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Abstract. We have developed a new technique, fluorescence differ-
ential path length spectroscopy �FDPS�, that enables the quantitative
investigation of fluorophores in turbid media. FDPS measurements are
made with the same probe geometry as differential path length spec-
troscopy �DPS� measurements. Phantom measurements are performed
for two fiber diameters �400 �m and 800 �m� and for a wide range
of optical properties ��s�: 0 to 10 mm−1; �a: 0 to 2 mm−1� to investi-
gate the influence of the optical properties on the measured differen-
tial fluorescence signal. The differential fluorescence signal varies by
a factor of 1.4 and 2.2 over the biologically relevant scattering range
�0.5 to 5 mm−1� for a given fluorophore concentration for 400 �m
and 800 �m fibers, respectively. The differential fluorescence signal
is attenuated due to absorption at the excitation wavelength following
Lambert-Beer’s law with a path length equal to the differential path
length.
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Introduction
oninvasive quantitative optical measurements of chro-
ophore concentrations in tissue requires knowledge of the

ptical path length in the tissue. For most fiber-optic measure-
ent geometries, the optical path length depends on the scat-

ering coefficient �s and on the absorption coefficient �a.
ince �s and �a both vary significantly in tissue, quantitative
easurements prove to be difficult in tissue unless specific
ber-optic measurement geometries are chosen. For example,

he optical pharmacokinetics spectroscopy �OPS� system de-
eloped by Mourant et al.1 uses elastic scattering spectra of
issue to calculate the concentration of chromophores in tissue
sing a fiber-optic probe with a source–detector separation of
.7 mm. The separation of 1.7 mm was chosen to minimize
he dependence of the path length of the collected photons on
cattering properties of tissue. For scattering parameters that
re typical of tissue, the path length varies by less than 20%
or a given background absorption. This method has been ap-
lied to the measurement of chemotherapy drug concentra-
ions in tissue.2 A drawback of this method is that the path
ength is sensitive to the �background� absorption coefficient
f tissue. This means that the amount of measured absorption
ue to the target chromophore strongly depends on the local
lood content and blood saturation. As a consequence, a mea-
urement must be made prior to injection of the target chro-
ophore, and only changes in concentration can be measured

ddress all correspondence to: A. Amelink, PhD, Center for Optical Diagnostics
nd Therapy, Department of Radiation Oncology, Erasmus MC, PO Box 2040,
000 CA, Rotterdam, The Netherlands. Tel: +31 10 4632104; Fax: +31 10
632141; E-mail: a.amelink@erasmusmc.nl
ournal of Biomedical Optics 054051-
assuming that the background absorption does not change in
time. This makes OPS measurements difficult when a back-
ground reflectance spectrum cannot be acquired, and even
more difficult to interpret when there are changes in the back-
ground absorption of tissue. Changes in background absorp-
tion can occur for a variety of reasons. Pressure between the
measurement probe and the surface of the tissue can influence
the blood content. Open surgical procedures can significantly
influence both blood volume and saturation. Furthermore,
changes in background absorption are a particular problem for
in vivo photosensitizer concentration measurements during
photodynamic therapy �PDT�, when the background absorp-
tion can change dramatically due to changes in blood volume
and saturation resulting from the therapy itself.3

Another technique that features a known path length is
differential path length spectroscopy �DPS�.4,5 The path length
of photons contributing to the differential reflectance signal
varies only slightly over a very broad range of both scattering
and absorption coefficients. This facilitates quantitative con-
centration measurements even for strong variations in either
absorption or scattering. However, chromophore concentra-
tions calculated from elastic scattering measurements rely on
�small� differences between large amounts of detected light
with and without the chromophore present. Therefore, the
combination of dynamic range and signal-to-noise of the elas-
tic scattering measurement device becomes a limiting factor
for accurate measurement of small concentrations of chro-
mophores or measurements of chromophores with low ab-
sorption coefficients. This is particularly true for DPS, for

