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METHOD AND APPARATUS FOR
ASSESSING SUSCEPTIBILITY TO STROKE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/452,202, filed Dec. 2, 1999, now
U.S. Pat. No. 6,280,393 incorporated herein by reference in
its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention described herein relates to medical assess-
ment. In particular, the invention relates to early detection of
potential dysfunction.

2. Background Art

Current methods for detecting a patient’s susceptibility to
stroke are well known, but tend to be costly and/or invasive.
Examples include positron emission tomography (PET) and
the use of sonogram technology to image capillaries in the
brain. At the same time, a considerable amount is known
about strokes, and about how and why they occur. It is well
known that a stroke can preceded by changes in blood flow
in the brain. It is also well known that these changes can
occur well in advance of the stroke, sometimes appearing
months beforehand. Blood flow may be diminished in a
blood vessel, for example, as a result of plaque build-up in
the vessel. Moreover, this can lead to the generation of
capillaries to compensate for the decreased blood flow in the
original blood vessel. Plaque build-up may continue to the
point of complete blockage, leading to a stroke.
Alternatively, a sudden dislodging of the plaque can bring a
sudden increase in blood flow to the newly developed
capillaries, which can also lead to a stroke.

While such phenomenon are well understood, the only
methods currently available for detection of changes in
neural blood flow are costly. Such detection methods are
therefore used judiciously; more widespread use would be
prohibitively costly. As a result, strokes are not always
anticipated. Hence, there is a need for a non-invasive and
relatively inexpensive method for detecting a person’s sus-
ceptibility to stroke.

BRIEF SUMMARY OF THE INVENTION

The invention described herein is a method and apparatus
for facilitating assessment of a patient’s susceptibility to
stroke. The method begins with the step of collecting
electrical signals from the brain of the patient under assess-
ment. Signal data corresponding to the collected electrical
signals is then compared to at least one standard. In an
embodiment of the invention, the standard represents a
neural electrical signal taken from a person known to be
susceptible to stroke. A positive comparison result suggests
susceptibility of the patient under assessment to stroke.
Moreover, the comparison result can be used to characterize
the pattern of neural blood flow and the degree of suscep-
tibility to stroke. A strong similarity to a standard taken from
another patient of known susceptibility suggests that the
patient under assessment is experiencing similar neural
blood flow and is susceptible to stroke to a similar degree.
This information, in turn, can be used to determine the both
the need for additional testing and/or the appropriate type
and extent of therapy. In another application, this informa-
tion can be used in categorizing the patient for purposes of
determining enrollment in clinical trials.
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In an alternative embodiment of the invention, the stan-
dard represents a neural electrical signal taken from the
patient under assessment at an earlier point in time. A
positive comparison in this case suggests that the condition
of the patient under assessment has not changed. A negative
comparison result suggests that the neural electrical activity
of the patient under assessment has changed, implying
possible changes in neural blood flow. This in turn can
suggest susceptibility to stroke and the need for additional
tests and/or for pharmaceutical or other therapeutic treat-
ment. The apparatus for collection of electrical signals from
the brain includes a headcap with electrodes concentrated in
an area corresponding to a particular cranial region of
interest.

BRIEF DESCRIPTION OF THE FIGURES

The foregoing and other features and advantages of the
invention will be apparent from the following, more par-
ticular description of a preferred embodiment of the
invention, as illustrated in the accompanying drawings.

FIG. 1 is a flowchart illustrating operation of an embodi-
ment of the invention in a group testing environment, where
unprocessed collected electrical signals are compared to one
or more standards.

FIG. 2 is a flowchart illustrating operation of an embodi-
ment of the invention where unprocessed electrical signals
collected from a patient are compared to signals collected
earlier from the patient.

FIG. 3 is a flowchart illustrating operation of an embodi-
ment of the invention in a group testing environment, where
processed collected electrical signals are compared to one or
more standards.

FIG. 4 is a flowchart illustrating operation of an embodi-
ment of the invention where electrical signals are collected
from a patient and processed, then compared to signal data
derived earlier from the patient.

FIGS. 5A and 5B illustrate a headcap that can be used in
the collection of electrical signals from the brain of a patient
under assessment.

