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ABSTRACT

We present a novel minimally invasive method to measure the concentration of photodynamic thearapy drugs in real
time. The method is based on measurements of backscattered and fluorescence light using a steady state fluorescence
spectrometer, The ratio of the fluorescence to scattered light is found to be linearly proportional to the absorption
coefficient of the photosensitizer. The fiber-optic probe used for the measurements has a small source-detector
separation, therefore the measurements could be performed through the working channel of an endoscope.

Keywords: Photodynamic therapy, photosensitizer concentration, minimally invasive measurements

1. INTRODUCTION

Photodynamic therapy (PDT) is a medical treatment in which a combination of light and drug are applied to kill
cancer cells. The administered drug is a photosensitizing agent; it is non-toxic until activated by light.
Photosensitizers for PDT are designed to locate preferentially in cancerous regions. Therefore, when light is applied

damage to healthy tissue is minimized. Optimally, the light is applied at a time when the difference in drug
concentration in normal and healthy tissue is at its maximum so that only cells in the cancerous region ate
destroyed. It would be advantageous to have a noninvasive method of measuring photosensitizer concentration in
order to determine the optimum time for illumination. In addition, knowled e of the concentration of

fphotosensitizer is important for determining the intensity of illumination for treatment ‘3.

The most common method attempted for monitoring photosensitizer concentration in vivo is measurement of
fluorescence from the tissue containing the photosensitizerl -4. Unfortunately, the measured fluorescence emission

intensity depends not only on the concentration of photosensitizer but also on the measurement eometry and on the
-?absorption and scattering properties of tissue at the excitation and emission wavelengths *6. The scattering

coefilcient, ps, the average of the cosine of the scattering angle, g, and in the case of a small source-detector

separation, the scattering phase function, P(e) 7, can all determine the fluorescence intensity. When there is
knowledge of the optical properties, the distortions to the fluorescence spectra can be correcteds$!s and the
concentration of fluorophores determined to an accuracy of * 15 ?ZOg. In the absence of knowledge of the optical
properties prediction of fluorophore concentration becomes more difficult. A method assuming exponential light
attenuation has been tested and found to give inaccurate results for chromophore concentration, although line-shapes
were reproduced fairly accurately. More accurate results were obtained by using a Partial Least Squares technique
with a training set that was representative of the measured samples5.

A different technique for determining photosensitizer concentration is based on the diffusion approximation 10.
Reflectance of light from tissue is measured using a surface probe with several source detector separations and

scattering and absorption coefficients are calculated using the diffusion approximation. This method was applied to
study photosensitizer concentration in the skin and liver of New Zealand White rabbit’s. For both organs the actual
and measured concentrations were well correlated. In the liver the actual and measured concentrations matched fairly
well, however the measured photosensitizer concentration was three times lower than actual concentration in the skin

tissue 10. A disadvantage of this method is that the probe is not compatible with an endoscope due to its large size.



.
.

.

Another method based on reflectance spectroscopy or elastic scattering spectroscopy has also been developed recently
for measuring absorption coefficients. Elastic-scattering spectra of tissue are used to calculate the concentration of
biochemically relevant compounds in tissue using a probe with a 1.7 mm source-detector fiber separation 11, The
separation of 1.7 mm was chosen in order to minimize the dependence of the pathlength of the collected photons on
scattering properties. For scattering parameters typical of tissue the pathlength varies by less than 20Y0.

In the following we describe a very simple and accurate method of measuring a parameter which is directly
proportional to the photosensitizer concentration.

2. MODEL
Let Is be the amount of light collected in the backscattering geometry of Fig. 1 for a medium with reduced scattering

coefficient, ps’, phase function, P(9), and for a fiber source-detector separation, d. When an absorption, Pa, is rdkxl
to the scattering media, the intensity of collected light will be given by Is’ in Eq. 1, where L is the distance the
photons in the medium before being collected. L is assumed to be the same before and after adding the absorber.

