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Background of the Invention

This invention relates to examination and imaging
of biological tissue using visible or infra-red
radiation.

Traditionally, potentially harmful ionizing
radiation (for example, X-ray or y-ray) has been used to
image biological tissue. This radiation propagates in the
tissue on straight, ballistic tracks, i.e., scattering of
the radiation is negligible. Thus, imaging is based on
evaiuation of the absorption levels of different tissue
types. For example, in roentgenography the X-ray film
contains darker and lighter spots. In more complicated
systems, such as computerized tomography (CT), a cross-
sectional picture of human organs is created by

Itransmitting X-ray radiation through a section of the

20

25

30

35

human body at different'angles and by electronically
detecting the variation in X-ray transmission. The
detected intensity information is digitally stored in a
computer which reconstructs the X~-ray absorption of the
tissue at a multiplicity of points located in one cross-
sectional 'plane. '

Near infra-red radiation (NIR) has been used to
study non-invasively the oxygen metabolism in tissue (for
example, the brain, finger, or ear lobe). Using visible,
NIR and infra-red (IR) radiation for medical imaging
could bring several advantages. In the NIR or IR range
the contrast factor between a tumor and a tissue is much
larger than in the X-ray range. In addition, the visible
to IR radiation is preferred over the X-ray radiation
since it is non-ionizing; thus, it potentially causes
fewer side effects. HoweVer, with lower energy
radiation, such as visible or infra-red radiation, the



L.,‘ )

15 cont.ai ns darker and | ighter spots. In nore conplicated systens, such
as conputerized tonography (CT), a cross- sectional picture of human

ofr'gans i s created by

transmtting X-ray radiation through a secti o of

t he human body at different angles and by electronically 20 detectlng

the variation in X-ray transm ssion. The detected intensity information

Is digitally stored in a conputer ancﬁl%econstructs the X-ray
absorption of tissue icity. of points |lacgted in one
sectTSRREAPRASS shroRolY scRekbrel And anicinedl T (N 'R has-

Cross-

been used to bleludyca&ntnssaeuvahﬁ the miggatioet pathi esnnot iesue (for

t he b5€599x§h9E8 9 eEErFQBﬁk 19§'ngm$k§b§|§naﬁgll §%§f5|

exanpl e,

infra-red (IR
IrP%¥E?¥mF?§PeFPSrQﬁg@rgésrﬁécﬁéﬁnﬁésﬂmﬁsdnGrtbehwmqm&stunDr

advant age

S.

dlatlon ned I ca cou

and a tissug is much Redémq; tddtd ih tdPprsd Aed aweuxﬂ xgegcg' Ad ORayhe

vi sible

to IR radlatlon preferred over the X-ray

it is non|(nn9ﬁ?© Sygges F? poPBﬁtPBPF?aEgugégertakéﬂePYsPéé Gﬁf@dbsln
wi t h "oower Inves fye 3Benadilobianoxgyehatsoni Mohkieoer ahaf ra-red

However ,

radi ati on,

10

.15

20

25

30

35

thebomputerized Tomography of NIR Spectrometry," SPIE Vol.

1431, p. 284, 1991, utilizes NIR radiation in an
analogous way to the use of X-ray radiation in an X-ray
CT. 1In this device, -the X-ray source is replaced by |
three laser diodes emitting light in the NIR range. The
NIR-CT uses a set of photomultipliers to detect the light
of the three laser diodes transmitted through the imaged
tissue. The detected data are manipulated by a computer

-of the original X-ray CT scanner system in the same way

as the detected X-ray data would be.

Different approaches were suggested by S.R.
Arriadge et al. in "Reconstruction Methods for Infra-red
Absorption Imaging," SPIE Vol. 1431, p. 204, 1991; F. A.
Grinbaum et al. in "Diffuse Tomography," SPIE Vol. 1431,
P. 232, 1991; B. Chance et al., SPIE Vol. 1431 (1991), p.
84, p. 180, and p. 264} and others who recognized the
scattering aspect of the non-ionizing radiation and its
importance in imaging. None of those technlques have
fully satisfied all situations.

In summary, there continues to be a need for an
improved imaging system which utilizes visible or IR
radiation of wavelengths sensitive to endogenous or
exogenous pigments. _

The invention relates to systems and methods for
spectroscopic examination of a subject positioned between
input and detection ports of the spectroscopic system
applied to the subject.

Sl nce



-2- v radiation is strongly scattered and absorbed in bi ol ogi cal
tissue, and the mgration path cannot be approxi mated by a straight

| ¥ney maki ng i nappli cabl e certain aspects of cross-sectional imagi‘ng
techniques. 5 Recently, certain approaches to N R i magi ng have
been suggested. One approach undertaken by Oda et al. in "Non- | nvasi ve

Henogl obi n Oxygenati on Monitor and Compditeri zed Tonography of N R
Spectronetry, " SPIE Vol . 1431, p. 284, 1991, utilizes NIR radiation in
an 10 anal ogous way t PEFRFYLRI ok xOoRayasparkt PEntha anventign, aCT. In

this device, thpedtragcopicceystentindaedidy at LdyLe drfésqriqcﬂ»@ Shgtting
light in the.NIR_r%g e Th Nl R- uses .a set, of photomiltipliers to
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‘5 varying pattern of photon density and of a wavelength
selected to be scattered and absorbed while migrating in
the subject, the input ports being placed at seiected
locations on the subject to probe a-selected quality of
the subject; and radiation pattern control means adapted
- 10 to achieve selected a time relationship of the introduced
patterns to form resulting radiation that possesses a
substantial gradient in photon density as a result of the
interaction of the ihtroduced_patterns emanating from the
input ports, the radiation béing scattered and absorbed
15 in migration paths in the subject. The gradient in
photon density may be achieved by encoding the introduced
radiation patterns with a selected difference in their
relative amplitude, relative phase, relative frequency or
relative time. The system also includes a detector
20 adapted to detect over time, at a detection port placed
at a selected location on the subject, the radiation that
has migrated in the subject; processing means adapted to
process signals of the detected radiation in relation to
the introduced radiation to create processed data
25 indicative of the influence of the subject upon the
gradient of photon density; and evaluation means adapted
to examine the subject by correlating the processed data
with the locations of the input and -output ports.
Preferred embodiments of this aspect of the
30 invention include displacement means adapted to move
synchronously all the optical input ports or move the
detection ports to another location on a predetermined
geometric pattern; at this location the examination of
the subject is performed. . '
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subj ect. © selected to be scattered and absorbed while migrating in
the subject, the .input ports being placed at selected
locations on the sﬁbject to probe a selected quality of
the subject; radiation pattern control means adapted to

10 achieve a selected time relationship of the introduced
patterns to form resulting radiation that possesses a
substantial gradient in photon density as a result of the
interaction of the introduced patterns emanating from the
input ports, the radiation being scattered and absorbed

15 in migration paths in the subject. The system also
includes a detector adapted to detect over time, at a
detection port placed at a selected location on the
subject, the radiation that has migrated in the subject;
displacement means adapted to move the detection port to

20 various locations on a predetermined geometric pattern,
the various locations being used to detect over time
radiation that has migrated in the subject; proce551ng
means adapted to process signals of the detected
radiation' in relation to the introduced radiation to

25 create processed data indicative of the influence of the
subject upon the gradlent of photon density; and
evaluation means adapted to examine the subject by
correlating the processed data with the locations of the
input and output ports.

30 According to another aspect of the invention, a
spectroscopic system includes at least one light source
adapted to introduce, at multiple input ports,
electromagnetic non-ionizing radiation of a known time-
varying pattern of photon density and of a waveléngth

35 selected to be scattered and absorbed while migrating in
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spectroscopi ¢ systemincludes at |east one |light source adapt ed to

i st rroduce, at nultiple input ports, el ectromagneti.c non-ioni zing
radiation of a known time- 5 varying pattern of photon density and of a
wavel engt h sel ected to be scattered and absorbed while nigrating in
the subject, the input ports being placed gt-sel ected | ocations on the
subj ect to probe a selected quality of the subject; and radiation
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substantial gradient in photon density as a result of the
‘interaction of the introduced patterns emanating from the
input ports, the radiation being scattered and absorbed
in migration paths in the subject. The system also

10 includés at least one detector adapted to detect over
time, at multiple detection ports placed at selected
locations on the subject, the radiation that has migrated
in the subject; processing means adapted to process
signals of the detected radiation in relation to the

15 introduced radiation to create processed data indicative
of the influence of the subject upon the gradient of
photon density, and evaluation means adapted to examine
the subject by correlating the processed data with the

- locations of the input and output ports.

20 Preferred embodiments of this aspect of the
invention include displacement means adapted to move at
least one of the detection ports to another location on a
prédetermined geometric pattern, the other location being
used to pérform the examination of the subject.

25 Preferred embodiments of this aspect of the
invention include rotation means adapted to rotate
synchronously the optical input ports while introducing
the resulting radiation along a predetermined geometric
pattern, the input port rotation being used to perform

30 the examination of a region of the subject.

Preferred embodiments of the above described
aspects of the invention are also used to locate a
fluorescent constituent of interest in the subject; the
wavelength of the introduced radiation is selected to be

35 absorbed in the fluorescent constituent, the detected
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1ntroduce, at an input port, electromagnetic non-ionizing
radiation of a known time-varying pattern of photon
density and of a wavelength selected to be scattered and
absorbed while migrating in the subject, the input port

10 being placed at a selected location on the subject to
probe a selected quality of the subject; detectors
adapted to detect over time, at multiple detection ports
placed at selected locations on the subject, the
radiation that has migrated in the subject; the time

15 relationship of the detection over time, at the detection
ports, being selected to observe a gradient in photon
density‘formed as a result of the interaction of the
introduced radiation with the subject. The system also
includes processing means adapted to process signals of

20 the detected radiation in relation to the introduced
radiation to create processed data indicative of the
influence of the subject upon the gradient of photon
density, and evaluation means adapted to examine the
subject b§ correlating the processed data with the’

25 locations of the input and output ports.

- Preferred embodiments of this aspect of the
invention of the invention include displacement means
adapted to move at least one of the detection ports to
another location on a predetermined geometric pattern,

30 the other location being used to perform the examination
of the subject.

According to another aspect of the invention, a
spectroscopic system includes a light source adapted to
introduce, at an input port, electromagnetic non-ionizing

35. radiation of a known time-varying pattern of photon



-4- Accordi ng to anot her aspect of the invention, a
spectroscopi ¢ systemincludes at |east one |ight source adapted to

i mtroduce,r at nultiple input ports, el ectromagneti c non-ionizing °
radiation of a known time- 5 varying pattern of photon density and of a
wavel engt h sel ected to be scattered and absorbed while migrating in

t he subject, the input ports being placed gt selected’ | ocations on the
subj ect to probe a selected quality of . t he subject; radiation pattern
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radiation thaloveds il AlHE hin£{1§18U8LEEELion ports placed at selected
~locations on the subject, fluorescent-radiation that has
migrated in the subject. The system also includes
processing means adapted to process signals of the

10 detected radiation in relation to the introduced

- radiation to create processed data indicative of location
of the fluorescent constituent of the subject, and
evaluation means adapted to examine the subject by
correlating the processed data with the locations of the

15 input and output ports.

‘Preferred embodiments of this aspect of the
invention include displacement means adapted to move at
least one of the detection ports to another location on a |
predetermined geometric pattern, the other location being

20 used to locate the fluorescent constituent of the '
subject. '

_ Preferred embodiments of the above-described
aspects of the invention use one or more of the following
features:’

25 The time-varying pattern comprises radiation of a
selected wavelength intensity modulated at a selected
frequency. The radiation pattern control means are
further adapted to control a selected phase relationship
between the modulated radiation patterns introduced from

30 each of the input ports having to produce in at least one
direction a steep phase change and a sharp minimum in the
intensity of the radiation. _

The radiation pattern control means are further
adapted to impose on all the introduced radiation

35 patterns an identical time-varying phase component



disﬁhacenent nmeans adapted to nove the detection port to 20 various

| ocati ons on a predeterm ned geonetric pattern, the various |ocations
bei ng used to detect over tine radiation that has mgrated in the
subj ect; processing nmeans adapted to process signals of the detected

radiation in relation to the introduced radiation to 25 create processed
data indicative of the influence of the - gswbject upon the gradient of
phot on density; and eval uation nmeans adapted to exam ne the subject by
correl ating tHherelnestumhging vhe hspatiabcariensabiohhes thenﬂute&mdon

apect r osop ¢ Ty St tedt dtind ChEnGEANR| ARPRLS niATnLRTTR KRE, °
|ﬁtroduce atHﬂHQHﬁﬂqy|Qﬁnﬁhﬁxﬁ§%lat1°@+ectronagnetlc non- |on|2|ng
radiation of a known ’i‘hé’etlme-—VrﬁE'?'l?x% RRkRh ompfAlUL densidy; gf’f a

wavel engt h §53%T ‘ﬁéﬁjéé%e‘ééé’ fﬁéﬁ%gggy%gggﬂfggegthean;eagg£2
frequency. The radiation pattern control means are
further adapted to control a selected frequency
relationship between the modulated radiation patterns
introduced from each of the input ports having to produce

10 in at least one direction a steep phase change and a
sharp minimum in the intensity of the radiation.

The time-varying pattern comprises radiation of a
selected wavelength intensity modulated at a selected
frequency. The radiation pattern control means are

15 further adapted to control a selected amplitude
relationship between the modulated radiation patterns
introduced from each of the input ports having to produce
in at least one direction .a steep phase change and a
sharp minimum in the intensity of the radiation.

20 The radiation pattern control means are further
adapted to add to all the introduced radiation patterné
an identical time-varying amplitude component thereby
changing the spatial orientation of the direction of the
steep phase change and the sharp minimum in the 1nten51ty

25 of the radiation.

The radiation is modulated at a frequency that
enables resolution of the phase shift that originates
'during migration of photons in the subject. |
The frequency is on the order of 108Hz.

30 The processing means further adapted to determine
the phase or the intensity of the radiation altered by
scattering and absorption in the subject.

. The wavelength of the radiation is susceptible to
changes in an endogenous or exogenous tlssue plgment of

35 the subject.



the subject, the input ports being placed at sel ected | ocations on the
subj ect to probe a selected quality of the subject; radiation patfern
gontrol nmeans adapted to achieve a selected tine relationship of the
introduced 5 patterns to formresulting radiation that possesses a
substantial gradient in photon density as a result of the I nteraction of
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Brief Description of the Drawin

Figs. 1, 1A and 1B show diagrammatically phase

10 modulation imaging systems employing several input ports
and one detection port in accordance with the present
invention.

Fig. 2 is a block diagram of the phase modulation
imaging system including several input ports and several:

15 detection ports in accordance with the present invention.

Fig. 2A depicts a phased array transmitter that
radiates a directional beam. _

Fig. 2B depicts sequencing of the phases of an
antiphase multi-element array to achieve an electronic

20 scan of the photon density gradient in accordance with
the present invention.

Fig. 2C depicts four element antiphased array
designed for a conical scan of the photon. density
gradient in accordance with the present invention.

25 : Fig. 2D depicts the input and output port
arrangement of an imaging system in accordance with the
present invention. |

Figs. 3 and 3A depict an imaging system for
detection of a hidden fluorescing object in accordance

30 with the'present invention.

Fig. 4 is a block diagram of an alternative
embodiment of a dual wavelength PMS system.

Fig. 4A is a schematic diagram of an oscillator
circuit of Fig. 4.



20 .- Preferred enbodi nents of this aspect of the I nvent.ion incl ude
di spl acenent neans adapted to nove at | east one of the detection ports
t:0 anot her | ocation on a pr edet er m ned geonetrlc pattern, the other

| ocati on being used to performthe exam nation of the subject. 25
Preferred enbodi nents of this aspect of the I nvention include rotation
nmeans adapted to rotate synchronousl v tilge -opti cal input ports while

i nt roduci ng the resulting radiation along a predeterm ned geonetric
p?ttern t he }nput pcrrigr od;mti@nabed:ngmuﬁﬁd aﬁzggnaﬁoum Bomme?exahmgm' : jeon
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t he |ntroducegﬁggﬂ ? ?g8|s4selected to be 35 absorbed in the fluorescent

constltuent
Fig. 4D is a schematic diagram of a phase detector

c1rcu1t shown in Fig. 4. _
~ Fig. 5a, 5B, and 5C illustrate changes in optical
field propagating in a strongly scattering medium which
. includes a strongly absorbing component.
10 Fig. 6 shows an experimenﬁal-arrangement of a two
element phased array used in an interference experiment.
Figs. 6A, 6B, and 6C show detected interference
patterns of two diffusive waves. |
. Fig. 7 displays the phase shifts measured for a

15 two element array  (curve A), and for a single source
(curve B). '

Flg. 8A depicts an experlmental arrangement of
sources of a four element phased array and a detector.
' Figs. 8B and 8C display the intensities and the

20 phase shifts measured for the four element array of Figqg.
8A, respectively.

Fig. 9A depicts an experimental arrangement of
sources of a four element phased array, a detector, and a
strongly ébsorbing object. '

25 - Fig. 9B, 9C display respectively the intensities
and the phase shifts méasuréd for the four element array
of Fig. 9A scanning absorbing objects of different sizes.

Fig. 9D displays the phase shifts measured for the
four element array of Fig. 9A scanning absorbing objects

30 of different absorption coefficients. - .

Fig. 10A an experimental arrangement of sources of
a four element phased array, a detector, and two strongly
absorbing objects.
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processed to determ ne |ocation of the fluorescent constituent.
Accarding-to another aspect of the invention, a .5 spectroscopic system
i ncludes a |ight source adapted to i ntroduce, at an input port,

. el ectromagneti c non-i oni zi ng radi ati on of a known tine-varying pattern
of photon density and of a wavel ength selected to be scattered and
absorbed while mgrating in the subject,~the Tnput port 10 being pl aced at
a selected location on the subject to probe a selected quality of the

subject; detectors FaSapléB Gdspdpas theephaste shifbfinegsurediEerion
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has mgrated in the subj the ting 15 rel ationship of the detection over

ect.
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I ntroduced radqj.at.i ] | : y : Lacl.udes
processi ng %re?r??%%p%%%ﬁ%%%%%%éggéi aggﬁgﬁoﬁ{:ggh?hrg&dgt ggggggg'adi ation in
relation to tscamewnduced _ o

Figs. 11A and 11B depict diagfammatically imaging
systems utilizing one or two dimensional phased array
transmitters. _

10 Figs. 12A and 12B depict an imaging system.
comprising a two dimensional phased array transmitter and
detection array.

Description of the Preferred Embodiments
Imaging system embodiments of the present

15 invention based upon interference effects of radiation
migrating in a subject having scattering and absorptive
propertieé are shown in Figs. 1, 2, and 3. The systems
effectively utilize, in this scattering medium, a
directional beam of visible or IR radiation generated

20 and/or detected by an array of sources and/or detectors,
respectively. For instance, in the case of an array of
sources, each source is placed at a selected location in
the array and emits intensity modulated radiation,
preferably coherent radiation from a laser diode, of a

25 selected intensity and phase. The criteria for selecting
the source locations, the intensities, and the phases of
the respective sources is the shape of the desired beam
that at any time point possesses a substantial photon
density gradient produced by interference effects of

30 radiation from the various sources. This gradient of
photon density is localized and has directional
properties. Overall, the resulting radiation formed by
interference of the radiation of the individual sources
migrates in a selected direction in the subject. 1In an



radiation to create processed data indicative of the i nfl uence of the
subj ect upon the gradi ent of photon density, and eval uation neans
adapted to exam ne the subj ect by correlating the processed data with
the 25 locations of the input and output ports. Preferred
enbodi nents of this aspect of the I nvention of the invention include
di spl acenent neans adapted to nove at+ izast one of the detection ports
to anot her | ocation on a predeterm ned geonetric pattern, 30 the other
| ocation behnptiphhse ppstenm the wawefnantonf thef belam haly essctions

.According to o] n a SRy 0 tem
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_Of phot on of the photon density gradient are shown in Fig. 2B.

