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Abstract. Image resolution and signal level in fluorescence micros-
copy through inhomogeneous turbid media consisting of scatterers of
multiple sizes under single- (1p), two- (2p), and three-photon (3p)
excitation have been investigated based on a modified Monte Carlo
model. The effects of the size distribution and the concentration dis-
tribution of scattering particles are explored. Simulation results reveal
that the size and the concentration distribution both have an impact
on image formation in media consisting of small particles and that 3p

excitation has the most significant impact. In media with scatterers of
a large size, both size and concentration distributions lead to a slight
effect. Image formation in a mixed medium containing small and large

scattering particles is more affected by the large particles. © 2003 society
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1 Introduction

Since its first demonstration by Denk et al. in 1998yo-
photon (2p) fluorescence microscopic imaging has been
widely applied as a useful tool in biomedical studie¥.In 2p
excitation, the scattered photons are too dilute to cause simul-
taneous absorption of two photons within the focal region,
which automatically avoids off-focus excitation and provides
three-dimensional optical sectioning and resolution equivalen
to that of a confocal microscope® Another advantage of 2p

cells, have sizes ranging between 3 andub®. Mitochondria
are small organelles with sizes ranging from 0.5 to jirB.
Other smaller cell components include endoplasmic reticulum
(0.2 to 1 um), lysomes(0.2 to 0.5um), and peroxisomeg.2

to 0.5 um).?? Therefore, it is necessary to modify the current
Monte Carlo simulation model to investigate image formation
in a tissuelike turbid medium that is composed of scattering
i particles of several sizes.

In this paper, a modified Monte Carlo simulation model
A e . considering inhomogeneous turbid media with scatterers of
excnatpn IS base(_j on the utilization of an mfrared 'asef be?‘m several sizes is established for studying multiphoton fluores-
for excitation, which highly reduces Rayleigh scattering in cence microscopy. The paper is organized as follows. In Sec.

tissue media, in which case the size of scatterers in tissue is, 5 mogified Monte Carlo simulation model is described to
smaller than the illumination wavelength. Since the strength yoa1 with the scattering features from a turbid medium with

of Rayleigh scattering is inversely proportional to the fourth 5qicles of several sizes. In Sec. 3, the effect of the size
power of the illumination wavelength, it has been expected gistripution of scatterers is investigated in a medium with a
that three-photori3p) excitation could further reduce the ef-  piform distribution of concentration. For comparison, the ef-
fect of multiple scattering in tissue medfid® and result in - fect of the Gaussian concentration distribution and the com-
great penetration depth. However, biological tissue is usually pined distribution including a mixture of large and small scat-

composed of scatterers varying from Quin to a few mi- terers is explored in Sec. 4. The discussion is presented in
crometers in sizé>'“ Thus in this situation, the dominant ef-  Sec. 5 and a conclusion is given in Sec. 6.

fect caused by these scatterers is Mie scattering rather than
Rayleigh scattering.
The effect of Mie scattering on multiphoton excitation in
turbid media has been studied using Monte Carlo 2 Modified Monte Carlo Simulation Model for
simulation!®2°So far, the model for turbid media considered a Turbid Medium of Multisized Scatterers

in the current Monte Carlo simulation has been based on aThe schematic diagram for imaging through turbid media in a
homogeneous turbid media structure in which the size of all reflection-mode fluorescence microscope and the derivation of
the scatterers is the sartre®2° However, biological tissue an effective point-spread functio(EPSH at a given focal
usually exhibits a complex inhomogeneous structure; the ba-depth under 1p, 2p, and 3p excitation have been reported
sic components of biological tissue, cells, range widely in elsewheré!?°?*The focal depthfy, is defined as the dis-
size, from nanometers to tens of micrometers, and numeroustance between the medium’s surface and the focal plane of an
different sizes of scattering organelles exist within the ¢@lls.  imaging objective.