Source
fiber

Co Ilection fibers

ArJJ’J--
Fig. 1. Schematic illustration of the fiber configurations in use of measurement of the backscattered light. One of
the fibers was used as source and others were used to collect the light.

l~’(lf~’!pa! d, P(O)) = I~(p~’ ,d, P(0))e
-paL(p~’ , d, P(6))

(1)

Assume that the molecules responsible for absorbance Pa also fluoresce. The intensity of the fluorescent light, If, is
proportional to the amount of light that was absorbed by the fluorescent molecules and is given by Eq. 2. (We have
dropped the explicit dependence of If, Is and L on scattering and absorption parameters for clarity.) Q is a constant
including the quantum yield of the fluorescence molecules as well as the ratio of the detector, grating, and fiber
efficiencies at the excitation and the fluorescence wavelengths. Optical properties of the medium which govern light
transport also depend on wavelength. Here, we assume that the optical properties are same at the excitation and

fluorescence wavelengths.
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The ratio of fluorescence light to the scattered light is then

–jJaL
‘f _ Q(l-e )

R= = Q(e
PaL

-paL - 1)

I’ ~ e

(2)

(3)

For a small concentration of fluorophores and a small source-collector fiber separation paL <1 and the exponential

term in the equation can be expanded. The ratio then takes the form,

R = QLPa. (4)

As seen in Eq.(4) the ratio, R, is linearly proportional with the absorption coefficient of the fluorescence molecules
added to the turbid medium. If we know the constant K=QL for one ~a value of the solution, then we can determine

the absorption coefficient of the fluorescence molecules of different concentrations by measuring the ratio of the
intensity of scattered and fluorescent light.

The fluorescent molecule may not be the only absorber in the medium.
decrease the fluorescence because the intensity of light in the medium
medium the intensity of light is reduced by a factor

If the other absorption is significant it will
will be decreased. At a distance L’ into the

+.&’

e

Therefore, the amount of fluorescence taking place between L’ and L’+AL is reduced by

+ab~
e

If we think of the pathlength L traveled by the photons as being divided into many segments of length AL then the
reduction in fluorescence is given by

/

‘~Me-~abkw HALZ1
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Converting the sums to integrals, we obtain

~ L ‘-fiabx
1

‘Je
‘PabL

dx= ‘(l-e )
LO ~abL

Eq. 3 then becomes

-paL ‘PabL
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(5)
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In the limit of jJaL c1 and Paw cl, Eq. 4 is still valid. Even in the event that jJa~ is not less than one, Eq 4 will
be valid if Q is redefines to include the terms containing Lab in Eq. 5.

Absorption of the fluorescent light within the tissue has not been explicitly accounted for in the model so far. There
is some probability that a fluorescent photon will be absorbed before reaching the collection fiber. Assuming that
the fluorescent molecules do not absorb at the wavelength they emit, this factor can be absorbed into the constant K.

3. MATERIALS AND METHODS

A cw He-Cd laser (Omnichrome Corporation, Chino, California) at a wavelength, A = 442, nm was used as a light

source. Light was delivered to the tissue phantoms via a fiber optic probe and the intensity of the incident light on

the phantoms was <0.05 mW. Three fiber optics probes were used. The source-detector fiber separations (center-to-
center) in probe #1 were 0.95, 1.70, 2.18, and 2.98 mm. In probe #2 the source-detector separations were 0.24,

0.32, 0.48, and 0.64 mm. All fibers (Polymicro Tech. Inc. Phoenix, AZ) in these probes were 200 pm in core
diameter with a numerical aperture 0.22. The source detector separation in the third probe was 0.11 mm and the
fibers had core diameters were 100 ~m. Collected light was dispersed with an Acton 2751 Spectrograph (Acton,
Research Corp, Acton MA) and light detection was performed by a thermoelectrically cooled Princeton Instruments
(Princeton, NJ) CCD array. The geometry of the measurements is shown in Fig.1. The probes were immersed 1
mm into the phantoms during the measurements.

The tissue phantoms were 10 ml of aqueous suspension of polystyrene particles (Duke Scientific Corporation, Palo
Alto, California) to which a fluorophore, porphyrin (meso-tetra(N-methylpyridinium)) and/or an absorber, India ink,
were added. The polystyrene particles had diameters of either 0.523 or 1,03 pm. Using Mie theory, the average
cosine of the scattering angle was calculated to be 0.89 and 0.93, respectively at a wavelength of 442 nm. The
absorption spectrum of porphyrin is shown in Fig. 2a and the absorption spectrum of 1pl India ink in 10 ml of
nanopure water is shown in Fig. 2b.
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Fig. 2 (a) Absorption spectrum of porphyrin. (b), Absorption spectrum of 1 &l Indian ink in 10 ml water.

