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(57) ABSTRACT 

A system and method for the detection and three dimen 
sional imaging of absorption and scattering properties of a 
medium such as human tissue is described. According to one 
embodiment of the invention, the system directs optical 
energy toward a turbid medium from at least one source and 
detects optical energy emerging from the turbid medium at a 
plurality of locations using at least one detector. The optical 
energy emerging from the medium and entering the detector 
originates from the source is scattered by the medium. The 
system then generates an image representing interior struc 
ture of the turbid medium based on the detected optical 
energy emerging from the medium. Generating the image 
includes a time-series analysis. 

60 Claims, 15 Drawing Sheets 
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SYSTEM AND METHOD FOR 
TOMOGRAPHIC IMAGING OF DYNAMIC 
PROPERTIES OF A SCATTERING MEDIUM 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

This application claims the bene?t under 35 U.S.C. § 120 
of prior US. Provisional Patent Application Serial Nos. 
60/153,926 ?led Sep. 14, 1999, entitled DYNAMIC 
TOMOGRAPHY IN A SCATTERING MEDIUM and 
60/154,099 ?led Sep. 15, 1999, entitled DYNAMIC 
TOMOGRAPHY IN A SCATTERING MEDIUM. 

This application is related to copending application Ser. 
No. PCT/US00/25136 ?led on the same date as this 
application, entitled “METHOD AND SYSTEM FOR 
IMAGING THE DYNAMICS OF SCATTERING 
MEDIUM” by inventor R. Barbour is hereby incorporated 
by reference (hereinafter the “Barbour 4147PC2 
application”). The counterpart US. patent application is app. 
Ser. No. 10/088,190, ?led Mar. 14, 2002. 

This application is related to copending application Ser. 
No. PCT/US00/25157 ?led on the same date as this 
application, entitled “METHOD AND SYSTEM FOR 
ENHANCED IMAGING OF A SCATTERING MEDIUM” 
by inventors R. Barbour and Y. Pei and is hereby incorpo 
rated by reference (hereinafter the “Barbour 4149PC1 
application”). The counterpart US. patent application is app. 
Ser. No. 10/088,185, ?led Mar. 14, 2002. 

This application is also related to copending application 
Ser. No. PCT/US00/2515, ?led on the same date as this 
application, entitled “IMAGING OF SCATTERING 
MEDIA USING RELATIVE DETECTOR VALUES” by 
inventor R. Barbour and is hereby incorporated by reference 
(hereinafter the “Barbour 4149PC2 application”). The coun 
terpart US. patent application is app. Ser. No. 10/088,192, 
?led Mar. 14 2002. +gi 

This invention was made with US. Government support 
under contract number CA-ROl 66184-02A, awarded by the 
National Cancer institute. The US. Government has certain 
rights in the invention. 

FIELD OF THE INVENTION 

The invention relates to a system and method for tomo 
graphic imaging of dynamic properties of a scattering 
medium, which may have special application to medical 
imaging, and in particular to systems and methods for tomo 
graphic imaging using near infrared energy to image time 
variations in the optical properties of tissue. 

BACKGROUND OF THE INVENTION 

Contrary to imaging methods relying on the use of ioniZ 
ing radiation and/or toxic/radioactive contrast agents, near 
infra-red (NIR)-imaging methods bear no known risk of 
causing harm to the patient. The dose of optical intensity 
used remains far below the threshold of thermal damage and 
is therefore safe. In the regime of wavelength/intensity/ 
power used, there are no effects on patient tissue that accu 
mulate with increasing NIR dose due to over-all irradiation 
time. 

The general technology involved in optical tomography is 
developed and understood, so that, compared to other cross 
sectional imaging techniques such as MRI, X-ray CT, and 
the like, only moderate costs and relatively small-sized 
devices are required. Optical tomography especially gains 
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2 
from the development of small, economical, yet powerful 
semiconductor lasers (laser diodes) and the availability of 
highly integrated, economical off-the-shelf data processing 
electronics suitable for the application. Moreover, the avail 
ability of powerful yet inexpensive computers contributes to 
the attractiveness of optical tomography since a signi?cant 
computational effort may be necessary for both image 
reconstruction and data analysis. 

Optical tomography yields insights into anatomy and 
physiology that are unavailable from other imaging 
methods, since the underlying biochemical activities of 
physiological processes almost always leads to changes in 
tissue optical properties. For example, imaging blood con 
tent and oxygenation is of interest. Blood shows prominent 
absorption spectra in the NIR region and vascular dynamics 
and blood oxygenation play a major role in physiology/ 
pathology. 