For example, most animal cells range from 10 to 20 in
size and the nuclei, the largest scattering organelles found in1083-3668/2003/$15.00 © 2003 SPIE
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In this paper, a single-layer inhomogeneous turbid medium
consisting ofn types of spherical scatterers is considered.
Each type of scatterer has a given sidemete) p; and con-
centrationc; . A scattering mean-free-path lendth) for each
type of scatterer is determined by its concentration and its
corresponding scattering cross-sectiary;), based on Mie
theory*:

li=1/(cios). )

To determine the length of the scattering step between two
consecutive scattering events of a photon in a turbid medium

with multisized scattering particles, we first independently
calculate the scattering step lengtk) from each type of
particle according to the following equation:

ss=—1;In(¢) (i=1,2,..n), (2

where G<é<1 is a randomly produced uniform distribution
number. Then the shortest step lenfsh,) is taken to be the
length within which a photon propagates freely. The anisot-
ropy value(g,,) corresponding to thenth type of particle,
which is also calculated based on Mie theBhys used to

determine the scattering direction of the photon. The accuracy

of this method was verified by our previous model when there
is only one type of particlé”?

For understanding image performance in a turbid medium
of multisized scattering particles, a parameter, the effective
mean-free-path lengtfl’), is introduced as a measure of the
randomness in such an inhomogeneous medium:

1/|':2l 10, . 3

The effective mean-free-path length weights the contributions
of scattering cross-sections from different types of particles to

the scattering features of the turbid medium. It is a parameter

analogous to the mean-free-path len@thin a homogeneous
medium that has scattering particles of one size.

The parameters used in the Monte Carlo simulation are
introduced as follows10’ illumination photons are used to

Monte Carlo Simulation of Multiphoton Fluorescence . . .

For a comprehensive understanding of the effect of the
particle concentration; , two types of concentration distribu-
tions, a uniform and a Gaussian distribution, are investigated
and represented by U or G. All concentration distributions
discussed here are centrally symmetrical through the mean
particle size. Each turbid medium is labeled by two letters
followed by two numerals. The first letter represents the type
of particle group, while the second letter denotes the type of
concentration distribution. The two numerals correspond to a
width parameteb. The width parameter in the medium with a
uniform distribution is6,/2 (8p= pmax—Pmin) Wherepaand
Pmin @re the maximum and minium particle sizes, respectively.
In the medium with a Gaussian distribution, the width param-
eter is defined as the full width at half maximum of the con-
centration distribution. For example, the SGO1 medium con-
tains a small group of particles with a Gaussian distribution,
and 6=0.1 um.

In order to observe the scattering features of different con-
centrations, it is assumed that the averaged total geometrical
cross-sectiorio) is constant in all media, which can be math-
ematically expressed as

f m(pl2)%c(p)dp=m(pol2)?Co, (4)

where p is the diameter for a particle type existing in an
inhomogeneous medium amdp) is the corresponding con-
centration. Herep, refers to the scattering particle size in a
homogeneous medium with a concentratign In our calcu-
lation po=0.5um andcy= 0.6/um?® for the uniform S group.
Accordingly, in the uniform L group,po=3 um and cg
=0.0167m°.

According to the concentration distributions and the scat-
tering cross-section at different excitation wavelengtfeble
1), the effective mean-free-path lengtlls) of the various
inhomogeneous media under 1p, 2p, and 3p excitation can be
calculated by Eq9.1) and(3) and are summarized in Table 2.

3 Effect of Size Distribution on Multiphoton

ensure the accuracy of simulation results under 1p, 2p, and 3pF|u0rescence Microscopy

excitation. The numerical aperture of the objective is 0.25, the
same as in our previous stutfit is assumed that the wave-
length of the excitation beam,e,, under 1p, 2p, and 3p ex-
citation is 400, 800, and 1200 nm, respectively, and the fluo-
rescence wavelength,,, is 400 nm in the three cases.
According to the size distribution of small organelles and
nuclei?? in this paper three groups of inhomogeneous turbid
media are considered for understanding image formation.

