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Fluorescence microscopic imaging through tissue-like turbid media
X. S. Gan and M. Gua)
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~Received 23 June 1999; accepted for publication 20 December 1999!

In this article, effective point spread functions for fluorescence microscopic imaging are introduced
to investigate the effects of scattering particle size and optical gating on image resolution under
single-photon (1p) and two-photon (2p) excitation. The dependence of image resolution on these
effects shows a deeper penetration depth under 2p excitation due to the use of a longer illumination
wavelength and the nonlinear dependence of the fluorescence on excitation intensity. The
fundamental difference between 1p and 2p fluorescence imaging is that 1p fluorescence imaging
mainly depends on the fluorescence light excited by scattered photons, in which case the penetration
depth is limited by the degradation in image resolution. However, 2p fluorescence imaging is
determined by the fluorescence light excited by ballistic photons, in which case the penetration
depth is limited by the loss in signal strength. The results also reveal that the pinhole gating method
is efficient in 1p fluorescence imaging, but exhibits a limited influence on 2p fluorescence imaging.
It is also demonstrated that in 2p fluorescence imaging, a high numerical aperture objective gives
a strong signal while retains an image of high resolution if the turbid medium is not so thick.
© 2000 American Institute of Physics.@S0021-8979~00!01407-9#
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I. INTRODUCTION

Optical imaging through turbid media has been an ac
research area for a decade because of its potential app
tions in noninvasive medical imaging and diagnosis.1,2 Fluo-
rescence imaging, which can be achieved under sin
photon 1p and two-photon3 (2p) excitation, is one of the
main tools in medical diagnosis of human diseases.4,5 The
key problem associated with fluorescence imaging throug
turbid tissue medium is the strong scattering effect that
verely degrades image quality. A number of gating te
niques have been introduced to suppress multiply scatt
photons which carry less information about an object emb
ded in a turbid medium. These techniques include ti
gating,6–8 polarization gating,9,10 coherence gating,11,12space
gating,13,14 angle gating methods,15,16 etc.

Due to the fact that the excitation of fluorescence lig
demolishes or reduces coherence and polarization prope
some gating techniques may not be efficient in fluoresce
imaging through turbid media. Another fact that has to
taken into account is that fluorescence excitation, particul
2p fluorescence excitation,3 requires a high concentration o
power, and therefore microscope objectives are inevita
introduced to focus the illumination light into a turbid tissu
sample. Although there are a number of publications on
croscopic imaging through turbid media~the pinhole gating
method,14,17 the space gating method,13,14 the angle gating
methods utilizing annular lenses,15,16,18 etc.!, the investiga-
tion into fluorescence microscopic imaging is not extensi
An experiment study of fluorescence microscopic imag
through turbid media has been recently performed19,20 and a
Monte Carlo simulation model has been developed for fl

a!Electronic mail: ming@dingo.vu.edu.au
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rescence microscopy.21,22 This model has been used to e
plain the signal reduction in a turbid medium. However, t
effect of scattering on image resolution and optical gat
methods has not been studied. The motivation of this art
is to investigate fluorescence microscopic image formati
in particular, image resolution under 1p and 2p excitation.
The method used in this article is based on the concept of
effective point spread function~EPSF!.23

This article is organized as follows. In Sec. II, an intr
duction to the concept of the EPSF for fluorescence mic
scopic imaging through turbid media is presented. 1p and 2p
fluorescence imaging is discussed Secs. III and IV, resp
tively. In both cases, the focus of the investigation is ce
tered on the effect of the size of scattering particles a
optical gating on image resolution. A discussion is presen
in Sec. V and finally, a conclusion is given in Sec. VI.

II. EFFECTIVE POINT SPREAD FUNCTIONS IN A
TURBID MEDIUM UNDER 1p AND 2p EXCITATION

A Monte Carlo simulation method has been develop
for fluorescence microscopic imaging.21,22 However, the
simulation method is slow in image modeling, particular
when an embedded object has a complex structure. Here
extend this simulation model, based on the concept of
EPSF.23

In our Monte Carlo simulation model similar to the re
ported one,23 the spatial coordinatesx, y, z, and angular co-
ordinatesu andw are used to trace the position and directi
of each photon. A parameterp is assigned to each photon t
represent its weighting in signal strength. 1p fluorescence
excitation is a linear process in which case the excited fl
rescence intensity is proportional to the incident intens
Therefore, the weighting of an emitted fluorescence pho
4 © 2000 American Institute of Physics