5 - In general, the wavefront propagates in the
selected direction in the subject and the gradient of
photon density is localized in one or more planes
extending from the source array in a selected direction.
If the subject includes a localized object having

10 different scattering and absorptive properties from those
of the surrounding environment, the propagating radiated
field is perturbed. This perturbation is detected and
from the source detector geometry the perturbing object
can be located. :

15 Referring to the embodiment of Figs. 1 énd_lA, the
imaging system utilizes an array of laser diodes 12, 14,
16, and 18 for introducing light into the tissue at
selected locations. The geometry of optical input ports
11, 13, 15, 17 and of an optical'butput port 19 is

20 selected to examine a specific part of the tissue. From
the known geometry of the optical input ports and the
detection port and from the shape of the introduced and
detected radiation, a computer can locate a hidden object
9 of examined tissue 8 (for example, a head or breast).

25 A master oscillator 22, which operates at 200 MHz,
excites laser diodes 12 through 18, that emit light of a
selected wavelength (e.g., 760 nm). The light from each
laser diode is conducted to the respective input port
placed on a subject via a set optical fibers. A detector

30 24 detécts the light that has migrated through the
examined tissue. Preferably, detector 24 includes a
photomultiplier tube (e.g., Hamamatsu R928) powered by a
high voltage supply which outputs about 900 V in order to
ensure a high gain. A local oscillator 26 operating_ét a

35 convenient offset frequency (e.g., 25 kHz) sends a signal



-7- »° density and of a wavel ength selected to be scattered and _
absorbed by a fluorescent constituent while migrating in the subject,

t ke 4 nput ‘port being placed at a sel ected | ocation on the subject to

| ocate the fluorescent 5 constituent of the subject; detectors adapted to
det ect over tinme, at nultiple detection ports placed at sel ected

| ocations on the subject, fluorescent radi agi en that has mgrated in the
subj ect. The system al so i ncl udes processi ng neans adapted to process
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fluorescent Cofféﬁéuéﬂétoﬁagh 1gra%e%l%%rough the subject. Detection
port 19 is located several centimeters from the location
of the input ports. The PMT detector is connected to the

10 subject by the fiber optic guide, or, alternatively, may
be directly placed on the subject. It has been found
that the most cost-effective detector for measuring
signals of frequencies on the order of 10% Hz is
Hamamatsu R928. However, the Hamamatsu R1645u detector

15 is preferred due to its high precision. The second
dynode of the PMT of detector 24 is modulated by 200.025
MHz signal 27 so that the 25 kHz hetrodyned signal 25 is
received by a phase detector 30. Phase detector 30 also
receives reference signal 29 from mixer 28. If phase

20 detector 30 is a lock-in amplifier then the output
signals are the phase shift and the intensity of the
detected signal. Both the phase shift and the intensity
of the detected light characterize the migration path of
photons 1n the subject (e. g., the brain tissue).

25 Alternatively, a tunable dye laser or other laser
source connected to a w1de_band.acousto-optlcal modulator
operating at the carrier frequency, e.g., 200 MHz can be
used instead of the laser diode. The acousto-optical _
modulator modulates the intensity of the light emitted by

30 the laser at the selected carrier frequency.

The invention also envisions using only one source
of coherent light that irradiates one end of several
optical fibers at the same time. The other end of each
fiber is placed on the subject at a selected input port

35 location. This source radiates light of a selected time



Preferred enbodi nents of the above-described aspects of the invention
use one or nore of the follow ng features: 25 The tinme-varying
pattern conprises radiation of a sel ect ed wavel ength intensity nodul at ed
at a selected frequency. The radiation pattern control neans are

further adapted to control a selected phase relationship.. between the
nodul at ed radi ation patterns introduced-f 2dm-30 each of the input ports
having to produce in at |east one direction a steep phase change and a
sharp m ni nunYarying patteransi Theophase radiagtiiomship and the The radi ation

pattern cont!ohtérafeyase tHE!Beght cAIRHER0HO BOTIE Ald Vdifed by
I ntroduced radi ati on 35 Qatterns an identical “tine-varyi ng phase conponent
creating a time delay (e.g., different fiber length) and

by'coupiing different amounts of light into each fiber.

5 Fig. 1B shows diagrammatically an imaging system
of Fig. 1 further adapted to encode the transmitted light
using an offset frequency. Oscillators 22a, 22b, 22c and
22d drive four laser diodes at frequencies 30.025 MHz,
30.035 MHz, 30.045 MHz and 30.055 MHz, respectively. The

10 laser diodes introduce the light that migrates in tissue
8 and is collected at detection port 19 and detected by
PMT detector 24. Local oscillator 26 provides a 30 MHz
reference signal to detector 24 that outputs a detection
signal having 25 kHz, 35 kHz, 45 kHz and 55 kHz

15 frequency components. Each component signal is phase
detected at a corresponding phase detector (30a, 30b, 30c
and 30d) having a suitable frequency filter. The phase
detectors provide a phase shift, migration pathlength and
amplitudé for each frequency.

20 The imaging systems of Figs. 1, 2, and 3 are shown
to have a light source of a single wavelength; however, a
dual wavelength imaging system is also envisioned
according to this invention. In the dual wavelength
imaging syétem two laser diodes or a tunable wavelength

25 laser generate light of two wavelengths that is coupled
to an optical fiber. Such a system will now be
described. '

A dual wavelength operation is shown in Fig 4.
The system includes a master oscillator 60 operating at

30 200 MHz and an oscillator 62 operating at 200.025 MHz
which is offset 25 kHz from the master oscillator
frequency. The offset frequency of 25 kHz is a
convenient frequency for phase detection in this system;
however, other offset frequencies as high as a few

35 megahertz can be used. Oscillator 60 alternatively



t her ey changi ng the spatial orientation of the direction of the steep
phase change and the sharp mnimumin the intensity of the radiation.
Thee i me-varying pattern conprises radiation of a 5 selected wavel ength
intensity nodul ated at a sel ected frequency. The radiation pattern
control neans are further adapted to control a selected frequency

rel ati onshi p between the nodul at ed ramzﬂlkﬁlpatterns I ntroduced from
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time-varying ag% itude conponent thereby
detector 74. The second dynode (shown in Fig. 3B) of

PMT 74 is modulated with a 200.025 MHz reference signal

10 generated by oscillator 62 and amplified by an amplifier
63. Thus, the output signal of the PMT detector has a
frequency of 25 kHz. PMT detector 74 alternately detects
light of the two laser diodes that has migrated in the
tissue and produces corresponding output signals, which

15 are filtered by a filter 76 and leveled by an automatic

' gain control (AGC) circuit 79. A reference signal of 25
kHz is produced in a mixer 65 by mixing the 200 and
200.025 MHz oscillator signals. The reference 25 kHz
signal is also leveled using the second AGC 77 and fed

20 into a phase detector 79. Phase detector 79 generates a
signal indicative of the phase of each output signal
relative to the phase of the reference signal. The
outputs of phase detector 79 are alternately selected by
an electronic switch 80, filtered, and then input to an

25 adder 82 and a subtractor 81 to produce sum and
difference signals proportional to <L>,;+<L>;, and <L>,,-
<L>;,. The difference and sum signals are then used to
calculate changes in the probed plgment and in the blood
volume, respectlvely.

30 A schematic diagram of preferred oscillator 60 or
62 is shown in Fig 4A. This circuit has a drift of only
0.03 degrees/hr. (Weng, et al., "Measurement of.
Biological Tissue Metabolism Using Phase Modulation
Spectroscopic Measurement," SPIE, Vol. 143, p. 161, 1991,

35 which is incorporated herein by reference). Thé crystal



changi'ng the spatial orientation of the direction of the. steep phase
change and the sharp mnimumin the intensity 25 of the radiation. .

The +adi ation is nodul ated at a frequency that enabl es resol ution of the
phase shift that originates during mgration of photons in the subject.
The frequency is on the order of 10[err]Hz. 30 ~ The processi ng neans
further adapted to determ ne the phase I&& the intensity of the radiation

al tered by ,scattering and absorption in the subject. The .
wavel engt h of isha&eu&Fiadilizad i vhigh gnabhles teperatinmget resananadeogendus

Or €exogenous thegURchieWRY Wnprdhe SedbECity. The respective

-9 crystals of oscillators 60 and 62 are offset from each
other by 25 kHz. This circuit provides a sufficient

5 output to directly drive a 5 mW laser diode.
A modulation circuit 75 for the second dynode of
" the PMT is shown in Fig. 4B. This circuit uses a

resonant circuit 75a with an impedance of 20,000 ohms
instead of the usual 50 O load with very high power

10 dissipation, providing a 50 V drive of the
photomultiplier dynode while dissipating only a few watts
of power. .

To obtain stable operation of the phase detector,
a stable input signal is required. The 25 kHz AGC

15 circuit 77, 78 illustrated in Fig. 4C includes an MC 1350
integrated circuit Ul, featuring wide range AGC for use
as an amplifier. The signal amplitude is controlled by a
feedback network, as showh. A major reason for the
accurate detection of phase changes by the PMT systen is

20 that the phase detector input signal level is kept nearly
constant by the AGC circuit. Since the input voltage
change of between 2 and 6 volts causes variation in the
phase shift of only 0.2%, the AGC circuit eliminates the:
need for a very stable high veoltage power supply.

25 A preferred phase detector circuit is shown in
Fig. 4D. Two sinusoidal signals (the measurement signal
and the reference signal) are transformed to a square
wave signal by a Schmitt trigger circuit 79a. The phase
of the square wave signal is shifted by an RC change

30 (composed of R1l, R12, C8), which makes it possible to
change the measuring range. The detector further
includes a 74HC221 integrated circuit. The lock-in
amplifier technigue obtained to derive the difference of

 the phase and amplitude of the two signals has the



The gradient in photon density may al so be achi eved by encoding the

I ntroduced radi ati on patterns with a selected difference |n-the!r .

rel ative anplitude, rel ative phase, relative frequency or relative time.
5 O her advantages and features of the invention . wll be apparent
fromthe follow ng description of the preferred enbodi nent and fromthe
cl ai ns. Brief Description d7 +he Draw ng Figs. 1,
1A and 1B show di agrammatical |y phase 10 nodul ation inmaging systems

enpl oyi ng sevérghasthpignal sto naihgeoratiet pessdhlpoferi thisctypenof with

the present  ecuigaidrton. Fig. 2 is a block diagram of the Fhase
nmodul ati on I magi ng stem including several input ports and several 15
detection ports in aCE§¥d§§833m qﬂ#%ﬁﬂ%ﬁ%ﬁﬂgmﬁnﬂﬁﬁ%%ﬁﬁ the carriexjg. 2A
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density ‘several nanoseconds. The sensitivity of the system is
high, approximately 70° per nanosecond or 3° per

10 centimeter change of pathlength, as observed in
experimental models. Selection of the modulation
frequency also depends on the desired penetration depth
and resolution of the imaging system that will be
described below. If deep penetration is desired, a low

15 modulation frequency (e.g., 40 MHz) is selected, and if
shallow'penetration is needed, modulation frequencies as
high as 10° Hz can be used. '

Referring to Figs. 1 and 1A, a master oscillator
22 operates at d modulation frequency in the range of 40

20 to 400 MHz selected according to the desired penetration
depth of the optical field. The array of laser diodes
12, 14, 16, and 18 generates a highly directional
radiation pattern, which is employed in the tissue

- examination.

25 " In one preferred mode of operation, laser diodes
12 to 18 operate in a phased array pattern which is
introduced into the tissue and detected by a single PMT
detector 30. Master oscillator 22 operating at 200 MHz
drives a multi-channel phased splitter which gives

30 outputs at predetermined phases. Input ports 11 through
17 are located at selected distances and an appropriate
phasing of the array creates a directional.beam and
enables scanning of the optical field in two dimensions
across the tissue, as shown in Figé. 2A, 2B, and 2D.

35- After migréting through the tissue, the optical field is



graaLent in accordance with the present i nvention. 25 Fig. 2D

depicts the i nput and output port arrangenent of an imagi ng systemin
atcerdance with the  present invention. Figs. 3 and 3A depict
an i magi ng system for detection of a hidden fluorescing object in
accordance 30 with the present invention. Fig. 4 is a block

di agram of an alternative enbodi ment of,@ dual wavel ength PMS system
Fig. 4A is a schematic diagram of an oscillator circuit of Fig. 4.

- 10 - colledtd #Bd S aryeheresi eivepgoanseicotEYMT1660L58H%ENGS.

‘The detected signals are heterodyned in the PMT detector
24 by utilizing the output of local oscillator 26, -

_ operating at a 25 kHz offset frequency, to detector 24.

5 The resulting 25 kHz signal is phase detected with
respect to the output signal 29 of mixer 28 and detector
24, Phase detector 30 outputs the phase and the
intensity of signal 25. The detected phase shifts and
intensities are stored and used for construction of an

10 image of the subject. This is performed by computer
control 34, which governs the operation of the system.
Fig. 2 depicts a phase modulation imaging system
comprising an input port'array for introducing radiation
and a detection port array for detecting radiation that
15 has migrated in the subject. The operation of the system .
is controlled by computer control 34, which coordinates a
transmitter unit 32 with a receiver unit 42. Transmitter -
unit 32 comprises several sources of visible or IR
radiation adapted to introduce a selected time-varying
20 pattern of photon density into subject 8 by array of
input ports 31, 33, 35, and 37. Receiver unit 42 detects
radiation that has migrated in the subject from the input
port array to an array of detectors 39, 41, 42, and 47.
The radiation sources of transmitter unit 32 are
25 intensity modulated at a frequency in the range of 40 MHz
to 200 MHz, as described for the imaging system of Fig. |
1. Receiver unit 42 detects and processes the radiation
ﬁsing the same principles of the phase and amplitude
detection as described above. The signai detected at
30 individual ports can be phased using appropriate delays.
Several modes of operation of the transmitter
array and receiver array are described in Figs. 2A, 2B,
2C, and 2D. Referring to Fig. 2A, it has been known,
that for a simple horizontal linear array of N identical
35 elements radiating amplitude modulated light spaced a



nDdJIétion and nixihg network shown in Fig. 4. Fig. 4Cis a

schematic di agramof an AGC circuit showmn in Fig. 4. 5 Fig. 4D
I s a schematic diagram of a phase detector circuit shown in Fig. 4.

Fig. 5A, 5B, and 5Cillustrate changes in optical field propagating in a
strongly scattering nedi um which i ncl udes a strongly absorbing
conponent. 10 Fig. 6 shows an expe%énental arrangenent of a two

el enent phased array used in an interference experinent. Fi gs.

waves. s ase t sTneasured
el enent array R ehe mtela%rerrme aeﬁf-wgte sbfiradl elements Bpdiate in
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str ongl y absorBiHy BTt oo dimensions. gpWeggopside éytsﬁsﬁgéﬁf-"?e P t he

intensities the signal along the plane A-A whose normal makes an
angle 0, with respect to the array normal. The phase of
the signal from the first radiator lags the phase of the
10 second radiator by a phase angle (27/A)d sin 05 because
the signal from the second radiator has to travel a
distance d sin 8, longer than the signal from the first
radiator to reach plane A-A. Similarly, the phase of the
signal from the n®P radiator leads that from the first
15 radiator by an angle n(2m/i))d sin 8;. Thus, the signals
from the various radiators can be adjusted to be in-phase
along the A-A plane, if the phase of each radiator is
increased by (27/lA)d sin 8,. Consequently, at a point on
the wavefront in the far field of the transmitter array
20 the signals from the N radiators will add up in phase,
i.e., the intensity of the total normalized signal is a
sum of the signals from the individual sources. The
constructed pattern has a well defined directional
characteristic and a well pronounced angular dependence,
25 i.e., the transmitter pattern has a well defined transfer
characteristic of the transmitter with respect to the
angle 0,. |
Fig. 2B depicts an arrangement of phases fof the
sources the system of Fig. 2 operating in one preferred
30 mode of operation. The array of five sources ‘is divided
intc two or more portions that are phased 180° apart.
Eéch portion has at least one source. The sources of
each portion radiate amplitude modulated light of equal
‘intensity and are spaced so that the resulting beam of
35 two or more equally phased sources has a substantially
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and the phase'shifts measured for the four elenent array of Fig. 9A

scanni ng absorbi ng objects of different sizes. Fig. 9D displays
t he phase shifts neasured for the four elenent array of Fig. 9A scanning
absorbing objects 30 of different absorption coefficients. Fi g.
10A an experinmental arrangenent of sources of a four el enent phased

array, a detector, and two strongly qug;hing obj ect s.
Fig. 10B displays the phase shifts neasur for the four elenent array

of Fig. 10A sgapgi 4aveohSoidly no W&fienOfofl HSEERa8hEE8y. on
| the other hand, there is a sharp 180° phase transition, a
large gradient in photon density between two antiphased
portions of the array. Thus, the radiated field
5 possesses an amplitude null and a phase transition of
180° (i.e. crossover phase), which is due to the large
gradient of photon density.

Electronic scanning is performed by appropriately
varying the apportionment of 0° and 180° phases on the

10 sources. The five element array of Fig. 2B can have the
180° phase transition along four different parallel
planes extending from the array. Scanning is achieved by
electroniéally switching the sources by 180°, so that the.
photon density gradient moves in the direction parailel

15 to the location of the sources.

Using the principles described in Figs. 2A and 2B,
a conical scan of a directional beam possessing at least
one substantial photon density gradient can be
accomplished using a four element antiphased array, as

20 shown in Fig. 2C. The laser diodes are antiphased using a
push pull transformer. The phasing and amplitude of four
laser diodes S8, 85, 83, and S, arranged into a two
dimensional array is modified sequentially using the
switches Sﬁl, Swy, Sw3, and Swg and inductances Ly, Ly,

25 L3, and L,. '

Fig. 2D shows a péssible'arrangement of the
transmitter array and the receiver array. The above
described directional beam enters subject 8 at the

" transmitter array location and is pointed to hidden

‘30 absorber 9 which perturbs the migrating beam. The field
perturbatidn is measured by the receiver array. Scanning
of the transmitter array or the receiver array is
envisioned by the present invention.

A hidden absorber that includes a fluorescent

35 bonstituent is detected using a selected excitation



Fig..11 depict diagrammatically a single 5 wavel ength | ocalization system
utilizing a conical scanner. 'Figs. 11A and 11B depict |

di agrammatical ly i magi ng systens utilizing one or two di nensional phased
array transmtters. 10 Figs. 12A and 12B depict an imagi ng system
conprising a two di nensional phased array transmtter and detection
array. : Description of the_Prgferred Enbodi nents

| magi ng system enbodi nents of the present i nventi on based upon

interference ghiRalhgth 'Aditdld Aaser HAIAHd bt Ntife StPARSHI BRYE NErray.
scattering. and absorptive properties are shown_ in Fi 2, and %. The
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criteria for selecting . , .
comprising one input port and several arrays of detection

ports. This system operates comparably to the systems of
Figs. 1 and 2. The 754 nm light of a laser diode 48 is

10 amplitude modulated using master oscillator 22. The
light is coupled to subject 8 using an input port 49.

The amplitude modulated light migrates in the subject and
is scattered from hidden object 9. It is also expected
that hidden object 9 has a different effective index of

15 refraction than subject 8. The migrating radiation is
governed by the laws of diffusional wave optics that are
described below. The scattered radiation migrates in
several directions and is detected by detection systems
50, 52, and 54.

