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Multiphoton fluorescence microscopic imaging through double-layer turbid
tissue media
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Image formation in multiphoton fluorescence microscopy through double-layer turbid tissue media
is investigated using Monte Carlo simulation. With the help of the concept of the effective point
spread function, the relationship of image resolution and signal level to the thickness and scattering
properties of the double-layer turbid media under single-, two-, and three-photon excitation is
revealed. Results show that for a double-layer turbid medium of a given thickness, small particles
in the top layer result in a quicker degradation of signal level than large particles in the top layer.
This model is then applied to study the penetration depth of multiphoton fluorescence microscopy
through human skin tissue which exhibits a layered structure. It is predicated that using 3p
excitation leads to a signal level up to two orders of magnitude higher than that under 2p excitation,
while diffraction-limited image resolution can be maintained for skin tissue of thickness up to 500
mm. © 2002 American Institute of Physics.@DOI: 10.1063/1.1459107#
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I. INTRODUCTION

Two-photon (2p) fluorescence microscopy is a usef
tool for biological and medical studies1 because it allows one
to achieve an image of a thick sample without using a c
focal geometry.2 Because of the utilization of an infrare
laser beam for excitation, this technique offers an equiva
access to ultraviolet~UV! excitation and reduces the effect
Rayleigh scattering in tissue media.1,3,4 Therefore, this
method has been adopted in high-resolution imaging thro
a thick tissue.5,6 Since the strength of Rayleigh scattering
inversely proportional to the fourth power of the illuminatio
wavelength, it has been expected that the effect of mult
scattering in tissue media can be further reduced under th
photon (3p) excitation.7,8 However, the effect of Mie scat
tering on multiphoton excitation is more complicated.4

To understand the effect of multiple scattering on ima
quality ~resolution and signal level! in single-photon (1p)
and two-photon (2p) fluorescence microscopy, one usua
uses the Monte Carlo simulation method based on Mie s
tering and geometric optics9–11 because conventional imag
theory12 based on Fourier optics is not applicable. In partic
lar, the concept of the effective point spread function~EPSF!,
which describes not only the property of a microscopic i
aging system but also the scattering property of tur
media,13 has been introduced for fluorescence ima
simulation.4,9As a result, the relationship of image resolutio
and signal level to the focal depth in a turbid medium h
been obtained under 1p and 2p excitation.4,9

So far, the turbid media considered in current mic
scopic Monte Carlo simulations4,9–11 are single-layer struc
tures. However, biological tissue usually exhibits a comp
layer structure such as skin tissue. Although 2p and 3p fluo-
rescence microscopy has been used to image through

a!Electronic mail: mgu@swin.edu.au
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tissue,14–17the penetration depth and the limit of image res
lution under multiphoton excitation cannot be determin
from the current Monte Carlo simulation model.4,9–11 This
article establishes a Monte Carlo simulation model for 1p,
2p, and 3p fluorescence microscopic imaging throug
double-layer turbid media.

This article is organized as follows. In Sec. II, a Mon
Carlo model for a double-layer turbid medium is introduc
in terms of the concept of the EPSF for multiphoton fluore
cence microscopy. The effect of the size of scattering p
ticles and the thickness of a double-layer structure on
EPSF is investigated in Sec. III. Transverse image resolu
and signal level through a double-layer turbid medium un
1p, 2p, and 3p excitation are analyzed in Sec. IV. In Sec.
the new Monte Carlo model is applied to investigating tra
verse image resolution and signal level in a skin tissue m
dium under 1p, 2p, and 3p excitation. Finally, a conclu-
sions is given in Sec. VI.

II. MONTE CARLO SIMULATION MODEL FOR A
DOUBLE-LAYER TURBID MEDIUM

A schematic diagram for imaging through a double-lay
turbid medium in a reflection-mode fluorescence microsc
is shown in Fig. 1. The top and bottom layers of thicknes
d1 andd2 are labeled withL1 andL2 , respectively. The foca
depth f d is defined as the distance between the medium
face to the focal plane. The Monte Carlo simulation meth
is similar to that reported elsewhere9 except for the treatmen
for the interface between the two layers. When a photon
incident on the interface, a weighting function is given to t
reflected and transmitted photons according to the Fre
coefficient.18

