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Comparison of penetration depth between two-photon excitation
and single-photon excitation in imaging through turbid tissue media
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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. @000 American Institute of Physics.
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Two-photon(2p) scanning fluorescence microscopy hasin the scattering efficiency implies a reduction of multiple
been widely used in various fiefdsbecause this technology scattering events, which leads to high image resolution and
has proven advantageous over single-phaths scanning  signal level in microscopy imagind.However the decrease
fluorescence microscopy. First, 2p excitation is a nonlineam the anisotropy value results in a broad distribution of scat-
process and therefore the fluorescence intensity is directlytered photons in the focal regidhwhich may reduce the
proportional to the square of the excitation intensity. Due tomage resolution and signal levéiThe competition of these
this quadratic dependence, the 2p imaging technique prdwo processes, together with the quadratic dependence of the
vides a pinpoint excitation/detection method at a deep posi2p fluorescence intensity, determines the limiting factor on
tion within thick samples. Second, if an infrared laser beanrpenetration depth.
is employed for 2p excitation, 2p fluorescence microscopy To demonstrate the limiting factor on the penetration
offers access to ultraviol¢UV) excitation without using UV depth under 2p and 1p excitation, we consider a turbid me-
lasers, and reduces Rayleigh scattering appreciably providetlum consisting of scattering particlédiameters of 0.202
that the size of scatterers in tissue is much smaller than them) suspended in water. The turbid medium was placed in a
illumination wavelength. According to these properties of 2pglass cell with lateral dimensions of 2 end cm. The thick-
excitation, it has been claimed that 2p excitation results in @ess,d, of the glass cell was varied from 25 up to 2aM
deeper penetration depth than 1p excitafidn. which is the maximum working distance of the objective

Recently, 2p fluorescence microscopy has been used itsed in experiments.
imaging through thick tisse’ for photodynamic therapy A uniform fluorescent polymer btrwas embedded at
and early detection of small tumors. Biological tissue is usuthe bottom of the glass cell. The fluorescent bar can be ex-
ally composed of small scatterers such as bacteria, virusesited under 1p X.,=488nm) and 2p X,=800nm)
malignant cells and so on. The size of these scatterers variexcitatiort? with a peak fluorescence wavelength approxi-
from 0.1 um to a few micrometer$® Therefore, the domi- mately at 520 nm. Due to the different wavelengths associ-
nant scattering effect caused by these scatterers is Mie scated with 1p excitation, 2p excitation and fluorescence, the
tering rather than Rayleigh scattering. The physical differ-
ence between these two types of scattering is that the former 4 1
is anisotropic scattering whereas the latter is isotropicQ
scattering™® The strength of Rayleigh scattering is inversely 2 g
proportional to the fourth power of the illumination wave-
length. However, Mie scattering exhibits a more complicated:
nature as shown in Fig. 1.

Figure 1 shows the scattering efficien@y which is de-
fined as the ratio of the scattering cross secinto the
geometrical cross section, and the anisotropy vgliue Mie
scattering as a function of the scattering paramAt¢A is 0
defined as the ratio of the size of a scattering parade the 0 0.5 1 1.5 2 25
light wavelength\).2 It is seen from this example that, for a A
given scatterer siz&) andg decrease with the illumination

wavelength ifA is approximately less than one. The decreaseFIG. 1. Scattering efficienc® and anisotropy valug in Mie scattering as
a function of the scattering parameter The refractive indices of scatterers
(spherical particlgsand the immersion mediurtwaten are 1.59 and 1.33,
¥Electronic mail: mgu@swin.edu.au respectively.
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TABLE I. Calculated values of the scattering cross sectignthe scattering-mean-free-path length and the
anisotropy valueg for polystyrene beads 0.202m in diameter at wavelengths of 488, 520 and 800 nm,
respectively, for a given particle weight concentration of 2.5%. The geometric cross section of the scatterers is

0.032um?.
Relative Scattering Scattering
Wavelength  particle size A efficiency, Cross sectiong SMFP length], Anisotropy
(nm) (a/\) Qs=oday (um?) (um) value,g
488 0.2069 0.1586 5.0710 3 35.7 0.54
520 0.1942 0.1356 4.3410°3 41.8 0.482
800 0.1263 0.0389 1.2410 3 145.38 0.20

scattering cross sectiong, the scattering mean-free-path former is approximately two orders of magnitude lower than
(SMFP length |4 and the anisotropy valug are different the latter. To confirm this measured dependence, we used the
and can be calculated using Mie scattering th&b(Jable ). Monte Carlo simulation metho®, which is based on Mie
The prepared sample cell was placed under an Olympuscattering theory? to calculate the signal levels. The theo-
confocal scanning microscop@louview).” For 1p excita- retical prediction shown in Fig. 2 agrees with the experimen-
tion, an Ar ion laser at a wavelength of 488 nm was used. Aal results in the sense that the 2p fluorescence signal level is
Spectra-Physics ultrashort pulsed lag&sunamj with a  |ower than the 1p fluorescence signal level.
pulse width of 80 fs was employed for 2p excitation at 800  To understand the phenomenon in Fig. 2, we should
nm wavelengtff. To avoid the effect of refractive-index mis- point out that both unscattered and scattered illumination
matching between the turbid medium and the cover glass Qdhotons can contribute to fluorescence emission. However,
the cell, a water-immersion objectivi®lympus UplanApo  the fluorescence contributed by these two groups of photons
60X, =/1.13-0.21, numerical aperturd.2, working pehaves in different ways between 2p and 1p excitation.
distance=250um) was used. In the case of 1p excitation, @  \we first consider the case where the thickness less
pinhole 300um (optical unit~3) in diameter was placed in {han the 1p SMFP length. In this case, the number of unscat-
front of the detector to produce an optical sectioning effeCtg e jjlumination photons is considerable in the total num-
with strength similar to that under 2p excitation without us- ber of photons but decreases exponentially veth,. In

ng a pmholel. This arrangement implies that t.he ab"'tY Of. other words, the logarithm of the emitted fluorescence signal
rejecting scattered photons caused by the opical Sectlor"néyontributed by unscattered illumination photons decreases

effect is the same in the two casés. ; . — )
. linearl th d, as observed in Fig. 2. Due to the quadratic
Figure 2 shows the dependence of the measured fluore reary Wi ved Ih g . au !

