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(57) ABSTRACT 

Optical detection techniques for the assessment of the physi 
ological state, health and/or viability of biological materials 
are provided. Biological materials Which may be examined 
using such techniques include cells, tissues, organs and 
subcellular components. The inventive techniques may be 
employed in high throughput screening of potential diag 
nostic and/or therapeutic agents. 
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METHODS AND SYSTEMS FOR ASSESSING 
BIOLOGICAL MATERIAL USING OPTICAL 

DETECTION TECHNIQUES 

REFERENCE TO PRIORITY APPLICATIONS 

[0001] This application is a divisional application of US. 
patent application Ser. No. 09/326,244, ?led Jun. 4, 1999, 
issuing as US. Pat. No. 6,834,238 on Dec. 21, 2004, Which 
claims priority from US. Provisional Patent Application No. 
60/088,494, ?led Jun. 8, 1998, entitled METHODS AND 
APPARATUS FOR ASSESSING BIOLOGICAL MATERI 
ALS USING OPTICAL DETECTION TECHNIQUES, 
Which are hereby incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The methods and systems of the present invention 
employ optical, or spectroscopic, detection techniques for 
assessing the health, physiological condition, and viability 
of biological materials such as tissues, cells, and subcellular 
components, and may be used in both in vitro and in vivo 
systems. One important application of the methods and 
apparatus of the present invention is high throughput screen 
ing of candidate agents and conditions to evaluate their 
suitability as diagnostic or therapeutic agents. 

BACKGROUND OF THE INVENTION 

[0003] Drug development programs rely on in vitro 
screening assays and subsequent testing in appropriate ani 
mal models to evaluate drug candidates prior to conducting 
clinical trials using human subjects. Screening methods 
currently used are generally difficult to scale up to provide 
the high throughput screening necessary to test the numer 
ous candidate compounds generated by traditional and com 
putational means. Moreover, studies involving cell culture 
systems and animal model responses frequently don’t accu 
rately predict the responses and side effects observed during 
human clinical trials. 

[0004] Conventional methods for assessing the effects of 
various agents or physiological activities on biological mate 
rials, in both in vitro and in vivo systems, generally are not 
highly sensitive or informative. For example, assessment of 
the effect of a physiological agent, such as a drug, on a 
population of cells or tissue groWn in culture, conventionally 
provides information relating to the effect of the agent on the 
cell or tissue population only at speci?ed points in time. 
Additionally, current assessment techniques generally pro 
vide information relating to a single or a small number of 
parameters. Candidate agents are systematically tested for 
cytotoXicity, Which may be determined as a function of 
concentration. Apopulation of cells is treated and, at one or 
several time points folloWing treatment, cell survival is 
measured. CytotoXicity assays generally do not provide any 
information relating to the cause(s) or time course of cell 
death. 

[0005] Similarly, agents are frequently evaluated based on 
their physiological effects, for eXample, on a particular 
metabolic function or metabolite. An agent is administered 
to a population of cells or a tissue sample, and the metabolic 
function or metabolite of interest is assayed to assess the 
effect of the agent. This type of assay provides useful 
information, but it does not provide information relating to 
the mechanism of action, the effect on other metabolites or 
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metabolic functions, the time course of the physiological 
effect, general cell or tissue health, or the like. 

[0006] Optical techniques have been developed and used 
for several applications. Light scattering has been used in the 
past to provide measurements of osmotic Water permeability 
in suspensions of osmotically responsive vesicles and small 
cells. A. S. Verkman, “Optical Methods to Measure Mem 
brane Transport Processes,”J. Membrane Biol. 148:99-110, 
1995. Another study reported a method for the optical 
measurement of osmotic Water transport in cultured cells. M. 
Echevarria, A. S. Verkman, “Optical Measurement of 
Osmotic Water Transport in Cultured Cells: Role of Glucose 
Transporters,”J. Gen. Physiol. 99:573-589, 1992. 

[0007] Optical techniques for observing nerve activity and 
neuronal tissue are Well-established. Hill and Keynes 
observed that the nerve from the Walking leg of the shore 
crab normally has a Whitish opacity caused by light scatter 
ing, and that opacity changes evoked by electrical stimula 
tion of that nerve Were measurable. Hill, D. K. and Keynes, 
R. D., “Opacity Changes in Stimulated Nerve,”J. Physiol. 
108:278-281, 1949. Since the publication of those results, 
experiments designed to learn more about the physiological 
mechanisms underlying the correlation betWeen optical and 
electrical properties of neuronal tissue and to develop 
improved techniques for detecting and recording activity 
evoked optical changes have been ongoing. 

[0008] Intrinsic changes in optical properties of cortical 
tissue have been assessed by reflection measurements of 
tissue in response to electrical or metabolic activity. Grin 
vald, A., et al., “Functional Architecture of CorteX Revealed 
by Optical Imaging of Intrinsic Signals,”Nature 3241361 
364, 1986; Grinvald, et al., “Optical Imaging of Neuronal 
Activity, Physiological RevieWs, Vol. 68, No. 4, October 
1988. Grinvald and his colleagues reported that some sloW 
signals from hippocampal slices could be imaged using a 
CCD camera Without signal averaging. 

[0009] A CCD camera Was used to detect intrinsic signals 
in a monkey model. Ts’o, D. Y., et al., “Functional Organi 
Zation of Primate Visual CorteX Revealed by High Resolu 
tion Optical Imaging,”Science 249:417-420, 1990. The tech 
nique employed by Ts’o et al. Would not be practical for 
human clinical use, since imaging of intrinsic signals Was 
achieved by implanting a stainless steel optical chamber in 
the skull of a monkey and contacting the cortical tissue With 
an optical oil. Furthermore, in order to achieve suf?cient 
signal to noise ratios, Ts’o, et al., had to average images over 
periods of time greater than 30 minutes per image. 

