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Abstract. Optical technique based on diffuse reflectance measurement combined with indocyanine green (ICG)
bolus tracking is extensively tested as a method for clinical assessment of brain perfusion in adults at the bedside.
Methodology of multiwavelength and time-resolved detection of fluorescence light excited in the ICG is presented
and advantages of measurements at multiple wavelengths are discussed. Measurements were carried out: 1. on a
physical homogeneous phantom to study the concentration dependence of the fluorescence signal, 2. on the phan-
tom to simulate the dynamic inflow of ICG at different depths, and 3. in vivo on surface of the human head. Pattern
of inflow and washout of ICG in the head of healthy volunteers after intravenous injection of the dye was observed
for the first time with time-resolved instrumentation at multiple emission wavelengths. The multiwavelength detec-
tion of fluorescence signal confirms that at longer emission wavelengths, probability of reabsorption of the fluo-
rescence light by the dye itself is reduced. Considering different light penetration depths at different wavelengths,
and the pronounced reabsorption at longer wavelengths, the time-resolved multiwavelength technique may be
useful in signal decomposition, leading to evaluation of extra- and intracerebral components of the measured
signals. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.8.087001]
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1 Introduction
Several methods are used in clinical practice for cerebral perfu-
sion imaging, including magnetic resonance imaging (MRI),
computed tomography (CT), single photon emission tomography
(SPECT) or positron emission tomography (PET).1–4 These tech-
niques require application of sophisticated, stationary instrumen-
tation. An alternative method is near-infrared spectroscopy
(NIRS), which was proposed and validated as a useful tool for
clinical research for assessment of oxygenation changes in the
tissues.5,6 In last decade, a time-resolved NIRS detection techni-
que was successfully applied, which allows one to distinguish
optical signals originating from the brain and avoid influence
of changes in oxygenation of overlaying extracerebral tissues.
In time-resolved NIRS, after emission of picosecond (ps) light
pulses into the tissue, mean photon pathlength can be directly
measured, and absolute concentrations of chromophores con-
tained in the tissue can be estimated.7–9

Evaluation of brain perfusion is possible with utilization of
NIRS-based diffuse reflectance measurement combined with
analysis of inflow and washout of an optical contrast agent
after intravenous (IV) administration.10–13 A commonly used
optical contrast agent is indocyanine green (ICG), which is a
relatively nontoxic dye.14 Monitoring of the ICG bolus by
NIRS to assess cerebral blood flow (CBF) was reported in

studies on piglets,12,15–17 neonates,18 and adults.11,19,20 In
these studies, diffuse reflectance of continuous wave NIR
light was measured, and changes in absorption occurring in
extracerebral layers could not be distinguished from intracereb-
ral absorption changes. This problem of contamination of ICG-
bolus related optical signals originating from the brain by extra-
cerebral tissues perfusion changes was addressed, and multidis-
tance measurements,17 frequency-domain detection,21 and time-
resolved approaches10,15,22 were proposed. Nevertheless, the
large and variable contribution of extracerebral tissue to the sig-
nal recorded remains the most critical source of uncertainty in
noninvasive, NIR reflectometry measurements in adult humans.

Recently, it was reported that fluorescent NIR light can be
excited in ICG circulating in the brain, and the remitted light
can be detected in vivo with the time-resolved optical measure-
ment setup. The detection of the fluorescence (background-free)
signal of ICG, rather than changes in diffuse reflectance, was
proposed due to ICG absorption.23 Observation of the feasibility
of detection of fluorescent light originating from inclusions
located deeply in optically turbid tissues may open new perspec-
tives of molecular imaging of optical probes specifically distrib-
uted in the tissue.24 Studies carried out on physical phantoms by
using time-resolved measurements of diffuse reflectance and
fluorescence with broadband detection confirm that fluores-
cence signals are much more sensitive to the presence of fluo-
rophore in a volume where photons penetrate than the diffuse

Address all correspondence to: Anna Gerega, Nalecz Institute of Biocybernetics
and Biomedical Engineering, Trojdena 4, 02-109 Warsaw, Poland. Tel:
+48226599143; Fax: +48226597030; E-mail: anna.gerega@ibib.waw.pl 0091-3286/2012/$25.00 © 2012 SPIE

Journal of Biomedical Optics 087001-1 August 2012 • Vol. 17(8)