P license or copyright; see http://jap.aip.org/jap/copyright.jsp



nt

n

in
u

uo
p
l
e

on
e
al
ic
tio
ra
ac

ion

d

ie
rb
Th
an
b
th

t
m
ag
n-

in
a
p

d
d

f
nm
ce
tte
te

ntra-

0
-

l
on-
e-
e

00
are

the
r-

c-

l
be-
the

s
30

ring
so-

ro-

3215J. Appl. Phys., Vol. 87, No. 7, 1 April 2000 X. S. Gan and M. Gu
is linearly proportional to the weighting of the incide
photon:21

p1 f5a1ppe , ~1!

wherea1p is a 1p fluorescence coefficient, andp1 f and pe

are, respectively, the weighting factors of the incident a
fluorescence photons.

However, 2p fluorescence is a nonlinear process
which case the excited fluorescence light intensity has a q
dratic response to the excitation light intensity:

I 2p5a2pI ex
2 , ~2!

wherea2p is a 2p fluorescence coefficient, andI 2p and I ex

are, respectively, the intensity of the incident and the fl
rescence light. Because of the nonlinear process, the im
mentation of Eq.~2! in the Monte Carlo simulation mode
under 2p excitation is not as straightforward as that und
1p excitation. The execution of the Monte Carlo simulati
for 2p excitation is divided into two stages. In the first stag
the intensity distribution of the excitation light at the foc
plane,I ex(r ), is calculated and stored in the database, wh
r is the radial coordinate. In the second stage, the simula
starts at the focal plane, fluorescence photons are gene
by a uniform random generator. However, the weighting f
tor for a fluorescence photon at a distancer is determined
according to the square of the local intensity of excitat
light:21,22

p2p~r !5a2pI ex
2 ~r !. ~3!

To simulate the image of a fluorescence object embedde
turbid media, we introduce an EPSF23 under 1p and 2p ex-
citation. An EPSF not only includes the imaging propert
of a microscope but also the scattering properties of a tu
medium in which a fluorescence object is embedded.
EPSF is derived from the product of the probability of
excitation photon reaching the focal plane and the proba
ity of a fluorescence photon reaching the detector and
detail of the derivation has been reported elsewhere.23 The
significance of an EPSF is that it enables us to separate
information of an object from a surrounding turbid mediu
and an imaging system. With a derived EPSF, the im
intensity I (x,y) of a thin object can be modeled by the co
volution of an object functionO(x,y) and the EPSFh(x,y):

I ~x,y!5E E
2`

`

h~x,y!O~x2x8,y2y8!dx8dy8, ~4!

whereh(x,y) is the EPSF in the focal plane under 1p and
2p excitation. 10 000 000 illumination photons are used
the Monte Carlo simulation to ensure the accuracy of
EPSF for a reflection-mode scanning optical microsco
shown in Fig. 1.L1andL2 are two identical objectives use
for illumination and detection, respectively. A finite-size
pinhole of diameternd is placed in front of the detector.

It is assumed that under 1p excitation the wavelength o
the excitation beam and fluorescence beam is 400
whereas under 2p excitation, the excitation and fluorescen
wavelengths are 800 and 400 nm, respectively. The sca
ing medium consists of either spherical particles of diame
(r) 0.48 mm or spherical particles of diameter 0.202mm,
Downloaded 31 Jan 2010 to 136.186.72.210. Redistribution subject to AI
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suspended in water. We assume that the particle conce
tion in the turbid medium consisting of 0.48mm particles is
0.873109/mm3. According to Mie Scattering theory,24 the
corresponding scattering mean-free path length~SMFPL! l is
3.68 and 15mm, respectively for wavelengths 400 and 80
nm. The optical thicknessn is defined as the sample thick
nessd divided by the SMFPLl. For example, if a sample is
embedded at a depth of 30mm, the corresponding optica
thickness is 8.14 for wavelength 400 nm. In order to dem
strate the effect of particle size, the SMFPL in a turbid m
dium consisting of 0.202mm particles is also assumed to b
3.68 and 15mm, respectively, for wavelengths 400 and 8
nm. The parameters associated with the two turbid media
summarized in Table I. On the basis of the concept of
EPSF and Eq.~4!, the effects of the size of scattering pa
ticles and optical gating on 1p and 2p fluorescence imaging
through turbid media are investigated in the following se
tions.

