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Comparison of penetration depth between two-photon excitation
and single-photon excitation in imaging through turbid tissue media

Min Gu,a) Xiaosong Gan, Aernout Kisteman and Ming Gun Xu
Centre for Micro-Photonics, School of Biophysical Sciences and Electrical Engineering,
Swinburne University of Technology, PO Box 218, Hawthorn 3122, Victoria, Australia

~Received 8 March 2000; accepted for publication 18 July 2000!

We show, both theoretically and experimentally, that for a turbid tissue medium where Mie
scattering is dominant, multiple scattering not only reduces the illumination power in the forward
direction but also exhibits an anisotropic distribution of scattered photons. Thus, a signal level under
two-photon excitation drops much faster than that under single-photon excitation although image
resolution is much higher in the former case. As a result, the penetration depth under two-photon
excitation is limited by the strength of two-photon fluorescence and is not necessarily larger than
that under single-photon excitation. ©2000 American Institute of Physics.
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Two-photon~2p! scanning fluorescence microscopy h
been widely used in various fields1,2 because this technolog
has proven advantageous over single-photon~1p! scanning
fluorescence microscopy. First, 2p excitation is a nonlin
process1 and therefore the fluorescence intensity is direc
proportional to the square of the excitation intensity. Due
this quadratic dependence, the 2p imaging technique
vides a pinpoint excitation/detection method at a deep p
tion within thick samples. Second, if an infrared laser be
is employed for 2p excitation, 2p fluorescence microsco
offers access to ultraviolet~UV! excitation without using UV
lasers, and reduces Rayleigh scattering appreciably prov
that the size of scatterers in tissue is much smaller than
illumination wavelength. According to these properties of
excitation, it has been claimed that 2p excitation results
deeper penetration depth than 1p excitation.1,2

Recently, 2p fluorescence microscopy has been use
imaging through thick tissue2–7 for photodynamic therapy
and early detection of small tumors. Biological tissue is u
ally composed of small scatterers such as bacteria, viru
malignant cells and so on. The size of these scatterers v
from 0.1 mm to a few micrometers.8,9 Therefore, the domi-
nant scattering effect caused by these scatterers is Mie
tering rather than Rayleigh scattering. The physical diff
ence between these two types of scattering is that the for
is anisotropic scattering whereas the latter is isotro
scattering.10 The strength of Rayleigh scattering is inverse
proportional to the fourth power of the illumination wav
length. However, Mie scattering exhibits a more complica
nature as shown in Fig. 1.

Figure 1 shows the scattering efficiencyQ, which is de-
fined as the ratio of the scattering cross sectionss to the
geometrical cross section, and the anisotropy valueg in Mie
scattering as a function of the scattering parameterA (A is
defined as the ratio of the size of a scattering particlea to the
light wavelengthl!.10 It is seen from this example that, for
given scatterer size,Q andg decrease with the illumination
wavelength ifA is approximately less than one. The decrea
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in the scattering efficiency implies a reduction of multip
scattering events, which leads to high image resolution
signal level in microscopy imaging.11 However the decreas
in the anisotropy value results in a broad distribution of sc
tered photons in the focal region,11 which may reduce the
image resolution and signal level.11 The competition of these
two processes, together with the quadratic dependence o
2p fluorescence intensity, determines the limiting factor
penetration depth.

To demonstrate the limiting factor on the penetrati
depth under 2p and 1p excitation, we consider a turbid m
dium consisting of scattering particles~diameters of 0.202
mm! suspended in water. The turbid medium was placed
glass cell with lateral dimensions of 2 cm31 cm. The thick-
ness,d, of the glass cell was varied from 25 up to 250mm
which is the maximum working distance of the objecti
used in experiments.

