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Abstract. There is considerable interest in assessing cardiovascular
function noninvasively in patients receiving hemodialysis. A possible
approach is to measure the blood concentration of bolus-injected in-
docyanine green dye and to apply the dye-dilution method for esti-
mating cardiac output and blood volume. Blood ICG concentration
can be derived from a measurement of the ICG fluorescence through
the dialysis tubing if a simple and unique calibration relationship can
be established between transmural fluorescence intensity and blood
ICG concentration. We investigated this relationship using Monte
Carlo simulations of light transport in blood with varying hematocrit
and ICG concentrations and performed empiric measurements of op-
tical absorption and ICG fluorescence emission to confirm our find-
ings. The ICG fluorescence intensity measured at the blood surface, as
well as the light intensity remitted by the blood, varied as hematocrit
changes modified the absorption and scattering characteristics of the
blood. Calibration relationships were developed between fluores-
cence intensity and ICG concentration that accounted for hematocrit
changes. Combining the backreflected fluorescence and the reflected
light measured near the point of illumination provided optimal signal
intensity, linearity, and robustness to hematocrit changes. These re-
sults provide a basis for developing a noninvasive approach to derive
optically circulating blood ICG concentration in hemodialysis
circuits. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction

ntradialytic hypovolemia and the ensuing hypotension com-
licates up to 20% of hemodialysis treatments,1 which has
enerated considerable interest in developing practical meth-
ds for quantitative assessment of hemodynamic parameters,
ncluding cardiac output, stroke volume, and circulating blood
olume during hemodialysis.2,3 Notably, Mitra et al.4 demon-
trated that absolute values of the plasma volume and circu-
ating blood volume could be determined during hemodialysis
rom spectrophotometric measurements of indocyanine green
ICG� concentration in arterial blood samples obtained at re-
eated time intervals a few minutes after a bolus injection of
he ICG dye. Blood volume estimates obtained in this fashion
eflected decreases of the circulating blood volume during he-
odialysis and ultrafiltration. While this method provides

seful information for patient monitoring and clinical under-
tanding of intradialytic hypotension, its implementation is

ddress all correspondence to: Jean-Michel Maarek, Department of Biomedical
ngineering, University of Southern California, 1042 Downey Way, Denney
esearch Center 140, Los Angeles, CA 90089-1111. Tel: �213� 740 0346; Fax:

213� 821 3897; E-mail: maarek@usc.edu
ournal of Biomedical Optics 054006-
limited by the need for repeated blood sampling and spectro-
photometric measurements of ICG concentration in plasma
samples that are time consuming and tedious. A more wide-
spread adoption would be facilitated by technology that en-
abled direct measurement of the ICG concentration transmu-
rally through the translucent plastic tubes leading from the
patient to the dialysis machine.

Transcutaneous measurements of circulating blood ICG
concentration have been described using optical absorption5

or optical fluorescence6,7 of the ICG dye at selected near-
infrared wavelengths and applied to estimate cardiac output
and circulating blood volume in experimental animals and
humans in various clinical settings.7–9 Similar techniques
could in principle be applied to measure blood ICG concen-
tration through the wall of the hemodialysis tubing. Ideally, a
unique calibration relationship would relate the concentration
of ICG circulating in the dialysis tube to an optical measure-
ment obtained through the wall of the tube.

For such a measurement, a substantial benefit of deriving
the blood ICG concentration from fluorescence as opposed to

1083-3668/2009/14�5�/054006/12/$25.00 © 2009 SPIE
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ptical absorption measurements lies in the fact that there is
o endogenous source of fluorescence at the near-infrared
avelengths at which ICG fluoresces �peak fluorescence at
30 nm�. Conversely, the optical absorption of ICG �peak
bsorption at 805 nm� overlaps with the absorption of the far
ore abundant blood hemoglobin. Large amounts of ICG �5

o 20 mg� must be injected in adult humans to create an ap-
reciable change of the optical absorption and transcutane-
usly detect useful ICG absorption curves.10 In contrast, well-
efined fluorescence dilution curves can be measured through
he skin with a much smaller �1 mg� dose of the dye.7 Given
hat the half-time of circulating ICG in human subjects is �3
o 4 min, decreasing the ICG dose increases the rate at which
he measurements can be repeated.

Blood hematocrit increases during hemodialysis and ultra-
ltration as fluid is removed from the vascular space, which
as been used to evaluate relative changes of the circulating
lood volume.2 An increase of the blood hematocrit modifies
he optical properties of blood, and particularly its absorption
oefficient.11 The relationship between the fluorescence inten-
ity and the ICG concentration in blood �near linear for ICG
oncentrations �2.0�10−3 g /L�12,13 depends in part on the
ptical properties of the blood. Variations of the optical prop-
rties of blood associated with hemoconcentration during ul-
rafiltration could modify the intensity of the fluorescence sig-
al reaching the transmural photodetection system. The extent
o which changes in blood hematocrit affect the fluorescence
ntensity of circulating ICG measured with an external photo-
etector is not well understood. Furthermore, the hemodialy-
is environment allows for detection of the fluorescence of
CG, either from the same side as the illumination source
retroreflected or back-fluorescence� or from the opposite side
transmitted or forward-fluorescence�. It is not clear whether
ither of these signals is more suitable to calibrate the fluo-
escence intensity as a function of blood ICG concentration
hile taking into account hematocrit changes associated with
ltrafiltration.

