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Abstract. We present an optical method based on fluorescence spec-
troscopy for measuring chromophore concentrations in vivo. Fluores-
cence differential path length spectroscopy �FPDS� determines chro-
mophore concentration based on the fluorescence intensity corrected
for absorption. The concentration of the photosensitizer m-THPC
�Foscan®� was studied in vivo in normal rat liver, which is highly
vascularized and therefore highly absorbing. Concentration estimates
of m-THPC measured by FDPS on the liver are compared with chemi-
cal extraction. Twenty-five rats were injected with 0.3 mg/kg
m-THPC. In vivo optical concentration measurements were per-
formed on tissue 3, 24, 48, and 96 h after m-THPC administration to
yield a 10-fold variation in tissue concentration. After the optical mea-
surements, the liver was harvested for chemical extraction. FDPS
showed good correlation with chemical extraction. FDPS also showed
a correlation between m-THPC fluorescence and blood volume frac-
tion at the two shortest drug-light intervals. This suggests different
compartmental localization of m-THPC for different drug-light inter-
vals that can be resolved using fluorescence spectroscopy. Differences
in measured m-THPC concentration between FDPS and chemical ex-
traction are related to the interrogation volume of each technique;
�0.2 mm3 and �102 mm3, respectively. This indicates intra-animal
variation in m-THPC distribution in the liver on the scale of the FDPS
sampling volume. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction
oninvasive optical methods for measuring tissue concentra-

ions of endogenous and exogenous substances have several
enefits over invasive techniques. Most importantly, optical
oncentration measurements allow nondestructive in vivo
onitoring of drug pharmacokinetics at various tissue sites.1–5

wo different sources of optical contrast are routinely used for
arget compound concentration measurements in tissue: ab-
orption and fluorescence.

Methods based on absorption �reflectance� spectroscopy
ave the advantage that the measurement setup is relatively
imple compared to fluorescence measurements. A typical
etup consists of a fiber-optic probe, a broadband light source,
nd a spectrometer. The signal analysis is based on attenua-
ion of elastically scattered light. Integration times are gener-
lly small, which enables measurements in the presence of
mbient lighting �e.g., endoscopic illumination� and allows
ontinuous measurements with a high temporal resolution.

ddress all correspondence to Arjen Amelink, Radiation Oncology, Erasmus
C, PO Box 2040-Rotterdam, 3000 CA Netherlands. Tel: +31-10-7032104;

ax: +31-10-7032141; E-mail: a.amelink@erasmusmc.nl
ournal of Biomedical Optics 034022-
The optical contrast depends on the product of path length and
target compound absorption coefficient, where the latter is the
product of molar extinction coefficient and concentration.
This implies that the absorption contrast might become too
low for accurate concentration measurements for short path
lengths, small molar extinction coefficients, and small target
compound concentrations. An additional problem arises when
the absorption band of the target compound overlaps the ab-
sorption bands of highly absorbing endogenous chromophores
such as blood. In that case, the attenuation of the scattered
light due to blood might prevent accurate concentration esti-
mates of the target compound as well.

For most fiber-optic measurement geometries, the optical
path length depends on the scattering coefficient �s and on the
absorption coefficient �a of the tissue. Since �s and �a both
vary significantly in tissue, quantitative measurements prove
to be difficult in tissue unless specific fiber-optic measurement
geometries are chosen. For example, the optical pharmacoki-
netics spectroscopy �OPS� system developed by Mourant
et al.1 uses elastic scattering spectra of tissue to calculate the

1083-3668/2009/14�3�/034022/8/$25.00 © 2009 SPIE
May/June 2009 � Vol. 14�3�1



c
p
r
d
o
t
g
p
T
r
r
f
s
i
t
t
o
p
t
w
l
m
fi
a
d
w
s
n
s
m
o

r
F
fl
s
a
T
a
fl
t
t
c
r
c
m
m
I
p
y
t
o
o
a
n
c
s
fl
F
s
c

Kruijt et al.: In vivo quantification of chromophore concentration using fluorescence…