Two steps are involved in order to derive an EPSF a
given focal depthf d . First, a photon distributionI ex(r )
~wherer is the radial distance from the focus! is calculated
9 © 2002 American Institute of Physics
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using the Monte Carlo simulation, giving a weighting fun
tion for a fluorescence photon.9 For 1p, 2p, and 3p excita-
tion, the weighting function can be expressed as

pn~r !5anI ex
n ~r !, ~1!

wheren51, 2, 3 corresponds to 1p, 2p, and 3p excitation,
respectively. In the second step of the Monte Carlo simu
tion, fluorescence photons excited by Eq.~1! are traced from
the positions where they are excited and to the dete
plane. Those fluorescence photons reaching the detector
to a photon distributionhn(r ) which is termed as the
EPSF.9,13 Thus the image intensity of an object with a flu
rescence strength functionO(x,y) can be given by a convo
lution relation:13

I n~x,y!5E E
2`

`

hn~Ax21y2!O~x2x8,y2y8!dx8dy8.

~2!

In the Monte Carlo simulation, 107 illumination photons
were used to ensure the accuracy of an EPSF under 1p, 2p,
and 3p excitation. The numerical aperture of the objecti
was chosen to be 0.25 as our previous study has shown
such an objective can remove scattered photons effecti
without losing signal appreciably.9 Furthermore, the effect o
refractive index mismatching is negligible for an objecti
with numerical aperture less than 0.25.19 It is assumed tha
the wavelength of the excitation beam,lex, under 1p, 2p,

FIG. 1. Schematic diagram of imaging through a double-layer turbid
dium in a reflection-mode fluorescence microscope. S: source; D: dete
DM: dichromic mirror;L1 andL2 : top and bottom layers;d1 andd2 : the
thickness ofL1 andL2 ; f d : the focal depth;lex andlfluo : the wavelength
for excitation and fluorescence.
-

or
ad

hat
ly

and 3p excitation is 400, 800, and 1200 nm, respective
and that the fluorescence wavelengthlfluo is 400 nm in the
three cases.

To compare the results of a double-layer turbid medi
with those from a single-layer turbid medium,9 we choose
two kinds of spherical scattering particles suspended in
ter. The first kind, called large particles~L!, has a diameterr
of 0.48 mm, and the second one, called small particles~S!,
has a diameter of 0.202mm. Each layer in the double-laye
structure consists of either large particles or small partic
If the top layer~L1! includes large particles and the botto
layer ~L2! includes small particles, the double-layer turb
structure is called the LS medium. Otherwise, it is called
SL medium. The thickness of each of the two layers of
media is assumed to be 60mm. According to Mie scattering
theory,20 the corresponding anisotropy value g and scatter
mean free path lengthl s are shown in Table I.

III. EFFECTIVE POINT SPREAD FUNCTION
IN DOUBLE-LAYER TURBID MEDIA

As EPSF is a performance measure of an imaging s
tem including a turbid medium, the EPSF at different foc
depths in the LS and SL media under 1p, 2p, and 3p exci-
tation is investigated in this section.

The EPSFs for 1p fluorescence imaging at three foc
depths in the LS and SL scattering media are shown in F
2~a! and 2~b!, respectively. The focal depths of 40, 60, a
80 mm mean that the focus is within the top layer, at t
boundary, and within the bottom layer, respectively. As e
pected, when the focal depth increases, the EPSF beco
broader in both LS and SL media because of the increas
the scattering events.9

A comparison of the EPSFs between the LS and SL m
dia shows two physical features. First, at a given focal de
~Fig. 3!, the EPSF in the LS case is narrower than that in
SL case. Second, the difference of the EPSF between LS
SL media in the bottom layer is smaller than that in the t
layer. These properties can be understood from the chang
the anisotropy value g in the LS and SL media. According
our previous studies,21 a smaller scattering particle with
lower anisotropy value g results in a larger scattering an
and thus a broader distribution of scattered photons. Co
quently, when the focal depth is moved into the bottom lay
the broadening of the EPSF in the SL medium becom
slower, whereas that in the LS medium becomes quic
which leads to the behavior in Fig. 3~b!.

Figure 4 gives the EPSFs for 2p fluorescence imaging a
the three focal depths in the LS and SL turbid media. It c
be seen that the EPSF in both LS and SL media does

-
or;
TABLE I. Scattering parameters of the turbid media under 1p, 2p, and 3p excitation.

r ~mm!

1p excitation
lex5400 nm

2p excitation
lex5800 nm

3p excitation
lex51200 nm

Fluorescence
lfluo5400 nm

g l s ~mm! g ls ~mm! g ls ~mm! g ls ~mm!

