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NON-LINEAR OPTICAL TOMOGRAPHY OF
TURBID MEDIA

second-harmonic generation has the advantage that contrast
can be obtained from non?uorescent samples and tissues. An

inverse higher-order dependence of second-harmonic inten
CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the bene?t under 35
U.S.C. 119(e) of US. Provisional Patent Application Serial
No. 60/042,645, ?led Apr. 4, 1997, the disclosure of Which
is incorporated herein by reference.

sity on the refractive index alloWs one to highlight small

changes in re?ectance. The second-harmonic signal arises

from the second-order nonlinear-optical susceptibility X2
tensor, Which depends on the electronic con?guration,

10

try properties of the local environment and surfaces in
homogeneous and amorphous media has been demonstrated
in HeinZ et al., Phys. Rev. Lett., 48, 478 (1982), Which is

BACKGROUND OF THE INVENTION

The present relates generally to the imaging of turbid (i.e.,
highly scattering) media and more particulary to a novel
method and apparatus for the three-dimensional imaging of
turbid media, such as biological tissues.

incorporated herein by reference. The excitation Wavelength
15

Optical imaging and microscopy have attracted consider
able attention because of their potential in the development
of non-invasive medical diagnostic modalities. See e.g.,
Huang et al., Science 254, 1178 (1991); Piston et al., J.

contrast With multiphoton microscopy, in Which extending
20

et al., Science, 253, 769 (1991), all of Which are incorporated

herein by reference. Achieving high spatial resolution
25

biological structures and changes in the state of tissues at
different locations. Some of the poWerful in vitro and in vivo

techniques that use nonlinear-optical effects have been dem
onstrated to have an additional advantage in spatial
resolution, oWing to a higher-order dependence on the
excitation intensity. Submicrometer lateral resolution has
been achieved in three dimensions in the detection of
cellular metabolism in the rabbit cornea, through tWo

process (TPF), permitting signal detection from deeper in
the scattering medium.

It is an object of the present invention to provide a neW
30

method and apparatus for the three-dimensional imaging of
turbid media, such as biological tissues.
It is another object of the present invention to provide a
method and apparatus as described above that are Well

suited for use With in vivo biological tissues.
35

It is yet another object of the present invention to provide
a method and apparatus as described above that utiliZe

photon excitation of ?uorescence (TPF) from reduced pyri
dine nucleotides. A combination of confocal linear-optical
approaches and TPF has also been used as an alternative for

the source Wavelength is accompanied by a trade-off in the
signal magnitude, through a three-photon or even higher
order process. Second-harmonic generation is a second
order nonlinear-optical process that can generate signals that
are orders of magnitude higher than that from a third-order

SUMMARY OF THE INVENTION

imaging techniques developed for highly turbid media,
to-date, include optical coherence tomography (OCT), time
of ?ight and Fourier-Kerr gate imaging methods, With
micrometer to sub-millimeter spatial resolutions. Imaging

of second-harmonic generation is not restricted to the
absorption band of the molecules and thus can be further

extended toWard the infrared region. This property is in

Microsc., 178, 20 (1994); Freund et al., Biophys. J., 50, 693
(1986); Benaron et al., Science, 259, 1463 (1993); and Wang
remains one of the top priorities for precisely localiZing

molecular symmetry, local morphology, orientation, and
alignment of the molecules and ultrastructures. The potential
of using second-harmonic generation to determine symme

40

non-linear optical signals, such as second or higher-order
harmonic generation and/or ?uorescence due to multi
photon (i.e., tWo or more photon) excitation.
According to one aspect of the invention, there is pro

visualiZing the structure of biological tissues. See Denk, J.

vided an apparatus utiliZing non-linear optical signals for

Biomed. Opt, 1, 296 (1996), Which is incorporated herein by

use in constructing a three-dimensional tomographic map of
an in vivo biological tissue for medical disease detection

reference; see also US. Pat. No. 5,034,613, inventors Denk

et al., Which issued Jul. 23, 1991, and Which is incorporated
herein by reference.