In this study, we investigated the relationship between ICG
oncentration in blood and ICG fluorescence intensity mea-
ured at the boundary of the blood medium. The goal was to
erive a calibration method that accounted for blood hemat-
crit changes and could be applied for the quantitative assess-
ent of circulating blood ICG concentration, cardiac output,

nd circulating blood volume in subjects undergoing hemodi-
lysis. We used the Monte Carlo method14 to simulate the
uorescence of ICG in blood with different hematocrit levels.
CG fluorescence intensities obtained at different radial dis-
ances from the entry point of the excitation beam allowed us
o define optimal design criteria for the fabrication of an op-
ical probe for the transmural detection of ICG fluorescence
hrough dialysis tubing. Results of the simulations were com-
ared to empiric in vitro measurements of ICG fluorescence in
irculating blood with different hematocrit levels.

We showed that by measuring the intensity of the excita-
ion light transmitted through or reflected by the blood, varia-
ions of the fluorescence signal with hematocrit could be cor-
ected to produce a calibration relationship between
uorescence intensity and ICG concentration that was unaf-
ected by hematocrit changes.
ournal of Biomedical Optics 054006-
2 Methods
2.1 Simulation of Light Transport and Fluorescence

in Blood Tube Model

2.1.1 Description of simulation
Light transport in an infinitely wide blood slab �Fig. 1� with
different blood hematocrit levels �Hct� and containing fluores-
cent ICG in varying concentrations �CICG� was simulated us-
ing the Monte Carlo method.14,15 Fluorescence was mimicked
following the approach of Hyde et al.16 Briefly, the probability
of survival of an excitation photon at each interaction was
assumed to be p= ��s+�a,ICG� / ��s+�a,ICG+�a�, where �s
and �a represent the scattering and absorption coefficients of
the blood medium, and �a,ICG is the absorption coefficient of
ICG. The “weight” of the excitation photon was reduced by a
factor p at each interaction event. Furthermore, at each inter-
action, the excitation photon was either scattered in a new
direction with probability ps=�s / ��s+�a,ICG� or transformed
into a fluorescent photon with probability pf =�a,ICG / ��s
+�a,ICG�. The photon direction after a scattering event was
chosen from a probability distribution described by a Henyey-
Greenstein phase function defined by the mean cosine of scat-
tering angle �g�.15 When an excitation photon was trans-
formed into a fluorescent photon, the new photon direction
was chosen at random, assuming isotropy of the fluorescence.
Fluorescent photons were then tracked with the traditional
Monte Carlo scheme, which at each interaction reduced the
photon weight by ��s� / ��s+�a,ICG+�a�. A unit quantum
yield for the fluorescence was used, which was of no conse-
quence for the analysis of the change of the fluorescence sig-
nals with CICG and Hct.

A pencil beam of excitation light reached the propagation
medium, at the origin of the axes in the direction normal to
the plane of the slab �Fig. 1�. Reflected light and back-
fluorescence emerged from the blood medium on the side il-
luminated by the excitation beam, while transmitted light and
forward-fluorescence emerged after crossing the blood slab.
The contribution of photons exiting the blood slab was quan-
tified in bins 0.1 mm wide defined by the distance between the
locus of emergence and the origin of the axes, taking into
account the cylindrical symmetry of the model. All photons

Fig. 1 Blood medium for Monte Carlo simulation. Photons incident
on the blood slab at the origin of the axes were tracked as they scat-
tered in the medium. The probability for a photon to become fluores-
cent increased as the ICG concentration increased. Fluorescent and
excitation photons that escaped out of the slab were tabulated based
on the distance between the exit point and the axis of cylindrical
symmetry of the model represented by the direction of illumination.
September/October 2009 � Vol. 14�5�2
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xiting within the width of the bin were tabulated, irrespective
f the angle between the photon direction and the direction
ormal to the blood slab. Photons at the excitation wavelength
wavelength � 784 nm� and fluorescent photons �wavelength

830 nm� were tabulated separately. The tally represented
he radially resolved reflected light, transmitted light, back-
uorescence, and forward-fluorescence signals. These esti-
ates were divided by the number of photons injected and by

he area of the annulus with radius equal to the distance �d�
etween the center of the bin and the locus of incidence of the
xcitation beam to determine the throughput, defined as the
robability per unit area, for each light signal.15 The through-
uts were noted R�d� �reflected light�, T�d� �transmitted
ight�, BF�d� �back-fluorescence�, and FF�d� �forward-
uorescence�. Each simulation followed the trajectories of
.5�106 photons injected in the medium. The thickness of
he blood slab was set at 4.5 mm, a common diameter for
emodialysis tubing. The simulations neglected the influence
f the tubing material on the optical signals because such a
ubing is near-transparent at the visible and near-infrared
avelengths of interest �between 750 and 850 nm�.

.1.2 Optical properties of propagation medium
ifferent values were used in the simulations �Table 1� for the

bsorption coefficients of blood �a and ICG �a,ICG depending
n whether tracking a 784-nm excitation photon or an 830-nm
uorescence photon.17,18 The scattering coefficient of blood

s and the mean cosine of scattering angle g were held con-
tant since these parameters vary little between 784 and 830
m.11 The optical coefficients of blood were computed as the
roduct of the hemoglobin concentration CHb �in g /L� and the
ptical coefficients of oxygen-saturated blood for a hemoglo-
in concentration of 1 g /L ��a,b,0 and �s,b,0; Table 1�. Hemo-
lobin concentration CHb �in g /L� was calculated as 333* Hct
i.e., CHb=120 g /L when Hct � 36%�. In this way, changing
he hematocrit between simulation runs affected both the ab-
orption and the scattering coefficients of the blood medium.11

able 1 Optical parameters used in the simulation at the wave-
engths of illumination �784 nm� and ICG fluorescence excitation
830 nm�: absorption coefficient of ICG for a blood ICG concentration

g/L ��a,ICG,0�; absorption coefficient ��a,b,0� and scattering coeffi-
ient ��s,b,0� of blood for a blood hemoglobin concentration of 1 g/L;
ean cosine of scattering angle of blood �g�. The blood coefficients

re for oxygen-saturated blood. Parameters were derived from pub-
ished data �Refs. 17 and 18�.