However, cross-sectional or volumetric imaging of 
dynamic features in large tissue structures is not extractable 
with current optical imaging methods. At present, whereas a 
variety of methods involving imaging and non-imaging 
modalities are available for assessing speci?c features of the 
vasculature, none of these assess dynamic properties based 
on measures of hemoglobin states. For instance, detailed 
images of the vascular architecture involving larger vessels 
(>1 mm dia.) can be provided using x-ray enhanced contrast 
imaging or MR angiography. These methods however are 
insensitive to hemoglobin states and only indirectly provide 
measures of altered blood ?ow. The latter is well 
accomplished, in the case of larger vessels, using Doppler 
ultrasound, and for near-surface microvessels by laser Dop 
pler measurements, but each is insensitive to variations in 
tissue blood volume or blood oxygenation. Ultrasound mea 
surements are also limited by their ability to penetrate bone. 
Other methods are available, (e.g., pulse volume recording, 
magnetic resonance (MR) BOLD method, radioscinti 
graphic methods), and each is able to sample, either directly 
or indirectly, only a portion of the indicated desired mea 
sures. 

Thus, there is a need for a system and method of data 
collection providing cross-sectional or volumetric imaging 
of dynamic features in large tissue structures 

SUMMARY OF THE INVENTION 

The present invention provides a system and method for 
generating an image of dynamic properties in a scattering 
medium. The system includes an energy source, such as a 
NIR emitting source, and a detection system to measure 
received energy. In an exemplary embodiment, the detection 
system has at least one photo-detector such as a photodiode, 
a means for rapid adjustment of signal gain, and a device for 
retaining a measured response in order to investigate the 
dynamic variations in the optical properties of tissues. 
Depending on the implementation, the detection system fur 
ther may also include at least one means for separating a 
plurality of signals from the photo-receiver when multiple 
energy sources are used simultaneously. This simultaneous 
use of multiple energy sources allows the use of different 
wavelengths and/or different source locations at the same 
time. 

In one implementation using optical tomographic 
imaging, a specimen is exposed to NIR light emitted from at 
least one laser diode. Furthermore an imaging head may be 
utilized that contains means for positioning at least one 
source location and / or at least one detector location with 
respect to the medium. The energy detector may use an 
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energy collecting element, such as an optical ?ber to trans 
mit the received energy. The energy detector is responsive to 
the energy or light emerging from the specimen. In accor 
dance with the invention, the signal from the detector is 
selectively enhanced in gain to increase the dynamic mea 
surement range. The method may further include separating 
via at least one lock-in ampli?er a plurality of signals gener 
ated by multiple energy sources. In addition, the method 
allows simultaneous measurements of signals produced by 
the NIR light by means of a sample-and-hold circuit when 
more than one detector ?ber is used. 

BRIEF DESCRIPTION OF THE FIGURES 

For a better understanding of the invention, together with 
the various features and advantages thereof, reference 
should be made to the following detailed description of the 
preferred embodiments and to the accompanying drawings 
wherein: 

FIG. 1 is a block diagram of one embodiment of a system 
according to the invention, 

FIG. 2 is a block diagram illustrating one implementation 
of the system in FIG. 1; 

FIG. 3 is a perspective view of a servo-motor apparatus 
useful in this invention to illuminate a number of ?ber 
bundles with a single energy source; 

FIG. 4 is a schematic illustration of the disposition for 
examining human tissue such as a human breast; 

FIG. 5 is a schematic illustration of a planar imaging head 
useful in one embodiment of the invention; 

FIG. 6 is one embodiment for the source detector arrange 
ment on the imaging head shown in FIG. 5; 

FIG. 7 is an illustration of a spherical imaging head useful 
in practicing the invention; 

FIG. 8 is a block diagram of a detector channel useful in 
practicing the invention; 

FIG. 9 is a graphical representation of one implementa 
tion of a timing scheme used in the system of FIG. 1; 

FIG. 10 is a diagram illustrating the sequence of certain 
events in a multiple channel embodiment of the invention, 

FIG. 11 is a schematic illustration of the physical arrange 
ment of multiple detector channels used in a preferred 
embodiment of the invention; 

FIG. 12 is a circuit diagram of one detector channel used 
in FIG. 11; and 

FIG. 13 is a circuit diagram of one implementation of the 
lock-in module used in FIG. 12. 

