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Emission and absorption properties of indocyanine green
in Intralipid solution

Baohong Yuan Abstract. Emission and absorption properties of indocyanine green
NanGuang Chen (ICQ) in Intralipid solution have been investigated. The study is fo-
Quing Zhu cused on relatively low ICG concentration at a range of 0 to 20 uM. A
University of Connecticut diffusion model was used to analyze the emission properties of ICG
Department of Electrical and Computer Engineering solution at different concentrations. In the low-concentration region,

Storrs, Connecticut 06269-1157 the emission strength increases with the concentration of ICG, while

in the high-concentration region, the emission decreases with the
concentration. In general, a maximum of emission strength exists and
its position (concentration) depends on the wavelength of the excita-
tion light, the distance between the source and the detector, and the
sample geometry and size. A so-called “inner-cell-effect” and re-
absorption of emission photons are found to contribute to the decay of
emission strength. Also, in the concentration range of 0 to 2 uM, ICG
solution always has a higher absorption coefficient at wavelength 830
nm than that at 660 nm, which is quite different from the ICG in water
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1 Introduction which will be discussed in this paper. Self-quenching, result-
ing from ICG molecule aggregation, was thought to be re-
sponsible for the emission strength in the above-mentioned
papers. In this paper, we focus on a relatively low ICG con-
centration of 0 to 2QuM. This concentration range is typical
in fluorescence imaging using diffusive photon density wave
(FDPDW).°~*In this concentration range, the aggregation of
ICG molecules is very weak, therefore it is reasonable to ex-
clude the effect of molecule aggregation on absorption and
emission properties.

Recently, FDPDW is under intensive investigations be-

Indocyanine green(ICG) as a fluorescent agent has been
widely used in biomedical fields since its introductioRICG

has attractive features of very low toxicity and high absorp-
tance in a wavelength range of 600 to 900 nm, which is a
relatively transparent window for biological tissues. It is well
known that the absorption and emission properties of ICG are
affected by the concentration of ICG and the solvent in which
ICG is dissolved™® In a dilute aqueous solution, an absorp-
tion peak at the wavelength of 780 nm and an emission peak
at the wavelength of 830 nm were observed. With the increas- cause it can provide more tissue functional informafiot.

ing ICG concentration, the absorption peak shifts to the wave- +1,4 aforementioned advantages make ICG a good candidate
length of 695 nrriL:_3‘7This shift of absorption peak is attrib- ¢, FEpppPW, In FDPDW phantom experiments, Intralipid so-
uted to aggregation of ICG molecules from monomer t0 | iion with dissolved ICG is commonly used. Therefore, an
oligomer. Absorption and emission properties of ICG in other investigation of the absorption and emission of ICG in In-
solvents, such as plasma and human serum albUREA), tralipid solution is indispensable. Since Intralipid solution
are different from those in aqueous solutfoh.These odd  contains a high concentration of light scattering particles, its
optical ~ characteristics make ICG intriguing to scattering coefficient is much larger than its absorption coef-
investigators’® ficient. Thus, diffusion model is appropriate for analyzing the
Van Den Biesehand Mordor have reported a relationship  experimental results. In addition, the finding of a higher ab-
between the emission strength and ICG concentration and ob-sorption of ICG in Intralipid solution at 830 nm relative to
served a maximum value of emission strength in plasma or 690 nm reported in Milstein%recent paper further stimulates
blood solvent. The ICG concentration at which the emission our interest of this study.
strength reaches a maximum is 0.1 mg/129 uM) in
plasma and 0.05 mg/ni~64.5 uM) in blood. Abugo et at.
have demonstrated that when ICG concentration @ uM 2 Materials and Methods
in 0.5% Intralipid solution, the emission strength reaches a o portable frequency domain system is used in our
maximum in a thin sample. Such a thin sample greatly avoids experimentd® This system features measurement with three
the “inner-cell-effect® and re-absorption of emission light, wavelengths of 660, 780, and 830 nm. ICG is obtained from
Aldrich Company(Product Number: 22,886y%nd the mo-
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Fig. 1 Distribution of source and detector fibers. (a) An infinite geom-
etry. D1 is connected to a collimating and filtering system. The emis-
sion signal is detected by an APD detector. Fibers D2 to D10 are
directly connected to APD detectors to measure the excitation signals
for calculating absorption and reduced scattering coefficients of the
medium. (b) A cylindrical measurement geometry viewed from the
top. The inner radius is 1 cm and outer radius 1.2 cm. Source and
detector are located in the same plan with an approximately 90-deg
angle.