1083-3668/2008/13�5�/054051/8/$25.00 © 2008 SPIE
September/October 2008 � Vol. 13�5�1



w
s
t
l
fl
e
v
t
m
fl

t
t
c
r
m
b
l
a
d
a
c
m
e
s
m
c
s
l
a
o
f
e
a

t
a
fl
d
t
p
l
g
t
d
fl
t
0
s
r
r
r
B
s
l
p
t
r
t
�
a

Amelink et al.: Quantitative fluorescence spectroscopy in turbid media…

J

hich the average path length of the measured photons is very
mall �approximately equal to the fiber diameter�. In contrast,
he dynamic range for fluorescence measurements is much
arger than for scattering �absorption� measurements since the
uorescence is measured at a different wavelength than the
xcitation �scattered� light. For this reason, we have now de-
eloped a technique based on the principles of DPS �subtrac-
ion of the diffuse photons to obtain a well-defined measure-

ent volume� but with the enhanced dynamic range of
uorescence measurements: fluorescence-DPS �FDPS�.

Fluorescence emission from fluorophores is influenced by
heir environment. 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 �and to a lesser degree absorption� can be altered by
any factors that include changes in quantum yield induced

y changes in the microenvironment,6 photobleaching,7 bio-
ogical compartmentalization, and alteration in binding and
ggregation.8,9 In a turbid sample, the amount of fluorescence
etected depends not only on the fluorophore concentration
nd quantum yield, but also on the scattering and absorption
oefficients of the medium. Various algorithms and measure-
ent geometries have been developed to correct for the influ-

nce of scattering and absorption on a measured fluorescence
pectrum. Zhang et al.10 and Muller et al.11 have used photon
igration techniques to establish a very general algorithm that

orrects for the influence of the optical properties on the mea-
ured fluorescence for any measurement geometry and for
arge variations in scattering and absorption. In this correction
lgorithm, the diffuse reflectance, measured in the same ge-
metry as the fluorescence measurements, is used to correct
or differences in tissue optical properties. Unfortunately,
laborate probe specific calibration procedures are required,
nd the correction algorithm is quite complex.

Several other authors have developed more simple correc-
ion algorithms based on specific probe geometries. Canpolat
nd Mourant12 used various source–detector pairs to measure
uorescence and scattered excitation light for small source–
etector separations. From Beer’s law, they determined that
heir fluorescence-to-excitation reflectance ratio would be pro-
ortional to the product of fluorescence quantum yield, path
ength, and fluorophore absorption coefficient when the back-
round absorption and scattering coefficients are the same at
he excitation and emission wavelengths. Weersink et al.13

escribed a similar measurement technique, except that the
uorescence and reflected excitation light were measured at

wo different distances. Using a source-detector separation of
.65 mm for fluorescence and 1.35 mm for reflectance mea-
urements, they showed that it was possible to measure fluo-
ophore concentrations to an accuracy of 15% over a wide
ange of optical properties using the fluorescence-to-
eflectance ratio. In the measurement geometry of Pogue and
urke,14 fluorescence was excited and detected with a single

mall-diameter �100 �m� fiber, but the scattered excitation
ight was measured with an adjacent fiber. Measurements in
hantoms showed that the fluorescence-to-reflectance ratio in
his geometry varied by approximately 30% for a given fluo-
ophore concentration over a broad range of optical proper-
ies. Diamond et al.15 also used a single small-diameter
200 �m� optical fiber to excite and detect the fluorescence
nd found that the uncorrected fluorescence signal was insen-
ournal of Biomedical Optics 054051-
sitive to changes in the scattering coefficient and anisotropy
as well as a limited range of absorption coefficients �up to
0.12 mm−1� of the turbid samples, due to the small sampling
volume of their technique. However, this single-fiber fluores-
cence method suffers from the same drawback as Mourant’s
reflectance method: the signal will be sensitive to larger
changes in the �background� absorption coefficient of tissue.
For wavelengths below 600 nm, the tissue absorption coeffi-
cient for most biological tissues is an order of magnitude
larger than 0.12 mm−1, mainly due to blood absorption.16

This limits the applicability of the present techniques to those
chromophores that exhibit large absorption �and emission�
bands in the red or near-infrared wavelength regions. There-
fore, our objective here is to establish an algorithm that can be
used to correct FDPS measurements for larger changes in the
background absorption coefficient �as high as 2.0 mm−1�. Fur-
thermore, we will show that FDPS measurements do not need
to be corrected for changes in the reduced scattering coeffi-
cient in the range 0.5–5 mm−1, which are values typically
encountered in tissue.16–20