[0010] The mechanisms responsible for intrinsic signals 
are not Well understood. Possible sources of intrinsic signals 
include dilation of small blood vessels, neuronal activity 
dependent release of potassium, and sWelling of neurons 
and/or glial cells caused, for eXample, by ion ?uxes or 
osmotic activity. Light having a Wavelength in the range of 
500 to 700 nm may also be re?ected differently betWeen 
active and quiescent tissue due to increased blood ?oW into 
regions of higher neuronal activity. Yet another factor Which 
may contribute to intrinsic signals is a change in the ratio of 
oXyhemoglobin and deoXyhemoglobin in blood. 

[0011] US. Pat. No. 5,215,095 discloses methods and 
apparatus for real time imaging of functional activity in 
cortical areas of a mammalian brain using intrinsic signals. 



US 2005/0119552 A1 

A cortical area is illuminated, light re?ected from the 
cortical area is detected, and digitized images of detected 
light are acquired and analyzed by subtractively combining 
at least tWo image frames to provide a difference image. 
AlloWed US. patent application Ser. No. 08/474,754 dis 
closes similar optical methods and apparatus for optical 
detection of neuronal tissue and activity. 

[0012] US. Pat. No. 5,438,989 discloses a method for 
imaging margins, grade and dimensions of solid tumor tissue 
by illuminating the area of interest With high intensity 
electromagnetic radiation containing a Wavelength absorbed 
by a contrast agent, obtaining a background video image of 
the area of interest, administering a contrast agent, and 
obtaining subsequent video images that, When compared 
With the background image, identify the solid tumor tissue 
as an area of changed absorption. US. Pat. No. 5,699,798 
discloses methods and apparatus for optically distinguishing 
betWeen tumor and non-tumor tissue, and imaging margins 
and dimensions of tumors during surgical or diagnostic 
procedures. 

[0013] US. Pat. No. 5,465,718 discloses a method for 
imaging tumor tissue adjacent to nerve tissue to aid in 
selective resection of tumor tissue using stimulation of a 
nerve With an appropriate paradigm activate the nerve, 
permitting imaging of the active nerve. The ’718 patent also 
discloses methods for imaging of cortical functional areas 
and dysfunctional areas, methods for visualiZing intrinsic 
signals, and methods for enhancing the sensitivity and 
contrast of images. US. Pat. No. 5,845,639 discloses optical 
imaging methods and apparatus for detecting differences in 
blood ?oW rates and ?oW changes, as Well as cortical areas 
of neuronal inhibition. 

[0014] US. Pat. No. 5,902,732 discloses methods for 
screening drug candidate compounds for anti-epileptic 
activity using glial cells in culture by osomotically shocking 
glial cells, introducing a drug candidate, and assessing 
Whether the drug candidate is capable of abating changes in 
glial cell sWelling. This patent also discloses a method for 
screening drug candidate compounds for activity to prevent 
or treat symptoms of AlZheimer’s disease, or to prevent CNS 
damage resulting from ischemia, by adding a sensitiZation 
agent capable of inducing apoptosis and an osmotic stressing 
agent to CNS cells, adding the drug candidate, and assessing 
Whether the drug candidate is capable of abating cell sWell 
ing. A method for determining the viability and health of 
living cells inside polymeric tissue implants is also dis 
closed, involving measuring dimensions of living cells 
inside the polymeric matrix, osmotically shocking the cells, 
and then assessing changes in cell sWelling. Assessment of 
cell sWelling activity is achieved by measuring intrinsic 
optical signals using an optical imaging screening apparatus. 

SUMMARY OF THE INVENTION 

[0015] Cells from nearly every organ and tissue, of both 
plant and animal origin, can be dissociated into single cells, 
groWn and propagated using cell culture techniques. Patho 
logical cells from diseased or dysfunctional tissue can also 
be isolated and maintained in tissue culture. Slices of tissue 
or tumors may be maintained under culture conditions for 
prolonged periods of time and assessed according to meth 
ods of the present invention. Short-term experiments may 
also be conducted on living acute tissue slices that are 
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prepared and maintained under physiological conditions. 
Many multicellular systems may also be maintained as 
functioning systems in cell culture. Healthy, pathogenic and 
dysfunctional cells and tissue may also be tested and 
observed in situ in animal models. 

[0016] All cells undergo physiological processes that con 
tribute to and determine their geometrical structure and 
optical properties. These physiological processes include 
metabolic processes, volume-regulatory responses, gene 
expression, endocytosis, pinocytosis, ion homeostasis, 
immune responses, neurological activity and inhibition, 
responses to mechanical trauma, chemical insult, and the 
like. Various events, including disease states, dysfunction, 
in?ammation, exposure to pathogens, pollutants, radiation, 
chemotherapy, infectious or other agents, aging, apoptosis, 
necrosis, oncogenesis, and the like, affect one or more of 
these physiological processes, producing measurable and 
predictable changes in the characteristic geometrical struc 
ture or optical properties of individual cells and/or cell 
populations. 
[0017] The methods and systems of the present invention 
employ optical, or spectroscopic, detection techniques to 
assess the physiological state of biological materials includ 
ing cells, tissues, organs, subcellular components and intact 
organisms. The biological materials may be of human, 
animal, or plant origin, or they may be derived from any 
such materials. Static and dynamic changes in the geometri 
cal structure and/or intrinsic optical properties of the bio 
logical materials in response to the administration of a 
physiological challenge or a test agent, are indicative and 
predictive of changes in the physiological state or health of 
the biological material. 

[0018] TWo different classes of dynamic phenomena are 
observed in viable biological materials using optical detec 
tion techniques: (1) geometrical changes in the diameter, 
volume, conformation, intracellular space of individual cells 
or extracellular space surrounding individual cells; and (2) 
changes in one or more intrinsic optical properties of indi 
vidual cells or of cell populations, such as light scattering, 
re?ection, absorption, refraction, diffraction, birefringence, 
refractive index, Kerr effect, and the like. Both classes of 
phenomena may be observed statically or dynamically, With 
or Without the aid of a contrast enhancing agent. Geometri 
cal changes may be assessed directly by measuring (or 
approximating) the geometrical properties of individual 
cells, or indirectly by observing changes in the optical 
properties of cells. Changes in optical properties of indi 
vidual cells or cell populations may be assessed directly 
using systems of the present invention. 