III. SINGLE-PHOTON FLUORESCENCE IMAGING
THROUGH TURBID MEDIA

A. Influence of the size of scattering particles

The EPSF for 1p fluorescence imaging at different foca
depths is shown in Fig. 2. It is noticed that the EPSF
comes broader with increasing the depth. For example,
full width at half maximum~FWHM! of the EPSF increase
by 96% and 215%, respectively, at depths of 22.5 and
mm, compared with the FWHM of the EPSF atd515 mm.
The result shown in Fig. 2 demonstrates that the scatte
effect in a turbid medium can severely degrade image re

FIG. 1. Schematic diagram of a reflection-mode scanning optical mic
scope.

TABLE I. Parameters associated with scattering media.

r~mm!

l5400 nm l5800 nm

g SMFPL ~mm! g SMFPL ~mm!

0.48 0.89 3.68 0.73 15
0.202 0.69 3.68 0.2 15
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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lution, because scattered photons deviate from the path
ballistic photons and form a broad distribution in the foc
plane. The more scattering events a photon experiences
larger the deviation it produces, which results in a broa
EPSF.

The EPSF at a depth of 30mm in a turbid medium con-
sisting of 0.202mm particles is also included in Fig. 2 fo
comparison. It is demonstrated that the EPSF is broader f
turbid medium consisting of small scattering particles. T
feature is due to the fact that the anisotropy valueg is smaller
for smaller scatterers~see Table I!. Therefore, a scattere
photon statistically deviate further from the paths of ballis
photons after each scattering event, which leads to a bro
EPSF.

To characterize image resolution, we consider a t
sharp edge embedded in a scattering slab. From the im
intensity of the sharp edge scanned in thex direction, the
transverse resolution,G, is defined as the distance betwe
the 90% and 10% intensity points.

Transverse image resolution of an edge object embed
in a turbid medium consisting of either particles of diame
0.48 mm or particles of diameter 0.202mm is illustrated in
Fig. 3. It is shown that the transverse resolution degra
when a turbid medium becomes thick and that the resolu

FIG. 2. EPSF for 1p fluorescence imaging at different depthsd for scatter-
ers of diameters 0.48 and 0.202mm, respectively (nd→`, NA50.25!.

FIG. 3. Transverse resolution of a thin edge image as a function of the f
depth for different sizes of scattering particles in 1p fluorescence imaging
(nd→`, NA50.25!.
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becomes worse if a turbid medium consists of smaller s
terers as the result of a broader EPSF shown in Fig. 2.

B. Effect of optical gating

One way to improve image quality in imaging through
turbid medium is to suppress the contribution of highly sc
tered photons by using optical gating methods. One of
most efficient optical gating methods used in microsco
imaging is the pinhole gating method.14,17 Before a pinhole
mask starts to play its role, photons emerging from a tur
medium go through a preselection process determined by
aperture of objectives. In this section, we will demonstr
the influence of the numerical aperture of objectives and s
of confocal pinholes on 1p fluorescence imaging through
turbid medium.

The EPSF at a depth of 30mm for 1p fluorescence im-
aging is shown in Fig. 4 for different values of the numeric
aperture of an objective. It is found that a narrow cent
peak becomes visible at the focal center for high numer
aperture objectives~NA50.5 and 0.75!. The central peak is
mainly contributed by ballistic photons which suffer no sc
tering effect on their way propagating to the focal cent
These ballistic photons form a diffraction-limited spot. F
high numerical aperture objectives, the focal spot is sm
which leads to a high intensity at the focal center. Howev
the other components in the EPSF, contributed by scatte
photons, form a broad distribution for high numerical ap
ture objectives. This is because a high numerical aper
objective collects scattered photons travels at high an
and these scattered photons statistically experience m
scattering events and contribute to a broader distribution
the EPSF.