Coefficient 	=784 nm =830 nm

bsorption coefficient of ICG:
a,ICG,0 �L/g/mm�

38.105 34.061

bsorption coefficient of blood:
a,b,0 �L/g/mm�

0.00261 0.00348

cattering coefficient of blood:
s,b,0 �L/g/mm�

0.417 0.417

ean cosine of scattering angle of
lood: g

0.99 0.99
ournal of Biomedical Optics 054006-
The absorption coefficient of ICG was the product of the
ICG concentration CICG �in g /L� and the absorption coeffi-
cient of ICG for a blood ICG concentration of 1 g /L
��a,ICG,0�.19 The refractive index of the medium was set at
1.37 �Ref. 18�.

2.1.3 Analysis of simulation results
The back-fluorescence, forward-fluorescence, reflected light,
and transmitted light throughputs BF�d�, FF�d�, R�d�, and
T�d� were represented as a function of radial distance d to
characterize the effect of distance on these quantities for dif-
ferent values of Hct and CICG. The effects of Hct and CICG on
the throughtputs measured in close proximity or at a distance
from the entry point of incident light were also identified. The
throughputs BF�d�, FF�d�, R�d�, and T�d� were summed over
a 0.5-mm distance to calculate integrated throughputs BF, FF

R̄ and T̄. Two starting points for summation of the through-
puts were investigated: proximal to the point of illumination
�BF and R summed from d=0.3 to 0.8 mm, noted BF0.3 and

R̄0.3; FF and T summed from d=0 to 0.5 mm, noted FF0.0

and T̄0.0� and distal from the point of illumination �BF, R, FF,

and T summed from d=2 to 2.5 mm, noted BF2.0, R̄2.0,

FF2.0, and T̄2.0, respectively�. Note that a 0.3-mm distance
was skipped when summing throughputs BF and R to match
physical situations requiring a physical separation between
the illumination and the detection systems.

This analysis suggested functional forms for the calibration
equations used to calculate the ICG concentration CICG as a
function of the measured light signals and that accounted for
variations of Hct:

CICG = A · BF · T̄�, �1�

CICG = B · FF · T̄�, �2�

CICG = D · BF · R̄�, �3�

CICG = E · FF · R̄�. �4�

Each model equation assumed that the fluorescence signal
�back-fluorescence or forward-fluorescence� and the ICG con-
centration varied in direct proportion, which is found empiri-
cally for blood ICG concentrations �1 to 2�10−3 g /L
�Refs. 12 and 20� The transmitted light or the reflected light
throughput operated as a correction term that accounted for
the effect of the hematocrit and self-absorption of the ICG
emission on the proportionality relationship between fluores-
cence and ICG concentration. In each equation, scaling fac-
tors A, B, D, and E and exponents �, �, �, and � were deter-
mined by minimizing the sum of squared relative differences
between the ICG concentrations and the model predictions:

��CICG,predicted − CICG

CICG
�2

. �5�

Comparison between the models was based on the residual
mean squared relative error and the average relative residual
September/October 2009 � Vol. 14�5�3
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rror between the actual and predicted concentrations. All cal-
ulations were performed using SPSS �version 11, SPSS, Inc.,
hicago�.

Thirty simulation runs were performed in all. The ICG
oncentration CICG varied in six increments between
�10−5 and 2�10−3 g /L to cover the range of circulating

CG concentrations observed empirically in our studies.6,7 The
ematocrit Hct varied in five increments between 24% and
8% �CHb between 80 and 160 g /L�.

.2 Empiric Validation

.2.1 Experimental measurements
ack-fluorescence, forward-fluorescence, reflected, and trans-
itted light intensities were measured in circulating blood
ith different hematocrit levels for varying ICG concentra-

ions. Citrated bovine blood �Sierra for Medical Science,
hittier, California, �3% citrate� was examined in a segment

f transparent frothed plastic dialysis tube �4.5-mm ID,
.5-mm OD� stabilized inside a groove within a cylindrical
lack metal holder �40 mm outer diameter�. Two custom-
esigned fiber optic probes secured in the metal holder
Ocean Optics, Dunedin, Florida� illuminated the blood in the
ube and retrieved the optical signals. One probe bore a
00-µm UV silica fiber that forwarded the excitation light
eam to the blood in the tube. The light reflected by the blood
as sampled with twenty-three 100-µm fibers arranged within

n inner annulus �0.35 to 0.50 mm radius� around the illumi-
ation fiber. The back-fluorescence was captured by means of
wenty-nine 100-µm fibers arranged in an outer annulus �0.50
o 0.75 mm radius� around the reflected light fibers. On the
pposite side of the illumination beam across the blood tube,
he second probe bore one hundred and twenty-eight 100-µm
bers arranged within in a circle �0.50 mm outer radius� and
andomly divided in equal bundles �64 fibers each� to capture
he transmitted light and forward-fluorescence signals. In both
robes, the fiber tips were in tight contact with the outer wall
f the blood tube.