2 Materials and Methods
2.1 Experimental Setup
The setup is an adapted version of a differential path length
spectrometer and is shown schematically in Fig. 1. Light from
a tungsten halogen lamp �Ocean Optics HL-2000� or a blue
laser diode �Power Technology PPMT-LD1382, output 5 mW
at 405 nm� is led through a 100-�m bifurcated optical fiber,
which is at its distal end coupled to a 200-�m bifurcated
optical fiber, which is at its distal end coupled to the 400-�m
delivery-and-collection �dc� fiber. The distal end of the fiber
probe is polished at an angle of 15 deg to minimize the col-
lection of specularly reflected light at the probe–medium in-
terface and contacts the sample under investigation. Reflected
or fluorescent light collected by the dc fiber is coupled back
into the 200-�m bifurcated fiber and coupled to the dc chan-
nel of a four-channel spectrometer �Ocean Optics MC-2000-
4�. Light reflected back from the sample into the other arm of
the 400-�m bifurcated fiber-optic probe �the collection �c�
fiber� is coupled into the c-channel of the four-channel spec-
trometer. The c-fiber and dc-fiber are touching to minimize
the distance between them. Fluorescence and reflectance mea-

White light source

delivery-and-collection
fiber

PC

spectrometer

collection fiber

sample

Fluorescence excitation

Fig. 1 Schematic diagram of the FDPS setup.
September/October 2008 � Vol. 13�5�2
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urements were performed consecutively by switching on ei-
her the laser or the halogen lamp. An identical setup with
wice as large fibers was connected to the third and fourth
hannels of the four-channel spectrometer. Measurements
ith the 400-�m FDPS probe and the 800-�m FDPS probe
ere performed consecutively. In the following, the difference
f the dc- and c-fiber reflectance signals is called the differ-
ntial reflectance signal DR, where throughout this paper, a
avelength-dependent parameter will be presented in bold

nd parameters appearing in nonbold are implicitly assumed
o be wavelength independent. Similarly, the difference in the
uorescence collected by the dc- and c-fibers is called the
ifferential fluorescence signal, DF.

.2 Calibration

he total fluorescence intensity Isample
F measured by the

elivery-and-collection fiber in contact with a sample with the
aser on can be written as:

Isample
F = Fsample

dc · Tdc, �1�

here Fsample
dc is the number of fluorescent photons collected

y the dc-fiber and Tdc is the transmission function of the
hotons traveling from the tip of the delivery-and-collection
ber to the dc-spectrometer channel. Similarly, the total fluo-
escence intensity Jsample

F measured by the collection fiber is:

Jsample
F = Fsample

c · Tc, �2�

here Fsample
c is the number of fluorescent photons collected

y the c-fiber, and Tc is the transmission function of the pho-
ons traveling from the tip of the collection fiber to the
-spectrometer channel. The transmission functions Tdc and

c are measured using a calibrated white light source �Ocean
ptics HL-2000-CAL� for which the output of the lamp is
nown. For these measurements, the distal end of the probe,
hich was terminated with a SubMiniature version A �SMA�

onnector, was screwed in the SMA socket of the calibration
amp, and we measure Ical=Lcal ·Tdc and Jcal=Lcal ·Tc where

cal is the known output of the lamp.
Last, day-to-day variations in laser output from the distal

nd of the dc-fiber are measured by measuring the fluores-
ence intensity with the probe at a fixed distance from fluo-
escent spectralon �Labsphere USFS-200-010�, which is a
table solid fluorescent standard. Alternatively, the output
ower of the laser can be directly measured by a power meter.

The differential fluorescence signal DF is calculated by

DF � Fsample
dc − Fsample

c = Lcal� Isample
F

Ical
−

Jsample
F

Jcal
� . �3�

he white light differential reflectance is measured as de-
cribed previously4,5:

DR = c� �I − Iwater�
�Iwhite − Iblack�

−
J

�Jwhite − Jblack�	 , �4�

here �I−Iwater� represents the dc-fiber signal �I� corrected
or internal reflections �Iwater� using water in a dark reservoir.
iber transmission characteristics and lamp spectra are ac-
ounted for by dividing the �corrected� I and J signals by
ournal of Biomedical Optics 054051-
their reference reflections �Iwhite−Iblack� and �Jwhite−Jblack�,
and calibration constant c depends on the distance between
the probe tips and the reference standards.