Journal of Biomedical Optics 17(8), 087001 (August 2012)

http://dx.doi.org/10.1117/1.JBO.17.8.087001
http://dx.doi.org/10.1117/1.JBO.17.8.087001
http://dx.doi.org/10.1117/1.JBO.17.8.087001
http://dx.doi.org/10.1117/1.JBO.17.8.087001
http://dx.doi.org/10.1117/1.JBO.17.8.087001
http://dx.doi.org/10.1117/1.JBO.17.8.087001


reflectance. It was reported that in order to obtain similar signal-
to-noise ratios for diffuse reflectance measurements, it is neces-
sary to use an ICG dose which is approximately an order of
magnitude higher than that required for fluorescent signal detec-
tion. This higher sensitivity, however, is connected with worse
lateral resolution of fluorescence measurement in comparison to
diffuse reflectance.25,26

It should be noted that measured fluorescence spectra, espe-
cially from biological samples, are very often distorted due to an
inner-filter effect and reabsorption of fluorescence photons by
the dye itself.27,28 The latter phenomena leads to absorption
of fluorescent light originating from deeper layers of the tissue
by the fluorophore present in the superficial layers. The reab-
sorption is often observed in fluorophores which reveal overlap-
ping absorption and emission spectra. In molecules like ICG,
this effect becomes significant because the dye has a relatively
high absorbance value at fluorescence emission wavelengths.
Thus, the reabsorption phenomenon may lead to misinterpreta-
tion of measured fluorescence signals.

In the present paper, we extended the technique of monitor-
ing fluorescence signals from excited ICG on the head of an
adult by utilizing a time-resolved measurement in combination
with a wavelength-resolved approach. This technique represents
an extension of the technique for monitoring fluorescence sig-
nals on the head of an adult with broadband detection reported
before. In the paper, we demonstrate construction of the device,
which is based on the laboratory instrument used before for on-
table experiments on solutions of ICG in a cuvette29; however,
the device was optimized for measurement of a time-resolved
spectrum of ICG, in vivo, in clinical conditions. This kind of
experiment is much more challenging considering the much
lower numbers of photons which reach the detection system,
and the necessity to obey safety regulations and provide a rea-
sonable sampling frequency for monitoring inflow and washout
of the dye in the head.

In first step of experiments, we investigated the dependence
between ICG concentration and the measured fluorescence
signal for different emission wavelengths. It would allow for
determination of a range of ICG concentrations for which the
relationship between ICG concentration and the number of
detected fluorescence photons is linear. For this range of ICG
concentrations and emission wavelengths, the effects of reab-
sorption of fluorescence photons by the dye itself can be
neglected. Furthermore, the multiwavelength measurements
were carried out on the phantom to simulate the dynamic inflow
of ICG at different depths. In these experiments the dependence
between depth at which the dye is located and the signals mea-
sured was evaluated for different emission wavelengths.

Finally, in vivo measurements were performed on the surface
of the head of two healthy volunteers. In these measurements
dependence of the pattern of changes of the time-resolved
optical signal during ICG injection for different emission wave-
lengths was studied. We will show that the reabsorption effect
can significantly influence the time-resolved signals of fluores-
cence, especially at shorter emission wavelengths.

2 Methods

2.1 Instrumentation

For measuring the distribution of times of arrival (DTA) of
fluorescence photons, a time-resolved multichannel spectral sys-
tem based on time-correlated single photon counting (TCSPC)

electronics30 was constructed. The diagram of the system is
presented in Fig. 1. Fluorescence of the ICG was excited by
femtosecond (fs) pulses generated with Ti:Sa laser MaiTai
(Spectra Physics, USA) operating at a wavelength of 760 nm
with a repetition frequency of 80 MHz.

The excitation light was delivered to the tissue with the use
of an optical fiber (length 1 m,NA ¼ 0.28, diameter 1 mm). The
power of light at the source fiber tip was about 60 mW.
The optode was constructed in such a way that the power density
of the light on the surface of the skin was not higher than
2 mW∕mm2. The remitted photons were transmitted to the
detection system with the use of a fiber bundle (length 1 m,
NA ¼ 0.22, diameter 3 mm) terminated with a circular tip on
the tissue side and line-shaped (1 × 7 mm) fitting on the slit
of polychromator. For blocking of the excitation light, an optical
module was implemented between the tissue and the tip of the
detecting fiber bundle. A high-pass filter (RLP793, Thin Films
Inc.) was positioned between two lenses focusing the light
remitted from the tissue to the fiber bundle. The source fiber
and optical detection module were positioned at source-detector
separation of R ¼ 3 cm and fixed to the surface of the tissue
(of physical phantom) with a homemade optode holder using
flexible black rubber and Velcro strips.