A temperature-controlled 785-nm diode laser system �Fer-
ion 1, Micro Laser Systems, Garden Grove, California� was

oupled to the excitation fiber optic. Four photomultiplier
odules �H5784-20, Hamamatsu, Bridgewater, New Jersey�
ith extended near-infrared response were connected to the
ber bundles to quantify the light signals retrieved from the
lood tube. Bandpass interferential filters �Melles Griot,
arlsbad, California� were securely held with metal holders in

ront of the photomultiplier windows for wavelength selection
reflected and transmitted light: center wavelength � 780 nm;
ack- and forward-fluorescence: center wavelength � 830
m�. The voltage outputs of the photomultiplier modules were
mplified with four lock-in amplifiers �SR 810 and SR 530,
tanford Research Systems, Sunnyvale, California� and re-
orded with an eight-channel A/D converter module �Power-
ab, AD Instruments, Colorado Springs�. The laser output
ower ��4 mW average� was modulated at 1 kHz ��2-mW
MS rectified sine wave� by the reference oscillator signal in
ne of the lock-in amplifiers.

Blood samples with different hematocrits were obtained by
ixing the bovine blood with either plasma or concentrated

ed blood cells obtained by centrifugation. The blood was
irculated in the dialysis tube segment using a peristaltic
ournal of Biomedical Optics 054006-
pump �Masterflex, L/S, Cole-Parmer, Vernon Hills, Illinois� in
a closed loop configuration. A reservoir held 120 ml of blood,
which was pumped at a rate of 200 ml/min through the tube.
ICG �Akorn, Inc., Buffalo Grove, Illinois� from a 50 µg/ml
stock solution �in 5% dextrose aqueous solution� was rapidly
injected in 800-µl increments �40-µg dose� from a side port
and passed through a mixing chamber fabricated from the drip
chamber of an intravenous infusion set before reaching the
segment of tube in the probe holder. After each injection, the
optical traces presented the traditional rapid rise and fall pat-
terns characteristic of indicator dilution traces and reached a
plateau that corresponded to the steady-state concentration of
the ICG in blood after each incremental dose. Readings of the
optical intensities were obtained 3 min after each addition of
ICG, when the optical signals had become stable.

The signals measured with the fluorescence fiber bundles
prior to the first addition of ICG represented leakage of the
excitation light through the 830-nm filters and were used as
baseline levels for the steady-state back-fluorescence and
forward-fluorescence readings. After the ICG additions had
been completed �0�CICG�2.5�10−3 g /L�, the blood was
discarded. The circuitry was abundantly rinsed with distilled
water before adding blood with a different hematocrit and
repeating the measurement sequence. The experiments were
repeated twice, and the measured signals were combined to
analyze the measured data.

2.2.2 Analysis of experimental data
The steady-state reflected light, transmitted light, forward-
fluorescence and back-fluorescence measurements obtained 3
min after each serial addition of ICG were evaluated in terms
of their ability to predict the blood ICG concentration with
equations similar to Eqs. �1�–�4� earlier. The experimental co-
efficients were determined by minimizing the sum of squared
relative differences between the empiric ICG concentrations
and the model predictions. Comparison between the models
was based on the residual mean squared relative error and the
mean relative residual error between the actual and predicted
concentrations.

For each blood hematocrit level, the time-varying optical
signals recorded while the dye bolus passed in front of the
measurement optics were converted to concentration readings
using the derived model equations. Only the time-varying sig-
nals measured at the time of the first two ICG injections were
used such that the starting ICG concentration in the blood was
0 or near 0. The concentration curves obtained after acute ICG
injection were processed using previously described
algorithms6 to estimate the pump flow rate and the volume of
blood in the circuitry. The estimates were compared with the
actual values of the flow rate and blood volume.

3 Results
3.1 Simulations: Variations of Signal Intensities as a

Function of Lateral Distance and Hematocrit
The back-fluorescence and reflected light throughputs BF�d�
and R�d� decreased 35-fold and 15-fold, respectively, as a
function of distance d over the first 0.5 mm measured from
the locus of illumination �Figs. 2�a� and 2�b��. The through-
puts decreased more gradually and approximately exponen-
tially �linear trend on the semilogarithmic plots of Fig. 2�
September/October 2009 � Vol. 14�5�4
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tarting from d�1.5 mm. Increasing the hematocrit resulted
n a diminution of BF�d� at all distances d �Fig. 2�a��. In
ontrast, increasing the hematocrit increased R�d� for d

1.5 mm but decreased R�d� for d
1.5 mm �Fig. 2�b��.
Contrasting with the decay of BF�d� and R�d� observed

or small values of d, the forward-fluorescence and transmit-
ed light throughputs FF�d� and T�d� were approximately un-
hanged for d�1 mm �Figs. 2�c� and 2�d��. For d
1 mm,
he throughputs FF�d� and T�d� decreased exponentially with
. Increasing the hematocrit Hct reduced FF�d� and T�d� in
n approximately exponential fashion. Importantly, FF�d�
easured near the illumination axis was much more sensitive

o hematocrit changes than BF�d�.

ig. 2 Probability of emergence per unit area �throughput� as a fun
mergence for back-fluorescence �a�, reflected light �b�, forward-fluo
0−4 g/L. The spread between the traces obtained for different hemat

he back-fluorescence and reflected light throughputs when compar
llumination axis, changing the hematocrit had a smaller effect on the
hanged substantially for the signals measured on the opposite side.
ournal of Biomedical Optics 054006-
3.2 Simulations: Variations of Integrated
Throughtputs as a Function of ICG
Concentration and Hematocrit