lecular weight is 775. A M-series analytical balari&220D,
Denver Instrument Cpis used for ICG weight measurement.
Limited by the accuracy of the balance, 10% errors in con-
centration exist. However, all solutions of different concentra-
tions are obtained from dilution of the same concentrated so-
lution. Therefore the relative accuracy of concentration is
maintained, which makes solutions of different ICG concen-
trations comparable to each other. Typical infinite and cylin-

experiments shown in Fig.() (top view), the source and the
detector are located in the same plane with a 90-deg angle.
ICG solution is injected into a cuvette with about 1-cm inner
and 1.2-cm outer diameter. The two dotted lines in Fidp) 1
represent the horizontal and vertical axes of the cuvette and
their intersection is the origin. Figured is a typical con-
figuration in fluorescent measurements and is called “front-
face right angle observationt®

Since the fluorescence emission strength of ICG is much
weaker than the excitation strength with a ratio16f 2 to
103, it is reasonable to neglect the effect of emission pho-
tons on measurements collected from D2 to D10 for absorp-
tion and scattering calculations. The frequency domain
method’ is used to measure the absorption coefficignis
and reduced scattering coefficieni$ of different ICG con-
centrations. For the infinite geometry, the following linear
equations can be used to determine the wave vdctof
DPDW as:

IN[rA(r)]=—kir +In[Ag] D

O(r)=k,r+ 6, 2

wherer is the source-detector distandgr) and 6(r) are the
measured amplitude and phase of photon density wave at po-
sitionr, andA, and 6, are constants. By curve fitting Eq4)
and(2), we can measure slop&s andk, , which are imagi-
nary and real parts df. Fromk; andk,, u, and ! can be
obtained as:

w
Ma= 20

ki kr 2v
T —), s== - (kikp). ()
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drical geometries are used in our studies and the experimentaHHowever, the phase measurements at distance source-detector

configurations are illustrated in Figs(al and Xb), respec-
tively. In the infinite geometry experiments shown in Fig.
1(a), the source and detector fibers were placed deeply into
the Intralipid solution. Channel D1 is used to collect emission
photons and is connected to a collimating system shown in
Fig. 2. The collected photons are collimated by two lenses
before entering an avalanche photodid@d®D) detector. A
narrow bandpass optical filtd€VI F-10-830.0-4, CVI Laser
Corporation is placed between two lenses to filter out the
excitation light and pass the emission light. Channels D2-D10
are used for detecting the excitation light at multiple distances

separation are more sensitive to noise than the amplitude
when the ICG concentration is high and the signal is weak,
therefore, the fitting result of Eq2) is not as robust as that
obtained from Eq(1). By assuming that ICG molecules do
not change the scattering coefficient of the solution, iHe

can be approximated as a constant once it is measured. Then
M Can be calculated as:

kiz 3w? ul

_ i 29 Bs 4
3ul M K2 @

Ma

and the measurements are used to calculate absorption coeffhus, we can use the fitting results obtained from Etjsand

ficients and reduced scattering coefficients of the solution
with different ICG concentrations. In the cylindrical geometry

Filter

APD Sample

D1

v
Lens 2

v

Lens 1

Fig. 2 Configuration of the collimating system and the optical band-
pass filter. The two lenses have a 25-mm focal distance. The collima-
tor ensures that the incident light is normal to the interference filter
and therefore does not cause any wavelength shift from 830 nm.
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(2) to obtainw, when there is no ICG added to the Intralipid
solution and then compute, from Eq. (4) for different ICG
concentrations. Intralipid concentration is kept-ad.6% for

all absorption and emission measurements. The experimental
validation thatu, can be approximated as a constant at dif-
ferent ICG concentrations is given at the end of the next sec-
tion.