In Fig. 5, transverse resolution as a function of the op
cal thickness is illustrated for different values of the nume
cal aperture of an objective. It is shown that for a high
numerical aperture objective, the transverse resolution
poorer at a given focal depth ifd.5 mm. This is because
the scattered components in the EPSF are dominant in fo
ing an image. In this case, more scattered photons are
lected by the objective, and the corresponding distribution

al

FIG. 4. EPSF at a depth of 30mm for different values of the numerica
aperture of an objective in 1p fluorescence imaging (nd→`, r
50.48mm).
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the EPSF is broad~see Fig. 4!, which leads to a poorer trans
verse resolution. However a higher numerical aperture ob
tive also gives a sharper distribution in the EPSF for ballis
component~see Fig. 4!, which gives a better resolution
when d,5 mm. But the strength of such component
weaker compared with scattered component for a thicker
bid medium. As the result, using a higher numerical apert
objective without other gating methods, such as pinh
gating14,17 in 1p fluorescence imaging, gives a poorer tran
verse resolution.

To demonstrate the effect of pinhole gating on fluor
cence microscopic imaging, we show the EPSF at a dept
30 mm for different sizes of pinhole in Fig. 6. It is noted th
with the utilization of a confocal pinhole, the EPSF becom
slightly narrower; the smaller the size of the pinhole, t
narrower the EPSF. It is also noticed that the tail of the EP
drops quickly when a pinhole is used. This feature sho
that pinhole gating is particularly efficient in suppressi
highly scattered photons which deviate further from the p
of ballistic photons. The elimination of the long tail ma
significantly reduce the blurring of an image caused by
scattering effect. In Fig. 7, the transverse resolution a
function of the focal depth is illustrated for different sizes
pinhole. As expected, the transverse resolution improves
nificantly when a pinhole is used. For example, at a depth

FIG. 5. Transverse resolution for different values of the numerical aper
of an objective in 1p fluorescence imaging (nd→`, r50.48mm).

FIG. 6. EPSF at a depth of 120mm for different sizes of a pinhole in 1p
fluorescence imaging~NA50.25,r50.48mm!.
Downloaded 31 Jan 2010 to 136.186.72.210. Redistribution subject to AI
c-
c

r-
e
e
-

-
of

s

F
s

h

e
a

g-
f

45 mm, the transverse resolution is 62.2mm when no confo-
cal pinhole is used, but becomes 42.8 and 27.1mm, respec-
tively, for a pinhole of diameters 100 and 50mm. The ratio
of improvement is 31.2% and 56.4% in these two cas
respectively.

IV. TWO-PHOTON FLUORESCENCE IMAGING
THROUGH TURBID MEDIA

A. Effect of the size of scattering particles

The EPSF for 2p fluorescence imaging is shown in Fig
8. It is seen that a peak is shown near the focal center. W
the increase of the focal depth, the peak becomes less
nificant and may eventually disappear if the scattering m
dium is thick enough. The peak is contributed by the flu
rescence light excited by ballistic photons that experience
scattering event on their way to the focal plane. The to
number of these ballistic photons may be insignificant co
pared with scattered photons; however, their contribution
the intensity near focal region may still be significant, sin
these ballistic photons are only distributed near the fo
region. Their contribution to the intensity is enhanced due
the quadratic intensity dependence under 2p excitation. If a

reFIG. 7. Transverse resolution for different sizes of a pinhole in 1p fluores-
cence imaging~NA50.25,r50.48mm!.

FIG. 8. EPSF for 2p fluorescence imaging at different depthsd for scatter-
ers of diameters 0.48mm and 0.202mm, respectively, (nd→`, NA50.25!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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photon experiences some scattering events, it deviates fr
the path of ballistic photon and forms a broad distribution o
the focal plane.

The EPSF at a depth of 120mm in a turbid medium
consisting of 0.202mm particles is also illustrated in Fig. 8.
The EPSF has a stronger central peak, but is more wid
distributed in this case, compared with the EPSF at the sa
depth in a turbid medium consisting of 0.48mm particles. It
is understood that the anisotropy valueg is less for smaller
scattering particles, which results in a broader distribution
the EPSF. As a result of this property, the intensity outsi
the focal region is relatively low in a turbid medium consis
ing of small scattering particles. Therefore, the central pe
becomes more significant due to the quadratic intensity
sponse under 2p excitation.