2.3 Phantoms
To characterize the differential fluorescence signal as a func-
tion of the optical properties, phantom measurements are per-
formed. We have used liquid phantoms consisting of Intralipid
20% in different dilutions to vary the reduced scattering co-
efficient from 0 to 10 mm−1 at the excitation wavelength of
405 nm. To simulate the presence of an exogenous fluoro-
phore, Sulforhodamine 101 was added to the phantoms in
concentrations ranging from 0.2 �M to 20 �M. The fluores-
cence quantum yield of sulforhodamine dissolved in ethanol
is 0.9.21 Last, background absorption at the excitation wave-
length was varied from 0 to 2 mm−1 by addition of hemoglo-
bin �Sigma-Aldrich, H2500� to the phantoms. Absorption at
the sulforhodamine emission wavelengths ���550 nm� is at
least an order of magnitude smaller than at the excitation
wavelength.

3 Results
3.1 Fluorophore Concentration Dependence
The differential fluorescence DF consists of two components:
Intralipid fluorescence and sulforhodamine fluorescence.
Therefore, for all phantoms, the background fluorescence due
to Intralipid was measured using phantoms with identical op-
tical properties but without sulforhodamine and was, after
normalization to the average differential fluorescence in the
wavelength region 500 nm���550 nm, subtracted from
the DF signal to obtain the sulforhodamine differential fluo-
rescence.

Figure 2�a� shows DF for a fixed reduced scattering coef-
ficient of �s�=1.5 mm−1 at 405 nm and for different fluoro-
phore concentrations cF for the 400-�m FDPS system. Figure
2�b� shows DF divided by fluorophore concentration cF. The
DF /cF ratios are constant both in size and in spectral shape,
which implies that there is a linear relationship between the
differential fluorescence and the fluorophore concentration. In
the following, the area under the differential fluorescence
curves in the wavelength region 550 nm���700 nm, DF
�
550

700d�DF, is analyzed as a function of the optical proper-
ties.

3.2 Measurement Reproducibility
We have tested the measurement reproducibility for phantoms
with optical properties corresponding to the median of our
measurement range ��s�=1.5 mm−1 and �a=1.0 mm−1�.
Three different sets of phantoms were made with the same
optical properties, with and without sulforhodamine �i.e., cF
=0 �M and cF=1 �M�. Furthermore, the effect of manual
sample homogenization was investigated by measuring the
phantoms after not shaking, gentle shaking, and vigorous
shaking. The largest effects on the relative standard deviations
of DF and DR were found to be due to the differences in
shaking: �DF /DF�7% and �DR /DR�2% for the
400-�m FDPS system, and �DF /DF�7% and �DR /DR
�6% for the 800-�m FDPS system. Here, the standard de-
viation in the differential reflectance ��DR� was calculated at
September/October 2008 � Vol. 13�5�3
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he excitation wavelength after normalization of the differen-
ial reflectance spectra DR in the wavelength region
460 to 500� nm, where hemoglobin absorption is very small
ompared to the absorption at the excitation wavelength of
05 nm. The relative standard deviation �DR /DR in the ab-
ence of hemoglobin, associated with homogenization �shak-
ng� of the phantoms, was found to be 2% for both fiber
iameters.

.3 Scattering Dependence
igure 3�a� shows DF for a fixed fluorophore concentration
cF=1 �M� for the 400-�m FDPS system, but now for dif-
erent reduced scattering coefficients ��s�=0.15, 0.30, 0.75,
.5, 3.75, and 7.5 mm−1 at 405 nm�. The error bars represent
he 7% standard deviation corresponding to the measurement
eproducibility. The differential fluorescence first decreases up
o �s�=1.5 mm−1 and then increases with increasing scatter-
ng coefficient. In the range relevant for biological tissues
0.5 mm−1��s��5 mm−1�,14–18 the maximum variation in
ifferential fluorescence �DFmax /DFmin� equals a factor of
.4. Figure 3�b� shows the same data for the 800-�m FDPS
ystem, which shows a similar pattern, but the increase in
ifferential fluorescence already starts at �s�=0.75 mm−1. In
his case, the maximum variation in differential fluorescence
DFmax /DFmin� equals a factor of 2.2 in the range relevant for
iological tissues.