J

oncentration of chromophores in tissue using a fiber-optic
robe with a source–detector separation of 1.7 mm. The sepa-
ation of 1.7 mm was chosen to minimize the path length
ependence of the collected photons on scattering properties
f tissue. For scattering parameters that are typical of tissue,
he path length varies by less than 20% for a given back-
round absorption. Another technique that features a known
ath length is differential path length spectroscopy �DPS�.6–9

he path length of photons contributing to the differential
eflectance signal varies by less than 20% over a very broad
ange of both scattering and absorption coefficients.6,7 This
acilitates quantitative concentration measurements even for
trong variations in either background absorption or scatter-
ng. However, as explained earlier, chromophore concentra-
ion measurements based on attenuation of elastically scat-
ered light rely on �small� differences between large amounts
f detected light with and without the target chromophore
resent. Therefore, accurate measurement of small concentra-
ions of chromophores or measurements of chromophores
ith low absorption coefficients are difficult. This is particu-

arly true for DPS, for which the average path length of the
easured photons is very small, approximately equal to the
ber diameter.6–9 Moreover, for fluorescing compounds such
s photosensitizers, the concentration can be underestimated
ue to the presence of fluorescence, induced by the lower
avelengths of the white-light source, in the reflection

pectra.4 For example, Johansson et al.4 used the OPS tech-
ique to estimate m-THPC concentration in a nonmelanotic
kin tumor model and found a factor 2 underestimation in
-THPC concentration when not accounting for the presence

f m-THPC fluorescence.
In contrast, measurements based on fluorescence contrast

ely on the induced fluorescence of the fluorescing compound.
urthermore, the dynamic range for measurements based on
uorescence contrast is much larger than for scattering �ab-
orption� measurements since the fluorescence is measured at

different wavelength than the excitation �scattered� light.
herefore, fluorescence-based concentration measurements
re more sensitive and better capable of measuring very low
uorophore concentrations simply by increasing the integra-

ion time. However, there exists a complex relationship be-
ween the concentration of a chromophore and its absorption
ross section and fluorescence emission intensity. In vivo fluo-
escence can be influenced by many factors that include
hanges in quantum yield induced by changes in the
icroenvironment,10 photobleaching,11 biological compart-
entalization, and alteration in binding and aggregation.12,13

n a turbid sample, the amount of fluorescence detected de-
ends not only on the fluorophore concentration and quantum
ield, but also on the scattering and absorption coefficients of
he sample at the excitation and emission wavelengths. Vari-
us algorithms and measurement geometries have been devel-
ped to correct for the influence of tissue optical properties on
measured fluorescence spectrum. Photon migration tech-

iques have been used to establish a general algorithm, appli-
able to any measurement geometry and for a broad range of
cattering and absorption variations, to correct the measured
uorescence for the influence of tissue optical properties.14,15

or this algorithm, the diffuse reflectance is measured in the
ame geometry as the fluorescence measurements and used to
orrect for differences in optical properties. However, elabo-
ournal of Biomedical Optics 034022-
rate probe-specific calibration procedures are required, and
the correction algorithm itself is quite complex. Several other
more simple correction algorithms based on specific probe
geometries have been developed.16–19 We have recently devel-
oped fluorescence differential path length spectroscopy
�FDPS�, which is based on the principles of DPS �the differ-
ence of two signals that contain the same contribution from
long path length photons but different contributions from
short path length photons, to obtain a well-defined, small
measurement volume� but with the enhanced dynamic range
of fluorescence measurements.5 The advantage of FDPS over
other quantitative fluorescence measurements is its capability
to deal with large variations in background absorption using a
simple correction algorithm.

In this paper, we compare an optical concentration mea-
surement technique based on quantitative fluorescence spec-
troscopy, FDPS, with chemical extraction.20 The photosensi-
tiser m-THPC was chosen as the target chromophore to test
the concept of FDPS in vivo. To test the strength of FDPS in
vivo, we performed the measurements on highly absorbing
tissue, the liver. Variations in m-THPC concentration in the
liver are achieved by choosing different drug-light intervals
based on the known pharmacokinetics of m-THPC in
liver.21,22 The distribution of m-THPC at the different time
points within the liver was investigated using fluorescence
microscopy.