[0019] Observation and interpretation of geometrical and/ 
or intrinsic optical properties of individual cells or cell 
populations is achieved in both in vitro and in vivo systems 
Without altering characteristics of the sample by applying 
physiologically invasive materials, such as ?xatives. Physi 
ologically non-invasive contrast enhancing agents, such as 
vital dyes, may be used in desired applications to enhance 
the sensitivity of optical detection techniques. In applica 
tions employing contrast enhancing agents, the optical 
detection techniques are used to assess extrinsic optical 
properties of the biological materials. 

[0020] Detection and analysis of the geometrical and/or 
intrinsic optical properties of individual cells or sample cell 
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populations provides information permitting the classi?ca 
tion of the physiological state of individual cells or sample 
cell populations. Based on analysis of the geometrical and/or 
optical properties of a sample cell population, the sample 
may be classi?ed as viable or non-viable, apoptotic, 
necrotic, proliferating, in a state of activity, inhibition, 
synchroniZation, or the like, or in any of a variety of 
physiological states, all of Which produce distinct geometri 
cal and/or optical pro?les. The methods and systems of the 
present invention therefore provide for identi?cation of the 
physiological state of a sample population and differentia 
tion among various physiological states. 

[0021] An important application of the methods and sys 
tems of the present invention involves screening cell popu 
lations to assess the effect(s) of exposure to various types of 
test agents or test conditions, including drugs, hormones and 
other biological agents, toxins, infectious agents, physi 
ological stimuli, radiation, chemotherapy, and the like. The 
effect of various test agents and conditions may be evaluated 
on both normal and pathological sample populations. Safety 
and cytotoxicity testing is conducted by exposing a sample 
population to a test agent or test condition and assessing the 
physiological state of the sample population using optical 
techniques at one or more time points folloWing adminis 
tration of the test agent or test condition. Such testing may 
be conducted on various sample populations to determine 
hoW a test agent or condition affects a desired target sample 
population, as Well as to predict Whether a test agent or 
condition produces physiological side effects on sample 
populations that are not the target of the test agent or 
condition. 

[0022] According to a preferred embodiment, a disease 
state or compromised condition is simulated in biological 
materials prior to administration of a test agent or test 
condition to assess the suitability of the test agent or 
condition for treating the disease state or compromised 
condition. Exposure of sample populations to a physiologi 
cal challenge, such as a change in extracellular osmolarity or 
ion concentration, altered oxygen or nutrient or metabolite 
conditions, drugs or diagnostic or therapeutic agents, a 
disturbance in ion homeostasis, electrical stimulation, 
in?ammation, infection With various agents, radiation, and 
the like, simulates a disease state at a cellular or tissue level. 
Subsequent exposure of the sample populations a test agent 
or condition and detection and analysis of changes in 
geometrical and/or optical properties of the sample popula 
tions provides information relating to the physiological state 
of the sample populations produced by the test agent or 
condition. Screening techniques may be adapted for use With 
various types of cell sample populations maintained in vitro 
under appropriate cell culture conditions to provide a high 
throughput, automated screening system. Alternatively, 
screening techniques may be adapted to examine cell and 
tissue populations using various animal models to assess the 
effect of a physiological challenge and/or administration of 
a test agent on various cell populations in animal models in 
situ. 

[0023] Changes in geometrical and/or optical properties of 
individual cells or cell populations may be determined by 
reference to empirically determined standards for speci?c 
cell types, cell densities and various physiological states, or 
appropriate controls may be run in tandem With the test 
samples to provide direct comparative data. Data is collected 
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and, preferably, stored at multiple time points to provide data 
relating to the time course of the effect of a test agent or 
condition on sample populations. Strategies for designing 
screening protocols, including appropriate controls, multiple 
samples for screening various dosages, activities, and the 
like, are Well knoWn in the art and may be adapted for use 
With the methods and systems of the present invention. 

DESCRIPTION OF THE FIGURES 

[0024] Preferred embodiments of the methods and sys 
tems for assessing biological materials using optical detec 
tion techniques of the present invention Will be described 
With reference to the ?gures, in Which: 

[0025] FIGS. 1A-1D shoW a partially schematic ?oW 
diagram illustrating exemplary methods and output of the 
methods and apparatus of the present invention With refer 
ence to in vitro cell populations, Wherein intrinsic optical 
properties of an acute rat hippocampal slice maintained in a 
submerged perfusion chamber are monitored at intervals 
during a control period and an activation period, and data is 
processed according to methods of the present invention. 

[0026] FIGS. 2A-2C shoW the effect of the agent furo 
semide on stimulation-evoked afterdischarge activity in a 
hippocampal slice comparing the ?eld response measure 
ments at an extracellular electrode, With images highlighting 
changes in optical properties. Experiments Were conducted 
as described in Example 1. 

[0027] FIG. 3A illustrates an enlarged grey-scale image of 
an acute rat hippocampal tissue slice, and FIGS. 3B-3E 
illustrate enlarged acquired as described in Example 1. 

[0028] FIG. 4A illustrates a vieW of human cortex just 
anterior to face-motor cortex With one recording (R) and tWo 
stimulating (S) electrodes, and four sites (labeled 1, 2, 3, and 
4), Where average percent changes in corresponding optical 
properties Were determined as described in Example 2. 
FIGS. 4B-4D illustrate plots of the percent optical changes 
in absorption in various spatial regions shoWn in FIG. 4A 
during electrical stimulation of the human cortex. Experi 
ments Were conducted as described in Example 2. 

[0029] FIGS. 5A2-5C4 illustrate spatial images of stimu 
lation-induced epileptiform activity. The images shoW com 
parisons betWeen different degrees of activation illustrating 
both the spatial extent and amplitude of optical changes 
indicative of the extent of cortical activity. Experiments 
Were conducted as described in Example 2. 