0.48 ~L! 0.89 3.68 0.73 15 0.509 44.2 0.89 3.68
0.202~S! 0.69 3.68 0.2 15 0.086 44.2 0.69 3.68
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FIG. 2. EPSF for 1p fluorescence imaging at different focal depths in the double-layer turbid medium:~a! in the LS medium;~b! in the SL medium.

FIG. 3. Comparison of EPSFs for 1p fluorescence imaging between LS and SL media.~a! f d540mm; ~b! f d580mm.

FIG. 4. EPSF for 2p fluorescence imaging at different focal depths in the double-layer turbid medium:~a! in the LS medium;~b! in the SL medium.

FIG. 5. Comparison of EPSFs for 2p fluorescence imaging between LS and SL media:~a! f d540mm; ~b! f d580mm.



4662 J. Appl. Phys., Vol. 91, No. 7, 1 April 2002 Deng, Gan, and Gu
FIG. 6. EPSF for 3p fluorescence imaging at different focal depths in the double-layer turbid medium:~a! in the LS medium;~b! in the SL medium.

FIG. 7. Transverse image resolution~a! and signal level~b! as a function of the focal depth in the LS and SL media under 1p excitation.

FIG. 8. Transverse image resolution~a! and signal level~b! as a function of the focal depth in the LS and SL media under 2p excitation.

FIG. 9. Transverse image resolution~a! and signal level~b! as a function of the focal depth in the LS and SL media under 3p excitation.
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change appreciably and that its width is almost close to
predicted by the diffraction theory12 when the focal depth is
less than 60mm. This feature is caused by the fact that t
contribution from ballistic photons to 2p fluorescence emis
sion may be dominant when the focal depth is 4–5 times
scattering mean free path length.9

Figure 5 shows the comparison of the EPSFs betw
LS and SL media at a given focal depth. Unlike the situat
under 1p excitation, the EPSF in the SL medium under 2p
excitation is slightly narrower than that in the LS mediu
This property is consistent with the previous result in t
single-layer turbid medium under 2p excitation.9 For the
given scattering mean free path length~Table I!, the small
anisotropy valueg in the S layer results in a broad distribu
tion of scattered photons and their contribution to intensity
reduced because of the quadratic intensity dependence u
2p excitation. As a result, the central peak mainly result
from ballistic photons in the SL medium becomes sligh
narrower, compared with that in the LS medium.

The EPSFs for 3p fluorescence imaging at the three f
cal depths in the LS and SL media are depicted in Fig. 6.
expected, the EPSF in this case behaves in a diffract
limited nature because the contribution from ballistic ph
tons is dominant as the given thickness of the double-la
media is only 2–3 times larger than the scattering mean
path length under 3p excitation.

IV. TRANSVERSE RESOLUTION AND SIGNAL LEVEL
IN DOUBLE-LAYER TURBID MEDIA

Based on the EPSF in the last section, we can investi
image quality in the double-layer turbid medium in terms
image resolution and signal level.9 The image of a thin sharp
edge embedded in a double-layer turbid medium can be
culated using Eq.~2!. The transverse image resolutionG is
characterized by the distance between the 90% and 10%
tensity points from the image intensity of the sharp ed
scanned in thex direction. The signal levelh is the number
of fluorescence photons collected by the detector and
malized by the fluorescence signal strength when no sca
ing exists. The advantage of such a definition is that va
tions caused by the detector sensitivity at differe
wavelengths and by the excitation cross sections
removed.4

The transverse image resolution and the signal level
function of the focal depth in the LS and SL media underp
excitation are shown in Figs. 7~a! and 7~b!, respectively. In
general, as the focal depth increases, the transverse re
tion becomes poor and the signal level is reduced. Within
top layer, the transverse resolution in the LS medium is b
ter than that in the SL medium. This result is consistent w
the behavior of the EPSF shown in Fig. 2 and in our previo
study.9

To understand the behavior near the interface, we de
the rate of resolution degradation,b, asb5dG/d( f d). Fig-
ure 7~a! shows thatb below the interface in the SL and L
media is slightly slower and larger than that above the in
face, respectively. This feature can be explained by
change in the anisotropy valueg in the two layers. In gen-
eral, photons in the S layer~smaller anisotropy valueg! are
at
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statistically scattered into a larger angle than those in th
layer ~larger anisotropy valueg!.21 It was demonstrated21

that the photons scattered at a larger angle lead to lo
resolution than the photons scattered at a smaller angle.
result, the increase of the anisotropy valueg from the S layer
to the L layer in the SL medium results in the decrease ob
near the interface. In LS medium, the situation is just
served. This feature implies that the two resolution curv
may lead to a cross point at a certain focal depth in
bottom layer, as demonstrated in Fig. 7~a!.

