of that quadrant. The light 

fluence rate for RUQ (solid line) between 1.5 and 2.5 cm was about 5 times as high as the 
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rest of region (e.g., between 3 and 4.5 cm). This was caused by the loading pattern of the 

light sources, in which two 1-cm CDF’s were placed at the apex of the prostate. The second 

curve, labeled ‘LLQ’ shows the light fluence rate that was measured in the left lower 

quadrant during illumination of the left upper quadrant, and demonstrates the possible extent 

of light spread between quadrants. The third curve labeled ‘RLQ’ shows light fluence rate 

that was taken in the right lower quadrant during treatment of that quadrant. The symbols 

correspond to the predicted light fluence rate from a point source with source strength of 35 

mW based on the optical properties measured along the detector catheter. (The use of a 

cylindrical theoretical model is not feasible due to the varying optical properties along the 

catheters, thus point sources are used.) The corresponding loading patterns of CDF’s (‘o’) 

and the locations of the detector (‘x’) are shown in the insert. The number next to each 

source channel indicates the length in cm of the corresponding CDF. All linear light sources 

started from the apex of the prostate (z = 0 cm).

We did not measure significant light fluence rate in urethra for the 12 patients treated so far.

3.2. Optical properties at treatment wavelength

A typical profile scan from a point source is shown in Fig. 3. The data were fitted using Eq. 

(1) to obtain the optical properties. The optical properties derived from both patients are 

shown in Fig. 4. These data show the variation of measured absorption coefficients and 

effective absorption coefficient vs. positions along the catheters in the prostate gland of 

patient #12 (a and b) and patient #13 (c and d). Due to time constraints we did not measure 

LUQ after PDT for patient #12. We did not get any results (before and after PDT) for LLQ 

of patient #12 and #13 due to bleeding. The effective attenuation coefficients varied between 

1.9 and 6.3 cm−1 while the absorption coefficients varied between 0.1 and 1.6 cm−1 . As a 

result of the heterogeneity of optical properties, the light fluence rates per unit source 

strength at 0.5 cm from the point source varied between 0.2 and 0.6 cm−2 between the two 

patients.

3.3. Absorption spectra

A typical absorption spectrum acquired in vivo is shown in Fig. 5(a), along with the 

components of the spectrum as determined by linear fitting. The dominant absorbers in the 

wavelength region of our measurement are hemoglobin in its oxygenated and deoxygenated 

forms, MLu, and, to a lesser extent, water. In the cases presented here, the contribution of 

the Fourier synthesis was smaller than the contributions of known absorbers, indicating that 

the majority of absorption in tissue was accurately accounted for by our basis set. From the 

contributions of oxy- and deoxyhemoglobin to the measured absorption spectrum, we 

determined the total hemoglobin concentration [Hb]t, the sensitizer concentration [MLu], 

and the hemoglobin oxygen saturation StO2, given by

(3)

The values of these three parameters as functions of position within a typical prostate 

quadrant (RUQ, patient 13), are plotted in Fig. 6(a). The concentration of MLu is given in 
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ng mg−1 and has been scaled by a factor of 10 for comparison with the hemoglobin 

concentration and saturation.

3.4. Fluorescence spectra

The concentration of MLu via its intrinsic fluorescence emission was also measured around 

750 nm. A typical fluorescence spectrum is shown in Fig. 5(b). The singular value 

decomposition fitting algorithm is able to separate the component arising from the 

background fluorescence of the catheter and fiber assembly (labeled ‘Bkgnd’) from the MLu 

component. The small amplitude of the Fourier component indicates that the fluorescence is 

dominated by these two contributions. The background fluorescence provides a measure of 

the lamp intensity, and is used to normalize the MLu fluorescence. The MLu distribution 

determined by fluorescence spectroscopy is overlaid on the corresponding distribution 

determined by absorption spectroscopy in Fig. 6(b). The spatial distribution of MLu 

determined by the two methods is similar.

4. Discussion

The main objective of this work was to demonstrate the feasibility of measuring the 

distribution of important dosimetric parameters for PDT in vivo, namely the tissue optical 

properties, tissue concentration of drug, and tissue oxygenation. Measurements were made 

before, during and after PDT. Differences within and between patients were also evaluated.

4.1. Distribution of light fluence rate in vivo

Our data show that there is heterogeneity of light fluence in different regions of the prostate 

(Fig. 2). The data also show that light delivery to one quadrant of the prostate may lead to 

the delivery of measurable light fluence to other regions of the prostate. For the region of 

high fluence rate, there were three CDFs contributing to light fluence rate, due to the 

contributions from the two 1-cm long CDFs and the one 4-cm long CDF. For the region of 

low fluence rate, only the 4-cm long linear fiber was contributing to the light fluence rate. A 

similar explanation can also be used for the fluence rate distribution in the LLQ. The light 

fluence rate for the RLQ was much larger than that for the RUQ, which can be explained by 

differences in optical properties. In the RLQ, two similar length CDF’s were used (3 and 4 

cm). If the tissue optical properties were uniform along the catheter, the profile would have 

been uniform. However, the profile of light fluence rate is not uniform because the optical 

properties change along the catheter. The predicted light fluence rate for a 35 mW source 

based on measured optical properties (µa and µeff) is indicated by symbols. The similarity in 

shape between the measured and the predicted light fluence rate indicates the variation of 

light fluence rate was due to the variation of optical properties.