[0030] FIGS. 6A-6H illustrate percentage difference 
images in Which the magnitude of optical change indicates 
the regions of greater cortical activity. Experiments Were 
conducted as described in Example 2. 

[0031] FIGS. 7A-7H illustrate percentage difference 
images representing a real time sequence of dynamic 
changes of electrical stimulation-evoked optical changes in 
human cortex. Experiments Were conducted as described in 
Example 2. 

[0032] FIGS. 8A1-8B3 illustrate functional mapping of 
human language (Broca’s area) and tongue and palate sen 
sory area in an aWake human patient as described in 
Example 3. FIGS. 8A1 and 8B2 illustrate control percentage 
difference images and FIGS. 8A3 and 8B3 illustrate peak 
optical change images folloWing cortical stimulation. 
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[0033] FIGS. 9A and 9B show time course and magnitude 
plots of dynamic optical changes in human cortex evoked in 
tongue and palate sensory areas and in Broca’s area (lan 
guage). Experiments Were conducted as described in 
Example 3. 

[0034] FIGS. 10A-10D illustrate the cranial surface of a 
rat, imaged through the intact cranium, and using a contrast 
enhancing agent to highlight areas of optical change. Experi 
ments Were conducted as described in Example 4. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0035] The folloWing description of preferred embodi 
ments includes detailed descriptions of speci?c applications, 
as Well as speci?c methods and apparatus. These speci?c 
embodiments are described for purposes of illustrating the 
scope of the invention; the invention is not limited to these 
applications. Techniques for acquiring data relating to opti 
cal properties of various types of tissues that Would be 
suitable for use With the methods and systems of the present 
invention are described in numerous US. patents. US. Pat. 

Nos. 5,215,095, 5,438,989, 5,699,798, 5,465,718, 5,845,639 
and 5,902,732 are hereby incorporated herein by reference 
in their entireties. 

[0036] One important application of methods and systems 
of the present invention is to classify the physiological 
condition or state of biological materials based on their 
geometrical and/or optical properties, and to distinguish 
among various physiological conditions. Viable cell popu 
lations are distinguishable from non-viable cell populations 
in both in vitro cell sample populations, and in situ in animal 
models based on a comparison of geometrical and/or optical 
properties. Similarly, sample populations that are prolifer 
ating, or that are responding to various stimuli by mounting 
certain responses, such as immune responses, in?ammatory 
responses, and the like, are distinguishable from non-re 
sponsive sample populations. 
[0037] Cells or cell populations undergoing apoptosis, an 
active programmed cell death phenomenon, are likeWise 
distinguishable from cells or cell populations undergoing 
necrosis. Necrosis may result from mechanical injury, expo 
sure to toxins, anoxia due to impairment of the blood supply, 
or the like. The physiological changes observed during 
necrosis include sWelling, clumping of chromatin, and dete 
rioration of the organelles, folloWed by lysis With release of 
the cell contents, Which are then phagocytiZed by macroph 
ages. The cytological changes associated With apoptosis are 
very different and include an early condensation of chroma 
tin and degradation of DNA, and cell volume decreases, 
With the cell membrane and the organelles remaining intact. 
Apoptotic cells ultimately fragment into several membrane 
bounded globules that are phagocytiZed by neighboring 
cells. Neutrophils and macrophages are not involved in the 
terminal stages of apoptotic processes to the same extent that 
they are in necrotic processes. 

[0038] Identifying cell populations undergoing apoptosis 
is important for numerous reasons. Certain genes respon 
sible for regulating apoptosis play a role in cancer, and 
cancer therapy by irradiation, chemotherapy, and hormone 
treatment all induce apoptosis in tumor cells. Some cancers 
may, in fact, result from the doWn-regulation of genes that 
normally cause apoptosis. Hence, methods for screening cell 
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populations to ascertain Whether or not they are apoptotic is 
central to gaining an insight into various pathological con 
ditions, such as cancer. Since different agents used in cancer 
treatment induce apoptosis, it is likely that apoptotic path 
Ways are indicative of the outcome of chemotherapy. 

[0039] There are many other instances of apoptosis during 
both normal and pathological cellular activities. For 
example, hormones regulate apoptosis in gonadal tissues so 
that numbers and development of sperm and egg cells are 
regulated. In the immune system, apoptosis plays a clear role 
in the selection of lymphocytes. Immunode?ciency may be 
caused by lymphocyte developmental blocks Which lead to 
apoptosis by default. Cell death in these cases is the normal, 
programmed response in the absence of an essential survival 
signal. HoWever, active induction of programmed cell death 
can also elicit immunode?ciency, as in acquired immuno 
de?ciency syndrome, AIDS. Considerable evidence sup 
ports the proposition that HIV activates T cell apoptosis. In 
the nervous system, apoptosis plays not only a pivotal role 
during embryogenesis, but also occurs in the adult, generally 
under various pathological conditions that are accompanied 
by devastating consequences for the patients. Examples 
include AlZheimer’s disease, amyotrophoic lateral sclerosis 
(ALS) and other types of neuronal injury in?icted by 
ischemia, hypoglycemia or excitotoxic agents. Trauma, 
stroke, excitoxicity and hypoxia are conditions of ischemia 
that are associated With extensive neuronal cell death in 
sensitive brain regions. Recent studies demonstrated that, 
after experimentally induced ischemia, characteristic apop 
totic DNA fragmentation occurs in affected brain regions. 
Methods and systems of the present invention for classifying 
cell populations as apoptotic, necrotic, viable, non-viable, 
and the like, are useful for identifying the physiological state 
of cells in both in vitro and in vivo systems, as Well as for 
screening various test agents to ascertain Whether they are 
useful as diagnostic or therapeutic agents. 