cence signal level on the sample thickndsmder 1p and 2p aependence of 2p fluorescence on the illumination intensity,
n : . the number of 2p fluorescence photons produced by the un-
excitation. The signal level has been normalized by the fluo-

rescence signal measured without the turbid mediu (scattered illumination photons decreases exponentially with

=0). Such normalization is equivalent to the assumptionz_d“s' As a result, for a given deptt, the 2p fluorescence

that the fluorescence intensity @0 is the same under 1p signal excited by the unscattered illumination photons Is
and 2p excitation and provides a benchmark for comparisoﬁtronger’ because the 2p SMFP length is approximately four

between the two cases. It is seen that that the 2p fluorescent@I€s as large as that for 1p excitatiérable ).

signal level is better than the 1p fluorescence signal leve| hend becomes larger than the 1p SMFP length, the 2p
whend is less than the 1p SMFP. After that depth, the 2pfluorescence signal still decreases exponentially witll 2
fluorescence signal level drops much more quickly than thdut scattered illumination photons make a significant contri-

1p fluorescence signal level. For examplejat225m, the ~ bution to the generation of 1p fluorescence. As a result, the
dropping of 1p fluorescence becomes slower than that of 2p

fluorescence.

Once the thicknesd is larger than the 2p SMFP length,
scattered photons play a dominant role in the excitation and
= emission processes. In general, scattered photons distribute
s in a broad region near the geometric fo¢li®ecause of the
% lower anisotropy valuey and the largeits value, the scat-
3 tered illumination photons under 2p excitation distribute in a
% ) boarder region than those under 1p excitation. This feature
9 5 Single-photon (theory) ’ results in a lower photon density near the geometric focus.
" _iwg'e:;’:;’fgrfz;‘pj”men‘) e Therefore, the 2p fluorescence emission excited by scattered
1 . Two_ghoton (expe?i’mem) " photons is less efficient than the 1p fluorescence emission.
7 _ . ' ' Further, due to the quadratic dependence under 2p excitation,
0 50 100 150 200 250 2p fluorescence emission excited by scattered illumination
Thickness d (um) photons becomes even less efficient. In addition, 2p fluores-

: _ ) cence photons excited by scattered illumination photons have
FIG. 2. Signal level under 2p and 1p excitation as a function of the pen- — .
etration depth in a turbid medium consisting of scatterers 0,262 in less of a pOSSIbIlIty of reachlng the detector because they

diameter. originate from a broader region. As a result, 2p fluorescence
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that, for a real tissue medium consisting of different size Mie
scatterers, the 2p fluorescence signal level is lower than the
1p signal level at a deep depth. This conclusion is demon-
FIG. 3. Image resolution under 2p and 1p excitation as a function of thestrated in Figs. 4 and 5.
p_enetration depth of a turbid medium consisting of scatterers Qu2@2n Figures 4 and 5 show the transversey) and axial
diameter. (x-z) autofluorescence images of muscle tissue under 2p
(A{=800nm) and 1p X;=488nm) excitation. The image
produced by the scattered illumination photons exhibits antensity has been normalized by the maximum intensity at
lower signal level than 1p fluorescence. the surface of the sample. The muscle tissue has an average
However the stronger suppression of the contributionsip SMFP length of approximately 20m.2 The 2p transverse
from scattered illumination and fluorescence photons Undqmages[Figs_ 4a)—-4(d)] were recorded at depths of 10, 30,
2p excitation may be advantageous in terms of image resa0, and 70um, and show a higher resolution but become
lution. To confirm this, we measured the transverse edgsignificantly weaker at a deeper depth than the 1p images
image of the fluorescence polymer bar. Image resoluti®  [Figs. 4e)—4(h)]. It can be seen from the axial imag@dg.
defined as the distance between the 10% and 90% intensisy that, although the degradation of 2p resolution is not pro-

points, measured from the edge responses after they are fiipunced, the 2p fluorescence sighklg. 5a)] decreases
ted. The dependence of resolutieron sample thickness$is  faster than the 1p fluorescence sigffl. 5b)].

depicted in Fig. 3 which also includes the Monte Carlo simu-  |n conclusion, the penetration depth of 2p excitation in
lation results corresponding to the experimental condition. Amaging through a tissue medium is smaller than that of 1p
good agreement between the experiments and theoreticgkcitation because of the lower signal level in the former.
predictions is observed. For the turbid medium we used, thejowever, within the depth of detectable signal, 2p excitation
image resolution under 2p excitation is two orders of mag{eads to image resolution approximately two orders of mag-

nitude higher than that under 1p excitation. nitude higher than that under 1p excitation.
Experiments similar to Figs. 2 and 3 were also carried

out for different sizes of scatterers. In general, the smaller the ~ The authors acknowledge support from the Australian
scatterer sizéthe smaller the anisotropy value and the largerResearch Council. One of the authéfsK.) of the Univer-
the SMFP length the quicker the reduction of the 2p fluo- Sity of Twente, The Netherlands, spent his three-month study

rescence Signa|_ Based on this property, we can Conc|udéave at Victoria University, Australia. Nicoleta Dragomir of
Victoria University was partly involved in this work.
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