3 Results

Figure 3 shows the amplitude of emission light as a function
of ICG concentration. Figured® and 3b) are obtained from

infinite and cylindrical geometries, respectively. Each set of
measurement data is normalized to its maximum, which
makes the data of different wavelengths comparable. In all
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< ! \.U creasing ICG concentration, the normalized signals become
S 6 { \ e _ weaker for all wavelengths. At the region of low concentra-
£ ; R tion, 780 nm has the quickest decay rate, 830 nm is second,
s g \_ and 660 nm has the slowest decay rate. This result implies
4 : 0, T - .
2 P, \ that the effect of ICG concentration on the absorption mea-
g ) LR surements of 780 and 830 nm in Intralipid solution is more
k= 827 \ i dramatic than that of 660 nm. It is necessary to note that the
emission photons excited by 660 and 780 nm in absorption
o8 T 7 - T x measurement may increase the detected signal strength of ex-
_ citation light at 660 and 780 nm. However, this increment is
Concentration of ICG (M) so weak that it can be neglected.
(b) The measurement results of absorption coefficient as a
Fie 3 N lized emissi litude of ICG in Infralioid solui function of ICG concentration for three wavelengths are given
g > Normarized emission amplituce of 1.4, In Infralipid sofution as in Fig. 5. Figures Ba) to 5(c) correspond to measurements of
a function of ICG concentration. (a) Infinite geometry. The excitation vel h hed li L
wavelengths are 660 and 780 nm. The dashed and dotted lines are 660, _780' a_nd 830 nm, res_pectlve y. The dashed lines in F'Q- S
curves obtained from the diffusion model discussed in Sec. 4.1. (b) are linear fit to the experimental data. For the concentration
Cylindrical measurement geometry. range of approximately O to 2,0M, the experimental data in

Fig. 5(@) can be fitted into a straight line, which has a slope of

0.041 and therefore the extinction coefficierd=4.1
wavelengths and both configurations, the emission strengthx10*cm *M~1. Note that the absorption coefficient,
increases quickly, reaches a maximum, and then decreasess €[ F], wheree is the molar extinction coefficient arjé] is
gradually. The dashed and the dotted lines in Fig) Bepre- the molarity of the solute. The last three points in Fi¢g)5
sent the fit to the corresponding data by using the diffusion can also be fitted into a straight line, which has a slope of
model, which will be discussed in detail in Sec. 4.1. It can be 0.01365 and therefore the extinction coefficiess 1.365
seen that the emission properties are different for different X 10*cm™* M. We believe that the difference between the
source-detector separatior(ssy) and different excitation  two slopes may originate from two possible reasons. One pos-
wavelengths of 660 and 780 nm. At the excitation wavelength sibility is that the extinction coefficient of ICG in Intralipid

780 nm, the positions of maxima are located-&.3 uM and solution decreases with the increasing ICG concentration. An-
~0.4 uM for rgg=1.0cmandrgq=1.6 cm, respectively. At other possibility is attributed to error in high concentration
660 nm, a relative flat region of 1.7 to 2uM appears in Fig. measurement due to weaker signal strength and lower signal-
3(a). For the cylindrical geometry, the concentration values of to-noise ratio(SNR). Nevertheless, we can select the extinc-
maximum emission are located between 4 taM for both tion coefficient between the two values 486X 10°< egq

wavelengths of 660 and 780 nm. These values are much<4.1x10*cm 1M~1. Similarly, results of 780 and 830 nm
higher than those of infinite geometry. The strength of excita- are shown in Figs. ®) and Jc). The corresponding extinc-
tion light collected by D2-D10 decreases with the increasing tion coefficients are3.43x 10°< e,40<5.73x10°cm 1M1
ICG concentration because the total absorption coefficient of and 0.75X 10°P<eggq<1.77X10°cm M™%, It should be
the solution is increased. Figure 4 shows an example of the noted that in Fig. &) the accuracy of data is low for 780-nm
measured excitation strength at 4-cm source-detector separaexcitation due to weaker signal and low SNR when the con-
tion as a function of the ICG concentration. Because the centration of ICG is higher than 0,6M. Therefore, only the
sources of different wavelength have different strengths, all results with concentration less than Qu®l are given in Fig.
data are normalized to their respective maxima. With the in- 5(b).
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Fig. 5 Absorption coefficients of ICG solution in 0.6% Intralipid as a
function of ICG concentration measured at (a) 660 nm, (b) 780 nm,
and (c) 830 nm using a frequency domain multidistance photon mi-

gration method.