20 Ports 51, 53, and 55 of the detection systems can
include either large area fibers or arrays of detection
ports. If large area fibers are used then detector
systens Sq, 52, and 54 cérrespond to detector 24 of Fig.
i. If arfays detection ports are used, then each of

25 detector systems 50, 52, and 54 includes several
individual PMT detectors. The PMT detectors of each
detector system are phased utilizing a selected phase
mode, as described above. The phasing is controlled by

- the computer control. The detected'signals are

30 heterodyned at the PMT detectors and sent to a phase _
detector 58. Phase detector 58 detects alternatively the
heterodyned signals using a switch 56. Operation of
phase detector 58 is similar to the operation of phase
detector 30 of Fig. 1.  The detected phase and amplitude

35 are alternatively sent to the computer control using a



the sdurce | ocations, the intensities, and the phases of t he respective
sources is the shape of the desired bean1 that at any tine point

possesses "a substantial photon density gradient produced by i nterfeérence
effects of 30 radiation fromthe various sources. This gradient of

photon density is |ocalized and has directional properties. Overall, the
resulting radiation formed by interfer@dce of the radiation OL t he I

i ndi vi dual sour es mgrates in a selected direction in the subject. In
;2d|V|du C tch 56a.g Even thought only_R@e_phasqyggngyg;-gygten] t he

wavefront of shewhedm hig Sgcthensnventfiodd ey WY %eéﬁﬁf‘t ed by

| ected differ ocations
a sharp IocaJﬁﬁgge deggggge I n photon density. Sel ecte

rs.
If hidden absorber 9 includes a fluorescent
5 constituent, laser diode 48 is selected to introduce an
excitation wavelength (e.g., 754 nm). The introduced,
intensity modulated radiation, excites the fluorescent
constituent which re-emits radiation in-all directions,
as shown in Fig. 3. The re-emitted radiation is detected
10 using detector systems 50, 52, and 54. To increase the
system resolution, each detector can be furnished with an
interference filter selected to pass only the fluorescent
radiation.
Fig. 3A shows diagrammatically an imaging system
15 used for detection of a fluorescing object 9. The system
is a modified version of the system of Fig. 3 wherein a
four element phase array 47 introduces a 200 MHz light of
a 0° and 180° phase. :The diffusion wave emitted from _
array 47 is re-emitted by object 9 and detected by ports
20 51, 53 .and 55 and processed as deécribed in connection
with Fig. 3. Array 47 effectively codes the illumination
light. Thus, when array 47 is rotated about the examlned
organ with object 9, the: receivers will contain
information corresponding to the orientation of the
25 object. Each detection port also includes a filter that
passes only the fluorescent radiation; this 1mproves the
resolution of the system.
The. interference of several waves, as described in
Fig 2A, has been long known in a non-scattering medium,
30 wherein the radiation propagates on a straight line, but
not in a strongly scattering medium. Referring to Figs.
6, 6A, 6B, and 6C, in a simple éxperiment, interference
of two different diffusive waves in a strongly scattering
medium was demonstrated. Propagation of visible IR
35 radiation in a scattering medium such as tissue can be



of thé photon density gradient are shown in Fig. 2B. 5 I n general
the wavefront propagates in the sel ected direction in the subject and

t he gradi ent of photon density is localized in one or nore planes
extending fromthe source array in a selected direction. I f the subject
i ncludes a | ocalized object having 10 different scattering and absorptive
properties fromthose of the surroundingsenvironnment, the propagating
radi at ed field is perturbed. This perturgation is detected and from

the source detdsseriBe@NBY'ditPaspPeht BEDPpABLOREEChnd thaB be WRehA¢e 15
I magl ng system

Referring to the enbodi t of Figs. and 1A, the
utilizes an afﬁéya%faIé£€£“ﬁ+5ﬁegg3?,%EQF exhipit,r@fractdpnint r oduci ng
light into thaliffsaetidn andeirtéeflereneti onTheTHe Fgaciwtr WadhsOPkinGaih

I nput ports , : 1 nd_ of, i cal ,output port 19 is 20
selected to efﬁ%%#%ggvé%€%+%€%&p%?t B?BPﬁggtP?sagiggﬁ8ﬁgs'htF&pﬁﬁéﬁ?t a
geomet ry of 5t IRCDIAY cadvenmpidamped t bravidling waveet oft Laghpoehezny from t he
shape of the iddd ed and detected radi ation, a conputer can |ocate a
hi dden obj ect 9 of exami ned tissue 8 (for exanple, a head or breast). 25
A nmaster oscillator 2BefgRrdRIoler fiigs £ X Mo lasexdiiastes aweiredi odes

12 through 18 sdpwrtatesd tat i ghdiotarce ofeheenednayebeptt Brbf- §he 760 NM.
The i ght fro@é%%é%ion port. The intensity modulated light of the two
10 laser diodes at frequency 200 MHz was sent through two
optical fibers to a container with an Intralipig™
suspension. The source detector distance was varied by
moving the optical port of the detection fiber along a
line parallel to the position of the sources. Figs. e6a,
15 6B, and 6C show measured maxima and minima of the optical .
field migrating in the medium.: This data demonstrates
interference between two diffusive waves created by two
coherent emitting sources of phase difference 180
degrees. Fig. 7 summarizes the experiment, wherein the
20 displacement of the detector is plotted against the phase
shift measured by the detector. The phase shift displays
the steepest part of the trace, curve A, (slope of about
360°/cm) at the displacement of about 2.25 cm. Curve B
is measured with an optical field of source S,. Here, the
25 measured slope is about 30°/cm. When comparing curves A
and B we demonstrate much higher sensitivity of the null
detection of the two element array contrasted with a o
diminished sensitivity to the detector displacement when
using a single source arrangement. The sensitivity of
30 the two source arrangement is increased by about a factor
of 10. The sensitivity is further increased when using
four or more element phased array, which sharpens the
photon density gradient and thus provides a higher
resolution for locating the hidden object.



| aser-"di ode is conducted to the respective input port pl aced on a

subject via a set optical fibers. A detector 30 24 detects the light that

has m grated t hrough the exam ned tissue. Preferably, detector 24 °

i ncl udes a photonul tiplier tube (e.g., Hamamatsu R928) powered by a

hi gh vol tage supply which outputs about 900 V in order to ensure a high

gain. Alocal oscillator 26 operating at_ &% conveni ent offset frequency

(e.g., 25 kHz) sends a signal - 13
© to a m xer 28 aﬁdaast%agq@cecawaelmbom@@tﬁﬁrt Orth?él -emitted

Accordlngly, veform25 fron1q§tec r a carrier
frequency equdl 4%?4) FQQeﬂui§ t%%%%ﬂséﬂﬁsréﬂérBHGér
frequency, i.migﬁ&tﬂdﬁLcan be determined by applying the diffusion
equation. The diffusion equation for photons in a
5 uniformly scattering medium was solved by E. Gratton et
al.,'"The possibility of a near infrared optical imaging
system using frequency domain methods." in Mind Brian
.Imaging Program, Japan 1990; and by J. Fishkin et al.,
"Diffusion of intensity modulated near-infrared light in
10 turbid media", SPIE Vol. 1413 (1991) p. 122. A solution
' of the diffusion equation was obtained for the light of a
point source (at r=0) radiating S{1 + M exp[~i(ot+e) ]}
photons, wherein S is the source strength (photons/sec.),
M is the modulation of the source at frequency v, and e
15 is an arbitrary phase. The photon intensity can be
| calculated as

I(r,t)=c * p(x,t),

wherein p(xr,t) is the photon den51ty and ¢ = 108 m/s is
the velocity of 1light. '

20 When solving the diffusion equation using a -
spherical-harmonics approximation in a non-absorbing
medium for the density of photons p(xr,t) than

I(r,t) = (Io/Dr) + (I,/Dr)exp[-r(w/2cD)¥)
x exp[i;(m/ZcD)*-- i(ot+e)],

25 wherein the diffusion constant D is % of the mean free
path. In the absence of an amplitude modulated signal
(w=0) the solution corresponds to a spherical wave
propagating without attenuation. For a non-zero
frequency, the amplitude of the signal at a frequency o

30 decreases exponentially. The light wave front the
emitted advances at the constant velocity V



5 -"  Detector 24 (for exanple, PMI Hamamatsu R928 or Hamamat su
R1645u) detects the scattered and absorbed light that has mgrated

t hrough the subject. Detection port 19 is |located several centimeters
fromthe | ocation of the input ports. The PMI detector is connected to
the 10 subject by the fiber optic guide, or, alternatively, may- be
directly placed on the subject. It has heeyy found that the nost
cost-effective detector for measuring st gnal s -of frequencies on the
order of 108 Hz is Hamamat su R928. However, the Hamamat su R1645u
detector 15 is preferned dund@)*ts hi gh precision. The second dynode of
the PMI of detector 24 is nodul ated by 200. 025 MHz signal 27 so that the
25 kHz hetrodyned signal 25 is received by a phase detector 30. Phase
detector 30 algd has ewoiedengtdf erence signal 29 fromm xer 28. |If phase 20

detector 30 is a lock-in anplifier, then the output ‘signals are the phase
shift and the intensi%y=02ﬂKaQD/w)ﬁetected signal . Both the phase shift and
the intensity of the detected |ight characterize the mgration path of

photons in the subj ectheeaBovet pgupripnst sboWerhazshigher miduliatdidnvel y, a
tunabl e dye |%&@hﬂn&@?ryﬂ@@rshorﬁiuréﬁmt@vé?e vhde hagd

acoust o-opti cal dul at,0 . operating at the carrier freguenty, e.g.,
MHz can bg S th§ﬁ£;¥§ﬁ°énﬁ?q tjidRe %?%?a%%%%t%roﬁ£¥egrlve

wavelengths. 1In principle, short wavelengths can be

200

10 obtained using high frequency modulated waves in a very
turbid medium. However, the amplitude of the modulated
wave decreases exponentially with the modulation
frequency. Therefore, the best resolution, i.e., the
shortest wavelength, is obtained using the highest

15 frequency which still gives a measurable signal. The
diffusion process limits the penetration depth at any
given modulation frequency, because of the exponential
decrease of the wave’s amplitude, and also decreases the
velocity of light propagation.

20 The above described diffusion wave approach treats
amplitude modulated light waves in scattering media using
the framework of wave optics. The photon intensity,
calculated as superposition of different waves}
constitutes a scalar field, propagating at a constant

25 velocity. At any given modulation frequency, the wave
optics phenomenology of scalar fields is valid. '
Therefore, in the frequency-domain, ﬁhe measurement and
analysis of light diffusing in tissues from several
sources will undergo constructive and destructive _

30 interference. Furthermore, wave refraction occurs at a.
boundary between two different tissues. It causes a
deviation of the direction of propagation of the wave
front, and thus there is a change in the amplitude and

_ phase shift of the propagation wave. The direction

35 change is a function of the ratio of the effective index



modul at or modul ates t he intensity of the light emtted by 30 the .laser at

the selected carrier frequency. The i nvention al so envisions
usi ng only one source of coherent light that irradi ates one end of
sever al optical fibers at the sanme tine. The other end of each - fiber

I's placed on the subject at a selected input port 35 location. This source
radiates light of a selected tine - 26 = -
14 - varying pattern. The phase relaeionship and the i ntensity of

(0L OBt B bRl WiETons S el | 5 SR MR
light into eacptiicser on $he other mgnd ) ghmorvel agepditndel i§ an i mging
system exponentially attenuated as the wave propagates in the
'scattering medium. This attenuation is in addition to
5 the exponential attenuation caused by finite absorption
of the medium. | o
Anmplitude modulated waves propagaté coherently in
the scattering medium; this is crucial for image
reconstruction. It is possible to accurately measure in
10 real time, the average intensity, amplitude, and phase of
the wave front over a large area using a single detector
or an array of detectors applying well-established
frequency-domain methods.
' The emitters are varied sequentially in phase
15 starting with the first emitter in the line and followed
by subsequent emitters. Each emitter -emits a spherical
wave and propagation of the resultant beam is
- perpendicular to the wavefront. If all the tranémitter'
delays are equal, the beam travels straight ahead. Delay
20 lines which produce variable transmitter delays can be
used to obtain appropriate phasing for steering the beam
across the tissue. The same principle can apply during
reception,
There are two important aspects of imaging as
25 envisioned by the present invention. The first is a
geometrical aspect and the second is phasing of the
transmitters and receivers.
It is also possible to construct a two-dimensional
array for two-dimensional pointing (e.g., Fig. 2C). The
30 multiplexing switches used with these arrays can be
constructed as an integral part of the array and can
consist of field effect transistors arranged so that
access to any element may be obtained by the application
of two adverse signals.



of Eid 1 further ~adapted to encode the transmtted |ight usi ng an

of fset frequency. Gscillators 22a, 22b, 22c and 22d drive four |aser
dirodes at ‘frequencies 30.025 Mz, 30. 035 MHz, 30.045 MHz and 30. 055
MHz, respectively. The 10 |aser diodes i ntroduce t he i ght that m grates
in tissue 8 and is collected at detection port 19 and detected by
PMI' detector 24. Local oscillator 26 pravigies.a 30 Mz ref erence signa
to detector 24 that outputs a detection . signal having 25 kHz, 35 kHz,

45 kHz and 55 kHz 15 fhegdafieyonorpoReRcEroRdeh scafAnRy) t&@?&m ‘Jé Sdl)ohase
derected 2, SERaN AR BlR R8T 0o By fbhing, BHE 3 ace
shift, njgratD@ﬁqmnﬁﬂaauﬁﬂdeﬁatectqusﬂ1muwerégml&ncbré%eﬂﬁsgﬁénfao C
:srgﬁrlcgag:‘ ng :l nqﬁg&mvé‘{: }Jﬁijn%é/\e%él Ual wave eng EStﬁﬂakﬁa §’§}stem
i s al so enV? sithfedubliagtoor diay maxinum detestiom. thetdeteohbrwasel engt h
i magi ng syst eplawed &&ﬁrtkﬂé et of ﬁw%ﬂ&a&w&éﬁ@ﬂw %:‘.%&géﬁé %@”‘Eh@t e
i ght of two wavel %n% Zfs‘teg\aao |seactoe bed th eto an optica er uch
systemwi || n&&Se &F. y RTRAY HavEPRFEGeS- opEhation is
shown in Fig $lane Bfe thesiptrotior|detesi ty rsddiemscis | @pt 68sopreat i ng at
array movés. In this sweeping action, as a strongly or
10 weakly absorbing object enters the radiation field, the
detector registers a field imbalance due to the above
described refraction of the propagating radiation. A
two-dimensional image is formed by storing the
information while the probe is moved across the subject.
15 Several scans in different imaging planes are envisioned
by the invention. If the system is duplicated or time
shared in two other faces of a cube, an algorithm would
be used to provide a 3-dimensional picture of the object
by triangulation. For a linear array of sources, there
20 is a plane in which the null is sensitively detected and
the 1ntersectlon of three planes (particularly at
orthogonal intersection) defines the location of a hidden
absorber. ‘ The data storage is accompllshed
electronically. _
25 The detector detects the_intensity and the phase
shift of the radiation that has migrated in the subject.
The phase shift depends on the tissue properties, i.e.,
absorption and scattering. For the low frequencies the
phase shift is proportional to ((l-g)g(.l.s/u.a);i and for the
30 high frequencies proportional to 1/u;. To obtain desired
penetration depth, appropriate frequency-for both master
oscillator 22 and local oscillator 26 is chosen; however,
the phase relationship of the laser diodes is maintained.
Different types of phased arrays are designed for
35 optimal examination and imaging of different human organs



30 200 MHz and an oscillator 62 operating at 200.025 Mz which is offset
25 kHz fromthe nmaster oscill ator frequency. The offset frequency of 25
kHz s a * convenient frequency for phase detection in this system
however, other offset frequencies as high as a few 35 negahertz can be
used. Oscillator 60 alternatively -

15 - drives two sets of |aser diodes 62% _64b, ., 64n .and 66a,

66b, ..., 66n using switches 6la, 61b, n. These smntches are driven
el ectroni cal | ¥ (bQgGQUBkfiah headfRClRMaME! engih diitifpidie QRhbLALC ger
and also to 5 achleve a selected radiation pattern r ron1t

radi ation enan8P|ﬁ&aﬂr&HPPﬁeHQH$§MQEEm°HﬁHﬁ§%;det%ﬁFl°n ports defined
by positions of optical fibers attached to a skull cap

may be used. A standardized mapping may be developed
5 also using x-ray techniques. Contrast labeling of

different physiological structures will aid the
visualization and orientation. The amplitude and phase
of the signals can be monitored on a precision
oscilloscope. In order to scan the phased array past a

10 fixed object of approximately known position, as in
needle localization procedures, the location of the input
and output ports will be scanned past the object and the
position of maximum phase shift will be recorded in one-
dimension; however, detection in two and three dimension

15 can be performed in the same way. '

' In the'preferred mode of operation, the array of
‘sources is phased 180° apart, as'shown in Fig. 8A. There
is a sharp 180° transition -of photon density wave, a

- large gradient in photon density, from S,, S, sources to

20 the S;3, S, sources. Thus, the radiated field gives an
amplitude null and a phase transition of 180° -
corresponding to the y-z plane, i.e., perpendicular to
the detector. If a larger number of similarly phaséd
sources ié used, the transitions are even sharper. The

25 array produces a uniform photon density pattern on each
side of the array, as shown in Figs. 8B and 8C. If an
absorbing object is placed in this directional field of
diffusing opticél waves, imbalance in the photon density
is measured. The detection of a hidden object is

30 accomplished by translating the experimental transmitter-
receiver system of Fig. 8A. '

In addition to the mechanical scanning achieved by
moving of the input-output port systém, electronic
scanning can be performed using the multiple source and

35 multiple detector systém of Fig. 2.. As shown in Fig. 2B



output 8 mmfiber coupler 72 collects photons for an R928 PMI det ect or
74. The 'second dynode (shown in Fig. 3B) of . PMI 74 is nodulated with a
200. 025 MHz reference signal 10 generated by oscillator 62 and anplified by
an anplifier 63. Thus, the output signal of the PMI detector has a
frequency of 25 kHz. PMI detector 74 alternately detects i ght of the
two | aser diodes that has migrated in the 29 tissue and produces
correspondi ng out put signals, which 15 are filtered by a filter 76 and

I evel Ied ]?yzan ﬁb&i Oé‘iiltéﬁraydé]ﬁl ﬂw@néds@i—cééﬁcthsrécmst a’7980A fa@eence
signal of 25 Hz.is prpduced in Xi.n

200,025 Mz odEraRStbion, Hhatiee ﬁﬂ%“}g}‘%?eﬂtgrﬁglﬂﬁzflgl %% leleso

| evel ed usi ng 1dw@° Spitasel ANXYerence bedwéén|nhe anphahasédtschmme%g Phase
detector 79 g e he S e t put
si gnal rel g’{]aeé/%;ffn?haem%ﬁa%gg%fh e re %r]égéléxcm Eﬂ? B‘}%Be %&h uts of
phase det ecborl&Q° sphase transittionctant b §9lfte§nlél peraddied ;*AM tch 80,

filtered, and JhensphPpitely PhrgPngleice §§pa peisnabltr 8¢t gk 8hd Qg gﬁoduce

sumand = difference signals ro ortion 0 <L>%err +<L> err
<L>[err]- }hasRs |on cﬁ??%ﬁ%ﬂce %ﬂﬂsshﬁ18?§ are QrPYtﬁ@Hu@§§da@dY
cal cul at e changestdiindettig ofieds®i gfethe agduroeshpyblisod.  Ivoleash

respectively. 30 o, the deSSDEIBL' S0t 2058005 BhOERILCH128E ' Qedf0 ©f
10 for collecting the data. As the sources are
| electronically switched by 180°, the detection array can
be also electronically switched from one detection port
to another. The signal from the receiving optical fiber
_is coupled to one shared PMT detector. However, the
15 system can also include several detectors. If the
systems of Figures 1 or 1A are used, the electronic
source scanning can be combined with- synchronous
mechanical movement of the ‘detection port.
In general, the invention utilizes the photon
20 density gradient created in the migrating field since it
increases the resolution of the detection. As known to
one skilled in the art, the photon density gradient
formed by‘interference effects of introduced waves can be
created nét only by appropriate phasing of the sources
25 but also by other methods such as appropriately spacing
the sources, creating an imbalance in the radiated
intensity of the individual sources, and other. The
imbalance may be achieved by modulating the amplitude of
one source with respect to another; this displaces the
30 null in the corresponding direction. Furthermore, the
introduced signal can be encoded by the frequency or a
selected phase.
'Fig. 8A shows the arrangement of the input ports
11 to 17 and detection port 19 of Fig. 1. As described
35 above, light of each laser diode 12 through 18 is



62 is*'shown in Fig 4A. This circuit has a drift of only - 0.03 _
degrees/hr. (Weng, et al., "Measurenent of Bi ol ogi cal Tissue thabqllsm
Usi ng Phase Modul ati on Spectroscopi ¢ Measurenent,” SPIE, Vol. 143, “p.
161, 1991, 35 which is incorporated herein by reference). The crystal

- 16 - I's neutralized, which enabl es operation at resonance, and
t hus achieves long-termstability. The rgsggclive crystals of
oscillators 60 and 62 are offset fromeach™™  other by 25 kgu. Thi s
circuit provi | o t [ t a aser
di ode. (¥ﬁ%é§§%gghﬁé§§%ﬁféé?%%P?E?SQ?g[ﬁﬁ%ekggggéﬁggynoggwéhengtphe
PMI i s shown i9f Mk Ur-ensity credulatedesadiation is

A = (4'rrc[n )‘i'

3fug

5 wherein f is the modulation frequency of 200 MHz, u, is
the scattering factor which is approximately 10 cm™! in an
Intralipid solution with refractive index n, and c¢c is
3 x 108 cm/s. Thus, the expected wavelength is about 7
cm. The input ports s,, S,, S3,'and S, are set 3.5 cm

10 apart and are anti-phased by 180° using a push pull
transformer. The antiphased array creates a large
gradient in photon density chosen to take advantage of
the destructive interference with the null detection.
The laser diodes emitting 754 nm light are intensity

15 modulated at 200 MHz using master oscillator 22, and the
local oscillator 26 is operating at 200.025 MHz to
perform the dynode modulation of PMT detector 24. The
detected intensities. and phase shifts of an x-direction
scan (Fig 8A) of detection port 19 are plotted in Figs.