A uniform fluorescent polymer bar12 was embedded a
the bottom of the glass cell. The fluorescent bar can be
cited under 1p (ls5488 nm) and 2p (l t5800 nm)
excitation12 with a peak fluorescence wavelength appro
mately at 520 nm. Due to the different wavelengths asso
ated with 1p excitation, 2p excitation and fluorescence,

FIG. 1. Scattering efficiencyQ and anisotropy valueg in Mie scattering as
a function of the scattering parameterA. The refractive indices of scatterer
~spherical particles! and the immersion medium~water! are 1.59 and 1.33,
respectively.
1 © 2000 American Institute of Physics
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TABLE I. Calculated values of the scattering cross sectionss , the scattering-mean-free-path lengthl s , and the
anisotropy valueg for polystyrene beads 0.202mm in diameter at wavelengths of 488, 520 and 800 n
respectively, for a given particle weight concentration of 2.5%. The geometric cross section of the scatt
0.032mm2.

Wavelength
~nm!

Relative
particle size,A

(a/l)

Scattering
efficiency,
Qs5ss/sg

Scattering
cross section,ss

(mm2)
SMFP length,l ,

~mm!
Anisotropy

value,g

488 0.2069 0.1586 5.0731023 35.7 0.54
520 0.1942 0.1356 4.3431023 41.8 0.482
800 0.1263 0.0389 1.2431023 145.38 0.20
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scattering cross sectionss , the scattering mean-free-pa
~SMFP! length l s and the anisotropy valueg are different
and can be calculated using Mie scattering theory10 ~Table I!.

The prepared sample cell was placed under an Olym
confocal scanning microscope~Flouview!.5 For 1p excita-
tion, an Ar ion laser at a wavelength of 488 nm was used
Spectra-Physics ultrashort pulsed laser~Tsunami! with a
pulse width of 80 fs was employed for 2p excitation at 8
nm wavelength.5 To avoid the effect of refractive-index mis
matching between the turbid medium and the cover glas
the cell, a water-immersion objective~Olympus UplanApo
603, `/1.13–0.21, numerical aperture51.2, working
distance5250mm) was used. In the case of 1p excitation
pinhole 300mm ~optical unit;3) in diameter was placed in
front of the detector to produce an optical sectioning eff
with strength similar to that under 2p excitation without u
ing a pinhole.1,13 This arrangement implies that the ability o
rejecting scattered photons caused by the optical sectio
effect is the same in the two cases.14

Figure 2 shows the dependence of the measured fluo
cence signal level on the sample thicknessd under 1p and 2p
excitation. The signal level has been normalized by the fl
rescence signal measured without the turbid mediumd
50). Such normalization is equivalent to the assumpt
that the fluorescence intensity atd50 is the same under 1
and 2p excitation and provides a benchmark for compari
between the two cases. It is seen that that the 2p fluoresc
signal level is better than the 1p fluorescence signal le
when d is less than the 1p SMFP. After that depth, the
fluorescence signal level drops much more quickly than
1p fluorescence signal level. For example, atd5225mm, the

FIG. 2. Signal level under 2p and 1p excitation as a function of the p
etration depth in a turbid medium consisting of scatterers 0.202mm in
diameter.
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former is approximately two orders of magnitude lower th
the latter. To confirm this measured dependence, we used
Monte Carlo simulation method,15 which is based on Mie
scattering theory,10 to calculate the signal levels. The the
retical prediction shown in Fig. 2 agrees with the experime
tal results in the sense that the 2p fluorescence signal lev
lower than the 1p fluorescence signal level.

To understand the phenomenon in Fig. 2, we sho
point out that both unscattered and scattered illuminat
photons can contribute to fluorescence emission. Howe
the fluorescence contributed by these two groups of pho
behaves in different ways between 2p and 1p excitation.

We first consider the case where the thicknessd is less
than the 1p SMFP length. In this case, the number of uns
tered illumination photons is considerable in the total nu
ber of photons but decreases exponentially withd/ l s . In
other words, the logarithm of the emitted fluorescence sig
contributed by unscattered illumination photons decrea
linearly with d, as observed in Fig. 2. Due to the quadra
dependence of 2p fluorescence on the illumination intens
the number of 2p fluorescence photons produced by the
scattered illumination photons decreases exponentially w
2d/ l s . As a result, for a given depthd, the 2p fluorescence
signal excited by the unscattered illumination photons
stronger, because the 2p SMFP length is approximately
times as large as that for 1p excitation~Table I!.