DETAILED DESCRIPTION OF THE INVENTION 

The objective of the invention is to provide a system and 
method capable to extract dynamics in properties of a scat 
tering medium. The use of the invention’s system and 
method has several applications including, but not limited to, 
medical imaging applications. Although the methods 
described herein focus on tomographic imaging the dynamic 
properties of hemoglobin states and tissue using optical 
tomography, with an imaging source generating multiple 
wavelengths in the NIR region, it is appreciated that the 
invention is applicable to any medium that is able to scatter 
the propagating energy from any energy source, including 
external energy sources such as those sources located out 
side the medium and/ or internal sources such as those energy 
sources located inside the medium. For example, other 
media includes, but are not limited to, medium from 
mammals, botanical life, aquatic life, or invertebrates; 
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4 
oceans or water masses; foggy or gaseous-atmospheres; 
earth strata; industrial materials; man-made or naturally 
occurring chemicals and the like. Energy sources include, 
but are not limited to, non-laser optical sources like LED and 
high-pressure incandescent lamps and lasers sources such as 
laser diodes, solid state lasers such as titanium-sapphire 
laser and ruby laser, dye laser and other electromagnetic 
sources, acoustic energy, acoustic energy produced by opti 
cal energy, optical energy, and any combinations thereof 

Similarly the means to detect the signal produced by the 
energy source is not limited to photodiode implementation 
discussed in one of the preferred embodiments further 
described herein. Other detectors can be used with the prin 
ciples of the present invention for the purpose of tomo 
graphic imaging the dynamic properties of a medium. Such 
detectors include for example, but are not limited to, 
photodiodes, PIN diodes (PIN), Avalanche Photodiodes 
(APD), charge couple device (CCD), charge inductive 
device (CID), photo-multiplier tubes (PMT), multi-channel 
plate (MCP), acoustic transducers and the like. 

The present invention builds upon previous disclosures in 
US. Pat. Nos. 5,137,355 (“the ’355 patent”) entitled 
“Method of Imaging a Random Medium” (“the ’355 
patent”) and US. Pat. No. 6,081,322 (“the ’322 patent”) 
entitled “NIR Clinical Opti-Scan System”, the disclosures of 
both the ’355 and ’322 patents are incorporated herein by 
reference. Disclosed in these patents is an approach to opti 
cal tomography, and the instrumentation required to accom 
plish the tomography. The modi?cations in the present 
invention provide fast data acquisition, and new imaging 
head designs. Fast data acquisition allows accurate sampling 
of dynamic features. The modi?cation in the imaging head 
allows accommodation of different size targets (e.g., breast); 
the stabilization of the target against motion artifacts; con 
forming the target to a simple well-de?ned geometry; and 
knowledge of source and detector positioning on or about 
the target. All of the enumerated features listed above for the 
imaging head is crucial for accurate image reconstruction. 

Additionally, the present invention uses detector circuitry 
that allows quick adaptation of the measurement range to the 
signal strength thereby increasing the over-all dynamic 
range. “Dynamic range” for the purposes of this description 
means the ratio between the highest and lowest detectable 
signal. This makes the circuitry suitable for use with source 
detector distances that can vary signi?cantly during the data 
collection, thereby allowing fast data acquisition over wide 
viewing angles. For instance, we are aware that dynamic 
features of dense scattering media may be extractable from 
measurements using a single source and single detector at a 
?xed distance between each other. Depending on the 
implementation, such an arrangement could be made using a 
detector of relatively small dynamic range. Although we are 
aware of the possible usefulness of such a measurement, our 
invention allows the measurement of dynamics in optical 
properties of dense scattering media using source-detector 
pairs over a wide range of distances (e.g., greater than or 
about 5 cm). Such fall tomographic measurements allow for 
improved accuracy in image reconstruction. 
Depending upon the implementation, it is within the 

scope of the present invention to include those embodiments 
using a restricted source detector distance and therefore not 
requiring fast gain adjustment. For example, in one 
embodiment, the system of the present invention can also be 
operated using detector channels of low-dynamic range 
(e.g., 1:10.00) when detector ?bers of a ?xed distance from 
the source are being used for the measurement (e.g., the 
detector opposite the source). 
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The data collection scheme of the present invention dis 
closed herein provides time-series of raw data sets that pro 
vide useful information about dynamic properties of the 
scattering medium without any further image reconstruction. 
For example, by displaying the raw data in a color mapping 
format, features can be extracted by sole visual inspection. 
In addition to that, analysis algorithms of various types such 
as, but not limited to, linear and non-linear time-series analy 
sis or pattern recognition methods can be applied to the 
series of raw data. The advantage of using these analytical 
methods is the improved capability to reveal dynamic signa 
tures in the signals. 

In another implementation, image reconstruction methods 
may be applied to the sets of raw data thereby providing time 
series of cross-sectional images of the scattering medium. 
For these implementations, analysis methods of various 
types such as, but not limited to, linear and non-linear time 
series analysis, ?ltering, or pattern recognition methods can 
be applied. The advantage of using such analysis is the 
improved extraction of dynamic features and cross-sectional 
view, thereby increasing diagnostic sensitivity and speci?c 
ity. These methods are explained in detail in the ’355 and 
’322 patents, which were previously described and incorpo 
rated in as reference. 