4.2. Distribution of optical properties at treatment wavelength

Fig. 3 shows a typical example of measured fluence rate per source strength from a point 

source. The measured profile usually contains 800 data points at 0.05 mm steps. The fitting 

assumes that the distance h between the source and detector catheter is also a free variable, 

which is allowed to vary up to 0.2 cm from the known separation determined from the 

template positions. We used the same method to obtain the absorption spectra from a white 
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light source using a somewhat longer step size (0.2 cm) in the range of −0.4 to 1.6 cm 

relative to the point source.

The intra-prostatic tissue heterogeneity of the optical properties at 732 nm is demonstrated 

in Fig. 4. For the same patient, the effective attenuation coefficient, µeff, varied by up to 3 

times between different quadrants of the same prostate (Fig. 4(d)). This large variation of 

optical properties resulted in a large difference in light fluence rate between the right upper 

quadrant (RUQ) and the right lower quadrant (RLQ) (see Fig. 2). Within the same quadrant 

of a prostate, µeff can change substantially as well. Since each CDF has uniform light 

strength along the catheter, the variation of optical properties can result in large variation of 

light fluence rate along the catheter, as demonstrated by the case of the RLQ. Since our 

model assumes the optical properties of the medium to be homogeneous, the measured 

optical properties has limitation in that it should be an average of tissue optical properties 

within the maximum distance between the source and the detector, typically 2 cm (see Fig. 

3).

The measurement standard deviation of µa,  and µeff is 7%, 20%, and 5%, respectively, 

when h is optimized in the fitting [35]. Details of the error analysis are included in [35].

Since our model assumes infinite medium, we make sure that the measurement points are at 

least 1 cm away from the boundaries of prostate to minimize the boundary effect. The 

starting position of the point source is moved 1 cm from the end of the catheter before 

optical properties measurement. The reduction of the light fluence rate at the tissue 

boundary has been characterized in a solid prostate phantom to be less than 2% at 1 cm from 

the boundary at 732 nm for the range of optical properties used in the study [36].

We have demonstrated in canine prostate that the absorption coefficient at 732 nm is 

approximately proportional to the tissue concentration of MLu [19]. This linear relationship 

is assumed to hold for human prostate as well. Since µa varied by up to 2.5 times along some 

catheters (Fig. 4(c), RUQ, after PDT), the tissue concentration of MLu should vary by the 

same magnitude along the catheter. This is consistent with the distribution of MLu 

concentration measured by absorption spectra and fluorescence in the same location (see 

Fig. 6(b)).

4.3. Distribution of absorption and fluorescence spectrum

Fig. 5(a) illustrates how one can extract the concentrations of oxyhemoglobin (HbO2), 

deoxyhemoglobin (Hb), and MLu from the measured absorption spectrum. Because the 

absorption spectrum is determined by fitting data using Eq. (1) at each wavelength 

independently without the knowledge of the known spectral components [25], and because 

the sum of known components accurately fits the extracted spectrum with little absorption 

accounted for by the Fourier components, we are very confident of extracted MLu, HbO2 

and Hb concentrations. Since the average optical penetration depth (δ = 1/µeff) at 732 nm is 

about 0.4 cm in human prostate and the separation between the detector and the light source 

(0.5–1.5 cm) is generally larger than δ, the extracted quantities reflect a macroscopic 

average in a tissue dimension of 0.5–1.5 cm, depending on the separation between the 

detector and the light source. Fig. 5(b) shows the corresponding analysis of a typical 
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fluorescence spectrum. The MLu concentration obtained from each spectrum is normalized 

to the background signal and therefore the measured MLu concentration is insensitive to 

variations in lamp intensity and fiber coupling efficiency. The inherent absorption by tissue 

is much greater at the excitation wavelength (460 nm) than the wavelengths over which we 

measure absorption spectra. The generation of fluorescence is therefore confined to a 

smaller region of tissue than that sampled by the absorption spectra measurement.