The fluorescence photons were acquired using an integrated
polychromator PML Spec equipped with 16-channel photo-
multiplier tube detector (Becker & Hickl, Germany). This detec-
tion system allowed for simultaneous acquisition of times of
arrival of fluorescence photons on 16 spectral channels. The
width of spectral channel was approximately 12 nm. The spec-
tral range of 208 nm was adjusted in such a way that the mea-
surement covered wavelengths between 772 and 960 nm. Single
photon pulses were counted using a router and a time-correlated
single photon counting card SCP830 (Becker & Hickl, Ger-
many). Power supply to the photomultiplier tubes (PMTs)
was provided from a DCC-100 card (Becker & Hickl, Germany)
which avoided eventual over-illumination of the detectors.
Measured distributions of times of arrival of fluorescence
photons contained 1024 data points with time channels width
of Δt ¼ 9.77 ps.

Synchronization of the laser pulses with the TCSPC electro-
nics was provided with the use of a reference detecting photo-
diode (PHD 400). Instrumental response function (IRF) for our
experimental setup was measured by positioning the source
fiber in front of the detecting bundle with a piece of paper placed
in front of the bundle in order to fill out its numerical aperture.31

Fig. 1 The setup for multiwavelength time-resolved fluorescence
measurements.
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The PMTs were illuminated with the laser light at wavelength
used for ICG excitation (760 nm). The IRF was evaluated
sequentially in the individual emission channels by adjustment
of the grating. In such a way the IRFs of all the detecting
channels for excitation wavelength was obtained (see Fig. 2
in Ref. 29). The full width half maximum (FWHM) of the IRF
was in range of 130 to 150 ps for all spectral channels. Collec-
tion time for acquisition of 16 DTAs of fluorescence photons
was 300 ms.

The PML-SPEC multiwavelength detection assembly is a
combination of the 16 channel detector head (PML-16C-1)
and a small grating polychromator. The PML-16C-1 with the
multialkali cathode has a different spectral sensitivity depending
on the wavelength.32 Typical spectral sensitivity of the bialkali
and the multialkali photocathode is presented in the Ref. 31.
However, we obtained the sensitivity curve of our PMT in NIR
spectral range by measuring the number of detected counts in
corresponding channels (wavelength). We set the wavelength of
the laser on the corresponding detection channel and measured
the IRF, keeping the fixed power and other parameters of the
experiment. Then, the sensitivity coefficient was estimated for
all of the measured channels, and the measured optical signals
were calibrated according to these sensitivity factors.

According to Ref. 33, for a multichannel PMT the constant
fraction discriminator (CFD) threshold has a noticeable influ-
ence on the uniformity of the channels in terms of efficiency.
Although all PMT channels use the same dynode system and
the same operating voltage, the pulse amplitude distribution for
the individual channels may differ noticeably. Therefore, in
our measurements the CFD threshold was low enough for our
detector assembly to obtain reasonable channel uniformity.

We also did measurements and determined the sensitivity
curve which reflects the influence of the grating on the signal
measured. We scanned the grating along the fixed wavelength
(760 nm) from the laser source. Thus, the number of the detec-
tion channels changed with respect to the excitation wavelength.
As a result, the difference between detected counts was approxi-
mately 8% for channels 2 to 15 (the first and last detection chan-
nels were not taking into operation during all time-resolved
measurements). It should be noted, that the count discrepancy
for the detection channels operating with spectral range of emis-
sion properties of ICG, was 2.5%. On the basis of the above we
suggest that the imperfection of our grating has little influence
on the differences between the detector channels. Our results for
channel uniformity is in good agreement with the manufac-
turer’s report.33

Dependence of the transit time on the location on the photo-
cathode shows a systematic wobble depending on the channels.
The effect is taken into account in the data analysis by determin-
ing individual IRFs for the channels.