In the top layer, the signal level in the LS medium dro
more slowly than that in the SL medium, as may be expec
from the anisotropy valueg in the corresponding layers. Th
larger the anisotropy valueg, the smaller the scattered ang
and thus the higher the signal level. Once the focal dept
within the bottom layer, the signal level of the LS mediu
drops more quickly than that in the SL medium because
anisotropy value g in the bottom layer of the LS and S
media reduces and increases, respectively. As a result
signal level in the SL medium is lower than that in the L
medium for the given thickness of the media.

Transverse image resolution as a function of the fo
depth in the LS and SL media under 2p excitation is shown
in Fig. 8~a!. The transverse resolution in the top layer of t
LS and SL media is almost close to the diffraction-limite
value, as expected from Fig. 4. Below the interface, the re
lution is degraded quickly in both cases, which means t
the contribution from scattered photons is significantly
creased. The rate of resolution degradationb immediately
below the interface is caused by two processes. The firs
the change in the anisotropy valueg. In terms of the expla-
nation given for Fig. 7~a!, this effect leads to the increase an
decrease ofb from the top to bottom layers of the LS and S
media, respectively. The second process is the signific
contribution from the scattered photons when the focal de
is ;60mm,9 which results in the increase ofb in both me-
dia. The combination of these two processes gives rise to
fact that the degradation of resolution in the LS medium
faster than that in the SL media when the focal depth mo
from the top layer to the bottom layer. Figure 8~b! shows that
the change in signal level from the top layer to the botto
layer has the same trend as that under 1p excitation.

The dependence of transverse resolution and signal l
on the focal depth in the LS and SL media under 3p excita-
tion is shown in Fig. 9. Figure 9~a! confirms that the resolu
tion is diffraction limited within the given thickness of th
media because of the long scattering mean free path le
under 3p excitation.

However, the signal level under 3p excitation drops
quickly although the maximum number of scattering eve
in the media is less than 3@see Fig. 9~b!#. It should be
pointed out that the number of scattering events is de
mined by the scattering mean free path length which i
statistically averaged parameter. In other words, even w
the number of scattering events is one, i.e., whenf d5 l s ,
;64% of the incident photons are scattered according
Beer’s law. These scattered photons propagate at a l
angle from their incident directions because of the small
isotropy valueg under 3p excitation ~see Table I!. Conse-
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FIG. 10. Comparison of transverse image resolution~a! and signal level~b! in the LS ~solid! and SL~dashed! media under 1p, 2p, and 3p excitation.
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quently, the 3p fluorescence strength reduces significan
due to the cubic dependence under 3p excitation, which
leads to the pronounced decay of the signal level. This ef
in the S layer is stronger than that in the L layer, so that
signal level in the SL layer is lower than that in the LS lay
It should also be noted that the mean free path length
fluorescence light is significantly shorter than that for ex
tation wavelength; therefore the scattering effect is strong
the fluorescence light, which results in a further reduction
signal level.

V. DISCUSSION

Compared with the results under 1p, 2p, and 3p exci-
tation, we can find that in both LS and SL media, 3p exci-
tation gives the best transverse resolution@Fig. 10~a!#,
whereas 1p excitation exhibits the worst transverse reso
tion. Within the top layer, 2p and 3p excitation leads to the
diffraction-limited resolution because of their quadratic
cubic dependence on the excitation intensity and their la
scattering mean free path lengths.

A comparison of the signal level under 1p, 2p, and 3p
excitation@Fig. 10~b!# shows two interesting features. Firs
the signal level in the SL medium is lower than that in the
medium in all three cases. This feature is because sm
particles~smaller anisotropy valueg! in the top layer results
in a broader distribution of scattered photons than larger
ticles ~larger anisotropy valueg! in the top layer. Accord-
ingly, the reduction of signal in the former case is strong
than that in the latter.