DETAILED DESCRIPTION OF THE
INVENTION

A preferred embodiment of the present invention is now
described with reference to the figures where like reference
numbers indicate identical or functionally similar elements.
Also in the figures, the left most digit of each reference
number corresponds to the figure in which the reference
number is first used. While specific configurations and
arrangements are discussed, it should be understood that this
is done for illustrative purposes only. A person skilled in the
relevant art will recognize that other configurations and
arrangements can be used without departing from the spirit
and scope of the invention. It will be apparent to a person
skilled in the relevant art that this invention can also be
employed in a variety of other devices and applications.

L. Overview

The invention provides a method that facilitates the
identification of persons who may be susceptible to stroke
and who may therefore require additional testing and/or
pharmaceutical or other therapeutic treatment. The extent of
a person’s susceptibility and the pattern of the person’s
neural blood flow can also be characterized with the help of
this invention. Stroke is typically preceded by irregularities
in blood flow in the brain. These irregularities reveal them-
selves through changes in neural electrical activity. The
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invention detects changes in neural electrical activity of a
patient, thereby facilitating assessment of a patient’s sus-
ceptibility to stroke.

The method of the invention begins with the step of
collecting electrical signals from the brain of a patient under
assessment. The collected electrical signals can then be
compared to standards. For example, the collected electrical
signals can be compared to signals taken from one or more
persons known to be susceptible to stroke. Alternatively, the
collected electrical signals of a patient under assessment can
be compared to signals that were taken at one or more earlier
points in time from the same patient. The latter approach
allows a patient to be monitored over time to see whether the
neural electrical activity has changed. Significant change
could indicate a change in vascular condition of the patient,
which could, in turn, suggest susceptibility to stroke.

II. Process

The process of the invention includes the collection of
electrical signals from the brain of a patient under assess-
ment. The signals can then be compared to signals of persons
known to be susceptible to stroke. The signals can alterna-
tively be compared to signals taken from the same patient at
earlier points in time, in order to monitor changes in the
neurological health of the patient over time. In alternative
embodiments, the collected electrical signals can be pro-
cessed prior to any comparison, yielding signal data, a form
of the collected electrical signals that facilitates comparison.

A. Use of Raw Electrical Signals Collected from a Patient

An embodiment of the invention is illustrated in flowchart
100 of FIG. 1. The process begins with a step 105. In a step
110, electrical signals are collected from the brain of a
patient under assessment. This can be done using a conven-
tional electroencephalograph (EEG) apparatus and method,
in which case the collected electrical signals represent one or
more free running EEGs captured at various points on the
surface of the brain. Alternatively, the electrical signals can
be collected through an evoked response potential (ERP)
apparatus and method. Here, electrical signals are captured
at a plurality of points on the surface of the brain immedi-
ately after the patient under assessment has been exposed to
a sensory stimulus, such as a flash of light, an auditory tone,
or a tactile stimulus. An apparatus for capturing neural
electrical signals is discussed in greater detail in section III
below. In general, the use of EEGs and ERPs to capture
neural electrical activity is well known to those skilled in the
relevant art. In either case, the result of step 110 is a set of
signals or graphs, where each graph represents electrical
activity, over time, at a point on the brain surface.

In a step 115, the collected electrical signals of the patient
under assessment are compared to other signals that repre-
sent standards for comparison. In an embodiment of the
invention, the signals of the patient under assessment are
compared to signals taken from one or more persons known
to be susceptible to stroke.

Persons known to be susceptible to stroke can be identi-
fied as such by using traditional longitudinal studies. The
neural electrical activity of each person in a group of test
patients is first benchmarked. The group is then tracked over
time, and those who eventually suffer a stroke are identified.
The benchmarked neural signals of those test patients who
later suffered a stroke are then used as standards for com-
parison for the patient under assessment. Similarity between
the collected electrical signals and the neural signals of
persons who later suffered a stroke can indicate that the
patient under assessment is likewise susceptible.