The continuous wave measurements of absorption and emis-
sion spectra of ICG were performed using a USB2000 spectro-
meter (Ocean Optics Inc.) with grating set with a spectral range
from 367 to 1108 nm and optical resolution of 0.35 nm
(FWHM). Measured spectra contained 2048 data points. The
spectrometer was powered and controlled by USB cable con-
nected with the computer. In these measurements, fluorescence
of the ICG was excited by femtosecond pulses generated with a
Ti:Sa laser source Mai Tai (Spectra Physics) adjusted at 760 nm
wavelength. Fluorescence spectrum measurement was per-
formed using interference filter RLP793 (Thin FilmImaging
Technologies, Inc.) used to block the excitation wavelength and

pass the emission light in the wavelength range from 800 to
860 nm. To obtain absorption spectrum, the supercontinuum
laser light source was used (Fianium, UK) emitting radiation
in the range from 650 to 850 nm. The optical fibers were
fixed on the forehead of a subject with help of a flexible rubber
holder with a 1-cm source-detector separation. Measurements
started 1 min. before injection to store the reference spectrum,
and continued for averaging of the ICG spectrum over a 5-min.
period after injection of 5 mg of the dye dissolved in 3 mL of
aqua pro injectione.

2.2 Phantom Experiments

The liquid phantom used consisted of a fish tank (dimensions:
20 × 20 × 15 cm) and a silicon, optically turbid tube (inner dia-
meter of 3 mm, outer diameter of 3.8 mm). The tube was posi-
tioned inside the phantom in such a way that two of its segments
were located at different depths in the liquid as shown in Fig. 2.
The front wall of the phantom was made of a thin (50 μm) opti-
cally turbid Mylar film (DuPont Teijin Films) through which the
measurements were recorded. The fish tank was filled with a
mixture of milk and water (1∶3) with small amount of black
ink-water solution (1∶100, ca. 1 mL∕L) added to obtain optical
properties of the liquid (μa ¼ 0.18 cm−1, μ 0

s ¼ 19 cm−1) close
to those observed in living tissues.

Two series of experiments were performed. First, the mea-
surement was carried out in a homogeneous medium to deter-
mine the relationship between concentration of the dye and the
measured number of fluorescence photons. In this experiment,
concentration of the ICG in the optically turbid mixture was
changed gradually in 100 steps from 0 to 0.5 mg∕L. Next,
time-resolved measurements of fluorescence were carried out
in the phantom with dynamic inflow of ICG trough the silicon
tube positioned inside the medium. The outflow part of tube was
fixed next to the Mylar film, whereas the inflow part of the tube
was located deeper at the distance of r ¼ 2 cm from the Mylar
film (see Fig. 2). Locations of the segments of the tube allow
simulation of the inflow of dye to superficial layers of the
human head and deeper layers corresponding to the brain tissue.
A small amount of ICG (0.005 mg∕L) was added to the milk-
water-ink mixture in the fish tank which created a fluorescent
background which is typically used for in vivo measurements.
The same mixture was pumped through the tube at a rate of
0.6 mL∕s using a peristaltic pump. A bolus of 2 mL of milk-
water-ink mixture with a higher concentration of ICG was
rapidly (<1 s) injected into the tube in such a way that the

Fig. 2 Geometry of the liquid phantom. Boli with higher concentration
of indocyanine green (ICG) were passing through the tube positioned in
the fish tank at two depths in respect to the front wall of the phantom.
Source fiber (red square) and optical detection module (blue circle)
were fixed on the surface of Mylar film which formed the front wall
of the phantom.
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bolus appeared first in the segment of the tube located deeper
and then in the superficially positioned part of the tube. The dye
was injected into the tube at a distance of about 15 cm from the
phantom.

2.3 In Vivo Measurements

The measurements were carried out on the heads of two healthy
adults during intravenous injection of ICG. The volunteers were
examined in supine position. A bolus of 5 mL of liquid containing
5 mg of ICG dissolved in aqua pro injectione was administered
into forearm vein. The ICG injection was rapid (shorter than 1 s)
and followed by a 10-mL injection of normal saline.