The transverse resolution of an edge object embedded
a turbid medium consisting of either 0.48mm particles or
0.202mm particles is illustrated in Fig. 9~a!. A comparison
of Figs. 3 and 9~a! demonstrates that 2p fluorescence imag-
ing is vastly superior to 1p fluorescence imaging in terms of
image resolution if the depth is less than 60mm. For 2p
fluorescence imaging, the transverse resolution stays ne
at the diffraction-limited resolution whend,60 mm, and
then quickly increases. The increasing rate eventually dro
approximately afterd590 mm. Whend,60 mm, the fluo-

FIG. 9. ~a! Transverse resolution of a thin edge image as a function of t
focal depth for different sizes of scattering particles in 2p fluorescence
imaging (nd→}, NA50.25!. ~b! Transverse resolutionG1 and G2 as a
function of the focal depthd1 andd2 , respectively, for SMFPLsl 1 and l 2

(vd→`, NA50.25!.
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rescence light excited by ballistic light is dominant over th
excited by scattered light, and therefore a near diffracti
limited image resolution can be achieved. In the range of
mm,d,90 mm, the weighting of the fluorescence light e
cited by ballistic photons drops quickly and the fluorescen
light excited by scattered photons becomes strong, thus l
ing to a poor transverse resolution. In this region, the
creasing rate of transverse resolution depends on the de
ing rate of ballistic photons. Whend.90 mm, the scattered
component in the EPSF is dominant in building an image
this situation, the transverse resolution is decided by
broadness of the EPSF contributed by scattered photons

A comparison of the two image resolution curves in F
9~a! shows that the transverse resolution in a turbid medi
consisting of 0.48mm particles is better only whend.75
mm, in which case scattered photons dominate the imag
process. In the regiond,75 mm, where the central peak in
the EPSF dominates the image formation, the resolutio
almost same for the two turbid media. Transverse resolu
as a function of depth for different SMFPLsl 1 and l 2 is
shown in Fig. 9~b!. It should be pointed out that although th
depth scalesd1 andd2 have one order of magnitude differ
ence, the optical thicknessn is the same for both scales. It i
shown that the transverse resolution is very close for the
media in the ballistic photon dominated regime. Howev
the transverse resolution is much poorer for a turbid med
of larger SMFPLl 2 .

B. Effect of optical gating

In the previous section, we have demonstrated that
role of the central peak in the EPSF plays an important r
in 2p fluorescence imaging. In this section, we will demo
strate how it can affect the optical gating efficiency in 2p
fluorescence imaging.

The EPSF at a depth of 120mm for 2p fluorescence
imaging is shown in Fig. 10 for different values of the n
merical aperture of an objective. The EPSF for 2p excitation
is not necessary poorer if a higher numerical aperture ob
tive is used. In fact, in this situation, the central peak is m
pronounced, but the EPSF appears to be broader.

e

FIG. 10. EPSF at a depth of 120mm for different values of the numerica
aperture of an objective in 2p fluorescence imaging (vd→`, r50.48mm!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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3219J. Appl. Phys., Vol. 87, No. 7, 1 April 2000 X. S. Gan and M. Gu
In Fig. 11, the transverse resolution as a function of
focal depth is illustrated for different values of the numeric
aperture of an objective. It is noted that ford,60 mm, the
image resolution is slightly better if a higher numerical a
erture objective is used. In this region, the central peak in
EPSF is dominant in forming an image. The central peak
the EPSF is mainly contributed by fluorescence excited
ballistic photons. Therefore, a near diffraction-limited res
lution can be achieved in this situation. Since a higher
merical aperture objective produces a narrower diffract
spot, the corresponding transverse resolution is better. In
region whered.90 mm, the transverse resolution is bett
when a lower numerical aperture objective is used. In t
region, the broad distribution in the EPSF, contributed
scattered photons, is dominant in image formation. In t
situation, a high numerical aperture objective collects m
scattered photons, which results in a broader distribution
the EPSF, and therefore leads to a poorer resolution. It i
the region of 60mm,d,90 mm where the central peak i
the EPSF starts to lose its dominance, that a quicker de
dation in image resolution occurs for a higher numerical
erture objective. In conclusion, when the ballistic peak in
EPSF is dominant in forming an image, a higher numeri
aperture objective offers a better resolution. When the br
distribution contributed by scattered photons is dominan
lower numerical aperture objective gives better transve
resolution.

Now we consider the effect of a pinhole on 2p fluores-
cence imaging. The EPSF for a pinhole of diameter 100mm
at a depth of 120mm is illustrated in Fig. 12. It is noted tha
the utilization of a finite sized pinhole makes little differen
in the central peak of the EPSF. However, it does reduce
contribution of scattered photons in the region outside
focal center. This feature implies that a pinhole may not
efficient in improving image quality in 2p fluorescence im-
aging through turbid media if the central peak is dominan
the EPSF. In Fig. 13, the transverse resolution as a func
of the focal depth is illustrated. As expected, the resolut
improvement by utilization of a finite sized pinhole is n
significant until a turbid medium becomes thicker,d.75
mm, in which case the fluorescence excited by scattered p
tons is dominant.