45

purposes, said apparatus comprising (a) means for support
ing said in vivo biological tissue; (b) means for illuminating

Second-harmonic generation (SHG) in nearly transparent

said in vivo biological tissue With a focused beam of laser

tissues Was ?rst disclosed in Fine et al.,Appl. Opt, 10, 2350

light, said light emerging from said in vivo biological tissue
comprising fundamental light, harmonic Wave light, and
?uorescence due to multi-photon excitation; (c) means for

(1971), Which is incorporated herein by reference. Cross
beam-scanning SHG microscopy Was studied With a trans

mission geometry to shoW detailed variation of collagenous

50

selectively passing only at least one of said harmonic Wave

?laments in a rat tail tendon. Recently, a correlation of

light and said ?uorescence; (d) means for individually

second-harmonic signal strength With tissue structure in

detecting each of said harmonic Wave light and said ?uo
rescence selectively passed; and (e) means for moving said

native chicken tissues Was disclosed in Guo et al., “Optical
harmonic generation from animal tissues by the use of

picosecond and femtosecond laser pulses,” Appl. Opt, 35,

illuminating means relative to said supporting means in x, y
55 and Z directions.

6810 (1996), Which is incorporated herein by reference. See

According to another aspect of the invention, there is
provided a method utiliZing non-linear optical signals for

also Guo et al., “TWo photon excitation of ?uorescence from

chicken tissue,” Appl. Opt, 36, 968—970 (1997), Which is

use in constructing a three-dimensional tomographic map of
an in vivo biological tissue for medical disease detection

incorporated herein by reference. In terms of spatial
resolution, second-harmonic tomography is identical to tWo
photon microscopy, in Which the localiZation effect is based
on quadratic dependence of the signal on the input photon
density. HoWever, an advantage of using an infrared exci
tation source in second-harmonic tomography is its deeper
penetration depth and the fact that it generates less pho
tobleaching and causes less damage than a single-photon
?uorescence confocal microscopy. In contrast With TPF,

60

purposes, said method comprising the steps of (a) providing
an in vivo biological tissue on a support; (b) illuminating
said in vivo biological tissue With a focused beam of laser

light, said light emerging from said in vivo biological tissue
comprising fundamental light, harmonic Wave light, and
65

?uorescence due to multi-photon excitation; (c) selectively
passing only at least one of said harmonic Wave light and

said ?uorescence; (d) individually detecting each of said

US 6,208,886 B1
3

4

harmonic Wave light and said ?uorescence selectively

FIG. 4(b) shoWs typical axially scanned pro?les for the
image of FIG. 4(a);
FIG. 5 shoWs SHG depth pro?le of tryptophan poWders;

passed; and (e) moving said support relative to said focused
beam in x, y and Z directions.

According to another aspect of the invention, there is

FIG. 6 shoWs 2D cross section (x-y) TPF images of

provided an apparatus utilizing non-linear optical signals for

chicken muscle tissue on (a) surface, and (b) 200 pm deep

use in constructing a tomographic map of a turbid medium,

inside, the ?bers of tissue being aligned mostly along the

said apparatus comprising (a) means for illuminating said

optical axis (Z axis);

turbid medium With a focused beam of laser light, said light

FIG. 7 are 2D images similar to FIG. 6, but Wherein the

emerging from said turbid medium comprising fundamental
light, harmonic Wave light, and ?uorescence due to multi

10

photon excitation; (b) means for collecting the light emerg
ing from said turbid medium; (c) means for splitting said

FIG. 8 is the input and detection optics arrangement for

FIG. 8(a) is the input and detection optics arrangement for
15

said ?ltered light of said ?rst beam to focus on said ?rst

detector; and

means for bringing said ?ltered light of said

Additional objects, features, aspects and advantages of the

tion. These embodiments Will be described in suf?cient
detail to enable those skilled in the art to practice the
invention, and it is to be understood that other embodiments
may be utiliZed and that structural changes may be made
Without departing from the scope of the invention. The

25

The present invention is based, in part, on the discovery

that non-linear optical signals (harmonic generation and
multi-photon excitation of ?uorescence) can be used as a
35

in a limiting sense, and the scope of the present invention is

best de?ned by the appended claims.

content properties of layers in biological tissues and thus to

rated into and constitute a part of this speci?cation, illustrate

preferred embodiments of the invention and, together With
45

FIG. 1 is a diagrammatic illustration of an experimental

beloW the surface up to a depth of 500 pm. The results are
discussed beloW.