The integrated back-fluorescence throughputs BF0.3 and BF2.0
increased with CICG �Figs. 3�a� and 4�a��. The increase was
near linear for CICG�10−3 g /L. The slope �BF /�CICG di-
minished for CICG
10−3 g /L, minimally for BF0.3, but
markedly for BF2.0. Throughput BF2.0 was more sensitive to
Hct changes and decreased by �50%, whereas BF0.3 de-
creased by �30% when Hct increased in agreement with the
trends noted on the back-fluorescence profile as a function of
lateral distance d �Fig. 2�a��.

of distance between the direction of illumination and the locus of
e �c�, and transmitted light �d� when the blood ICG concentration is
vels near the illumination axis �distance <1 mm� is much smaller for
e forward-fluorescence and transmitted light throughputs. Near the
measured on the same side of the slab as the illumination beam but
ction
rescenc
ocrit le
ed to th
signals
September/October 2009 � Vol. 14�5�5
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The integrated reflected light throughputs R̄0.3 �Fig. 3�b��
nd R̄2.0 �Fig. 4�b�� decreased when CICG increased. Reflec-

ance throughput R̄0.3 increased in near-equal steps when Hct
ncreased for all ICG concentrations, In contrast, reflectance

hroughput R̄2.0 decreased when Hct increased, with little
hange being observed for Hct � 36% and more substantial
ecreases for higher hematocrits. The summation distance

2.0 to 2.5 mm� for calculating R̄2.0 was near the distance
ange where the curves R�d� calculated for different values of
ct intersect �Fig. 2�b��, giving rise to this complex trend.

Integrated forward-fluorescence throughputs FF0.0 and
F2.0 increased near linearly as a function of CICG only for

ICG�10−3 g /L �Figs. 3�c� and 4�c��. Increasing the hemat-
crit reduced both forward-fluorescence throughputs in a
ear-exponential fashion as noted on the forward-fluorescence
rofile as a function of d �Fig. 2�c��.

Integrated transmitted light throughputs T̄0.0 and T̄2.0 de-
reased as a function of CICG �Figs. 3�d� and 4�d��. The slope
f the decrease was less when the hematocrit was larger. In-
reasing the hematocrit reduced the transmittance throughputs

ig. 3 Simulated back-fluorescence �a�, reflected light �b�, forward-
llumination axis as a function of blood ICG concentration �CICG� fo
hroughputs were integrated over a 0.5-mm-wide annulus whose inner
or the forward-fluorescence and transmitted light.
ournal of Biomedical Optics 054006-
for all ICG concentrations in a near-exponential fashion.

3.3 Simulations: Evaluation of ICG Calibration
Equations

Table 2 summarizes the optimal values of the scaling factors
and exponents for estimating CICG from the optical measure-
ments based on the model equations �1�–�3�. �Eq. �4�� could
not describe the variations of CICG satisfactorily.� We noted
that for all values of CICG, increasing Hct decreased the back-
fluorescence throughput and the transmitted light throughput.
For Eq. �1�, the negative value of exponent � amounted to
multiplying the decreasing back-fluorescence signal by a cor-

rection factor that increased with Hct �A · T̄0.0
� or A · T̄2.0

� �, re-

sulting in a near-linear dependence of CICG on BF0.3 or BF2.0.
A similar observation accounted for the negative value of ex-
ponent � in Eq. �3�. In contrast, increasing Hct increased the

reflected light throughput R̄0.3. The factor �D · R̄0.3
� � with a

positive value of � in Eq. �3� increased and compensated for
the diminishing value of BF0.3. Overall, Eq. �1�, with the
back-fluorescence and transmitted light throughputs measured

cence �c�, and transmitted light throughputs �d� measured near the
nt hematocrits ��: 24%; �: 30%; �: 36%; �: 42%; �: 48%�. The
was 0.3 mm for the back-fluorescence and reflected light and 0.0 mm
fluores
r differe
radius
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ear the illumination point, and Eq. �2�, with the forward-
uorescence and transmitted light throughputs measured at a
istance from the illumination axis, resulted in the smallest
esidual errors.

.4 Empiric In Vitro Measurements of Optical Signals
ariations of the experimental optical signals with blood ICG
oncentration and with blood hematocrit reflected the trends
redicted from the simulations. Back-fluorescence increased
ear-linearly with CICG, with a slightly reduced slope for the
igher values CICG �Fig. 5�a��. For the same value of CICG,
he back-fluorescence intensity was more intense when Hct
as reduced. The reflected light intensity decreased slightly

nd gradually when CICG increased �Fig. 5�b��. Reflected light
ntensity decreased when hematocrit decreased, but the de-
reasing trend was not as gradual as that observed in the
imulations �Fig. 3�b��. Small position shifts in replacing the
lood tube in its holder after each rinse could have affected
ore acutely the reflected light signal than the other measure-
ents since the reflected light was measured over the narrow-

ig. 4 Simulated back-fluorescence �a�, reflected light �b�, forward-flu
llumination axis as a function of blood ICG concentration �CICG� fo
hroughputs were integrated over a 0.5-mm-wide annulus whose inn
ess intense than that measured near the illumination axis �Fig. 3�a��, w
�. The back-fluorescence response becomes nonlinear for ICG conc
ournal of Biomedical Optics 054006-
est surface area very near the illumination fiber.
Forward-fluorescence �Fig. 5�c�� increased with CICG, pre-

senting larger variations with Hct when compared to back-
fluorescence, in agreement with the simulation results. Last,
transmitted light intensity was strongly dependent on Hct and
decreased gradually with CICG �Fig. 5�d��.