2 Materials and Methods
2.1 Animal and Measurement Procedures
The experimental design for this study was approved by the
animal experiment committee of the Erasmus MC. Two weeks
before the start of the experiments, 25 normal adult male
Wistar rats were placed on a diet of chlorophyll-free food to
minimize the influence on autofluorescence centered at
675 nm due to pheophorbide-�. All rats were injected with
0.3 mg /kg m-THPC i.v., except for the control animals �n
=5�, which were injected with the solution
�PEG400:ethanol:water, 2:3:5� not containing m-THPC. At ei-
ther 3 h, 24 h, 48 h, or 96 h after injection �n=5 animals per
time point�, the tissue overlying the liver was dissected, and
optical concentration measurements were conducted on 10
randomly chosen positions across different lobes of the liver.
Directly after the optical measurements, the main arteries and
veins of the liver were clamped to minimize the loss of blood.
The liver was then excised and snap-frozen in liquid nitrogen.

2.2 Concentration Measurements
Concentration of m-THPC in the liver was measured in vivo
using FDPS and ex vivo using chemical extraction. FDPS de-
termines a concentration estimate based on the emitted pho-
tosensitizer fluorescence. Figure 1 shows a schematic diagram
of the measurement setup. The concentration estimates mea-
sured by FDPS were compared to the concentration values
determined by chemical extraction. Both methods, FDPS and
chemical extraction, are described in more detail in the fol-
lowing sections.
May/June 2009 � Vol. 14�3�2
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.2.1 FDPS
he probe contained two 800-�m fibers placed at minimum
ore-to-core distance, 880 �m, in a specially adapted submin-
ature version A �SMA� connector. The SMA connector con-
guration ensured a reproducible fixed distance when cali-
rating the setup using a calibration lamp, as described
lsewhere.5 The probe surface was polished under an angle of
5 deg to minimize specular reflections at the probe-medium
nterface during FDPS measurements. The 800-�m delivery-
nd-collection �dc� fiber is coupled into a 400-�m bifurcated
ber, which contains a delivery and a collection leg. The de-

ivery leg is coupled into a 200-�m bifurcated fiber, of which
ne end is coupled into a xenon light source �HPX-2000,
cean Optics, Duiven, The Netherlands� and the other end to
514-nm argon laser �Spectra Physics, Eindhoven, The Neth-

rlands�. The collection leg is also coupled into a 200-�m
ifurcated fiber, of which one end directly leads to the first
hannel of a temperature-regulated four-channel spectrograph
etup �MC-2000-4-TR2, Ocean Optics, Duiven, The Nether-
ands� and the other end leads to a filter block containing a
70-nm long-pass filter before being coupled into the second
hannel of the spectrograph. The 800-�m collection �c� fiber
s coupled to a 400-�m bifurcated fiber, of which one end
irectly leads to the third channel and the other is again first
ltered by the same 570-nm long-pass filter before being
oupled in the fourth spectrograph channel.

.2.2 Tissue extraction
issue extraction was performed according to the chemical
xtraction method recently described by Kascáková et al.20

his is a modification of the original method described by
ilge et al.23 In short, small liver tissue samples ��0.1 grams
r �100 mm3� were randomly acquired from the liver. Note
hat we did not attempt to colocate the optical measurement
ites with the tissue extraction sites. Instead, we avoided com-
licated experimental procedures associated with colocating
he sites by averaging multiple random locations in both the
ptical and chemical concentration measurements. The liver
amples were dissolved in 2 ml of the ready-to-use tissue sol-
ent Solvable™ �Perkin Elmer, Groningen, The Netherlands�,
hich is a mixture of dodecyldimethylamine oxide �2.5 to
0%�, secondary alcohol ethoxylate �2.5 to 10%�, and sodium
ydroxide ��2.5% � in water. Subsequently, the tissue

ig. 1 Schematic diagram of the FDPS measurement setup. The probe
ip with a diameter of 3 mm contains two 800-�m fibers at a core-to-
ore distance of 880 �m.
ournal of Biomedical Optics 034022-
sample in Solvable was placed in a water bath of 50°C and
agitated regularly for 2 h. The solubilized liver solution was
then diluted with Solvable to an OD�0.1, to minimize ab-
sorption artifacts and to ensure homogenous illumination of
the sample in 1-cm path length quartz cuvettes in a fluorim-
eter �Perkin Elmer, Groningen, The Netherlands�. The diluted
samples were analyzed by using an excitation wavelength of
423 nm �corresponding to the wavelength at which m-THPC
in 100% Solvable absorbs the most20� and a spectral detection
band of 450 to 800 nm with a resolution of 0.5 nm.