FIG. 11. Transverse resolution for different values of the numerical aper
of an objective in 2p fluorescence imaging (nd→`, r50.48mm!.
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V. DISCUSSION

In the last two sections, we have quantitatively demo
strated that 2p fluorescence imaging is vastly superior to 1p
fluorescence imaging in terms of image resolution. This f
ture is consistent with experiment results25 and results from
the two mechanisms; the significant reduction of scatter
due to the utilization of a long wavelength illumination, an
the quadratic intensity dependence in 2p excitation. In order
to have a further understanding of the comparison of im
resolution between 1p and 2p fluorescence imaging, we in
troduce a coefficientd, which is defined as the ratio betwee
the power of the central peak and the total power of
EPSF. In Fig. 14,d as a function of the focal depth is illus
trated. It is noticed thatd quickly drops to zero in the case o
1p fluorescence imaging, which means that the central p
quickly loses its dominance in forming an image. Howev
in the 2p fluorescence situation,d first remains approxi-
mately unchanged untild545 mm or higher, which means
that a near diffraction-limited resolution can be expected
this situation. The significant difference between 1p and 2p
excitation situations can be explained by the following tw
factors. First, the excitation wavelength for 2p fluorescence
imaging is much longer than that of 1p fluorescence imag-
ing. Therefore, under 2p excitation, the number of the sca

re

FIG. 12. EPSF at a depth of 120mm for different sizes of a pinhole in 2p
fluorescence imaging~NA50.25,r50.48mm!.

FIG. 13. Transverse resolution for different sizes of a pinhole in 2p fluo-
rescence imaging~NA50.25,r50.48mm!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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3220 J. Appl. Phys., Vol. 87, No. 7, 1 April 2000 X. S. Gan and M. Gu
tering events that the excitation light experiences is m
less than that for 1p excitation. The second factor is that 2p
excitation is a nonlinear process, which enhances the ex
tion near the focal center to produce a sharp peak in
EPSF. This feature shows that 1p fluorescence imaging is
mainly determined by the fluorescence light excited by sc
tered photons. Thus, the degradation in image resolution
its its capacity in imaging an object deeply embedded i
turbid medium. The transition point, e.g,.d50.5, between
ballistic photon dominated regime and scattered pho
dominated regime is crucial in determining imaging perf
mance in 2p fluorescence imaging. The transition point d
pends on parameters of a turbid medium and an imag
system. The transition point may slightly extend to dee
depth if a high numerical aperture objective, e.g., when
50.75, is used. If the SMFPL is doubled, the depth wh
the transition point occurs is almost doubled as well.

Here a question may be raised; what is the limit forp
fluorescence imaging through a turbid medium. To ans
this question, we introduce the concept of signal levelh
defined as the number of fluorescence photons collecte
the detector. The signal level is normalized by the fluor
cence signal strength when no scattering particle exists.
signal level as a function of the focal depth for 1p and 2p
fluorescence imaging is shown in Fig. 15. It is noticed t
the signal level in 1p fluorescence imaging does not decrea
significantly as the turbid medium becomes thick. For e
ample, when depthd increases to 30mm, the image resolu-
tion drops to 42mm ~Fig. 3!, while the corresponding signa
level drops only to 38%~Fig. 15!. However, for 2p fluores-
cence imaging, the situation is quite different. It is shown
Fig. 15 that the signal level under 2p excitation drops sig-
nificantly when the focal depth increases. For example,
signal level drops to only 3% atd530 mm. Compared with
the signal level for 1p fluorescence imaging, the signal lev
for 2p fluorescence imaging decreases much faster. It is
noticed that the signal level under 2p excitation is more than
three orders of magnitude smaller than that under 1p excita-
tion whend560 mm. In this situation, the 2p fluorescence
signal may be too weak to overcome a noise level from
imaging system. However, according to Fig. 14, the 2p fluo-
rescence light excited by ballistic photons is still domina

FIG. 14. d as a function of the focal depth for 1p and 2p fluorescence
imaging (nd→`, r50.48mm).
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and a near diffraction-limited resolution can still be obtain
at d560 mm. Therefore, we may draw a conclusion that 2p
fluorescence imaging is mainly determined by ballistic ph
tons, and that the penetration depth is limited by the sig
level.