3 Results

3.1 Absorption and Emission Spectra of ICG In Vivo

The absorption and emission spectra of ICG measured in vivo
with the use of a continuous wave NIR spectrometer on the
surface of the human head during the injection of the dye are
presented in Fig. 3. The normalized amplitude of absorption
(light green line) and fluorescence light (dark green line) of ICG
are shown. The measured spectra were normalized by their max-
imum after subtraction of the background, which allows for
comparison of data obtained at different wavelengths. The dark
green symbols represent data obtained from wavelength- and
time-resolved measurement: only several points corresponding
to selected wavelengths were obtained because of the limited
spectral resolution of time-resolved device (dotted line is pro-
vided for guiding eyes only). The overlapping between the
absorption and emission spectra can be seen in the range
from 790 to 825 nm. It can be clearly noted that the reabsorption
effect is very strong at shorter wavelengths (790 to 825 nm) and
can be effectively avoided at wavelengths longer than 825 nm.

3.2 Phantom Studies

Dependence of the fluorescence signal on concentration of
the ICG dye was studied on the homogeneous liquid phantom

for multiple fluorescence emission wavelengths. Changes in
number of fluorescence photons Ntot and mean time of arrival
of fluorescence photons hti were obtained by analysis of DTAs
successfully recorded for 6 emission wavelengths in range from
798 to 861 nm. Results are presented in Fig. 4. The ICG con-
centration at which the total number of fluorescence photons
Ntot reaches the maximum strongly depends on the emission
wavelength. For shorter emission wavelengths (798–822 nm),
Ntot reached the maximum value at ICG concentration of
about 0.1 mg∕L. At these wavelengths, for higher ICG con-
centrations Ntot rapidly decreases and reaches about 30% of
its maximal value at CICG ¼ 0.47 mg∕L. For emission wave-
lengths of 835, 848, and 861 nm, the maximum value of Ntot

was observed when CICG was about 0.17, 0.2, and 0.3 mg∕L,
respectively, and the decrease of Ntot after the maximum was
smaller (less than 40% of the maximum).

In terms of mean time of arrival of fluorescence photons, hti,
differences in the pattern of changes depend strongly on the
emission wavelength. It can be noted that hti is longer for longer
wavelengths. This effect reflects the fact that fluorescent light
detected at longer wavelengths originates from the deep layer
of the studied structure, and the fluorescence photons have a
longer way to reach the detector. Moreover, for all spectral chan-
nels, hti tends to decrease with increasing ICG concentration.
This effect can be explained by the fact that at a higher concen-
tration of dye, the excitation light could not penetrate the deep
layers of the phantom. However, at very low ICG concentrations
(up to 0.025 mg∕L), hti is larger at the shortest wavelengths.

Time-resolved measurements of fluorescence were also car-
ried out on a phantom with dynamic inflow of ICG in a tube
located at different depths. A large amplitude of changes in
the number of photons, Ntot, and mean times of arrival of

Fig. 3 Normalized absorption (light green line) and fluorescence (dark
green line) spectra of indocyanine green (ICG) measured on the surface
of the human head during injection of the dye. The measured spectra
were normalized by their maximum after subtraction of the back-
ground. The dark green symbols represent data obtained from wave-
length- and time-resolved measurement, dotted line was provided for
guiding eyes only.
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fluorescence photons hti calculated from DTAs, which corre-
spond to the inflow into both superficially and deeper located
segments of the tube, are obtained for nonhomogeneous phan-
tom measurements at different emission wavelengths (Fig. 5).
Two peaks at T ≈ 27 s and T ≈ 40 s in the Ntot and Δhti are
related to the inflow of ICG into the part of tube located deeper
and superficially, respectively. Amplitudes of these peaks

depend on the emission wavelength, which is more distinctly
visible in the number of photons, Ntot. In terms of mean time
of arrival of fluorescence photons hti, the flow of dye through
the tube leads to increased amplitudes of change in this statis-
tical moment with increased emission wavelength, both in a
positive peak caused by ICG inflow into the deeper part of
the tube, as well as a negative peak related to ICG inflow to
the superficial tube segment. For inflow of the dye into the dee-
per segment, the increase in hti is more pronounced than the
change in Ntot. Moreover, the fluorescence signal detected at
longer wavelengths is a bit more sensitive to the inflow of
dye into deeper compartments of the medium since the ampli-
tude of increase in hti is larger for longer wavelengths (the lar-
gest amplitude of change in hti is observable at 836 nm—see
Fig. 5, lower panel). For different emission wavelengths, the
hti signal reaches a maxima and minima at different times
(Fig. 5, middle panel).