2.3 Fluorescence Microscopy
Frozen tissue samples of control and m-THPC administered
animals were handled under subdued light conditions. Liver
sections of 20-�m thickness were sectioned and mounted on
glass slides �Menzel, Braunschwig, Germany�. Fluorescence
images were acquired at a 50�magnification using a CCD
camera �ORCA-ER, Hamamatsu, Herrsching am Ammersee,
Germany� mounted on a fluorescence microscope �Leica,
Leiden, The Netherlands� equipped with an N2.1 filter block
with an additional bandpass detection filter, 670�50 nm.

2.4 Data Processing

2.4.1 FDPS
Before every measurement, the FDPS system was calibrated
as described previously.5 A differential reflectance spectrum
�DPS� is obtained by subtracting the spectral signal from the
c-fiber, which collects long path length photons only, from the
dc-fiber, which collects photons of both long and short path
length. Hence, the differential spectrum contains the spectral
contribution from short path length photons only. Differential
reflectance spectra were fitted according to the following
model6–9,24:

R = �a1� �

�0
�a2

+ a3� �

�0
�−4�

· exp�− dfiber · � · 	StO2 · �a
HbO2���

+ �1 − StO2� · �a
Hb���
 · Ccor�Dves� · Ccor��a

total�� . �1�

The scattering function is modeled by a combination of Mie
scattering and Rayleigh scattering, given by power law func-
tions with amplitudes a1 and a3 and wavelength dependencies
�� /�0�a2 and �� /�0�−4, respectively. Here, �0 is a normaliza-
tion wavelength where the signal is predominantly dependent
on scattering, which we usually set to 800 nm. dfiber is the
fiber diameter �0.8 mm�, � is the blood volume fraction, StO2

is the microvascular blood oxygenation, �a
HbO2��� is the ab-

sorption coefficient of fully oxygenated whole blood, and
�a

Hb��� is the absorption coefficient of fully deoxygenated
whole blood.25 Ccor�Dves� is a correction factor that accounts
for the inhomogeneous distribution of blood in tissue and de-
pends on the vessel diameter Dves, and Ccor��a

total� is a cor-
rection factor that accounts for the absorption dependence of
the path length for highly vascularized tissue such as liver.26 A
differential fluorescence spectrum �DFmeas� is obtained by
subtracting the fluorescence spectral signal measured by the
c-fiber from the fluorescence spectral signal measured by the
dc-fiber. The measured differential fluorescence signal is cor-
May/June 2009 � Vol. 14�3�3
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ected for absorption by multiplying DFmeas by the ratio of the
eflectance at the excitation wavelength without and with ab-
orption present, as follows5:

DFcorr = DFmeas
DRx�0�

DRx��a,x�
, �2�

here DRx��a,x� and DRx�0� are the differential reflectance
ignals at the excitation wavelength measured with and with-
ut background absorber present, respectively. DRx��a,x� is
he DPS signal at the excitation wavelength measured in vivo.
he DPS signal at the excitation wavelength without absorp-

ion present, DRx�0�, cannot be measured, but is calculated
rom the fit of the in vivo DPS spectrum to Eq. �1�, using the
est estimates of the parameters a1 to a3 and setting the ex-
onent for the exponential term to 0. It was previously shown
hat the differential fluorescence signal is relatively insensitive
o variations in scattering,5 and consequently no corrections
ere performed to account for scattering differences between

issue samples. The absorption-corrected FDPS spectra were
nalyzed as a linear combination of basis spectra and fitted
sing a singular value decomposition �SVD� algorithm.24,27

he fluorescence was described by a combination of autofluo-
escence and m-THPC fluorescence. Basis spectra for these
wo components were extracted from spectra acquired in vivo.
he autofluorescence basis spectrum is the normalized aver-
ge of the control animals. For m-THPC, a basis spectrum,
ased on the spectra acquired in vivo corrected for the autof-
uorescence, is determined for each of the four time points to
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ig. 2 Typical Levenberg-Marquardt fit of the DPS signal �a� and SVD
he fluorescence signal of the liver after chemical extraction measure
ournal of Biomedical Optics 034022-
account for possible spectral changes in m-THPC fluores-
cence due to changes in environment and/or binding.