Whend becomes larger than the 1p SMFP length, the
fluorescence signal still decreases exponentially with 2d/ l s

but scattered illumination photons make a significant con
bution to the generation of 1p fluorescence. As a result,
dropping of 1p fluorescence becomes slower than that o
fluorescence.

Once the thicknessd is larger than the 2p SMFP length
scattered photons play a dominant role in the excitation
emission processes. In general, scattered photons distr
in a broad region near the geometric focus.11 Because of the
lower anisotropy valueg and the largerl s value, the scat-
tered illumination photons under 2p excitation distribute in
boarder region than those under 1p excitation. This fea
results in a lower photon density near the geometric foc
Therefore, the 2p fluorescence emission excited by scatt
photons is less efficient than the 1p fluorescence emiss
Further, due to the quadratic dependence under 2p excita
2p fluorescence emission excited by scattered illumina
photons becomes even less efficient. In addition, 2p fluo
cence photons excited by scattered illumination photons h
less of a possibility of reaching the detector because t
originate from a broader region. As a result, 2p fluoresce

-
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produced by the scattered illumination photons exhibit
lower signal level than 1p fluorescence.

However the stronger suppression of the contributio
from scattered illumination and fluorescence photons un
2p excitation may be advantageous in terms of image re
lution. To confirm this, we measured the transverse e
image of the fluorescence polymer bar. Image resolutiona is
defined as the distance between the 10% and 90% inte
points, measured from the edge responses after they ar
ted. The dependence of resolutiona on sample thicknessd is
depicted in Fig. 3 which also includes the Monte Carlo sim
lation results corresponding to the experimental condition
good agreement between the experiments and theore
predictions is observed. For the turbid medium we used,
image resolution under 2p excitation is two orders of m
nitude higher than that under 1p excitation.

Experiments similar to Figs. 2 and 3 were also carr
out for different sizes of scatterers. In general, the smaller
scatterer size~the smaller the anisotropy value and the larg
the SMFP length!, the quicker the reduction of the 2p fluo
rescence signal. Based on this property, we can conc

FIG. 3. Image resolution under 2p and 1p excitation as a function of
penetration depth of a turbid medium consisting of scatterers 0.202mm in
diameter.

FIG. 4. Measured transverse (x-y) images through a thick muscle tissu
sample under 2p and 1p excitation.~a!–~d! 2p fluorescence images at depth
of 10, 30, 50, and 70mm; ~e!–~h! 1p fluorescence images at depths of 1
30, 50, and 70mm.
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that, for a real tissue medium consisting of different size M
scatterers, the 2p fluorescence signal level is lower than
1p signal level at a deep depth. This conclusion is dem
strated in Figs. 4 and 5.

Figures 4 and 5 show the transverse (x-y) and axial
(x-z) autofluorescence images of muscle tissue under
(l t5800 nm) and 1p (ls5488 nm) excitation. The image
intensity has been normalized by the maximum intensity
the surface of the sample. The muscle tissue has an ave
1p SMFP length of approximately 20mm.8 The 2p transverse
images@Figs. 4~a!–4~d!# were recorded at depths of 10, 3
50, and 70mm, and show a higher resolution but becom
significantly weaker at a deeper depth than the 1p ima
@Figs. 4~e!–4~h!#. It can be seen from the axial images~Fig.
5! that, although the degradation of 2p resolution is not p
nounced, the 2p fluorescence signal@Fig. 5~a!# decreases
faster than the 1p fluorescence signal@Fig. 5~b!#.

In conclusion, the penetration depth of 2p excitation
imaging through a tissue medium is smaller than that of
excitation because of the lower signal level in the form
However, within the depth of detectable signal, 2p excitat
leads to image resolution approximately two orders of m
nitude higher than that under 1p excitation.
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