Fig. 3 is a measurement of one of the polystyrene–porphyrin phantoms. The sharp line at 442 nm is the scattered
light and the intensity at longer wavelengths is due to fluorescence. Intensities of ‘backScattered light and
fluorescence emission were calculated in the wavelength range 430.08 - 453.17 nm and 614.16 - 840.05 nm,
respectively. For each phantom, five measurements were made and averaged before calculation of the intensities of
backscattered and fluorescence light.
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solution. Excitation wavelength was 442 nm.

4. RESULTS

4.1. Validation of the model

To test the model, measurements of tissue phantoms were performed using fiber-optic probe #1. Ten suspensions of
polystyrene spheres and porphyrin were prepared. The reduced scattering coefficient was 11.68 cm- 1 at 442 nm for
all suspensions. The absorption coefficients due to porphyrin ranged from 0.15 to 1.77 cm-1 at 442 nm. The ratios

of intensities of fluorescent to scattered light as a function of pa are seen in Fig.4 for the fiber separations, 0.95,
1.70, 2.18, and 2.98 m

0.2 0.4 0.6 0.s 1.0 1.2 1.4 1

~a (cm”)

Fig. 4. Intensities of the backscattered and fluorescence light of spectra of polystyrene-phorphyrin solutions were collected
at four different source-fiber separations (d), 0.95,, 1.7, 2.18, 2.98 mm. Reduced scattering coefficient of the solution was
11.68 cm- 1. Ratios of the fluorescence light to the backscattered light become linear as the separations decrease between
source and collector fibers.

These data were fit to Eq. 3 and the resulting parameters are given in the caption of Fig. 4, The pathlength L
decreased with decreasing fiber separation as expected. At the fiber separation of 0.95, the pathlength L is small
enough so that the ratio of fluorescence to scattering is nearly a linear function of absorption. These results provide
strong evidence for the validity of Eqs. 3 and 4 in the absence of background absorption.
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4.2 Prediction of fluorophore concentration in the absence of background absorption

To demonstrate that the results of Section 2 can be used to determine the amount of fluorophore in a turbid media,
measurements of three sets of phantoms were performed. Suspensions of 0.523 pm diameter polystyrene spheres

were prepared with rxhxed scattering coefficients of 11.68, 17.52, and 25.05 cm-1. For each value of ps’, ten

suspensions were prepared with varying amounts of porphyrin. Absorption coefficients of the phantoms were
between 0.15 and 1.80 cm-l. The tissue phantoms were measured with probe #2.

2.0

# 0.5

0.0
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1+ I I I +4
0.0 0.5 1.0 1.5 2.0

Waactual (cm ‘1)

Fig. 5. The calculated absorption coefficient, La versus the actual value of the ~a for phantoms with ~s’ = 11.68 cm-l. The
aqueous solutions were mixtures of porphyrin and polystyrene particles of diameter 0.523 &m. Fiber separations, d, are
given in the caption. Error bar of each data point was calculated over five measurements.

The ratio of fluorescence to scattering was calculated for each measurement. For a given set of 10 phantoms, the
quantity K = QL was then determined for each fiber using the known value of the absorption coeftlcient of the

phantom containing the second least amount of porphyrin. The remaining fluorescence to scattering ratios are then
divided by K to obtain the absorption coefficient of the other phantoms. These calculated absorption coefficients am
plotted versus the known absorption coefficients of the phantoms in Fig 5, for suspensions with ps’ = 11.68 cm-1.
The average error and the maximum error in the calculated absorption coefficients are in Table 1. The average error

is always less than 10910and the maximum error is always less than 20910.
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Table 1. Average and maximum error of the calculated ~a of the solutions with the different reduced scattering coefficients
for four fibers separations are seen in the first and second column of each fiber separation. Phantoms were prepared with
the polystyrene spheres of diameter 0.523 ~m.

p~’ (cm-l) d=O.24 (mm) d=0.32 (mm) d=O.48 (mm) d=O.64(mm)

Ave. Max. Ave. Max. Ave. Max. Ave. Max.

11.68 (cm-l) 9.3% 17.970 7.3% 14.8% 5.3% 11.1% 4.0% 9.7%

17.52 (cm-l) 2.4% 9.9% 3.0% 14.4% 3.7% 14.6% 2.9% 10.8%

25.05 (cm- 1, 5.3’% 11.8% 3.8% 9.9% 4.1% 16.3% 4.9% 17,4%

To see the effect of scatter size on the results we prepared all phantoms with larger polystyrene spheres of diameter
1.03 ~m. Reduced scattering coefficients of the phantoms at 442 nm were 11.62 cm-1, 17.41 cm-1, and 23.20 cm-
1. Again the slopes of the calculated j.Laversus the actual Va were calculated. They ranged from 0.86 to 1.04. The
errors in prediction of the calculated pa were also calculated and are given in Table 2. At least for this small change
in scattering parameters, the linear relationship between calculated and actual absorption coefficient held.