2.4.2 Chemical extraction

Fluorescence spectra acquired by the fluorimeter could be de-
scribed as a linear combination of autofluorescence, Solvable
fluorescence, and m-THPC fluorescence. The Solvable fluo-
rescence basis spectrum was measured in the fluorimeter us-
ing pure Solvable. m-THPC was dissolved in Solvable and
measured in the fluorimeter; the basis spectrum for m-THPC
was acquired by subtracting the Solvable component. Last,
the autofluorescence basis spectrum is the normalized average
fluorescence spectrum of spectra acquired from dissolved
liver samples of control animals after subtraction of the Solv-
able component. The absolute m-THPC concentration of the
liver samples was derived from a calibration curve, which was
constructed from measurements of known m-THPC concen-
trations mixed with dissolved control liver samples in
Solvable.20

2.5 Statistics and Correlation

Confidence intervals on the individual parameters for the in-
dividual measurements were determined based on the covari-
ance matrix generated for each fit as described by Amelink
et al.28 Differences between groups were determined using the
nonparametric Mann-Whitney test.
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Results
igure 2 shows the data and fit for the three spectra acquired
er animal for the different methods: DPS, FDPS, and chemi-
al extraction. Figure 2�a� shows a typical differential reflec-
ance spectrum acquired in vivo from rat liver with its fit and
esidual between fit and data from an animal 3 h after
-THPC injection. Figure 2�b� shows the fit of a differential
uorescence spectrum acquired in vivo under 514-nm excita-

ion of the rat liver 24 h after m-THPC injection. In addition
o the fit and residual between fit and data, the individual
omponents are also shown. Figure 2�c� shows a typical fluo-
escence spectrum and its fit and the individual components
m-THPC, autofluorescence, and Solvable fluorescence� of
xtracted liver tissue 3 h after m-THPC injection measured
sing the fluorimeter at 423-nm excitation.

Figure 3 shows the m-THPC component of the absorption-
orrected FDPS fluorescence versus the actual m-THPC con-
entration determined with chemical extraction. For the con-
rol animals, the FDPS spectrum was fully described by the
utofluorescence component with negligible contribution
rom the m-THPC component, as expected. The smallest non-
ero amount of m-THPC fluorescence �measured at the 96-h
ime point� corresponded to an actual m-THPC concentration
f 160 ng /g. Fitting a straight line forced through the origin
hows an R2 value of 0.87. Every measurement point repre-
ents the average of multiple fluorescence measurements at
andomly chosen locations on the liver in a single animal. For
hese animals, the average blood volume fraction, measured
ith DPS, was 11.1�3%. The two most prominent average
eviations from the straight line, indicated by arrows a and b
n Fig. 3, had an average blood volume fraction of
.6�0.02% and 14.5�0.05%, respectively. Furthermore, all
nimals in the 48-h group are above the regression line in Fig.
. The three animals within this group that deviate from the
egression line by more than one times the standard deviation
how an increased blood volume fraction �14.9�2% � com-
ared to the total average blood volume fraction for all ani-
als �11.1�3% �. These observations indicate a possible re-

ationship between measured m-THPC fluorescence and blood
olume fraction. In Fig. 4, therefore, we have plotted the
-THPC fluorescence intensity as a function of blood volume

raction for each animal. Indeed a strong correlation between
-THPC fluorescence and blood volume fraction is observed

y = 9.28x
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0

10

20

30

0 1 2 3

Concentration (10-6 g/g)

D
iff
er
en
tia
lf
lu
or
es
ce
nc
e.

ab

ig. 3 Optically measured m-THPC concentration using FDPS versus
rue m-THPC concentration measured by chemical extraction for the
our different time points 3 h ���, 24 h ���, 48 h ���, and 96 h ���,
ogether with the regression line.
ournal of Biomedical Optics 034022-
for the early time points, 3 and 24 h. A decrease in correlation
coefficients between m-THPC fluorescence and blood volume
fraction with increasing drug-light intervals is observed.

Another interesting feature to be noticed in Fig. 3 is the
difference in standard deviations between FDPS intensity and
m-THPC concentration determined through chemical extrac-
tion. The large standard deviations in FDPS intensity are
caused by intra-animal variations in m-THPC fluorescence in
the liver, most likely related to a heterogenous distribution of
m-THPC on a scale resolved by the FDPS technique but av-
eraged out in the extraction. Therefore, we investigated the
m-THPC fluorescence distribution at the different time points
in liver sections using fluorescence microscopy. Figure 5
shows representative fluorescence microscopy images at 50
�magnification of liver sections for the 3-, 24-, 48-, and
96-h time points. The 3-h time point clearly shows intense
clusters of m-THPC fluorescence randomly spread throughout
the section. At 24 h, m-THPC fluorescence is measured in the
whole section, and more intense m-THPC fluorescence is ob-
served around the bigger vessels, which appear black in the
image due to blood absorption. The 48-h animal shows simi-
lar m-THPC fluorescence distribution as on the 24-h time
point, with the difference that the overall m-THPC fluores-
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Fig. 4 Optically measured concentration using FDPS as a function of
DPS-measured blood volume fraction averaged per animal for the
four different time points 3 h ���, 24 h ���, 48 h ���, and 96 h ���.

