
Coherent backscattering of light from biological tissues
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The angular and temporal distributions of light scattered around the backward direction from biological
tissues are measured. An enhancement of scattered light intensity around the backward direction, which is
associated with the weak photon localization, is observed. The transport mean free path It and the absorption
length la of the light in biological tissue can be obtained from the angular line shape of the coherent peak. The
values It and la can also be obtained from the temporal profile of the scattered pulse.

1. Introduction

The backscattered light from discrete random me-
dia have been found to exhibit the phenomenon of
weak localizationl- 12 which arises from the coherent
interference between the scattered light and its time-
reversed counterpart in the random medium. This
interference enhances the intensity of the light scat-
tered in the backward direction within a small angular
spread. In the exact backward direction, the intensity
of the scattered light is nearly twice the diffuse intensi-
ty. The intensity decreases to a constant value (equal
to diffuse intensity) as the angle of the scattered light
increases. In this paper, we show for the first time that
light scattered from biological tissues is enhanced
about the backward direction. This discovery may
find important applications as a new diagnostic tool for
in vivo and in vitro biological tissues. The transport
mean free path t and the absorption length la of the
light in the tissue, which are well-defined properties of
the tissue, can be directly and easily determined from
the angular line shape or temporal profile of the back-
scattered light. This new techniques to obtain It and la

from the backscattering of light has a distinct advan-
tage over the light transmission technique which has
been widely used in the past. In the transmission
technique, it requires cutting and measuring the thick-
ness of the tissue to precision. In contrast, neither
cutting nor thickness measurement is necessary in the
backscattering light technique.

11. Theory

The profile of the angular distribution of scattered
light intensity about the backward direction, known as
the coherent peak, depends on the transport mean free
path It and the absorption length la of the light in the
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medium. The angular width of the coherent peak can
be directly related to t by X/27rlt, where X is the wave-
length. The line shape of the coherent peak can be
quantitatively described by4-6:

3 2Z 1 r1- exp(-2q [
l67r ( it (1 + qlI [ ql~t j (1)

where 0 is the angle of the scattered light measured
from the exact backward direction, q = 2-xr/X, and zo is
determined by the boundary condition, in a plane in-
terface z0 0.7 t. In the case of absorbing medium,
the light which undergoes long scattering path in the
medium will be cut off. The light scattered through a
longer path length contributes to a narrower portion of
the coherent peak.6 7 Thus, by cutting off the portion
of scattered light which has undergone long scattering
path length by absorption effectively reduces the
height of the coherent peak. In the absorbing media, q
is quantitatively related by

q = [q2 + qa]' 2,

where

a = 3/(ialt).

(2)

(3)

The above description of coherent backscattering has
been applied well for discrete random media. On the
other hand, biological tissues are continuous random
media, which differ somewhat from the discrete ran-
dom media. However, the scattering characteristics
of both media can be described by the transport mean
free path and the absorption length. Thus, one should
expect that Eqs. (1)-(3) hold for backscattering of light
from biological tissues.

Ill. Experimental Methods

The schematic diagram of the experimental setup is
shown in Fig. (1). Ultrafast laser pulses were generat-
ed from colliding mode-locked dye laser with wave-
length center at 620 nm and bandwidth of 18 nm. The
temporal pulse width of the laser was -100 fs. The
laser beam was collimated and incident on the biologi-
cal tissues after reflection from a beam splitter. The
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Fig. 1. Schematic of experimental setup.
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Fig. 3. Angular distribution of intensity of light backscattered
from human benign lung tissue. Solid curve is the theoretical fit

from equation (1).
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Fig. 2. Angular distribution of intensity of light backscattered
from human normal breast tissue. Solid curve is the theoretical fit

from equation (1).

tissue being studied were human normal and cancer-
ous breast and lung tissues. The scattered light
around the backward direction was collected by a lens
of 500 mm focal length. The detector (streak camera)
was placed at the focal plane of the lens. Each position
on the face of the detector corresponds to a given
scattering angle. The temporal and angular informa-
tion of the scattered pulse from the tissue were ac-
quired simultaneously. The temporal resolution of
the streak camera was 10 ps and the angular resolution
was 0.4 mrad. Each datum was acquired over a time
duration of 15 s. The data collected were ensembled
and averaged over large number of configurations by
shaking the sample while the data were taken. The
polarization of the scattered light parallel to the inci-
dent light was selected and detected. When the tis-
sues were held steady (no shaking), a large fluctuation
of scattered intensity was observed.8 This large fluc-
tuation is due to interference of the laser scattered
from the random media.