The comparison step 115 can be performed in any of
several ways that are well known to those skilled in the
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relevant art. Comparison may be done by statistical
processing, for example, or by image analysis. A positive
comparison result raises the possibility that the patient under
assessment is susceptible to stroke and should be tested
further and/or treated using pharmaceutical or other means.
In particular, the comparison result can be used to determine
the degree of susceptibility to stroke and to characterize the
pattern of neural blood flow of the patient under assessment.
In assessing the susceptibility of a patient to acute medial
cerebral cortical infarction, for example, susceptibility can
coincide with a state of hypoperfusion. Hypoperfusion refers
to a condition wherein the volume of blood flowing through
different neural blood vessels has changed. Step 115 can
determine similarity between the state of hypoperfusion of
the patient under assessment and the state of hypoperfusion
indicated by the standard.

A strong similarity to a standard taken from another
patient of known susceptibility suggests that the patient
under assessment is susceptible to a similar degree, and is
experiencing a similar pattern of neural blood flow, e.g., a
similar state of hypoperfusion. This information, in turn, can
be used to determine the both the need for additional testing
and/or the appropriate type and extent of therapeutic treat-
ment.

In another application, this information can be used in
determining enrollment in clinical trials. In the course of
researching the efficacy or safety of a medical treatment, for
example, researchers typically require a set of subjects that
are of a similar condition with respect to one or more
attributes of interest. Researchers may require, for example,
a set of patients having a similar pattern of neural blood flow.
The invention described herein can facilitate assessment of
the patient’s condition and can therefore be of use in
deciding whether the patient ought to be enrolled with a
given set of subjects. Using information derived by the
invention regarding the patient’s pattern of neural blood
flow, a decision can be made as to whether the patient’s
condition is sufficiently similar to that of others in a test
group. If so, the patient can be enrolled; otherwise, the
patient may not be used.

In an alternative embodiment, the signals of the patient
under assessment are compared to signals collected from the
same patient at one or more earlier points in time. This
allows the detection of significant changes in the neural
electrical activity of the patient under assessment. This is
illustrated in flowchart 200 of FIG. 2. The process starts with
a step 205. In a step 210, electrical signals are collected from
the brain of the patient under assessment, as in the case of
process 100. In a step 2185, the collected electrical signals are
compared to signals collected previously from the same
patient. In this way, any significant changes in the neural
electrical activity of the patient can be revealed. As in the
case of process 100, comparison can be performed using
methods such as statistical processing or image analysis. A
negative comparison result suggests that the condition of the
patient under assessment has changed, and that the patient
may be susceptible to stroke and should be tested further
and/or treated using pharmaceutical or other therapeutic
treatment.

In a step 220, a determination is made as to whether
additional signals are to be collected from the patient at
some later point, e.g., one month hence. If so, the process
continues at that time with step 210. Process 200 therefore
allows monitoring over time, so that a patient can be
checked and rechecked for changes that can indicate irregu-
larities in neural blood flow and possible susceptibility to
stroke.
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B. Use of Signal Data Derived from Collected Electrical
Signals

In an alternative embodiment of the invention, the signals
collected from the patient under analysis are processed prior
to comparison with other signals. This processing, described
below, results in signal data that is a function of the collected
electrical signals. Signal data facilitates the subsequent
comparison step. Such an embodiment is illustrated as
flowchart 300 of FIG. 3. The process begins with a step 305.
In a step 310, electrical signals are collected from the brain
of the patient under assessment. As described above, signal
collection can be performed using an EEG procedure, an
ERP procedure, or a similar method.

In a step 315, the collected electrical signals are pro-
cessed. The collected electrical signals can, for example,
undergo a noise reduction process. The collected electrical
signals can also be projected into an information subspace of
lower dimensionality. In this process, each collected elec-
trical signal is first sampled in the time domain to form an
ordered set, or vector, of numerical values. The construction
of a vector from an analog signal is known herein as
vectorization. Some components of the vector are then
deleted to form a vector of lower dimension, known as a
projection. The deletion of components can be done either
randomly or deterministically. The projections can then be
compared to vectorized versions of one or more standard
signals in a subsequent comparison step. The process of
projecting collected electrical signals into an information
subspace of lower dimensionality is described in greater
detail in U.S. Pat. No. 6,223,074 B1 and U.S. patent appli-
cation Ser. No. 09/773,732, incorporated herein by reference
in their entirety.