The image simulation of an edge object embedded i
turbid medium suggests that using a high numerical aper
objective reduces image resolution in 1p fluorescence imag-
ing, since scattered photons are dominant in image forma
~Fig. 4!. However, in 2p fluorescence imaging, the utiliza
tion of a high numerical aperture objective increases sig
strength without affecting image resolution in the regi
where the fluorescence light excited by ballistic photons
the EPSF is dominant, e.g., whered,60 mm ~Fig. 11!. For
example, at a depth of 60mm, the signal strength for an
objective of numerical apertures 0.5, 0.75, and 1.2 is, resp
tively, 135%, 312%, and 974% stronger than that for an
jective of numerical aperture 0.25.

Using a pinhole as a spatial gating method is proven
be efficient in 1p fluorescence imaging through turbid m
dia. Another issue involved in using a finite sized pinhole
that signal strength may drop significantly. According to o
simulation results, atd530 mm, the signal strength for a
pinhole of diameters 100 and 50mm drops to 50% and 19%
of the signal level for the no pinhole case, respectively. Si
the ratio of improvement in image resolution is 31.2% a
56.4% respectively for a pinhole of diameters 100 and
mm in this situation, using pinhole gating in 1p fluorescence
imaging is worthwhile. If a small pinhole is used, the loss
signal strength may cause a difficulty in detection. For e
ample, if a pinhole of diameter 5mm is used, the signa
strength drops to less than 1%, and in this situation,
signal may be too weak to overcome the noise level fo
given detector.

The utilization of a pinhole offers little improvement i
2p fluorescence imaging in terms of image resolution~Fig.
13!. Moreover, using a pinhole significantly reduces sign
strength~Fig. 15!, which can be a serious problem in 2p
fluorescence imaging through turbid media. For example
d560 mm, the improvement in transverse resolution is on

FIG. 15. Signal level as a function of the focal depth for 1p and 2p fluo-
rescence imaging~NA50.25,r50.48mm).
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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9.5% when a pinhole of diameter 100mm is used. However
the signal strength drops to only 31% of the signal le
when no pinhole is used. It appears that using a pinhol
2p fluorescence imaging through turbid media is unwise

The simulated EPSF is contributed by two componen
the narrow central peak and a broader distribution cont
uted by scattered photons. The central peak plays an im
tant role in image formation under 2p excitation. It offers an
efficient gating mechanism through the nonlinear proces
2p excitation. In a practical situation, the central peak in
excitation intensity distribution can be distorted by spheri
aberration caused by the mismatch of refractive indices at
interface of a sample. The distortion may severely degr
image quality in 2p fluorescence imaging in aspects of res
lution and signal strength. Therefore, it should be carefu
compensated to avoid this problem.26 In 1p fluorescence im-
aging, spherical aberration may not be a serious prob
because multiple scattering in this situation plays a m
pronounced role in distorting an image.

The detailed study of a two-dimensional~2D! EPSF un-
der a fluorescence microscope provides thorough un
standing of image formation through a turbid medium, wh
allows us to further improve image quality through ma
ematical reconstruction methods. The multiple scattering
fect in a turbid medium also contributes to sever degrada
in axial image resolution.17,21,22 This effect can also be in
cluded in the concept of the EPSF and a 2D EPSF can
extends to a 3-D EPSF, which provides a basis for 3D im
reconstruction. The detailed study of a 3D EPSF and im
reconstruction based on a deconvolution algorithm will
conducted in our forthcoming publication.

VI. CONCLUSION

In conclusion, the application of the EPSF and the c
volution algorithm provides us a fast and efficient ima
modeling method for imaging through turbid media und
1p and 2p excitation. 2p fluorescence imaging is general
superior to 1p fluorescence imaging in terms of image res
lution. In the case of 2p fluorescence imaging, fluorescen
excitation by ballistic photons dominates image format
and the penetration depth is limited because of the fast d
Downloaded 31 Jan 2010 to 136.186.72.210. Redistribution subject to AI
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radation in signal strength. However, for 1p imaging, fluo-
rescence excitation by scattered photons is dominant, and
penetration depth is limited by the fast degradation in ima
resolution.
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