setup for testing the non-linear optical imaging concepts of
this invention Where MC is the microscope objective; F1 and
F2 are bandpass ?lters; PMT is a photomultiplier tube;
FIG. 1(a) is a schematic diagram of the focal region of

An experimental setup used to test the concept of using
non-linear optical signals to construct a histology symmetry
map and histology chemical components map of tissue is
shoWn in FIG. 1. The laser system used Was an ampli?ed
55

sample Was less than 1 mW. A 27X microscope objective
Was used to deliver the pump light and to collect the signal.
The laser beam Was focused into different depths (Z) beloW

fs laser pulses at a Wavelength of 625 nm;

FIG. 2(a) is an SHG depth image of chicken skin tissue;

FIG. 2(b) shoWs typical axially scanned pro?les for the
image of FIG. 2(a);

the tissue surface by scanning the sample along the optical
axis of the microscope objective With a translation stage.
The focal point is scanned at different depth into the tissue
as Z is moved (see FIG. 1(a)). The lateral cross surface (x,

FIG. 3(a) is an SHG depth image of fascia membrane
attached to chicken muscle tissue;

FIG. 4(a) is an SHG depth image of chicken muscle

CPM dye laser Which generated 100 fs pulses centered at a
Wavelength of 625 nm. The repetition rate of the laser pulses
Was 6.5 kHZ. The average poWer of laser radiation onto the

non-linear signal from chicken muscle tissue excited by 100

tissue;

image the morphology structure of tissues. One may use
these images to distinguish regions on a tissue at different
states: normal, benign, pre-cancer, and cancerous states.
As a test of these principles, SHG and TPF signals

backscattered from highly scattering biological tissues Were
used to obtain tomographic images of tissue structures

represent like parts:

FIG. 3(b) shoWs typical axially scanned pro?les for the
image of FIG. 3(a);

noninvasive in situ tomography and histology technique to
generate 3-dimensional layered structure maps of symmetry
and content of native ?uorophors in highly scattering bio
logical tissues. Such a 3-dimensional image may be obtained
by using depth (Z) and lateral (x,y) scans of a highly focused
laser beam relative to the tissue sample. Non-linear optical
signals are measured and used to resolve symmetry and

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying draWings, Which are hereby incorpo

FIG. 1, Wherein 3-dimensional scanning is accomplished by
moving the objective or by moving the sample (the non
linear signals being generated mostly from the focal region);
FIG. 1(b) is the graphic representation of the spectrum of

for a further embodiment of the invention; and
FIG. 12 is a schematic diagram combining 2D tomo
graphic maps into a 3D map of tissue sample according to
this invention.
DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

folloWing detailed description is, therefore, not to be taken

the description, serve to explain the principles of the inven
tion. In the draWings Wherein like reference characters

another embodiment of the invention;
FIG. 9 is the input and detection optics arrangement for
yet another embodiment of the invention;
FIG. 10 is the input and detection optics arrangement for
still another embodiment of the invention;
FIG. 11 is the input and detection optics arrangement for
still yet another embodiment of the invention;

FIG. 11(a) is the input and detection optics arrangement

second beam to focus on said second detector.

present invention Will be set forth, in part, in the description
Which folloWs and, in part, Will be obvious from the descrip
tion or may be learned by practice of the invention. In the
description, reference is made to the accompanying draW
ings Which form a part thereof and in Which is shoWn by Way
of illustration speci?c embodiments for practicing the inven

optical axis;
one embodiment of the invention;

collected light into a ?rst beam and a second beam; (d) a ?rst

?lter disposed along the path of said ?rst beam for selec
tively passing only said harmonic Wave light; (e) a second
?lter disposed along the path of said second beam for
selectively passing only said ?uorescence; a ?rst detector
disposed along the path of said ?rst beam after said ?rst
?lter; (g) a second detector disposed along the path of said
second beam after said second ?lter; (h) means for bringing

?bers of tissue Were aligned mostly perpendicular to the

y direction) scanning is performed With another translation
65

stage. The backscattered signal from focal volume in the
sample by the objective Was collected by a lens into a
photo-detector. Aphotomultiplier and a computer controlled