Study of the dependence of the fluorescence signal on the
ICG concentration in the boli injected into the tube showed
that the amplitudes of change in Ntot and hti depend on emission
wavelengths (not published data).

3.3 In Vivo Measurements

Results of the in vivo measurements carried out on two healthy
volunteers are presented in Fig. 6. Total number of fluorescence
photons, Ntot, is shown for selected emission wavelengths as a
function of the time of passage of an ICG bolus (T) and time in
respect to laser pulses (t). The fluorescence signals were suc-
cessfully detected in five (out of 16) spectral channels, covering
about 52 nm in the range from 798 to 850 nm. Because of lim-
ited spectral resolution of the setup, the wavelength of the max-
imum fluorescence light intensity cannot be estimated precisely;
however, it can be observed that the maximum fluorescence
light intensity is between 811 and 823 nm. This result corre-
sponds with our previous studies of ICG dissolved in solvents
frequently used in multiple scattering media, in which the max-
imum fluorescence peak was found at λ ≈ 822 nm.29 A highly
dynamic increase in the number of fluorescence photons starts
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Fig. 5 Changes in number of fluorescence photons ΔNtot and mean
time of arrival of fluorescence photons Δhti for different emission wave-
lengths recorded after a 0.45-mg∕L indocyanine green (ICG) bolus
injection into the tube of the phantom.

Fig. 6 Distributions of times of arrival of fluorescence photons following injection of ICG bolus at T ¼ 0 s. Panels refer to different emission wave-
lengths. Number of fluorescence photons are shown as a function of time of experiment T and time of the photon with respect to the laser pulse.

Journal of Biomedical Optics 087001-5 August 2012 • Vol. 17(8)

Gerega et al.: Multiwavelength time-resolved detection of fluorescence : : :



about 20 s after injection of the dye, and the maximum is
reached about 35 s after injection.

Figure 7 illustrates changes in statistical moments of the dis-
tribution of times of arrival of fluorescence photons (Ntot, hti)
following the injection of the ICG bolus. The distribution of
times of arrival of fluorescence photonsis connected with a
rapid increase in the total number of fluorescence photons
Ntot because of the increase of the concentration of the fluoro-
phore in the volume of tissue which is penetrated by the photons.
In signals of hti, the initial increase can be observed during the
inflow of the ICG bolus followed by a pronounced decrease and
a final return to the initial level. This pattern of change corre-
sponds to the theory describing the earlier appearance of ICG
in the brain, which is connected with the increase of hti, fol-
lowed by the inflow of dye to the extracerebral layers of the
head, and reflected by a decrease of hti.23,34 For different emis-
sion wavelengths, hti reaches its maximum at different times.
Consequently, hti reaches its minimum at different times T for
different spectral channels. This effect may be explained by
different penetration depths of photons detected at different
emission wavelengths, and hence, by different contributions of
intracerebral tissue in the studied volume. Differences in ampli-
tudes of change in Ntot and hti have been observed for different
emission wavelengths. The highest amplitudes for Ntot can be
observed at wavelengths of 811–823 nm while distinctly
lower amplitudes were noted at shorter and longer emission
wavelengths. For both subjects studied, maxima in hti appear
at different emission wavelengths, but a low signal-to-noise
ratio does not allow for any quantitative evaluation of this effect.

Despite high noise in hti signals, it can be noted from the
start of the experiment, that the time at which hti reaches its
maxima and minima (due to the inflow of ICG) is different for
different emission wavelengths (Fig. 7, middle panel). A similar
effect was observed for the signals detected during measure-
ments on a phantom with dynamic inflow of ICG (Fig. 5, middle
panel). This may suggest that the pattern of signals depends
strongly on the spatial heterogeneity of optical properties in
the medium at different wavelengths.