.4 Background Absorption Dependence
igure 4�a� shows DF for a fixed fluorophore concentration
c =1 �M� and a fixed scattering coefficient ���
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ig. 2 �a� Measured differential fluorescence DF for different fluoro-
hore concentrations cF for a fixed scattering coefficient ��s�
1.5 mm−1�, and �b� ratio of DF and cF for the same measurements.
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=0.75 mm−1 at 405 nm� for the 400-�m FDPS system as a
function of the background absorption coefficient at the exci-
tation wavelength. The error bars represent the 7% standard
deviation corresponding to the measurement reproducibility.
The differential fluorescence decreases strongly with increas-
ing background absorption. Therefore, it is necessary to cor-
rect the measured differential fluorescence for these high
background absorptions. Previously, we have shown that the
white light differential reflectance is attenuated due to absorp-
tion following Beer’s law according to Eq. �5�:4,5

DR��a� = DR�0�exp�− �dps�a� , �5�

where �dps is the differential path length. Since the differential
fluorescence is measured with exactly the same fiber-optic
geometry, we will assume that the differential fluorescence is
attenuated according to Eq. �6�:

DF��a,x� = DF�0�exp�− �dps�a,x� . �6�

Combining Eqs. �5� and �6�, we can write,

DF�0� = DF��a,x�
DRx�0�

DRx��a,x�
, �7�

where DRx��a,x� and DRx�0� are the differential reflectance
signals at the excitation wavelength measured with and with-
out background absorber present, respectively. The ratio of
DRx�0� and DRx��a,x� was calculated after normalization of
the differential reflectance spectra DR for the different con-
centrations of hemoglobin in the wavelength region
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460 to 500� nm, where hemoglobin absorption is very small
ompared to the absorption at the excitation wavelength of
05 nm. The open squares in Fig. 4�b� represent the cal-
ulations of DF�0� according to Eq. �7�. The error bars
n the open squares represent the standard deviations
orresponding to the measurement uncertainties associated
ith DF, DRx�0�, and DRx��a,x�, i.e.,
DF�0� /DF�0�=�DF��a,x� /DF��a,x�+�DRx�0� /DRx�0�
�DRx��a,x� /DRx��a,x�=7% +2% +2% =11%. Good

greement between calculation and measurement is observed,
xcept for the highest absorption coefficient, where a small
eviation is observed. Figures 4�c� and 4�d� show similar
lots for the �s�=1.5 mm−1 and �s�=3.75 mm−1 at 405-nm
ases, respectively, for the 400-�m FDPS system. Last, Figs.
�a�–5�c� show similar plots for the �s�=0.75 mm−1, �s�
1.5 mm−1, and ��=3.75 mm−1 at 405-nm cases, respec-
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ig. 4 �a� Measured differential fluorescence DF as a function of ab-
orption coefficient for a fixed fluorophore concentration �cF=1 �M�
nd a fixed reduced scattering coefficient ��s�=0.75 mm−1� for the
00-�m FDPS probe. �b� The same, including the corrections calcu-
ated according to Eq. �7� �open squares�. �c� The same for �s�
1.5 mm−1, and �d� the same for �s�=3.75 mm−1.
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tively, for the 800-�m FDPS system. In this case, the error
bars on the open squares are slightly larger �15%� due to the
larger measurement uncertainty associated with DRx��a,x�.

4 Discussion and Conclusion
We have adapted our DPS technique to include fluorescence
measurements �FDPS� to enable quantitative fluorescence
spectroscopy in turbid media. We showed that the differential
fluorescence signal increases linearly with fluorophore con-
centration for a fixed scattering and background absorption
coefficient �Fig. 2�. This facilitates a straightforward interpre-
tation of the fluorescence signals for this range of fluorophore
concentrations. We found deviations from linearity for fluoro-
phore concentrations above 50 �M �data not shown�. All our
subsequent measurements were performed for a concentration
of 1 �M, which is well below this value.