20 8B and 8C, respectively. As expected; the intensity has
a sharp minimum in between sources S, and S; where the
phase is changed 180°. The peak width at half maximum is
about 2 cm. 1In addition to the x-direction scan of the
detectibn'port, the detection port was scanned in y-

25 direction wherein, as expected, no variation was
observed. '

Referring to Fig 9A, cylindrical objects of
different diameter, d, were scanned using the previously
described phased array. The objects were placed in the

30 middle of the linear array displaced 2.5 cm from the x-
axis. The detection port was located on the x-axis and
~each object was moved parallel to the x-axis at the 2.5
cm y displacement. The intensity and phase shift
detected at different locations are plotted in Figs. 9B
35 and 9C, respectively. The intensity pattern for each



resonant circuit 75a with an inpedance of 20,000 ohns I nstead of the
usual 50 [err] load with very high power 10 dissipation, providing a 50 V
drive of the photonul tiplier dynode while dissipating only a few watts

- of power. To obtain stable operation of the phase detector, a
stable input signal is required. The 25 kHz AGC 15 circuit 77, 78
illustrated in Fig. 4C includes an MC 1350 integrated circuit UL,
featuring w de range AGC for use as an %ﬁpTlfier The signal anplitude

is controlled a n ' reason for the
accurate deteé?%%n %fogﬁggg g%aneg§o éx%ﬁ Eﬁ s?gééﬁgbgﬁ %59 t phase
det ect or i nputS&ARrRd ?%W%Ftlgaﬁechﬁ gfl| gt x=@on¥rand D?lnhednﬁﬁng idis t .

Since the Inptgca&oléme? th&hangg; sf bﬁ’é:WéﬁE 20804t 6 ¥0h5§ a gvariation
in the phaéﬁ}shlft only, O, 2@’ t he AGC gl? urt _elimn % éﬁsﬁe need

for a very st 9% o= et EeﬁomE? §Gﬁﬁpyln2§lg' o¢. A?EPePéﬁﬁéd phase
det ect or cimmdétectfﬁmwhasnlnhefégtlﬁEnaE@QrSréysDuﬂﬂbnSan§|§o€hﬁ§zed

wave s onal pyasrher {18 HIEAER ShTERF SboRtee g pane it a8 B an Gar e
wave signallzbaﬂdétqthQ an RC change 30 (conposed of R11, R12, C8), which
makes it possible to. TheCQ%%%%nkﬁpdﬁE9§HfH&Qf@@@%% ABE%éB¥1é§ Je Tyl her
hidden object was studied using a 5 mm cylinder of
10 different absorption coefficient scanned by the 4 element
phased array of Fig. 9A. The detected phase change is
shown in Fig 9D. The 5 mm black rod displays the largest
phase change due to its high absorption, and the cylinder
filled with cardiogreen 3.5 mg/l which has absorption
15 coefficient p_ =200 cm~! shows the smallest phase change.
In scanning of a hidden object, these experiments
correspond to mechanically displacing: the source detector
system, or electronically scanning the subject.
Scanning of two objects of a different diameter is
20 shown in Fig. 10A. Two cylinders of different diameter
are scanned across the four element phased array located
on the x-axis. The detection port in located at y = |
cm. In Fig 10B the detected phase change-in plotted
against the displacement of these objects. Curve A -
25 represents the phase change of two cylinders of diameters
5 mm and 10 mm sepérated 3 cm apart. Curve B was
measured using 16 mm cylinder instead'the 5 mm cylinder;
In this case, wherein the two cylinder separation is
smaller, the phase detector can not resolve the two
30 objects. |
The imaging resolution is increased by increasing
the number of elements of the phased array, since the
main lobe of the resultant beam becomes much sharper, the
gradient of photon density is larger. Phased arrays of
35 different number of elements and different shapes are



i ncl udes a 74HC221 integrated circuit. The |ock-in anplifier technique

obtained to derive the difference of t he phase and anplitude of the two
si-grmal s has the - 17 - _ hi‘ghest
signal to noise ratio possible for this type of . equi prent .

The above-described systens utilize the carrier frequency on the order
of 10[err] Hz which is sufficiently 5 fasg,to resolve the phase shift of
the detected light. The characteristic tlne the tine it takes for a

phot on to asaaa%srbﬁh&eﬁﬂgaa1raa%ne%}gaﬂg anpgyt E':Ham%‘iret ir’ tumor
several nanosegconds. The sénsitivit the systemis

appr oxi mat el y YBRELIRY- pEPengﬁBEeEBﬁéeBF Bhasefl peray of Fig.’sa having

an approximately linear shape can be used for imaging of
the brain. On the other hand, a rectangular or a
5 circular phased array would be used for imaging of a
hidden tumor in the breast. The modulation frequency and
the element spacing is adjusted to obtain proper
focussing in each case.
‘ In general, an imaging system will operate using
10 the following modes of operation that arise from the
above-described principles. 1In the first mode of
operation, a_sefies of zero phased, appropriately spaced
sources create photon diffusion waves. One or more
detectors sensitive to a selected wavelength detect the
15 phase and the amplitude of the migrating wave.
Individual sources and detectors may be coded and
activated according to.selected detection:and display
schemes. The second mode of operation uses a series of
sources phased at 0° and 180° (or any other offset phase
20 that gives adequate sensitivity) with respect to each
‘other. The detector set at the null point of the array
detects changes in the phase at the null point. Each
detector may use an interference filter to limit its
sensitivify to a selected wavelength. The third mode-of
25 operation may further complement the second mode by not
only detecting the phase transition but also the
amplitude null. The most sensitive detection is achieved
when a hidden object is located in the midline plahe of
the 0° - 180° signal. An object is located using both
30 signals and their appropriate integrals or derivatives
are used to enhance the resolution of the system. The
display will also utilize information from several
wavelengths, for example, when 750 nm and 850 nm sources
are used, the signal difference provides information
35 about the hemoglobin oxygenation and the sum about the



10 centimeter change of pathlength, as observed in experinmental nodels.
Sel ection of the nodul ation frequency al so depends on the desired
penetration depth and resolution of the inmaging systemthat will be
described below. |If deep penetration is desired, a | ow 15 nodul ati on
frequency (e.g., 40 MHz) is selected, and if shal | ow penetration is
needed, nodul ati on frequenci es as high a3 10[err] Hz can be used.
Referring to Figs. 1 and 1A, a naster oscillator 22 operates at a

modul ati on frehlendy concehtratign.of othez0 wavaAhdvis sRlmaitad,aaeerding to

he desired i depth of the .opntical, field. Th f o
dodes 12 0gehSlle, ors Eedehais. SRR B dmense: oS Hedy actim

pattern, whichsameesphygedarrayhaay deudesigmednitoatoperat2s in all tHredne
preferred nodepgfelP8Eabi hager di j.n a phased
m88e8PBEabpbePatid %%%?@)uteé%.u?%r%s%%%%b%&em

array pattern which is I,nt roduce the tiSsue a > ed by a
single PMr 5 8etectsr azguitabler ngde Ofacperatigpe fori sptimaioo MHz
drives a nultisehsahagkipipased splitter which gives 30 outputs at

predet er mi ned phases. Jnput ports 11.through .17 are |l ocated at sel ected
di stances and an apprd{ﬁﬁ)%ﬁlé{)n.q Uty b 1heSRILS @¥edeRaIth i recti onal

beam and enhbtaligathohngystemhe3opmplalysf aekdnitatwecadniersSis®That
introduces optical radiation of a selected wavelength
10 from four laser sources 87 to tissue 8. The relationship
of the introduced patters is selected so that the
resulting introduced radiation pattern forms a cone
scanning in the examination space. The operation
principles of array 87 were described in connection with
15 Figs. 2A, 2B and 2C. Oscillator 62 generates a 200.025
MHz drive signal 91 that is introduced to modulators 90a
and 90b. Furthermore, :the phase of the drive signal is
shifted by 90° in modulator 90a relative to the phase of
the drive signal is modulator 90b, and the phase signals
20 are varied over time at 60 Hz. Each of the quadrature
phase signals (92, 93) are splitted in splitter 89a and
89b to from an in-phase and anti-phase drive signals.
The four grive signals drive four laser diodes labeled N,
S, W and E of array 87. Thus array 87 generates a
25 scanning conical signal (88) that includes a sharp phase
change in the center of the signal cone. Array 87 has
four 780 nm laser diodes, but other wavelengths selected
for a high sensitivity to a tissue component may be
employed. Furthermore a multi-wavelength array can also
30 be used.
The introduced diffusive photon density wave
migrates in tissue 8 and is detected at optical port 86
of an optical fiber connected to PMT detector 75. As
described above, the detected radiation is heterodyned
35 using a 200 MHz reference signal and the corresponding 25



across the tissue, as shown in Figs. 2A, 2B, and 2D. 35 After mgrating

through the tissue, the optical field is .
- 18 - collected in a large area fiber on selected |ocations 19 The

detected signals are heterodyned in the PMI detector 24 by utilizing the
out put of l|ocal oscillator 26, operating at a 25 kHz offset frequency,
to detector 24. 5 The resulting 25 kHz signal is phase detected with
respect to the output signal 29 of m xer-28B and det ector 24. Phase

detector 30 outputs the phase and the intensity of signal 25. The
det ect ed phaséﬂghlﬂkgnéhdls coupbedi £ campl btuderddtantionsed Aod phase

construction Hetdtdr i 7189¢ Phasdeastdbest - 7d MhSasdrLs’ tRENBHARY SRR €

between the introduced and detected radiation patterns.
The output of the phase detector is correlated with the
5 60 Hz signals 92 and 93 to produce localization signals
corresponding to the N, S, W and E laser sources. The
localization signals may be monitored using an
oscilloscope. '
When port 86 is symmetrically arranged in respect
10 to the location of the radiation cone 88 and there is no
field perturbation (i.e., no hidden object 9), the
oscilloscope will display a circular pattern. 1In the
same arrangement of cone 88 and port 86, if hidden object
9 is located in the radiation field, the oscilloscope
15 pattern will no longer be symmetrical, e.g., the circular
pattern may change to an elliptical pattern. For maximum
sensitivity, detection port 86 mechanically scans around
tissue 8 and is locked onto the scanning conical signal
so that port 86 always points to the center of cone 88,
20 i.e., port 86 is in the null location. |
Referring to Fig. 11A, a phase modulation imaging-
system 100 includes a two-dimensional phased array
transmitter 102 connected to laser sources 104.
Electronics 120 drives laser sources 104 and also
25 - provides reference signals to the detection system.
Optical detector 150 includes an optical input port 152
defined by a relatively large area optical fiber 154
connected to a PMT detector 156. |
Phased array transmitter 102 includes a horizontal
30 array 106 and a vertical array 112 of input ports
connected by a set of optical fibers (not shown in Figq.
11) to laser sources 104 that include 754 nm and 816 nm
laser diodes labeled a and.b, respectively. Diodes 107,
108, 109, and 110 of the horizontal array 106 are driven
35 by a push-pull transformer 122, and diodes 103, 114, 115,



control -34, which governs the operation of the system _ Fig. 2
depicts a phase nodul ati on i magi ng system conprising an input port array
for 4 ntroducing radiation and a detection port array for detecting
radiation that 15 has migrated in the subject. The operation of the system
I's controlled by conmputer control 34, which coordinates a transmtter
unit 32 with a receiver unit 42. TransniLIgg - unit 32 conprises severa
sources of visible or IR radi ati on adapted to introduce a sel ected

time-varying 2@8ngatter »roftHeh it JdaNS idr-d 11t 0 5 Wbk Cir Brdly @,;Bgly Qin-
“input ports 31 , 35, and 37. Receiver unit 42 detects radi a1 on t hat
has nigrated ihuiﬁret§ﬁl5’j52&r%rorﬁ2tﬁe iMputr eSO Lo 95\ the) s¥stem ayayf
detectors 39, bé, iA2reasedd by adding mor'El”I%duciitfﬁéﬁ.i 01[1 sour ces of .
transmtter unit 32 ar | LLy ul ated_at .a, frequency .in e range .
of 40 M to 200 nEné ROBLERRERL FRRF BheA R, fraheTEvo b latgd AT
Recei ver uni® a2fdeguensyand mppoesses ttdly rdl.d5%MHz gaiapatdd Hane
principl es of 556.8D3SAHANGSUMIIINAL 124 UHLH IR B ASSC P AL ADoK, TNe
signal detected at 30 |ngLvi ual ports can be phased using appréﬂ}i ¥
del ays. 128 gepgEpAingodeSaut-toathasigmads ath&Q Hansnik thorizomtrahy

and recei ver arefgraheedeighahed 27N df 3% KB stBplied@o FHhsP-aRaIQLSE NY
E)? El ?deﬁf\l C;flggsits)esgo drerey in at rl{'lethefrorlz% %yn?nli?cir}x%r It ()entzaolo.ldznse%{;lrray

10 signal from oscillator 124 and a 200 MHz signal from
oscillator 121. The vertical sources are intensity
modulated at a frequency of approximately 200.2 MHz
generated by a 200.2 MHz oscillator 134 and a vertical TV
scan drive 138 generating a saw-tooth signal 139 of 1

15 kHz. A vertical reference signal 137 of 200 kHz'supplied
to phase detector 164 is produced in a mixer 136 by
mixing the 200.2 MHz signal from oscillator 134 and the
200 MHz from oscillator 121.

The emitted light of either 754 nm or 816 nm,

20 alternated at 60 Hz by a chopper, migrates in the
examined tissue as described above and is detected at
input port 152. The detected light is heterodyned at PMT
detector 156 receiving a reference 200 MHz signal from
oscillator 121. The detector signal is then filtered at

25 25 kHz and 200 kHz using filters 158 and 160,
respectively. Phase detectors 162 and 164, receiving 25
kHz and 200 kHz reference signals, réspectively,
determine at each frequency the phase shift of the
detected light in respect to the introduced light.

30 As described above, the phase shift and the
related optical pathlength of the migréting photons
directly reflect the tissue prdperties. System 100 can
distinguish the differences in the phase shift of the
light emitted from horizontal array 106 and vertical



35 elenents radiating anplitude nodul ated |ight spaced a ;

- 19 - di stance, d, apart. The radiating wavefront is created by
the interference effect. If all elenents radiate in phase the wavefront
propagates in a direction per pendi cular to the array. However, by
appropriately 5 phasing the radiating elenents, the resulting beam can
scan space in two dinensions. W consider tge phases of t he signal

al ong the plane A-A whose nor.mal nakes an Tangle 00 with respect to the

oL nor e RPERDURTS, Sinee, sHIE i SN Bootl ot Al 205 e
because modulated at sllghtly d1fferent frequency.
Transmitter array 102 is designed to reflect the
geometry of the examined tissue and a possible location
5 of hidden objects. The hidden objects A, B, and C of
Fig. 11 targeted by array 102 are 3 to 4 cm in the
scattering medium. Thus, array 102 has the input ports
spaced approximately 1 cm apart and equidistantly from
the center. Detection port 152 is located about 7.to 10
10 cm from transmitter 102 and may be mechanically scanned
in correlation with the total introduced field of array
102. |
PMT detector 156 receives signals from the
horizontal and vertical arrays. The modulation 6ffset
15 vertical frequency of the waveform is about 10 times
-hiQher than for the horizontal waveform since the
repeatability of the vertical scan is:higher than the
repeatability of the horizontal scan. Approximately the
same frequency difference is used for the horizontal and
20 vertical TV scans. The output from phase detectors 162
or 164 represents the phase value as detected along the
horizontal axis and the vertical axis. A localized
absorbinggor scattering object (e.g., a tumor, localized
bleeding)'will cause a "resonance curve" type response.
25 The detected phase shifts for each signal is
differentiated (166 and 168) to "sharpen" the chances and
increase the resolution. The horizontal and vertical
outputs are added in a summing amplifier 170 and are
coupled to a video input of a 500 line TV display 180.
30 The display may be graded in a gray scale or a false
color scale. The resolution achieved in the above
described one-dimensional experiments can be further
improved and the signal-to-noise ratio enhanced by
employing a computer-storage of the scanned data and
35 integrating over a number of scans and using contrast



the signal fromthe second radiator has to travel a di stance d sin 00

| onger than the signal fromthe first radi ator to reach plane A-A

Si'md arly, the phase of the signal fromthe n[err] radiator |eads that
fromthe first 15 radiator by an angle n(2[err]/[err]))d sin [err]. Thus,
the signals fromthe various radiators can be adjusted to be in-phase
along the A-A plane, if the phase of each gqadiator is I ncreased by
(2[err]/[err])d sin [err]. Consequently, at a point on t he wavefront in

the far fieldefhdhteing mfi@amgrrame@rabevangnass"&iem LBanW radiglors

will add up | hase e intensit total nornalized srgna
is a sum of %ﬁﬂf%ﬁgﬁﬁﬁ@;??ﬁﬁﬁYkﬁ@? 1'Fi ahaFheopERUtsTRE thecphsseuct ed

pattern has adedldctthefs.ned directional characteristic and a well
pronounced angul ar de C€po2 , smtter rn, has a well
defined transfer ﬁgggg{ae‘rilost ?‘ca&o l S r]T ctealr’il?:n aRag eraml[’%"'\%ﬁ&tteq %% he
angle [err]5 157 that dQﬁthSH;hﬂxﬂmmblhmdaroangbandeteétpﬁas&dlﬁﬁﬁohhe

sources the suH &Rf29 181z AP 'Wz'ﬁr@?ﬁeﬁéfégr %%QPQS%Q
operation. The array of filve sources-1s nto two or
portions that Jﬁ%%@b&%ﬂﬂﬂ%ﬁrﬂr%uﬁﬁmlpulatﬁéht%%r$¢@ﬁ ¥a¥ as thaest one

source. The s@aees sHfift sﬁ.@ﬂhl@rénd)nfé@dt@t&lﬁiﬂpé*tﬂﬂ@ Wﬂﬁ%%sé bgght of
equal Inte%?%%yt%e am f%%%é“%f%h giag etﬂgsp ase 51§§g1§ improves |
10 resolution of the image.