4 Discussion and Conclusions
The results obtained in homogeneous physical phantom experi-
ments show that the emission wavelength has a strong influence
on the number of fluorescence photons detected and the mean
time of arrival of fluorescence photons. The range in which there
is a linear relationship between the changes in number of fluo-
rescence photons and the concentration of dye depends on emis-
sion wavelength. It was shown that this linearity range is wider
for longer emission wavelengths than for shorter. Moreover, the
mean time of arrival of fluorescence photons is longer for long
emission wavelengths, which may suggest that the fluorescence
light originates from deeper structures of the medium. Theore-
tical and experimental studies on time-resolved fluorescence
have been performed for homogenous turbid media and pub-
lished by Patterson et al.35 Authors reported that an increase
of source-detector separations in the measurement allows one
to probe larger depths of the medium, and the fluorescence
signal decreases at higher dye concentrations.
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The results of the measurements on homogeneous phantom
demonstrate that the number of fluorescent photons decreases
with increasing ICG concentration (>0.1 mg∕L) at shorter
emission wavelengths (λ < 835 nm) where the absorption of dye
contributes into the signal measured. The reabsorption effects
of fluorescence in multiple scattering media were reported
before.29,36 This reabsorption effect cannot be observed in a
fluorescence signal detected at a longer wavelength (at 848 nm,
the number of fluorescence photons increases even for ICG
concentrations up to 0.3 mg∕L). In the homogeneous phantom
experiments, larger mean times of arrival of fluorescence
photons were detected at longer wavelengths. This effect may
support the conclusion that these fluorescence photons originate
from deeper layers in the investigated medium, and they have
to penetrate a longer path before they reach the detector.

A similar result was obtained for the number of fluorescence
photons detected from two depths corresponding to superficial
and deeper layers of the studied scattering medium. The con-
structed phantom with dynamic inflow of ICG in the deeper
and superficial parts of the tube corresponded to the inflow
of dye into extra- and intracerebral tissues, respectively, and
allowed us to study the influence of dye concentration in the
tube as well as in the surrounding medium. The inflow into both
superficial and deeper segments of the tube can be observed
in numbers of fluorescence photons. The inflow of dye to the
deeper part of the tube leads to increase in mean time of arrival
of fluorescence photons hti whereas the inflow to the superfi-
cially part of the tube leads to its decrease. This effect can be
explained by a previously proposed theory which showed the
increase in hti is connected with deeper penetration of photons
which undergo fluorescence conversion in deeper layers of the
model.23,26 Effects similar to those observed in the phantom
experiment with dynamic inflow of the fluorophore were noted
during in vivo experiments. At longer emission wavelengths,
the effect of increased hti was of the highest amplitude.

It was estimated previously23 that ICG concentration in the
brain after injection of an 11-mg ICG bolus is about 1.3 mg∕L.
In our in vivo study, a bolus containing 5 mg of ICG was
injected. According to the above cited methodology, it should
give an ICG concentration of approximately 0.6 mg∕L. Thus,
in the phantom measurements, the ICG concentration ranged
from 0.05 to 0.45 mg∕L. Using this quite wide range of concen-
trations, we assume the ICG concentrations in the phantom
experiments should cover ranges expected in in vivo experi-
ments. However, the amplitudes of change in hti obtained
in vivo suggest the dye concentrations in the tissue may be
smaller than expected from our estimations.

In this study, we report the first results of multiwavelength,
time-resolved detection of fluorescence signals from ICG circu-
lating in the human head, showing the differences in patterns of
change in the statistical moments of distribution of arrival times
of photons at different emission wavelengths. Thus, the mea-
surements carried out within this study may allow for decom-
position of the optical signals on the components corresponding
to extra- and intracerebral compartments in the head. We suggest
this decomposition is potentially possible taking into account
the different path lengths of fluorescence photons detected at
different wavelengths. At shorter wavelengths, the change in
mean time of arrival of photons is smaller than at longer wave-
lengths (Figs. 5 and 7, respectively). It can be concluded that
photons arriving to the detector at shorter times hti originate
from a superficial layer of the studied medium. Thus, the

photons with longer hti (detected at longer wavelengths) origi-
nate from a deeper layer of the medium. This effect may be asso-
ciated to the reabsorption effect as well as the dependence of
depth of light penetration on the tissue scattering coefficient,
which typically decreases monotonously for the biological
tissues in the considered wavelength region.37,38