The invention reveals measurements of real-time spa 
tiotemporal dynamics. Depending on the implementation, an 
image of dynamic optical properties of scattering medium 
such as, but not limited to, the vasculature of the human 
body in a cross-sectional view is provided. The technology 
employs low cost, compact instrumentation that uses non 
damaging near infrared optical sources and features several 
alternate imaging heads to permit investigation of a broad 
range of anatomical sites. 

In another implementation, the principles of the present 
invention can be used in conjunction with contrast agents 
such as absorbing and ?uorescent agents. In another variant, 
the present invention allows tie cross-sectional measure 
ments of changes in optical properties due to variations in 
temperature. The advantage of this variant is seen, but not 
restricted to, the use of monitoring cryosurgery. 
A system using the modi?ed instrumentation and 

described methods of the instant invention is capable of pro 
ducing cross-sectional images of real-time events associated 
with vascular reactivity in a variety of tissue structures (e.g., 
limbs, breast, head and neck). Such measurements permit an 
in-depth analysis of local hemodynamic states that can be 
in?uenced by a variety of physiological manipulations, phar 
macological agents or pathological conditions. Measurable 
physiological parameters include identi?cation of local 
dynamic variations in tissue blood volume, blood 
oxygenation, estimates of ?ow rates, and tissue oxygen con 
sumption. It is speci?cally noted that measurements of sev 
eral locations on the same medium can be taken. For 
example, measurements may be taken of the leg and arm 
areas of a patient at the same time. Correlation, of data 
between the different locations is available using the meth 
ods described herein. 

The invention also provides both linear and non-linear 
time series analysis to reveal site speci?c functionality of the 
various components of the vascular tree. Thus the response 
characteristics of the major veins, arteries and structures 
associated with the microcirculation can be evaluated in 
response to a range of stimuli. 

Fast data collection methods are particularly helpful 
because there are many disease states with speci?c in?u 
ences on the spatial-dynamic properties of vascular 
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6 
responses. Accordingly, it is understood that signi?cantly 
greater contrast mechanisms are de?nable, with much 
greater diagnostic sensitivity. This is accomplished by col 
lecting and evaluating data in the time domain. These results 
are not available by performing static imaging studies. 
The importance of dynamic properties follows directly 

from an understanding of the well known physiological 
reactivity of the vascular system. Control of the peripheral 
vasculature is mediated by neural, humoral and metabolic 
factors. Neural control is principally through autonomic 
activity. The details of these properties are well known to 
many, and can be found in any one of several medical physi 
ology texts. Loss of autonomic control occurs in a variety of 
disease processes, especially in diabetes. Invariably, this loss 
of control will adversely in?uence local perfusion states. 
The current invention has the capacity to directly evaluate 
the concept known as vascular su?iciency. This tern takes 
into account the fact that, among its many roles, the vascula 
ture is uniquely responsible for the delivery of essential 
nutrients to tissue, in particular, oxygen, and for the removal 
of metabolic waste products. Imbalances between supply 
and demand lead to relative hypoxic states, which often are 
clinically signi?cant. 

FIG. 1 illustrates one embodiment of the invention. 
Shown is a system 100 comprising medium 102. The 
medium can be any medium in which the propagation of the 
used source energy is strongly affected by scattering. 
From a source module 101 energy is directed to the 

medium 102 from which the exiting energy is measured by 
means of detector 106, further discussed below. As previ 
ously discussed, there is a variety of sources, media, and 
detectors that may be used with the principles of the present 
invention. The following is a discussion of a sampling of 
such elements with the intention to describe how the inven 
tion is realized. In no way are these examples meant, nor do 
they intend to limit the invention to these implementations. 
A variation of elements as described herein may also utilize 
the principles of the present invention. 

In one implementation, measurements of dynamics in the 
optical properties of the medium is accomplished by using 
optical source energy and performing rapid detection of the 
acoustic energy created by absorption processes in the 
medium. This can be implemented using both pulsed and 
harmonic modulated light sources, the latter allowing for 
lock-in detection. Detectors can be, but are not limited to, 
piezo-electric transducers such as PZT crystals or PVDF 
foils. 

In another variant, a timing and control facility 104 is used 
to coordinate source and detector operation. This coordina 
tion is further described below. A device 116 provides acqui 
sition and storage of the data measured by the detector 106. 
Depending on the implementation, control and timing of the 
system’s components is provided by a computer, which 
includes a central processor unit (CPU), volatile and non 
volatile memory, data input and output ports, data and pro 
gram code storage on ?xed and removable media and the 
like. Each main component is described in greater detail 
below. 

FIG. 2 illustrates another implementation of a preferred 
embodiment of the present invention. Shown is a system and 
method that incorporates at least one wavelength measure 
ment. Depending upon the implementation, this measure 
ment is accomplished by alternately coupling light from 
diode lasers into transmitting ?bers arranged in a circular 
geometry. 

Referring again to FIG. 2, a system 200 includes an 
energy source, which in this implementation includes one or 


