Fig. 11B shows diagrammatically a low frequency
imaging system 190 that employs techniques similar to the
ones used in system 100 of Fig. 11A. A source array 192
emits diffused waves that propagate in tissue 195 and are

15 detected by detectors 200. The highest resolution is
achieved when a hidden object is located on the null line
of the diffused waves. The system operates. at about 50
MHz, to use instead of the laser diodes LED’s and instead
of the PMT detectors Si diodes. Oscillators 202 and 204

20 drive phase splitters 206 and 208; respectively, that
provide two intensity modulated voltage signals shifted
180° with respect to each other. The 0° and 180° signals
drive 750 nm and 850 nm, LED sources which are
multiplexed by switches 210 and 212 to operate sources of

25 one wavelength at the same time. The modulated diffuse
waves are detected by the Si diodes that include a
wavelength specific interference filter, and the detector
signal are converted from 50 MHz and 50.01 MHz
frequencies to 20 kHz frequencies usinq mixers 226 and

30 228, fespectively. Phase detectors 230 and 232 operating
at 20 kHz determine the phase shift of the detected
signals. Both the phase shift signals and the amplitude
signals are used to image the hidden absorber on a
display unit 240. '



35 two or nore equal | y phased sources has a substantially

- 20 - flat wavefront, i.e., no gradient of photon density.'Cn .
ofher hand, there is a sharp 180[err] phase transition, a | arge
gradient in photon density between two anti phased portions of the

array. Thus,
transition of

| ar ge gradi ent of photon density.
performed by appropri

the radiated field 5 possesses an anplitude nul

180[err] (i.e. crossover3£h§se), which is due to the
- El ectronic scanning is
t.of 0 and 180

| V. i h [
phases on the 10 sourgteg.'&fﬁlsnﬁ;i\%r gln% trrﬁesmg‘lro‘:%ge;é Ioaf ige.cezléfe&'ar?rﬁ'aﬁyesthe
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are shown in Fig. 12A. The spacing of the input ports
can be varied depending on the frequency of operation,
expected location of the hidden object and the shape of
the examined organ. Fié._lzB shows diégrammatically an
imaging system utilizing the 2-dimensional transmitter
and receiver arrays 250 and 255 that can be switched on
electronically. A master oscillator 262 and a laser
driver 260 drive a pair of in-phase and anti-phase laser
diodes, e.g., the first and the third diode of Y-array
and Z-array. A set of electronic switches is used to
connect a different set of laser diodes every 10 msec. A
set of optical fibers transmits the detected light to a
PMT detector 264 that also receives a reference 200.025
MHz signai from a local oscillator 266.

The heterodyned resulting signal is sent to a
phase detector 272 that measures the phase shift of the
detected radiation. The measured phase shift is further
manipulated to enhance the detected changes on a CRT
display 276 which has the same 10 msec time base as
electronic switches 263. Differenciator 274 takes a
derivative of the phase .shift signal; this intensifies
the'crosspver of the phase shift shown in Figs. 8c, Sc
and 9d. '

Alternative Embodiments _

In addition to the above described directional
detection, the present invention envisions imaging
systems constructed to calculate the average migration
pathlengths. Referring to Fig. 4, in such system the

drive signal from oscillator 60 is introduced'to a

selected laser diode 64a,..., 64n or 66a,..., 66n using
switches 61a,..., 61n. The intensity modulated radiation
of each laser diode is coupled to tissue 70 at an input
port located at a precisely defined position. A
detection port located at another position detects

t he

and a phase



180 phase transition along four different parallel ~ planes extending
fromthe array. Scanning is achi eved by el ectronically swtching tﬁe
sources by 180, so that the - photon density gradient noves in the
-direction parallel 15 to the location of the sources. Usi ng the
principles described in Figs. 2A and 2B, a conical scan of a directional
beam possessi ng at | east one substantial photon density gradient can be
acconpl i shed using a four el enment antiphas array, as 20 shown in Flg 2C.
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t hat includes a
intensity of the detected heterodyned signal depend on

10 the tissue through which said scattered and absorbed

radiation migrated. - '

_ The tissue properties are determined from the

. detected phase shift and intensity values and from the
known input ports and detection port geometries. The

15 measured average pathlengths, <L>, can also be
determined. The detected phase.shift is converted to an
effective migration pathlength <L> by using the low
frequency approximation 6=27f<L>n/c, wherein f is the
modulation frequency, c is the speed of light (3 x 108

20 cm/s), and n is the refractive index of the medium.

To illustrate imaging by detecting migration
pathlengths, we use an example of photon migration in a
tissue with a strongly absorbing object, a-perféct
absorber(ﬁa - ©) of radius R. Referring to Figs. 5a, 5B,

25 and 5C the distribution of pathlengths defines an optical
field that exists between a point detector, D, and
source, S, separated by distance p and located on the
exterior of an examined tissue which is a semi~infinite,
strongly scattering medium. As shown in Fig 5a,

30 infinitely far away from the field, a perfeét absorber
does not alter the banana-shaped optical field of.photons
emitted by source S and detected at detector D. As the
object enters the optical field (Fig. 5B), the photons
which have migrated the farthest distance from D and S

35 are eliminated by the absorption process inside the



35 constituent is detected using a selected excitation

- 21 - wavel ength of the |aser sources of the transmtter array.
Thery, the radiation is absorbed, and al nbst instantly a fl uorescent”
radi ati on of a different wavelength is re- emtted. The re-emtted
radi ati on propagating inall 5 directions is detected by the receiver
array. Fig. 3 depicts a phase_ nggulation I magi ng system
conprising one input port and several arrays of detection ports. This

Y aht of T | arESFEABRLe BECLINTLETR. O sinch. BRotbeg” Ml tsebl ot o
22. The | i gfme lengesip| pathbengbhecare absngbed,i thet approath of an
object shortens the distribution of pathlengths, -or
alternatively, shortens the average pathlength <L>. As
5 the object moves closer, and the optical field surrounds
the object (Fig. 5C), some of the detected photons have'
travelled "around" the object, which is detected as
lengthening the distribution of pathlengths. Thus, the
average pathlength measurement can reveal location of a
10 strongly absorbing component of a tissue (e.g., tumor or
localized bleeding).

Even though this pathlength computation approach
requires in most cases extensive computational
capabilities, it can yield useful information in the

15 localization procedures and can provide an useful
supplement to the above described directional approach.

What is claimed is:



Th ed light mgrates in the subject and Is scattered

e_anplitude nmodulated
from,h ' It is al so expected t hat hi dden object 9 has a
dlffiMEm‘mliﬂummHmhdex of 15 refraction than subject 8. The migrati'ng
radi ats I's wn govedsned by the | aws of diffusional wave optics that are
descri bed bel ow. The scattered radiation mgrates in several directions
and is detected by detection systens 204152, and 54. 20 Ports 51,
53, and 55 of the detection systens can include either large area fibers

or arrays of detectiom. porisethod|df!epgetavssopibesganirat$8 beey

det ect or sy 0 .and .54 rrespond .to detector .24 of Fig. 1.
| f arrays det e%ialgg%cgopggggrlgngzge&e ?’ﬁ&ﬁ‘ eléla‘iltofa"%s d(?g:[eé:&l(?rn Rt E®R
52, and 54 i ncEpgetrosvepit systeui apgpddledPMd ddtee ctubriectThaaRMl miRsd or S
of each det gehprisyalem are phased utilizing a sel ected phase nmode,
as described above. The“phasing is controlled by the conputer control.
The detected signals af® 30°ufstidigny meglbirieecimmmt deerts oplaced atnt to a

phase  detectelebBed PBa&LidALEEhOENRS stBhacks tal beohal iavgleé.eté% a _
het er odyned S|8nais using.a switch 56. Operation of phase detector 58 is
simlar to thedBptty¥i 8h bRepfdbdect.getector 30 of Fig. 1. The detected

phase and anplitude 3Xyre ialthesquming! intenthé Ostbfe®O) Ak eSa L@ APLL UST NY

a - ports, electromagnetic non-ionizing radiation of a
wavelength selected to be scattered and absorbed while
migrating in the subject, said radiation at each of said
input ports having a known time-varying pattern of photon
density,

(c) the time relationship of said patterns being
selected to form resulting radiation that possesses
substantial gradient in photon density as a result of the
interaction of the introduced patterns emanating from -
said input ports, said resulting radiation being
scattered and absorbed in migration paths in the subject,

(d) detecting over time, at a detection port
placed at a selected location on the subject, said
radiation that has migrated in the subject,

(e) processing signals of said detected radiation
in relation to said introduced radiation to create
processed data indicative of the influence of said.
subject upon said gradient of photon density, and

(f) examining said subject by correlating said
processed data with the locations of said input and
output ports.

2. The method of claim 1 further comprising

(a) moving synchronously said input ports or said
detection port to a different location on a predetermined
geometric pattern,



] switch 56a. Even thought only one phase detector is shown
'|n F| n envi sions use of several phase detectors.
[ - hi Eilluh g jl j&l‘i cludes a fluorescent 5 constituent, |aser diode 48

is sel e an excitation wavel ength (e.g., 754 nm. The
I nt roduced, intensity nodul ated radiation, excites the fluorescent
constituent which re-emts radiation in aJi dlrectlons as shown in

Fig. 3. The re-emtted radiation is detected 10 usi ng det ect or systens 50,

52, and 54. To increagg)thgt saiﬁshﬁi@fre‘i%?llﬂ”l' dtl%ﬁqch Hﬁtﬁ&f O can be
furnlshed with an ngerference filter selecte ass on t he
f1 uor escent ntroduc1ng into the subject, at said 1nput ports,

electromagnetic non-ionizing radiation of a wavelength
selected to be scattered and absorbed while migrating in
the subject, said radiation at each of said inpﬁt ports
having a known time-varying pattern of photon density,

(c) the time reiationship of said patterns being
selected to form resulting radiation that possesses
substantial gradient in photon.density as a result of the
interaction of the introduced patterns emanating from
said input ports, said resulting radiation being
scattered and absorbed in migration paths in the subject,

(d) detecting over time, at said detection port
placed at a selected location on the subject, -said
further introduced radiation that has migrated in the
subject, and

' (e) processing signals of said detected further

introduced radiation in relation to said introduced
radiation to create processed data indicative of the
influence of said subject upon said gradient of photon
density.

3. A method of spectroscopic examination of a
subject pdsitioned between input and detection ports of a
spectroscopic system applied to the subject, said method
comprising:

(a) providing multiple input ports placed at
selected locations on the subject to probe a selected
quality of the subject, .

(b) introducing into the subject, at said input
ports, electromagnetic non-ionizing radiation of a
‘wavelength selected to be scattered and abéorbed while
migrating in the subject, said radiation at each of said
input ports having a known time-varying pattern of photon
density,
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r adi at;i Fig. 3A shows diagrammatically an inmagi ng system 15
used jmuﬂ nglwyﬂﬂ"ﬁ fl uorescing object 9. The system Is a nodified
VEr si c Ll rmabf Fig. 3 wherein a four el enent phase array 47

i nt roduces a 200 MHz |ight of a O[err] and 180[err] phase. The diffusion
wave emtted from array 47 is re-emtted by object 9 and detected by
ports 20 51, 53 and 55 and processed as deggribed in connection wth
Fig. 3. Array 47 effectively codes the illum nation | i ght. Thus, when
array 47 is rotated aheut t a1y : éH%F ] ' .
receivers wll contai 3@’ iér?%o?r%gdtgi genéjlcaoﬁlrcggpo d\llt?\fg%%ﬁ% ﬁgé%%%él%g??%%gof

the 25 object .SERFteRt kRt FormpErSuLFing; raddation thpteposkgsses passes

only the fluorassetint 2all agradiehbi $ni pROGYASAERBity B8SEl Bhis@ltObet RRe
system . The 1ntergeﬁ€nce gf éeveral g@ves, as desqgribed in Fig
2A, has been |YNFIFOWMCR n° fi- SREFPEPFRY RBGFGRPS36TRREELPE £Rem

radi ation propseyid eknput gpsttsj gbaidi nesubting radfiatdoa beiaggly '
xper i ment, | M Tiring Snd SablothOl: in niqr8fiof lenfhS B che BuBygReL
scattering medi um @3 deetestizige @verr dpameat iath afdetiettian o135
radiation in grgddd eit Y SEHbEREUEHcAEibhS8HCtRa8NsABject, said

- radiation that has migrated in the subject,

(e) processing signals of said detected fadiation
in relation to said introduced radiation to create
processed data indicative: of the influence of said
subject upon said gradient of photon density,

(f) moving said detection port to a second
location on the subject, '

(g) detecting over time, at said detection port
placed at said second location on the subject, said
radiation that has migrated in the subject,

(h) processing signals of said radiation,
detected at second location, in relation to said
introduced radiation to create processed data indicative
of the influence of said subject upon said gradient of
photon density, and

(i3 examining said subject by correlating said
processed data with the locations of said input and
output ports. |

4. The method of claim 3 further comprising

(a) moving said detection port to'diffefent
locations on a predetermined geometric pattern,

(b) detecting over time, at said detection port
placed at a selected location on the subject, said
radiation that has migrated in the subject, and

(c) processing signals of said radiation,
detected at said different locations, in relation to said



- 23._—~___~HE§EFTB“6‘by“d|ffu5|on of photons, and thus we describe It

as.a d i",ﬂum\ﬂ"mﬂ exhibit refraction, diffraction and

|nterf lee waves, which can be visualized as "ripples

of brlghtness " rep edent a 5 scalar over - danped travel i ng waves of |ight

ener gy density. : Referrlng to Fig. 6, the two |aser diodes
wer e separated at a distance of 4 cm p? l.2.cmfromthe detection
port. The intensity nodulated |ight of the"two 10 | aser di odes at frequency

200 Mz was s ?ﬁtf@é@&gg £¥@1atloﬂp%bcéke££2€ %g ée&oak%'”ggdxggi}ggied

Intralipidferr susgens on e source oF “diStan
by movi ng @hetlpt inbluenee of Shéddéubne¢bnuppbeﬁaaﬂoggadlent of

photon density.

5. The method of claim 2, 3 or 4 wherein said
time relationship is further selected to vary the spatial
orientation of said gradient of photon density and said
movement of said detection port maintains a fixed
relationship of said detection port to said varying
orientation of said gradient of photon density.

6. A method of spectroscopic examination of a
subject positioned between input and detection ports of a
spectroscopic system applied to the subject, said method
comprising:

(a) providing multiple input ports placed at
selected locations on the subject to probe a selected
quality of the subject, '

(b) introducing into the subject, at said input
ports, electromagnetic non-ionizing radiation of a
wavelength selected to be scattered and absorbed while
migrating in the subject, said radiation at each of said
input ports having a known time-varying pattern of photon
density,

(c) the time relationship of said patterns being
selected to form resulting radiation that possesses
substantial gradient in photon density as a result of the
interaction of the introduced patterns emanating from
said input ports, said resulting radiation being
scattered and absorbed in migration paths in the subject,

(d) . providing multiple detection ports placed on
selected locations on the subject, to probe a selected
quality of the subject,

(e) detecting over time, at said detection ports,
said radiation that has migrated in the subject,



|ine’6;\\\\\T\TD\LhQ\E9§%;IOn of the sources. Figs. 6A, 15 6B, and 6C show
me.asuremwm ' of the optical field mgrating in the medium
Thi s data )%/[” interference between two diffusive waves créated
by two cohér eft i ng sources of phase difference 180 degr ees.
Fig. 7 summarizes the experlnent wherein the 20 di spl acenent of the

detector is plotted against the phase _ ghift neasured by the detector.
The phase shift displays the steepest part of the trace, curve A, (slope
of about 360[err]/cm) g 6&%&1 | $LeRR1E 8% eQQ&tdZtéété@

itd ﬁ? sour ce 4 Her nggéﬁégg sl ope

I's measured wi th an ogtlcal
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hi gher sensi tprbwseédt hatautLhdlcad@ts@Cbeomh@‘ inf deMeee lcrmRticr r ay
contrasted with d se SItIVI ﬁo theéfete t or displacenent -

when u5|ngsgbgﬁﬁﬁlgp88u?8é aPfa é?ﬁ&n? y 81930 the two
source arrangenent |stﬁyunex5mmhingeﬂnnd subyetbrby cofréDatihg sabditivity

har nonet he DESBREd=UNERCLoLO0n cnEOYLCRE JHNEE oF U (BIRRCd Y TaY. Which

shar pens the ensi |ent Sus provi des
resolution foPuFBEEtPﬁgtﬁhe hldden obj ect .

7. The method of claim 6 further comprising

(a) moving at least one said detection port to a
different location on a predetermined geometric pattern,

(b) detecting over time, said different location .
on the subject, radiation that has migrated in the
subject, and _

(c) processing signals of said radiation,
detected at said different location, in relation to said
introduced radiation to create processed data indicative
of the influence of said subject upon said grédient of
photon density.

8. The method of claim 6 wherein said input
ports placed on said subject are disposed in array and
said methog further comprises:

(aj rotating said array of input ports while
introducing said radiation into the subject at said input
ports, _ '

(b) detecting over time, at said detection ports,
said resulting radiation that has migrated in the
subject, and

(c) processing signals of said detécted radiation
in relation to said introduced radiation to create
processed data indicative of the influence of said
subject upon said gradient of photon density.
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the source at JoheQelf%d ¥d lan¥¥bd in said fluorescent constituent,
said detected radiation is emitted from said fluorescent
constituent and processed to determine location of said
fluorescent conétituent.

10. A method of spectroscopic examination of a
subject positioned between input and detection ports of a
spectroscopic system applied to the subject, said method
comprising:

(a) providing an input port placed at selected
locations on the subject to probe a selected quality of
the subject,

(b) introducing into the subject, at said input
port electromagnetic non-ionizing radiation of a
wavelength selected to be scattered and absorbed while
migrating in the subject, said radiation having a known
time-varying pattern of photon density,

(c) providing multiple detection ports placed on
selected locations on the subject, to probe a selected
quality of the subject,

(d) detecting over time radiation that has
migrated in the subjéct, the time relationship of said.
detection over time, at said detection ports, being
selected to observe gradient in photon density formed as
a result of the interaction of the introduced radiation
with the subject,

(e) processing signals of said detected radiation
in relation to said introduced radiation to create
processed data indicative of the influence of said
subject upon said gradient of photon density, and
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11. The method of claim 10 further comprising

(a) moving said detection ports to a different
location on a predetermined geometric pattern,

(b) detecting over time resulting radiation that
has migrated in the subject, the time relationship of
said detection over time, at said detection ports, being
selected to observe gradient in photon density formed as
a result of the interaction of the introduced radiation
with the subject, and

(¢) processing signals of said detected radiation
in relation to said introduced radiation to create
processed data indicative of the influence of said
subject upon said gradient of photon density.

12. A method of spectroscopic examination of a
subject positioned between input and detection ports of a
spectroscopic system applied to the subject, said method
comprising: _

(a) providing an input port placed at selected
locations on the subjéct to locate a fluorescent
constituent in the subject, '

(b) introducing into the subject, at said input
port electromagnetié non-ionizing radiation of a
wavelength selected to be scattered and absorbed by said
constituent while migrating in the subject, said
radiation having a known time-varying pattern of photon
density, - _
(c) providing multiplicity of detection ports
placed on selected locations on the subject to locate a
fluorescent constituent of the subject,
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(d) detecting over time fluorescent radiation
that has migrated in the subject,

(e) processing signals of said detected radiation
in relation to said introduced radiation to create
prbcessed data indicative of location of said fluorescent
constituent of the subject, and

(f) determining location of said fluorescent
constituent of the subject by correlating said processed
data with the locations of said input and output ports.

13. The method of claim 12 further comprising

(a) moving said detection ports to a different
location on a predetermined geometric pattern,

(b) detecting over time said fluorescent
radiation that has migrated in the subject, and

(c) processing signals of said radiation detected
at said different location in relation to said introduced
radiation to create processed data indicative of location
‘of said fluorescent constituent of the subject.

- 14. The method of claim 1, 2, 3, 4, 5, 6, 7 or 8
wherein said time-varying pattern comprises radiation of
said selected wavelength intensity modulated at a
selected frequency, said modulated radiation when
introduced from each of said input ports having selected
phase relatlonshlp that produces in at least one
direction a steep phase change and a sharp minimum in the
intensity of said radiation.

15. The method of claim 14 wherein said phase
relatlonshlp is 180 degrees. '

16. The method of claim 14 or 15 further
comprising a step of imposing on all said introduced
radiation patterns an identical time-varying phase
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introduced from each of said input ports having selected.
frequency relationship that produces in at least one
direction a steep phase change and a sharp minimum in the
intensity of said radiation.

18. The method of claim 1, 2, 3, 4, 5, 6, 7 or 8
wherein said time-varying pattern comprises radiation of
said selected wavelength intensity modulated at a
selected frequency, said modulated radiation when
introduced from each of said input ports having selected
amplitude relationship that produces in at least one
direction a steep phase change and a sharp minimum in the
intensity of said radiation.