ba 500 μm

dc

Fig. 5 Fluorescence microscopy performed on 20-�m thick liver sec-
tions at 50�magnification for the �a� 3 h, �b� 24 h, �c� 48 h, and �d�
96 h time points.
May/June 2009 � Vol. 14�3�5
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ence intensities are lower. The 96-h time point shows
-THPC fluorescence more evenly distributed throughout the

ection than on the other time points.

Discussion
he aim of this study was to test the concept of optical con-
entration measurements based on quantitative fluorescence
pectroscopy �FDPS� in vivo. We have chosen to validate the
DPS concentration measurements in an in vivo environment
n highly vascularized and thus highly absorbing tissue �liver�
sing m-THPC as an exogenous chromophore. Different
rug-light intervals were chosen based on the pharmacokinet-
cs of m-THPC in the liver21,22 to vary the in vivo tissue con-
entrations by an order of magnitude. FDPS concentration
stimates for the different time points were compared with
hemical extraction.

Based on our measurements, we found that FDPS is ca-
able of measuring m-THPC concentrations as low as
60 ng /g in the liver at the 96-h drug-light interval. We ex-
ect to be able to measure even lower concentrations by op-
imizing the setup and increasing the integration time. The

easured m-THPC concentration with FDPS showed good
inear correlation with the extracted m-THPC concentration,

2=0.87. The correlation coefficient could be improved to
.96 when the outliers from the linear regression line in Fig.
, identified as a and b, are omitted. However, these outliers
ield important information about in vivo m-THPC localiza-
ion. The animals with the two most prominent deviations
rom the straight line, indicated by arrows a and b, were
hown to have blood volume fractions of 7.6�0.02% and
4.5�0.05%, respectively. These are significantly different
rom the average blood volume fraction of the m-THPC ani-
als, 11.1�3%. �The blood volume fraction of the control

nimals was 9.1�4%, which is not significantly different
rom the m-THPC animals.� Based on this observation, we
nvestigated the correlation between m-THPC concentration

easured using FDPS and blood volume fraction. For the two
hortest drug-light intervals, we found a strong correlation �R2

alues of 0.97 and 0.98 for the 3-and 24-h drug-light inter-
als�. For longer drug-light intervals, there was a decrease in
he correlation between m-THPC fluorescence intensity and
lood volume fraction. The drug-light interval dependence of
he correlation between fluorescence and blood volume sug-
ests that m-THPC is predominantly localized in or near the
issue vasculature for short drug-light intervals and less so for
onger drug-light intervals. This is in agreement with a range
f m-THPC pharmacokinetic studies in rats showing high
oncentrations of m-THPC in the plasma directly after i.v.
njection, followed by an initial rapid exponential decrease
ollowed by one or two exponential decays with lower elimi-
ation rates.21,22