To validate thafu, can be approximated as a constant, we

have used measured amplitude and phase and(Beand(2)

to extract the real and the imaginary part of wave veg&tor

and then computg, andx, from Eq.(3). The results ofu,
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Fig. 6 Measured reduced scattering coefficients at 660 nm vs. ICG
concentration.

obtained from 660 nm are shown in Fig. 6. It can be seen that
wl is limited in a small range of 6.7 to 7.5 crhwith an
average of 7.25 cit when the ICG concentration is low. At
higher concentrationy varies in a larger range due to fitting
errors when Eq(2) is used to obtain the real part of the wave
vector. However, the average value is about the same as the
low concentration case. Thus, we have used an averagd

7.25 cm! and Eq.(4) to extract absorption coefficient,
shown in Fig. 5. The measured absorption coefficient and re-
duced scattering coefficient of background medium without
ICG (0.6% Intralipid solutioh were g aee0=0.009 cn?,
Ma780— 0.018 Crﬁl, Mag30— 0.035 Crﬁl, Iu’é660: 7.25 Cmﬁl,
Wlreo=6.44cm ', and ulg0=6.04 cmit,

4 Analysis and Discussion
4.1 Fluorescence Diffusion Model

The emission characteristics of ICG in Intralipid solution can
be explained by the diffusion model. Since infinite geometry
has a simple analytical expression, we focus our analysis on
this geometry. The analytical expression for the distribution
function of emission photon density in infinite medium can be
written as:

S 1 7 Kat
DDy 4m|r—r| 1—iwT kgx_kle

X [explikeqrs—r]) —expliky|rs—r])]

Dy(rg,r)=

(5
The amplitude ofd;(rg,r) is

expiKe,rs—r|)—expliky|rs—rl)
|(Dfl(r3!r)|:A/u“g>f( == 2 2 :
I(exfkfl

(6)

whereS; is the source strength and
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S 1 7 sion curves at higher ICG concentrations shown in Figg 3,
= At must decrease with the increasing ICG. There are two factors
DexDy 4rfrs—r] Vi+(w7) that contribute to the reduction of emission strength in Fig. 3.

The first is the propagation depth of the excitation light in

solution. It decreases with the increasing ICG concentration
due to the increased total absorption of the excitation light.
The reduction of the propagation depth or region results in the

which is independent of concentration of ICG if the diffusion
coefficientsD,, and Dy, are approximated as constants. The
term

exp(lk Iro—r|)—expliky|r r|)‘ decrease of the ICG volume illuminated by the excitation
ex’s fil’s (7) light, and therefore the decay of the emission strength. A simi-
k2 k ‘ lar effect occurs in a clear medium, which is named “inner-

cell-effect” (IC effect.® For convenience, we also name the
reduction of the propagation depth of the excitation light the
“IC effect.” The second factor that contributes to emission

whereg is a function of total absorption coefficient, which is
the sum of the absorption coefficient of chromophores in

exfl :
background mediung,;~ and absorption of fuorophore of strength reduction is the re-absorption of emission photons by

exfl y w g H
ICG uap - The superscrlptséx’ and * fI” denote the exci- ;oG “molecules. The re-absorption directly reduces the
tat|on Wavelength and fluorescent emission wavelength. Thestrength of emission photons.

wave Vectol,, 1 iS a complex number and can be written as

kex fl— krex rfl +i klex ifl s Wherekrex rfl and I(|ex ifl represent

the real part and imaginary part of wave vector for excitation 4.2.1 “IC effect”

and emission wavelength, respectively, and can be written asTo quantitatively describe the “IC effect,” we chose an infi-
nite medium, which is the simplest case. An isotropic point

pas+usr source modulated with a frequenay generates a decay
Krexrfl = oD spherical photon density wave in the scattering medium. The
ex amplitude of the alternating currefAC) component of the
® 2 12 excitation photon density wave can be written as:
I+ —a—exmy| 1 (8
vpge +mar )

|q)ex(r51r)|: %meqikexlrs_rm (11

+ TDexls— T
K _ ,Uvac Maf
iexifl = 2D, Let us consider a sphere with a radius R¥|rs—r|, and

assume that most diffusive excitation photons are included

2 1/2

1) inside this sphere. Thus, the emission strength is proportional

1+ v(—ﬂ+—ﬂj +1 9 to the volume of the sphere and the concentration of the ICG

Hac T Haf within this sphere. The increasing ICG concentration leads to
K2 12 the increasing emission strength and, on the other hand, re-
ex Ol sults in the decrease of the volume. Therefore, these two fac-
il il ex]2 2 2 tors combine together to determine the emission strength if

= \/['LL“JF Haf Hact Mai +(2) 1 i} re-absorption effgect is not considered. If we include mogt of

D Dex v/ [Dex Dn excitation photons into the spher® by letting C

(10) =|Dq,(rs,r)|/Sy=1/1000,where S, is the source strength,

In  our measurements, the diffusion coefficients we can rewrite Eq(11) as:

Dexsso= 1/(3 145660 = 0.046 cm, Dexrso= 1/(3 k4780 = —k.
—0.0518¢m, and Dogao=1/(3/1l39 =0.0552 cm. The IN[47mDeRCI= ~kiexR (12
modulation frequency iso=2mx140x 10° and the refrac-  Wherek;e, is the imaginary part of the wave vector of exci-
tive index of the solution is 1.33. Substituting all these param- tation light, which is a function of the ICG concentratisee
eters and background absorption coefficients into Egjsto Eq. (9] Other parameters, such aSg,e60=0.046cCcm,
(10) and fitting to the experimental data of 660 and 780 nm Dexzso=0.0518 cmandC are constants. This equation can be
shown in Fig. 8a), we obtain the following extinction coeffi-  Solved numerically by substituting the extinction coefficients
cients of €s5=2.8X 100 cm T M1, €780=3.5 €660,7801fOM the fitting results of Fig. 3. The results are shown
X10°em *M™1, and eggp=1.61x10°cm 1M~ Com- in Fig. 7. It can be seen that the radiRseduces very quickly
pared with the extinction coefficients measured from Fig. 5, at lower concentration, such as1 uM, and saturates at
we find that these values are in the ranges established by Fighigher concentration, such as3 uM, for both wavelengths.
5. Since the normalized amplitude is used in Fig. 3, the factor This implies that the IC effect is obvious at low concentration
Ain Eq. (6) is eliminated in the calculation. and almost vanishes at higher concentration for an infinite
medium. The inner figure in Fig. 7 is an enlarged picture at
] ] the low concentration region.
4.2 Discussion From Fig. 7, it is easy to understand the decay of emission
From Eq.(6), one can see that the emission strenghh,| strength shown in Fig.(8). At the beginning, no ICG exists,
increases with the absorption coefficiemf;, which results so the absorption coefficient of ICG at excitation wavelength
from ICG molecule absorption and is proportional to concen- ug¢=0. Therefore, no emission light signals can be detected.
tration[F] of ICG. However, to account for the decay of emis- With the increasing ICG concentratiom; increases, as
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Yuan, Chen, and Zhu

8 T T T T T T T T T T T
g —o— G50 nm s
RN
L, OINM{r)=1/1000 &
6 9 % ]
o ‘b_o 4]
] Y 2]
E 54 E O‘oo 7
L= <
KN i o, 1
o
L, o oo, ““do ot dz o= as 0%
"} -] O
= - o So.,
T Y Fe0g
£ 3 3 TO~o-ng,
| b ~0~0_g_,
N
2 o
o.
- Hn“*nan
O
14 (=] u_u_n_n_u—u—ﬂﬂ-n—u_u
0 LA B B S R B R B BN N R | T
-1 a 1 2 3 4 ] & 7 & 3 19 1"

ICG Concentration {iM)

Fig. 7 Radius R as a function of ICG concentration to demonstrate the
“|C-effect.” The inner figure is an enlarged picture at low concentra-
tion region.

shown in Figs. &) and §b). When the absorption coefficients
of ICG at excitation and emission wavelength§; and x|

are much lower than the absorption coefficients of back-
ground solutionuX and !, theg in Eq. (7) can be viewed

be much smaller, which implies that the position of maximum
emission strength should be larger than that of the infinite
geometry. This is demonstrated in Fighg where the ICG
concentration of the maximum emission strength is about 4 to
6 uM, which is much larger than 0.3 to 04V obtained from

the infinite geometry. It is necessary to note that although the
concentration of 4 to &M is much higher compared with 0.3
to 0.4 uM, it is still not high enough that the aggregation of
ICG molecules can occur.

Abugo et al* reported maximum emission strength at a
concentration of~60 uM in 0.5% Intralipid solution. The
authors attributed the reduction of emission strength to the
aggregation of ICG molecules when ICG concentration is
higher than 60uM. This suggests that their measurements
completely avoid the IC effect and the re-absorption of emis-
sion photons. Therefore, their sample must have a very small
characteristic cell size, although they did not give a specific
value about the thickness of their optical cell. According to
Abugo’s results, we can exclude the effect of aggregation of
ICG molecules in our ICG concentration range<o20 uM.