Groups S and L, which are used to investigate the scattering

features from small organelles and large nuclei in cells, con-
tain nine types of scattering particles. Their diameter
ranges from 0.1 to 0.9m and from 2.6 to 3.4um, respec-
tively, with a diameter interval of 0.km; the mean size of
these two groups is 0.5 and 34, respectively. The third
group of the turbid medi@M) is a mixture of groups S and L

To investigate the effect of size distributions on image perfor-
mance under multiphoton excitation, the image intensity
I(x,y) of a thin object in an imaging system is calculated
using the convolution of the object functidd(x,y) and an
effective point-spread functioh(x,y).??

= [ [ hecynooexy-yhacdy. @

Once the image intensity distribution of the object is obtained,
the transverse resolutiohi is characterized by the distance
between the 90 and 10% intensity points from the image in-
tensity of the sharp edge scanned inxtdrection. The signal
level (%) is defined as the number of fluorescent photons col-
lected by the detector and normalized by that number when no

to simulate the situation where small scattering organelles andscattering exists. Both transverse resolution and signal level

large nuclei both exist. Based on Mie theétythe corre-
sponding anisotropy valuég;) and scattering cross-section
(o) of each type of particle under 1p, 2p, and 3p excitation
are shown in Table 1.

are then used to measure the performance of an imaging sys-
tem that includes a turbid mediuth?

The EPSF indicates the performance of an imaging system
that includes a turbid mediuf®:?’As an example, EPSFs for
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Table 1 Scattering parameters (o, g) of the small and large groups of scattering particles under 1p, 2p, and 3p excitation.

p (um) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
400 nm oy 0.000296 0.0081 0.0483 0.155 0.36 0.686 1.132 1.678 2.28
(1p excitation) (um?)
(Fluorescence)

gi 0.193 0.685 0.804 0.864 0.894 0916 0.924 0928 0.929
800 nm oy 0.000023 0.00128 0.00877  0.0324  0.0907 0.193 0.366 0.619  0.971
(2p excitation) (um?)

gi 0.047 0.193 0.450 0.685 0.739 0.804 0.844 0.864  0.885
1200 nm oy 0.0000047  0.000277  0.00266  0.0114  0.0317 0.073 0.150 0.268 0.435
(3p excitation) (um?)

gi 0.0209 0.084 0.193 0.353 0.547 0.685 0727 0757  0.804
p (um) 2.6 27 2.8 2.9 3.0 3.1 3.2 3.3 3.4
400 nm oy 14.28 15.1 15.65 16.16 16.62 16.56 16.23 15.98 16.44
(1p excitation) (um?)
(Fluorescence)

gi 0.889 0.896 0.892 0.877 0.863 0.863 0.870 0.877 0.872
800 nm oy 16.45 16.6 16.88 16.91 16.79 16.92 16.56 16.85 16.71
(2p excitation) (um?)

gi 0.906 0.900 0.892 0.883 0.874 0.863 0.852 0.844  0.829
1200 nm oy 18.73 20.50 22.37 24.21 25.88 27.68 2923 3073 3220
(3p excitation) (zm?)

gi 0.930 0.929 0.930 0.930 0.929 0.927 0926 0.925 0.922

Table 2 Effective mean-free-path lengths (/') of turbid media investigated under 1p, 2p, and 3p excitation.

I (m) I" (wm)
400 nm 400 nm
(1p excitation) 800 nm 1200 nm (1p excitation) 800 nm 1200 nm

Type of medium  (Fluorescence) (2p excitation) (3p excitation) ~ Type of medium  (Fluorescence) (2p excitation) (3p excitation)
SU SU00/ 4.6296 18.3756 52.5762 LU LU00/ 3.6029 3.5664 2.3138