Fig. 6 illustrates the variation in total hemoglobin concentration, hemoglobin saturation, and 

MLu concentration within one quadrant of a typical prostate. The variation in measured 

[Hb]t and [MLu] likely result from variations in vascular density or perfusion, limiting the 

supply of drug and blood to some regions of the tissue. The agreement in the shape of the 

distributions of MLu determined by absorption and fluorescence spectroscopy demonstrates 

the ability of both methods to give quantitative information concerning the distribution of 

drug in vivo. While the two methods give similar information, each has its advantages. The 

absorption spectra measurement gives not only the drug distribution but hemodynamic 

information as well. The fluorescence measurement, on the other hand, samples a much 

smaller volume of tissue than the absorption spectra measurement, and samples many more 

points than is practical for absorption spectra measurements, allowing a higher-resolution 

map of the spatial drug distribution.

Table 1 shows the variation of optical properties before and after PDT. For patient 12, we 

have observed substantial reduction of MLu tissue concentration after PDT treatment, 

presumably due to photobleaching. A smaller reduction of MLu tissue concentration was 

observed for patient 13. The absorption coefficient, which has been shown to be 

approximately linear to MLu tissue concentration, also decreased after PDT treatment, more 

for patient 12 than for patient 13. The effective attenuation coefficient also varied after PDT, 

although the magnitude of the change was generally much smaller.

5. Conclusions

We have demonstrated inter- and intra-prostate variation of optical properties and MLu 

tissue concentration. The variation of optical properties can be used to explain the observed 

variation of light fluence rate. We observed that the optical penetration depth varied between 

0.15-0.5 cm for 732 nm light within one prostate. The tissue concentration of MLu varied 

between 1.1 and 8 ng/mg within one prostate. These studies confirm substantial inter-organ 

and intra-organ variations in optical properties and drug concentration in the prostates. 

Given this heterogeneity, a real-time dosimetry measurement and feedback system for 

monitoring light fluences during treatment should be considered for interstitial prostate PDT 

studies.
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Fig. 1. 

(a) Photograph and (b) Schematic of the measurement geometry, illustrating the setup for 

measurement of distribution of light fluence rate, optical properties, and diffuse absorption 

spectra. Two step motors are used, one for the light source and the other for the detector. 

The distribution of light fluence rate was determined by moving the detector in a catheter 

during initial PDT treatment. The experimental setup for the optical properties and 

absorption spectra measurement is identical except a different light source (732 nm vs. white 

light) was used. The distribution of optical properties and absorption spectra was determined 

by moving both a point source (by z from the end of catheter) and a detector (by x from the 

point source location) before and after PDT treatment. The fluorescence distribution is 

achieved using a single side firing fiber used as both a light source and light detector. (c) 3D 

Zhu et al. Page 14

J Photochem Photobiol B. Author manuscript; available in PMC 2015 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



graph of the arrangement of catheters in a typical prostate treatment. The left upper 

quadrant’s treatment (blue) and detector (red) catheters are shown in color for emphasis. The 

remaining catheters are for treatment of the other quadrants. The detector catheters for these 

quadrants are not shown.
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Fig. 2. 

Distribution of light fluence rate for 732 nm light in-vivo during PDT. The profile measured 

in the LLQ was acquired during illumination of the LUQ and indicates the spread of light 

between adjacent quadrants. The open circles indicate the fluence rate at 0.5 cm from the 

source predicted by the diffusion theory using the optical properties measured at various 

points in the RLQ. The geometry of each measurement is shown in the diagrams below the 

figure. In each case, an end-view of the prostate is shown. The measurement channel in each 
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case is marked by an ‘x’, and the filled circles indicate the channels delivering illumination. 

The length in cm of the cylindrical diffuser in each channel is indicated in the diagram.
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Fig. 3. 

Measured light fluence rate per unit source strength (ϕ/S) at 732 nm versus distances along 

the catheter, x, from the point source measured in-vivo in human prostate gland for patient 

#13. Line is measured data and symbols are fits. The optical properties are: o − µa = 0.23 

cm−1, , ϕ(0.5)/S =1.1 cm−2, h = 0.5. Similar measurements were made for 

different wavelengths for the absorption spectra, although the measurements are now made 

at only 11 points between −0.4 and 1.6 cm with 0.2 cm steps.
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Fig. 4. 

In-vivo distribution of (a) absorption and (b) effective attenuation coefficients at 732 nm in 

the human prostate for patient #12. (c) absorption and (d) effective attenuation coefficients 

at 732 nm in the human prostate for patient #13.
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Fig. 5. 

Components of (a) absorption spectra and (b) fluorescence spectra acquired prior to PDT 

from the LUQ of patient #13. In each case, the measured data are labeled as symbols (‘o’) 

and the components are labeled as lines. The components include: MLu, water (H2O), 

deoxyhemoglobin (Hb), and hemoglobin (HbO2). The ‘Fourier’ component is a Fourier 

series designed to account for unknown absorbers or fluorophores.
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Fig. 6. 

In vivo distribution of (a) StO2, blood volume (µM), and MLu concentration determined 

using the absorption spectra and (b) MLu concentration as determined by absorption spectra 

(triangles) and fluorescence (circles) measurements for RUQ in patient 13.
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