Considering the observed differences in amplitudes of the hti
increase caused by inflow of dye to the brain, it should be noted
that these differences may have significant influence on time-
resolved fluorescence signals measured with broadband detec-
tion.23 In such measurements, the number of fluorescence
photons detected represents the sum of the photons at each indi-
vidual wavelength of the system proposed in the present paper.
In such broadband detection, the light of longer wavelengths
(revealing high amplitude of hti increase) is mixed with shorter
wavelength fluorescence photons which lead to a smaller ampli-
tude of increase in hti. Moreover, results obtained suggest that
the detection of the fluorescence signal at longer wavelengths
of the emission spectrum of the dye may eliminate the reabsorp-
tion effect, which influences the time course of the signal.
As expected, the problems caused by the reabsorption phenom-
enon can be reduced by measuring only that wavelength range
of the emission light where the chromophore has a very low
absorption coefficient. This effect can potentially be achieved
easily with a high-pass filter which transmits only the longer
wavelengths of the fluorescent emission.39 However, the number
of fluorescence photons detected with a large source-detector
separation is very low, and the application of high-pass filters
additionally reduces the amount of reemitted photons detected.
With the use of a sophisticated wavelength-resolved technique,
the influence of reabsorption can be clearly observed and poten-
tially taken into account during analysis of the optical signals.

Recently, an approach to discriminate fluorochrome concen-
trations in the brain from those in the scalp was proposed by
Wabnitz et.al.40 The authors retrieved the bolus shape with a
depth-discrimination by empirical estimation of time-resolved,
intra- and extracerebral sensitivity functions; however, this
approach did not provide proper results when the reabsorption
effect was significant. The effect of reabsorption is typically
strong for ICG experiments because of significant overlap of
the absorption and fluorescence spectra of the dye in the
800–820-nm spectral region.41–44 Thus, the spectrally-resolved
measurement can discriminate fluorescence light penetration at
shorter wavelengths which undergo strong reabsorption, and at
longer wavelengths where the probability of reabsorption of
fluorescence light is much lower. Thus, such measurement
may improve the chance to use the depth discrimination meth-
odology proposed by Wabnitz et al.

In the instrument developed, efficiency of fluorescence sig-
nals detection is rather limited, thus the signal-to-noise ratio of
the moments of DTAs (especially hti) is low. This effect is espe-
cially critical for interpretation of in vivo data. Several factors
influence efficiency of fluorescence light detection. Previous
studies with broadband detection used large diameter fiber
bundles of high numerical aperture (ϕ ¼ 4 mm, NA ¼ 0.54)
for transmission of light from the tissue to the detectors. In
the spectrally-resolved system presented here, a small diameter
fiber bundle with low NA was used to ensure that collimated
light entered the polychromator. Increasing both parameters
of the detecting bundle, which are critical for photon counting
efficiency, would decrease spectral resolution of the setup.
Additional light losses are connected with the methodology of
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filtration of light remitted from the tissue. The use of an inter-
ference filter is connected with the necessity to parallelize the
paths of photons remitted from the tissue. This procedure
excludes many photons remitted from the tissue from further
analysis. Optimization of fluorescence light detection efficiency
may be also connected with the sensitivity of the selected photo-
detector (especially at longer wavelengths).

Our study shows that the fluorescence light originating from
ICG circulating in the human head can be successfully detected
on the surface of the tissue with evaluation of the spectrum of
fluorescence emission. Potentially, the detection of the fluores-
cence signal at the longer wavelengths of the emission spectrum
of the dye may eliminate the reabsorption effect which influ-
ences the time course of the signal. In our measurements, the
fluorescence light is passing through tissue with specific scatter-
ing and absorption properties. Thus, the fluorescence spectrum
measured from a fluorophore contained in the tissue is affected
by the spectral absorption and scattering properties of the tissue
itself. As it has been shown earlier,45 the shape of the recorded
emission spectrum changes according to the detection geometry
and composition of optical properties of the medium at excita-
tion and emission wavelengths. Furthermore, the pattern of
signals recorded during ICG inflow depends strongly on several
subject-related factors like spatial heterogeneity of optical
properties of the medium at different wavelengths, skull and
scalp thicknesses, and differences in dynamics of fluctuations
of optical absorption depending on oxygenation, blood volume,
etc.

Potentially, detection of the time-resolved fluorescence sig-
nal at multiple emission wavelengths can be used for better
discrimination of the depth at which the fluorescence inclusion
is located. However, technical problems which compromise
effectiveness of the fluorescence photons collection need to be
solved. We conclude that detection of fluorescence signals at
different emission wavelengths in combination with a time-
resolved approach may allow for better interpretation of the ICG
kinetics in the brain, and in turn, provide more reliable blood
flow measurement in adult humans.
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