Experimental observations from two separate blood loop
experiments were combined to estimate the parameters of
Eqs. �1�–�3� applied to the experimental measurements. The
exponents for model equations �1�–�3� �� � 0.26, � �
0.99, � � 0.99� were similar to their counterparts deter-
mined from the analysis of the simulation results �Table 2�.
Notably, parameter �, derived from experimental measure-
ments obtained from a distance of 0.8 mm from the illumina-
tion center, was between 0.18 and 0.40, the values ob-
tained in the simulations by integration over the 0.3 to 0.8 mm
and 2.0 to 2.5 mm ranges of distance from the illumination
beam, respectively. Equation �3� was as accurate as Eq. �2�
and only slightly less accurate than Eq. �1� with respect to
estimating the circulating ICG concentration.

ce �c�, and transmitted light throughputs �d� measured away from the
nt hematocrits ��: 24%; �: 30%; �: 36%; �: 42%; �: 48%�. The
s was 2 mm. Note that the back-fluorescence intensity is �20 times
e forward-fluorescence intensity is reduced only by a factor 3.5 �Fig.
ns 
10−3 g/L.
orescen
r differe
er radiu

hile th
entratio
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The pump flow rate and volume of blood in the circuitry
erived from the measured optical signals and Eqs. �1� to �3�
Table 3� differed by less than 10% from the empiric pump
ate and blood volume in the circuitry. Thus, the model cali-
ration equations could be used to convert the transient opti-
al changes associated with ICG injections to useful first-pass
CG concentration curves within the framework of indicator-
ilution theory.

Discussion
.1 Effect of CICG on Integrated Throughputs
n the simulations, the integrated back-fluorescence and
orward-fluorescence throughputs increased near linearly with

ICG only for CICG�10−3 g /L. Several groups reported12,21

hat when the ICG concentration is elevated, its fluorescence
mission is partially absorbed by dye molecules in the envi-
onment �inner filter effect�, resulting in a decreasing slope for
he fluorescence intensity versus CICG relationship. Fluores-
ent light detected at a large distance from the locus of illu-
ination traveled farther and deeper in the blood medium and
as more susceptible to being absorbed by ICG when CICG
as elevated. Thus, the inner filter effect was more noticeable

or the forward-fluorescence throughputs detected after tra-
ersal of the blood medium when compared to the back-
uorescence throughputs detected on the side of the illumina-

Table 2 Mean value ± standard error for the estim
�, �� of the model calibration equations as estim
the simulations, parameters �BFi, FFi, Ri, an
fluorescence, reflected light, and transmitted ligh
area� measured near the axis of illumination �i
BFexp, FFexp, Rexp, and Texp designated the corresp
evaluated from the mean squared residual error a
and the value predicted by the model: 	�CICG,predi
repeated on different days with slightly different e
bined to fit the data to the model equations and
different scaling factors for the two data sets. No
satisfactorily when used to approximate the data

Model equation
Scaling factor

�A, B, D�

1 �CICG=A ·BF0.3·T0.0
�� 0.049±0.001

1 �CICG=A ·BF2.0·T2.0
�� 0.149±0.013

1 �CICG=A ·BFexp·Texp
�� 4.614±002�10−3

2.600±002�10−3

2 �CICG=B ·FF0.0·T0.0
�� 0.020±0.002

2 �CICG=B ·FF2.0·T2.0
�� 0.007±0.001

2 �CICG=B ·FFexp·Texp
�� 8.283±0.006�10−4

4.095±0.004�10−3

3 �CICG=D ·BF0.3·R0.3
�� 1.491±0.421

3 �CICG=D ·BF2.0·R2.0
�� NA

3 �CICG=D ·BFexp·Rexp
�� 1.020±0.007�10−3

6.383±0.003�10−4
ournal of Biomedical Optics 054006-
tion. For the back-fluorescence throughputs, BF2.0 was more
sensitive to the inner filter effect when compared to BF0.3.
The experimentally measured back-fluorescence and forward-
fluorescence intensities largely reflected the inner filter effect
and the fact that forward-fluorescence was more sensitive to
this effect than back-fluorescence. In addition to the inner
filter effect, which was reproduced in the simulations, aggre-
gation of ICG monomers into polymer chains has been re-
ported, which could have reduced the emission yield for high
ICG concentrations in the experimental measurements.20

The transmitted light and reflected light throughputs de-
creased when CICG increased, in agreement with increased
absorption of the light traveling through the blood medium by
more numerous ICG molecules. Reflected light throughput

R̄0.3 represented the contribution of photons, which, on aver-
age, traveled the least in the medium, and was therefore least
dependent on CICG.