Processing of collected electrical signals can also include
the extraction of features of the signals. The overall power
of a collected electrical signal is an example of a feature that
can be extracted. Another example of an extractable feature
is the degree of symmetry between the power in signals
collected from the left and right hemispheres of the brain.
Other features of a signal can be extracted, as is well known
in the art. Extracted features can then be compared to
analogous features of one or more standard signals in a
subsequent comparison step. The procedures of noise
reduction, projection, and feature extraction are presented
merely as examples of the processes that can be used in step
315, and are not meant to limit the scope of the invention.
Moreover, the example processes described here can also be
combined in step 315. Noise reduction, for example, can be
performed prior to projection or feature extraction.

In a step 320, the signal data is compared to standard
signals. In a manner analogous to step 115, in an embodi-
ment of the invention, the signal data of the patient under
assessment is compared to signals taken from one or more
persons known to be susceptible to stroke. If the signal data
represents projections of the electrical signals originally
collected from the patient under assessment, the projections
are compared to vectorized versions of the standard signals.
If the signal data represents features extracted from the
collected signals, these features are compared to analogous
features taken from the standard signals. If the signal data is
a reduced noise version of the originally collected signals,
then this noisereduced version is compared to the standard
signals. In any event, as in the case of process 100, a positive
comparison result suggests the possibility that the patient
under assessment is susceptible to stroke and should be
tested further and/or treated using pharmaceutical or other
means. In particular, the comparison result can be used in
determining the degree of susceptibility to stroke, and to
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characterize the pattern of neural blood flow, e.g., the state
of hypoperfusion of the patient under assessment. A strong
similarity to a standard signal taken from another patient of
known susceptibility implies that the patient under assess-
ment is susceptible to a similar degree, and is experiencing
a similar pattern of neural blood flow. This information, in
turn, can be used to determine the both the need for
additional testing and/or the appropriate type and extent of
therapeutic treatment.

In another application, this information can be used in
determining enrollment in clinical trials, as discussed above.
Using information derived by the invention regarding the
patient’s pattern of neural blood flow, a decision can be
made as to whether the patient’s condition is sufficiently
similar to that of others in a test group. If so, the patient can
be enrolled; otherwise, the patient may not be used.

An alternative embodiment is illustrated by flowchart 400
of FIG. 4. Here, signal data of the patient under assessment
is compared to signals previously collected from the same
patient. The process begins with a step 405. In a step 410,
electrical signals are collected from the brain of the patient
under assessment. In a step 415, the collected electrical
signals are processed. As described above with respect to
step 315, processing can take the form of noise reduction,
projection, or feature extraction, so as to yield signal data.
Step 415 may alternatively include other forms of process-
ing in other embodiments of the invention, wherein the
processing facilitates a subsequent comparison step 420. In
step 420, signal data is compared to neural electrical signals
collected from the patient atone or more points in the past.
If the signal data represents projections of the signals
originally collected from the patient under assessment, the
projections are compared to vectorized versions of the
signals collected previously from the same patient. If the
signal data represents features extracted from the collected
electrical signals, these features are compared to analogous
features taken from the previously collected signals. If the
signal data is a reduced noise version of the originally
collected electrical signals, then this noisereduced version is
compared to the previously collected signals. In any event,
as in the case of process 200, a negative comparison result
suggests that the patient under assessment may be suscep-
tible to stroke and should be tested further.

III. Signal Collection Apparatus

As discussed above, apparatus for the collection of neural
electrical signals is well known to persons skilled in the
relevant art. The collection of such signals can be improved,
for purposes of the above method, by modifying the con-
ventional collection apparatus. Since the method described
in section 11 collects signals related to blood flow in the
brain, collection can be concentrated in those regions of the
brain surface corresponding to blood vessels of interest.

Such a modified apparatus can consist of a conventional
headcap as used in the collection of EEG or ERP signals,
with additional electrodes placed in proximity to regions of
the brain surface fed by ablood vessel of interest, such as the
medial cerebral artery. This permits the collection of
increased amounts of information from the regions of
interest, improving the reliability of the process of section II.