We investigated the scattering dependence of the differen-
tial fluorescence signal. We found that the differential fluores-
cence signal decreases up to a reduced scattering coefficient
of 1.5 mm−1 in case of 400-�m fibers and then increases with
increasing scattering coefficient �Fig. 3�a��. Most likely, this is
due to a combined effect of two counteractive mechanisms:

• The volume over which the DF �and DR� is collected is
proportional to the differential path length, which decreases
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Fig. 5 Measured differential fluorescence DF �solid circles� as a func-
tion of absorption coefficient for a fixed fluorophore concentration
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squares� for the 800-�m FDPS probe, for �a� �s�=0.75 mm−1, �b� �s�
=1.5 mm−1, and �c� �s�=3.75 mm−1.
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trongly with increasing scattering for very low reduced scat-
ering coefficients and becomes roughly constant in the bio-
ogically relevant range.4,5

• The fluence rate in the DF �and DR� collection volume
ncreases with increasing scattering coefficient due to in-
reased backscattering of the excitation light.

These two effects result in an initial decrease followed by
subsequent steady increase in the differential fluorescence

ignal. Since the collection volume �or differential path
ength� for 800-�m fibers becomes constant for lower scat-
ering coefficients compared to 400-�m fibers,5 the increase
n differential fluorescence already starts at a reduced scatter-
ng coefficient of 0.75 mm−1 for the 800-�m fibers �Fig.
�b��.

In the scattering range relevant for biological tissues, the
aximum variation in differential fluorescence

DFmax /DFmin� equals a factor of 1.4 for the 400-�m FDPS
ystem and a factor of 2.2 for the 800-�m FDPS system.
ote that these factors represent the maximum variation over

n order of magnitude change in scattering. For any specific
arget tissue, the scattering coefficient at the excitation wave-
ength will vary much less than an order of magnitude; a very
onservative estimate would be a twofold variation at the
ost.16 Even variations in scattering as large as a factor of 2

esult in a maximum variation in differential fluorescence of
nly a factor of 1.16 for the 400-�m FDPS system and a
actor of 1.35 for the 800-�m FDPS system. This implies that
DPS measurements performed on specific target organs can
e well compared to each other without correcting for scatter-
ng differences, while a more careful interpretation is neces-
ary when FDPS measurements on different organs �with very
ifferent scattering coefficients� are to be compared.

The fluence rate in the DF collection volume will be at-
enuated due to absorption according to Beer’s law similar to
he differential reflectance DR, since they are measured in the
ame geometry. This can be used to account for the effects of
bsorption on DF through Eq. �7�, which employs the ratio of
ifferential reflectance signals measured with and without ab-
orber present �DRx��a,x� and DRx�0�, respectively�. Figures
and 5 show that this correction works very well, apart from

he combination of very low scattering and very high absorp-
ion, where a small deviation can be observed. A possible
xplanation for this deviation may be that our model does not
ccount for absorption at the emission wavelengths. The larg-
st effect of absorption at the emission wavelengths will be
ound for the highest concentration of hemoglobin, i.e., for
he highest absorption coefficient at the excitation wave-
ength, combined with the longest differential path length �dps,
.e., the lowest scattering coefficient.5

In this phantom study, we could measure both DRx��a,x�
nd DRx�0� directly, while in tissue, only DRx��a,x� can be
easured. Importantly, in that case, DRx�0� can still be ex-

racted from the measured wavelength dependence of the dif-
erential reflectance DR by fitting the complete DPS spectrum
o our previously developed model22–25 and subsequently cal-
ulating what the differential reflectance at the excitation
avelength should be in the absence of blood, as discussed in

he following. Our general model �Eq. �5�� can, in case of
issue measurements, be written as22–25
ournal of Biomedical Optics 054051-
DR��a� = �a1� �

�0
�a2

+ a3� �

�0
�−4	 · exp�− �dps�a

total� .

�8�

The scattering function of tissue �in square brackets� is mod-
eled by a combination of Mie scattering and Rayleigh scatter-
ing, given by power law functions with amplitudes a1 and a3
and wavelength dependencies �� /�0�a2 and �� /�0�−4, respec-
tively. Here, �0 is a normalization wavelength, which we usu-
ally set to 800 nm. The absorption coefficient �a

total is the sum
of the absorption coefficients of all the chromophores present
in the interrogation volume, which in the visible wavelength
region is typically only blood:

�a
total = a4 · �a5 · �a

HbO2 + �1 − a5� · �a
Hb� ·

�1 − exp�− a6 · �a5 · �a
HbO2 + �1 − a5� · �a

Hb�

a6 · �a5 · �a

HbO2 + �1 − a5� · �a
Hb�

� .