4.2 Consequences for the Design of an ICG
Fluorescence Probe for Hemodialysis Applications

In the simulations, all fluorescence throughputs were depen-
dent on Hct, which affected the absorption and scattering
properties of the propagation medium. Back-fluorescence
throughput BF0.3 estimated near the point of entry of the illu-
mination beam was least affected by hematocrit changes. As

oefficients �scaling factors A, B, D; exponents �,
m the simulations or derived experimentally. In
represented the back-fluorescence, forward-
hputs �probability of photon emergence per unit
.3� or at a 2-mm distance �i=2.0�. Parameters
experimental signals. The quality of the fit was

average relative residual error between the data
CG� /CICG	. The experimental measurements were
ent settings. The experimental results were com-
ine a single best-fit exponent while allowing for
Eq. �4� could not describe the variations of CICG
ated or experimental� with the model equation.

xponent
��, �, ��

Mean
squared

residual error

Average relative
residual error

�%�

181±0.006 0.001 2.8

404±0.014 0.004 5.3

.260±001 0.011 8.6

903±0.023 0.005 5.8

037±0.006 0.001 2.0

993±0.001 0.019 12

94±0.087 0.008 7.3

NA NA NA

985±005 0.016 11
ated c
ated fro
d Ti�

t throug
=0.0,0
onding
nd the

cted−CI
quipm
determ
te that
�simul

E
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ig. 5 Back-fluorescence �a�, reflected light �b�, forward-fluorescence �c�, and transmitted light intensities �d� measured experimentally in blood as
function of blood ICG concentration �CICG� for different hematocrits ��: 28%; �: 35%; �: 42%�. The trends observed for each signal as ICG

oncentration and hematocrit changed are in agreement with the simulation predictions. The absolute intensities cannot be compared because the
ollection optics and the level of amplification were different for back-fluorescence, reflected light, forward-fluorescence, and transmitted light.
Table 3 Empiric volumetric flow rates set by the blood pump and reservoir blood volume compared
with the flow rate and blood volume predicted from the optical signals by application of the calibration
model equations in Table 2 to the in vitro measurements of fluorescence and diffusely scattered excitation
light across the blood tube. The empiric volume flow rate was determined by the setting of the Masterflex
pump and verified with the “bucket and stopwatch” method by timing the emptying of the circuitry in a
graduated cylinder. The empiric volume was that used to fill the priming reservoir of the blood loop with
a graduated cylinder. After conversion of the optical measurements to circulating ICG concentrations, the
concentration curves were analyzed using the equations from indicator dilution theory �Refs. 5 and 6� to
calculate blood flow and reservoir volume.

Empiric
value

Estimate
Eq. �1�

Estimate
Eq. �2�

Estimate
Eq. �3�

Test 1 Pump rate �ml/min� 207 220±20 226±36 214±8

Volume �ml� 120 112±13 115±22 103a±6

Test 2 Pump rate �ml/min� 285 298±31 307±37 300±33

Volume �ml� 120 123±16 128±17 120±16
aDenotes statistical difference from empiric value �p�0.05�.
ournal of Biomedical Optics September/October 2009 � Vol. 14�5�054006-9
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oted earlier, BF0.3 was the fluorescent throughput least de-
endent on the inner filter effect, and the most intense of those
tudied in the simulations. These aggregate results suggest
hat monitoring the back-fluorescence intensity near the illu-

ination point is the most favorable configuration for a mea-
urement probe used to derive circulating ICG concentration
ased on optical fluorescence measurements.

The throughputs estimated from the simulations corre-
ponded to the signal intensity per unit area detected over an
nnular window centered on the illumination axis, equivalent
o a slit detector, positioned radially with respect to the direc-
ion of illumination of the medium. These throughputs must
e multiplied by the area of the annuli and integrated along
he radial direction to compare the signals measured with cir-
ular detectors of different apertures. The calculations show
hat 48% of all back-fluorescence photons emerge within an
perture of 0.5 mm and 64% within an aperture of 1 mm
hen the hematocrit is 36%. In contrast, only 6% of all

orward-fluorescence photons emerge within an aperture of
.5 mm and 17% within an aperture of 1 mm for the same
ematocrit. Similarly, 33% of all reflected photons exit the
edium within 0.5 mm of the illumination axis, while that is

rue for only 8% of all transmitted photons. Thus, a small-
iameter circular detector or fiber optic bundle positioned to
easure the back-fluorescence or reflected light intensity cap-

ures a large fraction of the available signal. A much larger
perture is necessary to capture a substantial fraction of the
vailable forward-fluorescence or transmitted light. A mea-
urement system designed to capture forward-fluorescence
ould be ineffective unless it had a large aperture. Such a

onfiguration, however, is limited by the finite diameter of the
ialysis tube ��5 mm� and would make the measurement
ore sensitive to the variability of the interface between the

etector and the curvature of the blood tube.
Correcting the back-fluorescence signal for variations as-

ociated with the hematocrit may be done using the transmit-
ed light �Eq. �1�� or the reflected light �Eq. �3��. The trans-
itted light approach produced slightly more accurate

stimates of the ICG concentration both in the simulations
nd in the experimental tests. Practically, using the reflected
ight signal for the correction may be more convenient with
espect to the construction of the probe since the fiber optic
undles used to measure the two signals could be adjacent
ather than facing each other on opposite sides of the blood
ube. Measuring the reflected light anywhere between 0 and 1

m from the illumination axis yields a factor that increases
y 60% when the hematocrit increases from 24% to 48% and
ould be used to account for hematocrit changes.

.3 Relation to Previous Work
everal authors have examined the effect of the medium op-

ical properties on the detected fluorescence emission inten-
ity with the goal of estimating the concentration of a fluoro-
hore in a turbid medium independently of the medium’s
ptical properties.22–24 In particular, Weersink and
olleagues22 demonstrated that the ratio �back-fluorescence/
eflected light� measured at specific distances from the illumi-
ation point source was linearly related to fluorophore con-
entration over a wide range of tissue optical properties.
hese results were equivalent to those derived in our study for
ournal of Biomedical Optics 054006-1
the ratio of forwardfluorescence/transmitted light �coefficient
� � 1�, but they differed from those we obtained for the
�back-fluorescence/reflected light� ratio �coefficient � � 0.8 to
1�. The distances from the illumination point at which the
optical measurements were obtained were different in our
study and in the work of Weersink et al.22 Furthermore, our
study considered a propagation medium equivalent to blood
and therefore more absorbent ��a�0.2 to 0.4 mm−1� than
the tissue phantoms examined in the earlier work ��a
�0.001 to 0.1 mm−1�. It is noteworthy that previous work
mostly envisaged fluorescence measurements from the surface
of optically thick tissues and organs. Therefore, the use of
transmitted excitation light and forward-fluorescence emis-
sion was not considered. Our study shows that such quantities
would provide useful information if measured from optically
thin tissue that can be transilluminated, such as the earlobe or
the fingertips.