SGO00 LGOO

SU01 4.2699 16.2234 44.1706 LUO1 3.6850 3.5918 2.3379

SU02 3.7832 13.0401 33.5206 LUo2 3.6863 3.5618 2.3143

SU03 3.3224 10.3066 25.1631 LUo3 3.7573 3.5907 2.3363

SUo4 2.9837 8.2988 19.4841 Luo4 3.8000 3.6071 2.3473
SG SGO1 4.5736 18.0067 51.0311 LG LGO1 3.5956 3.5501 2.3044

SG02 4.3182 16.2384 44.0992 LG02 3.6360 3.5524 2.3098

SG03 3.9779 13.9597 36.3106 LGO3 3.7065 3.5959 2.3383

SG04 3.6824 12.0424 30.2078 LGO4 3.6324 3.5029 2.2781
M SG04+ 1.8422 2.7488 2.1496

LUO2

442 Journal of Biomedical Optics ¢ July 2003 < Vol. 8 No. 3

Downloaded from SPIE Digital Library on 24 Nov 2009 to 136.186.1.188. Terms of Use: http://spiedl.org/terms



Monte Carlo Simulation of Multiphoton Fluorescence . . .

5 5 --Il-iiﬁ
- . Msnaiia
@ & D2 I LA
g & 5° ;ﬂgtg A
= > ) ' H'AV “{‘“
g g &0 b AN
AN
Re= s aEnss
3 ,él‘-’ NS 50
250 <i%% a0
/’”72 25 10 20\}*@
s00 o0

[T
. : -E-.. 5 EEEEF
AR it ‘ Sses
]
3 - e 2 AT
£ ey f G A
2o {194y s £l 3 AN
4 Ny S 2 o SI/ASSRS
! "?E‘-‘“. =3 1 iSS/aNS.
2 AR 1y 2 !'."4‘:.5‘
3 100 I 3 &'i‘%% 100
S o

g

( |
- H
: s A DR
¢ : EEESE e R BE EeEasEsmmmm
; srbioR T B
[T [Ty i 9 [ Iy
E ee I I EARSNTT £ TR AR
CEHAONT PR AN
=3 2> ] N
g, SO HIINNNT LN
° AR SR esas: 22 = v ASARENS
3 & %;%% 4 266" K 250 oo
250 180
(‘”7; 250 i 60 120‘6\\)«\\ g 120\}‘“&
500 0 S0 0

Fig. 1 EPSFs for fluorescence imaging at different focal depths in SU00, SU04, and SGO04 turbid media under 1p, 2p, and 3p excitation.

turbid media SU0O, SU04, and SG04 at different focal depths better penetration ability than 1p excitation. Under the same
under multiphoton excitation are shown in Fig. 1. Hers excitation type and a given focal depth, the EPSFs are the
the radial distance in the focal plane. The sharp peak shown innarrowest presented in the homogeneous SU0O media.

Flg 1 indicates the existence of ballistic and |eSS'Scattering The transverse image resolution and the Signa| level in a

snake photons. It can be seen that as the focal depth increasegeries of SU media under 1p, 2p, and 3p excitation are shown
the EPSF becomes broad and the peak value decreases. This j§ Fig. 2. Although the total geometrical cross-sections of the

because ash_thrclalfo%al de;;]th l;ncrt(ejase_s, thfe hSC?EtLeriggN‘leventaistributed-size turbid media are equal, optical microscopic
increase, which leads to the broadening of the EPSF. ean'image formation in those media is affected differently owing

while, owing to strong scattering, the numbe_r of the ballistic éo the different scattering features of scatterers of various
and snake photons that undergo few scattering events around .

the center of the focus region decreases. As a result, the peal?'zefs' The more that partlcle_s around a mean size ogMmS .
value falls. are included, the worse the image performance on resolution
A comparison of the EPSFs in SU0O and SU04 and SG04 and ;igna_l Ie_vel._ Hoyvever, under_ 1p excitation, the effe_ct of
media under 1p, 2p, and 3p excitation shows that at the giventhe size dl_strlbut|on is not as ob\_/logs as that under muIUph_o-
focal depth, the EPSF under 3p excitation is much narrower ton excitation. Three-photon excitation produces the most vis-
than that under 1p excitation. As the focal depth increases, theible effect on transverse resolution and signal level. This situ-
reduction rate of the peak value under multiphoton excitation ation may be explained by the effective mean-free-path length
(2p and 3p excitationbecomes slower than that under 1p introduced in this paper. Table 2 clearly shows that in the
excitation. This feature indicates that multiphoton excitation medium that has & value of 0.4um (SU04, |’ has the
can give higher resolution at a given focal depth and has ashortest value in three excitation cases and in that under 3p
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Fig. 2 Transverse image resolution (a—c) and signal level (d—f) as a function of the focal depth in the SU media under 1p, 2p, and 3p excitation.

excitation, the difference i between different types of me-

dia is the most obvious.