[0040] Methods and systems of the present invention may 
also be used to identify physiological conditions associated 
With and to evaluate test agents and conditions for diagnosis 
and treatment of various disorders, and pathological condi 
tions, including migraine headaches, spreading depression, 
epilepsy, AlZheimer’s disease, multiple sclerosis, psychiatric 
disorders such as depression, anxiety, bipolar disorder, 
schiZophrenia, Parkinson’s disease and other neurodegen 
erative disorders, in?ammation, trauma, malignancies such 
as cancer, angiogenesis, Wound healing, immune de?cien 
cies, and the like. Test agents and conditions may also be 
tested for safety and ef?cacy for applications such as toxi 
cology, learning and memory, bone groWth and mainte 
nance, muscle and blood systems, sensory-input systems, 
and the like. 

[0041] Optical contrast enhancing agents useful for 
enhancing the sensitivity of optical detection for various 
types of cells, physiological states, and the like, may also be 
screened and identi?ed using methods and systems of the 
present invention. Sample populations comprising malig 
nant, pathological, or dysfunctional cells may be exposed to 
test agents, for example, to identify agents that preferentially 
identify and distinguish malignant, pathological, and dys 
functional cells or tissue. 

[0042] According to one embodiment, methods and sys 
tems of the present invention acquire and compare data 
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representative of one or more dimensional properties of 
individual cells or cell samples. Acquisition, processing and 
analysis of data relating to optical properties is described 
throughout this description. Acquisition of data relating to 
dimensional properties of individual cells is described 
beloW. Acquisition and analysis of data relating to dimen 
sional properties may be achieved using the same or similar 
methods and apparatus described herein With reference to 
optical properties. 

[0043] In sparsely populated cell samples, cell areas may 
be approximated using a single plane of focus. If it is desired 
to calculate volume, the Z-axis (focus) can be automatically 
adjusted as Well. For example, as an automated and con 
trolled stage moves, the optically transparent container con 
taining the sample population is positioned so that a series 
of data sets for multiple, spatially resolved areas of interest 
can be acquired, each image being acquired at a predeter 
mined focal plane. The volume for each Z-plane can be 
approximated (see algorithm beloW) and then the volumes 
for each Z-coordinate added together. 

[0044] General techniques for approximating cell areas 
and volumes, based on Doughty, S., “Calculating property 
for solids of revolution,”Machine Design, pp 184-186, 10 
Dec. 1981, are described beloW. These techniques are based 
on Green’s theorem: 

(boundary) (area) 

[0045] Individual cells are examined using an appropriate 
magnifying device. Edge detection of cell boundaries is 
achieved using, for example, a Sobel operator. The boundary 
is approximated by ?tting it to a plurality of straight line 
segments of “n” line segments by “n” nodes. The integration 
of the boundary may be taken as “n” line integrals as 
folloWs: 

[0046] There are three cases: 

[0047] 

[0048] 

[0049] 
[0050] The area is thus: 

Case 1: a vertical line, x=constant; 

Case 2: a horiZontal line, y=constant; 

Case 3: an inclined line, y=5i(x—xi)+yi 

[0051] To apply Green’s theorem, the integral can be 
considered in the form of 6Q/6x-6P/6y and appropriate 
functions can be devised, e.g., P(x, y) and Q(x, y). For an 
area calculation, consider Q(x, y)=0 so that <|>Qdy=0, and let 
P=—y so that 6P/6y=—1. Then, the area can be calculated as 
folloWs: 
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: 56(Pdx + Qdy) 

(Green '5 Theorem) 

[0054] For volume calculations, conventional edge detec 
tion using, for example, a Sobel operator, can be used to 
focus through an individual cell, Which can be divided into 
a plurality (n) of individual, planar sections. The volume for 
each of the “n” sections can be calculated as AVi;=AZi;'AA; 
and the volume of the entire cell can be approximated as: 
V=ZAVi. The determination and comparison of cell areas 
and volumes is preferably accomplished using computer 
hardware and/or software implementations. 

[0055] According to another embodiment, methods and 
systems of the present invention acquire and compare data 
representative of one or more optical properties of individual 
cells or areas of interest in cell sample populations. Changes 
in optical properties that are indicative of physiological 
activity and that may be detected include, for example, 
re?ection, refraction, diffraction, absorption, scattering, 
birefringence, refractive index, Kerr effect, and the like. 
Changes in optical properties are detected directly using 
photon sensitive elements and, optionally, optical elements 
that enhance the detected optical properties. 

[0056] High resolution detection of dynamic geometrical 
and optical properties indicative of physiological activity 
may be accomplished Without using dyes or other types of 
contrast enhancing agents according to the methods and 
apparatus of the present invention, as evidenced by the 
examples described herein. Many of the assessment tech 
niques and apparatus of the present invention are physi 
ologically noninvasive, in that detection and analysis of 
geometrical and/or intrinsic optical information does not 
require direct contact of the area of interest With any agents 
such as dyes, oils, devices, or the like. For particular 
applications, it may, hoWever, be useful to administer con 
trast enhancing agents that amplify differences in an optical 
property being detected as a function of physiological activ 
ity prior to acquiring subsequent data and generating a 
comparison. The use of contrast enhancing agents is 
described in detail, With reference to optical imaging of 
tumor and non-tumor tissue, in Us. Pat. No. 5,465,718 and 
US. Pat. No. 5,438,989, Which are incorporated by refer 
ence herein in their entireties. Suitable contrast enhancing a 
gents include ?uorescent and phosphorescent materials, 
dyes that bind to cell membranes, optical probes that pref 
erentially accumulate in blood or in the intracellular space, 
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phase resonance dye pairs, and the like. Detectors appropri 
ate for use With such contrast enhancing agents are Well 
knoWn in the art. 

[0057] Numerous devices for acquiring, processing and 
displaying data representative of one or more geometrical 
and/or optical properties of a cell sample population in 
culture or an area of interest in situ in an animal model may 
be employed. One preferred device is a camera that acquires 
images of one or more areas of interest at predetermined 
time intervals that can be compared to identify areas of 
changes in geometrical and/or optical properties that indi 
cate physiological activity or dysfunction. The data acqui 
sition device preferably incorporates or is used in conjunc 
tion With a device that magni?es the area of interest, such as 
a microscope. 