19. The method of claim 18 further comprising a
step of imposing on all said introduced radiation
patterns an identical time-varying amplitude component
thereby changing the spatial orientation of said
direction of said steep phase change and said sharp
minimum in the intensity of said radiation.

20. The method of claim 14, 15, 16, 17, 18 or 19
wherein said radiation is modulated at a frequency that
enables resolution of the phase shift that originates -
‘during migration of photons in the subject;
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22. The method of claim 1, 2, 3, 4, 6, 7, 9, 10,
11, 12 or 13 wherein said processing comprises
determining the phase or the amplitude of said radiation
altered by scattering and absorption in the subject.

23. The method of claim 22 said phase or said
amplitude are employed in said examining step to localize
a hidden object in said subject.

24. The method of claim 22 said phase or said
amplitude are employed in said examining step to image
components of said subject. '

25. The method of claim 1, 2, 3, 4, 5, 6, 7, 9 or
10 wherein said wavelength of said radiation is
susceptible to changes in an endogenous or exogenous
tissue pigment of the subject.

26. A system for spectroscopic examination of a
subject, positioned between input and detection ports of
the spectfoscopic system applied to the subject,
comprising:

at least one light source adapted to introduce, at
multiple input ports, electromagnetic non-ionizing
radiation of a known time-varying pattern of photon
density and of a wavélength selected to be scattered and
absorbed while migrating in the subject, said input ports
being placed at selected locations on the subject to
probe a selected quality of the subject,

radiation pattern control means adapted to achieve
a selected time relationship of said introduced patterns
to form resulting radiation that possesses substantial



reconstruction. It is possible_to accurately-nmeasure in 10 real tine, the
aver age T ntensity,—anp IIL and phase of the wave front over a large

wel I- 32123’ﬂﬂﬂﬂﬂﬁ|ﬂlmlllﬁlﬂﬁcy dommi n ot hotis, o The em (ers are

varied sequentla | y"i n® pHfasie 15 starting with the first emtter in the

| i ne-and foll owed by subsequent enitters. Each enmitter emits a spherical
wave and propagat|on of. the resultant beaﬁ? perpendicular to the
wavefront. If_all tran m.tter g s are e

nltr eIs
Sty ai gt ahecBEaBiPHS 35 PRRESRIARDRiSTodtc8 Fortity &5 iR AHUSH
can be usedftbhebuatnodppedppaaterpbaema@amamgemmamlqpnduadyutn

across the tigsjles ESEEaQSdE§EE8pr%1% “s%BEE§ W LR ab%? -
There are two | npoft aspec magrrng as envi si one he pr esent
I nventi on. Th@lgra§@onspat s groftber sediegtpect and the second I s phasing

of the transmtters fd¥bd€se d@iSted to detect'ctavéi.S eimg, peeshble to
construct a tmo di mensi onal array for two-di nensi ongl p0|nt|ng (e.qg.,

Fig. 20 . The SéeﬁﬁFPPpPeftngléﬁPFcﬁésau§§&eﬁFFﬂ fesad1gm g W& pe
constructed asubfiett}egadl pagdtiatfiohhehatr apsandgrated itprHHestsu¥jdotsl d

ef f ect tranS|stors afréugkcgfﬁﬁtmégns adapted to process signals of

said detected radiation in relation to said introduced
radiation to create processed data indicative of the
influence of said subject'upon said gradient of photon
density, and |

evaluation means adapted to examine the subject by
correlating said processed data with the locations of
said input and output ports. '

27. The system of claim 26 further comprising
displacement means adapted to move synchronously said
optical ports and said detection ports to another_
location on a predetermined geometric pattern, said other
location being used to perform said examination of the
subject. '

28: A system for spectroscopic examination of a
subject, positioned between input and detection ports of
the spectroscopic system applied to the subject,
comprising: '

at least one light source adapted to introduce, at
multiple input ports, electromagnetic non-ionizing
radiation of a known time-varying pattern of photon
density and of a wavelength selected to be scattered and
absorbed while migrating in the'subject, said input ports
being placed at seleeted locations on the subject to '
probe a selected quality of the subject,
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addl-t i gnlﬂm jm‘j“g‘m tanning, the two- di mensi onal  scanni ng can be
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form resultlng.radlatlon that possesses substantial
gradient in photon density as a result of the interaction
of the introduced patterns emanating from said input
ports, said radiation being scattered and absorbed in
migration paths in the subject,

a detector adapted to detect over time, at a
detection port placed at a selected location on the
subject, said radiation that has migrated in the subject,
. displacement means adapted to move said detection
port to various locations on a predetermined geometric
pattern, said various locations being used to detect
over time radiation that has migrated in the subject,

processing means adapted to process signals of
said detected radiation in relation to said introduced
radiation to create processed data indicative of the
influence of said subject upon said gradient of photon
density, and

evaluation means adapted to examine the subject by
correlating said processed data with said locations of
said input and output ports.

25. The system of claim 27 or 28 wherein said
radiation pattern control means are further adapted to
modify said time relationship to vary the spatial
orientation of said gradient of photon density and said

: dispiacement means further adapted to maintain a fixed
relationship of said detection port to said varying
orientation of said gradient of photon density.

30. A system for spectroscopic examination of a
subject, positioned between input and detection ports of
spectroscopic system applied to the subject, comprising:
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to form resulting radiation that possesses substantial
gradients in photon density as a result of the
interaction of the introduced patterns emanating from
said input ports, said radiation being scattered and
absorbed in migration paths in the subject,

~at least one detector adapted to detect over time,

at multiple detection ports placed at a selected
locations on the subject, said radiation that has
migrated in the subject,

_ processing means adapted to process signals of
said detected radiation in relation to said introduced
radiation to create processed data indicative of the
influence of said subject upon said gradient of photon
density, and

evaluation means adapted to examine the subject by
correlating said processed data with the locations of
said input and output ports.

31. The system of claim 30 further comprising
displacement means adapted to move at least one of said
detection ports to another location on a predetermined
geometric pattern, said other location being used to
perfornm said examination of the subject.

32. The system of claim 30 further comprising
rotation means adapted to rotate synchronously said
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input port rotation being used to perform said
~examination of a region of the subject.

33. The system of claim 26, 27, 28, 29, 30, 31 or
32 wherein the subject comprises a fluorescent
constituent of interest, said wavelength of said
introduced radiation is selected to be absorbed in said
fluorescent constituent, said detected radiation is
emitted from said fluorescent constituent and processed
to determine location of said fluorescent constituent.

34. A system for spectroscopic examination of the
subject, positioned between input and detection ports of
a spectroscopic system applied to the subject,
comprisihg: '

a light source adapted to introduce, at an input
port, electromagnetic non-ionizing radiation of a known
time-varying pattern of photon density and of a
wavelength selected to be scattered and absorbed while
migrating in the subject, said input port being placed at
a_selecte§ location on the subject to probe a selected
quality of the subject,

detectors adapted to detect over time, at multiple
detection ports placed at selected locations on the
subject, said radiation that has migrated in the subject,
the time relationship of said detection over time, at
said detection ports, being selected to observe gradient
in photon density formed as a result of the interaction.
of the introduced radiation with the subject,

| processing means adapted to process signals of
said detected radiation in relation to said introduced
radiation to create processed data indicative of the
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detection ports to another location on a predetermined
geometric pattern, said other location being used to
perform said examination of the subject.

36. A system for spectroscopic examination of a
subject, positioned between input and detection pérts of
the spectroscopic system applied to the subject,
comprising:

a light source adapted to introduce, at an input
port, electromagnetic non-ionizing radiation of a known
time-varying pattern of photon density and of a
wavelength selected to be scattered and absorbed by a
fluorescent constituent while migrating in the subject,
said input port being placed as a selected location on
the subject to locate said fluorescent constituent of the
subject, '

detectors adapted to detect over time, at multiple
detection ports placed at selected locations on the
subject, fluorescent radiation that has migrated in the
subject,

processing means adapted to process signals of
said detected radiation in relation to said introduced
radiation to create processed data indicative of location
of said fluorescent constituent of the subject, and

evaluation means adapted to examine said subject
by correlating said processed data with the locations of
said input and output ports.
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detection ports to another location on a predetermined

geometric pattern, said other location being.used'to
locate said fluorescent constituent of the subject.

38. The system of claim 26, 27, 27, 29, 30, 31 or
32 wherein said time-varying pattern comprises radiation
of a selected wavelength intensity modulated at said
selected frequency, and said radiation pattern control
means are further adapted to control a selected phase
relationship between said modulated radiation patterns
introduced from each of said input ports having to
produce in at least one direction a steep phase change
and a sharp minimum in the intensity of said radiation.

39. The system of claim 38 wherein said phase
relationship is 180 degrees.

40. The system of claim 38 or 39 wherein said
radiation pattern control means are further adapted to
impose on all said introduced radiation patterns an
identical time-varying phase'component thereby changing
the spatial orientation of said direction of said steep
phase change and said sharp minimum in the intensity of
said radiation.

41. The system of claim 26, 27, 27, 29, 30, 31 or
32 wherein said time-varying pattern comprises radiation
of a selected wavelength intensity modulated at said
selected frequency, and said radiation pattern control
means are further adapted to control a selected frequency
relationship between said modulated radiation patterns
introduced from each of said input ports having to
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means are further adapted to control a selected amplitude
relationship between said modulated radiation patterns
introduced from each of said input ports having to
produce in at least one direction a steep phase change
and a sharp minimum in the intensity of said radiation.

43. The system of claim 42 wherein said radiation
pattern control means are further adapted to add to all
said introduced radiation patterns an identical time-
varying amplitude component thereby changing the spatial
orientation of said direction of said steep phase change
and said sharp minimum in the intensity of said
radiation.

44. The system of any one of claims 38 through 43
wherein said radiation is modulated at a frequency that
enables resolution of the phase shift that originates
during migration of photons in the subjgct.

45. The system of claim 44 wherein said frequency
is on the order of 10° Hz.

46. The system of claim 26, 27, 28, 29, 30, 31,
32, 34 or 35 wherein said processing means further
adapted to determine the phase or the intensity of said
radiation altered by scattering and absorption in the
subject.
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inferference with the null detection. The | aser diodes emtting 754 nm
light are intensity 15 nodul ated at 200 MHz using master oscillator 22, and
t he | ocal oscillator 26 is operating at 200.025 MHz to perforn1the
dynode nodul ati on of PNW detector 24. The detected intensities and
phase shifts of an x 2Gh A ek ggugékGOEHng‘ckk- Pebly 19 are
plotted in Figs. 20 ' ensity has
a sharp mninmumin betmeet e phase is

changed 180[err]. The peak ﬁidghsggaagl5fnanbngggb§°sur@bout 2 cm In

addition to the x-direction.scan. of the det § negg t he detection
port was scanned in yMethofs and O?V%m%l?'lre e%‘i’fﬂe thab SXAMIREOR was
obser ved. subjectRe8¢r 7ongpbeikiign2d, bethicedy Imﬂiutoh,lxﬂCtd&t@fctlon

di ff t di t d hed
phased array. BRECSoPEcEBo EPEChr RECHEin FHE TS PRI R0 1B BHERR S ay
di spl aced 2.5 Thefspstens shown anciudéhetdéeaeml@mepdnghWasdumua(ﬂizqn t he
x-axi s and £8Chy gD 25% 39@8159. %Vt%k c‘b?xttzgag.t )ggt%égsa?%df P?e 48t cm

y di splacenent. The [ntenhsity an se shift
| ocations are beasteanendetgstoyp 95°§ﬁ§590g meansc @ngeleyalppd ion ensity

pattern for eaglans. The light source introduces at one or multiple

input ports (11, 13, 15,17), electromagnetic non-ionizing
radiation of a known time-varying pattern of photon

. density of a wavelength selected to be scattered and
absorbed while migrating in the subject. The radiation
pattern control means controls the time-varying
relationship between the introduced patterns (i.e.,
relative phase, relative amplitude, relative frequency)
to achieve a directional pattern of emitted resulting
radiation that possesses substantial gradient of photon
density. The detector detects the radiation that has
migrated in the subject at one or multiple detection
ports (39, 41, 43, 45). The processing means (34)
process the detected radiation and create sets of data
that are utilized by the evaluation means (180, 240,
276). The emitted directional radiation pattern utilizes
its gradient of photon density to detect a hidden object
(9) while scanning across the examined subject. The
wavelength of the radiation can be selected to be
sensitive to endogenous or exogenous pigments, or to
cause fluorescent emission from a fluorescenﬁ'constituent
of interest in the subject. The operation of the systems
is controlled by a computer (34).
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- 31 : novi ng obj ect has two maxi num and one m ni num when the

scanned object was |ocated at x=0, y=2.5 point during its scan al ong
the -axis. At this point, a |large phase change is detected, as shown
in Fig. 9C. The phase 5 detection has inherently larger resolution of a

|l ocal i zed absorber; a hidden object of size as small as 0.8 mm can

be detected. The response due to different absorption of the

hi dden obj ect was studied using a 5 mmcylinder of 10 different absorption
coefficient scanned by the 4 el enent phased array of Fig. 9A. The

det ect ed phase change is //

12~

LD,

)
g
M 14—
LD,

P 16~ 0,

LD,

] Hidden q
Obgect

|

} 8,

. LD, Optical
lr | . Fibers Detector

84
~ 12
Master
Oscillator

40.000 MHz 25 KHz
200.000 MHz M

- 2l ™ 28
Vg as

Local - 2 25 KH
Oscillator ' _ z

40.025 MHz 297
200.025 MHz L Phase | _ plase st
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. | Computer -3y
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shown' i n Fi g 9D. The 5 mmblack rod displays the |argest  phase change

due.to its high absorption, and the cylinder filled wth cardiogreen 3.5
ng/ I whi ch has absorption 15 coefficient [err] =200 cnferr] shows the -
smal | est phase change. In scanning of a hidden object, these experinents

correspond to nechanical ly displacing thﬁvEﬁ§rce det ect or system. or
el ectronically scanning the subject. Scanning of two ©

a different dianeter is 20 shown in Fig. 10A. Two cyllndémSMQﬂﬂdBE%Q&ﬁdi
di anet er are scanned across the four el enent phased ar

the x-axis. The detection port in located af y =5 . m,”m BU, en
det ect ed phase change-in pl®tted agains?%the dlsplace

objects. Curve A 25 represents the phase change of two cylinders of

Curve B was neasur ed
In this case, wherein

di aneters 5 mm and 10 mm separated 3 cmiapart.
using 16 nmcylinder insteddnt3e5 nmcyli

the two cylinder separatiadn Es;; smal | er, hase det ector can not
resolve the two 30 object g OThe |gg; g resolution is increased
by increasing t he nunbe fﬁe eneXs of phased array, since the

mai n | obe of the resul cl® sharper, the gr adi ent of

photon density is |arggr. € ffer;g_nt nunber of elenents
and di fferent shapes afe <
) ~
Q ~
]
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- 32 -
i magi_ng,

used for irmaging different organs.
the four elenment phased array of Fig. 8A having

For exanpl e,

approxi mately |inear shape can be used for inmaging of

I magi ng of a

ot her hand, a rectangular or a 5 circular phiped array wouts

hi dden tunor in the breast.

the el enment spacing is adjusted to obtain p

case. In

general ,

an i magi ng systemw | |

follow ng nodes of operation that arise fromthe

princi pl es.
appropriately spaced

Scatterer

In the first node of

op

gation

nodul ati on
focu55|

in t unor

t he braln

Il

il

operate using 10 the

above-descri bed

a series of zero phased,

e

Multiplex Light

f:ig. /R

9 Absorber R928 PMT
b~ Scatterer :
24
tq
Fiber Couplers
30.000 L.O.
L.0. MHz
' . 30.025 99— ' 25 KHz2
Osc. LD v = M| |—= PD, F| je—— y
1 Te T fz‘“ Pa ena
A
1Y r-'ZQb C28&» L aufff‘ua/e<l'>
ta,t (
A2l82 _22c 28e e - <L>
30.045 L" 45 KHz
OSCSLD Nz =] M3 [~ PD3 Fy [*—
- |
fAB’QB ﬁ,22d | /,28J 300 —4-_<L>3
30.055 o—» 55 KHz
Osc.4LD TR M, = PD, Fq jo———
f;‘ ’9‘ I = <L>,
Aj-=~A, 8~=-A, Adjusted to Scan Object |
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sources create photon diffusion waves. One or nore detectors sensitive
tq a selected wavel ength detect the 15 phase and the anplitude of the,

m gf ati ng wave. I ndi vi dual sources. and detectors may be coded and
activated according to sel ected detection _and display schenmes. The
second node of operation uses a series[ﬁZZEB sources phased at O[err] and
180[err] (or any other offset phase 20 at gives adequate sensitivity)
with respect to each ot her. The detector set at the null point of the
array detects changes in the phase at the null point. Each det ect or
may use an interference filter to limt its sensitivity to a selected
wavel ength. The third node of 25 operation may further t he
second node by not only detecting the phase tr@ms$tetts Bith Rt he

anplitude null. The nost sensitive detection is a - a hi dden
object is located in th® mdline plane of the O g UH ] -signal .
t

~An object is located usﬁhg both 30 signals and thei I ntegral s
or derivatives are uzed to enhance the resolution of the system The
display will also utili i nfformation fromseveral - wavelengths, for .
exanpl e, when 750 nm and\850 are used, the signal difference
provi des information 35 aRo oxygenation and the sum about
t he '
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- 33t bl'ood concentration. O her wavel engths sensitive to

endogenous or exogenous tissue pignents nay be used. The sane source
arrdy may be designed to operate in all three nodes of operation. A
conput er supervisory system 5 selects a suitable node of operation for
opti mal sensitivity. Referring to Fig. 11, a single

wavel engt h | ocal i zati on system 83 enpl oys a coni cal scanner 85 that
‘introduces optical radiation of a selected ma th 10 from four | aser
sources 87 to tissue 8. The relationship he i ntroduced patters is
sel ected so that the resul ting introduced radlatlon pattern fornms a
cone scanning in the exam nati on space. The operation y,

[
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principles of array 87 were described in é?rﬁ tion with 15 Figs. 2A 2B
and 2C. Oscillator 62 generates a 200.025 drive signal 91 that is

‘introduced to nodul ators 90a and 90b. Furthernore, the phase of the
drive signal is shifted by 90[err] in nodulator 90a relative to the
phase of the drive signal is nodul ator 90b, and the phase signals 20 are

varied over tine at 60 Hz. E ughlr e signals (92, 93)
are splitted in splitter 89aﬁmmH€§§qt WWM ase and anti - phase
drive signals. The fouT RANSMITohER- RECEIVER AYSodes | abel ed N,
S, Wand E of array.87. Thus array 87 generates a 25 scanni ng coni cal

signal (88) that includes a sharp e ch e in the center of the
signal cone. Array Afmuﬁgemeﬂglﬁto%ﬁdﬁﬂIfg{ggggﬂodes, but ot her .
wavel engt hs sel ect ed for a high sensitivity to a tissue conponent nay .be
enpl oyed. Furt her nor g } y can al so 30 be used.:

The introduced diffusivej hetbrq-de-psi'qy Waved | mgrates in tissue 8 and is
detected at optical port f | ber connected to PMI
detector 75. As descrg pesd ab-a\}e-i- t 4e dietedt pd radiation is heterodyned
35 using a ngmmgferse ' 'respondi ng 25

Array Ff 8 ‘ 2 B

_4‘-'---{++
8- = = - -+

Recsiver
Array
Position

0 (YY) ol

- i

N
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- 34 : kHz signal is coupled to anplitude detector 96 and phase
detector 79. Phase detector 79 neasures the phase shift bet ween the
i nt r'oduced and detected radiation patterns The out put of the phase
detector is correlated with the 5 60 Hz S|gﬁ%b§392 and 93 to produce
| ocal i zati on signals corresponding to the' N, S, Wand E | aser sources.
The | ocal i zation signals nay be nonitored using an osci | | oscope.
When port 86 is symmetrically arranged in respect 10 to the | ocation of the
radi ation cone 88 and there is no field perturbation (i.e., no hidden
object 9), the oscilloscope wll display a cir ular pattern. In the
sane arrangerrent of cone 88 and port 86, sf hi dde pbj ect

'
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"9 is focated in the radiation fiéld, t he oscill oscope 15 pattern wll no

| onger be symmetrical, e.g., the circular pattern may change to an
elliptical pattern. For maxi mum sensitivity, detection port 86 ’
mechani cal ly scans around tissue 8 and is | ocked onto the scanning
coni cal signal so that port 86 always points to the center of cone 88,
20 i.e., port 86 is in the null location. : Referring to Fig. 11A,
a phase nodul ati on i magi ng system 100 i ncl udes a two-di nensi onal phased
array transmtter 102 connected to | as sources 104. El ectronics 120
drives | aser sources 104 and al so 25 prov§{5§3reference signals to the
detection system Optical detector 150 1 ncludes an optical input port
152 defined by a relatively large area optical fiber 154 connected to
a PMI detector 156. Phased array transmtter 102 includes a
horizontal 30 array 106 and a vertical array 112 of input ports
connected by a set of optical fibers (not shown in Fig.- 11) to | aser
sources 104 that include 754 nmand 816 nm | aser di odes | abeled a and b,
respectively. Diodes 107, 108, 109, and 110 of the horizontal array 106
are driven 35 by a push-pull transfo 3, 114, 115,
| 7 |Hidden Absorber
Scattering
Fluorochrome
/
Tra ¢ > ‘
rans = ' .
'T:::; g |_Recsiver
1 - ' Array

Phase Transition
,2vs 3.4

Scattering Material
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- 35 - and 116 of the vertical array 112 .are driven by a push-

pul-l transformer 124. The resolution of the system may be i ncreased by
addi’ng nore sources. The horizontal sources are intensity

nodul ated at 5 a frequency of approximtely 200.025 MHz generated by

200. 025 MHz oscillator 124 and a horizontal TV scan drive 128
generating a sawtooth signal of 60 Hz. A horizontal ref erence si gnal
127 of 25 kHz supplied to phase detector - 162 is produced in a mxer 126
by m xing the 200.025 MHz 10 signal fromoscillator 124 and a 200 MHz
signal from oscillator 121. The vertical sources are intensity

nodul ated at a frequency of approximately 200.2 MHz generated by a 200.2
MHz oscillator 134 and a vertical TV sca Eye 138 generating a -
sawtooth signal 139 of 1 Q?