Second, in both LS and SL media the signal level un
3p excitation drops more slowly than that under 2p excita-
tion but more quickly than that under 1p excitation @Fig.
ct
e
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10~b!#. To understand this feature, we take as an example
L layer. In this medium, the ratio of the scattering mean fr
path length under 3p excitation to that under 2p is approxi-
mately 3. Therefore, the dominant contribution to fluore
cence emission under 3p excitation is from ballistic photons
within the given thickness of the double-layer mediu
which leads to a high signal level. On the other hand,
cause of the smaller anisotropy value g, scattered illumi
tion photons under 3p excitation are distributed further awa
from the geometric focus of the illumination beam than tho
under 1p excitation. This feature together with the cub
dependence of excitation intensity makes the 3p fluores-
cence emission excited by scattered photon less efficient
the 1p fluorescence emission, as indicted by Fig. 10~b!.

As a demonstration of the significance of the doub
layer turbid medium model, we use it to calculate resolut
and signal level in human skin tissue under 1p, 2p, and 3p
excitation. Human skin tissue is a complex and highly sc
tering thick tissue. It can be considered to be a double-la
structure mainly consisting of epidermis and dermis.14–17We
assume that the wavelength is 365, 730, and 1095 nm forp,
2p, and 3p excitation, respectively, and that the fluorescen
wavelength is 450 nm. The absorption and scattering par
eters of skin tissue at these wavelengths are summarize
Table II.22–24According to the anatomical structure of huma
skin,14,22,24 it can be assumed that the thickness of the e
dermis and dermis layers is 50 and 450mm, respectively.

The image resolutionG and the signal levelh of the
human skin double layers under three excitation situati
are shown in Figs. 11~a! and 11~b!, respectively. Because o
the big difference of the scattering mean free path len
under 1p and 2p and 3p excitation,G andh behave differ-
TABLE II. Absorption and scattering parameters of skin tissue under 1p, 2p, and 3p excitation.

Skin layers

Epidermis Dermis

ma (cm21) g l s ~mm! ma (cm21) g l s ~mm!

1p excitation (lex5365 nm) 100 0.72 9.1 7 0.72 21.8
2p excitation (lex5730 nm) 39 0.83 23.3 2.4 0.83 55.6
3p excitation (lex51095 nm) 0.87a 0.9 84.5a 0.87a 0.9 84.5a

Fluorescence (lfluo5450 nm) 58 0.75 14.3 4.1 0.75 35.1

aValues are from Ref. 24, and others from Ref. 23.
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FIG. 11. Comparison of transverse image resolution~a! and signal level~b! in skin tissue under 1p, 2p, and 3p excitation.
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ently. Figure 11~a! shows that the resolution under 3p exci-
tation is the best; a diffraction-limited resolution can be ke
within the whole thickness of the double-layer skin structu
However, such a diffraction-limited resolution value can
maintained only up to a focal depth of 250mm ~correspond-
ing to a depth of 200mm in the dermis layer! under 2p
excitation. Under 1p excitation, even within the epidermi
layer, the resolution is worse than that of the diffractio
limited value. A comparison of the signal level under 1p,
2p, and 3p excitation@Fig. 11~b!# shows that the signal leve
under 3p excitation is between those under 1p and 2p exci-
tation. Within the dermis layer, the 3p signal level is ap-
proximately 1–2 orders of magnitude higher than that ofp
excitation. Consequently, Fig. 11 suggests that 3p excitation
is a better choice for fluorescence imaging through the
man skin tissue than 2p excitation.

VI. CONCLUSION

Image resolution and signal level in fluorescence micr
copy through double-layer structures under 1p, 2p, 3p ex-
citation have been investigated using the concept of the
fective point spread function produced by Monte Ca
simulation. The dependence of resolution and signal leve
the focal depth reveals that the dominant limiting factor u
der 2p and 3p excitation is the degradation of signal leve
For a double-layer turbid medium consisting of spheri
scattering particles, small particles in the top layer resul
the quicker degradation of signal level than large particle
the top layer.

It is predicated from our simulation that for human sk
tissue of thickness 500mm, 3p excitation gives a diffraction-
limited image resolution, while the corresponding sign
level is approximately 1–2 orders of magnitude better th
that under 2p excitation.

It should be indicated that the behavior of EPSF un
1p excitation is consistent with that of the absorpti
t
.

-

-
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f-
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-
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n
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n

r

distribution25 in the sense that the effect of scattering is le
pronounced if the focal depth is within one mean free p
length.
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