[0058] Magni?cation suf?cient to provide resolution of 
individual cells is preferred. An inverted microscope such as 
a Nikon Diophot 300 is suitable. For high throughput 
screening techniques using cell sample populations main 
tained under culture conditions, samples in optically trans 
parent containers such as ?asks, plates and multi-Well plates, 
may be placed on an automated stage that is controlled and 
moved in a programmed fashion to permit periodic exami 
nation of individual cells or cell populations according to a 
programmed schedule. For example, a multi-Well culture 
plate having a plurality of cell samples may be placed on an 
automated and controllable microscope stage. The stage is 
controlled by an automated microcontroller so that it auto 
matically moves into position over each culture Well. Adata 
set relating to geometrical and/or optical properties of indi 
vidual cells or a cell population is acquired for each position. 
In this manner, the system can rapidly and systematically 
acquire data corresponding to many samples. The physi 
ological environment in selected Wells may be altered by 
exposure to a physiological challenge, test agent or test 
condition, and the system may continue to automatically 
acquire data from the same Wells in each culture plate at 
predetermined time intervals folloWing treatment, With data 
acquired from various treatment Wells being compared to 
data acquired from various control Wells or empirically 
determined controls. 

[0059] Acquisition of data representative of one or more 
geometrical and/or optical properties preferably provides 
high spatial resolution as Well, so that geometrical or optical 
data corresponding to a particular spatial location is acquired 
at various time intervals for comparison. In this fashion, data 
acquired from single cells or highly localiZed areas of 
interest in cell sample populations is compared to provide 
reliable and highly-sensitive information concerning the 
physiological state or condition of the sample population. 
High spatial resolution is provided, for example, by imple 
menting high resolution cameras and charge coupled devices 
(CCDs). Apparatus suitable for obtaining such images have 
been described in the patents incorporated herein by refer 
ence and are more fully described beloW. The optical detec 
tor preferably provides images having a high degree of 
spatial resolution at a magni?cation suf?cient to detect 
single cells. Several images may be acquired at predeter 
mined time intervals and combined, such as by averaging, to 
provide images for comparison. 

[0060] Various data processing techniques may be advan 
tageously used to assess the data collected in accordance 
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With the present invention. Comparison data may be 
assessed or presented in a variety of formats. Processing 
may include averaging or otherWise combining a plurality of 
data sets to produce control, subsequent and various com 
parison data sets. Data may be converted from an analog to 
a digital form for processing, and back to an analog form for 
display as an image. Alternatively, data may be acquired, 
processed, analyZed, and output in a digital form. 

[0061] Data processing may also include ampli?cation of 
certain signals or portions of a data set (e.g., areas of an 
image) to enhance the contrast seen in data set comparisons, 
and to thereby identify cells or cell populations undergoing 
changes in geometrical and/or optical properties With a high 
degree of spatial resolution. For example, according to one 
embodiment, images are processed using a transformation in 
Which image pixel brightness values are remapped to cover 
a broader dynamic range of values. A “loW” value may be 
selected and mapped to Zero, With all pixel brightness values 
at or beloW the loW value set to Zero, and a “high” value may 
be selected and mapped to a selected value, With all pixel 
brightness values at or above the high value mapped to the 
high value. Pixels having an intermediate brightness value, 
representing the dynamic changes in brightness indicative of 
neuronal activity, may be mapped to linearly or logarithmi 
cally increasing brightness values. This type of processing 
manipulation is frequently referred to as a “histogram 
stretch” and can be used according to the present invention 
to enhance the contrast of data sets, such as images, repre 
senting changes in neuronal activity. 

[0062] Data processing techniques may also be used to 
manipulate data sets to provide more accurate combined and 
comparison data. For example, for in vivo applications, 
movement, respiration, heartbeat, seiZure or re?ex activity 
may shift an area of interest during data acquisition. It is 
important that corresponding data points in data sets are 
spatially resolved and precisely aligned to provide accurate 
combined and comparison data. Optical markers may be 
?xed at an area of interest and detected as the data is 
collected to aid in manual alignment or mathematical 
manipulation of data sets. Various processing techniques are 
described beloW and in the patents incorporated herein by 
reference. 

[0063] Comparison data may be displayed in a variety of 
Ways. Comparison data may be displayed, for example, in a 
graphical format that highlights geometrical or optical dif 
ferences indicative of physiological changes. A preferred 
technique for presenting and displaying comparison data is 
in the form of visual images or photographic frames corre 
sponding to spatially resolved areas of interest. This format 
provides a visualiZable spatial location (tWo- or three 
dimensional) of a cell population being analyZed. To 
enhance and provide better visualiZation of high contrast 
areas indicating changes in geometrical and/or optical prop 
erties indicative of physiological activity or dysfunction, 
comparison data may be processed to provide an enhanced 
contrast grey scale or even a color image. A look up table 
(“LUT”) may be provided, for example, that converts the 
grey scale values for each pixel to a different (higher 
contrast) grey scale value, or to a color value. Color values 
may map to a range of grey scale values, or color may be 
used to distinguish betWeen positive-going and negative 
going geometrical or optical changes. In general, color 
converted images provide higher contrast images that high 
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light changes in optical properties 
physiological activity, function or dysfunction. 

representing 

[0064] Systems of the present invention generally com 
prise an illumination source for illuminating the biological 
material, an optical detector for acquiring data relating to a 
geometrical or optical property of the biological material, 
and data storage and analysis and output device(s) for 
storing data relating to a geometrical or optical property of 
the biological material, comparing various data sets, and/or 
control data pro?les, to generate comparison data relating to 
changes in geometrical and/or optical properties indicative 
of changes in the physiological state of sample populations 
and to provide or display the output data in a useful format. 