L8
/_ o
L.O. _ 200 MHz
754 nm’ M.O.
26
< 200.025 MHz |
L.O.
| B
= Mixer
1 o— 3
Phaose
Detector | ™ 2
o— |
J / phase
i o8 3¢q C\-mf/f‘tt“de

This Sheet Has Been Replaced:| -

T



v

15 kHz. A vertical reference signal 137 of 200 kHz supplied to phase
detector 164 is produced in a mxer 136 by m xi ng the 200.2 MHz signal

fromoscillator 134 and the 200 MHz fromoscillator 121. -The
.emtted light of either 754 nmor 816 nm 20 alternated at 60 Hz by a
chopper, mgrates in the exam ned tissue as descri bed above and is
detected at i nput port 152. The detected light is heterodyned at PMI
detector 156 receiving a reference 200 MHz signal from oscillator 121.
The detector signal is then filtered at 25;25 kHz and 200 kHz using filters
158 and 160, respectively. Phase dete /@@ 162 and 164, receiving 25

kHz and 200 kHz reference signals, respectlively,  deternmne at e
frequency the phase shift of the detected light in res o the
i ntroduced light. 30 As descri bed above, t ase shigf ke

rel ated optical pathlength of the mgrating photons js SHlect \%\ ect t he

tissue properties. System 100 can di sti ngui sh the t he
phase s} i } from hori zontal ar vertica
- 52 o
2 8§ 5! i
(
\\\ Pl ’ b7 ug
. I”l,' ‘2( Lao . / 22
S3f LA L.D. | 200MHz
N 8 754 nm M.O.
- /80 | -
q L1 26
1 <] 200.025 MH2
: L.0.
55 I
Mixer .
> ' N\ 'Ph* =3
° - ase
= * Detector [ ¢ 2
—— * ) oo |
LA / / phase



- 36 -

nodul ated at slightly different frequency.
is designed to reflect the
possi ble location 5 of hidden objects.
Fi g.

Thus,
equidistantly from
to 10 10 cmfromtransmtter
correlation wth the total
PMI' detector 156 receives signals fromthe
arrays. The nodul ation offset 15 vertical

array 102 has the input ports
t he center.
102 and may be

11 targeted by array 102 are 3 to 4 cmin the

i ntroduced field o

@@nical ly

array 112 since the emtted light fromeach array is
Transmtter

geonetry of the exam ned tissue and a
The hi dden objects A, B, and C of
scattering medi um
spaced approximately 1 cmapart and
Det ection jport 152 is | ocated about 7

scanned
102

array 102

in

array
hori zont al

about 10 ti mes
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hi gher than for the horizontal mavefornlmlﬂﬂvgﬁk repeatability of the
vertical scan is higher than the repeatability of the horizontal scan
Approxi mately the sehgVid.a BVerence ié& #88 for the réﬁ%pﬁ&l
and 20 vertical TV scans. The output from phase getectors 16 or 164
represents the phase value as dgRSted al ong the hori zonyal axis and the
vertical axis. A localized absor bi ng or scattering obje t (e.g., a
tunor, |ocalized 111 cause a "resohance curve" tyb& rg_eo se.
25 The det ected phase shi or each signal is [ Q0..and,,
168) to "sharpen" |ncrea5kCﬁh:RBESOI .
hori zontal and : a1 = , 3 A fli fi rQ.apd
are coupl ed tq:la i e

di spl ay may be rag
resol ution achi
can be further
enploying a c t g
nunber of scans %ﬁﬁ

drtrmced }y
i Glkedr at i ng over a
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used with narrow bandi ng of the

Syst’em 100 may al so include an

frequenci es.
way as the

the i mage.

i magi ng system 190 that d

system 100 of Fig. 11A. A source¥a y 192 eprts—orf ~Nysed wa t hat
propagate in tissue 195 and , 1 tected by getect 0. p
resolution is achi eveq when fa hidden object |s |ogated ¢n the T3 ne
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anplitude of the detected radi at :

The detect gd
phase shif
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enhancing algorithms. Alterativel 4/ &3 sl ow scan”
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det ect or s-
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at the 25 kHz and 200 k
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fed to display 180. The
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¥
of the di ffused waves. The system operates dﬂ7dﬁ§ht 50 MHz, to use
i nstead of the | aser diodes LED s PMI' detectors S
di odes. Oscillators 202 and 204 20N\dM™\v A txers 206 and 208,
respectively, that provide two in ' ed voltage signals
shifted 180[err] with respect# i, yr] and 180[err]
signal s drive 750 nm and 850 fir—ttf- CES e mul tipl exed by
swi tches 210 and 212 to operate sourcggzaf 25 gﬁﬁkﬂ@velength at the sane
time. The nodul ated diffuse maveSNagp'E Fodshy the Si diodes that

i ncl ude a wavel engt h specific int g FEees --{é?, and the detector
signal are converted from 50 MHz and‘%%;ﬁ§§ 7-“Z’f'requenmes to 20 kHz
frequenci es using nixers,226 and 30 23

f@ ¥¥Vely. Phase detectors 230
and 232 operati ngF, ,agAO kHz determne 't

signals. Both the phse shift signals and
to image the hi dden absorber on a dis

Ase shift of the detected
anpl i tude signals are used
| t . 240.

\
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- 38 - A 2-di nensi onal transmtﬁ5¥25pd receiver arrays are
shewn in Fig. 12A. The spacing of the input ‘ports can be varied .
depending on the frequency of operation, scgxpected |ocation of the hidden

obj ect and the shape of 5 the exam ned oagan__ﬁ:?. 2B shows

di agrarrrrate#calé y an | magi ng systemutilizi ng™t ha 2-di nensi onal
transmttdry and receiver rays 250 and 255 that] tm be switched on

el ectroni calgi y. A master oS at or , driver 260 drive a

pair of in-phase and anti-phﬁse | aser 10 diodessze.g., the first and the
third di ode of Y-array and Z-arrgaeaadocot of el ectronic switches is used
to connect a different set of | agys set of
optical fibers transmts the detectp 264 t hat

al so receives a reféerence 200. 025 19ms i1l ator

266. _ The het erodyned res s phase
detector 272 that neasures the phag e - adi ati on.

The neasured phase shift is furtherje

Fig. ¢A

—
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nanlpulated to enhance the detected changes on a CRT 20 dlsplay 276 WhICh
has the sane 10 nsec tinme base as el ectronic switches 263.

Di ff'erenci ator 274 takes a derivative of the phase shift signal; this
intensifies the crossover of the phase shift shown in Figs. Bc, 9c

ané 9d. 25 Al ternative &gz phent s I n addition
to the above described directional de n, the present invention
envi si ons i magi ng systens constructed to cal culate the average mgration
Referring to Fig. 4, in such systemthe 30 drive signal from

pat hl engt hs.

oscillator 60 is introduced to a sel ected | aser diode 64a,..., 64n or
66a, ..., 66n using switches 61la,..., 61rfeaThe intensity nodul ated

radi ation of each |l aser diode is cou sspre 70 at an i nput

port located at a precisely defined position. A BSTEggggtion port | ocated

at anot her position det eme‘ —
S, S,

D

120 <
1101:
100
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80 4
70 4 360°/CM e
3
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50 4
E
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-39- radi ation that has mgrated in tissue 70. The detected - signal
i s-heterodyne m xed directly at PMI detector 74. These signals are fed
intd the phase detector wherein the . -phase fand the intensity of the
detected radiation are 5 neasured. The sy#féﬁf!?y'incIUde several PMI
detectors and phase detectors (only one sét of detectors is shown

in Fig. 4) operating simultaneously or one detector scans - the surface
of tissue 70. The phase shift and the .intensity of the detected

het er odyned signal depend on 10 the tissue throfgh which said scattered and
absor bed radi ati on mi g2aged. The tissue properties are
determ ned fromthe det e¢t ed phase shPf t and intensity values and from
t he Knowa- i-aput —por ts angl-det ect Lo aoets ies.. The 15 neasur ed
aver age pathlengths, <L>, cap also be eterm ned. The detecfed phase
shift is converted to an =~ effective p¥gration pathlength < by using the

I ow frequency approximati'pn [err]=2]err]f<L>n/c, wherei is the

3.5em . 3Som 3.5em : - This Sheet Has Been Repla
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nDduIaEion frequency, c is the speed of lighty(3 x 108 20 cnis) and n is
the refractive index of the nedium gd illustrate imaging by

det écting migration pat hl engt hs, we use nple of photon mgration
in a tissue with a strongly absorbing object, a perfect
radius R Referring to Figs. 5A, 5B, 25 and 5C

absorber([err] -> [err]) of
the distribution of pathlengths defines an optical field that exists

bet ween a poi nt detector, FOUREBLEMENTUARRAYSPATIERNt ed by di stance p and
| ocated on the exterior of an lamnglwgétwsue which is a sem-infinite,
strongly scattering ne@egm As shown in Fig 5A, 30 infinitely far away from
the field, a perfecf a [

ted at detector D. As the
t he phot ons whi ch have

field of photons Zem
obj ect enters the tiGf] field (Fi :
mgrated the farth s 4t ance fro S 35 are elimnated by the
absorption process&nsi de the
P P 0 ‘' intengity (x 20mv)

INTENSITY
ocbBE

X-axis (cm)
o, ©
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- 40 - perfect absorber of radius R Since photons which travel t he
| ongest pat hl engths are absorbed, the approach of an obj ect shortens the
di stribution of pathlengths, or altern g?h shortens the average
pat hl ength <L>. As 5 the object noves cl nd the optical field
surrounds the object (Fig. 5C), sone of the detected photons have
travel l ed "around" the object, which is detected as . | engt heni ng t he

di stribution of pathlengths. Thus, the aver age pat hl engt h neasur enent
can reveal location of a 10 strongly absorblng,conponent of a tissue (e.g.,
t unor or | ocal i zed bl eedi ng). n though this pathlength
conput ati on approach Zrtunnres in st gases extensive conputational
capabilities, it can yielld useful inf tion in the 15 localization

pr oceddr es -andg- ean-pFow Je- aR dsef U suppl enent. 1o the_ghove descri bed
di rectional approach. at s clained is:
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- 41 - 1. A nmethod of spectroscopic exanination of a subject

posi tioned between input and detection ports gf a spectroscopic system
applied to the subject, said nethod conprii@?. (a) providing -
mul tiple input ports placed at selected |ocatfons on the subject to probe a
selected quality of the subject, : (b) introducing into the subject,
at said input ports, electromagnetic non-ionizing radiation of a wavel ength
selected to be scattered and absorbed while migrating in the subject, said
radi ation at each ofSGANNINGpSUBJECTSON:FOUR ELUEMENT ARRA¥ I yi ng pattern
of photon density, 80 - ( c)different dismetes| at i onshi p of said patterns being

INTENSITY (x0.5mv) |

4 4 4 3 0 %2 4 & 2
x-axis (cm)
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selected to formresulting radiation thatypedsesses substantial gradient in
photon density as a result of the interaction of the introduced patterns

emanating fromsaid input ports, sai PHASE |(mgr%§t i on being scattered
and absorbed in mgration paths in the subject, (d) detecting over
time, at a detection port placed at a selected | ocation on the subject,
said radiation that has msgrated in thg subject, (e) processing

signals of said detected diatﬁgn in lation to id igtroduced radiation
he |?Rluen of &aid sghj ect upon

to create processed daté i pdi catjve o f
said gradient of photon dghsity, amt Lefyimerdaiunilg sai dy subj ect by
data with the locations.of said input and out put

correlating said processe
ports. 2. The nmgthod of claim1 fur@her conprising ()

novi ng synchronously saidi detection port to a different
| ocation on a predeterntng
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- 42 - (b) at said different location, further introducing into
the subject, at said input ports, electromagnetic non-ionizing radiation of
a wavel ength selected to be scattered a bed while migrating in the
subj ect, said radiation at each of said orts having a known
time-varying pattern of photon density, (c) the time relationship
of said patterns being selected to formresulting radiation that possesses
substantial gradient in photon density as a result of the interaction of
the introduced patterns emanating from said input rts, said resulting
radi ati on being scattered agg absorbed in mgratfon paths in the subject,
(d) detecting over tine, at dq det ecti oggpor pl aced at a sel ected
| ocation on the subject, saiadttrther int ed radi ation that has
mgrated in-th¢ - — — - -/ T\- - — — ¥ — — —_——— - -

r /
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ect (e) processing signals of said detected further

subj ect, and
i ntroduced radiation in relation to said introduced radiation to create

processed data indicative of the influence of said subject upon said
gradi ent of photon density. 3. A nethod of spectroscopic

exam nation of a subject positioned between input and detection ports of a
- spectroscopi c system applied to the subject, said nethod conpri sing:

(a) providing nultiple input ports placed at) sel ected |ocations on the
subject to probe a selected quality of t _3{h53ect, (b) introducing
into the subject, at said input ports, electromagnetic non-ionizing

radi ati on of a wavel ength selected to be scattered and absorbed while
mgrating in the subject, said radiation at each of said input ports having

a known tine-varying pattern of photon density,
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- 43 - (c) the tine relatlonshlp of said patterns being sel ected

to. forn1resu|t|ng radi ati on that possesses S

density as a result of the interaction of 2{[?_;
fromsaid i nput ports,

said resulting ra

on

absorbed in mgration paths in the subject,

time, at a detection port placed at a eélect
said radiation that has mgrated in th ect,
2|

signals of said dgt
d

to create ffissues

sai d grgdrermt pmmwmmrw
9

a seconq

ected radi ation d.n-

an.Lo.sa'

bstantial gradient in photon

roduced patterns emanating
belng scattered and
(d) detecting over

e@gocation on the subject,

G0q (e) proceSS|ng
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in
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| ocati'on on the subj ect, (g) detectiyng.over tinme, at said detection
port placed at said second | ocation on t@S; ect, said radiation that has
mgrated in the subject, (h) processing signals of said radiation,
detected at second Iocatlon, ife0elation to sgj,d i ntroduced radiation to
Create processed data indicatiye of the infl e.of said subject upomgal d
gr adi ent of ;g9hot on density, ané (i){ exam ning said subject by
correl ating tsal d processed data wit h t e | ocat |—hs of said input andjout put
ports. 4. Th thad of claim3 rising a)

novi ng said et egj, g‘gm' 5~V gp ‘%i et er mi ned

oo - \\||\|\\\|||\\\\\|\|\\||\

geonetric pattern N | ?b,actl ngi-0 det ecti on port
placed at a sel ectfg] je2gati on the s sal d r‘aﬁﬁ ation that has
mgrated in the s tA Ahd
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- 44 = introduced radiation to create processed data indicative of the

i nfl uence of said subject upon said gradi-zé/? phot on density. .

5. The nethod of claim2, 3 or 4 wherein 8i me relationship is further
selected to vary the spatial orientation of said gradient of photon density
and sai d novenent of said detection port maintains a fixed relationship of

said detection port to said varying orientation of said gradient of photon

density. 6. A method of spect rﬁscopi-c exam nation of a
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s:\ . . . .
subj ect positioned between input and detecjion ports of a spectroscopic

system applied to the subject’, said ne L'} .g@rpri si ng: (a) .
providing multiple input ports placed at 6el ected | ocations on the subject
to probe a selected quality of the subject, (b) introducing into

the subject, at sk FIRMERNELORLeEeahs HTRGOREIG AR:EON G P LAl J Q0.
a wavel engt h sel eGERNEEFREHER TR AR VR T o T LT
subj ect, said radjgtis ey

time-varying pat t &Eiae
of said patterns BBEHHSS
substanti al gradi.gh®ies
the introduced pagfgisess
radi ati on being sEafik:

(d) providing rrul_.‘t,:"‘-'_'__:
subj ect, to probe:zigss

over time, at sai;
subj ect,
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- 4% - _ (f) processing signals of j@eslet ected radiation in
rerI»a@t ion to said introduced radiation to % processed data indicative
of the influence of said subject upon said gradient of photor28&nsity, " and

(f) exam ning said subject by correlating said processed a{with the
| ocations of said input and output port VAR ) d of claim
6 further conprising (a) noving t Wngfsgl df det ect |jon port to
a different |ocation on a predeterpm ri'g. t (b)

detecting over time, said differ FEErouR
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w
on the subj ect, radiation that has mgrated in the-supjpectan
proce53|ng signals of said radiation, detected aﬂ §ar
inr&lation to said introduced radlatlon to creatie’ -Process _
i ndi cative of the influence of said subject upon: sq;d‘gréﬁ}enf'df; hot o :?M"
density. 8. The nethod of claim6 whereif,sa d Erputop ‘gibﬁéc'

on said subject are disposed in array and said nﬂt odJFh%fherP ﬁ%?ﬁ§b§m;ﬂ .
(a) rotating said array of input ports whitle int rodu0|ng sai d radi at,i

into the subject at said input ports, (b) QTECtIhQEHEEHRD ‘&E .....
said detection ports, said resulting radiation t has nigratredim Tﬁe

subj ect, and ERAMTRAGGRIE 030 SuriEdts Qfs ¢ JpROTER! REcRAGTAN O I N
relation to sai d infroduced raalatlon tg create ed data 1 ndicative

of the influence of said BLERLcELCH DIRECTION density.

Background of the Invention

5 This invention relates to examination and imaging
of biological tissue using visible or infra-red
radiation. '

Traditionally, potentiaily harmful ionizing
radiation (for exaﬁple, X-ray or yY-ray) has been used to

10 image biological tissue. This radiation propagates in the
tissue on straight, ballistic tracks, i.e., scattering of
the radiation is negligible. Thus, imaging is based on
evaluation of the absorption levels of different tissue
types. For example, in roentgenography the X-ray film

15 contains darker and lighter spots. In more complicated
systems, such as coﬁputerized tomography (CT), a cross-
sectional picture of human organs is created by
transmitting X~-ray radiation through a section of the
human body at different angles and by electronically

20 detecting the variation in X-ray transmission. The
detected intensity information is digitally stored in a
computer which reconstructs the X-ray absorption of the
tissue at a multiplicity of points located in one cross-
sectional plane.