4 Effect of the Concentration Distribution on
Multiphoton Fluorescence Microscopy

Figure 3 shows the transverse resolution and signal levelin |, 5 trhid medium with particles of several sizes, the concen-
a series ‘_Jf LU media under_ 1p, 2p,_and 3p excitation. Unlike {ration distribution of scatterers is also important. Therefore,
the situation in the SU media, the difference in the transverse jn this section, a Gaussian concentration distribution and a
resolution and signal level among different types of media is mixed uniform and Gaussian concentration distribution will
not significant under three types of excitation. Under 3p ex- pe investigated.
citation, the difference is even less than that under 1p excita-  Figure 4 shows the transverse resolution and signal level in

tion, as can be seen from the valuel bfin Table 2. Further-

the SG media. Compared with the SU medig. 2), the

more it can be seen that the LUOO medium presents the worsttransverse resolution and signal level under multiphoton exci-
imaging performance in particular under 1p excitation. This tation(2p and 3p excitationare better in the SG media. How-

phenomenon is expected from thevalue in Table 2.
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Fig. 3 Transverse image resolution (a—c) and signal level (d-f) as a function of focal depth in the LU media under 1p, 2p, and 3p excitation.

tion and signal level is not obvious. Another comparison of under multiphoton excitations, while the difference is not ob-
transverse resolution between SG and SU media shows thawious under 1p excitation.

under 3p excitation, two types of media—SGO01 and SG02—  The same is true for the L group media with a Gaussian
maintain the diffraction-limited image resolution within a concentration distribution, the transverse resolution and signal
depth of 300um. However, in the SU media, only SUO1 can levels of which are shown in Fig. 5. There is little difference
keep the diffraction-limited image resolution within this re- in the transverse resolution and the signal level in the LG and
gion. An explanation can be obtained from the fact that in the LU media under 1p, 2p, and 3p excitation.

SG medid’ is larger than in the SU media under multiphoton A mixed medium is investigated to simulate the combined
excitation but is only slightly larger under 1p excitation. This effect of uniform and Gaussian distributions. In this simula-
feature is caused by the suppression of the effect of the largetion, it is supposed that there is a diverse distribution of par-
particles in the case of the Gaussian distribution. This feature ticles of small sizes and a relatively concentrated distribution
can be also seen in the EPSFs shown in Fig. 1. At the sameof particles of large sizes. This condition corresponds to the
focal depth, the EPSF in SG04 is narrower than that in SU04 situation in cells where small scattergisuch as small or-
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Fig. 4 Transverse image resolution (a—c) and signal level (d—f) as a function of focal depth in the SG media under 1p, 2p, and 3p excitation.

ganelle$ distribute diversely while the size of scattering par- For comparison, the transverse resolution and signal level in
ticles such as nuclei has a relatively small variation. It can be the SG04 and LUO2 media are also given in the same plots. It
seen from Figs. 3 and 5 that for the L group, the imaging can be seen that image performance in mediun(either
performance with the uniform and Gaussian distribution is not transverse resolution or signal leyélls in between two ex-
significant and the effect of the size distribution is not pro- treme cases in which the turbid medium consists of either
nounced. Therefore, in the mixed medium M, we arbitrarily small or large particles, and the image performance is more
choose LUO2 to be a simulation medium for nuclei. On the affected by the LU0O2 medium than the SG04 medium under
other hand, SG04 is selected to simulate the maximum effectthree types of excitation.
of the size distribution of small scatterers. However, in order
to keep the equality of the total geometrical cross, M has half
of the concentration values for each of its corresponding scat- . .
terers compared with those in the SG04 and LUO2 media. 5 Discussion