[0065] An emr source is used for illuminating an area of 
interest during acquisition of data representing one or more 
dimensional or intrinsic optical properties of cells or tissue 
at an area of interest. The emr source may be utiliZed to 
illuminate an area of interest directly, as When in vitro cell 
cultures maintained in optically transparent containers are 
illuminated or When tissue is eXposed, such as in connection 
With surgery, or it may be utiliZed to illuminate an area of 
interest indirectly through adjacent or overlying tissue such 
as bone, dura, skin, muscle and the like. The emr source 
employed in the present invention may be a high or loW 
intensity source, and may provide continuous or non-con 
tinuous illumination. Suitable illumination sources include 
high and intensity sources, broad spectrum and non-chro 
matic sources, tungsten-halogen lamps, lasers, light emitting 
diodes, and the like. Cutoff ?lters for selectively passing all 
Wavelengths above or beloW a selected Wavelength may be 
employed. Apreferred cutoff ?lter eXcludes all Wavelengths 
beloW about 695 nm. 

[0066] Preferred emr Wavelengths for acquiring data relat 
ing to intrinsic optical signals include, for eXample, Wave 
lengths of from about 450 nm to about 2500 nm, and most 
preferably, Wavelengths of the near infrared spectrum of 
from about 700 nm to about 2500 nm. Generally, longer 
Wavelengths (e.g., approximately 800 nm) are employed to 
detect cellular or tissue condition of locations beneath the 
surface of cells or tissue, or beneath other materials such as 
skin, bone, dura, and the like cortical activity. Selected 
Wavelengths of emr may also be used, for eXample, When 
various types of contrast enhancing agents are administered. 
The emr source may be directed to the area of interest by any 
appropriate means. For some applications, the use of optical 
?bers is preferred. One preferred arrangement provides an 
emr source through strands of ?ber optic using a beam 
splitter controlled by a DC. regulated poWer supply 
(Lambda, Inc.). 
[0067] The optical detection methods of the present inven 
tion may also usefully employ non-continuous illumination 
and detection techniques. For eXample, short pulse (time 
domain), pulsed time, and amplitude modulated (frequency 
domain) illumination sources may be used in conjunction 
With suitable detectors (see, Yodh, A. and Chance, B., 
Physics Today, March, 1995). Frequency domain illumina 
tion sources typically comprise an array of multiple source 
elements, such as laser diodes, With each element modulated 
at 180° out of phase With respect to adjacent elements (see, 
Chance, B. et al.,Pr0c. NatLAcad. Sci. USA, 90:3423-3427, 
1993). TWo-dimensional arrays, comprising four or more 
elements in tWo orthogonal planes, can be employed to 
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obtain tWo-dimensional localiZation information. Such tech 
niques are described in US. Pat. Nos. 4,972,331 and 5,187, 
672 Which are incorporated by reference herein in their 
entireties. 

[0068] Time-of-?ight and absorbance techniques (Ben 
aron, D. A. and Stevenson, D. K., Science 259:1463-1466, 
1993) may also be usefully employed in the present inven 
tion. In yet another embodiment of the present invention, a 
scanning laser beam may be used in conjunction With a 
suitable detector, such as a photomultiplier tube, to obtain 
high resolution data images, preferably in the form of an 
area of interest. 

[0069] Illumination With a part of the infrared spectrum 
alloWs for detection of intrinsic optical signals through 
tissue overlying or adjacent the area of interest, such as dura 
and skull. One exemplary infrared emr source suitable for 
detection of intrinsic optical signals through tissue overlying 
or adjacent the area of interest is a Tunable IR Diode Laser 
from Laser Photonics, Orlando, Fla. When using this range 
of far infrared Wavelengths, the optical detector is preferably 
provided as an infrared (IR) detector. IR detectors may be 
constructed from materials such as indium arsenide, germa 
nium and mercury cadmium telluride, and are generally 
cryogenically cooled to enhance their sensitivity to small 
changes in infrared radiation. One eXample of an IR detec 
tion system Which may be usefully employed in the present 
invention is an IRC-64 infrared camera (Cincinnati Elec 

tronics, Mason, Ohio). 
[0070] The area of interest is preferably evenly illumi 
nated to effectively adjust the signal over a full dynamic 
range, as described beloW. Nonuniformity of illumination is 
generally caused by ?uctuations of the illumination source 
and intensity variations resulting from the three-dimensional 
nature of the tissue surface. More uniform illumination can 
be provided over the area of interest, for eXample, by using 
diffuse lighting, mounting a Wavelength cutoff ?lter in front 
of the optimal detector and/or emr source, or combinations 
thereof. Fluctuation of the illumination source itself is 
preferably prevented by using a light feedback mechanism 
to regulate the poWer supply of the illumination source. In 
addition, a sterile, optically transparent plate may contact 
and cover an area of interest to provide a ?atter, more even 
contour surface for detection. Fluctuations in illumination 
can be compensated for using detection processing algo 
rithms, including placing a constant shade grey image 
marker point at the area of interest as a control point. 

[0071] The system also comprises an optical detector for 
acquiring a signal representative of one or more optical 
properties of the area of interest. Any photon detector may 
be employed as an optical detector. Suitable optical detec 
tors include, for eXample, photo diodes, photo multiplier 
tubes, photo sensitive silicon detector chips, such as those 
provided in CCD devices, and the like. Multiple emr sources 
and/or multiple photon detectors may be provided and may 
be arranged in any suitable arrangement. SpecialiZed detec 
tors for detecting selected optical properties may be 
employed. One preferred optical detector for acquiring data 
in the format of an analog video signal is a CCD video 
camera Which produces an output video signal at 30 HZ 
having, for eXample, 512 horiZontal lines per frame using 
standard RS 170 convention. One suitable device is a 
CCD-72 Solid State Camera (Dage-MTI Inc., Michigan 
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City, Ind.). Another suitable device is a COHU 6510 CCD 
Monochrome Camera With a COHU 6500 electronic control 
box (COHU Electronics, San Diego, Calif). In some cam 
eras, the analog signal is digitized 8-bits deep on an ADI 
board (analog-to-digital board). The CCD may be cooled, if 
necessary, to reduce thermal noise. 