4.2.2 Re-absorption of emission photons

The decay of the emission strength shown in Figp) 3hould

be mainly attributed to re-absorption of emission photons. As
shown in Fig. 8b), the position of maximum emission
strength of 780 nm is almost the same as that of 660 nm. Also,

as a constant. ThUS, the emission Strength is a linear fUnCtionthe decay rates of the two excitation Wave|engths in the range

of ICG concentration as given in E). With the increasing
ICG concentration, the radiuR reduces quickly, and conse-
quently the excited ICG molecules are reduced dramatically.

of 7 to 20 uM are very similar. They imply that the same
factor should be responsible for the decay of emission
strength for both excitation wavelengths. If the IC effect in-

Thereforeg decreases. The measured emission strength de-duced by the excitation light at 660 and 780 nm were the
pends on which one is dominant. Since the volume of the dominant factor, the positions of maximum emission strength
sphere is proportional t&°, the decay of emission strength  would not coincide as discussed in Sec. 4.2.1. We believe that
due to the IC effect becomes a dominant factor quickly. the main reason is the re-absorption of emission photons be-

Therefore, for an infinite geometry and 780-nm excitation cause the absorption coefficient of 830 nm increases with the
light, the IC effect is responsible for the decay of the emission |CG concentration.

strength shown in Fig. ().

As shown in Fig. 7, the decay rate Bfat 660 nm is much
lower than that of 780 nm. Also shown in Fig. 5, the absorp-
tion coefficient of ICG at 660 nm is lower than that of 780
nm. As a result, the slope of emission strength is smaller and
the emission attains to a maximum at a higher concentration
than that of 780 nm. This result implies that the position of
maximum emission strength increases if the IC effect can be
reduced. This result can be further demonstrated with Fig.
3(a) for r¢g=1 cmand 1.6 cm. The IC effect on the emission
strength is weaker for a smaller source-detector separation
such ag¢4=1 cm. Therefore, the position of maximum emis-
sion strength measured at,=1 cm is larger than that at
rsg=1.6cm.

The observed IC effect can be further explained from re-
sults obtained with the cylindrical geometry shown in Fig.
3(b). It is well known that reducing the optical path can avoid
the IC effect in fluorescence measurements of nonscattering® ~Summary
media® Hence, a smaller sample size has little IC effect untii The ICG emission properties as a function of its concentration
the concentration is high enough. This is because the volumein 0.6% Intralipid solution are reported. This study is focused
excited by the excitation light is almost kept as a constant and on relatively low ICG concentration at a range of 0 to2d.
approximately equals to the volume of the sample. In Fig. We have found that the emission strength reaches a maximum
1(b), the cylinder has a inner radius of 1.0 cm, which can be quickly, and then decreases gradually with increasing ICG
viewed as a smaller sample size with respect to the infinite concentration. The maximum emission strength depends on
medium shown in Fig. (). Accordingly, the IC effect should  the excitation wavelength, the source-detector separation dis-

4.2.3 A comparison of ICG in water

By comparing Figs. & and 5c), we have found that the
absorption coefficient of 830 nm is always larger than that of
660 nm in our measurement range of O t@ld. This is quite
different from ICG absorption in watéf. The extinction co-
efficients of ICG in water at a concentration of 5/ are
given as:5.14x 10%, 2.621x 10°, and 2.42x 10*cm *M ¢

at 660, 780, and 830 nii.A factor of 2.303 is multiplied to
the original data given in Ref. 18. Milstéirexperimentally
'reconstructed an absorption coefficient of 0.1 ¢rat 830 nm
for a 1-.uM ICG target in 0.4% Intralipid solution. This result
is comparable with our results shown in Figch where ab-
sorption coefficient of 0.152 cnt is measured at 830 nm for
a 1-uM ICG solution in 0.6% Intralipid solution.
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tance, and the geometry and size of the sample. A similar 6. P. R. Van Den Biesen, F. H. Jongsma, G. J. Tangelder, and D. W.
phenomenon was observed in small-size samples by other re-

searchers in a relatively high ICG concentration range and

was attributed to the aggregation of ICG monomers.

To provide an explanation of such emission properties in
the low concentration range, we have measured the absorption g.
properties of ICG in Intralipid solution using a multidistance
photon migration technique in frequency domain. Based on -

7.

the measured absorption properties, we conclude that the de-

cay of emission strength results from two reasons: one is the
so called “inner-cell-effect” and another is the re-absorption
of emission light. Our results have shown that the inner-cell-
effect mainly results in the reduction of emission strength for
large-size samples, such as an infinite medium, while the re-11.

absorption is the main reason for the small-size sample.
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