An exemplary headcap apparatus, according to an
embodiment of the invention, is illustrated in FIGS. 5A and
5B. These figures represent side and top views, respectively,
of a headcap 505 as worn by a patient 500. In the embodi-
ment illustrated, the headcap 505 covers the region of the
brain surface that is fed by the medial cerebral artery. Other
embodiments of the headcap can concentrate electrodes on
other regions of the brain surface, such as the region
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associated with the somatosensory motor cortex. Headcap
505 includes electrodes 510. While FIG. 5B shows 13
electrodes 510, other embodiments can have a different
number. In alternative embodiments, the headcap can cover
the skull more completely. Moreover, such a headcap can
include electrodes thoughout, while concentrating elec-
trodes in a region of interest.

Note that while an apparatus having an increased number
of electrodes
II. The method described above can be performed with a
conventional, unmodified headcap as used in the collection
of EEG or ERP signals.

IV. Conclusion

While various embodiments of the present invention have
been described above, it should be understood that they have
been presented by way of example, and not limitation. It will
be apparent to persons skilled in the relevant art that various
changes in detail can be made therein without departing
from the spirit and scope of the invention. Thus the present
invention should not be limited by any of the above-
described exemplary embodiments, but should be defined
only in accordance with the following claims and their
equivalents.

What is claimed is:

1. A method of collecting and processing information for
determination of the susceptibility of a patient under assess-
ment to suffering a stroke, the method comprising the steps
of:

(a) collecting electrical signals from the brain of the

patient under assessment;

(b) comparing signal data corresponding to the collected
electrical signals to at least one standard to produce
comparison results, wherein the signal data is derived
from the collected electrical signals; and

(c) interpreting the comparison results.

2. The method of claim 1, wherein said step (a) comprises
the step of collecting at least one electroencephalograph
(EEG).

3. The method of claim 1, wherein said step (a) comprises
the steps of:

(1) performing at least one evoked response potential

(ERP) trial on the patient under assessment; and

(ii) capturing the electrical signals that result from the at

least one ERP trial.

4. The method of claim 1, further comprising the step of:

(d) processing the collected electrical signals to derive

signal data for subsequent comparison to the at least
one standard; performed after step (a) and before step

®).
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5. The method of claim 4, wherein said step (d) comprises
the step of performing noise reduction on the collected
electrical signals.

6. The method of claim 4, wherein said step (d) comprises
the step of performing feature extraction on the collected
electrical signals.

7. The method of claim 4, wherein said step (d) comprises
the step of generating a plurality of projections of the
collected electrical signals.

8. The method of claim 1, wherein said step (b) comprises
the step of comparing the signal data corresponding to the
collected electrical signals to at least one standard, wherein
the at least one standard comprises signal data from a patient
known to be susceptible to stroke.

9. The method of claim 1, wherein said step (b) comprises
the step of comparing signal data corresponding to the
collected electrical signals to at least one standard, wherein
the at least one standard comprises signal data derived from
electrical signals that were collected at an earlier time from
the patient under assessment.

10. The method of claim 1, wherein said step (b) com-
prises the step of comparing signal data corresponding to the
collected electrical signals to at least one standard using
statistical processing.

11. The method of claim 1, wherein said step (b) com-
prises the step of comparing signal data corresponding to the
collected electrical signals to at least one standard using
image analysis.

12. The method of claim 1, wherein said step (¢) com-
prises the step of determining whether the patient under
assessment is susceptible to suffering a stroke.

13. The method of claim 1, wherein said step (c) com-
prises the step of determining a degree of susceptibility of
the patient under assessment to suffering a stroke.

14. The method of claim 1, wherein said step (¢) com-
prises the step of characterizing a pattern of neural blood
flow in the patient under assessment.

15. The method of claim 1, wherein said step (c) com-
prises the step of categorizing the patient under assessment
for purposes of enrollment in clinical trials, on the basis of
the comparison results.

16. The method of claim 1, wherein said step (c) com-
prises the step of categorizing the patient under assessment
for purposes of suggesting a type of therapeutic treatment on
the basis of the comparison results.
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