Another interesting observation is that the intra-animal
ariations in FDPS signals are up to a factor of 5 larger than
hose of chemical extraction. The source for these larger
ariations in FDPS concentration estimates is potentially re-
ated to �intra-animal� differences in tissue scattering, since
he FDPS signal is dependent on scattering. The scattering
ependence of the FDPS signal depends on the probe geom-
try. For an 800-�m FDPS probe, it has been shown in a
hantom study that within biological relevant scattering val-
ournal of Biomedical Optics 034022-
ues, the FDPS signal can vary by a factor of 2.2 �Ref. 5�.
Since in these experiments the overall variation in the scatter-
ing parameter �a1� was small, 16%, it is safe to assume that
scattering had no significant influence on the FDPS signal and
hence does not contribute to the variation in the data, inter-or
intra-individual. It is most likely that the differences in stan-
dard deviations between FDPS and chemical extraction are
related to intra-animal variability in m-THPC concentration
on a microscopic scale and are a result of the different inter-
rogation volumes of the techniques. For chemical extraction,
tissue samples of �102 mm3 are used, whereas FDPS probes
only �0.2 mm3 of tissue 	corresponding to the volume of a
cylinder with a diameter equal to the fiber �0.8 mm� and
height of half the path length �0.4 mm�
. Fluorescence
microscopy on sections at 50�magnification for the four
different time points �Fig. 5� shows a heterogeneous m-THPC
fluorescence distribution throughout the sections. This hetero-
geneous distribution of m-THPC is on a submillimeter spatial
scale and can be picked up only by techniques that sample
small tissue volumes. Obviously, the tissue volumes used for
chemical extraction are too large to pick up this submillimeter
spatial heterogeneity, and standard deviations in m-THPC
concentrations are small since multiple regimes of high and
low fluorescence are present in each individual tissue volume
used for chemical extraction. However, the measured
m-THPC fluorescence intensity using FDPS depends heavily
on probe placement on the liver; some measurements will
contain bright spots of fluorescence, and other measurements
on the same liver will contain smaller amounts of m-THPC,
leading to large intra-animal variations in fluorescence inten-
sity.

The spatial m-THPC distribution in the liver at different
time points using fluorescence microscopy 	Fig. 5�a�
 illus-
trates the wide variations in spatial distribution of m-THPC in
rat liver 3 h after the administration of m-THPC. It is clear
that the localization of m-THPC is not coincident with the
whole liver vasculature and that depending on probe place-
ment, the volume interrogated by our optical technique con-
tains areas of very high or low m-THPC fluorescence intensi-
ties. The spatial distribution of m-THPC is likely to be
dominated by the role of the liver in the elimination of
m-THPC.29,30 A number of studies have illustrated the com-
plexity of m-THPC pharmacokinetics in vivo.21,31,32 These
studies have shown the formation of m-THPC aggregates and
the importance of binding to plasma proteins. Jones et al.21

postulated that m-THPC could disaggregate and redistribute
to lipoproteins in the liver before further distribution to other
tissues. It is therefore not surprising that m-THPC fluores-
cence is not homogeneously distributed within the liver vas-
culature 3 h after the administration of m-THPC. In the liver,
we observe increased m-THPC fluorescence around the vas-
calature at both intermediate �24 h� and long drug-light inter-
vals �48 h and 96 h�. Note that m-THPC fluorescence is ob-
served throughout the whole section, although in a lower
intensity than around the vasculature.

Another important consideration is that the measured fluo-
rescence signal by FDPS is the product of the photosensitizer
concentration and the quantum yield. The quantum yield of a
photosensitizer can change due to changes in environment
and binding10,12,13 and might give a possible indication on
May/June 2009 � Vol. 14�3�6
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sub�cellular localization of the photosensitizer. We find a lin-
ar correlation between FDPS measured fluorescence and ex-
racted concentration, which suggests that the quantum yield
s relatively constant over the drug-light intervals that we
ave investigated. This observation is in agreement with the
act that we found only small differences in the shape of the
asis spectra for different m-THPC drug-light intervals �data
ot shown�. It seems that these binding effects are not suffi-
iently large to affect the m-THPC concentration estimate. We
ote that there may be subtle differences in quantum yield
ith respect to drug-light interval in the liver and that other
rgans might show significant variations in quantum yield. It
hould also be noted that steady-state fluorescence measure-
ents are rather insensitive to the effects of binding and

ariations in quantum yield and that time-resolved spectros-
opy would be much more appropriate to determine the mag-
itude of these effects.33,34 The possible subtle differences in
uorescence quantum yield and the differences in scattering
roperties for different tissue types strongly suggest the ne-
essity to determine a calibration curve �such as Fig. 3 for
iver� for each tissue type separately. This is a topic currently
nder investigation.

In conclusion, we compared an optical concentration mea-
urement technique based on quantitative fluorescence spec-
roscopy �FDPS� with chemical extraction in an in vivo

odel. FDPS showed good correlation with chemical extrac-
ion and an ability to measure m-THPC values as low as
60 ng /g. Moreover, for short drug-light intervals, a correla-
ion was observed between blood volume fraction and mea-
ured m-THPC fluorescence. A larger intra-animal variability
as measured with FDPS compared to chemical exctraction
ue to its smaller interrogation volume and heterogenous dis-
ribution of m-THPC on the scale of the FDPS sampling
olume.
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