Table 2. Same as Table 1 for polystyrene particles of diameter 1.03 ~m.

d=O.24 (mm) d=O.32 (mm) d=O.48 (mm) d=O.64 (mm)
Ave. Max. Ave. Max. Ave. Max. Ave. Max.

11.62 (cm-l) 5.6% 11.170 8.1% 12.4% 7.2% 12.170 0.8% 1.1%

17.41 (cm-l) 10.9% 15.0% 12.170 16.1% 9.5% 12.7?lo 9.8% 12.1%

23.20 (cm-l) 15.070 22.2% 14.170 22.6% 7.5% 12.4’%0 6.9% 17.9%

4.3 Prediction of fluorophore concentration in the presence of background absorption

The aim of the second set of the experiments was to determine the effect of background absorption on the
measurement of photosensitizer concentration. The phantoms were prepared with polystyrene particles of diameter

—
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Fig.6. Plots of the calculated pa versus actual Ua for aqueous solutions of India Ink, porphyrin, and polystyrene particles
with a diameter of 0.523 pm, The reduced scattering coefficient of the solutions was 11.68 cm-1. Absorption coefficients

of India Ink at excitation (442 nm) and emission (666 nm) wavelengths of porphyrin were 0.620 cm-1, and 0.400 cm-1.



0.523pm, varying concentrations of porphyrin, and 1 VIof India ink in each phantom. The absorption coefficients
of 1 pl India ink in 10 ml nanopure water are 0.620 cm-1 and 0.400 cm-1 at the excitation wavelength (442 nm) and
at the peak of the porphyrin fluorescence emission (663 nm) respectively. Absorption coef!rlcients of porphyrin in
the phantoms were 0.33-1.69 cm-l at 442 nm. The constants K were calculated using the data of the second
phantom for each fiber separation.

Calculated Va versus actual I.Laare plotted in Fig. 6 for four source-detector fiber separations for the solution with a
reduced scattering coefficient of 11.68 cm-1. The slopes of the calculated Waversus the actual Wawere also calculated

for the phantoms with a larger reduced scattering coefficient and found to also be 1.13 to 1.14. The errors in

prediction of the calculated Va were also calculated and are given in Table 3. The same measurements were performed

usin another probe with a smaller source-detector fiber separation, 0.11 mm, for the phantoms with ~s’ = 17.52
f’cm- . The errors in the predicted results are given in Table 3.

Table 3. Same as Table 1 except that the results are for suspensions to which India ink was added.

d=o. 1l(mm) d=O.24 (mm) d=O.32 (mm) d=O.480 (mm) d=O.64(mm)
Ave. Max. Ave. Max. Ave. Max. Ave. Max. Ave. Max.

11.68 (cm-l)
8.0% 23.2% 7.8% 22.3qo 7.6% 20.8% 7.7% 19.8%

17.52 (cm-l) 2.7?Z0 5.4% 8.2% 18.9% 7.6% 18.190 7.2% 18.l% 6.9% 16.6%

5. DISCUSSION AND CONCLUSIONS

Measurement of the photosensitizer concentration in tissue immediately proceeding photodynamic therapy is critical
for improving the therapeutic index; i.e. obtaining maximum destruction of the pathological areas without impairing

surrounding healthy tissue 1. The light intensity of the applied light to cancer region must be adjusted according to
the photosensitizer concentration of tissue to avoid overtreatment or undertreatment.

Our aim in this study was to develop a technique to measure fluorophore absorption coefficients in a turbid media
using a probe with a small source-detector fiber separation. The model described in Section 2 demonstrates that the
ratio of fluorescence to scattering intensities increases linear with the concentration of fluorophores. We have tested
the validity of the model. We have also shown that with a single calibration, photosensitizer concentrations can be
measured to an accuracy of about 10%. This result was demonstrated for two different scattering media with a variety

of reduced scattering coefficients, and in the presence of a background absorber. The optical parameters of the tissue
phantoms used in this study are characteristic of biological tissue optical properties 12.
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