Figure 6 shows the transverse resolution of the image and The simulation results show that image formation in an inho-
the signal level under 1p, 2p, and 3p excitation in medium M. mogeneous turbid medium that has scattering particles of
446  Journal of Biomedical Optics * July 2003 * Vol. 8 No. 3
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Fig. 5 Transverse image resolution (a—c) and signal level (d-f) as a function of focal depth in the LG media under 1p, 2p, and 3p excitation.

multiple sizes is more complicated than that in a homoge- exhibit dramatically different features of image formation; the
neous medium containing scattering particles of a single variation of the size distribution in the L media has a slight
sizel’20 impact on image resolution and signal level under three types
First, the mean-free-path length of each type of scatter-  of excitation, while the corresponding influence in the S me-
ing particle in an inhomogeneous turbid medium may not give dia is obvious, especially under multiphoton excitation. It is
a clear indication of the medium’s properties for image for- also evident that at a given focal depth, imaging in the S
mation. Accordingly, a concept of the effective mean-free- media exhibits better transverse resolution and signal level
path length(l’) is introduced, which is a comprehensive de- than that in the L media.
scription of the scattering featufecattering lengthfrom all These phenomena can be explained from the relationship
types of particles in the medium. Image performance can be of the scattering efficienc{) and the anisotropyg value to a
understood by th&' value, which is similar to thévalue in a scattering parametda/\) (Fig. 7). The scattering efficiency
homogeneous medium. Qs defined as the ratio of the scattering cross-sectio) to
Second, the effect of the size and concentration distribu- the geometrical cross-secti¢a), anda is the radius size of a
tions on image performance is significant. The S and L media scattering particle. The smaller scattering efficiency implies a
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Fig. 6 Transverse image resolution (a—c) and signal level (d—f) as a function of focal depth in the mixed medium under 1p, 2p, and 3p excitation.

reduction of multiple scattering events, which leads to high 100, 500, and 1000 times that of the smallest parti¢e$
image resolution and signal level. In our case, the S media um) under 1p, 2p, and 3p excitation, respectively. This effect
include particles that have relative sizad\ within ranges results in the most significant impact in 3p excitation on the
from 0.125 to 1.125, 0.0625 to 0.5625, and 0.0417 to 0.375 image performance.

under 1p, 2p, and 3p excitation, respectively. The L media

include the relative particle sizes within ranges from 3.25 to .

4.25, 1.625 to 2.125, and 1.083 to 1.417 under 1p, 2p, and 3p6 Conclusion

excitation, respectively. Thus the scatterlpghanges signifi- Image resolution and signal level in fluorescence microscopy
cantly asa/\ falls within the range of 0.0417 to 1.125 in the through turbid media with scattering particles of multiple
S media and shows a slight variation whaf\ falls within sizes under 1p, 2p, and 3p excitation have been explored
the range of 1.083 to 4.25 in the L media, as indicated in Fig. through Monte Carlo simulation. The dependence of resolu-
7. This feature provides an understanding of the significant tion and signal level on the focal depths in three groups of
influence of the scattering features in the S media. In the S inhomogeneous turbid med{&, L, and M has been demon-
media, theQ value of the largest particlg®.9 um) is about strated.
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Fig. 7 Scattering efficiency Q and anisotropy value g as a function of 0
the scattering parameter a/\. The refractive indices of scatterers 10.
(spherical particles) and the immersion medium (water) are 1.59 and
1.33, respectively.
11.

The results show that in the S media, the size distribution 12

of the scatterers has a significant effect on image formation;

the broader the distribution, the worse the image resolution 13-

and signal level. At a given depth, 3p excitation shows the

most significant difference in image performance in the dif- 14

ferent types of media compared with 1p and 2p excitation.
The image resolution and signal level in the media with a

Gaussian concentration distribution are better than those in1®:

the media with a uniform distribution. However, the impact of

the size and concentration distributions in the L media is not 1g.

significant.
The combined effect of the uniform and Gaussian concen-

tration distributions for the large and small groups of scatter- 1.
ers indicates that image performance is affected more by the g

large group of particles, for example, the nulei distributed in
tissue.
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