IV. Results and Discussion

Figure 2 shows the angular distribution of the scat-
tered intensity of the laser from a human normal
breast tissue. The coherent peak is clearly seen. A
similar effect, but with a wider coherent peak was
observed in human benign lung tissue, which is shown
in Fig. 3. The transport mean free path It, and the
absorption length l can be obtained by fitting the
experimental data with Eqs. (1)-(3) convoluted with
the angular resolution of detection. In the case of
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Fig. 4. Intensity and the line shape of the coherent peak of the
scattered light at various times after the 100 fs pulse incident on lung
cancer tissue. The selected time segments for the curves from the

top are: 4, 8, 13, 22, and 35 ps.

breast tissue, the best fit to the experimental data for
the coherent peak when It = 250 i 30 ,um and la = 4000
+ 1000 ,um. In the case of lung tissue, It = 80 ± 20 Am
and = 3000 + 1000 gm for best fit. The uncertainty
just provided is uncertainty in fitting the experimental
curve. The theoretical curves are traced by smooth
solid line in the figures. The coherent peak for lung
tissue is broader than that of breast tissue, which
shows that the lung tissue is a stronger light scattering
medium than is breast tissue. Quantitatively, the
light has a shorter It in lung tissue It = 80 Am than in the
breast tissue It = 250 Atm.

It has been shown that the coherent peak become
narrower as the light scatters through a longer distance
in the random medium.4 7"11 This is also observed in
biological tissue, which is shown as an example for light
scattering in a cancerous lung tissue. The intensity
and the line shape of the coherent peak of the scattered
light at various times after the incident pulse is plotted
in Fig. 4. The intensity of the scattered light at the
peak compared with the constant background is less
than a factor of two. One of the primarily reasons is
due to finite angular resolution of the detecting sys-
tem. Note, that in Fig. 4, the coherent peak disap-
pears at times greater than 22 ps. When the post pulse
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Fig. 5. The temporal profiles of the scattered pulse from lung
cancer tissue. The higher curve is for light scattered at 0 mrad and

the lower one is at 3 mrad.

U)

a)

.--

0 100
time ( ps)

200

Fig. 6. The temporal profiles of the scattered pulse from breast
cancer tissue. The higher curve is for light scattered at 0 mrad and

the lower one is at 3 mrad.

is time >22 ps, the angular width of the coherent peak
is estimated to be <0.4 mrad. This angular width is
narrower than the angular resolution of our detecting
system and thus the coherent peak is not observed.

The temporal profiles of the scattered pulse at two
angular regions, coherent (at 0 mrad) and diffuse (at 3
mrad) regions, for normal breast and lung tissues are
displayed in Figs. 5 and 6, respectively. The intensity
of the scattered light in the coherent region is greater
than that in the diffuse region for the early times
measured. The profiles merge at later observation
times. The scattered pulse from the breast cancer
tissue (Fig. 6) is broader than that from the lung cancer
tissue (Fig. 5). This indicates the transport mean free
path of the light is longer in the breast tissue, which is
in qualitative agreement with the results obtained
from the line shape of the coherent peak.

The scattering mean free path and the absorption
length of the light in the tissue can also be obtained by
fitting the temporal profile of the scattered light.' 2
The fitting is done using the theory explicated in our
previous paper.' 2 The best fit to the experimental
data for breast tissue shown in Fig. 6 is when It = 1.6 +
0.3mm and la =20 + 4mm. The best fit for lung tissue
is shown in Fig. 7; It = 350 + 50 mm and 1 = 16 + 4 mm.

These lengths are similar to the values obtained in the
transmission geometry by Navarro and Profio.13

However, the lengths reported here are significantly
longer than those obtained from the angular line
shape; a finding that needs to be further addressed.
One reason is that a significant amount of backscat-
tered light undergoes a few scatterings where the diffu-
sion approximation does not hold.

V. Conclusion

In conclusion, weak localization of light scattered
from biological tissues was observed. The transport
mean free path and the absorption length of the light in
tissues can be determined from either the line shape of
the coherent peak or from the temporal profile of the
scattered pulse. This finding may be of particular
importance in medical diagnosis.
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