4.4 Limitations
Mention should be made of several limitations of the study.
The propagation medium for the simulations was assumed to
be semi-infinite, while the experiment were performed with
blood contained in a cylindrical plastic tube. The semi-infinite
blood slab was chosen for the simulations to characterize the
interactions between blood hematocrit, ICG concentration,
and optical measurements of fluorescence, transmitted light,
and reflected light intensities, independently of a particular
shape for the experimental measurement chamber. As indi-
cated in discussing the design of a fluorescence probe, the
integrated back-fluorescence and reflected light signals are
concentrated near the point of entry of the illumination beam
and therefore are less sensitive to the shape of the medium
when compared to the forward-fluorescence and transmitted
light signals. The simulations assumed an infinitely thin pencil
of light whereas the experiments used a 100-µm optic fiber to
carry the excitation light to the blood medium. Last, the simu-
lations did not consider absorption, scattering, or refraction in
the blood tube. Most plastic materials used for dialysis tubing
are near-transparent at visible and near-infrared wavelengths,
and their refractive index ��1.35 to 1.55� is close to the re-
fractive index of blood.18

Simulations and experimental results were obtained for
blood ICG concentrations CICG�2.5�10−3 g /L. It is known
that ICG fluorescence increases linearly only within a limited
range of concentrations ��1 to 2�10−3 g /L�. Aggregation
of ICG monomers into polymer chains reduces the emission
yield for higher concentrations.12,20 It is possible that the pro-
posed model equations would not extend much beyond the
range of concentrations examined in the study.

The ICG calibration equations tested on the simulation re-
sults considered only combinations of fluorescent quantities
and incident light quantities that were both obtained proximal
to the axis of illumination or distal from the axis of illumina-
tion. Other combinations that mixed proximal and distal mea-
surements �i.e., BF0.3 ·T2.0� were not tested, as these combi-
nations would be less practical to implement.

Blood ICG concentration CICG estimated using the model
equations reproduced accurately the ICG concentration used
as a parameter in the Monte Carlo simulations �Fig. 6�a��.
Concentration C predicted from the experimental data us-
ICG

September/October 2009 � Vol. 14�5�0
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ng the model equations was more spread out around the line
f identity �Fig. 6�b��. The variability of the prediction was
ot related to the hematocrit, suggesting that the effect of Hct
n the predicted CICG had been accounted for by the model.
ather, the spread of the predicted CICG more noticeable for

he higher ICG concentrations likely reflected experimental
rrors and the fact that the minimization approach used to
stimate the parameters of the model was carried out on the
um of relative differences between the model predictions and

ICG. This approach was chosen to increase the contribution
f the low values of CICG in the selection of the model pa-
ameters. In the intended application of estimating cardiac
utput and circulating blood volume using fluorescence dilu-
ion methods,6 concentrations � 20% of the maximum circu-
ating CICG ��1 to 2�10−3 g /L� are the most important to
stimate accurately due to the pointy shape of the dilution
races.

Last, the optical coefficients of the blood were chosen to
orrespond to blood hemoglobin 100% saturated in oxygen.
he excitation �784 nm� and emission wavelengths �830 nm�
sed in the simulations correspond to the peak of absorption
nd fluorescence emission of ICG. These wavelengths are
ear the isobestic point of hemoglobin �805 nm� such that the
bsorption characteristics of hemoglobin vary only by a small
mount with O2 saturation for wavelengths between 784 and
30 nm �Ref. 17�. Thus, the simulation results should remain
argely valid even for blood that is not fully saturated in oxy-
en.

Conclusions
his study quantified the variations of ICG fluorescence emis-
ion and diffusely scattered light simulated or experimentally
easured from blood with different hematocrit levels and

ontaining varying amounts of ICG. The results established
hat measurements of fluorescence and diffusely scattered ex-

ig. 6 �a� Blood ICG concentration �CICG� predicted with Eq. �1� appli
function of actual CICG concentration used in Monte Carlo simulatio

dentity. �b� Blood ICG concentration �CICG� predicted with Eq. �1� ap
easured experimentally. Symbols: concentration predicted from expe

ine of identity. The larger dispersion around the line of identity in
verage relative residual error for the experimental data �8.6% versus
ournal of Biomedical Optics 054006-1
citation light could be combined to derive calibration equa-
tions relating the blood ICG concentration to these optical
measurements. The calibration equations were valid over the
wide range of hematocrit levels that can be expected in end-
stage renal failure patients receiving hemodialysis. The devel-
opment of a “universal” calibration obviates the need for se-
rial blood sampling, since once a probe is calibrated, the
calibration should be valid across patients and across time.
Results from this study will serve in the development of non-
invasive measurements systems for hemodynamic parameters
including cardiac output and circulating blood volume in pa-
tients receiving hemodialysis with the goal of preventing or
minimizing intradialytic hypovolemia.
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