25 Near infra-red radiation (NIR) has been used to
study non-invasively the oxygen metabolism in tissue (for
example, the brain, finger, or ear lobe). Using visible,
NIR and infra-red (IR)-radiation for medical imaging
could bring several advantages. In the NIR or IR range

30 the contrast factor between a tumor and a tissue is much
larger than in the X-ray range. 1In addition, the visible
to IR radiation is preferred over the X-ray radiation
since it is non-ionizing; thus, it potentially causes
fewer side effects. However, with lower energy

35 radiation, such as visible or infra-red radiation, the
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- 46 - ' 9. The nethod of claiml1, 2, 3, 4, 5, 6, 7 or 8 wherein
.sald‘subject conpri ses a constituent 'that fluoresces sai d wavel ength of -
said”introduced radiation selected to be absorbed in said fluorescent
constituent, said detected radiation is enitted fromsaid fluorescent
constituent and processed to determ ne location of said fluorescent

constituent. - 10. A nethod of spectroscopic exam nation of a
subj ect positioned between input and detection ports of a spectroscopic
system applied to the subject, said aebfod conpri sing: - (a)

providing an input port placed at sel ected .
EXAMINATION OF SUBJECTS USING PHOTON MIGRATION
WITH HIGH DIRECTIONALITY TECHNIQUES

Abstract of the Disclosure

Methods and systems are described that examine a
subject (8, 70) positioned between input and detection
ports of the spectroscopic system applied to the subject.
The systems shown include at least one light source (12, |
14, 16, 18) radiation pattern control means (85, 120), at
least one detector, processing means and evaluation
means. The light source introduces at Qhe or multiple |
input ports (11, 13, 15,17), electromagnetic non-ionizing
radiation of a known time~varying pattern of photon
density of a wavelength selected to be scattered and
absorbed while migrating in the subject. The radiation
pattern control means controls the time-varying
relationship between the introduced patterns (i.e.,
relative phase, relative amplitude, relative frequency)
to achieve a directional pattern of emitted resulting
radiation that possesses substantial gradient of photon
density. The detector detects the radiation that has
migrated in the subject at one or multiple detection
ports (39, 41, 43, 45). The processing means (34)
process the detected radiation and create sets of data
that are utilized by the evaluation means (180, 240,
276). The emitted directional radiation pattern utilizes
its gradient of.photon density to detect a_hiddeh object
(9) while scanning across the examined subject. The
wavelength of the radiation can be selected to.be
sensitive to endogenous or exogenous pigments, or to
cause fluorescent emission from a fluorescent constituent
of interest in the subject. The operation of the systems
is controlled by a computer (34).

Figure 1
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| ocations on the subject to probe a selected quality of the subject,

() introducing into the subject, at said input port electromagnetic
non-ioni zing radi ati on of a wavel ength selected to be scattered and o
absorbed while migrating in the subject, said radiation having a known

time-varying pattern of photon density, _ (c) providing nultiple
-detection ports placed on selected | ocations on the subject, to probe a
selected quality of the subject, (d) detecting over tinme radiation

that has migrated in the subject, the tine relationship of said detection
over time, at said detection ports, belng8sel ected to observe gradient in
phot on densit%-zt ornmed as a result of the interaction of the introduced

radi ati on wit 2 subjecy, (e) processing signals of said detected
radi ation i rn—~e+& iq_ro}o e uced radiation to creafge processed data
I ndicative df the}infl ueng subj ect upon said gragient of photon
density, and : 49 _ _ " Tissue
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- 47 - (f) exam ning said subject by correlating said processed
Odata with the |ocations of said input and output ports. 11. The
nmet hod of claim 10 further conprising (a) noving said detection
ports to a different |ocation on a predeterm ned geonetric pattern,

(b) detecting over tine resulting radiation that .has mgrated in the
subject, the tinme relationship of said detection over tine, at said
detection ports, being selected to obs@f%®8 gradient in photon density
formed as a result of the interaction of the introduced radiation with the
subj ect, and - (c) ocessing signals of said detected radiation in
relation to said introduc’egradi ation to cﬁeat_e '
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processed data indicative of the influence of said subject upon said

gr adi ent of photon density. 12. A nethod of spectroscopic
examnation of a subject positioned between input and detection ports of a
spectroscopi ¢ system applied to the subject, said nmethod conpri sing:

(a) providing an input port placed at selected |ocations on the subject to
| ocate a fluorescent constituent -in the subject, (b) introducing
into the subject, at said input port el ectromagnetic non-ionizing radiation
of a wavel ength selected to be scatter¥®&nd absorbed by said constituent
while mgrating in the subject, said radiation having a known tine-varying
pattern of photon density, (c) providing multiplicity of detection
ports placed on sel ected | ocations onéthe subject to |l ocate a fluorescent

const i tuent : g£ott12reersum -9 Absorber 'Rgzs PMT

_— Scatterer
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- 48 - (d) detecting over tinme fluorescent radiation that has
mgrated in the subject, (e) processing signals of said detected

radiation in relation to said introduced radiation to create processed data

i ndicative of location of said fluorescent constituent of the subject, and
(f) determining |location of said fluorescent constituent of the subject by

correlating said processed data with the locations of said input and out put

ports. - 13. The nethod of claim 12 further conprising (a)
novi ng said detection ports to a difféR8ht | ocation on a predetermnined
geonetric pattern, (b). detecting over time said fluorescent

radi ation that has mgrated in the subject, and
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(c) processing signals of said radiation detected at said different

| ocatiicon in relation to said introduced radiation to create processed data
indi cative of l|ocation of said fluorescent constituent of the subject.

14. The nethod of claim1, 2, 3, 4, 5 6, 7 or 8 wherein said tinme-varying
pattern conprises radiation of said selected wavel ength intensity nodul at.ed
at a selected frequency, said nodul ated radiati on when introduced from each
of said input ports having sel ected phase relationship that produces in at

| east one direction a steep phase cha #8nd a sharp m nimumin the
intensity of said radiation. . 15. -The nethod of claim 14 wherein
sai d phase relationship is.180 degrees. 16. The nethod of#claim 14
or 15 further conprising a step of inmposing on all said introduced

radi ati on patterns an identical tinme-varying phase
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- 49 - conponent thereby changing the spatial orientation of said
direction of said steep phase change and said sharp mninmumin the

: intensity of said radiation. 17. The method of claim1l1, 2, 3, 4,
5, 6, 7 or 8 wherein said tine-varying pattern conprises radiation of said
sel ected wavel ength intensity nodul ated at a sel ected frequency, said
nodul at ed radi ati on when introduced fromeach of said input ports having
sel ected frequency rel ationship thamé)duces in at | east one direction a
steep phase change and a sharp m ni n the intensity of said radiation.
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18. The nethod of claim1l1, 2, 3, 4, 5 6, 7 or 8 wherein said tine-varying
pattern conprises.radiation of said selected wavel ength intensity nodul ated -
at a selected frequency, said nodul ated radi ati on when introduced fromeach
of said input ports having selected anplitude relationship that produces in
at least one direction a steep phase change and a sharp mininmumin the '
intensity of said radiation. 19,. The nethod of claim 18 further
conprising a step of inposing on all said introduced radiation patterns an

i dentical time-varying anplitude conpoq?Q% t her eby changi ng the spati al
orientation of said direction of said steep phase change and said sharp
mnimmin the intensity of said radiation. 20. The nethod of
claim14, 15, 16, 17, 18 or 19 wherein said radiation is nodul ated at a _
frequency that enables resol ution of the phase.ghlft that originates during

mgration of photons in the subject. } , :

2
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- 50 - 21. The met hod of claim 20 wherein said frequency is on the
order of 10[err] Hz. : 22. The nmethod of claiml1, 2, 3, 4, 6, 7, 9,
10, 11, 12 or 13 wherein said processing conprises determning the phase or
t he arrplitude of said radiation altered by scattering and absorption in the
subj ect . 23. The nethod of claim 22 said phase or said

8/28
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anpl4 tude are enployed in said examning step to | ocalize a hidden object
in said subject. : 24. The nmethod of claim22 said phase or said
anplitude are . enployed in said exam ning step to i mage conponents of said
subj ect . 25. The method of claim1, 2, 3, 4, 5 6, 7, 9 or 10
wherei n.said wavel ength of said radiation is susceptible to changes in an
endogenous or exogenous tissue pignent of the subject. 26. A
system for spectroscopi ¢ exam nation of a subject, positioned between input
and detection ports of the spectroscopic 8y88em applied to the subject,
conpri si.ng: - at least one light - source adapted to introduce, at

mul tiple input ports, electromagnetic non-ionizing radiation of a known
ti me-varying pattern of photon density and of a wavel ength selected to be
scattered and absorbed while mgrating in the subject, said input ports’
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bei ng placed at selected | ocations on the subject to probe a selected
qual ity of the subject, radi ation pattern control neans adapted to
achieve a selected tine relationship of said introduced patterns to form
resulting radiation that possesses substanti al

- 51 - gradient in photon density as a result of the interaction of the
i ntroduced patterns emanating fromsaid input ports, said radiation being
scattered and absorbed in mgration paths in the subject, a detector

adapted to detect over tine, at a deteq0o ®8 port placed at a selected -
| ocation on the .
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subject, said radiation that has mgrated in the subject, processi ng
meansi.adapted to process signals of said detected radiation.in relation to
said introduced radiation to create processed data indicative of the . .

i nfl uence of -said subject upon said gradi ent of photon density, and

eval uati on nmeans adapted to exam ne the subject by correlating said
processed data with the | ocations of said input and output ports.

27. The system of claim 26 further conprising displacenent nmeans adapted to
nove synchronously said optical ports and,snid detection ports to another

| ocation on a predeterm ned geonetric pattern said other |ocation being
used to performsaid exam nation of the subject. 28. A systemfor
spectroscopi ¢ exam nati on of a subjigct, positioned between input and

detection ports of the spectroscopi® sygrem apptied To the subject,
conpri si ng: at | east one IigH{ source adapted to {ntroduce, at
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muttiple input ports, electromagnetic non-ionizing radiation of a known
time-varying pattern of photon density and of a wavelength selected to be
scattered and absorbed while mgrating in the subject, said input ports
being placed at selected |ocations on the subject to probe a sel ected
quality of the subject, - 52 -

radi ati on pattern control neans adapteﬁk} achi eve selected tine

rel ati onship of said introduced patter formresulting radirati on that
possesses substanti atiSy gdiegisrindptd¥on densigdy—t8V a result of @’& £2

I nteraction of the introduced patterns emanatiphg from said put ports
said radi ation being scatterelR®&d absorbed in
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mgration paths in the subject, a detector adapted to detect over
time, at a detection port placed at a selected |location on the subject,
said radiation that has mgrated in the subject, di spl acenent neans
adapted to nove said detection port to various |ocations on a predeterm ned
- geonetric pattern, said various |ocations being used to detect over tine
radi ation that has mgrated in the subjegy2s processi ng neans adapt ed

to process signals of said detecte&g adiation in relation to said
i ntroduced radiation to create pro sed data indicative of thrﬁ?%]pgﬁbe

of said subject upon said gfadrent, é oton .density, and eval uati on
neans adapted to exam ne the s§bj €l ’%orrelating sai d processed data
with said |ocations of said input hnd qutput ports. 29. The system

of claim 27 or 28 wherein sjaid ram?ati: pattern control neans jare further
adapted to nodify said ting relatig@phship to vary the spatial orjientation of
sai d gradi ent of photon density a - i d di spl acenent ns furjther adapted

to maintain a fixed relatidnship of said detectifon porf taesai i
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orientation of said gradient of photon density. 30. A systemfor
spectroscopi ¢ exam nati on of a subject, positioned between input and
detection ports of spectroscopic system applied to the subject, conprising:
- 53 - _ at least one |ight source adapted to introduce, at nultiple
i nput ports, electromagnetic non-ionizing radiation of a known tine-varying
pattern of photon density and of a mavelghésh sel ected to be scattered and

absorbed while mgrating in the bj ect, said inpu orts being placed at
sel ected | ocations on the subjecsu?xkiv 0 :
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probe a selected quality of -the subject, radi ati on pattern contro
means “adapted to achi eve selected tine relationships of said introduced
patterns to formresulting radiation that possesses substantial gradients
in photon density as a result of the interaction of the introduced patterns
emanating fromsaid input ports, said radiation being scattered and
absorbed in mgration paths in the subject, at | east one detector
adapted to detect over tinme, at nultlplf ?ﬁéection ports placed at a

sel ected | ocations on the subject, said ? ation that has mgrated inthe
subj ect, processing neans adapted to process signals of said
detected radiation in relation to said |ntrgduced radiation to create
processed data indicative of the |nfluencg d subject upon said

gradi ent of photon density, and . eva uat| mgans adapted to exam ne
t he subjecf; ygcorrelatlng sald processed data mnth!hhaqlocatlons of said
| nput and oufput ports. \,~‘ Ft—Fhe—syst aim 30 further

conpri si ng di spl acenent neansSgdapteéCFo nove aQ%Ieast one of said

ng. ¢A
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detection ports to another |ocation on a predeterm ned geonetric pattern,
sai d other |ocation being used to perform sai d exam nation of the subject.

32. The systemof claim30 further conprising rot atlon nmeans adapted to

rotate synchronously said - 54 -
optical input ports while introducing said resulting radiation along a

predeterm ned geometric pattern, said input port rotation being used to
perform said exam nation of a region of t?SBSUbJ ect.
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33. The system of claim26, 27, 28, 29, 30, 31 or 32 wherein the subject
conprirses a fluorescent constituent of interest, said wavel ength of said

i ntroduced radiation is selected to be absorbed in said fluorescent
constituent, said detected radiation is emtted fromsaid fluorescent
constituent and processed to determine |ocation of said fluorescent
constituent. 34. A system for spectroscopic exam nation of the
subj ect, positioned between input and dﬁg95%ion ports of a spectroscopic
system applied to the subject, conprisi a light source adapted to
i ntroduce, at an input port, electromagnetic non-ionizing radiation of a
known time-varying pattern of photon density and of a wavel ength sel ected
to be scattered and absorbed while mgrating in the subject, said input
port being placed at a selected |ocation on the subject to probe a sel ected
quality of the subject, detectors adapted to detect over tine, at

mul tiple detection ports placed at selected | ocations on the subject, said
radi ation that has mgrated in the subject,
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the. time relationship of said detection over time, at said detection ports,
bei ng sel ected to observe gradient. in photon density fornmed as a result of
the interaction of the introduced radiation with the subject,

processi ng neans adapted to process signals of said detected radiation in-

relation to said introduced radiation to create processed data indicative
- 55 - influence of said

of the
subj ect upon-said gradi ent of photon density, and ‘eval uati on neans
adapted to exami ne said subject by corré4t%®ng sai d processed data with the

Ic_’):'{;jations of said input and output ports.
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35. The system of claim 34 further conprising displacenment neans adapted to
neve at | east one of said detection ports to another |ocation on a
predet erm ned geonetric pattern, said other |ocation being used to perform

sai d exam nati on of the subject. 36. A system for spectroscopic
exam nation of a subject, positioned between input and detection ports of
the spectroscopic systemapplied to the subject, conprising: - a

| i ght source adapted to introduce, at an input port, electromgnetic
non-ioni zing radi ati on of a known tinme-\da&/gi8ng pattern of photon density
and of a wavel ength selected to be scattered and absorbed by a fl uorescent
constituent while mgrating in the subject, said input port being placed as
a selected location on the subject to | ocate said fluorescent constituent
of the subject, detectors adapted to detect over tine, at multiple
detection ports placed at selected |ocations on the subject, fluorescent
radi ation that has mgrated in the

T ’

S, Ss

) =180° B=140°

a 3.5 cim - 2.5 ¢em o 3. U n

B VLY

22NOV 56 |




subj ect,

processi ng nmeans adapted'to process signal s of said

detected radiation in relation to said introduced radiation to create
| ocati on of said fluorescent constituent of

processed data indicative of

- the subject, and

eval uati on nmeans adapted to exam ne said subject by

carrelating said processed data with the |ocations of said input and -output

- 56 - . 37. The system

ports.
of claim36 further conprising displacenment neans adapted to nove at | east
one of said detection ports to another |zgg28on on a predetermn ned
SCANNING S8UBJECT ON FOUR ELEMENT ARRAY
' different diameter
m. .
-~ w-
E J
g o
r. _ ' 1.2mm
- amm
) Smm
E m.
od - :' ¢ v [ MK S | § v o R}
4 4 -G -8 ) T 4 C s
x.axls (em)
F/‘a.qB
SCANNING OBJECT ON FOUR ELEMENT ARRAY
different digmeter
a-
04 .
- 1B+
2 m- ® Ctmm
S iz o 1zmm.
g 100 4 X Smm
BB ¢ &m
0~
s- .
0 o
< & 4 4
x
‘ REPLACEMENT SHEET
F:Ory 1c
22 NOV 1996




geonetric pattern, said other |ocation being used to |ocate said
fFuorescent constituent of the subject. 38. The systemof claim
26, 27, .27, 29, 30, 31 or 32 wherein said tinme-varying pattern conprises
radi ati on of a selected wavel ength.intensity nodul ated at said sel ected
and said radiation pattern control neans are further adapted to

frequency, .
a.sel ected phase relationship between sai-d nodul ated radi ati on

control
patterns i ntroduced from each of said input ports having to produce in at

| east one direction a steep phase changez2apgga sharp mininmumin the
intensity of said radiation. 39. The system of claim 38 wherein

sdai d phase relationship is 180 degrees 40. The systemof claim

38 or--39 wherein said radiation patternpff l re further adapted
to inpose on all said introduced radiati On 't dentica
ti me-varyi ng phase conponent thereby changi ng the spatial orientation of

said direction of said steep,
? o & & 5N
3 1 A . f -, 1 . 1

a

o

-
-
-
-
—

DO
-
o -
Ny mo ]
<o ; <
D N
v & -
o ]
3 N
o d bk
S 7
-
8 _
i ¢ B O o.
i i8g8 ¢
-
2.0 &
o o
C " m
=88 8
'-<=::g"
W=
n S n
5853
®E S
55
o REPLACEMENT SHEET
th \»n
.g-‘:-g: 2 2 NOV 1996
o~




phase change and said sharp mnimumin the intensity of said radiation

41. The system of claim 26, 27, 27, 29, 30, 31 or 32 wherein said
time-varying pattern conprises radiation .of. a sel ected wavel ength intensity
nodul at ed - at said sel ected frequency, and said radiation pattern control
means are further adapted to control a selected frequency relationship

bet ween sai d nodul ated radi ati on patterns introduced fromeach of said

i nput ports having to _ - 57 -
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produce. in at |l east one direction a steep phase change and a sharp m ni num
in thesintensity of said radiation. 42. The system of claim 26,

27, 27, 29, 30, 31 or 32 wherein'said time-varying pattern conprises

radi ati on of a selected wavel ength intensity nodul ated at said sel ected
frequency, and said radiation pattern control means are further adapted to
control a selected anplitude relationship between said nodul ated radiation
patterns introduced fromeach of said input ports having to produce in at

| east one direction a steep phase changeZ%?% a sharp mninumin the
g system of claim42 wherein

intensity of said radiation.
nmeans are further adapted to add to all said

said radiation pattern contro
i ntroduced radiation patterns an identical tinme- varying anplitude
conponent thereby changing the spatial orientation of said direction of

said steep phase change and said sharp mnimmin the intensity of said
radi ati on. _
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44. The system of any one of clainms 38 through 43 wherein said radiation is
medul ated at a frequency that enables resolution of the phase shift that
originates during mgration of photons in the subject. 45. The
system of claim 44 wherein said frequency is on the order of 10[err] Hz.
46. The system of claim 26, 27, 28, 29, 30, 31, 32, 34 or 35 wherein said
processi ng neans further adapted to determ ne the phase or the intensity of
said radiation altered by scattering and absorption in the subject.
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- 58 - - 47.  The system of claim 26, 27, 28, 29, 30, 31, 32, 34 .or 35
wher ei;n said wavel ength of said radiation is susceptlble to changes in an
endogenous or exogenous tissue pignent of t he subj ect.
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