�9�

Parameter a4 is the blood volume fraction, a5 is the blood
oxygenation, and a6 is the average vessel diameter. Input
spectrum �a

HbO2 is the absorption coefficient of fully oxygen-
ated whole blood, and �a

Hb is the absorption coefficient of
fully deoxygenated whole blood. When the measured DPS
spectrum is fitted to the model �Eqs. �8� and �9�� using least-
squares minimization, we obtain best estimates for the fit pa-
rameters a1−a6. Using the best estimates of the scattering
parameters a1−a3, DRx�0� can be calculated by

DRx�0� = a1��x

�0
�a2

+ a3��x

�0
�−4

. �10�

Thus, although our correction algorithm �Eq. �7�� utilizes
only the differential reflectance at the excitation wavelength,
measurement of the complete differential reflectance spectrum
is required to estimate DRx�0� accurately. Furthermore, it fol-
lows from this analysis that our correction algorithm can in
principle correct for background absorption at any excitation
wavelength, provided that the absorption coefficients of all
the absorbing molecules are known such that DRx�0� can be
estimated accurately using the previously described fitting
routine.

In this phantom study, a single exogenous fluorophore was
used to study the influence of the optical properties on the
FDPS signal. However, our technique can be applied to any
number of endogenous as well as exogenous fluorophores. Of
particular interest could be the study of native tissue fluores-
cence of neoplastic epithelial tissues using FDPS, where the
small sampling depth of FDPS allows sensitive measurements
of potential changes in the concentration of epithelial fluoro-
phores involved in the cellular metabolism such as NADH.

The presence of background absorption is an important
parameter to consider both in quantitative fluorescence and in
elastic scattering spectroscopic measurements. Even when the
path length of measured photons varies little with scattering
coefficient, the path length will still depend on the absorption
coefficient. In the measurement geometry of Canpolat and
Mourant12 and Diamond et al.15 �fluorescence� or Mourant et
al.1 �absorption�, the background absorption dependence of
September/October 2008 � Vol. 13�5�6
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he signals reduces the validity range of their approach to only
mall variations in the background absorption coefficient, and
enerally to the red and near-infrared wavelength regions. For
uantitative fluorescence measurements with excitation in the
lue or green wavelength regions, a measurement technique is
eeded that does not depend so heavily on background ab-
orption, since the absorption coefficient of tissue in these
avelength regions is much higher and may vary significantly
ithin the target tissue. Therefore, the advantage of FDPS
ver other quantitative fluorescence measurements is its capa-
ility to deal with large variations in background absorption
sing a simple correction algorithm. This makes FDPS espe-
ially valuable for in vivo photosensitizer fluorescence spec-
roscopy during PDT, when the background absorption at
hese wavelengths can change dramatically. Note that the
cattering coefficient is not expected to vary by more than a
actor of 2 during PDT3,26 and will therefore have a small
nfluence on the FDPS signal.

Another advantage of FDPS is that the collection volume
an be adjusted to match the relevant dimensions of the ap-
lication. For absolute fluorescence measurements of photo-
ensitizers or chemotherapy drugs that preferentially localize
t specific depths in the tissue, it is essential to selectively
nterrogate the relevant tissue volume and to avoid averaging
rug concentrations over larger/smaller volumes by probing
oo deep/shallow in the tissue. With FDPS, this can be
chieved by choosing the appropriate fiber diameter since the
ollection volume is proportional to the fiber diameter.5

Another potential advantage of FDPS is that no matter
hich fiber diameter is used, the measurement volume is al-
ays relatively small. Hence, multiple FDPS measurements

an be used to obtain information about the often heteroge-
eous distribution of fluorophores in larger tissue volumes.27

ast, FDPS is of particular interest for monitoring PDT since
DPS measurement, apart from correcting the differential

uorescence for background absorption changes, also gives
nformation about other important PDT parameters such as
he local oxygen saturation, blood volume, and changes in
cattering. The most appropriate applications of FDPS are
ikely to be associated with superficial �or intraluminal�
DT.26 Here, combinations of fiber diameters can also serve

o interrogate and compare different tissue volumes. There-
ore, we believe that combining the FDPS and DPS measure-
ents during PDT will give valuable information regarding

he PDT process.
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