[0072] Data processing is an important feature of the 
optical detection and analysis techniques and systems of the 
present invention. In use, for example, a CCD apparatus is 
preferably adjusted (at the level of the analog signal and 
before digitiZing) to amplify the signal and spread the signal 
across the full possible dynamic range, thereby maximiZing 
the sensitivity of the apparatus. Speci?c methods for detect 
ing optical signals With sensitivity across a full dynamic 
range are described in detail in the patents incorporated 
herein by reference. Means for performing a histogram 
stretch of the difference frames (e.g., Histogram/Feature 
Extractor HF 151-1-V module, Imaging Technology, 
Woburn, Mass.) may be provided, for example, to enhance 
each difference image across its dynamic range. Exemplary 
linear histogram stretches are described in Green, Digital 
Image Processing: A SystemsApproach, Van Nostrand Rein 
hold: NeW York, 1983. A histogram stretch takes the bright 
est pixel, or one With the highest value in the comparison 
image, and assigns it the maximum value. The loWest pixel 
value is assigned the minimum value, and every other value 
in betWeen is assigned a linear value (for a linear histogram 
stretch) or a logarithmic value (for a log histogram stretch) 
betWeen the maximum and minimum values. This alloWs the 
comparison image to take advantage of the full dynamic 
range and provide a high contrast image that clearly iden 
ti?es areas of neuronal activity or inactivity. 

[0073] Noise (such as 60 HZ noise from AC. power lines) 
is ?ltered out in the control box by an analog ?lter. Addi 
tional adjustments may further enhance, amplify and con 
dition the analog signal from a CCD detector. One means for 
adjusting the input analog signal is to digitiZe this signal at 
video speed (30 HZ), and vieW the area of interest as a 
digitiZed image that is subsequently converted back to 
analog format. 

[0074] It is important that data, such as consecutive data 
sets corresponding to a particular area of interest, be aligned 
so that data corresponding to the same spatially resolved 
location is compared. If data sets are misaligned prior to 
comparison, artifacts are introduced and the resulting com 
parison data set may amplify noise and edge information. 
Data misalignment may be caused by sample movement or 
motion, heartbeat, respiration, and the like. Large move 
ments of cells in an area of interest being analyZed may 
require a neW orientation of the detector. It is possible to 
compensate for small movements of cells in the area of 
interest by either mechanical or computational means, or a 
combination of both. 

[0075] Real-time motion compensation and geometric 
transformations may also be used to align corresponding 
data. Simple mechanical translation of data or more complex 
(and generally more accurate) geometric transformation 
techniques can be implemented, depending upon the input 
data collection rate and amount and type of data processing. 
For many types of image data, it is possible to compensate 
by a geometrical compensation Which transforms the images 
by translation in the x-y plane. In order for an algorithm such 
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as this to be feasible, it must be computationally ef?cient 
(preferably implementable in integer arithmetic), memory 
ef?cient, and robust With respect to changes in ambient light. 

[0076] For example, functional control points or numbers 
can be located in an area of interest and triangulation-type 
algorithms used to compensate for movements of these 
control points. Goshtasby (“Piecewise Linear Mapping 
Functions for Image Registration,”Pattern Recognition 
191459-66, 1986) describes a method Whereby an image is 
divided into triangular regions using control points. A sepa 
rate geometrical transformation is applied to each triangular 
region to spatially register each control point to a corre 
sponding triangular region in a control image. 

[0077] “Image Warping” techniques may be employed 
Whereby each subsequent image is registered geometrically 
to the averaged control image to compensate for movement. 
Image Warping techniques (described in, for example, Wol 
berg, Digital Image Warping, IEEE Computer Society Press: 
Los Alamitos, Calif, 1990), may be used. Image Warping 
techniques can further indicate When movement has become 
too great for effective compensation and a neW averaged 
control image must be acquired. 

[0078] The data storage processing and analysis function 
is generally performed and controlled by a host computer. 
The host computer may comprise any general computer 
(such as an IBM PC type With an Intel 386, 486, Pentium or 
similar microprocessor or Sun SPARC) that is interfaced 
With the emr source and/or optical detector and controls data 
acquisition and ?oW, comparison computations, analysis, 
output, and the like. The host computer thus controls acqui 
sition and analysis of data and provides a user interface. 

[0079] The host computer may comprise a single-board 
embedded computer With a VME64 interface, or a standard 

(IEEE 1014-1987) VME interface, depending upon bus 
band Width considerations. Host computer boards Which 
may be employed in the present invention include, for 
example, Force SPARC/CPU-2E and HP9000 Model 7471. 
The user interface can be, for example, a Unix/X-WindoW 
environment. The image processing board can be, for 
example, based upon Texas Instruments’ MVP and other 
chips to provide real-time image averaging, registration and 
other processing necessary to produce high quality differ 
ence images for intraoperative vieWing. This board Will also 
drive a 120x1024 RGB display to shoW a sequence of 
difference images over time With pseudo-color mapping to 
highlight tumor tissue. Preferably, a second monitor is used 
for the host computer to increase the overall screen real 
estate and smooth the user interface. The processing board 
(fully programmable) can support a VME64 master interface 
to control data transactions With the other boards. Lastly, a 
peripheral control board can provide electrical interfaces to 
control mechanical interfaces from the host computer. Such 
mechanical interfaces can include, for example, the light 
source and optical detector control box. 

[0080] Areal-time data acquisition and display system, for 
example, may comprise four boards for acquisition, image 
processing, peripheral control and host computer. Aminimal 
con?guration With reduced processing capabilities may 
comprise just the acquisition and host computer boards. The 
acquisition board comprises circuitry to perform real-time 
averaging of incoming video frames and alloW readout of 
averaged frames at a maximum rate bus. A VME bus is 














